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ABSTRACT: In organic electrosynthesis, the hydrogen evolution

reaction (HER) is a parasitic process that significantly diminishes the Eark HEMS
faradaic efficiency (FE) of aqueous electrochemical reductions and D a
contributes to the cathodic corrosion of widely used metals such as A A FA

lead and tin. Developing strategies that selectively suppress HER
without hindering desired electrochemical transformations is therefore
crucial. In this study, we demonstrate that various quaternary @
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ammonium salts (QAS) suppress HER on lead cathodes even under ~\@ % Y ? ‘1’9 "3 ? ?
acidic conditions (pH 1). These QAS electrostatically self-assemble at ) "} ip— : ! gl
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the negatively charged lead surface, forming a cationic barrier that % A e |
hinders hydronium ion (H;O%*) diffusion to the surface, thereby

mitigating HER. Chronoamperometry (CA) at —1.8 V vs Ag/AgCl for Lead Cathode

1 h revealed stark differences in QAS performance depending on

molecular structure. H12MS (N,N,N,N’,N’,N’-hexamethyl-1,12-dodecanediammonium methyl sulfate) was the most effective salt,
suppressing hydrogen evolution from ~0.76 to ~0.11 mmol cm™ (an 85% decrease), even at concentrations as low as 1 uM. CA
also showed that the monotonic increase in current over time for blank lead electrodes, which is due to corrosion and surface
roughening, was also suppressed in the presence of QAS, underscoring their dual role as inhibitors of both HER and cathodic
corrosion. Moreover, during the electrochemical hydrogenation of fumaric acid at —1.7 V vs Ag/AgCl, the addition of 1 mM HI12MS
enhanced the faradaic efficiency from 7.3% to 38.5% (a S.3-fold increase) without affecting the yield of succinic acid. These findings
highlight the effectiveness of QAS additives in tailoring the boundary layer to improve the efficiency and durability of
electrochemical processes.

KEYWORDS: Electrosynthesis, Quaternary ammonium, Hydrogen evolution reaction, Cathodic corrosion, Interface

H INTRODUCTION neous current distribution, i.e., factors that limit the scalability
and durability of electrolyzers.”*** These issues become more
severe at high cathodic potentials and industrially relevant
current densities, where HER can also degrade electrode
surfaces via metal hydride formation,” hydrogen embrittle-
ment, and mechanical damage caused by H, gas evolution.”
These phenomena are particularly pronounced for lead
cathodes, as reported in numerous studies.”’ At highly negative
potentials, lead reacts with adsorbed hydrogen to form
unstable lead hydride (PbH,) species,19 which induce
brittleness in the metal, promote mechanical degradation,
and facilitate the leaching of lead into the electrolyte. These
effects are exacerbated by lead’s relatively low shear strength®’

Electrochemical synthesis powered by renewable electricity
offers a promising route to decarbonize the chemical
industry.'~* Compared to traditional thermochemical pro-
cesses that rely on fossil-derived heat to drive reactions,
electrosynthesis enables clean redox transformations with
lower waste generation and greenhouse gas emissions.” In
particular, electro-organic synthesis has gained traction as a
sustainable alternative for producing specialty chemicals and
monomers,® % eliminating the need for stoichiometric oxidants
or reductants by using green electrons.””"® However, the
deployment of these technologies at scale remains hampered
by several challenges, especially for transformations in aqueous
systems, where the hydrogen evolution reaction (HER)
competes with the desired cathodic transformation.'*~"¢ Received:  September 13, 2025 e

HER is a parasitic process that reduces faradaic efficiency Revised:  November 17, 2025

(FE),"”"® perturbs local pH, and contributes to cathodic Accepted:  November 20, 2025
22,23 Published: December 13, 2025

corrosion of widely used electrodes such as lead,*™?* tin,
and antimony.”** Tt also promotes hydrogen bubble
formation, increases local resistance, and leads to inhomoge-
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Figure 1. Molecular structures of the monomeric and dimeric quaternary ammonium salt (QAS) compounds 1—9 with different alkyl chain lengths

and ammonium charge centers.

and poor mechanical stability’> compared to other metals,
making it especially susceptible to deformation under HER-
induced stress. Given the toxicity of lead and its environmental
implications,”> new strategies to suppress its cathodic
corrosion must be developed.

Mitigating HER without hindering productive organic
reductions is therefore critical for advancing aqueous electro-
synthesis. Several studies have explored the effect of electrolyte
composition, especially the role of cations, on interfacial
reactivity, but the results remain ambiguous. Monovalent
inorganic cations like Na" and K" can accelerate HER and
corrosion.”**73¢ In contrast, quaternary ammonium salts
(QAS) were used in the industrial electrodimerization of
acrylonitrile to adiponitrile developed by Baizer,””** where
they were shown to inhibit HER and enhance both selectivity
and FE. Surprisingly, QAS remain relatively understudied,
although thousands of quaternary ammonium compounds with
different molecular structures and charges are synthetically
accessible, and theoretical studies predict their stability across a
broad range of applied potentials.”*~*° This diversity highlights
the need to systematically revisit their role in electrosynthesis
and evaluate their potential for improving electrochemical
manufacturing.

