
Chiral 2D flakes with single atoms inclusion for spin-controlled 
oxygen evolution
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H I G H L I G H T S

• Chiral 2D flakes (Ni:MoS2) were prepared.
• The created material was used for spin-controlled electrochemistry.
• Created material allows reaching a good OER kinetic.
• The electron spin polarization ensures the suppression of hydrogen peroxide formation.
• Materials also shows excellent material stability.
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A B S T R A C T

Spin control represents an interesting avenue in modern electrochemistry, with the ability to tune the state of 
reaction intermediates and the overall reaction selectivity and yield. One of the ways to achieve the reaction spin 
control is the preparation of specific electrodes through the utilization of the so-called chiral-induced spin 
selectivity phenomenon (CISS). This approach is based on the utilization of chiral coatings on the surface of 
redox-active materials, which allow one to align the spin of transited electrons, but limits the available current 
densities and electrode stability. In this work, the realization of the CISS phenomenon with the implementation 
of intrinsically chiral 2D flakes of MoS2 doped with single Ni atoms is proposed for the first time. The created 
material was applied to an oxygen evolution reaction (OER) performed under alkaline conditions. The single- 
atom catalyst provides the material redox activity, while the flakes chirality ensures the alignment of the 
spins of transited electrons. We reached a significant enhancement of the OER kinetics and suppressed hydrogen 
peroxide formation. The utilization of the proposed chiral materials allows us to perform OER experiments at a 
relatively high current density and significantly improve the electrode stability.
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1. Introduction

Spin control of electron transfer with the aim of tuning the reaction 
selectivity and yield is a hot topic in modern electrochemistry [1–5]. The 
use of spin-controlled electrochemistry allows tuning of the electro
chemical reaction in the desired way, making it possible to realize 
enantioselective catalysis, adjust the reaction pathway, suppress the 
formation of undesired byproduct(s) and improve the reaction kinetics 
and yield [6–8]. Especially promising is the implementation of a 
spin-controlled chemistry in “challenging” reactions, based on multi
electron transitions [1,9]. In this sense, the use of spin-controlled elec
trochemistry in oxygen evolution, CO2 or N2 reduction can be 
mentioned as a few examples [1,10,11].

Among the above-mentioned reactions, the oxygen evolution reac
tion (OER) has been explored more widely and successfully. This is not 
surprising, since this half-reaction is an energy demanding process (due 
to a greater thermodynamic barrier compared to the other half reaction, 
e.g., hydrogen evolution), which represents a barrier for the broader 
deployment of water electrolysis [12–14]. In addition to the higher 
overpotential of OER and the high required pH values, the OER is also 
restricted by the undesired production of hydrogen peroxide [10,15,16]. 
This common by-product of the OER can lead to corrosion of electrolyser 
components [15,17]. The use of an electron current with “parallel” spins 
allows to align the spins of intermediate products (⋅OH radicals) and 
prohibits in this way their recombination in the form of hydrogen 
peroxide [3,18–20]. In particular, more energetically favourable and 
quantum allowable triplet oxygen is formed when electrons transit 
through the chiral electrode surface. This concept was recently 
demonstrated using a variety of materials, including various chiral 
coatings deposited on the electrode surface, or the utilization of intrin
sically chiral redox-active nanomaterials or coatings [8,21–24].

The common design of the electrode with the ability of electron spin 
control includes the combination of high redox activity and externally or 
internally induced alignment of the transited electrons spins. This 
combination can be reached using an external magnetic field or redox- 
active ferromagnetic materials [10,25,26]. On the other hand, a spin 
alignment can be reached using chiral-induced spin selectivity (the 
so-called CISS phenomenon) [10,20,26–31]. In the CISS, the electron 
transition through the layer of chiral molecules results in the creation of 
a spin-polarized electric current [32–35]. CISS was efficiently employed 
in the OER, by coating of the electrode surface with various chiral 
organic molecules (cysteine, helicenes, etc.) [27,28,36]. Alternatively, 
the creation of “intrinsically chiral” electrodes, for example, using 
nanostructures self-assembling, was proposed for the same purposes 
[35,37–43]. As an example, the use of 2D chiral MoS2 flakes (which 
serve simultaneously as a chiral spin valve and redox-active material) 
leads to an improvement in OER kinetics, decrease of the corresponding 
Tafel slope, and suppression of hydrogen peroxide production [39].

