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Reductive electrochemical coupling of carbon dioxide with organic molecules (electrocarboxylation, EC)
represents a green route towards value-added carboxylic acids and serves as a promising strategy for
carbon footprint mitigation. Despite the industrial prospects of this synthetic process, little has been done
towards the optimization of cathode materials at the nanoscale. Herein, we pave the way towards the use
of metal nanoparticles (NPs) as electrocatalysts in EC by demonstrating the effects of NP surface chem-
istry on electroorganic transformations and the evolution of surface functionalization in the course of
reductive electrosynthesis in aprotic media. Using spherical Au NPs capped with citrate or cetylpyridinium
chloride (CPC) as our study subjects, we examined the effect of Au NP surface chemistry on the selectivity
of EC of benzyl bromide in acetonitrile and determined the fate of the surface adsorbates of Au NPs in
the course of the reaction using Raman spectroscopy and X-ray photoelectron spectroscopy. We show
that the CPC-stabilized Au NPs outperform the citrate-stabilized NPs at a low applied potential of —1.5 V
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vs. Ag/Ag* with the former showing an almost two-fold increase in the faradaic efficiency towards pheny-
lacetic acid. This higher selectivity is attributed to the reaction on the liberated Au surface stemming from
the stripping of CPC molecules. In contrast to the CPC-functionalized NPs, the citrate-stabilized Au NPs
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Introduction

Electroorganic synthesis has attracted a lot of attention in the
last few decades as a powerful tool for carbon-carbon bond
formation under mild conditions."™ The electrochemical
approach offers multiple advantages over traditional synthetic
methods, including high atom economy, unique selectivity,
and the avoidance of toxic redox agents as electron sources.’
Despite the great potential of electrochemical methods, just a
few processes have found industrial application,®” mainly due
to the existing barriers to adopting electrochemical techniques
in the organic synthesis field, including engineering difficul-
ties for scale-up, degraded selectivity at industrially relevant
current densities, and the absence of effective strategies for
precise control over the reaction stereoselectivity.® Now, with
the declining prices of renewable electricity and significant
advances in electrochemical technologies, the development of
sustainable methods for the electrosynthesis of valuable
chemicals is on the rise.
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retain their adsorbates during the reaction, which undergo electrochemical transformations during EC.

Electrochemical coupling of carbon dioxide with a wide
variety of organic compounds (electrocarboxylation, EC) has
proved to be a promising strategy for the direct synthesis of
carboxylic acids.* > Recently, multiple studies have suggested
routes towards the efficient EC of organohalides,"*™>°
pseudohalides,* * ketones,”*>® imines,?*** and unsaturated
organic compounds.**?® The increased interest in EC has
been further fueled by global initiatives to mitigate climate
change as EC represents a promising CO, utilization
technology.

Historically, EC in aprotic media was widely studied on
non-catalytic carbon-based electrodes, such as glassy carbon.
Despite the good yields of target carboxylic acids, the reaction
on inert electrodes suffered from slow kinetics and low current
densities as a result of the outer sphere electron transfer
mechanism.">*" To facilitate EC and to tune the reaction
selectivity, an electrocatalyst can be employed. Notably, the
nature of the metal used as an electrocatalyst can significantly
affect both the process rate and selectivity as demonstrated in
the example of the EC of organohalides and imines.>*"*°

Further advances in the catalyst design for EC can be
achieved by employing nanoscale electrocatalysis by analogy
with catalyst improvement strategies for electrocatalytic reac-
tions in aqueous media.*>** Notably, the electrochemical per-
formance is also affected by the exposed crystallographic

This journal is © The Royal Society of Chemistry 2025
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facets that depend on nanoparticle (NP) shape.**>° However,
besides the facets, a change in the NP morphology is often
associated with a difference in surface chemistry that is depen-
dent on the selected production method.”*** Recently, it has
been established that the presence of organic molecules on
the electrocatalyst surface significantly improves the material
performance in CO, reduction in aqueous media.”>® At the
same time, little is known about the surface chemistry effects
for electroorganic transformations such as EC that require an
aprotic medium.*”

Moreover, disentangling the effects of surface atomic struc-
tures (i.e., exposed facets, undercoordinated sites, etc.) and
surface adsorbates (i.e., ligands originating from the NP syn-
thesis) is essential for rational catalyst design that would syner-
gistically combine both the metal nanoscale and the atomic
surface structure with molecular surface functionalization to
achieve the desired activity and selectivity in EC. A deeper
understanding of the behavior of surface adsorbates on metal
NPs in the course of electrocatalysis can also provide insights
into long-term ligand effects in atomically precise metal nano-
clusters that are now being explored in various electrocatalytic
reactions.>®>°

Here we investigate the effects of the surface chemistry of a
nanoscale electrocatalyst on its catalytic properties in cathodic
electroorganic synthesis. Specifically, we study the EC of
benzyl bromide using Au NPs with different surface
functionalization as a cathodic electrocatalyst. We demonstrate
that variation in NP surface chemistry leads to dramatic
changes in the selectivity of EC. To obtain insights into the
structure-performance relationship, we conducted a detailed
study of the surface chemistry changes occurring in the course
of electrolysis using ex situ Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS). Based on the extensive spec-
troscopic data, we determined how the reaction medium and
applied potential change the surface chemistry of the Au NPs.
Finally, we suggest the mechanism of observed surface trans-
formations and explain how these changes affect the catalyst
performance. The results of this work highlight the impor-
tance of material surface chemistry consideration for the
rational design of nanostructured catalysts for electroorganic
transformations.

