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Promotion or suppression of hydrogen evolution
activity? The competition between sodium cations
and quaternary ammonium ions at the metal/water

*

Xun Huang™® and Zidong Wei

Quaternary ammonium salts (QASs) are frequently utilized to modulate the structure of the cathodic

electric double layer in processes such as water electrolysis and hydrogenation reactions. However,

literature reports have shown that QASs can both suppress and promote hydrogen evolution activity, yet

the underlying mechanisms remain incompletely understood. In this study, we experimentally observed

that the presence of QASs alone accelerates hydrogen evolution compared to NaOH solutions.
Conversely, when the QAS is combined with Na* or H*, it inhibits hydrogen evolution. Ab initio
molecular dynamics simulation and surface-enhanced infrared absorption spectroscopy results indicate

that Na* ions disrupt the hydrogen bond network at the interface, leading to a disorder in the water

chain arrangement. In contrast, QASs enhance the hydrogen bond network, thereby facilitating the
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hydrogen evolution reaction. However, coexistence of Na* and QASs leads to hydration competition,

creating gaps in the hydrogen bond network near the surface and impeding hydrogen transport. These

DOI: 10.1039/d5s5c01034a

rsc.li/chemical-science modulation strategies.

1. Introduction

Electrochemical processes, such as water electrolysis,"* and
electrosynthesis, and devices such as fuel cells and batteries,
have garnered substantial interest for their promise in address-
ing energy and environmental challenges.>* Understanding the
microstructure, charge and mass transport mechanisms, and
reaction kinetics is crucial to enhance their energy efficiency.”™*
Water, the ubiquitous solvent in electrochemical systems, hosts
a hydrogen bond network at the electrode/electrolyte interface
that profoundly influences charge and hydrogen transfer, ulti-
mately dictating the rates of not just hydrogen evolution (HER)
and oxidation (HOR) reactions,"*>** but also those involving CO,
and unsaturated organic hydrogenation.**™*’

Altering the electrolyte composition is a simple yet effective
strategy to engineer the electrode/electrolyte interfacial struc-
ture and thereby tune HER activity. Extensive literature studies
have demonstrated a clear cation-dependent HER activity trend
(for example, Li* > Na" > K" > Cs") in alkaline electrolytes. This
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findings enhance our understanding of QASs in hydrogen evolution and guide future interface

phenomenon is mechanistically attributed to two interrelated
factors: (1) smaller cations (e.g., Li'") preferentially lower the
water dissociation energy by destabilizing HO-H bonds at
catalytic interfaces through strong non-covalent interactions;*
(2) compact cations like Li* enhance the dynamic reorganiza-
tion of interfacial water molecules, facilitating rapid proton
transfer via optimized hydrogen-bond relays. In contrast, larger
cations (e.g., Cs') disrupt the continuity of hydrogen-bond
networks, introducing kinetic bottlenecks.**** Recent advances
further highlight the critical role of the outer Helmholtz plane
(OHP) in governing HER kinetics. Li et al.>*** proposed that the
interfacial proton transfer efficiency in the OHP layer is more
vital in determining the HER activity. Tang et al.>* also proved
that multivalent Mg>" with smaller ion radii outperform
monovalent Na* and larger Ca®" in enhancing hydrogen-bond
connectivity, likely due to their stronger polarizing power and
optimized interfacial hydration structures.