In this study, we explore how monomeric and dimeric QAS
additives enhance the selectivity and stability of electro-
chemical reductions by modulating HER and cathodic
corrosion at lead electrodes under acidic conditions (pH 1),
where HER is typically pronounced. We hypothesized that
QAS could favor electro-organic hydrogenation reactions over
HER and corrosion by leveraging the mechanistic distinction
between outer-sphere organic reductions and surface-mediated
HER. Under operating conditions, the negatively charged
cathode attracts QAS, which electrostatically self-assemble near
the surface to form a barrier that hinders H;O" diffusion,
thereby reducing the rate of HER,*"* and cathodic
corrosion” ™" while still allowing electron transfer into the
solution. This enables electrohydrogenations to proceed
through solution-phase electron and proton transfer pathways.
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To test this hypothesis, we first studied the HER and
corrosion of lead cathodes under various reaction parameters
using nine different QAS. Using the most promising inhibitor
and reaction conditions, we then evaluated the performance
and stability of lead electrodes during the electrochemical
hydrogenation of fumaric acid, a representative organic
substrate. In the presence of QAS, HER was suppressed by
as much as 85%, with a cathodic shift in HER onset potential
of nearly 200 mV. The faradaic efliciency for fumaric acid
hydrogenation increased nearly fivefold from 7.4% to 38.5%
without any loss in reaction rate, indicating selective HER
suppression and mitigation of HER-induced corrosion. These
results establish QAS as promising dual-function additives for
improving the efficiency and durability of aqueous electro-
synthetic systems.

B EXPERIMENTAL SECTION

Synthesis of QAS. Quaternary ammonium salts (QAS)
were synthesized by treating tertiary amines with dimethyl
sulfate. The tertiary amines were either commercially available
or synthesized via Eschweiler-Clarke methylation of commer-
cially available primary amines: triethylamine (Thermo Fisher
Scientific, 99%), tripropylamine (Sigma-Aldrich, >98%), 1-
methylpyrrolidine (Acros Organics, 98%), N,N,N’,N’-tetra-
methyl-1,3-propandiamine (Acros Organics, 99%), N,N,N’,N'-
tetramethyl-1,6-hexanediamine (TCI, >98%), 1,4-diaminobu-
tane (Merck Millipore, 99%), 1,5-diaminopentane (TCI,
>98%), 1,12-diaminododecane (Sigma-Aldrich, 98%).*® Form-
aldehyde (Carl Roth, 37%) and formic acid (Carl Roth, >98%)
were used as general methylation reagents. All tertiary amines
were purified by careful distillation prior to use. To prepare the
QAS (compounds 1-9 in Figure 1), the tertiary amines were
reacted with dimethyl sulfate (Acros Organics, 99%) in
distilled tetrahydrofuran (technical grade). In a typical
procedure, the amine precursor (0.1-0.4 mol) was dissolved
in 100 mL of tetrahydrofuran. Dimethyl sulfate (1.0S equiv per
amine functionality) was added dropwise over 30 min,
maintaining the reaction temperature below 50 °C. The

https://doi.org/10.1021/acselectrochem.5c00398
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reaction mixture was stirred for 18 h at room temperature, and
the solvent was removed under vacuum. The crude product
was further purified by high vacuum drying (<0.01 mbar) at 50
°C for 12 h. The resulting QAS were colorless, semisolid
materials of sufficient purity for further use. Compound 3 was
provided by BASF SE (Ludwigshafen, Germany).

Preparation of Lead Coupons. Lead foil (99.99+%) was
purchased from Sigma-Aldrich and cut into 1 cm x 3 cm x 1.0S
mm coupons. The coupons were manually polished with 600-
and 2000-grit sandpaper and dry-wiped with Kimwipes to
remove any residual lead dust. Insulating tape was applied to
both sides of the coupon, leaving an exposed area of 1 cm” on
each side. The total active surface area, including all sides, was
approximately 2.3 cm’.

Electrochemical Analysis for Corrosion. Electrochem-
ical measurements were conducted to evaluate the behavior
and corrosion characteristics of lead coupons in 0.1 M H,SO,
(Sigma-Aldrich, research grade). A combination of techniques,
including open circuit voltammetry (OCV), electrochemical
impedance spectroscopy (EIS), and linear sweep voltammetry
(LSV), was employed to characterize the baseline electro-
chemical behavior of the system. Additionally, chronoamper-
ometry (CA), cyclic voltammetry (CV), and chronopotenti-
ometry (CP) were used to study the corrosion dynamics of
lead under various conditions.

All experiments were conducted using a single-compartment,
three-electrode setup. Lead coupons served as the working
electrode, a platinum coil as the counter electrode, and a
saturated Ag/AgCl as the reference electrode (in 4 M KCI,
Pine Research Instrumentation). Electrolyte solutions were
freshly prepared prior to each experiment by dissolving varying
concentrations of QAS (1, 10, 100, and 1000 M) into 100 mL
of 0.1 M H,SO,.

Electrochemical measurements were performed using a
BioLogic VSP-300 potentiostat controlled via EC-Lab software
(BioLogic, Claix, France). Prior to each measurement, the
electrolyte was purged with argon gas for 15 min to remove
dissolved oxygen, and an argon blanket was maintained
throughout the experiment to ensure inert conditions.