Results and discussion
Catalyst material synthesis

To explore the ligand-specific behavior of electrocatalysts for
EC, we selected gold as a cathodic material due to its great per-
formance in the EC of organohalides based on the studies of
bulk metal electrocatalysts*® and its reasonable stability in this
reaction. We produced near-spherical Au NPs (Fig. 1) using
two of the most common wet synthesis routes: the Turkevich
method®® resulting in citrate-capped Au NPs (Au-citrate) and
seed-mediated synthesis in aqueous solution of a cationic sur-
factant,”" cetylpyridinium chloride (CPC), leading to Au NPs
stabilized with micellar double layers (Au-CPC). Both
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Fig. 1 Au nanoparticles chosen as objects for this study. Schematics
representing Au NP stabilization for Au-citrate (a) and Au-CPC (d) with
blue balls showing chloride anions and red balls with lines showing
cetylpyridinium cations. SEM images of Au-citrate (b) and Au-CPC (e)
with insets showing NP size distributions, which were determined via
>150 measurements for Au-citrate and via >100 measurements for Au-
CPC. High-Resolution Transmission Electron Microscopy (HRTEM)
images of Au-citrate (c) and Au-CPC (f) with insets showing the corres-
ponding Fast Fourier Transformations (FFTs).

approaches were carefully adjusted to yield comparable NP
sizes, resulting in Au-citrate with a size of 53 + 9 nm and Au-
CPC with a diameter of 52 + 1.5 nm. The synthesized nano-
particles were concentrated and deposited on a 0.5 x 0.5 cm?®
Ti foil substrate using drop-casting with an even coverage and
a mass loading of about 1 mg cm™ (Fig. S11).

While Au-CPC is single crystalline due to the slow growth
kinetics of CPC-based Au NP synthesis®® (Fig. 1f and Fig S7at),
the Au-citrate obtained through the Turkevich method is polycrys-
talline®® (Fig. 1c and Fig S7bt) and includes grain boundaries
that potentially can affect its electrocatalytic properties.®* To dis-
ambiguate the surface adsorbate effects from the Au metal
surface structure, we included a control sample, where CPC in
the as-synthesized Au-CPC was replaced with citrate. Specifically,
we employed a direct ligand exchange of CPC with citrate on the
Ti-supported Au-CPC particles using 100 mM sodium citrate solu-
tion (see Fig. S17 for details). The surface adsorbates of the result-
ing ligand-exchanged Au NP electrode (Au-LE) consisted of both
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CPC and citrate molecules, which was confirmed by Raman spec-
troscopy and XPS (see Fig. S27} for details).

To ensure that the prepared electrodes had similar surface
areas of exposed gold for electrochemical reactions, we
employed a common surface characterization method for Au-
based electrodes: Pb underpotential deposition (Pbypp,
Fig. S31).%° Based on the Pb stripping curves, all 3 samples
showed similar electrochemically active surface areas and their
surfaces comprised mostly mixed low index facets.®®

Electrochemical performance

To probe the effect of Au NP electrocatalyst surface functionali-
zation on the outcome of an electrochemical process in aprotic
medium, we studied these materials in the EC of benzyl
bromide. To understand which reaction steps can be inhibited
or facilitated by the catalyst surface chemistry, all possible
reaction pathways need to be considered. Recently, our group
demonstrated that the formation of carboxylate from organo-
halides (R-Hal) via EC can be described as R-Hal + CO,"2e™ —
RCO,” + Hal™, which proceeds either through the direct
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reduction of R-Hal (Fig. 2a, path 1) or through the activation
of CO, (Fig. 2a, path 2).***”

The direct reduction of R-Hal starts with the adsorption of
the organohalide on the cathode surface followed by the first
electron transfer that results in R-Hal bond cleavage and the
formation of R'.°® The radical R either undergoes radical
coupling at less negative applied potentials (E > —1 V vs. Ag/
Ag") or a second electron transfer at more negative applied
potentials (E < —1 V vs. Ag/Ag”) with the formation of R™.'*"®
This anion in turn attacks CO, in a nucleophilic manner with
the formation of the target carboxylate RCO,~.">"® The alterna-
tive pathway (Fig. 2a, path 2) starts with the adsorption of a
CO, molecule and proceeds through its electrochemical acti-
vation with the formation of CO, ™ that further reacts with R-
Hal or R, yielding the target carboxylate.'®®” Possible side
reactions include radical and anion transformations in path 1,
leading to dimers, oligomers, etc. or direct CO, reduction to
CO in path 2.