In the area of electrosynthesis,'®**>® water acts as a proton
donor to produce chemicals and fuels, while its participation in
the HER needs to be avoided.?* One well-known example is the
electrochemical hydrodimerization of acrylonitrile, which is an
industrial route developed by Monsanto to produce adiponi-
trile, the precursor of nylon-6.6."**“* A small amount of
quaternary ammonium salts (QASs) was added into the elec-
trolyte, which greatly improves the selectivity and Faraday effi-
ciency of adiponitrile.***-** It has been widely accepted that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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QASs can assemble at the Cd cathode/water interface, gener-
ating a hydrophobic layer that inhibits the adsorption of
hydrogen, thus preventing side reactions including the HER
and direct protonation of acrylonitrile to form propionitrile. A
similar effect of QASs can also be found in the hydrogenation of
CO,*® CO,,*” aldehydes,*® etc. For example, during the electro-
catalytic reduction of CO, it was found the interaction between
the interfacial water molecules and the CO adsorbed on the
surface is critical for the formation of ethylene. Larger cations
(e.g., propylyN" and butyl,N") interrupt such interactions, and
thus inhibit ethylene production.**** Meanwhile, Wang et al.*”
studied how the interfacial water structure on the surface of
Cu(111)@PDMS affects the selectivity of the CO, reduction
reaction. They found that the hydrophobic electrodes formed
a strong hydrogen bond structure, which hinders the rear-
rangement of water molecules, increases the metal-hydrogen
distance, and finally inhibits the kinetic process of hydrolysis
dissociation and hydrogen evolution reactions.*”*

Recently, it was also reported that the addition of QASs can
effectively establish a strengthened hydrogen bonding
network.’*** For example, the reaction rate of the HER in
alkaline media is two orders of magnitude lower than that
under acidic conditions,* attributed to the disruption of the
hydrogen bond network by alkali metal cations,*>** Zhao et al.
demonstrated that large organic cations such as tetraethy-
lammonium (TEA) and tetrapropylammonium (TPA) can foster
long-range ordering of interfacial water molecules, generating
hydrogen-bonded water chains that bridge the electrode and
bulk electrolyte, thereby leading to faster HER and HOR kinetics
then observed for K'.** Fernandez-Vidal and Koper further
revealed that the acceleration of tetrabutylammonium is more
obvious at higher concentrations, attributed to its accumulation
in the diffusion layer.*®

The above discussion reveals that, in some cases organic
cations can improve the HER by enhancing the hydrogen bond
network, while in other cases organic cations inhibit the HER
due to their hydrophobicity, and a full understanding of the role
of QASs in the interfacial hydrogen bond network under
different conditions is lacking. In this work, we investigated the
impact of QASs on the HER in acidic and alkaline media across
different cathodes (Pt and Cd). Kinetic experiments showed that
HER activity follows the order of TPA > TEA > TMA > NaOH,
implying an enhancement by QASs. However, in NaOH solution,
the addition of QASs significantly decreases HER activity, and
this suppression is more obvious with longer alkyl side chains.
Machine learning accelerated ab initio molecular dynamics
(ML-AIMD) analysis together with surface-enhanced infrared
absorption spectroscopy (SEIRAS) revealed that alkali metal
cations such as Na' disrupt the interfacial hydrogen bond
network, causing water chain disorder. Conversely, QASs
enhance the hydrogen bond network, thereby promoting the
HER. However, when Na" and QASs coexist, the competition of
hydration between QASs and Na" leaves a gap in the hydrogen
bond network near the surface, which hinders the trans-
portation of protons through the hydrogen bond. These find-
ings enhance our comprehension of the role of QASs in organic
synthesis and steer interface modulation strategies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Methods

2.1 Computational details

The Pt/water interface is simulated using explicit solvent model
and a four-layer, 4 x 4 orthogonal Pt (111) slab, possessing
a surface area of 1.23 nm”. Similarly, for the Cd/water interface,
a four-layer, 2 x 4 orthogonal Cd (101) slab with a surface area of
1.51 nm” is utilized. As shown in Fig. S1 and S2, both metal/
water interfaces are characterized by a water layer and a vacuum
layer, each measuring 15 A in thickness, contributing to an overall
height of 35 A along the z-axis. To account for the effect of long-
range water interaction, an implicit solvation model is imple-
mented within the vacuum layer. All the ab initio computational
molecular dynamics (AIMD) simulations are performed using the
Vienna Ab initio Simulation Package (VASP).***** To enhance
computational efficiency, a machine learning approach implan-
ted in the VASP is employed, leveraging existing data to rapidly
predict energy and force (Fig. S37).***' The exchange-related
energies are calculated using the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA)
framework,” while the electron core is treated by the projected
augmented wave (PAW) method.”*** A plane wave cut-off energy
of 400 eV is utilized to extend the wave function, in conjunction
with a first-order Methfessel-Paxton® scheme with a smear value
of 0. To minimize computational costs, non-spin polarization is
adopted in all simulations. Grimme's semi-empirical zero-
damping D3 method is implemented, incorporating dispersion
correction in all calculations.’®***” The AIMD simulations are
executed with a time step of 1 fs, and a NoseHoover thermostat
maintains the regular ensemble condition (NVT) at a target
temperature of 300 K.**** Gamma points of the Brillouin zone
were used in these AIMD simulations without consideration of