OCV measurements were recorded for 30 min to allow the
system to stabilize. EIS was then performed across a frequency
range of 0.1 MHz to 0.1 Hz with an AC amplitude of 10 mV at
the open circuit potential. LSVs were acquired from the OCP
to —2.0 V vs Ag/AgCl at a scan rate of 50 mV s™L. To analyze
corrosion behavior, CA was conducted at —1.8 V for 1 h,
followed by five CV cycles at S mV s™', and CP at a constant
current of -100 mA, all under an argon atmosphere.

Scanning Electron Microscopy. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) were performed using a FEI Quanta 250 field-emission
microscope equipped with an Oxford Aztec EDS detector.
SEM images of polished lead coupons were recorded prior to
each experiment, and the axial position of imaged areas was
noted for subsequent analysis. The lead coupons were then
subjected to chronoamperometry (CA) at —1.8 V vs Ag/AgCl
in 0.1 M H,SO, for 1 h, both in the absence and presence of 1
mM HI12MS. The corroded coupons were lightly wiped to
remove residual acid on the surface and dried using a gentle air
stream. SEM images of the corroded coupons were recorded at
the same axial positions to assess changes in surface
morphology. EDS spectra were recorded from selected regions
to determine the local and average elemental compositions.
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Electrochemical Analysis of Fumaric Acid Hydro-
genation. Cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) were conducted using a three-electrode
system equipped with a lead rotating disk electrode (RDE,
Pine Research) as the working electrode, a platinum coil as the
counter electrode, and a saturated Ag/AgCl reference
electrode (4 M KCI). All electrochemical measurements
were carried out using a BioLogic VSP-300 potentiostat
(BioLogic, Claix, France).

Prior to each experiment, the electrolyte solution was purged
with argon gas for 15 min to remove dissolved oxygen, and an
argon atmosphere was maintained throughout the experiment
to ensure inert conditions. The RDE rotation speed was set to
1600 rpm for CV using an MSR rotator (Pine Research
Instrumentation), and varied between 100 and 2500 rpm to
analyze the kinetic current response and determine mass
transport effects. A scan rate of S0 mV s™' was used for all
voltammetry experiments. The electrolyte solutions were
freshly prepared before each run by dissolving 1 g L™' of
fumaric acid in 100 mL of 0.1 M H,SO,, with and without the
addition of 1 mM QAS.

Bulk Electrolysis. Bulk electrolysis was performed in a
single-compartment microflow cell reactor (ElectroCell,
Ambherst, NY), equipped with a lead plate as the working
electrode, a platinized titania counter electrode, and a saturated
Ag/AgCl reference electrode. The working and counter
electrodes were separated by a PTFE spacer, establishing an
inter-electrode gap of 3.6 mm. The reference electrode was
connected to the cell via an orifice through the PTFE spacer.
EPDM rubber gaskets ensured leak-proof sealing and confined
the exposed electrode area to 10 cm* A PTFE mesh was
inserted in the spacer to promote turbulence and enhance mass
transfer. CA was carried out at potentials between —1.4 V and
—1.8 V vs Ag/AgCl for 4 h using a BioLogic SP-150e
potentiostat (BioLogic, Claix, France).

Electrolyte solutions were freshly prepared before each
experiment by dissolving 4 g L™ of fumaric acid in 100 mL of
0.1 M H,SO,, with and without 1 mM QAS. The solution was
continuously circulated through the reactor at a flow rate of
180 mL min~" using a Fisherbrand GP1000 peristaltic pump
(Thermo Fisher Scientific).

Aliquots of 600 uL were sampled from the reactor at 30, 60,
120, 180, and 240 min for product analysis.

Product Analysis. Product identification and quantifica-
tion were performed using proton nuclear magnetic resonance
("H NMR) spectroscopy on a Bruker AVIII 600 MHz
spectrometer. Each aliquot was first dried under airflow, and
the residue was redissolved in deuterium oxide (D,O)
containing 1 g L™' of dimethyl malonic acid as an internal
standard. The mass of the dried residue and the reconstituted
solution were recorded. Quantification was carried out by
integrating the relevant proton signals and normalizing against
the internal standard. Conversion and selectivity were
subsequently calculated using the integrated peak areas and
corresponding weight fractions.

B RESULTS AND DISCUSSION

Performance of the Synthesized QAS. To evaluate the
inhibitory performance of quaternary ammonium salts (QAS),
a series of nine compounds were synthesized with systemati-
cally varied alkyl chain lengths and charge types (monomers
and dimers) to probe the influence of molecular structure on
HER suppression efficiency (Figure 1).

https://doi.org/10.1021/acselectrochem.5c00398
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Figure 2. Performance of lead coupons in 0.1 M H,SO, for various QAS concentrations. LSV: (a) H6MS and (c) H12MS; CA: (b) H6MS and (d)

HI12MS.