Apart from spin control, it should be noted that 2D materials could be 
considered as ideal candidates for immobilization of redox-active single 
atoms. In this case, the unusual environment of single atoms catalysts 
allows to increase their redox activity and simultaneously all single 
atoms are “in contact” with the surrounding electrolyte [44,45]. This 
approach was also recently combined with spin-controlled chemistry, 
using the creation of 2D ferromagnetic flakes (achiral Ni:MoS2) and the 
additional utilization of an external magnetic field [26].

In this work, we propose the combination of the concept of a single- 
atom catalyst (embedded in 2D flakes) and chiral ensured spin selec
tivity for the increase of OER efficiency and the suppression of undesired 
hydrogen peroxide production. Both concepts have previously been re
ported separately but have not been combined up to now in the 
framework of single materials. In our assumption, the single-atom 
redox-active centers will ensure high catalytic activity, while the chi
ral structure of the surrounding 2D flakes will be responsible for the 
alignment of the spin of transferred electrons (including electrons 
transferred through redox-active centers), supporting the creation of 

triplet oxygen instead of undesired hydrogen peroxide. As a result of the 
proposed combination, an increase in material redox activity and sta
bility was initially expected.

2. Experimental section

Detailed description of the materials used, samples preparation, and 
characterization is given in Supporting Information.

Preparation of chiral or nonchiral 1T-MoS2 and Ni:1T-MoS2 nanoflakes. 
Briefly, sodium molybdate dihydrate and 0.3 g of thioacetamide 
(CH3CSNH2) were dissolved in deionized water with or without the 
addition of nickel (II) nitrate hexahydrate and treated with ultra
sonication for 30 min. Then L-ascorbic acid was added while stirring the 
solution and then nitrogen was flowed through the solution. The 
resulting solution was placed in a Teflon-lined stainless steel autoclave 
followed by heat treatment at 200 ◦C for 20 h. For the creation of 
nonchiral flakes, the obtained powder was immersed in NMP solution 
and then subjected to ultrasonic treatment for structure delamination. 
The chiral flakes were prepared by mixing Ni:1T-MoS2 powder with 
cysteine solution in absolute ethanol and the suspension was subjected 
to ultrasonic treatment in an ice bath. The solid residue was collected by 
centrifugation and washed with absolute ethanol several times using 
repeated flakes centrifugation and re-dispersion.

3. Results and discussion

3.1. Main experimental concept

The schematic representation of the material preparation is pre
sented in Fig. 1. First, the Ni:MoS2 powder was synthesized using a 
hydrothermal approach. The amount of added Ni was optimized to reach 
its inclusion in the form of separated atoms. In the second step, the 
delamination of the created powder was performed with the use of ul
trasonic treatment in the presence of chirality encoder – cysteine mol
ecules. The delamination performed using the route previously reported 
by Gun’ko et al. [46] resulted in the creation of chiral 2D flakes with 
single-atom inclusions. For control experiments, the delamination of the 
flakes was performed without the addition of chirality encoders, and the 
flakes were used as prepared or after their post-preparative interaction 
with cysteine molecules. In all cases, flakes were deposited on the car
bon electrode surface and used as OER catalysts under alkaline condi
tions. The main attention was focused on the OER efficiency as well as 
the suppression of undesired hydrogen peroxide production.

3.2. Characterization of chiral Ni:MoS2 flakes

The characterization of the created structure is illustrated in Fig. 2. 
First, the measured UV–Vis spectra of Ni:MoS2 flakes reveal the 
appearance of a strong absorption band with a similar spectral position 
for all flakes independently of their expected chirality or its absence.

