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N-heterocyclic carbenes (NHCs) are promising molecules for functionalizing and protecting metals,
ranging from single crystals to polycrystalline samples. However, the functionalization of complex
surfaces, such as mild steel (MS), a widely used industrial material, has only been scarcely explored, with
only one prior report. Herein, we present a simple and highly reproducible electrochemical method to
anchor NHCs onto MS surfaces. Two different NHC precursors are employed: P'NHC-H,CO5 (1,3-
diisopropylbenzimidazolium hydrogen carbonate) and P"NHCA*.H,COx (1,3-diisopropyl-5-(prop-2-yn-1-
yloxy)-1H-benzoldlimidazol-3-ium hydrogen carbonate). Our electrochemical approach enables the
controlled generation of nucleophiles at the interface between solvated NHCs and the MS surface. By
tuning the electrochemical deposition parameters, we are able to optimize surface functionalization by
regulating the generation of reactive oxygen species (ROS), and hydroxyl ions (OH™). The resulting NHC
coatings are characterized using microscopy, spectroscopy, and combined techniques such as AFM-IR.

rsc.li/materials-a

Introduction

N-heterocyclic carbenes (NHCs) have recently garnered signifi-
cant attention as superior alternatives to traditional thiol-based
SAM precursors due to their enhanced binding affinity with
metal surfaces.’™* Stable NHC thin films have been explored on
a variety of pure metal surfaces, including Au>*"** Pt,*"> Ag,®
Cu>'"* Ru," Co" and Fe.*>'® Deposition studies have also been
extended to metal oxides (CuO,,"**'” FeO,," TiO,') both over
single crystal and polycrystalline surfaces. Because of their high
tunability, NHCs also provide versatile surface modification
capabilities. By modifying NHC precursors with various func-
tional groups, it becomes possible to create a variety of surface
structures, ranging from self-limiting monolayers to thicker
densely packed multilayer coatings. For instance, Berg et al.*®
demonstrated that NHCs modified with an alkyne group on the
N-position (also referred as “wingtip”) led to the formation of
a 2 nm nanolayer on copper via acetylide-initiated polymeriza-
tion. The proposed mechanism for NHC electrodeposition was
said to proceed via direct electrochemical water reduction and
generation of OH™."® Hydroxide ion is then proposed to act as
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Stability tests reveal that these coatings are resistant to highly alkaline conditions.

a base, deprotonating the imidazolium core (NR1-CH-NR1, pK,
= 22), or, in the case of alkyne-containing NHCs, the alkyne
moiety as well (-O-CH,-C=CH, pK, = 25)."* Deprotonation of
the alkyne group led to acetylide-initiated polymerization, and
the formed multilayer was linked to the reduction of copper
oxide, highlighting its potential for corrosion mitigation
applications.***

Currently, most reports on the properties of NHC thin films
focus on monometallic surfaces. However, a more complex yet
widely used surface like mild steel (MS) is underexplored as
a potential surface functionalization strategy with only one
report in the literature.'>*® MS is highly versatile and can be
easily formed, welded, and machined, making it suitable for
a wide range of applications across industries such as
construction, automotive, manufacturing, and infrastruc-
ture.”»** Despite its widespread use, mild steel is particularly
susceptible to corrosion.”*?*” Therefore, the prevention of
corrosion on MS infrastructure is crucial to prevent failures,
maintain structural integrity, and avoid costly repairs or
replacements.”® MS constitutes a complex surface due to its
multi-metallic composition with variable surface segregation
under variable exposure; these factors create a non-uniform and
dynamic surface, making it a particularly challenging surface to
functionalize.??%?%3°

Herein, we explore the functionalization of MS surfaces
using two benzimidazole-based NHC salts — one with a prop-
argyl/alkyne (-OCH,C=CH) substitution on its aromatic ring
and one without, namely P'"NHC*'-H,CO; and ""NHC-H,CO;

