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rophobicity promotes CO2

electroreduction: a case study of hydrophobic
polymer N-heterocyclic carbenes†

Qiang Luo, a Hanyi Duan, b Michael C. McLaughlin,a Kecheng Wei,c

Joseph Tapia,d Joseph A. Adewuyi,a Seth Shuster,a Maham Liaqat,a Steven L. Suib, a

Gaël Ung, a Peng Bai, *d Shouheng Sun *c and Jie He *ab

We report the use of polymer N-heterocyclic carbenes (NHCs) to control the microenvironment

surrounding metal nanocatalysts, thereby enhancing their catalytic performance in CO2

electroreduction. Three polymer NHC ligands were designed with different hydrophobicity: hydrophilic

poly(ethylene oxide) (PEO–NHC), hydrophobic polystyrene (PS–NHC), and amphiphilic block copolymer

(BCP) (PEO-b-PS–NHC). All three polymer NHCs exhibited enhanced reactivity of gold nanoparticles

(AuNPs) during CO2 electroreduction by suppressing proton reduction. Notably, the incorporation of

hydrophobic PS segments in both PS–NHC and PEO-b-PS–NHC led to a twofold increase in the partial

current density for CO formation, as compared to the hydrophilic PEO–NHC. While polymer ligands did

not hinder ion diffusion, their hydrophobicity altered the localized hydrogen bonding structures of water.

This was confirmed experimentally and theoretically through attenuated total reflectance surface-

enhanced infrared absorption spectroscopy and molecular dynamics simulation, demonstrating

improved CO2 diffusion and subsequent reduction in the presence of hydrophobic polymers.

Furthermore, NHCs exhibited reasonable stability under reductive conditions, preserving the structural

integrity of AuNPs, unlike thiol-ended polymers. The combination of NHC binding motifs with

hydrophobic polymers provides valuable insights into controlling the microenvironment of metal

nanocatalysts, offering a bioinspired strategy for the design of artificial metalloenzymes.
1. Introduction

There have been rising concerns on practicality and sustain-
ability of catalysts for CO2 electroreduction. Metal nano-
catalysts, particularly those made of precious metals, can have
high initial activity for CO2 activation;1–3 but, they are unstable
under redox conditions, which leads to a fast activity decay. For
example, gold nanoparticles (AuNPs) are among the most active
catalysts to reduce CO2 to CO.4–7 Even with the most stable
nanostructures as nanospheres, AuNPs showed fast morpho-
logical evolution in the course of electrochemical CO2
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677
reduction, e.g., growing into large, branched structures mainly
through interparticle coalescence by the random walking of
AuNPs.8,9 This uncontrolled sintering of AuNPs reduces the
catalyst active sites and lower the catalytic selectivity towards
CO2.10 Even more serious sintering behaviors seen in copper
(Cu),10–12 silver (Ag)13 and palladium (Pd)14 catalysts during the
CO2 electroreduction process. It cannot be overstated that, for
applications, a reasonable lifespan of nanocatalysts for CO2

reduction is a must to decrease the overall cost of electrolysis.
Another important aspect of CO2 electroreduction is their
selectivity. As the CO2 reduction process involves the proton-
coupled electron transfer, proton reduction oen competes
with CO2 reduction.15 For example, commercial polycrystalline
Cu foil has a selectivity of only ∼50% to reduce CO2 at
−0.8 V 16,17 (vs. reversible hydrogen electrode, RHE, the same
hereaer) and commercial Pd/C shows a selectivity of ∼40% to
reduce CO2 at −0.6 V.9,18,19 A high selectivity of CO2 over protons
would increase the faradaic efficiency (FE) of the input electrical
energy toward the formation of carbonous products.