CD measurements indicate the appearance of two distinct peaks, 
located at 270 and 320 nm. These peaks are symmetric with respect to 
the wavelength axis and their appearance and sign are determined by 
the used enantiomer chirality (L- or D-cysteine molecules). We did not 
observe the CD signal (nonzero) at wavelengths above 400 nm (unlike 
[46]). However, the Cotton effect was observed at shorter wavelengths, 
where both chiral and nonchiral flakes (prepared without cysteine 
addition) exhibit the intrinsic absorption band. The observed CD signal 
cannot be attributed to cysteine, since cysteine absorbs at shorter 
wavelengths. The formation of Mo complexes with cysteine is also less 
probable, as it should have led to surface passivation and a decrease in 
catalytic activity (which contradicts the results of electrochemistry 
discussed below). On the other hand, after the flakes washing, we did 
not observe Raman peaks of cysteine (although XPS showed some signal 
from the S-R bond, Figs. S1 and S2). The preparation of flakes without 
cysteine addition results in a closed-to-zero CD signal. The calculated 
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values of the g-factor for both L-Ni:MoS2 and D-Ni:MoS2 were 0.78⋅10− 3 

and 0.88⋅10− 3 at 275 nm and 0.45⋅10− 3 and 0.4⋅10− 3 at 315 nm. 
Importantly, the observed CD response cannot arise from cysteine 
molecules (the apparent CD signal of cysteine was observed at 220 nm – 
Fig. S3) and should be attributed to the intrinsic chirality of the flakes 
(Fig. 2A vs. Fig. S3). It should also be noted that our results correlate 

with those of several previous works, where the same route of chiral 2D 
transition metals chalcogenides creation was proposed [46,47].

In the next step, the crystalline structure of the created flakes was 
analysed by X-ray diffraction (XRD). XRD patterns clearly indicate that 
Ni atoms are embedded in the metallic 1T phase of MoS2 (see Fig. S4, 
JCPDS No.75-1539, the diffraction peak (002) is shifted due to the larger 

Fig. 1. Schematic representation of the preparation of chiral flakes: solvothermal synthesis with the inclusion of single-atom redox-active centers, flakes delami
nation in the presence of the chirality encoder and creation of chiral 2D flakes with single atom inclusion, flakes participation in OER with enhanced triplet oxygen 
production and suppression of hydrogen peroxide production.

Fig. 2. (A) – UV–Vis and CD spectra of chiral and nonchiral flakes; (B), (C) – XRD patterns and Raman spectra of Ni:MoS2, L-Ni:MoS2, and D-Ni:MoS2 flakes; (D) – 
deconvolution of the Mo-related region of the XPS spectrum (chiral L-Ni:MoS2 vs nonchiral Ni:MoS2 flakes).
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interlayer distance). Such a phase can ensure excellent charge mobility 
between the charge source and the redox-active Ni atoms (the experi
mental route was optimized to obtain even this phase, taking into ac
count its “metal-like” behaviour). Furthermore, the 1T structure of the 
created flakes is conserved even during delamination in the presence of 
chirality encoders (Fig. 2B). Furthermore, HAADF-STEM measurements 
also confirm the creation of the 1T structure of the created 2D flakes 
(Fig. S5). In the XRD patterns, no cysteine reflexes are observed (on the 
washed flakes, some peaks of cysteine can be detected on “unwashed 
flakes” - Fig. S6). The Raman spectrum of exfoliated Ni:MoS2 flakes 
shows two main Raman-active modes, E2g

1 and A1g located at 370 and 
405 cm− 1 corresponding to in-plane and out-of-plane lattice vibrations, 
respectively [48–50] (Fig. 2C). The blue shift of the E2g

1 mode observed 
for chiral flakes indicates a lattice compression [48], probably intro
duced by grafted or intercalated cysteine molecules and related flakes 
distortion. The simultaneous blue shift of the Ag

1 mode indicates an 
increased contribution from vdW forces, appearing in the case of a 
stronger stacking of chiral flakes.

