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Broader context statement

View Article Online

Water splitting is the only route to so-called ‘green hydrogen’ wherein the hydrogen evolution“fe¢attiSi* (HER) 'ahd
oxygen evolution reaction (OER) are driven by light or renewable electricity. Green hydrogen is an important energy
vector, zero emission fuel, and critical feedstock for sustainable chemical manufacturing, and requires photo- and
electrocatalytic technologies deployable at global scale. The former is currently inefficient, and the latter typically
requires scarce/expensive metals and complex inorganic syntheses with a significant environmental impact. In this
study, we report the low-cost and scalable synthesis of metal-free electrocatalysts based on melamine and tartaric acid
that are active and stable for water splitting in corrosive environments. Tartaric acid can exist in chiral or racemic forms
within the organocatalysts that undergo different interactions with the electrons responsible for water splitting. Chiral
organoelectrocatalysts selectively promote HER and OER by increasing the number/accessibility of active sites, and
potentially inducing spin-polarisation of radicals at the catalyst surface. These results highlight the promise of
organoelectrocatalysts for supporting a sustainable hydrogen economy and mitigating the broader environmental
footprint of electrochemical processes.
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Abstract

Electrocatalytic water splitting has emerged as the most promising source of renewable hydrogen to support energy
conversion/storage and chemical manufacturing as a part of the global circular economy. However, overall water
splitting to produce green H, through the hydrogen evolution reaction (HER) is limited by the high overpotential and
sluggish kinetics of the associated oxygen evolution reaction (OER). Control over electron spin at the electrode-
electrolyte interface may lower the thermodynamic barriers, and hence improve the catalytic efficiency, of both
reactions. We employ compositionally identical chiral and racemic hydrogen-bonded organocatalysts, comprised of
(ionised) melamine and L-, D-, or DL-tartaric acid, to demonstrate chirality-enhanced organoelectrocatalysis. Chiral
electrocatalysts promote both OER and HER compared to their racemic counterpart, as evidenced by lower overpotential
(384 (L)/379 (D) mV vs 483 mV (DL) for OER, and 143 mV (L)/144 mV (D) vs 358 mV (DL) for HER), a change in
the rate-determining step, and an approximately four-fold increase in current density. This work highlights the impact
of catalyst chirality on enhancing electrocatalytic water splitting to hydrogen and oxygen, and the promising

performance of inexpensive and environmentally benign organoelectrocatalysts.
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1. Introduction

An ever-rising demand for (renewable) energy and remediation of environmental problems arising from anthropogenic
CO, emissions is promoting a transition away from fossil fuels to a sustainable hydrogen economys}s? B@Q%\?’{%E%%%gy
technologies, notably photo- and electrocatalytic water splitting, are the most effective ways to produce ‘green’ hydrogen
as an energy vector, fuel and chemical feedstock for the chemical industry.’ In addition to the hydrogen evolution
reaction (HER), water splitting necessitates the parallel oxygen evolution reaction (OER). The latter proceeds through
multiple, proton-coupled electron transfer steps that exhibit slow kinetics and generate numerous radicals (including
*OH, *O and *OOH) and hence low selectivity, representing a bottleneck to H, from water electrolysis. The high
overpotential for electrocatalytic OER typically accounts for most of the energy input in overall water splitting,> ¢ with
the co-production of undesired and problematic H,0,.” 8 The complexity of OER has focused research efforts on
identifying catalysts that permit more favourable energetics. Catalyst activity often depends on the relative binding
energies of reactive intermediates at the catalyst surface, governed under equilibrium conditions by the Sabatier
principle.” Water electrolysis is typically run under harsh acidic or alkaline conditions, which necessitate the use of
scarce and expensive catalysts based on Pt (for HER)!? and Ir, Ru (for OER) !! for high activity and stability. The low
abundance of these elements in the Earth’s crust suggests their total depletion in the next 20-50 years at current usage
unless new associated mineral deposits are discovered.!> However, even if such deposits are found, their associated
geopolitical issues may hinder widespread access and hence decarbonisation of the global energy sector to achieve UN
sustainable development goals.'* Hence there is an urgent need for Earth-abundant alternatives to Platinum Group metals
listed in the EU 2023 critical raw material list.'* Although strategies to alter the binding energies of water and reactive
intermediates have improved the catalyst design, alternative approaches such as the effect of magnetic fields and