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 NHC precursors used (A) 1,3-diisopropylbenzimidazolium hydrogen carbonate (F'NHC-H,COs), and (B) 1,3-diisopropyl-5-(prop-2-
yn-1-yloxy)-1H-benzoldlimidazol-3-ium hydrogen carbonate (P"NHC*.H,COs3). (C) Electrodeposition of NHC precursors on mild steel
surfaces by precise control of the formation of free local carbene. Starting from the left, the first step is the "ROS and OH™ generation”, where the
in situ generation of these species is induced locally by applying a double pulse technique. During the first pulse, ROS species are generated,
followed by OH™ formation in the second pulse. In step 2, “Free Carbene Generation” the resulting ROS and OH™ species from step 1, facilitate
active proton abstraction from the NHCs precursors, leading to the formation of free carbenes. In step 3, “NHC deposition”, the produced free
carbenes in step 2 contribute to the formation of a NHC film on the MS surface. All measurements were conducted in MeCN electrolyte
composed of 5mM NHCs and 0.1 M NBu4PFg in the presence of trace amount of water and inherently dissolved oxygen. R = —H, ~-OCH,C=CH.

(Scheme 1A and B), respectively. NHC deposition on steel was
achieved through the deprotonation of imidazolium precursors
by electrochemical generation of reactive oxygen species (ROS)
and OH™ produced from inherently dissolved oxygen and
intentionally added trace amounts of water, similar to reported
literature for other substrates.'>'®

Notably, while the role of water has previously been identi-
fied, we show that inherently dissolved O, plays a crucial role in
the process and is required for the generation of ROS. With
a thorough analysis employing various microscopic, spectro-
scopic, and combined measurement techniques, we investi-
gated the expected formation of NHC thin layers on the MS
surface. This study aims to assess the feasibility of forming NHC
thin films on MS via electrodeposition, with the potential for
further refinement for future applications toward primer film or
surface passivation goals.

Results and discussion
The impact OF NHC chemistry on MS functionalization

The functionalization of MS via NHC electrochemical deposi-
tion was investigated with IPrNHC-H,CO;, due to its well-
documented interaction with noble and non-noble metal
surfaces.>™* A second precursor, F'NHC*X-H,CO,, was
selected due to the presence of an additional acidic proton on
the alkyne moiety (Scheme 1), which we hypothesized could
allow acetylide initiated polymerization, as reported by others
for similar alkyne-containing structures.”® Both compounds
were synthesized via modifications to known procedures (see
synthesis details in the SI).***> These precursors were then
deposited onto the MS surface by employing a double-pulse
electrodeposition technique (Scheme 1C), which consists of

This journal is © The Royal Society of Chemistry 2025

two alternating negative potential applied for a specific number
of cycles. We hypothesized that the use of two independent
pulses could be beneficial to the polymerization, following
a nucleation-growth process, and by altering the double layer.**
The success of the NHC electrodeposition on MS was first
validated through scanning electron microscopy (SEM), con-
firming the presence of a deposited film, with different
morphologies observed depending on the NHC employed
(Fig. 1A-D). The use of ""NHC-MS resulted in random island-
like aggregates, whereas 'NHC"*-MS exhibited more
uniform, smaller and globular morphology aggregates. The
uncoated MS sample (Ref-MS), included for comparison
(Fig. 1A), and lacks such morphological features. To verify the
nature of the aggregates, laser desorption/ionization-mass
spectrometry (LDI-MS) was performed and the respective
molecular ion species were observed at 203 m/z (C,3H;oN,") for
PINHC-MS, and 257 m/z (Ci6H,N,0") for 'NHC'™-MS
(Fig. 1E-G, S5 and S6 of the SI). As expected, no peak was
observed for either of these species on the Ref-MS surface
(Fig. 1G). The presence of trace supporting electrolyte (C4Ho),N"
was detected at 242 m/z for P'NHC-MS, in contrast to the
PINHCA®-MS, which appeared free of residual electrolyte.