The survey XPS spectra indicate the apparent changes in the surface 
composition of flakes prepared with or without chirality encoder addi
tion (Fig. S7). An apparent increase in carbon concentration and the 
screening of Mo and Ni signals were observed for chiral flakes, indi
cating that cysteine molecules are attached to the flakes even after 
careful flakes watching (this result was also confirmed by high- 
resolution XPS of the characteristic sulfur signal – Fig. S1). In addi
tion, detailed XPS scans of Mo (Fig. 2D) reveal changes in its chemical 
state (evident from a slight shift of characteristic peaks toward higher 
energies), indicating some appearance of Mo (VI) [51]) and the forma
tion of nonstoichiometric material after flakes delamination in the 

presence of cysteine. In particular, the appearance of a characteristic 
peak of MoxSy is observed, indicating the partial removal of Mo (or 
sulfur) atoms during the preparation of the chiral flakes. The creation of 
a nonstoichiometric composition (i.e., vacancies on the 2D flakes sur
face) and changes in the Mo oxidation state accompanied by lattice 
distortion can be considered as a source of chirality (in the case of flakes 
delamination in the presence of cysteine molecules).

The distribution of Ni, Mo, and S atoms was measured using the 
HAADF-HRTEM technique. The results obtained show the homogeneous 
distribution of Ni atoms in the structure of flakes delaminated either in a 
classical (ultrasound-assisted) way or in the presence of the chirality 
encoder (Fig. 3A and B). The spatial arrangement of Ni atoms corre
sponds well with those of Mo and S, while a formation of Ni clusters is 
not observed, suggesting that Ni was indeed introduced in the form of 
single atoms. The redox state of Ni was analysed using X-ray absorption 
fine structure spectroscopy (XAFS - Fig. 3C). Comparison of the results 
obtained with L-Ni:MoS2 flakes and reference data [52] from Ni foil 
measurements leads to the conclusion that Ni atoms are mainly bound in 
a mixed 3+/2+ oxidation state, which can ensure the good catalytic 
activity of single Ni atoms through the electron reception/donation 
during the transition between oxidation states. The 2D nature of the 
flakes was confirmed by SEM (Fig. S8) and AFM techniques (Fig. 3D and 
E). The SEM revealed apparent changes between the Ni:MoS2 shapes 
before and after delamination (Fig. S8 vs. S9); however, no apparent 
differences were indicated between the delaminated chiral and non
chiral materials. More detailed AFM measurements reveal a higher 
thickness of chiral flakes compared to nonchiral flakes (5 against 6 nm). 
This difference can be attributed to the presence of intercalated cysteine 
molecules. In addition, the surface geometry of nonchiral flakes was 

Fig. 3. (A), (B) – HAADF/HRTEM images of chiral and nonchiral Ni:MoS2 flakes and the corresponding spatial distribution of particular elements; (C) – XAFS 
measurement results (including control and reference data), revealing the state of embedded single Ni atoms; (D), (E) – AFM images and profiles of nonchiral and 
chiral L-Ni:1T-MoS2 flakes.
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found to be atomically flat, whereas apparent morphological features 
were observed for chiral flakes. This surface morphology deviation was 
the same for L- and D-chiral flakes (Fig. S10) and was found to be sta
tistically relevant (Fig. S11). Such deviation of flakes morphology cor
relates well with changes in surface chemistry and increased in-plane 
stress (evident from XPS and Raman measurements) and can be attrib
uted to the distortion of surface atoms (potentially related to the 
appearance of chirality). Therefore, the results of material(s) charac
terization confirm the creation of chiral 2D materials with a homoge
neous distribution of single Ni atom inclusions.

Finally, we also performed magnetic measurements of the prepared 
flakes (Figs. S12 and S13). However, ferromagnetic behaviour was not 
observed, which is expected otherwise, since spin orientation occurs in 
the case of an electric current flowing through the material and not in 
the case of the material itself (i.e., spins of transited electrons can be 
aligned, not the spins of ‘intrinsic’ material electrons) [53].