To determine potential zones corresponding to paths 1 and
2, we performed linear sweep voltammetry (LSV) studies
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Fig. 2 Effect of Au nanoparticle surface chemistry on the EC outcome. (a) Mechanism of benzyl halide (RHal) electrocarboxylation. (b) LSV curves
recorded in 0.1 M TEABF, in CHsCN at 50 mV s~ in CO, saturated solution (dotted trace), 25 mM benzyl bromide (RBr) in Ar-saturated solution
(solid lines), and 25 mM benzyl bromide in CO,-saturated solution (dash dotted lines) for the Au-CPC electrode (red traces) and the Au-citrate elec-
trode (blue traces). Potential zones are colored as follows: the adsorption of benzyl bromide and the first electron transfer is green, the second elec-
tron transfer is yellow, and CO, activation is blue. (c) FE of carboxylate after passing 1 F mol™ under a constant applied potential in CO,-saturated
25 mM benzyl bromide in TBABr in CH3CN. (d) Representative changes in the FEs of CO during EC at different applied potentials.
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(Fig. 2b). As EC via R-Hal activation requires a lower applied
potential than that via CO, activation, we determined the
potential range where CO, activation does not occur by per-
forming LSV in CO," acetonitrile. The onset potential for CO,
reduction for all saturated solution of an inert electrolyte (0.1
M TEABF,) in the studied Au NPs was about —1.38 V vs. Ag/Ag"
and the potential at 5 mA cm™> was —1.51 V vs. Ag/Ag*. To
determine the electrochemical behavior of benzyl bromide
(RBr) on Au-CPC and Au-citrate, we carried out LSV studies of
the Ar-saturated solution of 0.1 M TEABF, in acetonitrile with
the addition of 25 mM benzyl bromide. Notably, the peaks
corresponding to the first and second electron transfers to
benzyl bromide were not resolved and only one broad peak
was present, which means that the two reduction steps
described above are co-occurring at these potentials.’® We
observed an earlier onset on Au-CPC for benzyl bromide
reduction by about 70 mV and a higher current density of the
two-electron transfer peak by 35% compared to that of Au-
citrate. The same trends were observed for the CO,-saturated
solution. The similar behavior of the curves with and without
CO, can be attributed to similar initial electrochemical steps
(RBr —» R’, R7), which do not involve CO,. The difference in
activation energy for RBr at the Au-CPC and Au-citrate surfaces
is due to the difference in the interactions of RBr and the reac-
tion intermediates with the catalytic surface. While the Au-
citrate surface is hydrophilic and has poor interactions with
organic halide molecules, the hydrophobic Au-CPC surface has
better affinity to RBr, resulting in earlier onset potential. At the
same time, no significant difference in LSV curve behaviour
was observed for the reduction of small non-polar CO, mole-
cules at both surfaces. It is worth noting that Au-citrate
showed a noticeable decrease in the benzyl bromide reduction
activity in the CO, saturated solution, suggesting CO, adsorp-
tion on the surface at low potentials that competes with that of
benzyl bromide. These observations indicate that Au-citrate
has a higher affinity to CO, compared to that of Au-CPC,
which, in turn, shows higher activity towards the electro-
chemical transformations of benzyl bromide.

Based on the determined boundary of approximately —1.5 V
vs. Ag/Ag" between R-Hal activation and competing activation of
both R-Hal and CO,, we selected the potentials of interest for
further chronoamperometry (CA) studies with current densities
above 5 mA cm™2. To study the potentiostatic behavior of EC
when either R-Hal or CO, activation pathways are dominant, we
chose potentials of —1.5 and —2 V vs. Ag/Ag', respectively.
Additionally, to gradually assess the change of the reaction
selectivity in the potential window where both pathways are
enabled, we studied potentials of —1.6 and —1.8 V vs. Ag/Ag".

The outcome of the potentiostatic electrolysis at chosen
potentials was determined by product distribution analysis
both in solution and in the gas phase using 'H nuclear mag-
netic resonance (NMR) and in-line gas chromatography (GC),
respectively. We performed CAs on freshly prepared electrodes
to eliminate the possibility of surface chemistry fluctuations.
All reactions were carried out under a constant delivery of CO,
at a rate of 14 sccm in a solution of 0.1 M TBABr in acetonitrile

This journal is © The Royal Society of Chemistry 2025
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with a starting benzyl bromide concentration of 25 mM. The
faradaic efficiencies (FEs) of carboxylate after passing 1 F
mol " equivalent of electrons are shown in Fig. 2c.

Potentiostatic electrolysis at —1.5 V vs. Ag/Ag" showed a
drastic difference between Au-CPC, Au-LE, and Au-citrate cath-
odes with respective carboxylate FEs of 61%, 53%, and 34%.
These results show that the NP surface chemistry significantly
affects the preferential adsorption and the energy barriers
required for R-Hal activation with citrate being less favorable
than CPC for this process.