AFM-IR analysis of NHC-functionalized MS

AFM-IR measurements on the NHC-coated MS were next
employed to detect the presence of NHCs and assess their
nanoscale distribution. Prior to AFM-IR measurements, the
common characteristic stretching frequencies of both NHC
precursors were predicted through density functional theory
(DFT) simulations and confirmed through experimental FT-IR
measurements (Fig. S7, SI). To assist with identifying NHC
species in the coated samples, we analyzed their stretching
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Fig. 1 Microscopic and spectroscopic evaluation of P"NHC-H,COs and

m/z

PINHCAM*. H,COj5 functionalized MS surfaces. SEM images of the MS

surface showing (A) Ref-MS (B) "'NHC-MS (C and D) *'NHC**-MS at different magnifications. LDI-MS spectra exhibit pseudomolecular ion peaks
at 257 m/z (C16H2:N-0") for (E) P'NHCA*-MS and 203 m/z (C13H19N5™) for (F) P'NHC-MS in comparison to the LDI-MS spectrum of unmodified

MS (G) Ref-MS.

frequencies and correlated these with DFT-calculated spectra.
Given that the operational IR frequency range in AFM-IR spans
from 900 cm™' to 1900 cm™’, the characteristic vibrational
frequencies of NHCs within this region were considered. Based
on literature and DFT predicted IR spectra, the C-N stretching
frequency of benzimidazolium ring appears at 1275 cm ™" (ref.
34-36) while the C-H wagging frequency in the propargyl group
is observed at 1260 cm '.*” Additionally, signals around
1680 cm ™' can be attributed to the C=0 stretching frequency,
which could be associated with urea derivatives of NHC
produced during the deposition process in the NHC coated
samples.'>*°

AFM images of P"NHC-functionalized MS and *"NHCA™
functionalized MS were acquired to investigate the topograph-
ical characteristics of the NHC film, as shown in Fig. 2C and E,
respectively. Island-like structures are observed in "NHC-MS,
whereas uniformly distributed globular structures are
observed with "NHC**-MS. Both these observations are in
agreement with the SEM images (Fig. 1B and D). In contrast,
imaging of the Ref-MS surface revealed the absence of such
structures (Fig. S7 of the SI), confirming that the morphological
features observed in both SEM and AFM arise from the NHC
films on the electrodeposited surfaces.

AFM-IR was employed to collect IR spectra from nanoscale
regions of the electrodeposited surfaces. The AFM-IR spectra
obtained on the morphological features (islands and globular)
on the "'NHC-MS and "'NHC*™-MS show a good agreement
with the FT-IR spectra of their respective NHC precursors
(Fig. 2A and B). Additionally, the AFM-IR spectra exhibit
a prominent peak at 1680 cm™'. As mentioned previously, this
could be assigned to byproducts such as urea derivatives which
are known to form during NHC deposition.'****3>3% Moreover,

37606 | J Mater. Chem. A, 2025, 13, 37604-37613

PINHC**-MS exhibits a bit higher thickness with an average of
50-55 nm and high uniformity in distribution as compare to
PINHC-MS having average thickness of 30-35 nm (Fig. S8, SI).
Further, the laser was tuned to the vibrational frequency of
surface molecules, enabling the acquisition of chemical maps
that depict the distribution of specific functional groups on the
surface. Chemical maps for the "'NHC-MS (Fig. 2D) and
IPINHCA™*-MS (Fig. 2F) were generated by tuning the AFM-IR
laser to 1275 = 1 em™ ' (C-N stretching frequency)***® and
1260 + 1 cm ™' (C-H wagging frequency in propargyl group)®’
respectively. As shown in Fig. 2D-F, the AFM-IR maps display
amplitude variations at theses frequencies, represented by
a color gradient from blue to yellow through red. The yellow
regions indicate a higher intensity of the specific moiety, while
blue regions signify its absence (background). Comparing the
chemical maps (Fig. 2D and F) with the topographical images
(Fig. 2C and E) reveals that the morphological patterns on the
electrodeposited surfaces correspond to areas with higher
vibrational frequency intensity, confirming the localized pres-
ence of NHC.