3.3. OER under alkaline conditions

In the next step, we proceed to the utilization of this material for 
OER, performed under alkaline conditions. First, the kinetics of the OER 

was measured using the linear sweep voltammetry (LSV) approach as a 
function of the chirality of the materials (Fig. 4A). The on-set potential 
for the OER was found to be near 1.48 V vs. RHE for Ni:MoS2 and in
dependent of the chirality of the flakes. Significantly worse catalytic 
activity was observed for MoS2 flakes without the incorporation of 
redox-active single atoms (Fig. 4A). The apparent impact of flake 
chirality on the material redox activity is evident from the shape of the 
LSV curve. In the case of chiral flakes, a sharper increase in current 
density with an applied potential is visible. The shape of L- or D-chiral 
flakes was the same, so the observed phenomenon is typical for a chiral 
material and independent of its left- or right-handling nature. In 
particular, the overpotential required for the 50 mA⋅cm− 2 current den
sity was 1.79 V (vs. RHE) for nonchiral flakes and decreased to 1.66 and 
1.67 V for L- or D-chiral flakes respectively. It should be also noted that 
in LSV curves we achieved a current density close to 100 mV⋅cm− 2. With 
the use of chiral flakes, higher current density values of up to 350 
mA⋅cm− 2 can be achieved (Fig. S14). However, in this case, the LSV 
measurements were complicated by the formation and detachment of 
oxygen bubbles, which led to fluctuations in the LSV curve.

The shape of the LSV curves also reflects itself in the values of the 
Tafel slope (Fig. 4B). In particular, we observed 279 mV/dec for MoS2 

Fig. 4. (A) – LSV curves measured in OER potentials with the use of chiral and nonchiral flakes (carbon electrode and delaminated MoS2 flakes are added as 
controls); (B) – calculated from LSV values of Tafel slopes for particular materials; (C) – amounts of hydrogen peroxide produced during OER with the use of 
nonchiral and chiral Ni:MoS2 flakes (insert shows the impact or spin polarization on OER reaction); (D) – stability tests performed in constant current density regime 
and amounts of “undesired” hydrogen peroxide produced (measured after electrolyte exchange using 25 mA/cm2 current density) during stability test.

D. Zabelin et al.                                                                                                                                                                                                                                 Journal of Power Sources 641 (2025) 236839 

5 



fakes without single Ni atoms. This value decreased to 105 mV.dec− 1 

after the introduction of single-atom redox-active centers and further 
decreased after the creation of chiral flakes to 60–70 mV.dec− 1. An 
additional control experiment is also presented in Fig. S15. In this case, 
we used the simple coating of intrinsically nonchiral Ni:MoS2 flakes with 
chiral cysteine molecules. Measured LSV curves indicate the lower cat
alytic activity of the materials compared to that of intrinsically chiral 
flakes prepared by using the chirality encoding at the stage of flakes 
delamination. Similar results were obtained with the use of Ni:1T-MoS2 
flakes delaminated in cysteine racemate. In this case, lower redox ac
tivity (Fig. S16) and relatively high peroxide production (Fig. S17) were 
observed and can be attributed to the absence of flakes chirality 
(Fig. S18). Thus, the CISS effect observed in the main experiments 
should be attributed rather to intrinsic flakes chirality than to organic 
enantiomers coatings.

To further compare the redox properties of the chiral (L-Ni:1T-MoS2) 
and nonchiral (Ni:1T-MoS2) flakes, we calculated the mass activity and 
the specific surface activity (Table S1). In the case of mass activity, we 
observed the significant difference: 65.1 A⋅g− 1 and 240.3 A⋅g− 1 for 
nonchiral and chiral flakes, which revealed a nearly three-fold increase 
in the flakes activity when chirality is introduced. However, such a 
difference can also be attributed to a greater material-electrolyte contact 
area due to the deviation of the chiral flakes’ morphology from the flat 
one (evident from AFM images, Fig. 3D and E). Therefore, in the next 
step, the electrochemically active surface areas (ECSA) of the chiral and 
nonchiral flakes were calculated (Fig. S19) and found to be 0.53 cm− 2 

(Ni:1T-MoS2) and 0.83 cm− 2 (L-Ni:1T-MoS2). Subsequently, the deter
mined values of the specific surface activity were found to be 0.52 
mA⋅cm− 2 and 0.82 mA⋅cm− 2 accordingly. Therefore, even in this case, 
the increase in chiral material redox activity is evident, but not as pro
nounced as in the case of mass activity calculation (the differences 
observed in the previous case of mass activity should be partially 
attributed to the increased surface area of chiral flakes).