electronic spin on reaction kinetics are less explored.!>-1

Electrocatalysis is characterised by electron transfer at the electrode-electrolyte interface. Electron transfer through a
chiral molecule can reportedly induce spin polarisation, without application of an external magnetic field, wherein the
chiral molecule acts as a spin filter to create an imbalance between ‘up’ and ‘down’ electron spins.!°?* This phenomenon,
termed chiral-induced spin selectivity (CISS),? was reported to occur at electrode-electrolyte interfaces, and to promote
OER wherein spin constraints dictate the possible radical intermediates formed, favouring the triplet ground state of
dioxygen.!”- 26 Waldeck, Naaman and other researchers have utilised CISS to lower the overpotential required for OER.
and to avoid singlet H,O, by-product formation, without using a magnetic field.?>2"-3* However, these studies are limited
to intrinsically chiral metal oxides or metal oxide surfaces functionalised by chiral adsorbates. These systems suffer
from poor adsorption of the chiral modifier and electrode, decreasing operational lifetime; lower current densities for
such functionalised versus bare electrocatalysts, e.g., due to site-blocking of the electrocatalytic active sites on the metal
oxide; and in situ corrosion of metal-oxide electrodes.?-3° Organoelectrocatalysts, including heteroatom-doped carbon
materials,’® 37 covalent organic frameworks,**4? and charge-assisted systems,*>*** have also been studied for OER, but
to our knowledge, differences between racemic and chiral analogues have never been demonstrated in
organoelectrocatalysts for water splitting, despite the many benefits of organic systems compared to metal-containing
counterparts.** Although there are literature reports that chirality (through CISS) can improve OER, there is only one

report of its impact on HER for photoelectrochemical H, production over conductive, polymer electrodes.*’
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Herein, we highlight the benefits of hydrogen-bonded organocatalysts containing a chiral constituent for electrocatalytic
water splitting, namely lower overpotentials, higher current densities, and faster electron transfer across the electrode-
electrolyte interface for both OER and HER. Charge-assisted, hydrogen-bonded, chiral organggle@[@)vg‘% alysts were
prepared from melamine and either L-(+)-tartaric acid (MeLTA-C) or D-(-)-tartaric acid (MeDTA-C), with identical
compositions to a racemic counterpart prepared from melamine and DL-tartaric acid (MeTA-rac). Chiral MeLTA-C
and MeDTA-C displayed superior catalytic activity than MeTA-rac for both OER and HER, evidenced by a lower
overpotential (OER: 384 mV (L)/ 379 mV (D) versus 483 mV (DL); HER: 143 mV (L)/144 mV (D) versus 358 mV
(DL)) at 10 mA.cm. MeLTA-C/MeDTA-C also displays a significantly lower interfacial electron transfer resistance

and corresponding four-fold enhancement in OER and HER versus MeTA-rac.

2. Materials and Methods

2.1 Catalyst Synthesis

In a typical synthesis of MeLTA-C, melamine (2 mmol, 252 mg) and L-(+)-tartaric acid (L-TA, 1 mmol, 150 mg) were
combined and thoroughly ground in an agate mortar and pestle to obtain a homogeneous mixture. The resulting solid
was transferred to a Teflon-lined stainless-steel autoclave, followed by the addition of 30 mL of Milli-Q water. The
sealed autoclave was heated in a hot-air oven to 120 °C at a controlled heating rate of 2 °C min™! and maintained at this
temperature for 60 h. The reaction time was recorded once the target temperature was reached. After completion, the
autoclave was allowed to cool naturally to room temperature. The resulting white crystalline solid was collected by
gravity filtration using Whatman filter paper and thoroughly washed with lukewarm water to remove any unreacted
melamine and residual L-TA. The product was then dried under ambient conditions to yield the hydrogen-bonded
organic system MeLTA-C. MeDTA-C and MeTA-rac were synthesized under the same conditions using D-(—)-tartaric
acid and racemic tartaric acid, respectively. The isolated yields of all hydrogen-bonded systems were >90 %, even for a
960 mg scale-up (Table S1). However, attempts to synthesize an analogous melamine—meso-tartaric acid system under
identical conditions did not result in diffraction quality crystals. All the hydrogen bonded systems are successfully
characterized using different analytical techniques such as XRD, FTIR, CP-MAS NMR, XPS etc. (Details in SI and in

Result and Discussions Section).

2.2 Electrocatalysis

All electrochemical measurements were performed using a Metrohm Autolab M204 electrochemical analyzer. Hg/HgO
(1 M KOH) or Hg/Hg,SO, reference electrodes (CH Instruments) were employed for measurements in alkaline and
acidic electrolytes, respectively, while a graphite rod (Alfa Aesar) served as the counter electrode. Potentials were
initially recorded versus the Hg/HgO or Hg/Hg,SO, reference electrodes and subsequently converted to the reversible
hydrogen electrode (RHE) scale using the appropriate modified Nernst equations (Full details in the Result and

Discussion section and in SI).