For the more negative applied potential of —1.6 V vs. Ag/
Ag', we expected a similar dependence of the reaction
outcome on the Au NP surface chemistry considering low CO,
activity at this potential and the trend of EC FEs for the R-Hal
activation pathway. Indeed, electrolysis at —1.6 V vs. Ag/Ag"
showed the highest EC FE for Au-CPC followed by Au-LE and
Au-citrate. Overall, a slight decrease in the applied potential
resulted in slightly higher FEs of carboxylate (by 5-12%) for all
tested Au NP cathodes due to the decreased contribution of
the R'-driven side reactions associated with the facilitated
second electron transfer at higher energies.'®*°

At more negative applied potentials of —1.8 and —2 V vs. Ag/
Ag', where the impact of the CO, activation pathway was
expected to be more prominent, only a small difference in the
EC FEs for all Au NP cathodes was observed. For CAs at —1.8
and —2 V vs. Ag/Ag’, the respective EC FEs for Au-CPC were
40% and 33%, which were comparable to those of 36% and
32% observed for Au-citrate. The obtained FE data suggest that
Au NP surface chemistry has little to no effect on the CO, acti-
vation pathway of EC.

The effect of surface chemistry on CO, adsorption and acti-
vation can also be assessed based on the rate of direct CO,
reduction to CO during EC. We monitored the FE of CO as a
function of the passed charge during the EC of benzyl
bromide using in-line gas chromatography. The experiments
were conducted for Au-citrate and Au-CPC at —2 V vs. Ag/Ag",
representing a high CO, reactivity region as well as at —1.6 V
vs. Ag/Ag" where the CO, reduction rate is minimal. At —2 V,
no significant difference was observed after passing 10C (the
first 20 minutes of the reaction). At —1.6 V vs. Ag/Ag", the FE of
CO for Au-citrate was high from the beginning of the electroly-
sis and increased from 20% to 46% in the course of the reac-
tion, while the FE of CO for Au-CPC was negligible in the
beginning and increased exponentially with benzyl bromide
depletion. The CO FE trends observed using GC indicate that
at all studied potentials of Au-citrate have either an enhanced
affinity to CO, or a reduced one to R-Hal, compared to that to
the Au-CPC surface.

By summarizing both carboxylate and CO FE trends, the
observed potentiostatic behavior can be explained from the
surface chemistry perspective. The higher polarity of Au-citrate
surface species compared to that of Au-CPC creates a more
polar environment in the vicinity of the electrode surface.
Thus, the adsorption of not very polar R-Hal molecules is less
favorable on Au-citrate as R-Hal will need to penetrate the
polar shell to undergo direct electron transfer. The suppressed

Nanoscale, 2025, 17, 6804-6814 | 6807
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R-Hal adsorption on the electrode surface in turn enables
more pronounced competing CO, adsorption. To validate this
hypothesis, further evaluation of the chemical environment in
the vicinity of the electrode needs to be performed by deter-
mining the surface species stability in the course of
electrolysis.

To evaluate surface chemistry stability in the course of EC,
we first performed three 1 hour consecutive electrolysis experi-
ments under EC conditions at —1.5 V vs. Ag/Ag" (Fig. S47).
Even though the CA curves were somewhat similar for all runs
for both Au-CPC and Au-citrate, in the case of Au-CPC, the FE
of carboxylate increased by a factor of 1.8 for the second elec-
trolysis run and 1.87 for the third electrolysis run compared to
the FE of the first short term CA. This change in the EC
outcome signifies a change in the Au-CPC cathode surface
chemistry associated with the applied current. Interestingly,
Au-citrate showed a stable FE of carboxylate regardless of the
number of runs.

Catalyst surface characterization

To further understand the evolution of the NP surface chem-
istry in the aprotic media and under the EC conditions, we
studied the Au-CPC and Au-citrate electrodes using ex situ
Raman spectroscopy and XPS and determined general changes
after the materials were exposed to acetonitrile under the EC
conditions at —1.5 V vs. Ag/Ag" for 1 hour (Fig. 3).

First, spectroscopic studies were performed for the Au-
citrate electrode. The surface of the freshly prepared electrode
was evaluated by Raman spectroscopy (Fig. 3a), showing a
band at around 1600 cm ™' which was attributed to the C=0
stretching of citrate carboxylic groups.®®®® The detailed exam-
ination of the surface using XPS revealed peaks characteristic
of adsorbed citrate molecules.”® Specifically, the XPS spectrum
of O 1s (Fig. 3d) showed four peaks at 530.6 eV, 532 eV, 532.9
eV, and 533.5 eV that correspond to Au-bound oxygen (Opy),
the C=O0 bond of the carboxylic group, oxygen of the alcohol
group, and the C-O bond of the carboxylic group, respect-
ively.”* The XPS spectrum of C 1s (Fig. 3e) showed three peaks
at 284.5 eV, 286 eV, and 288.5 eV that were assigned to the C-
C/C-H and C-O bonds of the alcohol group and the carbon of
the carboxylic group, respectively.”* Notably, the XPS signal for
Au 4f (Fig. 3c) showed that Au-citrate comprised Au® with
some oxidized Au that behaves as adsorption sites for
citrate.”*””?

After the Au-citrate electrode was extensively washed with
acetonitrile, we did not observe any qualitative changes in
both the Raman spectra and the XPS spectra. However, the
quantitative analysis of XPS data showed an approximately
30% decrease in C/Au and O/Au ratios (Fig. 3i), hinting at the
loss of some citrate molecules from the surface. Interestingly,
the Oau/Au ratio remained the same, suggesting that only not
surface-bound citrate molecules were removed from the
surface by washing with acetonitrile.