Subsequently, we performed a range of hydrogen peroxide tests with 
the use of chiral and nonchiral flakes. In this case, the samples were used 
for water splitting (OER was carried out on the electrode coated with 
chiral or nonchiral flakes in the chronopotentiometry regime (with a 
constant current density of 25 m⋅Acm− 2) for 30 min. After the experi
ment, part of the electrolyte solution was taken away and the amounts of 
hydrogen peroxide produced were analysed using the calibration curves 
(Fig. S20). The results obtained are presented in Fig. 4C as a concen
tration of detected peroxide. One can see that the use of chiral flakes 
approximately suppresses the production of undesired hydrogen 
peroxide 3.3 times, as was originally expected. In a common case, the 
reaction of the hydroxyl anion on the surface of the electrode can result 
in the formation of ⋅OH radicals or the production of oxygen. In turn, the 
⋅OH radicals (with randomly oriented spins) can combine with the 
creation of hydrogen peroxide, as shown in Fig. 4C (insert). In our case, 
suppression of hydrogen peroxide production was observed, which 
should be attributed to the CISS effect. In particular, the involvement of 
electrons with parallel spins results in the alignment of ⋅OH radicals 
spins. Radicals with alignment spin cannot recombine with the forma
tion of hydrogen peroxide (since hydrogen peroxide is a diamagnetic 
molecule). Therefore, the only reaction pathway for short-lived ⋅OH 
radicals is the formation of paramagnetic oxygen (Fig. 4C, insert), which 
is the mechanism that suppresses the accumulation of peroxide in the 
reaction mixture [3,8,20,27,28,32,39,41,54–64].

We also performed a range of stability tests under the constant cur
rent density regime (10 10 mA⋅cm− 2). In the case of nonchiral flakes, the 
apparent increase of the potential required to keep the current density at 
the desired level was observed (Fig. 4D). This fact reveals a clear 
decrease in the catalytic activity of nonchiral Ni:1T-MoS2 flakes, which 
may be associated with the negative influence of the peroxide produced, 
which can damage the redox-active material (Fig. S21). However, in the 
case of chiral L-Ni:1T-MoS2 flakes (Fig. 4D), as well as in the case of D- 
Ni:1T-MoS2 flakes (Fig. S22), we need not increase the potential 

required to keep the current density at a constant level during 24 h of 
operation. Furthermore, the measured amount of hydrogen peroxide 
produced at the beginning of chiral samples stability tests and after 12 or 
24 h of their utilization also remains at the same low level, indicating 
that the CISS effect and the related suppression of hydrogen peroxide 
formation are stable during the long-term utilization of the created 
material. This fact should be attributed to the conservation of the CISS 
effect and should confirm the survival of flakes chirality. Additional 
measurements of the morphology, composition, and crystallinity of the 
chiral flakes after stability tests indicate slight changes in both param
eters (Figs. S23 and S24). A similar situation was also observed in the 
case of nonchiral flakes (Figs. S25 and S26). Similar results were ob
tained with the use of XPS measurements, which indicate the absence of 
apparent changes in the chemical states of the Mo, S, and Ni atoms 
(Fig. S27 vs Fig. 2 and Fig. S1).

In the next step, we compare our results with previously published, 
and the results are summarized in Table 1 [3,8,20,27,28,32,39,41,
54–64]. In this regard, it should be noted that part of the OER reactions 
with the utilization of the CISS phenomenon are performed using chiral 
coatings deposited on the surface of redox-active materials. This 
approach gives a good result in the case of OER but clearly is signifi
cantly limited by the maximal reported values of the current density. 
This is not surprising, since the use of a high current density or long-term 
electrode utilization can lead to the destruction of the chiral coating, 
thereby neutralizing the CISS effect. These disadvantages were over
come by the utilization of intrinsically chiral materials, where signifi
cantly higher current densities were sometimes reported, including our 
work. We assume that the introduction of chirality through the intrinsic 
chirality of 2D structures makes it possible to achieve higher current 
densities, as well as good stability of the material and a lasting CISS 
effect. Furthermore, the introduction of single atoms leads to a signifi
cant decrease in the value of the Tafel slope, compared to most of pre
viously published works (Table 1). Finally, it should be noted that our 

Table 1 
Comparison of our results reached with CISS utilization with previously pub
lished ones (utilization of chiral coatings and intrinsically chiral materials).