3. Results and Discussions

3.1. Catalyst Synthesis and Characterization

Hydrothermal reaction of melamine with L-(+)-tartaric acid, D-(-)-tartaric acid or DL-tartaric acid (a 1:1 molar ratio of
the enantiomers) at 120 °C yielded colourless crystals designated MeLTA-C, MeDTA-C, and MeTA-rac, respectively

(Figure 1a). Temperature strongly influences such reactions as the pK, falls with increasing temperature, facilitating

3
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protonation of the melamine ring under hydrothermal conditions.*® Lower temperatures precluded proton transfer from
tartaric acid to melamine, while temperatures >120 °C induced their decomposition. Single crystal X-ray diffraction
evidenced MeLTA-C, MeDTA-C and MeTA-rac formed monoclinic crystals: MeLTA-C/MeBTACSin the chiral
space group C2; and MeTA-rac in the achiral C2/c space group (Table S2). We were unable to grow diffraction quality
crystals of melamine with meso-tartaric acid under identical conditions. Unit cells of all crystalline materials contained
a completely deprotonated tartrate anion and two (singly protonated) melaminium cations, providing charge balancing,
in addition to molecular water (Figure 1b-d). Crystal structures of MeLTA-C and MeDTA-C contain two H,0O
molecules and 0.25 H,O in the asymmetric unit, the O atom of the third water molecule occupies a special position (two-

fold axis with an occupancy of 0.25) with the associated two H atoms in general positions (with 0.25 occupancies).

Two crystallographically independent melaminium moieties participated in charge-assisted hydrogen bonding with the
tartrate dianion as a proton acceptor, assisted by lattice water molecules. Water molecules acted as bifurcated H-bond
donors, interacting with different -NH, and -NH* centres via N-H:--O H-bonding interactions (N---O distances ranging
from 2.81-3.10 A) (Figure 1e-g).*’ Each tartrate molecule interacted with the -OH group of another tartrate unit via O-
H---O H-bonding (average distance ~2.71 A) and with lattice water molecules at an O-O distance of ~2.69 A. The -NH,
and -NH* centres of the cationic melaminium N-H participated in H-bonding with CO,™ and -OH groups of tartrate
anions with a distance of ~2.80-2.96 A, while the adjacent melaminium units interact via N-H---N hydrogen bonding
(average N-N distance 3.03 A). Additionally, an average distance of ~3.44 A between two melaminium planes indicated
strong n-7 stacking interactions (Figure S1).*® Overall, the cationic and anionic counterparts interact through extensive
intermolecular hydrogen bonding interactions among themselves, assisted by lattice water molecules (Figure 1e-g).
Thus, the hydrogen bonded chiral and racemic systems are stabilised by long-range hydrogen-bonded networks
consisting of cationic and anionic moieties, interconnected by lattice water molecules, thereby enhancing the stability
of the overall system via multiple hydrogen-bonded interactions. Hydrogen bonding in MeLTA-C, MeDTA-C and
MeTA-rac was confirmed by powder XRD at 100 °C, wherein peak broadening and shifting were observed due te
dehydration and a resultant loss of material crystallinity (Figures S4-S5). MeLTA-C, MeDTA-C, and MeTA-rac
exhibit similar FTIR spectra due to their common chemical functional groups (Figure S2). The hydroxyl stretch at 3362
cm’! is attributed to molecular water and O-H groups in tartrate anions. A broad signal associated with N-H stretches of
the exocyclic groups in melaminium cation was observed ~3072 cm!. A slight blue shift in the latter for MeLTA-C.
MeDTA-C, and MeTA-rac compared to pure melamine is ascribed to the participation of exocyclic -NH, groups in
hydrogen bonding networks. A sharp band at 1689 cm'! was observed due to the C=0 group in the tartrate anion.*”
Triazine C=N vibrations induced a band at ~1596 cm-!, with ring breathing and deformation (out-of-plane bends) at 985

cm! and 772 cm™! respectively (Figure S2).>°
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Figure 1. (a) Schematic of the hydrothermal synthesis of MeLTA-C, MeDTA-C, and MeTA-rac; crystal structures of
(b) MeLTa-C, (c) MeDTA-C, and (d) MeTA-rac, respectively (50 % probability thermal ellipsoid level); hydrogen-
bonding networks in (¢) MeLTa-C, (f) MeDTA-C, and (g) MeTA-rac, respectively. Donor-acceptor distances in A.