Next, we examined the Au-citrate electrode that was exposed
to the EC conditions at —1.5 V vs. Ag/Ag" for 1 hour. We
noticed a decrease in the C=O0 signal in the Raman spectrum.

6808 | Nanoscale, 2025, 17, 6804-6814
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Additionally, the XPS data indicated dramatic changes in the
organic species present on the surface. Specifically, by investi-
gating both the XPS spectra of O 1s and C 1s, we noticed a
decrease in the O,, and CO,~ signals and an increase in the
peaks related to the alcohol group (R-OH and C-0).”' This
result suggests partial electroreduction of carboxylic groups to
alcohols in the adsorbed citrate molecules. Another noticeable
change was the 2-fold increase in carbon content, specifically
in the C-C/C-H peak. As no nitrogen was detected by XPS, this
carbon cannot originate from the electrolyte (TBA") or solvent,
thus we hypothesize that this increase in C content is related
to the presence of the products and intermediates of the elec-
troorganic reaction on the Au-citrate surface even after exten-
sive washing with acetonitrile. Overall, citrate is strongly
bound to the Au surface and only undergoes chemical trans-
formations under the applied potential, notably without any
significant effect on the electrocatalytic properties of the
electrocatalyst.

Second, we studied the behavior of the Au-CPC electrode.
The as-prepared electrode showed a characteristic band at
1560 cm ™" in the Raman spectrum attributed to C=N stretch-
ing of the pyridinium group (Fig. 3b).®® Further evaluation of
the surface chemistry composition was performed by XPS,
showing the presence of Cl (Fig. 3f) and Br (Fig. S5).”"
Additionally, the XPS spectrum of N 1s (Fig. 3g) showed the
signals of quaternary ammonium (402 eV) and pyridinium
(399.8 eV) nitrogens’"’* that respectively correspond to CTAB
and CPC - cationic surfactants used during the synthesis of
Au-CPC.

After the Au-CPC electrode was washed with acetonitrile, we
did not observe the disappearance of the C=N stretching
band in the Raman spectrum. The analysis of XPS data
showed a noticeable decrease in the Cl 2p, N 1s, and C 1s
(Fig. 3h) peaks along with an approximately 3-fold decrease in
the Cl/Au, N/Au, and C/Au ratios (Fig. 3j), indicating that the
micellar double layer was destroyed and any surfactant mole-
cules that were not bound to Au were removed.

Lastly, we evaluated the surface chemistry of the Au-CPC
electrode that was exposed to the EC conditions at —1.5 V vs.
Ag/Ag” for 1 h. Raman spectroscopy showed the disappearance
of the C=N signal. Further investigation by XPS also con-
firmed the decrease in N and ClI content on the Au surface to
trace amounts; however, Br 3d peaks were still present
(Fig. S51) and the Br/Au ratio increased by 20% due to the
remaining surface-bound Br~ from the initial surface
functionalization and additional adsorption of Br~ from the
electrolyte and benzyl bromide during EC. Interestingly, while
the N/Au ratio decreased by more than a factor of 2, the C/Au
ratio decreased by only 20%, indicating that cationic surfac-
tants are not the main source of C on the surface after EC. In
analogy with Au-citrate, we believe that the remaining carbon
is related to the products and intermediates of the electro-
chemical reaction. Notably, the presence of a small amount of
quaternary ammonium N in the N 1s XPS spectrum suggests
that some electrolyte may be adsorbed on the surface. Overall,
in the case of Au-CPC, the double layer of micelles is destroyed

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Spectroscopic assessment of the electrode surface chemistry. Raman spectra of the (a) Au-citrate and (b) Au-CPC electrodes as-prepared
(before), after extensive washing with acetonitrile (CH3CN), and after EC CA at —1.5 V vs. Ag/Ag* for 1 hour followed by a thorough washing with
CH3CN. XPS evaluation of the surfaces of the Au-citrate electrode as-prepared (dark blue traces), after washing with acetonitrile (blue traces), and
after EC CA at —1.5 V for 1 hour (light-blue traces) and the Au-CPC electrode as-prepared (very deep red traces), after washing with acetonitrile (dark
red traces), and after EC CA at —1.5 V for 1 hour (red traces). (c) Au 4f peaks before and after electrochemical treatment. (d) O 1s fitted data for the
Au-citrate electrode. C 1s fitted data for (e) Au-citrate and (h) Au-CPC. (f) Cl 2p data for the Au-CPC electrodes with the corresponding Cl/Au
atomic ratios calculated from XPS. (g) N 1s data for the Au-CPC electrodes with the corresponding N/Au atomic ratios calculated from XPS. For all
fitted XPS datasets, raw data are depicted as hollow circles, fitted peaks are coloured, and fitted data are shown as a bold trace. (i) C/Au (violet
trace), O/Au (blue trace with hollow circles), and Op,/Au (green trace) ratios calculated from XPS of the Au-citrate electrode as-prepared, after
washing with acetonitrile, and after EC at —1.5 V vs. Ag/Ag™ for 1 hour. (j) C/Au (violet trace), Cl/Au (deep blue trace), N/Au (orange trace), and Oa,/
Au (green trace) ratios calculated from XPS of the Au-CPC electrode as-prepared, after washing with acetonitrile, and after EC at —1.5 V vs. Ag/Ag*

for 1 hour.