Table 1. HER Onset Potential (vs Ag/AgCl) and Estimated H, Evolution of the Lead Coupons in the Presence of 1 mM QAS,

Calculated from LSV and CA, Respectively

QAS HER Onset (V) AOnset (V)

0.1 M H,S0, (Blank) —0.94

Sample 1 —1.10 0.16
Sample 2 -121 0.27
Sample 3 —1.52 0.58
Sample 4 -124 0.30
Sample S -1.56 0.62
Sample 6 —1.60 0.66
Sample 7 -1.62 0.68
Sample 8 (H6MS) -1.67 0.73
Sample 9 (H12MS) -1.71 0.77

Charge Density (C cm™)

Estimated H, (mmol cm™2) Suppression Efficiency (%)

146.54 0.76
87.48 0.46 40.3
59.24 0.30 59.6
44.33 0.23 69.8
82.34 0.42 43.8
62.75 0.32 57.2
56.75 0.29 61.3
51.08 0.26 65.1
27.56 0.14 81.2
21.13 0.11 85.3

Linear sweep voltammetry (LSV) was used to determine
shifts in the onset potential of HER in the presence of the
various QAS. In the blank electrolyte (without QAS), the onset
of HER for the lead coupon was observed at approximately
—0.94 V vs Ag/AgCl (Figure 2a), which deviates from values
typically reported in the literature (—1.38 V vs Ag/AgCl)."
This positive shift is attributed to the presence of a native lead
oxide film, which remains even after polishing and is known to
promote an earlier HER onset.*® The addition of QAS at a
concentration of 1 mM induced cathodic shifts in the HER
onset potential (Table 1), thereby broadening the electro-
chemical window for productive reductions without HER
interference.”” The most significant shifts were recorded for
QAS 8 and 9 (H6MS and H12MS, labeled based on the
carbon chain length between quaternary ammoniums), with
negative shifts of 0.73 and 0.77 V, respectively (Figures 2a,c).
As the carbon chain length increased, both mono- and
dicationic QAS exhibited greater HER suppression (Table
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1). This trend likely reflects enhanced hydrophobic inter-
actions and more effective interfacial structuring with longer
alkyl chains, in particular in the case of dicationic QAS.
Overall, the findings indicate that long-chain dicationic QAS
are especially effective in repelling hydronium ions from the
lead surface. Interestingly, the effectiveness of H6MS and
HI12MS remained pronounced even at concentrations as low
as 1 uM. Additionally, the absence of current before the HER
onset indicates that these QAS also mitigate HER for lead
oxide surfaces.

In the absence of QAS, chronoamperometry (CA) revealed
a monotonic increase in current over time (Figure 2b),
attributed to the corrosion-driven roughening of the lead
surface and the formation of new electrochemically-active

R3*° In contrast, the

surface area that promotes further HE
currents were significantly lower and more stable in the
presence of H6MS and HI12MS (Figures 2b,d), indicating

https://doi.org/10.1021/acselectrochem.5c00398
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Figure 3. CV of lead coupons at a scan rate of S mV s™" in 0.1 M H,SO,: (a) blank, (b) 1 mM HI12MS, (c) 1 mM H6MS, (d) blank after 1 h of
HER (CA at —1.8 V vs Ag/AgCl), (e) 1 mM HI2MS after 1 h of HER, and (f) 1 mM H6MS after 1 h of HER.

reduced corrosion and constant surface area during electrol-
ysis.

The amount of evolved H, was calculated by integrating the
current-time (I Vs t) curves from CA measurements at a
constant potential of —1.8 V vs Ag/AgCl for 1 h, using eq 1.
Suppression efficiencies were then determined using eq 2, and
these values are summarized in Table 1.

Estimated H, (mmolcm )

Charge (C) x 1000

2% 96500 X Surface area of coupon (cm?) (1)
Suppression Efficiency (%)
EstH,(Blank) — EstH,(QAS
_ EstHy(Bnk) — EtH,(QAS) |
EstH,(Blank) (2)

Among all conditions tested, the highest estimated H,
evolution was observed for the blank electrolyte (0.76 mmol
cm™?). In contrast, HGMS and H12MS vyielded substantially
lower values, 0.14 mmol cm™? and 0.11 mmol cm™?,
corresponding to suppression efficiencies of 81.2% and
85.3%, respectively. Furthermore, CA currents for H6MS
and H12MS remained nearly constant even at concentrations
as low as 1 yM. These results are consistent with the LSV data
and confirm the superior performance of HSMS and H12MS
in suppressing HER and stabilizing lead electrodes under acidic
conditions. H, evolution was further quantified by online gas
chromatography (GC) during CA at —1.8 V vs Ag/AgCl for 1
h in the absence and presence of QAS (Figure S1). The
faradaic efficiencies for H, evolution are presented in Table S1
and range from 82 to 84%. Notably, hydrogen evolution was
significantly suppressed in the presence of QAS compared to
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the blank, consistent with the suppression efliciencies
calculated from LSV (Table 1).

Corrosion Studies. Cyclic voltammetry (CV) and
chronopotentiometry (CP) were used to further evaluate the
corrosion behavior of lead electrodes in the presence and
absence of H6MS and H12MS. CVs were recorded at a slow
scan rate of S mV s™! to provide sufficient time for HER to
occur and to monitor the evolution of current responses over
successive cycles. As shown in Figure 3a, the lead coupon in
blank electrolyte exhibited increasing cathodic currents with
each cycle, accompanied by a progressive shift in the HER
onset potential toward more positive values. These changes
indicate corrosion-induced surface roughening and chemical
modification of the electrode. In contrast, Figures 3b-c show
that both H6MS and HI2MS stabilized the HER onset
potential and suppressed current evolution across all cycles,
indicating effective mitigation of HER-driven corrosion.