BC CP-MAS NMR spectrum of MeLTA-C showed four distinct carbon species. Carbon atoms in the protonated

melaminium rings appear as singlet peaks at 168.26 and 160.63 ppm, whereas those associated with the carboxylate and

hydroxyl groups of tartrate anions appear as doublets at ~185.90 ppm, and ~80.0 ppm, respectively (Figure 2a). The

corresponding N CP-MAS NMR spectrum of MeLTA-C exhibited three peaks arising from the three different types
p g p p g typ

of nitrogen atoms, i.e. protonated ring nitrogens at -279.20 ppm, unprotonated ring nitrogens at ~ -263.23 ppm, and

exocyclic amines at -291.51 ppm (Figure 2b).’! Peak integration confirmed the number of each nitrogen and was

consistent with melamine.
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Figure 2. (a) BC and (b) "N CP-MAS NMR of MeLTA-C, and experimental and simulated powder XRD
diffractograms of (c) MeLTA-C, (d) MeDTA-C and (¢) MeTA-rac, respectively. The simulated patterns were obtained

from their respective single crystal structures.

Powder XRD diffractograms of MeLTA-C, MeDTA-C, and MeTA-rac confirmed their high crystallinity (Figure 2c-
e), with major reflections at 20 =7.2° and =~27.2° characteristic of deformed triazine rings and stacked triazine rings,
respectively.’? These diffractograms were distinctive from those of the tartaric acid and melamine precursors, but a good
match to powder patterns simulated from their single crystal structures, evidencing high phase purities (Figure 2¢c-e and

Figure S3). Note there was no evidence of metal impurities by bulk or surface elemental analysis (ICP or XPS).

Surface chemical environments of MeLTA-C, MeDTA-C, and MeTA-rac were analysed by XPS, with corresponding
survey spectra confirming the presence of C, N, and O in similar compositions in all three cases (Figure S6a-c¢ and
Table S3). High-resolution C 1s XP spectra of the chiral MeLTA-C and MeDTA-C were fitted to four components,
indicative of C-C (284.8 eV) for adventitious carbon, C-OH (286.3 e¢V), COO- (288.9 eV) of tartrate, and C=N; for the
triazine ring (288.4 eV) carbons in melamine (Figure 3a,d). A weak peak at ~286 eV was also required for the fit,
indicative of the presence of C-NH, (4 atom% of total surface carbon) likely formed from a small fraction of degraded
melamine. The 1:1:3 ratio of COH:COO-:C=N; components is in good agreement with the integrated '3C CP-MAS-
NMR in Figure 2a. MeTA-rac was fitted with the same C 1s components in a similar intensity ratio (Figure 3g).
Corresponding N 1s spectra of all the organic materials exhibited two distinct chemical environments associated with
three exocyclic -NH, (399.2 eV) and three ring C=N; (400.13 eV) in melaminium (Figure 3b,e,h), along with a n-n*
satellite at 406.4 eV from the aromatic ring. The N 1s components for NH, and C=Nj; are in a 2:1 ratio.>? Three distinct
O 1s environments were also observed for MeLTA-C, MeDTA-C, and MeTA-rac, associated with COO" (531.2 eV)
and C-OH (532.5 eV) species in tartrate anions (Figure S6d-f) and terminal COO- species at 534.2 eV likely hydrogen
bonded to ring N of melamine. As expected for enantiomers, the ratios of each type of surface carbon, nitrogen and

oxygen species were very similar between MeLTA-C, MeDTA-C, and MeTA-rac. Microstructural analysis of
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MeLTA-C, MeDTA-C, and MeTA-rac by FE-SEM revealed rectangular plates in all cases (Figure 3c,f,i), although
there were some differences in their packing arrangement: rectangular plates in MeLTA-C and MeDTA-C radiate
outward from a common centre and are arranged in a spiral manner consistent with a specific ‘handednessswhereas-the
plates in MeTA-rac were randomly arranged. Energy dispersive X-ray (EDX) analysis and elemental mapping
confirmed carbon, nitrogen, and oxygen were uniformly distributed throughout both materials, in similar atomic ratios

(Figure S7-S9 and Table S4).
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Figure 3. Fitted C 1s and N 1s XP spectra of (a-b) MeLTA-C, (d-¢) MeDTA-C, and (g-h) MeTA-rac, and
corresponding FESEM micrographs of (c) MeLTA-C, (f) MeDTA-C, and (i) MeTA-rac.

