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Abstract

In the last several years, spin polarization of electrons has been reported as a promising method of improving
oxygen evolution reaction (OER). Here, we report the development of a system of hybrid multilayer materials
with a chiral property for light-assisted water splitting. The chiral electrodes were prepared via a thin patterned
metal film, with a dielectric layer. A layer of redox-active was deposited on the top of prepared structure. The
resulting samples were characterized at each step of their preparation using SEM-EDX methods. It is
hypothesized that electron spin polarization suppresses the formation of hydrogen peroxide and promote the
formation of triplet state of Oz during OER. This assumption was confirmed via electrochemical measurements,
particularly using linear sweep voltammetry and chronoamperometry. During the experiments, we found a
correlation between the OER efficiency and the electrode chirality.
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1. INTRODUCTION

In recent years, plasmonic nanoantennas have emerged as a promising technology in the field of plasmon-
assisted water splitting [1 ,2], possibly paving the way for the future of efficient green hydrogen production [2—
4]. Capable of efficiently converting free-propagating optical radiation to localized energy [5] beyond the
diffraction limit [6—8] and vice versa [5,6], plasmonic nanoantennas operate on the principle of absorbing the
incident electromagnetic radiation at a resonant frequency, which causes movement of free electrons in the
plasmonic material and thus generating an alternating electric current [5].

While geometry [5—7], used materials [5,7] and the dielectric environment [6,7] of the nanoantenna significantly
affect their properties [1,5-7], the addition of a chiral element to the structure allows for more subtle optical
effects, with light propagation and absorption being different for left and right circularly polarized light
[9].Chirality can be introduced through meticulous design [9,10] or the addition of chiral substances to the
otherwise non-chiral structures [10,11]. In both cases, chirality of the structure imposes a chiral character on
the oscillation of free electrons on the electrode surface and bulk [12]. Another important property of chiral
structures is the chiral-induced spin selectivity (CISS) effect, which causes spin the polarisation of an electron
[13]. In other words, the CISS effect implies the chiral substance preferentially transmits electrons with one
spin direction [14].

For water splitting in particular, the sluggish kinetics of oxygen evolution reaction (OER) [13—-16] prevent it from
being used on a large scale for green hydrogen production [13,14]. During the water splitting process, the
interaction of OH* radicals intermediates determines the formation of either an oxygen molecule or hydrogen
peroxide [14]. By allowing the transfer of parallel spin-oriented electrons only, the formation of H,0, is
significatnly reduced, thus enhancing the creation of 0, [14,16]. The differences between chiral and achiral
structures for OER, the utilization of spin-control for catalysis and reaction products are represented in
Figure 1 [15]. In this work, we propose a hybrid multilayer structure, which acts as a chiral lock, enhancing the
efficiency of a previously proposed design [1].
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Figure 1 Scheme of chiral and achiral nanoantennas and their utilization for OER, electron spins
participating in the reaction, energetic states of potential reaction products and preferential reaction paths

2. EXPERIMENTAL SECTION

2.1 Materials

All chemical substances used for the preparation of the samples are provided in Table 1. Platinum target with
4N purity from SAFINA a.s. was used for thin-film preparation. FTO coated glass (TEC 7 FTO) was purchased
from MSE Supplies™. Other chemicals used were demineralized water (demi-H,O) and potassium hydroxide
(KOH, 1 mol L™") from Sigma-Aldrich.

Table 1 Chemical substances used for sample preparation

Substance Full name Purity (%) Manufacturer
PS-b-PEO Poly(styrene-b-ethylene oxide) 100 Polymer Source, Inc.
H,;AuCl,0; Hydrogen tetrachloroaurate (I11) trihydrate (Au) 49.5 Abcr GmbH
THF Tetrahydrofuran 99.95 Lach-Ner, s.r.o.
EtOH Ethanol for analysis 100 Merck
PS Polystyrene 100 SigmaAldrich
Toluene Toluene 299.9 Lach-Ner, s.r.o.
C4HeNiO4-4H,0 Nickel(ll) acetate tetrahydrate >98 SigmaAldrich

- Hydrogen peroxide test - SigmaAldrich

2.2 Sample preparation

First, a micelle solution was prepared for the preparation of mesoporous gold (porAu). 10 mg of PS-b-PEO
was weighed and dissolved in 3 ml of THF and left in a water bath (40 °C, 30 min, 275 rpm). Then, 1.5 ml of
EtOH was slowly added, followed by 1 ml of 40 mM HAuClI, and 2.5 ml of demi-H,O, and the solution was kept
at 40 °C for 1 hour. For the preparation of the patterned gold layer, chronoamperometry (E;. = —0.5 V,
t-an = 1200 s) was used in a 5 ml beaker in a three-electrode system with an FTO glass as the working
electrode, Ag/AgCI (3 M KCI) as the reference electrode (BVT Technologies, CZ), and a platinum wire as the
counter electrode (BASi, USA). PalmSens 4 potentiostat (Palm Instruments, Netherlands) with PSTrace 5.8
software was used for all electrochemical measurements. After chronoamperometric deposition, the FTO
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glasses with the gold layer were carefully washed alternately in THF and demi-H,O seven times using a
pipette. This preparation was adapted from Li et al. [17].