Subsequently, the presence and the composition of carbenes
on P"NHC-MS and ""NHC**-MS were assessed by X-ray photo-
electron spectroscopy (XPS).>**?**> The XPS survey spectra
(Fig. S9 of the SI) confirm the presence of expected elements C,
O, Fe, and N for all samples. Consistent with the deposition of
PrNHC-MS and P'NHCAX-MS, an increase in N content is
detected. The acquired high-resolution N 1s spectra, shown in
Fig. 3A and S10, exhibit a distinct peak at 400.2 eV for ""NHC-
MS and ®'NHC**MS in contrast to Ref-MS. The peak at
400.2 eV is assigned to the presence of chemically bonded car-
bene to the MS surfaces, whereas the peak at 399.8 eV could be
due to the multilayer nature of carbene adsorption or the

This journal is © The Royal Society of Chemistry 2025
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Fig.2 AFM-IR measurements were collected on both ""NHC-MS, and
PINHCA*-MS. Graphs (A) and (B) show the FTIR spectra (red-dashed)
of bulk powder, and AFM-IR spectra (blue-line) obtained on NHC-
electrodeposited mild steel surface by P'NHC-H,COs and
PINHCA®. H,CO3, respectively (C and D) AFM image and chemical
maps acquired on P'NHC-MS by tuning the IR laser to 1275 cm™{C-N
stretching frequency), and (E and F) AFM image and chemical maps
acquired on P"NHCM*-MS by tuning the IR laser to 1260 cm {C—H
wagging frequency).

presence of any associated by-products of carbene on the NHC-
MS surface (Fig. 3A).>"*

Given the anticipated crucial role of water and inherently
dissolved O, in the electrochemical deposition of carbenes
(Scheme 1), several control experiments were conducted to
assess their impact on NHC deposition on MS. These experi-
ments included electrodeposition in the presence and absence
of trace water, under anaerobic conditions by purging with N,,
and using a single-potential deposition at —1.1 V as in litera-
ture'** for the same duration as the double-pulse method.
The N atomic % from XPS was used to quantify the deposition
on the surfaces and is presented in Fig. 3B and C and tabulated
in Table S2 (SI). The highest N content was observed (2.8%) on
surfaces electrodeposited using the double-pulse method in the
presence of trace water, aligning with the proposed mechanism
in Scheme 1C. Comparing the N content obtained using the
single-pulse method (1.4%) with that of the double-pulse

This journal is © The Royal Society of Chemistry 2025
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method (2.8%), confirms the enhanced efficiency of deposi-
tion achieved through the double-pulse technique.

Interestingly, even in the absence of water, NHC deposition
is still observed with 1.3% N content, indicating the involve-
ment of dissolved O, in the reaction mechanism. This can be
attributed to trace H,O from atmospheric moisture, dissolved
0O,, and the use of a non-anhydrous solvent, all of which
contribute to the presence of H,O and moisture during elec-
trodeposition under ambient conditions. When the electrolyte
solution was degassed by purging with N, a significant reduc-
tion in N content on the deposited surface was observed,
comparable to the untreated Ref-MS. These observations
establish the successful deposition of NHCs on MS surface via
electrochemical deposition. Deposition parameters were opti-
mized to enhance NHC coverage on the MS (detailed in SI).
Briefly, the highest NHC coverage after optimization (Scheme
S11 SI) was achieved by applying a first potential of —0.1 V for 5
ms, followed by a second potential of —1.1 V for 5 s, alternating
for 50 cycles using a 5 mM NHC solution with 50 mM H,O under
ambient conditions.

ROS generation and their role in NHCs coating on MS surface

The plausible role of inherently dissolved oxygen in terms of
NHC film formation was analyzed in greater detail, given that
the applied potential range for carbene deposition spans oxygen
reduction reaction (ORR) potential. To this end, CV measure-
ments were performed in a solution composed of 0.1 M
NBu,PF, as supporting electrolyte and 5 mM F'NHC-H,CO;
under both ambient and deaerated conditions. As shown in
Fig. 4A and S12, a strong reduction peak at —0.6 V (vs. Ag/Ag")
was observed under ambient conditions, however, this reduc-
tion peak becomes less intense when the electrolyte solution
was purged with nitrogen gas and hence is ascribed to ORR.
This suggests that O, is being reduced at the surface during the
carbene deposition process and thereby could potentially
influence the NHC deposition. A typically well-known ORR
mechanism involves 2 + 2 electron transfer, wherein the inter-
mediate is a reactive oxygen species (ROS) formed by the initial
two electron transfer to O,, followed by accepting two more
electrons to form the final product (O, — O, — H,0, —
H,0).%%%**¢ To prove the likely role of ORR during NHC depo-
sition via the involvement of these ROS species, various
electrochemical measurements were performed exploring both
the macro- and the micro-scale. At the macroscale, rotating-
disk-electrode (RDE) measurements were conducted, while at
the microscale, scanning electrochemical microscopic (SECM)
experiments were performed to probe the ORR electron transfer
pathway i.e., whether under NHC deposition conditions a 2 + 2
electron transfer occurs involving ROS species.*>*™* Initially,
RDE measurements were performed using a central gold disk
electrode in a solution of 0.1 M NBu,PFs in MeCN, while
sweeping the potential at the disk from 0.5 to —1.0 V vs. Ag/Ag+.
As shown in Fig. S13, a significant ORR current is generated
beyond —0.7 V at the disk electrode, which increases with
rotation speed (rpm) due to increased mass transport of O, at
the electrode.****** If ORR proceeds via the 2 + 2 electron