The chiroptical properties of MeLTA-C/MeDTA-C and MeTA-rac were examined by measuring their optical rotation
(o) as aqueous suspensions; plane polarised light was rotated clockwise by +0.029° whereas anticlockwise by -0.028°
on passing through MeLTA-C and MeDTA-C respectively, confirming their chiral nature,>* but was unaffected by
MeTA-rac (Table S5). Although free D/L-tartaric acids exhibited rotations of £12.24°, optical activity is often lowered
by hydrogen bonding due to conformational constraints imposed. Haghdani et al reported a similar magnitude optical
rotation in (S)-1-(2-naphthyl)-1-fluoroethanol, (R)-1,1,1-trifluoro-2-phenylethanol, and (R)-1-(4-phenoxyphenyl)-2-
fluoroethanamine.>> Thermogravimetric analysis revealed similar behaviour for MeLTA-C and MeTA-rac under air

(Figure S10), with an initial mass loss at ~150 °C attributed to the desorption of H-bonded lattice water, indicating

7
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excellent thermal stability for many practical applications.’® Decomposition of both dehydrated materials occurred in
two principal stages, >280 °C and > 500 °C, with MeLTA-C exhibiting slightly greater stability. The chemical stability
of MeLTA-C and MeTA-rac was also explored by their 12 h immersion in 1 M acid and alkaling solifions;powder
XRD and FE-SEM evidenced negligible change in the crystallinity or morphologies of both materials (Figure S11) and

hence high chemical stability across a wide pH range.

3.2. Electrocatalytic water splitting

Oxygen evolution reaction (OER)

The electrophilic carbon centre adjacent the protonated nitrogen in the triazine ring of MeLTA-C, MeDTA-C and
MeTA-rac can react with adsorbed hydroxyl intermediates (*OH) formed during OER, and is considered the
corresponding active sites for OER.* Conversely, nitrogen atoms in a triazine ring are readily protonated, and are
considered the active sites for HER.3” Chiral materials and molecules are reported to induce spin polarisation of electrons
with (or without) a net charge flow, the so-called CISS effect that connects chiral symmetry and electron spin.!6 1°
Photoelectrochemical H, production from water is reported to benefit from the CISS effect.*> We therefore hypothesised
that MeLTA-C and MeDTA-C might exhibit spin-filtering of electrons through CISS under an applied potential,

favouring the formation of triplet 3% (versus singlet 'A) O, and suppressing H,0O, formation (Figure 4a).

MeLTA-C, MeDTA-C and MeTA-rac were prepared as catalyst inks using a Nafion binder, and drop-cast on a carbon
cloth working electrode as per literature methods.*® Linear sweep voltammograms (LSV) were recorded with a slow
scan rate of 5 mV.sec! in a N,-saturated 1 M KOH electrolyte (Figure 4b). The overpotential to achieve a current
density of 10 mA.cm? was much lower for the MeLTA-C (and MeDTA-C) organocatalysts than the compositionally
identical MeTA-rac, being 384 mV (379 mV) versus 483 mV respectively. MeLTA-C also exhibited lower
overpotentials than MeTA-rac at higher current densities (15 mA.cm2 and 30 mA.cm?, Figure S12a), consistent with
superior OER activity. Note that a reference IrO, catalyst required 453 mV overpotential to achieve the same current
density under identical conditions (Figure 4b), and the overpotential for MeLTA-C is comparable to other
organoelectrocatalysts (Table S6).5% % At 1.68 V potential versus a reversible hydrogen electrode (RHE), MeLTA-C
(and MeDTA-C) exhibited a four-fold increase in current density relative to MeTA-rac (Figure 4b). A possible
explanation is that the chiral tartrate moiety in MeLTA-C promotes OER by spin filtering and the resulting selective
formation of X O, molecules via a low energy pathway, akin to the CISS effect reported for chiral molecules on metal
oxides.!” 3% 31 Note that competitive pathways to H,O, are forbidden on a spin-polarised surface.'® 3 Conservation of
spin angular momentum during electron transfer between catalyst and reactants may further lower the activation barrie1

to OER."
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Figure 4. (a) Schematic of CISS effect in MeLTA-C/ MeDTA-C versus MeTA-rac for OER. (b) LSV plots of MeLTA-
C, MeDTA-C, and MeTA-rac alongside an IrO, reference for OER in 1 M KOH under nitrogen, and corresponding (c)
Tafel and (d) Nyquist plots, providing insight on OER kinetics and electron transfer dynamics at the electrode-electrolyte

interface, respectively.