The peak observed at approximately —0.4 V vs Ag/AgCl in
Figure 3 corresponds to the oxidation of lead to lead oxide
(PbO). Integration of this anodic peak enabled quantification
of the PbO formed, as shown in Figure S2. In the first CV
cycle, the highest PbO formation was observed in the presence
of H6MS, followed by the blank and HI2MS. As lead
oxidation is an electrochemical process, the extent of PbO
formation reflects the rate of electron transfer between the lead
surface and the bulk electrolyte. The greater oxide content in
the HO6MS case can be attributed to its lower charge-transfer
resistance (vide infra). From cycle 1 to cycle 2, the blank
exhibited a substantial increase in PbO formation, likely due to
the oxidation of nascent lead surfaces generated during HER-
driven corrosion. Overall, PbO formation increased pro-
gressively with each CV cycle for all cases, indicating that
QAS species do not inhibit lead oxidation, in contrast to
conventional corrosion inhibitors.
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Figure 4. SEM images of lead coupons before and after corrosion under HER conditions (—1.8 V vs Ag/AgCl) for 1 h in 0.1 M H,SO,: (a) in the

absence of QAS; (b) in the presence of 1 mM HI2MS.

To further assess surface degradation, CVs were repeated
after subjecting the lead electrodes to CA at —1.8 V vs Ag/
AgCl for 1 h. As shown in Figure 3d, the post-CA CV in blank
electrolyte displayed more than a two-fold increase in current
compared to the pristine electrode. The HER onset potential
also shifted positively, consistent with surface damage and
accelerated corrosion. Notably, no further increase in current
was observed with continued cycling, suggesting that the
electrode had reached a passivated state, likely due to lead
oxide formation. In contrast, Figures 3e-f show that lead
electrodes in the presence of H6MS or HI2MS exhibited no
significant changes in CV profiles before and after 1 h of CA.
These results confirm that QAS prevent corrosion and preserve
the electrochemical properties of the lead surface.

Additional insight was obtained from CP at —100 mA
(Figure S3). In the absence of QAS, the electrode potential
drifted toward more positive values during electrolysis,
consistent with the surface degradation observed in CV
experiments. In contrast, in the presence of QAS, the potential
remained stable over the entire 1 h duration, further
demonstrating that QAS effectively protects the lead surface
against HER-induced corrosion, even under aggressive electro-
chemical conditions. These results also demonstrate that
H6MS and HI2MS are electrochemically stable under these
conditions, in good agreement with theoretical calculations
that predicted their stability over a wide window of cathodic
potentials.”® Further, long-term CA experiments (Figure S4)
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showed that the current remained stable for at least S h in the
presence of QAS, indicating their structural and electro-
chemical stability at high cathodic potentials.

Surface Topology and Chemical Composition. The
surface topology of lead coupons was imaged before and after 1
h of HER at a potential of —1.8 V vs Ag/AgCl using scanning
electron microscopy (SEM) to assess the protective effect of
QAS additives. For consistent analysis, SEM images were
acquired at the same surface location before and after the
electrolysis by noting the x-y-z coordinates of the region of
interest. As shown in Figure 4a, the lead surface exhibited
extensive damage after 1 h of electrolysis in the blank
electrolyte, including pronounced pitting and surface rough-
ening indicative of severe cathodic corrosion. In contrast, the
coupon exposed to 1 mM HI12MS (Figure 4b) retained a
relatively smooth and intact surface, confirming the effective-
ness of QAS in mitigating HER-driven corrosion. Similar
corrosion-induced etching and redeposition have been
observed for metallic alloys in prior studies, but direct
corrosion suppression using supporting electrolytes has not
previously been demonstrated.”"

Energy-dispersive X-ray spectroscopy (EDS) was used to
quantify changes in surface composition before and after
electrolysis, and the results are summarized in Table S2. A
notable increase in oxygen content from 0.88 to 6.06 wt % was
observed for coupons tested without QAS (blank), and from
0.91 to 4.41 wt % in the presence of 1 mM H12MS, indicating
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Figure 5. PEIS and Bode plots of lead coupons in 0.1 M H,SO, at different concentrations of HEMS (a—c); HI2MS (d—f).

partial surface oxidation. This is consistent with the CV profiles
in Figure 3, which show an increase in the peak at —0.4 V vs
Ag/AgCl corresponding to the lead oxide. Although Pourbaix
diagrams predict that lead remains in its elemental state at pH
1 under these electrochemical conditions,>® these results
suggest the formation of an oxide layer. But, importantly,
while both untreated and QAS-treated samples exhibit
increased oxygen content, only the untreated sample shows
clear signs of structural degradation. This indicates that QAS
do not impede surface oxidation but prevent its progression to
corrosive damage, as supported by the SEM data.

To complement the EDS analysis and specifically assess
whether QAS species remain on the surface after electrolysis,
the surface composition was further analyzed by X-ray
photoelectron spectroscopy (XPS). This technique offers
greater surface sensitivity and elemental resolution for light
elements such as nitrogen (Figure SS). The survey and N 1s
spectra of corroded and non-corroded lead coupons show no
discernible nitrogen signals for any of the samples. This
absence indicates that QAS molecules are not retained on the
surface after depolarization and rinsing, consistent with
adsorption driven primarily by electrostatic attraction under
cathodic bias rather than chemisorption.