symmetry.

2.2 Experimental methods

The metal pieces, Pb and Cd, each measuring 1 cm x 1 cm, were
meticulously cleaned and polished to eliminate the surface oxide
layer. These cleaned pieces were then utilized as the cathodes for
the hydrogen evolution reaction (HER). For the electrochemical
measurements, Hg/HgO served as the alkaline reference elec-
trode, while Ag/AgCl was used as the acidic reference electrode.
The experiments were conducted in an H-cell containing 50 mL
of electrolyte. To determine the solution resistance of the system,
electrochemical impedance spectroscopy (EIS) was employed,
with measurements conducted over the frequency range of 100
000 Hz to 0.1 Hz at an amplitude of 10 mV. Additionally, linear
sweep voltammetry (LSV) was utilized to assess the electro-
catalytic activity at a stirring speed of 600 rpm. The pH values of
the electrolytes used for LSV tests are quite stable in each group,
measuring around 13.25 in 0.1 M MOH, 13.03 in 0.1 M NaOH +
0.1 M MOH and 1.35 in 0.1 M H,SO, + 0.1 M MOH (M = TMA,
TEA, TPA, Fig. S47). In situ infrared spectra were acquired using
a Fourier transform infrared spectroscopy (Bruker Vertex 70V)
configured with ATR-SEIRAS.

Cadmium powder was uniformly deposited onto a Si prism
coated with a thin Au film via the drop-casting technique. Prior
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to acquiring the infrared spectra, the working electrode
underwent multi-potential chronoamperometry (CA) activation
to ensure a pristine electrode surface. Each potential was
maintained for a duration of 120 seconds, with infrared spectra
being recorded at intervals of 20 seconds.

3. Results and discussion
3.1 Effect of QASs and Na* on HER activity

Quaternary ammonium ions significantly impact the HER rate
at metal electrodes. To compare their effects with those of
traditional alkali metal cations, we conducted HER experiments
using Pt, known for its high HER activity, and Cd, which
exhibits low HER activity and has been applied in adiponitrile
synthesis from acrylonitrile hydrodimerization. As shown in
Fig. 1(al), the HER current density trends on Cd follow the
sequence TPAOH > TEAOH > TMAOH = NaOH, implying that

View Article Online
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long-chain QASs can enhance HER activity, consistent with
previous reports.’**

However, Pt electrodes exhibited remarkable potential-
dependent behaviour: in the low polarization regime (0.2-1.2
Vsug), current densities followed an inverse order (TPAOH <
TEAOH < TMAOH < NaOH), while the conventional QAS
enhancement re-emerged at higher overpotentials (>1.2 Vgyg)
with TPAOH > TEAOH > TMAOH > NaOH. This difference is more
significant when the solution is not stirred (Fig. S5T). Due to the
larger size of organic cations compared to Na', QASs require
higher potentials to reach the metal surface, and thus the
enhancement of QASs is only effective in the high polarization
zone. This polarity-dependent inversion highlights the critical
role of cation diffusion resistance in modulating HER activity,
particularly evident on highly catalytic Pt surfaces where mass
transport limitations become significant under static conditions.