A number of methods have been reported to improve the
catalyst stability and selectivity for CO2 electroreduction, e.g.,
strong metal–support interaction,20–22 and polycrystalline
metal–oxide interface.23–25 Among these approaches, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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incorporation of rationally designed surface ligands on nano-
catalysts has attracted much attention recently.26–35 As inspired
by metalloenzymes where the stability and overall efficiency of
the active metal sites rely on nely engineered protein frame-
works, passive organic ligands anchored to the surface of
nanocatalysts can stabilize nanocatalysts and simultaneously
provide a similar microenvironment that controls the selectivity
for CO2 electroreduction.27,36 Ligands at the catalyst–electrolyte
interface where the reduction normally occurs control how
substrates bind/activate on the catalyst and/or stabilize key
rection intermediates, simultaneously preventing the interpar-
ticle coalescence.27 In case of Cu nanocatalysts, the use of
hydrophobic polymers like peruorinated sulfonic acid (PFSA)
ionomers improves the selectivity for CO2 reduction, e.g., 65–
75% to ethylene at a peak partial current density of 1.34 A
cm−2.37 The hydrophobic (CF2)n domains on the surface of Cu
provided continuous percolating hydrophobic paths for the
diffusion of gas reactants to improve the selectivity for CO2

reduction while stabilizing Cu catalysts up to 60 h. Other
hydrophobic organic ligands like 1-octadecanethiol could yield
superhydrophobic Cu dendrites that largely suppress the
proton reduction, although some of those non-conductive
ligands were detrimental to the activity of nanocatalysts.38

Alternatively, stable carbenes, like N-heterocyclic carbenes
(NHCs), have been widely used as organic ligands for a variety of
transition metals including their NPs.39–42 NHC–metal coordi-
nation is not redox active, as compared to metal–thiolate;
therefore, it provides excellent stability to metal nanocatalysts
Scheme 1 Synthesis of three Im-terminated polymer ligands, including
BMB–Im.

© 2023 The Author(s). Published by the Royal Society of Chemistry
under CO2 reduction conditions. The strong s-electron
substituent effect also enriches the surface electron density of
metals that facilitates the binding of electrophilic CO2. For
example, NHC ligands could promote the activity of Pd foil by
32-fold with a high selectivity to formate (86%).43 In addition to
enhanced activity, the redox-inactive Pd–C coordination could
signicantly improve the stability of Pd. In combination of
NHCs as the strong binding motif and organic polymers with
desired functionality (e.g., hydrophobicity), polymer NHC
ligands have profound impact on the catalytic reactivity of metal
nanocatalysts for CO2 reduction. As a surface coating to metal
nanocatalysts, polymer NHCs can control the accessibility of
substrates at the catalyst–electrolyte interface,36 simultaneously
improving the long-term stability of metal nanocatalysts.

In the present study, we aim to articulate the synergetic effect
of polymer hydrophobicity and NHCs in addressing three
fundamental questions regarding the signicance of localized
hydrophobicity, the diffusive characteristics of substrates, and
the stability of metal–NHC binding. We examined three NHC-
terminated polymers, namely poly(ethylene oxide) (PEO), poly-
styrene (PS), and the block copolymer (BCP) of PEO-b-PS, as
ligands to control the catalytic efficiency of CO2 electro-
reduction for gold nanoparticles (AuNPs) (as shown in Scheme
1). Our key ndings are threefold. Firstly, regardless of the
hydrophobicity of the polymer, NHCs, as a binding motif, can
suppress proton reduction. We used a molecular probe, 1-butyl-
3-methyl-1H-benzimidazolium bromide (BMB–Im), to demon-
strate that the partial current attributed to hydrogen is
PEO44–Im (P1), PS100–Im (P2), PEO44-b-PS230–Im (P3), and molecular