Reaction dynamics, evaluated from Tafel plots of iR drop-corrected LSV data, also indicated faster interfacial charge
transfer for MeLTA-C and MeDTA-C than MeTA-rac (Figure 4¢),%!' with a Tafel slope 81 mV.dec'! for MeLTA-C
and 85 mV.dec'! for MeDTA-C, respectively, in accordance with a deprotonation rate-limiting step. Corresponding
Tafel slopes for MeTA-rac and IrO, were 266 and 90 mV.dec!, respectively. The high Tafel slope for MeTA-rac
indicates a different rate-determining step.®> Computational studies indicate that transition state energies associated with
multi-electron OER are influenced by spin alignment at the catalyst surface.> For MeLTA-C (and MeDTA-C), spin
filtering would favour high spin multiplicity reaction intermediates to >~ O,, whereas MeTA-rac is expected to favour
spin-paired intermediates that would necessitate an energy-intensive (possibly rate-determining) spin inversion to form
the 3% O, product.®* Charge transfer resistance (R.;) across the electrode-electrolyte interface was probed by electron
impedance spectroscopy (EIS) at 1.6 V vs RHE (Figure 4c¢). The lower R, for MeLTA-C (5.2 Q) and MeDTA-C (6.36
Q) compared to MeTA-rac (20.5 Q) and IrO, (20.3 Q) is consistent with faster charge and mass transport over the chiral
organocatalyst, ascribed to a spin channel for MeLTA-C and MeDTA-C, that facilitates electron transfer between
adsorbed intermediates and active sites. Charge transport mediated by the spin-correlated chiral tartrate and *OH may
impart a single spin state to all electrons; such parallel spin alignment being a prerequisite to form % O,. MeLTA-C
evidenced excellent catalytic stability in 12 h chronoamperometry (CA) test at a constant potential of 1.68 V vs RHE
(iR-uncorrected), with minimal decrease in current density (Figure S12b). Potentiodynamic stability of MeLTA-C was
also evaluated through accelerated degradation (AD) experiments over 500 cycles at a scan rate of 100 mV.sec!, with a
modest increase in overpotential (from 384 to 423 mV) observed after electrocatalysis in these alkaline conditions
(Figure S13a). This small increase may reflect limited deprotonation of (protonated) melaminium rings during

continuous cycling that might in turn adversely affect the electron deficiency of adjacent carbon centres in MeLTA-C.

9
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A slight decrease in the OER activity of MeLTA-C after 500 cycles also manifest as a small increase in R, (to 8.65 Q)
across the electrode-electrolyte interface (Figure S13b). MeLTA-C was thus resistant to major surface reconstructions
sometimes observed under alkaline OER.% The absence of evolved CO,, often observed during ld@@%%%% of
organoelectrocatalysts,* confirmed the chemical stability of MeLTA-C. Overall, MeLTA-C exhibited a Faradaic
efficiency of ~90 % for O, evolution (Figure S15) and a corresponding turnover frequency (TOF, Eq. S8) of 6.1 sec™,
indicative of an efficient OER organoelectrocatalyst. The electrochemically active surface area (ECSA), determined by
the double layer capacitance (C4) method, revealed a higher calculated Cy value for MeLTA-C than MeTA-rac of
22.44 and 11.47 mF.cm?, respectively, suggesting the chiral catalysts possessed twice the number of active sites for
oxygen evolution (Figure S14). Although we cannot discount the occurrence of CISS in MeLTA-C (and MeDTA-C),

this finding suggests a more prosaic explanation for the chiral performance enhancement; more active sites.

Hydrogen evolution reaction (HER)

The negative {-potential of MeLTA-C and MeTA-rac (Figure S16 and Table S7) indicate that they present negatively
charged tartrate anions at their crystal surfaces. We postulated that the negative surface potentials and high nitrogen
content of the melaminium ring might aid proton adsorption and the consequent production of reaction intermediates for
HER.% Electrocatalytic HER was therefore explored using a three-electrode assembly by drop-casting inks of MeL TA-
C, MeDTA-C or MeTA-rac on carbon cloth. Linear sweep voltammograms (LSV) were recorded with a slow scan rate
of 5 mV.sec'! in a Np-saturated 0.5 M H,SO, electrolyte (Figure 5a). As for OER, the reaction overpotential to achieve
a current density of 10 mA.cm for HER was much lower for both MeLTA-C (143 mV) and MeDTA-C (144 mV) than
the compositionally identical MeTA-rac (358 mV), albeit significantly higher than that of a reference Pt/C (18 mV).
Consequently, at a fixed potential of -0.3 V RHE, the current density for MeLTA-C was ~8x greater than for MeTA-
rac, and should be mirrored by a similar enhancement in evolved hydrogen productivity;* the lower onset potential for
HER and rapid increase in cathodic current with more negative potential over MeLTA-C are attributed to rapid proton
reduction. A lower overpotential for MeLTA-C versus MeTA-rac was also observed at higher current densities (20
mA.cm? and 30 mA.cm?2, Figure S17). The overpotentials for MeLTA-C/ MeDTA-C is lower than