Material Maximum Current 
Density, mA cm− 2

Tafel 
slope, 
mV dec− 1

Time of 
stability

Ref.

Chiral-coated materials
Ni/Al/D-Phe ≈39 129 2000 s [52]
Au-Ni bilayer/L- 

cysteine
≈20 114 4500 s [55]

NiOx/Au/thiadiazole- 
[7]helicene

≈18 – 1800 s [27]

Fe3O4@L-tryptophan ≈20 – 6000 s [20]
TiO2@chiral DNA ≈0.3 – – [3]
Chiral Zn porphyrins ≈6⋅10− 3 – 2400 s [28]
Intrinsically Chiral Materials
NiFeOx catalyst/TiO2/ 

PTAA/chiral 2D 
OIHPs/Mo:BiVO4/ 
SnO2/ITO

≈2.84 
(photocurrent)

– – [56]

TiS2@DTA ≈5.8 – – [57]
S-MBA_MoS2 ≈7.5 395 2500 s [39]
23 % Fe-doped L-Co3O4 ≈67 34 – [32]
Chiral Fe3O4 (L-tartaric 

acid)
≈38 120 10000 s [58]

L-CoOx ≈60 – 250 s [60]
L-CuO ≈13 117 – [8]
s-Fe3O4/chiral + Hext 

ON
≈1.7 – 24 h [61]

L-ZnO ≈0.45 – – [62]
CdSe@CP ≈10.5⋅10− 3 – 3600 s [63]
L-TA-FeNi CP ≈400 45.4 100 h [41]
Co@CoO-L ≈120 84.2 20 h [64]
TiS2_R-PEA_PEG ≈115 306 – [54]
L-Ni:1T-MoS2 80 60 10 h This 

work
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work demonstrates that, by generating spin-polarized electrons, it is 
possible to increase the efficiency of the electrochemical reaction (OER 
in our case) and extend the lifetime of redox-active material(s). Indeed, a 
similar approach can be further used in the case of alternative 2D ma
terials or nanomaterials with single-atom inclusion or with other 
redox-active sites.

4. Conclusion

Chiral 2D flakes (MoS2) with inclusion of single Ni atoms were pre
pared by solvothermal synthesis and subsequent material delamination 
in the presence of chirality encoder (cysteine enantiomers). The pro
posed approach allows us to create chiral 2D materials with a single 
atom inclusion, combining in this way the redox activity (ensured by 
single atoms) and spin polarization of transited electrons. After the 
structure and chirality conformation, the created material was used for 
spin-controlled electrochemistry. The presence of a single-atom catalyst 
allows reaching a good OER kinetic, while the electron spin polarization 
induced by CISS ensures the suppression of hydrogen peroxide forma
tion (due to the spin alignment of intermediate OH− radicals). 
Furthermore, the Tafel slope values decreased from 105 to 60 mV dec− 1 

(L-Ni:1T-MoS2) after the introduction of chirality. The amount of un
desired peroxide production also decreased by a factor of about 3.3, 
compared to the nonchiral Ni:MoS2. Control experiments with a “sim
ple” cysteine coating indicate that the enhancement of the kinetics of 
OER should be attributed rather to “intrinsic” flakes chirality. The pro
posed concept (CISS, achieved with the utilization of intrinsically chiral 
2D material and single catalyst inclusion) allows us to reach higher 
(compared to previously reported cases) current densities and excellent 
material stability in terms of both redox activity and long-term sup
pression of hydrogen peroxide formation.
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