Additionally, the charge transfer resistance (R.) at open
current potential exhibits contrasting trends on Pt and Cd. As
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(al-a3) LSV polarization curves and charge transfer resistances on Cd and Pt electrodes in different electrolytes of 0.1 M MOH. (b1-b3)

LSV polarization curves and charge transfer resistances on Cd and Pt electrodes in different electrolytes in 0.1 M NaOH and 0.1 M MOH (M = Na,
TMA, TEA, TPA). (c1-c3) LSV polarization curves and charge transfer resistances on Cd and Pt electrodes in different electrolytes in 0.1 M H* and

0.1 M MOH (M = Na, TMA, TEA, TPA).
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In situ ATR-SEIRAS spectra at currents from 0 pA to —100 pA in Cd electrolytes: (a) in Ar saturated solutions of 0.1 M NaOH; (b) in Ar

saturated solutions of 0.1 M TEAOH; (c) in Ar saturated solutions of 0.05 M NaOH and 0.05 M TEAOH.

illustrated in Fig. 1(a3), with increasing branch chain length of
the QAS, R on Cd decreases while it also decreases on Pt. The
HER on both Pt and Cd in alkaline solution follows the Tafel-
Volmer mechanism, with the Volmer step (H,O + e < Hyq +
OH ™) as the rate-determining step (RDS).*>** Pt, as an active
metal, easily transfers electrons to water molecules to generate
H,q. Organic cations enhance the interfacial hydrogen bond
network, facilitating the Volmer step. Conversely, Cd, being an
inactive metal with a higher work function, struggles to release
electrons with large organic cations, which reduce the electric
field intensity at the inner Helmholtz layer.

Nevertheless, in alkaline media containing Na’, a distin-
guished phenomenon can be noticed. Fig. 1(b1) shows that, in
the presence of Na*, the addition of QASs consistently decreases
HER current density on Cd cathodes, with this inhibitory effect
intensified by longer-branched QASs. On Pt electrodes, the
activity variation is much smaller than that on Cd. Only TMAOH
accelerates the HER slightly, whereas other QASs resulted in
reduced current density. Notably, the R, measured on Pt
remains stable across these four electrolytes, suggesting that
the energy transfer barrier remains unaffected by QASs. More-
over, in acidic media, the HER current density is enhanced by
TMA" compared to Na', albeit with a decrement as cation size
increases. TMA" also promotes HER activity on Pt, albeit to
a lesser extent compared to under other conditions. Overall, the
performance of QASs in acidic media with abundant H' is
similar to that in bases containing Na'.

We also obtained the Tafel slopes on Pt in the presence of
Na' or H'. As shown in Fig. S6,7 the Tafel slopes indicate the
same HER activity order. Besides, after IR compensation, the
LSV curves retain the same tendency (Fig. S7 and S8t). These
experimental results suggest that the effect of QASs on the HER
depends not only on the properties of the electrode surface, but
also on the microenvironment at the interface, especially the
nature of cations involved.

3.2 Effect of cations on the interfacial hydrogen bond
structure

The characteristics of the hydrogen bond network in both the
presence and absence of TEA were assessed using in situ surface-

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhanced infrared absorption spectroscopy (SEIRAS) in the
attenuated total reflectance (ATR) configuration. As shown in
Fig. 2, ATR-SEIRAS experiments revealed that, at cathodic
currents below 60 pA in NaOH alkaline solutions, the hydrogen
bond network remains intact, exhibiting solely the vibration peak
of hydrogen-bonded water »(O-H). Conversely, currents
exceeding 80 pA disrupt the hydrogen bond network, evident
from the emergence of the negative vibration peak of »(O-H). In
TEAOH solution, the hydrogen bond network remains intact at
all cathodic currents. The increasing »(O-H) peak area along with
the reduced peak wavenumber suggests the stabilizing effect on
the hydrogen bond network of TEA. By comparing the peak area
at lower current, it can be found that Na' leads to more hydrogen
bonds with less intensity than TEA, which again underscores that
the enhancement due to TEA of hydrogen bond strength and
HER activity becomes more pronounced at a more negative
potential. However, in combined NaOH and TEAOH solutions,
the negative vibration peaks appear at the beginning of the
current scan, and the area of this negative peak increases with
applied current, implying that the coexistence of Na“ and TEA
significantly destroys the hydrogen bond network. These obser-
vations of hydrogen bond variation are in accordance with the
experimental HER activity in different solutions (Fig. 1a1-a3).