organoelectrocatalysts (including covalent triazine frameworks, Table S8).6% 67

Reaction dynamics, again evaluated from Tafel plots of iR drop-corrected LSV data (Figure 5b), evidenced fast
interfacial charge transfer for the Pt/C electrocatalyst (29 mV.dec!) with the Heyrovsky step rate-limiting, i.e. the
reaction of adsorbed hydrogen atoms at high surface coverage with a hydronium cation and electron. Heyrovsky- and
Volmer-limited (discharge of a hydronium ion to form adsorbed hydrogen at low surface coverage and water) reactions
are both reported under acidic conditions for Tafel slopes up to 120 mV.dec'!, and hence HER over MeLTA-C (94
mV.dec!") and MeDTA-C (99 mV dec!) are likely also Heyrovsky/Volmer rate-limited. MeTA-rac exhibited slower
charge transfer (Tafel slope of 195 mV.dec!) consistent with Volmer-limited HER (hydrogen adsorption at the
electrocatalyst surface). Spin-selective transport through the chiral catalyst MeL TA-C, which can induce spin alignment
in oxidised radicals,® may explain the faster transport kinetics of MeLTA-C versus MeTA-rac. Although the CISS
effect in HER is reported for photoelectrochemical water splitting,* wherein hydrogen evolution is promoted by spin
filtering over chiral polymers, to our knowledge it has not been previously observed in electrocatalytic HER.
Potentiodynamic stability of MeLTA-C was again evaluated through accelerated degradation (AD) experiments over

1000 cycles at a scan rate of 500 mV.sec™!, and again only resulted in a small increase in overpotential (from 143 mV to

10
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164 mV) after electrocatalysis in these acidic conditions (Figure S18a). This excellent electrochemical stability for HER
was confirmed by chronoamperometry performed at -0.2 V versus RHE for 24 h (Figure S18b), which evidenced
minimal decrease in current density. EIS measurements (Figure 5c¢) showed a lower R, across th@&l@@ﬁ&%@%ﬂé@yte
interface for MeLTA-C (4.0 Q) than MeTA-rac (15.8 Q), consistent with faster charge and mass transport for the chiral
organoelectrocatalyst. Unpaired electrons at the catalyst surface can influence the adsorption strength of radical
intermediates produced during electrocatalytic water splitting, which may further influence charge transfer across the

electrode-electrolyte interface.®

o
-
N
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Figure 5. (a) LSV plots of MeLTA-C, MeDTA-C and MeTA-rac alongside a Pt/C reference for HER in 0.5 M H,SO,
under nitrogen, and corresponding (b) Tafel and (c) Nyquist plots, providing insight on HER kinetics and electron

transfer dynamics at the electrode-electrolyte interface, respectively.

Alkaline HER is important for hydrogen production from alkaline wastewater discharged from chloralkali process
(producing Cl, and NaOH) and other chemical industries.”” Only a few, mostly defect-rich, heteroatom doped,
organoelectrocatalysts, are reported for alkaline HER relative to the more popular acidic HER.”!> 7> The possibility of
spin-selective transport over MeLTA-C was thus also investigated in alkaline HER using a 1 M KOH electrolyte. A
lower overpotential was again observed for MeLTA-C (366 mV) and MeDTA-C (373 mV) as compared to MeTA-rac
(511 mV), and more rapid increase in cathodic current with applied potential (Figure 6a and S19a). The higher
overpotential for alkaline versus acidic HER reflects the stronger covalent H-O-H bond that must be cleaved to form H
ad-atoms in the former scenario as previously reported.”®’> At a common potential of -0.5 V vs RHE, the CISS effect
resulted in a four-fold increase in current density for MeLTA-C with respect to MeTA-rac, approximately half the
enhancement observed for acidic HER. Tafel plots similarly evidenced faster charge transfer (slope of 188 mV.dec!
versus 277 mV.dec™!, Figure S19b) and a lower resistance to charge transfer across the electrode—electrolyte interface
(R of 5.13 Q versus 7.47 Q at constant overpotential, Figure 6b) for MeLTA-C than MeTA-rac. Note the
overpotential for alkaline HER over MeLTA-C again compares favourably with literature reported
organoelectrocatalysts (Table S9). Excellent electrocatalytic stability was also observed for MeTA-rac during alkaline
HER, with the overpotential only 16 mV more negative (between 366 and 382 mV) after 1000 cycles at 150 mV.sec'!
(Figure S20). Having demonstrated the effectiveness of MeLTA-C for electrocatalytic OER and HER under alkaline
conditions, an electrochemical cell was assembled with MeLTA-C drop-cast on both anode and cathode for total water

splitting under alkaline conditions; 10 mA.cm current density was achieved for a cell voltage of 1.98 V (Figure S21).