Chem. Sci., 2023, 14, 9664–9677 | 9665
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independent of the polymer environment or their hydropho-
bicity. Secondly, polymer ligands incorporating hydrophobic PS
segments, such as homopolymer PS and PEO-b-PS, exhibited
a twofold increase in the partial current density for CO forma-
tion compared to the hydrophilic PEO. Hydrophobic polymers
enhanced the selectivity for CO2 reduction in the potential
range of −0.7 to −1.1 V, with a CO FE of 90–95%. Our results
strongly indicate that the diffusion of ions was not hindered by
any of the polymers. From a mechanistic perspective, the
hydrophobicity of the polymers affected the localized hydrogen
bonding network of water, as conrmed by attenuated total
reectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) and molecular dynamic simulation. This
hydrophobicity-induced structural change of water likely
contributed to the observed enhancement in selectivity for CO2

reduction. Lastly, polymer NHC ligands also provided stability
to AuNPs under reductive potential. By employing ATR-SEIRAS,
we analyzed the detachment mechanism of these NHC ligands,
comparing them to polymer thiol ligands. The strong interac-
tion between hydrophobic polymers and AuNPs presents
a stable microenvironment that promotes CO2 reactivity at the
interface, thus representing a potential avenue for mimicking
such behavior of metalloenzymes.

2. Results and discussion

Three different polymer methylbenzimidazolium salts with
bicarbonate counter ions were used as polymer NHC precursors
(see ESI† for synthetic details). The rst polymer,
methylbenzimidazolium-terminated PEO (P1, PEO44–Im, Mn 2
kg mol−1), was prepared through the esterication of mono-
hydroxy PEO with 4-bromobutyric acid and further alkylation
with 1-methylbenzimidazole (Scheme 1).
Methylbenzimidazolium-terminated polystyrene (P2, PS100–Im,
Mn 10.7 kg mol−1, Đ = 1.14) and the amphiphilic BCP (P3,
PEO44-b-PS230–Im,Mn 27.0 kg mol−1, Đ= 1.18) were synthesized
from atom transfer radical polymerization (ATRP). The end
halide group was further converted through the alkylation with
1-methylbenzimidazole under reexing in N,N-dimethylforma-
mide with trace amount of KI as the catalysts, similarly to our
previous reports.44–46 The same alkylation procedures were
carried out for PEO44–Im (P1), PS100–Im (P2), PEO44-b-PS230–Im
(P3) and 1-butyl-3-methyl-1H-benzimidazolium bromide (BMB–
Im). The halide ions were further exchanged with excess KHCO3

in tetrahydrofuran (THF) (Scheme 1). To remove the residual
KCl, the polymer solution was puried by passing through
a silica gel column twice. The nal product of three polymers
was obtained by precipitation and dried under vacuum. The
BMB–Im was used for surface modication directly in the
solution of KHCO3 as described below. The characterization
details are summarized in ESI (Fig. S1–S4†).

AuNPs (diameter 14 ± 1.7 nm, Fig. S15†) were synthesized
and modied by polymer NHCs through a “graing to”method
as reported previously.36,46 To ensure the ohmic contact between
AuNPs and the electrode, citrate-capped AuNPs were rst
adsorbed on activated carbon (Printex U, ca. 50 nm nano-
spheres). Typically, 30 mg of activated carbon was dispersed in
9666 | Chem. Sci., 2023, 14, 9664–9677
10 mL of ethanol and further mixed with the stock solution of
AuNPs (120 mL in water with a concentration of 0.1 mg mL−1).
Aer stirring overnight, Au/C (∼40 wt% Au) catalysts powder
was collected by centrifugation. Au/C catalysts were further
modied with polymer ligands in THF (see details in ESI†). Au/C
catalysts modied by BMB–Im was carried out in 0.1 M of
NaHCO3 solution containing BMB–Im. The unbound ligands
were removed through two centrifugation cycles. The surface
graing was rst conrmed by Fourier-transform infrared
spectroscopy (FT-IR) (Fig. S5†). For example, PS100–Im shows
typical aromatic C–H stretching at 3025 cm−1, aliphatic C–H
stretching at 2916 (as) and 2814 (s) cm−1 and aromatic ring
breathing mode at 1600–1400 cm−1. Similar vibrational peaks
were observed for PS-graed Au/C catalyst. The formation of
NHC on the surface of AuNPs was examined by X-ray photo-
electron spectroscopy (XPS, Fig. S6†). In case of BMB–Im, a well-
resolved N 1s peak at 400.2 eV was seen for Au/C graed by
BMB–Im, characteristic for the conversion of the charged ben-
zimidazolium to benzimidazole NHC.47,48 The graing density
of ligands wasmeasured by thermogravimetric analysis through
the weight loss of polymer ligands (Fig. S7†). The graing
density is 1.2 chains per nm2 for P1, 0.8 chains per nm2 for P2,
and 0.6 chains per nm2 for P3, respectively. While all three
polymers showed reasonably high graing density, P1 had
a slightly higher graing density, due to its low molecular
weight.