To provide a deeper understanding of our experimental
results, we performed AIMD simulations on EDLs featuring
various cation species. As depicted in Fig. 3(a), despite starting
slightly distant from the metal surface prior to the AIMD
simulation, Na“ exhibit a tendency to permeate the inner
Helmbholtz layer, disrupting the structural integrity of the first
water layer. Conversely, TEA ions are more inclined to remain at
a distance from the metal surface, allowing a fully intact first
water layer to persist at the interface. This observation eluci-
dates the superior HER activity exhibited by TEA compared to
Na', despite the interface experiencing a reduced water density
owing to the hydrophobic nature of TEA. In scenarios where
TEA and Na' coexist, the smaller Na' ions still manage to
traverse the water layer, whereas TEA maintains a distance of
one water layer from the surface. Both the hydrophobic prop-
eries of TEA and the disruption of the surface water layer
contribute to the decline in HER activity.

Chem. Sci., 2025, 16, 8922-8931 | 8925
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Fig. 3 VDOS spectra of Cd(101)/water interfaces with various cations.

lation; (b) VDOS spectra of water molecules stratified into different layers in the presence of Na*

Wavenumber (cm™)

Wavenumber (cm™)

(a) Distribution of interfacial water molecules after a 10 ps AIMD simu-
; (c) deconvolution of VDOS peaks for the first

water layer with differing cations; (d) schematic illustration distinguishing between weak and strong H,O vibrations; (e) VDOS spectra of the
second water layer in the presence of TEA or TEA combined with Na; (f) influence of QAS size on the VDOS spectra.

The vibrational density of states (VDOS) for interfacial water
molecules, derived from molecular dynamics trajectories, was
analyzed in detail. The peaks observed at approximately 3300
em ! and 1550 cm ! closely correspond to experimental data,
validating the accuracy of our VDOS calculations. Typically, an
increase in wavenumber indicates a weakening of hydrogen
bonding, and conversely, a decrease suggests strengthening.
Based on the proximity to the Cd(101) surface, interfacial water
was categorized into three regions: Region 1, adjacent to the
metal surface; Region 2, surrounding TEA molecules; and
Region 3, above TEA. As illustrated in Fig. 3(b), in the presence
of only Na*, the wavenumber of »(O-H) VDOS peaks follows the
trend Region 1 > Region 2 > Region 3, suggesting that Na*
weakens hydrogen bonds near the metal surface, consistent
with previous reports.*®

To assess the impact of cation type on hydrogen bonding, the
¥(O-H) peaks are further differentiated into two subpeaks: one
representing stronger »(O-H) in highly hydrogen-bonded, con-
strained water molecules, and the other weaker »(O-H) in less
ordered water (Fig. 3(c and d)). The weak »(O-H) subpeak
remains at 3511 cm ™', while the stronger subpeak shifts from
3239 cm ™' to 3296 cm™ " upon replacing TEA with Na®, indi-
cating more weakened hydrogen bonding in the first water

8926 | Chem. Sci, 2025, 16, 8922-8931

layer. Notably, the »(O-H) peak resolution in the presence of
both Na" and TEA is nearly identical to that with only Na®,
suggesting that adding TEA to NaOH solution does not enhance
the hydrogen bond strength of the first water layer.

As illustrated in Fig. 3(e), the VDOS peak within the 2000
em™ ' to 4000 cm ™~ range in region 2 can be resolved into three
subpeaks at ~2899 cm™*, ~3167 cm™ ', and ~3376 cm ", cor-
responding to strong »(O-H), »(C-H), and weak »(O-H),
respectively. Notably, the wavenumber of the strong »(O-H)
peak remains consistent regardless of the presence of Na'.
However, the addition of Na' shifted the peak of weak »(O-H)
from 3376 cm™ " to 3439 cm™ ', probably due to more free water.
Since the hydrogen bond network in region 2 is essential for
faster hydrogen transfer, the less ordered structure caused by
Na" would inhibit the HER process.