Analysis of the Metal-Electrolyte Interface by Electro-
chemical Impedance Spectroscopy and Open-Circuit
Voltammetry. The electrochemical impedance of lead
coupons in the presence of QAS was assessed using Nyquist
plots, from which the charge transfer resistance (R, Table S3)
was calculated by fitting a Randles equivalent circuit. In
contrast, the Nyquist plot for the blank electrolyte displayed
two distinct semicircles, indicative of multiple interfacial
processes with different time constants. This behavior likely
arises from separate charge-transfer resistances associated with
the lead surface and corrosion-induced surface transformations.
A more complex equivalent circuit was therefore used for this
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case, as shown in Figure S6. For most QAS, R, values were
lower than that of the blank lead coupon, with the exception of
H12MS. The reduced R, values can be attributed to the ionic
nature of QAS, which enhances conductivity at the solid-liquid
interface and facilitates electron transfer from the lead cathode
to the bulk electrolyte, thereby promoting the desired
reduction reactions while repelling H;O" ions. The higher
R, value for H12MS likely results from its longer non-
conductive alkyl chain, which may form insulating regions that
hinder charge transfer.

Nyquist, Bode magnitude, and phase angle plots for HEMS
and H12MS at various concentrations are shown in Figure S,
and the corresponding R, values are presented in Table 2. For
H6MS, increasing the concentration leads to a decrease in low-
frequency impedance (Figure Sb), consistent with enhanced
charge transfer and improved double-layer conductivity

Table 2. Charge Transfer Resistance (R,,) Calculated from
Nyquist Plots Obtained from EIS of Lead Coupons in the
Presence of Varying Concentrations of H6MS and H12MS
in 0.1 M H,SO,

QAS R, (Q-cm?)

0.1 M H,SO, (Blank) 149.27
H6MS

1000 uM 84.52

100 uM 118.79

10 uM 142.30

1 uM 153.09
HI12MS

1000 uM 236.67

100 uM 21321

10 uM 164.50

1 uM 111.66
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(Figure Sa). In contrast, HI2MS shows increasing low-
frequency impedance with increasing concentration (Figure
Se), consistent with reduced ionic conductivity due to its
longer alkyl chain. The phase angle plots (Figures Sc,f) provide
further insight. In the blank electrolyte, two distinct peaks and
low overall phase angles are observed, indicative of overlapping
processes such as charge transfer and corrosion-induced
surface transformations. In contrast, the addition of QAS
yields a single peak, implying that charge transfer across the
double layer becomes the dominant process. In both cases, the
maximum phase angle remains below 45°, consistent with the
formation of an electrochemically active double layer.

Open circuit voltammetry measurements were conducted to
determine the open circuit potential (OCP) of the lead
working electrode in 0.1 M H,SO, and to examine how it is
affected by the addition of QAS (Figure S7). In the absence of
QAS, the lead electrode exhibited a relatively negative OCP of
—0.482 V vs Ag/AgCl, which favors the electrostatic
accumulation of cationic QAS at the surface. Upon addition
of HOMS or H12MS, the OCP shifted positively, with the
magnitude of the shift increasing with QAS concentration,
consistent with the formation of a self-assembled cationic layer
near the electrode. To validate that this behavior is governed
by surface charge, we performed analogous OCP measure-
ments on copper and platinum, which exhibit more positive
OCPs (Figure S8). In parallel, we experimentally determined
the potential of zero total charge (PZTC) for Pb and Cu by
measuring the double-layer capacitance as a function of applied
potential using EIS (Figure S9). The results confirmed that
both OCP and PZTC are negative for lead and positive for
copper, indicating consistency between these two descriptors
under our conditions.

No shift in HER onset potential was observed upon QAS
addition for Cu and Pt electrodes (Figure S10), confirming
that QAS adsorption is governed by the interfacial potential:
QAS interact with negatively charged Pb surfaces, but not with
the more positively charged Cu or Pt surfaces. To further
probe this interaction, we performed CA at —1.0 and —1.8 V vs
Ag/AgCl on platinum and lead electrodes, respectively,
corresponding to applied potentials more negative than the
PZTC of the metal. CA was allowed to proceed for 15-20 min
in 0.1 M H,SO,, after which 1 mM QAS was introduced to
monitor changes in current response (Figure S11). For Pb, the
addition of QAS caused a sharp decrease in current, which
then remained low for the remainder of the experiment,
indicating effective HER inhibition. In contrast, the current for
Pt remained essentially unchanged upon QAS addition,
indicating that QAS had no measurable effect.

This observation contrasts with the findings of Resasco and
co-workers, who reported that cationic species accumulate at
cathodes held at potentials more negative than the PZTC and
modulate reaction rates in alkaline media.”® Under our acidic
conditions, however, the Gibbs free energy of proton
adsorption on Pt and Cu is significantly more favorable than
that of QAS adsorption, preventing QAS from effectively
competing with H;O" at the interface. For Pb, which has a
high hydrogen overpotential and positive Gibbs free energy for
hydrogen binding, the opposite trend allows QAS to
outcompete proton adsorption and effectively suppress HER.