J. Mater. Chem. A, 2025, 13, 37604-37613 | 37607
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Fig. 3 X-ray photoelectron spectroscopic measurements were conducted on the two NHCs-MS surfaces compared with the bare MS surface.
Fitted XPS spectra of (A) N 1s compared for P"NHC-MS, P'NHCA*-MS, and Ref-MS surfaces. Role of trace amount of water, dissolved O,, and
double pulse electrodeposition (at —0.5 V and —1.1 V) versus single pulse (at —1.1 V) deposition was investigated and represented in (B) comparing
respective N 1s spectra, and (C) a bar graph showing the direct comparison of N content (%) derived from (B) for P"NHCA*-MS with data
compared to Ref-MS. Error bars represent one standard deviation of three points on the surface.

transfer mechanism, ROS species will form near the electrode
surface, which can aid the generation of free carbene by
deprotonating the NHC precursor either directly or indirectly.
Therefore, to confirm the resultant ORR mechanism, the
number of electrons transferred during the reduction process
was determined using the Koutecky-Levich (K-L) equation
based on the RDE data (more detail in the experimental
section).*>**! The K-L plot represents the relationship between
the measured current and the square root of the rotation speed,
where a linear trend indicates diffusion-controlled kinetics, and
the obtained slope can be used to calculate the number of
electrons involved in the ORR. As expected a linear relationship
was obtained between the measured current and the square
root of the rotation speed (Fig. S13). The slope obtained from
this K-L plot was then used to calculate the number of electrons
transferred during the potential-dependent ORR process. The
number of electrons transferred increased from 2.1 at —0.7 V to
4.2 at —1.0 V, suggesting a potential-dependent stepwise
reduction of O, involving the 2 + 2 electron transfer mechanism.
At lower negative potentials (e.g., —0.7 V), O, undergoes an
initial two-electron reduction to form ROS intermediates,
whereas at more negative potentials (e.g., —0.9 V), the reduction
proceeds further to produce OH /H,0.*

37608 | J Mater. Chem. A, 2025, 13, 37604-37613

While the RDE results confirm ROS generation, they were
conducted on a gold surface rather than the MS surface,
wherein the surface plays a key role for the ORR electron
transfer mechanism.*® Therefore, performed SECM
measurements in the sample generation-tip collection (SG-TC)
mode to identify the scenario of plausible ROS generation on
the MS surface locally. SECM involves a four-electrode setup
where the MS surface acts as the substrate (working electrode 1;
WE1) and a Pt microelectrode (@ 25 um) as the tip (working
electrode 2; WE2) which was positioned approximately 10 um
above the substrate (Fig. 4B). To investigate ORR in SECM, the
MS substrate was polarized stepwise at increasingly negative
potentials to initiate ORR, while the Pt tip was held at a fixed
positive potential (+0.8 V vs. Ag/Ag') to detect any ROS species
generated at the substrate-tip interface by oxidizing it back to
0,.%¢ This allowed us to monitor the generation and collection
of any short-lived ROS species produced locally during the ORR
process. As shown in Fig. 4C and D, when the substrate
potential was swept from —0.1 V to —0.6 V, the reduction
current for ORR at the MS substrate increased significantly
(from —67 nA to —129 nA), indicating enhanced ORR as the
potential moves more cathodically. Simultaneously, at the Pt-
tip, a relatively high oxidation current (around 149 pA) was