11
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Figure 6. (a) LSV plots of MeLTA-C and MeTA-rac for HER in 1 M KOH under nitrogen, and (b) corresponding

Nyquist plot demonstrating the lower interfacial charge transfer resistance of MeLTA-C.

The crystallinity and morphology of MeLTA-C recovered from the carbon cloth following alkaline OER and HER was
also examined. Powder X-ray evidenced a significant loss of crystallinity compared to the as-synthesised MeLTA-C
(Figure S22-24a), nevertheless reflections characteristic of the parent organoelectrocatalyst remained at ~16°, 18° and
27° (the latter a composite of multiple broadened reflections). FESEM also confirmed retention of the spiral arrangement
of rectangular plates present in the parent MeLTA-C (Figure S22-23b). Together, these observations suggest that
although MeLTA-C undergoes nanoscale restructuring during alkaline OER, its macroscopic properties are essentially
unchanged. The chemical stability of MeLTA-C and MeTA-rac was further validated from the XPS, recorded for both
materials after alkaline OER and HER (overall water splitting using the same catalyst at both electrodes). All expected
elements were observed in the survey spectra, with corresponding high-resolution C, N, and O 1s XP spectra consistent

with the expected atomic ratios and chemical environments (Figure S25-26).

In summary, the introduction of chirality (through L-(+)-tartaric acid/ D-(-)-tartaric acid) permits the synthesis of an
inexpensive, crystalline and thermochemically stable organoelectrocatalyst (MeLTA-C/ MeDTA-C) that are more
active’ for alkaline OER and acidic and alkaline HER than their racemic counterpart. This manifests as a lower
overpotential, and faster (interfacial) charge transfer for MeLTA-C/MeDTA-C versus an achiral analogue (MeTA-
rac), and is attributed to a higher density of active sites, though we cannot discount the possibility that spir
polarisation/filtering at the electrode-electrolyte interface also favours lower energy reactive intermediates and products
(as proposed for chiral modified metal oxides in OER!® 2L 31 and photo-electrocatalytic HER*). The hydrothermal
synthesis of MeLTA-C/ MeDTA-C is amenable to scale-up (Table S1), and the methodology is adaptable to other
chiral diacids (and/or chiral amines) to develop more active and energy-efficient organoelectrocatalysts for large-scale
water splitting. Future work will explore the electronic conductivity, energetics, and photophysical properties of these

organoelectrocatalysts and their purely ionic analogues to improve charge transport for commercial implementation.

4. Conclusions
Chiral-enhancement of water splitting over organoelectrocatalysts was explored for hydrogen-bonded, (ionised)
melamine and tartaric acid co-crystals prepared by a facile hydrothermal synthesis in a racemic (MeTA-rac) or chiral

(MeLTA-C/ MeDTA-D) form. The chiral organoelectrocatalysts exhibited a substantially reduced overpotential for
12
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both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) for current densities between 10-30
mA.cm?. For OER, the current density (activity) of MeLTA-C/ MeDTA-C was four times that of MeTA-rac at 1.68
V (attributed to a higher number of active sites), with a Faradaic efficiency of 90 % and good potentiodynainic stabifity.
Similar enhancements were observed for HER under acidic and alkaline conditions, where Faradaic efficiencies reached
86 % and 85 %, respectively. Tafel slope analysis reveals faster charge transfer across the electrode-electrolyte interface
and a change in the rate-limiting step, for MeLTA-C/MeDTA-C versus MeTA-rac, consistent with higher active site
densities and/or spin-polarisation of radicals at the surface of the chiral catalyst selectively promoting HER and OER
pathways. This enhancement also manifests in overall water splitting employing MeLTA-C electrocatalysts at both
anode and cathode, i.e., an entirely organoelectrocatalytic system. Low cost and hydrothermally stable chiral

organocatalysts offer new avenues for sustainable chemical manufacturing of renewable fuels and chemicals.

Notes
CCDC 2371296, 2516371 and CCDC 2370819 contain deposited data for MeLTA-C, MeDTA-C, and MeTA-rac

respectively.
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