Subsequently, a dielectric chiral spacer was deposited. Finally, a thin layer of Pt (Quorum Q300T, 20 mA,
110 s, Ar atmosphere) was sputtered. Scheme of the samples’ preparation is shown in Figure 2. Finally, NiOx
was grown by electrodeposition at -1 V vs. Ag/AgClI (3M KCI) for 200 s in an aqueous electrolyte containing
20 mM C4HeNiOs - 4H20.

Mesoporous substrate Simple chiral layer Pt layer

\ \

Spin-coating

Electrodeposition
EdC =-1 A%
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Figure 2 Nanoantenna samples’ preparation

2.3 Measurement techniques

To study the surface of the samples at multiple stages of preparation, scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX) (LYRA3 GMU, Tescan, CR) were collected at the operating
voltage of 10 kV and a beam current of 600 pA. To better understand the absorption of light of the samples,
UV-Vis spectra was obtained using UV/VIS spectrometer HR2000 (Ocean Optics) with AvalLight-DHS light
source (Avantes).

2.4 Electrochemical measurements

LSV and chronoamperometry were used for electrochemical analysis in a classic three-electrode system in a
5 ml beaker. The samples were attached as the working electrode, Ag/AgCI (sat. with 3 M KCI) electrode (BVT
Technologies, CZ) as the reference electrode and a Platinum Wire electrode (BASIi, USA) as the counter
electrode, with 0.1 M KOH as the electrolyte.

2.5 H;0; determination

Tests for the presence of H202 were performed by chronoamperometry in 0.1 M KOH saturated with CO2 to
reduce H202 decomposition. Each chronoamperometry measurement lasted 20 min at 2 V against Ag/AgCl to
sufficiently produce Hz202. The electrolytes were then transferred to cleaned polypropylene centrifuge tubes
and the procedure indicated in the test instructions was carried out.

3. RESULTS AND DISCUSSION

To better organise the results, the following labels are used for the sample names: porAu/PS/Pt for achiral
systems and porAu/L- or D-PS/Pt or for chiral systems. Systems without the dielectric layer are labelled
porAu/Pt.
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Figure 3 SEM images of nanoantennas at each preparation step: porAu (A), porAu cross-section (B),
porAu/L-PS/Pt (C) and porAu/L-PS/Pt/NiOx (D)

Figure 3 shows the SEM images of all samples containing a chiral or non-chiral dielectric layer with a layer of
Pt and NiOx on top. As expected, sample porAu has pores in the order of 20 - 50 nm. From a cross-section of
the sample, the thickness of the mesoporous gold layer was determined as ~180 nm (Figure 3B). As expected,
after the dielectric and Pt layers deposition, the surface is smoother, and no pores are observed. Surface
morphology after NiOx deposition is presented in Figure 3D. In addition, Figure 3E shows EDX analysis data,
which confirms the presence of Au, Pt and Ni elements on the samples’ surface.

Figure 4A shows LSV measurements of chiral and achiral nanoantennas. At first, the LSV was left to run in
the dark. After, the light was turned on, as indicated in the figure. The results show that the activity of chiral
hybrid structures is much higher than their non-chiral counterparts. This is in agreement with spin-control
reaction theory, as explained above [14-16].

Figure 4B shows UV-Vis spectra of the solution analysed for the presence of H,0,, as described above. The
presence of hydrogen peroxide was clearly detected for both analysed samples with the light off. However, the
addition of a chiral substance to the nanoantenna caused the detected amount to decrease significantly while
the reaction was left to run with the light on compared to the achiral. This behaviour is, once again, in
agreement with spin-control reaction theory, as explained above [14-16].
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Figure 4 OER activity of chiral and non-chiral nanoantennas in 0.1 M KOH (A) and UV-Vis results of H202
formation from chronoamperometry at 2 V vs. Ag/AgCl obtained on chiral and achiral structures under and
without light (B). The absorption spectra were normalized by the total charge transferred during the reaction.
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4, CONCLUSION

In this work, a new way to improve OER was found — using chiral multilayer materials. The incorporation of
chiral substances into an already sufficiently efficient system, the rate of the OER exhibited a sharp increase
due to the CISS effect, allowing only electrons of a certain spin to participate in the reaction and thus reducing
the H,0, production. Therefore, chiral nanoantennas represent a largely unexplored system with significant
potential for improving OER.
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