we

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Mechanistic insights towards the plausible contribution of reactive oxygen species (ROS) on MS surface resulting from the reduction of
dissolved oxygen in the MeCN electrolyte conditions composed of 0.1 M NBu4PFe. (A) Cyclic voltammetric measurements over MS surface both
with and without N, purging of the electrolyte solution. Microelectrochemical investigation approach to trace the ROS in close proximity to the
MS substrate is schematically shown in (B) representing the applied substrate potential and the UME tip potential in the SG-TC mode of SECM (C)
SG-TC scheme for the possible reduction of O, to ROS at the substrate and its detection at the tip, and (D) bar graph for the electrochemical
response collected at the MS surface at various applied reduction potentials, and concomitant oxidative current response at the UME tip.

detected at less negative substrate potentials (e.g:, —0.1 V),
confirming that ROS are generated at these lower reduction
potentials. However, as the substrate potential became more
negative, the oxidative current at the Pt tip gradually decreased
(50 pA at —0.6 V) even though the ORR current at the substrate
continued to increase (Fig. 4C and D). This inverse relationship
between the substrate and tip currents suggests a shift in the
reaction pathway. So, at lower overpotentials, oxygen is reduced
via a two-electron mechanism involving ROS intermediates
(such as hydrogen peroxide or superoxide) whereas at higher
overpotentials either a direct 4 electron transfer occurs, or
a quick 2 + 2 electron transfer occurs with extremely short-lived
intermediate(s). As the potential becomes more negative, these
intermediates are more likely to undergo further reduction
directly at the substrate surface, forming fully reduced products
(OH™/H,0). These results provide strong evidence for a stepwise
ORR pathway (2 + 2 electron transfer) at the MS surface, where
intermediate ROS species are initially formed but are eventually
consumed as the substrate is driven to more negative poten-
tials.***® These measurements confirm the formation of ROS
under employed NHC deposition conditions, which eventually
generates more free carbene in close proximity to the MS

This journal is © The Royal Society of Chemistry 2025

surface during electrodeposition. Therefore, the electrodeposi-
tion of NHC over MS surface under ambient conditions
employed is aided by the inherently dissolved oxygen either
directly due to ROS species or their indirect ability to form
OH7.40'44152

To gain deeper mechanistic insights into the NHC deposi-
tion influenced by the applied potential and hence ROS inter-
mediate(s) or OH™ species, the electrodeposition was carried
out by applying —0.1, —0.3 and —0.5 V as the first potential (ROS
species effect) while keeping the second potential to —1.1 V
(OH™) and collecting XPS measurements for quantification. As
shown in Fig. S14 and summarized in Table S3 (SI), the
highest N content was observed in the sample where —0.1 V was
applied in the first step, compared to samples with —0.3 V or
—0.5 V. These findings align with earlier SECM and RDE
measurements, which showed that higher concentrations of
ROS are generated at less negative potentials, particularly
around —0.1 V. This indicates that ROS are generated locally by
the reduction of dissolved O,, which led to the formation of free
carbene in close proximity to the MS surface.

Electrochemical and spectroscopic outcomes confirm that
dissolved O,, plays a crucial role for the generation of ROS.

J. Mater. Chem. A, 2025, 13, 37604-37613 | 37609
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These ROS species allow the generation of free carbene by
abstracting protons from the NHC precursor. These observa-
tions are in agreement with the previously reported studies,
where authors have detailed the formation of ROS species in
a mixture of MeCN and water electrolyte.* They found that
when ROS species are produced, they can either be stabilized by
NBu4PF, (making a complex with NBu,") or could react with
a trace amount of water to produce more HO™ species locally
(Fig. S15 and $16).*****> Therefore, based on these observations,
three possible routes are possible: (A) direct abstraction of
acidic proton by ROS species, as confirmed by performing the
measurements in nitrogen purged solution, where the absence
of O, results in significantly reduced NHC deposition, high-
lighting the crucial role of ROS in this pathway (Fig. 5A) (B) ROS
from ORR catalyzing trace water to OH ™ (creating more OH ™~
flux locally), confirmed by a control experiment without adding
trace water, where low NHC deposition was observed; or (C)
OH™ production by reduction of water (Fig. 5A). These pathways
collectively emphasize the crucial roles of ROS and OH ™ species,
generated from inherently dissolved O, and water, in facili-
tating the electrochemical generation of free NHCs.