once the material is introduced into a polar organic solvent,
leaving only a monolayer of adsorbed surfactant molecules on
the Au surface. Furthermore, this adsorbed surfactant is being
stripped from the Au surface during EC, leaving only Br~ and
reaction-related molecules on the surface, as discussed below.
The removal of the surfactant layer plays a crucial role in the
electrocatalytic behavior of Au-CPC in EC. The proposed evol-
ution of Au NP surface chemistry is summarized in Fig. 4.

Proposed surface chemistry evolution mechanism

Based on the obtained spectroscopic data, we reconstructed
the surface chemistry evolution for both Au-citrate and Au-
CPC. For the former, the surface of the as-synthesised NPs
comprised Au atoms with citrate molecules chemisorbed

This journal is © The Royal Society of Chemistry 2025

through O-Au bonds. This adsorption can occur through the
coordination of one or two carboxylic groups to the metal
surface (Fig. 4a).”> Upon immersion of the substrate-supported
citrate-stabilized NPs into acetonitrile, surface-bound citrate
molecules remain adsorbed on the Au surface without any
change. When a negative potential is applied under the EC
conditions, the adsorbed citrate molecules undergo reductive
transformations. Specifically, the carboxylic groups of citrate
can be reduced with the formation of alcohol groups.
Moreover, citrate carboxylates can chemically react with the EC
precursor, PhCH,Br, through Sy2 substitution to produce a
corresponding ester. This ester can in turn be reduced to an
alcohol or ether. Additionally, the benzyl bromide transform-
ations on the Au surface in the course of EC result in the

Nanoscale, 2025, 17, 6804-6814 | 6809
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change; after CA at —1.5 V vs. Ag/Ag* under the EC conditions with the schematic inset showing the process of citrate reduction as well as citrate
esterification (Sy2 substitution) using benzyl bromide and the reduction of the product thereof. (b) From left to right: CPC-capped Au electrode
surface as-prepared in aqueous medium; after extensive washing with acetonitrile showing double layer destruction; after CA at —1.5 V vs. Ag/Ag*
under the EC conditions showing surfactant desorption as well as adsorption of the electrolyte and reaction intermediates. The large red transparent
arrows in (b) depict the departure of molecules from the Au surface vicinity into the bulk solution.

surface-bound reaction intermediates, including radicals and
anions.

In the case of Au-CPC, stabilization occurs by the chemi-
sorbed halide ions originating from the employed surfactants
and an outer micellar bilayer (Fig. 4b). This bilayer predomi-
nantly consists of CPC with some CTAB molecules present as
remnants of the NP seed synthesis. The surfactant molecules
in the bilayer are arranged with the charged groups interacting
with the NP surface electrostatically in the first layer and the
aqueous solution in the second layer rendering NP colloidal
stability, while the hydrophobic tails of both layers are tucked
in the middle. Upon immersion of the substrate-supported
CPC-stabilized NPs in acetonitrile, the outer layer of CPC is
removed from the double layer rendering the new outer layer
hydrophobic. The bilayer to monolayer transition is forced by
the medium change from a polar protic solvent to a polar
aprotic solvent. This switch in the solvent nature resulted in
inefficient stabilization of the charged micellar heads and
increased solubility of the hydrophobic tails. The disruption in
stabilization leads to the diffusion of the outer layer of CPC
into the bulk solution, leaving Au NPs with a monolayer of
CPC on the surface. When a negative potential is applied
under the EC conditions, most halide ions (Hal) and CP" are

6810 | Nanoscale, 2025, 17, 6804-6814

stripped from the Au surface. This stripping occurs through an
electron transfer-assisted Au-Hal bond cleavage””® followed
by desorption of the whole surfactant molecule. Residual Br™
remains on the surface due to having stronger Au-Hal inter-
actions compared to Cl~,”” resulting in a minimal presence of
TBA" and CP' on the surface. Similarly to the Au-citrate case,
surface-bound reaction intermediates remaining from the EC
of RBr are also present based on the relative ratios of C/Au and
N/Au found by XPS (Fig. 3j, see Fig. S67 for details).

The short exposure of Au-CPC to the reductive electro-
chemical conditions in organic medium results in a Au
surface that is mostly “clean” of the surface adsorbates other
than the EC reaction intermediates. In contrast, the Au-citrate
surface retains reduced citrate species that occupy some of the
catalytic sites and inevitably affect EC in organic media.