Finally, it is worth noting that the OCP values of lead
(Figure S7) remained within +85 mV of the blank upon QAS
addition at various concentrations.”* This modest variation
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suggests that QAS exhibits mixed-mode inhibition by
protecting both anodic and cathodic sites.>

Electrochemical Hydrogenation of Fumaric Acid.
Although QAS exhibited strong performance in suppressing
HER and mitigating HER-driven cathodic corrosion on lead
cathodes, a key objective in electrosynthesis is to enhance the
rate and faradaic efficiency for the desired transformations. To
evaluate the influence of QAS on electro-organic synthesis, the
electrochemical hydrogenation (ECH) of fumaric acid to
succinic acid was selected as a model reaction. This
transformation was carried out in 0.1 M H,SO, using a lead
working electrode. Previous studies have established that the
ECH of fumaric acid on lead proceeds via proton-coupled
electron transfer (PCET) in the bulk electrolyte, rather than
through direct surface-mediated hydrogenation, similar to
many non-catalytic electro-organic synthesis reactions.”” Given
that QAS are hypothesized to self-assemble near the electrode
and suppress surface-mediated HER, the cations were not
expected to significantly interfere with outer-sphere ECH
processes occurring in solution.

Cyclic voltammetry results in Figure 6 supported this
hypothesis. In the presence of 1 g L™' fumaric acid, two
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Figure 6. Cyclic voltammograms of lead RDE in the presence of 1 g
L' fumaric acid with and without 1 mM H6MS or H12MS.

distinct onset potentials were observed: onset (I) around
—0.57 V vs Ag/AgCl assigned to the ECH of fumaric acid, and
onset (II) around —1.38 V vs Ag/AgCl corresponding to the
onset of HER."’ No significant change was observed in onset
(I) upon addition of 1 mM H6MS, while HI2MS produced a
modest cathodic shift of ~30 mV. In contrast, onset (II)
shifted substantially toward more negative potentials, by
approximately 140 mV for H6MS and 200 mV for HI2MS.
This strong shift in HER onset indicated that QAS created
additional kinetic barriers for HER while exerting only minimal
influence on the hydrogenation of fumaric acid.

To further assess the impact of QAS on ECH kinetics, linear
sweep voltammetry was performed at various rotation speeds,
and Koutecky-Levich plots were constructed to determine
kinetic current densities (Figure 7) using the following eq 356

1 1 1

; 0.5
1, K

B w™

3)

The extracted kinetic current values were highest for 1 mM
H6MS, followed by the blank electrolyte, and lowest for 1 mM
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Figure 7. LSV curves for lead RDE in 1 g L™" fumaric acid at various rotation speeds and corresponding Koutecky-Levich plots for (a, d) Blank, (b,

e) 1 mM H6MS, and (¢, f) 1 mM H12MS.

HI12MS (Figures 7d-f). Since the kinetic current is directly
proportional to the reaction rate, these results suggested that
the rate of fumaric acid hydrogenation was enhanced in the
presence of H6MS. This enhancement was consistent with the
lower charge transfer resistance (R.) of H6MS, which
facilitated efficient electron transport from the lead electrode
to the bulk electrolyte. Conversely, the reduced ECH rate
observed with H12MS was likely due to its higher R, which
hindered electron transfer and limited hydrogenation efficiency
relative to the blank.

Bulk Electrolysis. Bulk electrolysis was performed to
evaluate the effect of QAS on the yield and faradaic efficiency
of fumaric acid reduction, as well as to determine the optimal
potential for conducting the ECH of fumaric acid. In all cases,
succinic acid was obtained as the sole organic product,
corresponding to 100% selectivity. Figures 8a-c show that as
the applied potential was increased from —1.5 to —1.7 V vs
Ag/AgCl, the HER rate increased, as indicated by broader
current bands and higher current magnitudes in the I vs t
curves. Under these conditions, a pronounced time-dependent
increase in current was observed for the blank electrolyte,
indicating the onset and progression of cathodic corrosion. In
contrast, the presence of QAS significantly attenuated this
current rise, indicating effective suppression of HER and the
associated corrosion. Interestingly, in Figure 8c, while a gradual
increase in current was observed in the presence of 1 mM
H6MS at —1.7 V, this behavior was not seen with 1 mM
HI2MS, suggesting that H12MS offers superior HER
suppression compared to H6MS under these conditions.

The succinic acid yields and faradaic efficiencies obtained at
different potentials, with and without QAS, were calculated
using Equations 4-7) and are summarized in Figures 8d-f. In
general, slightly lower yields were recorded in the presence of
QAS compared to the blank, with the exception of 1 mM
H6MS at —1.7 V vs Ag/AgCl (Figure 8f). The higher yields
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observed in the blank electrolyte at —1.5 and —1.6 V (Figures
8d,e) are likely due to HER-induced surface roughening, which
increased the electrochemically active surface area. This
roughened surface facilitates additional charge transfer,
enhancing the conversion of fumaric acid to succinic acid.
Conversely, the lower yields observed with H12MS may reflect
slower electron transfer kinetics for the ECH process,
consistent with the Koutecky-Levich analysis. Remarkably, at
—1.7 V, 1 mM H6MS outperformed the blank, likely because
HER consumed a greater fraction of the available electrons in
the absence of QAS, thereby reducing conversion efficiency.