Product identification in NHC-MS samples

Although XPS analysis of the NHC-coated MS surface under
different deposition conditions shows variations in nitrogen
content, it does not clarify the chemical form in which the NHC
is present. To address this, LDI measurements were performed
on P'NHC-MS samples under various control experiments
(mentioned above and in Fig. 3B and C), ranging from EC
deposition with trace water, no trace water, purged with N, (to
remove inherently dissolved oxygen) and single pulse deposi-
tion. The mass spectra from these experiments provide a more
precise identification of the species and byproducts present on
the NHC-coated samples (Fig. 1E-G and S17-519). The peak at
203 m/z corresponds to 'NHC and was observed on all coated
samples. However, the side products observed under different
control conditions varied depending on the electrochemical
deposition parameters. In the presence of trace water and
oxygen, a peak at 258.3 m/z was observed. We assign this peak to
an P'NHC-Fe adduct (C13HyNoFe', m/z = 258), likely formed
from direct desorption of NHC bonded to the surface through
adatoms.

A previous study has shown that NHCs electrodeposited onto
iron oxide surfaces can bind either directly through an Fe-NHC
bond or via the oxide, as Fe-O-NHC.* In alighment with these
observations, we detected the presence of several products that
could be formed from interaction between the NHC and the
native iron oxides or hydroxides of the steel surface, such as
IPrNHC-O-Fe (C13H41N,-O-Fe', m/z = 274), urea byproduct
(P"NHC=0 (C,3H,;N,0", m/z = 219)) and "NHCO,H (m/z =
234) (Fig. 5B, C and S17-S19).”° In the absence of trace water, the
deprotonation mechanism changes wherein the carbene
generation becomes less efficient but still feasible due to the
presence of inherently dissolved O,. In this case, the carbene is
generated through the direct electrochemical activation by ROS
(described above), resulting in a narrower product distribution
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Fig. 5 Proposed reaction pathways and product distributions of
PINHC-MS samples prepared under various experimental conditions
(A) scheme showing the transformation of an NHC precursor to a free
carbene by the involvement of ROS and OH™ along with DFT-pre-
dicted free energies for the deprotonation of P"NHC-H,COz by HO™
or ROS species obtained at the B3LYP/def2tzvp level of theory, in SMD
(MeCN) (B) Venn diagram summarizing the influence of environmental
parameters trace water, pulse electrochemical deposition, and N,
purging, on observed NHC- and its byproducts (C) plausible molecular
structure for NHC-metal and NHC-oxygen species. NHC=O repre-
sents the CizHxN,O" (m/z = 219); NHC=O-OH represents
CizH21N,O,1 (m/z = 234); NHC—-Fe represents the CisHo1NoFe* (m/z
= 258) and Cy3H»N.OFe* (m/z = 274) detected in the LDI-MS
measurements.

including ""NHC-Fe, '""NHC=0, and "'NHCO,H. Under N,
purged conditions, where the inherently dissolved O, in the
electrolyte was removed, the "'"NHC-related peaks were almost
completely diminished (Fig. 5B, C and S17-S19). This is
consistent with the key role of O, in promoting carbene

This journal is © The Royal Society of Chemistry 2025
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formation that was highlighted in previous experiments. The
last scenario of applying only a single cathodic deposition pulse
of —1.1V, being a higher overpotential, tends to limit the extent
of ROS generation and eventually limits free carbene formation
and surface modification, primarily yielding "'NHC and
PINHC=0 species.”>** These observations under different
controls highlight how the electrochemical environment,
particularly the presence of water and the duration/intensity of
applied potential, critically governs free carbene release and its
subsequent surface coordination behavior with mild steel.