Fig. 3(f) further compares VDOS for various QASs, showing
that incorporating organic QASs with longer alkyl chain lengths
significantly enhances interactions among interfacial H,O
molecules, leading to a denser hydrogen bonding network that
facilitates proton activation and transport during the HER. An
additional advantage of employing larger QASs lies in the
elevated proportion of water molecules where the hydrogen
atom is oriented towards the metal surface, thereby favorably

© 2025 The Author(s). Published by the Royal Society of Chemistry
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influencing the HER process (as depicted in Fig. S97). Further-
more, the incorporation of QASs enhances the overall hydrogen
bonding network within the NaOH solution (Fig. S10at), sug-
gesting that the inhibitory effect of QASs on the HER in the
presence of Na' ions primarily stems from the weakening of
hydrogen bonds within the inner water layer. Notably, as illus-
trated in Fig. S10b,t the enhancing effect of QASs is more
pronounced under acidic conditions (where H' serves as the
cation) compared to alkaline conditions (where Na" is the
cation). This observation elucidates the enhancement of HER
activity observed in H,SO, solutions upon the addition of
smaller QAS molecules (Fig. 1c1).

3.3 Hydration competition between Na" and QASs

Na® and QASs primarily exist in the electric double layer as
hydrated cations, yet their distinct sizes and structures lead to
varied hydration capabilities. The distribution of water mole-
cules surrounding the QAS can be quantified by analyzing the
radial distribution of N-O. Fig. 4(a) illustrates that the N-O
distance between TMA and water exhibits three peaks at 4.35 A,
6.75 A, and 8.85 A, indicating the presence of three well-defined
water layers around TMA ions. For TEA and TPA, which possess
longer side chains, water molecules have the ability to penetrate
the spaces between these chains, leading to a less structured
arrangement near the QAS ions. The good hydration ability of
TMA explains its promotion effect in NaOH (Fig. 1b2) and
H,S0, solutions (Fig. 1c1 and c2).

Upon the introduction of Na', only two water layers persist,
likely due to the hydration of Na* disrupting the organized
water network surrounding TMA. This disruption is further
evidenced by an increase in the number of oxygen atoms at N-O
distances ranging from 3.5 A to 8 A, resulting in a flattened peak
distribution. When TEA and Na* coexist, there is an increase in

(a) e T R N [
& A &5 7 2. 9 O - o
G Vd‘% oy *if ”
yral| o, /A a‘b\g 4
e Ly BT -4 N ™ = ol
s 2% ‘ol B\ 44 H?"é‘ »
3, —
5] 7\ TMA+Na*
d AN —TMA
3 = /. a
% 5] e TEA+Na*
S 1) ~L TEA
=
3 : +
i ieskeees TPA+Na
2l Ry,
0 / ' 10 12

2 4 6 8
N-O distance (A)

14

View Article Online

Chemical Science

oxygen atoms at distances of 4-4.5 A and 6.5-7.5 A, accompa-
nied by a reduction in oxygen atoms within the 5-8 A range.
Comparable observations can be made at metal/water interfaces
in the presence of both TPA and Na'. This behavior can be
attributed to hydration competition between QASs and Na',
where they vie for the oxygen atoms of water molecules, thereby
altering the orientation of these water molecules. This compe-
tition can also be noted by the decreased weight of Na-O at 2.6 A
after the introduction of TEA and TPA (Fig. 4(b)).

The hydrogen bond network oriented along the Z-direction
has been thoroughly analyzed and is visually depicted in Fig. 4.
Specifically, Fig. 4(a) reveals the presence of two distinct oxygen
layers, centered at 7.9 A and 10.4 A respectively, in the absence
of any cations. This arrangement underscores a well-structured
hydrogen bond network at the interface. Upon the introduction
of Na" ions, the distribution of oxygen atoms remains relatively
unchanged. However, the addition of QASs leads to a decrease
in the peak intensity of the second water layer and shifts the
first layer closer to the metal surface (Fig. S13f1), thereby
enhancing the hydrogen bond network. Conversely, in the
presence of both QASs and Na'*, the peak of the first layer shifts
further away from the metal surface, suggesting a disruption in
the hydrogen bond network.