ECH reaction:

FA + 2H' + 2¢” - SA 4)
Parasitic HER reaction:
2H" +2¢” > H, (s)
les of SA formed

Yield of SA (%) = 25 07 7 O+ 100%
initial moles of FA (6)
les of SA X 2 X 96,48

FE of SA (%) = ——° 06485 L 100%

Charge (7)

While product yields were comparable across conditions,
QAS additives had a much more pronounced impact on
faradaic efficiency. As shown in Figure 8g, at —1.5 V vs Ag/
AgCl, where HER is minimal, initial FE values correlated with
the intrinsic hydrogenation rate. Over time, however, HER-
driven corrosion in the blank increased the total current and
lowered FE relative to QAS-containing electrolytes. At more
negative potentials (Figure 8h-i), where HER becomes more
prominent, FE in the blank dropped substantially due to
corrosion-induced formation of a new electrode surface, which
further promoted HER. Under these conditions, H12MS
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efficiency at these different applied potentials.

consistently maintained higher FE values than H6MS,
demonstrating superior HER suppression and corrosion
protection. This is especially evident from Figure 8i, where
FE remained relatively stable for H12MS but declined sharply
for H6MS.

Role of QAS in Structuring the Electrode-Electrolyte
Microenvironment. The addition of QAS to the electrolyte
induces substantial changes in the interfacial microenviron-
ment at the negatively charged lead cathode. Under cathodic
conditions, cationic QAS electrostatically accumulate near the
electrode surface, forming a self-assembled layer that populates
the outer Helmholtz plane (OHP) without undergoing
chemisorption.””** XPS analysis (Figure SS5) confirms the
absence of strongly bound nitrogen-containing species on the
surface, indicating that QAS interactions are primarily
electrostatic in nature. This interpretation is consistent with
prior operando infrared spectroscopy studies by Mathison et
al., who showed that tetraalkylammonium ions enrich the near-
electrode region but do not bind directly to the electrode

1
surface.”
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Beyond their electrostatic accumulation, the alkyl chains of
QAS impart hydrophobic character to the interfacial
region.””*” This dual electrostatic-hydrophobic barrier im-
pedes the approach and solvation of hydronium ions (H;0%),
thereby suppressing the hydrogen evolution reaction (HER)
through both kinetic and mass transport limitations. As the
length of the alkyl spacer increases from H6MS to H12MS, the
resulting interface becomes increasingly hydrophobic, further
preventing proton access and water adsorption onto the
cathode surface. This trend is consistent with the enhanced
HER suppression observed experimentally for H12MS.

Importantly, while QAS hinder proton access to the surface,
they do not impede outer-sphere electron transfer. Enhance-
ments in faradaic efficiency for ECH were achieved because
electro-organic hydrogenations such as the reduction of
fumaric acid proceed predominantly via solution-phase
proton-coupled electron transfer (PCET) mechanisms, which
can occur within the diffuse layer or bulk solution.*” Thus,
QAS selectively suppress HER, a surface-mediated reaction,
without compromising desired transformations that occur in
solution.
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EIS further reveals the influence of QAS on charge transfer
resistance (R,). For short-chain mono- and dicationic QAS
(e.g, H6MS), R, values are lower than for the blank
electrolyte, indicating improved double-layer conductivity
(Tables 2 and S3). In contrast, HI2MS exhibits a higher R,
likely due to its longer alkyl chains forming a more resistive,
non-conductive interfacial region. This increased R, is
correlated with slower kinetics in the electrochemical hydro-
genation of fumaric acid (vide supra), highlighting how
interfacial structuring by QAS modulates both HER
suppression and organic reaction rates.

B CONCLUSION

In electro-organic synthesis, the hydrogen evolution reaction is
a parasitic side process that reduces the faradaic efliciency and
promotes the cathodic corrosion of lead electrodes. To address
these limitations, we introduced quaternary ammonium salts
(QAS) to limit proton diffusion to the electrode surface.
Among the nine compounds synthesized, HSMS and H12MS
exhibited exceptional performance in HER inhibition and
corrosion mitigation. Electrochemical characterizations (LSV,
CA, CV, and CP) confirmed that corrosion of bare lead
electrodes leads to a monotonic rise in current over time due
to the generation of new active sites. In contrast, the current
remained low and stable in the presence of QAS, indicating
that HER and corrosion were effectively inhibited. These
observations were corroborated by SEM imaging, which
showed severe surface degradation on bare lead but minimal
morphological changes in the presence of QAS after
electrolysis.

The impact of QAS on electrosynthetic transformations was
further evaluated using the ECH of fumaric acid as a model
reaction involving outer-sphere electron and proton transfers,
representative of a broad class of electro-organic reactions.
Koutecky—Levich analysis indicated that QAS had minimal
effect on ECH kinetics. However, bulk electrolysis revealed
that HER and cathodic corrosion intensified at more negative
potentials, drastically reducing faradaic efficiency. The addition
of QAS enhanced FE by over fivefold without compromising
product yield, underscoring their ability to selectively suppress
HER while preserving the desired transformations.

Overall, QAS additives such as HI2MS and H6MS offer a
promising strategy to enhance the efficiency and durability of
aqueous electrosynthetic processes. By electrostatically accu-
mulating near the cathode surface and establishing a
hydrophobic barrier, these cations restructure the electrode-
electrolyte microenvironment to selectively inhibit HER while
preserving solution-phase electro-organic reactions. This dual
function, simultaneously suppressing parasitic proton reduc-
tion and mitigating cathodic corrosion, opens new avenues for
developing robust, tunable electrochemical systems tailored to
sustainable chemical manufacturing,
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