Experimental section

Materials

Cetyltrimetylammonium bromide (CTAB, >99.0%, BioUltra,
for molecular biology), cetylpyridinium chloride (CPC, USP
grade), sodium citrate (for molecular biology, >99%), iron(im)

This journal is © The Royal Society of Chemistry 2025
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chloride (FeCl;, reagent grade, 97%), r-ascorbic acid (AA,
>99%, anhydrous, ACS grade), sodium borohydride (NaBH,,
>98.0%), gold () chloride trihydrate (HAuCl,-:3H,0, >99.9%),
gold(ur) chloride solution (HAuCly, 99.99%, 30 wt% solution in
dilute HCl), sodium hydroxide (NaOH, >97%, ACS grade),
acetonitrile (CH3CN, ACN, MeCN; anhydrous, 99.8%) and
benzyl bromide (98%) were purchased from Sigma Aldrich.
Tetrabutylammonium bromide (TBABr, C;H3¢BrN, >98%) was
purchased from TCI. Ti foil (>99%) was purchased from VWR.
Ar (99.998%) and CO, (99.999%) were purchased from Praxair.
All chemicals were used as received without further purifi-
cation. All solutions were freshly prepared before use.
Ultrapure water (Millipore, 18.2 MQ cm) was used for all
aqueous solutions. The solutions of organic electrolytes were
kept over molecular sieves prior to use.

Nanoparticle synthesis

Synthesis of CPC-capped Au spherical NPs (Au-CPC). The
synthesis of Au CPC-capped NPs was previously reported else-
where.®® (i) 3 nm Au nanoparticles were synthesized by the
addition of 0.6 mL of ice-cold 10 mM NaBH, solution into a
vigorously stirred mixture of 0.167 mL of 15 mM HAuCl, and
10 ml of aqueous 0.1 M CTAB. After two hours of aging, the
seed solution was diluted to 100 mL. (ii) 0.6 mL of this solu-
tion was added to a diluted 50 mL mixture of 4 mL of 0.24 M
CTAB, 0.133 mL of 15 mM HAuCl,, and 3 mL of 0.1 M AA
under mild stirring. The resulting solution was left to react
overnight undisturbed. The as-prepared Au octahedra were
washed once with water at 16 000g and redispersed in 50 mL of
water. (iii) The entire volume of Au octahedra was placed in a
500 mL Erlenmeyer flask and diluted to 200 mL. Then 32 mL
of 0.1 M CPC solution was added and the solution was heated
in a 30 °C water bath for 5 minutes under mild stirring. Then
the solution was removed from the water bath and 5 mL of
15 mM HAuCl, solution was added, followed by 16 mL of 0.1
M AA solution. The resulting solution was left undisturbed for
8 hours. (iv) The NPs formed in (iii) were washed for 15 min at
27 °C at 5000g and redispersed in the same volume. Then, the
resulting solution was mixed with 0.1 M FeCl; solution in a
1:1 volume ratio and left for 2 hours under occasional stir-
ring. The etched Au spherical NPs were washed for 15 min at
5000g, topped up with 50 mM CPC, washed with water again,
and concentrated. The resulting concentrated solution was
further used for imaging and electrode preparation.

Synthesis of Au citrate NPs (Au-citrate). Au-citrate NPs were
synthesized using the procedure reported elsewhere.”® 20.9 mg
of HAuCl,-3H,0 was dissolved in 180 mL of water. The result-
ing solution was placed in an Erlenmeyer flask, covered with
aluminium foil, and placed on a stirring plate preheated to
240 °C with 300 rpm stirring. When the solution started
boiling, 18 mL of 1 wt% sodium citrate solution was added in
one shot. After 5 minutes, the formed NP solution was left to
cool down to room temperature and concentrated by centrifu-
gation at 1500g for 25 minutes 3 times. The resulting concen-
trated solution was further used for imaging and electrode
preparation.

This journal is © The Royal Society of Chemistry 2025
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Materials characterization

SEM. Samples for scanning electron microscopy (SEM) were
prepared by placing the drops of the purified colloidal solution
of NPs onto a stainless-steel plate followed by extensive
washing with methanol. SEM was performed using a Hitachi
S5200 microscope operating at 30 kV.

XPS. The surface analysis of the electrodes comprising metal
NPs was performed using X-ray photoelectron spectroscopy
using a Thermo Fisher Scientific K-Alpha system.

Raman spectroscopy. Samples for Raman spectroscopy were
prepared by depositing metal NPs on cleaned and polished Ti
foil attached to a glass slide. Raman spectroscopy was per-
formed using a Renishaw inVia Reflex Raman microscope.
Measurements were performed using a 532 nm laser
(Renishaw DPSSL, 50 mW) at 10% power.

Electrochemical experiments

Pbypp. The lead underpotential deposition was performed
according to the procedure reported elsewhere.®® Briefly,
Pbypp was conducted by cyclic voltammetry in an argon-satu-
rated solution of 0.1 M NaOH containing 1 mM Pb(NOj3), over
a potential range of —0.7 V to —0.2 V (versus Ag/AgCl) at a scan
rate of 50 mV s,

LSV. Experiments were carried out in a three-electrode H-cell
equipped with an AEM (Fumasep FAB-PK-130, FuelCellStore), a
graphite rod anode, and an Ag wire quasi-reference electrode
connected to an electrochemical workstation (Biologic SP-300).
A solution of 0.1 M TBABr in CH;CN was used as an electrolyte
for both cathodic and anodic compartments. Before each
experiment, the catholyte was saturated with Ar or CO, by con-
tinuously delivering the gas at a rate of 10 ml min™" for
15 min, and the solution headspace was kept under a positive
pressure of a corresponding gas (Ar or CO,) during the electro-
chemical measurements to eliminate the presence of oxygen.
All LSV curves were recorded within the electrolyte and elec-
trode stability windows to avoid the effects of the electrolyte
decomposition or metal oxidation on the LSV behavior.