The number of hydrogen bonds along the Z direction on Pt is
depicted in Fig. 6(f), which additionally illustrates two layers of
water devoid of any cations. Upon the introduction of Na',
a reduction in the hydrogen bond count is observed in the first
layer, particularly in the case of double and triple hydrogen
bonds. This decrease is attributed to the hydration process,
which alters the orientation of water molecules and disrupts the
hydrogen bond network. Similarly, the inclusion of TEA alone
results in a decline in the hydrogen bond count of the first layer,
yet the proportion of double or triple bonds remains relatively
constant. The second layer experiences a significant decrease in
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Fig.4 Comparison of hydration capability of QASs and Na® in different electrolytes. (a) Water distribution around the QAS:; (b) water distribution

around Na*.
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hydrogen bond count due to the large size of TEA, which pushes
away adjacent water molecules. Furthermore, the peak of the
first layer shifts closer to the metal surface, providing an
explanation for the enhanced HER activity observed in TEAOH.

However, in the presence of both TEA and Na*, the distance
between the two water layers increases notably, hindering
proton transport during hydrogen evolution. This conclusion is
further supported by the average bond length data presented in
Fig. 6(g). In pure water, the hydrogen bond length is uniformly
distributed within the range of 1.8 to 2.0 A and remains
unchanged in the presence of TEA, suggesting a compact
hydrogen bond network in the EDL and the robust interaction
between metal sites and water molecules, when comparing the
Cd/water interface to the Pt/water interface. In contrast, the
introduction of Na" alone leads to a slight increase in hydrogen
bond length near the metal surface, consistent with the
disruptive effect of Na'. Intriguingly, when both TEA and Na*

are present, the bond length at the interface increases signifi-
cantly. Such a long length means the water is “free” rather than
constrained in the hydrogen bond network, which explains the
high peak wavenumber of the weak »(O-H) shown in Fig. 3(e).
This enlargement can be attributed to the competitive hydra-
where both cations attract the

tion between TEA and Na',
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oxygen atom, leaving the hydrogen atoms in the hydration layer
facing each other and creating a larger water gap (Fig. 3(a)).

3.4 Comparison of Cd/water and Pt/water interfaces in the
hydrogen bond network

Our experimental findings also uncover distinct kinetic behav-
iors of QASs on Cd and Pt surfaces, particularly highlighting
that the HER activity of Cd is more susceptible to QASs.
Consequently, we conducted a comparative analysis of the
hydrogen bond network at the Cd/water and Pt/water interfaces.
As depicted in Fig. 5(e) and 6(e), beyond the presence of two
discernible water layers, a minor peak emerges between the
metal surface and the first water layer, attributed to the intro-
duction of Na* which not only diminishes the adsorbed water
layer on Pt but also notably disrupts the second interfacial water
layer. Intriguingly, the solitary addition of TEA leads to the
formation of an additional hydrogen bond layer adjacent to the
Pt surface, thereby enhancing the HER activity on Pt. This extra
layer with a Pt-O distance of 2.0 A corresponds to the surface
adsorbed water molecule. In other electrolytes, though water
can also be adsorbed on the Pt surface, it could not participate
in the hydrogen bond network. Fig. 5(f) further illustrates that
the combined addition of Na" and TEA increases the hydrogen
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double, and triple hydrogen bonds; (g) average hydrogen bond lengths.
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bond length at the interface, albeit with a moderate expansion
in the gap. This observation elucidates the less influence of
QASs on the HER activity of Pt (Fig. 6) compared to Cd in
a NaOH solution.