To complement the microscopic and spectroscopic findings,
DFT calculations were conducted to evaluate the energetic
favorability of carbene formation from the imidazolium
precursor. These simulations were performed at the B3LYP/
def2-TZVP level of theory with the SMD implicit solvent model
for MeCN (details provided in the SI).**** Fig. 5A and S20-S23
illustrate the potential pathways for abstracting the acidic
protons from the imidazolium precursor to generate free car-
bene. The energy scans indicate that all transitions are barrier
less (see SI). Thermal activation via hydrogen carbonate, as
commonly proposed for immersion-based NHC deposition, was
calculated to be endergonic, with a free energy change of
+78.0 k] mol . This process yields H,COj;, which subsequently
dissociates favourably into H,O and CO,. In contrast, reactions
with hydroxyl (HO-) or superoxide (O, ) species were deter-
mined to be exergonic, with free energy changes of
—109.2 k] mol ' and —21.2 k] mol*, respectively. These results
support the hypothesis that electrochemically generated ROS
can effectively deprotonate the precursor, leading to the
formation of carbene, circumventing the need for thermal
activation.

Stability analysis

The stability test of the NHC-coated MS was analyzed under
strong alkaline conditions (Fig. S24-S27). For a performance
comparison, dodecanethiol was electrochemically deposited on
mild steel (MS) under conditions similar to those used for
depositing NHCs. The thiol-coated samples are denoted as
thiol-MS, and successful deposition was confirmed by XPS
through the detection of sulfur signals (Fig. S25, SI). To assess
the stability of the coatings, both samples were exposed to
strong alkaline conditions (0.1 M NaOH) for 1 hour, followed by
optical imaging to evaluate degradation. As shown in Fig. S26,
SI, the thiol-MS sample underwent severe corrosion, with
numerous corrosion islands forming upon NaOH exposure. In
contrast, the ""NHC-MS sample exhibited no visible corrosion
islands under identical conditions. These results indicate that
thiol coatings are unstable in alkaline environments, consistent
with previous studies by Widrig et al** and Bain et al®*
Following this, the freshly coated samples were exposed to
ambient conditions for one week to monitor possible degrada-
tion or corrosion. Under these conditions, the thiol-MS samples
exhibited significant corrosion, with clear island formation
observed within this period (Fig. S27, SI). In contrast, the
PINHC-MS samples showed no visible signs of corrosion under
identical conditions. These results confirm the superior

This journal is © The Royal Society of Chemistry 2025
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stability of NHC coatings on MS compared to thiol-based coat-
ings, highlighting the potential of NHCs for practical
applications.

Conclusions

This study demonstrated the successful surface functionaliza-
tion of mild steel (MS) surfaces by a simple and reproducible
electrochemical approach. The designed double-pulse electro-
chemical approach under ambient conditions allowed for an
interfacial control of carbene generation for MS surface func-
tionalization by specifically controlling the reduction of both
dissolved O, and water. Rigorous optimization of the double-
pulse electrodeposition conditions yielded a —0.1 V first
potential applied for 5 ms, followed by a second potential of
—1.1V for 5 s, repeated for 50 cycles to facilitate the deposition
of NHC. The resultant NHC films were analyzed in-depth by
SEM, XPS, LDI-MS, and AFM-IR to prove the successful func-
tionalization and study its structure-composition correlation
aspects. Surface coverage analysis by SEM and AFM-IR revealed
a similar distribution pattern, while LDI-MS and AFM-IR facil-
itated the chemical identification of NHC on the deposited
surfaces. Also, two different precursors result in differences in
the film thickness and as well as in topography and the overall
distribution in the coated sample. Additionally, XPS data
quantification provides insights into NHC presence on the
surface. The role of inherently dissolved oxygen in the reaction
mechanism is investigated through mechanistic studies at both
the macroscale using RDE measurements and the microscale
via SECM. The NHC film demonstrated notable stability under
harsh alkaline conditions (0.1 M NaOH, Fig. S24). A simple,
straightforward and highly reproducible electrochemical func-
tionalization technique could prove to be a game changer in
several industrial applications requiring surface functionaliza-
tion of mild steel surface, like corrosion-resistant films. This
study explains how the change in the backbone group in NHC
structure could potentially influence the obtained coatings.
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