CA. Reactions were performed in the same electrochemical
cell as described above. For the EC reaction, CO, was continu-
ously bubbled through the reaction mixture at a rate of 14 mL
min~". Reactions were stopped after passing 1 F mol™", unless
otherwise stated. The identification of reaction products was
carried out by gas chromatography and nuclear magnetic reso-
nance (NMR). Liquid products were analyzed by "H NMR of
crude reaction mixtures combined with an internal standard
(1,2,4,5-tetrachlorobenzene) and compared against the pre-
viously reported NMR data.

Product analysis

Gas products. Faradaic efficiency measurements of the gas
products were performed using an Agilent 7890B GC system
equipped with a sequence of multiple columns for efficient
separation of gas products (H,, CO, CH,, and C,H,) and
bypassing CO,. Gaseous products were analyzed using in-line
gas chromatography (GC) analysis every 20 minutes until the

Nanoscale, 2025, 17, 6804-6814 | 6811
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completion of the reaction. The quantitative analysis of the gas
products was performed using a thermal conductivity detector
(TCD) and a flame ionization detector (FID). The FE of the gas
products was calculated as follows:

nF&;F,
FE(%) = %

where n; is the number of electrons transferred, F is the
Faraday constant, @; is the volume fraction of the gas product
being quantified (calculated by calibrating the GC data using a
diluted mixture of gases of known concentrations), I is the
current value at the beginning of the measurement, and F, is
the gas flow rate of molar CO,.

Liquid products. Faradaic efficiency measurements of the
liquid products of EC were performed by 'H NMR using a
Bruker 300 MHz NMR spectrometer. In a typical experiment,
0.8 mL of the reaction mixture was evaporated and the residue
was dissolved in 0.8 mL of CDCI; with a 1,2,4,5-tetrachloroben-
zene additive (108 mg in 15 mL of CDCl;) that was used as an
internal standard.

Procedure for quantification. After the electrolysis, 0.7 ml of
the catholyte was taken as a sample, and then the solvent was
evaporated to obtain a colorless or bright yellow oil (with the
presence of colorless crystals). This mixture was dissolved in
0.8 ml of a 33.3 mM solution of 1,2,4,5-tetrachlorobenzene in
CDCl; and analyzed using a Bruker 300 MHz NMR spectro-
meter. For every sample, 64 scans were recorded. The peak
areas of products were compared to the peak area of the stan-
dard (2H singlet at 7.55 ppm) that was chosen as it does not
interfere with the peak from the electrolyte, the starting
bromide and the products.

Since NMR signals are shifted from the standard values due
to the electrolyte present in the mixture, '"H-NMR spectra of
the reaction mixtures without the electrolyte were also ana-
lyzed and compared with the literature data.

Procedure for removing the electrolyte (A). Acetonitrile was
removed from the reaction mixture after the electrolysis fol-
lowed by the addition of diethyl ether. We found that all
organic products are soluble in Et,O while the organic electro-
lyte is completely insoluble.

Procedure for removing the electrolyte (B). After the electroly-
sis, the solvent was evaporated under reduced pressure and
the residual material was acidified with 3 ml of concentrated
HCI; after 10 minutes, an additional 3 ml of water was added
followed by the extraction of the products with diethyl ether (3
x 20 ml). The extracts were washed with water and dried over
anhydrous MgSO,.

After the evaporation of diethyl ether form the solution
obtained by method A or B, the residue was analyzed by
"H-NMR with the internal standard.

Conclusions

In conclusion, we found that Au NPs stabilized by cationic sur-
factants outperform Au NPs stabilized by citrate ligands in the

6812 | Nanoscale, 2025, 17, 6804-6814
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EC reaction. Specifically, at a low applied potential of —1.5 V
vs. Ag/Ag" Au-CPC showed almost two-fold higher FE for the
EC of benzyl bromide compared to Au-citrate. This phenom-
enon is associated with the electrochemically induced surface
liberation from the adsorbed molecules in the case of cationic
surfactants, resulting in a “clean” hydrophobic surface. In con-
trast, in the course of the EC reaction on Au-citrate, surface-
bound citrate molecules remained on the surface and under-
went reductive electrochemical transformations, resulting in a
functionalized hydrophilic surface that is not favourable for
the EC precursor and intermediate adsorption and facilitates
direct CO, reduction instead. Fundamentally, our findings
provide important insights into the rational design of nano-
structured electrocatalysts for EC and electroorganic trans-
formations in general. In particular, our results highlight the
pivotal role of the surface chemistry of NPs, and thus the
choice of their manufacturing method, in their electrocatalytic
behavior in aprotic medium.
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