To eliminate the effect of potential, we doubled the number
of Na' ions at the Cd(101)/water interface, and found that the
potential does not influence the changes in the hydrogen bond
network (Fig. S21 and S22%). In other words, the difference
between Na" and Na' + TEA is mainly due to the nature of TEA
rather than the number of cations. We also replaced the Na*
with divalent cation Mg>*, and found that TEA can still lead to
a gap in the hydrogen bond network, indicating a universal
modulation of TEA on the metal cation containing interfacial
structure (Fig. S237).

As illustrated in Fig. S18 and S19,7 we have computed the
electronic local density of states for both the Cd (101) slice and
the Pt (111) slice. Our calculations reveal that the electronic
local density of states energy surrounding Cd is lower compared
to that surrounding Pt. A higher work function suggests that
electrons are less inclined to escape from the metal surface,
which provides an explanation for the higher hydrogen evolu-
tion overpotential observed on the Cd electrode compared to
the Pt electrode (Fig. 1al and a2).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Meanwhile, we also evaluated the electrostatic potential
distribution of the Cd (101) crystal plane; the addition of the
alkali metal cation Na' increases the PZC potential at the
double layer interface by 0.13 eV, while the organic cation TEA
increases it by 0.29 eV. When both are present simultaneously,
the PZC potential increases by 0.33 eV, indicating that the
cations at the double layer interface can effectively regulate the
electrode potential (Fig. S187). This underscores the pivotal role
of organic cations in modulating the electrostatic environment.

Furthermore, we evaluated the electrostatic potential distri-
bution of the Pt (111) crystal plane in an alkaline environment
containing TEA, as shown in Fig. S18(b).t Our results indicate
that under alkaline conditions, the point of zero charge (PZC) is
—1.62 eV, and under acidic conditions, the PZC is 0.57 €V,
suggesting a negative double-layer capacitance at the Pt inter-
face; the addition of Na® ions can regulate the electrode
potential at the double layer interface (Fig. S18e and hft). The
calculation of the work function at the double layer interface
and the zero-charge potential helps us understand the electrode
potential of the system being studied, demonstrating that the
addition of cations can effectively regulate the double layer
capacitance, which is particularly important for charged
systems.

Chem. Sci., 2025, 16, 8922-8931 | 8929
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By calculating the diffusion coefficient of QASs (Fig. S117),
we found that the diffusion coefficient gradually decreases as
the ion size increases. Comparing the results in the presence
and absence of Na*, we observed that the presence of Na" slows
down the movement of QAS molecules. To understand the
distance between EDL water molecules, we statistically analysed
the radial distribution functions of water molecules on different
metal surfaces (Fig. S127). The results strongly corroborate our
proposed theory regarding the enhancement and weakening of
the hydrogen bonding network (Fig. S15 and S207).

4. Conclusion

In this study, we experimentally investigated the effect of the
interplay between Na" and QASs on the HER under alkaline
conditions, specifically focusing on Cd and Pt cathodes. Our
results demonstrated that, in the absence of Na*, QASs enhance
HER activity compared to Na' alone, with a more pronounced
effect observed for QASs possessing longer side alkyl chains.
However, in NaOH solutions, the incorporation of QASs,
particularly those with extended side chains, led to a decrement
in HER activity.

Utilizing a combination of AIMD and the in situ SEIRAS-ATR
test, we unveiled that Na* weakens the hydrogen bond network
at the interface, particularly within the water layer adjacent to
the metal surface. Conversely, QASs strengthened this hydrogen
bond network. The coexistence of Na" and QASs disrupted the
order of interfacial water and reduced its connectivity, resulting
in a significant decline in HER activity.

A comparative analysis of the Cd/water and Pt/water inter-
faces revealed that the inhibitory effect of QASs in NaOH elec-
trolyte is less pronounced on the HER activity of Pt. This is
attributed to its lower work function, which facilitates stronger
interactions with surface water molecules, thereby preventing
the formation of gaps at the interface. Our findings underscore
the significance of understanding and manipulating the inter-
facial water structure and the role of organic cations in opti-
mizing electrochemical processes, particularly in promoting or
inhibiting the hydrogen evolution reaction.
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