To quantify the accessibility of Au catalysts aer surface
modication with NHC ligands, electrochemically active
surface area (ECSA) of AuNPs were examined using cyclic vol-
tammetry (CV, Fig. 1a). The typical CVs were measured in 0.5 M
H2SO4 saturated with N2 a scan rate of 100 mV s−1. In the
cathodic scan, the reduction peak was seen at 1.15 V vs. RHE,
assigned to the reduction of surface oxygenated monolayer. The
peak area is proportional to the electrochemically active
surface.49 In the absence of ligands, as shown in Fig. 1b, Au/C
shows an ECSA of 0.25 ± 0.01 cm2 mg−1. With hydrophilic
PEO–NHC, Au–P1 has a minimum change of its ECSA of 0.23 ±

0.001 cm2 mg−1. Hydrophobic PS, on the other hand, decreases
the accessibility of Au. Au–P2 and Au–P3 have an ECSA of 0.14±
0.01 and 0.13 ± 0.01 cm2 mg−1, respectively. The CVs in 0.1 M
KHCO3 are given in Fig. 1c and d. Under N2, a similar catalytic
reduction for Au/C and Au–P3/C was observed. For Au–P3, there
was an increase of its current density under CO2, indicating its
high selectivity toward CO2 as compared to that of Au/C. Similar
trend could be observed for Au–P1 and Au–P2 (Fig. S8†). The
typical linear sweep voltammograms (LSVs) are displayed in
Fig. 1e (normalized to geometric electrode surface area) and
Fig. 1f (normalized to ECSA). Interestingly, all polymer NHCs
modied Au catalysts showed higher activity than Au/C. The
positive shi of the onset potentials and the increase of current
density were more obvious when considering the intrinsic
activity of AuNPs as shown in Fig. 1f.

More quantitatively, the electrocatalytic activity and selec-
tivity of all catalysts were further analyzed through faradaic
efficiency (FE) and their partial current density toward CO (JCO)
and H2 (JH2

). Electrocatalytic CO2 reduction was carried out in
a custom-made H cell separated with a Naon membrane using
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) CVs of Au/C with different polymer ligands measured in N2-saturated 0.5 M H2SO4 with a scan rate of 100 mV s−1. (b) ECSAs of AuNPs
modified with various ligands. (c) and (d) CV curves of AuNPs (c) and Au–P3 (d) under N2 (black) and CO2 (red). (e) and (f) LSV curves measured in
CO2-saturated 0.1 M KHCO3 at a scan rate of 10 mV s−1 normalized to (e) geometric area of electrodes and (f) ECSA of AuNPs.
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0.1 M KHCO3 as a supporting electrolyte. Au/C without NHC
ligands yielded COwith FE of 64 to 76% in the potential range of
−0.7 to −1.1 V. Those CO FE values are in good agreement with
previous literatures.6,50 The partial current density of JCO,
calculated from CO FE and the total current density at a corre-
sponding potential, is plotted in Fig. 2b. The JCO increased with
reductive potential, suggesting a faster kinetic turnover of CO2.
At −1.1 V, JCO reached 12.4 mA cm−2; with a similar trend, JH2

reached 7.0 mA cm−2. Interestingly, the product ratio of CO/H2

is approximately 2.5 for unmodied Au/C in the potential range
of −0.7 to −1.1 V (Fig. 2c). Since both CO and H2 are 2e−

reduction products, the selectivity of CO2 over protons (or water)
reduction is about 2.5 times on NHC-free AuNPs.

With polymer NHCs, the CO FE increased for all three
catalysts. Au–P2 and Au–P3 showed similar CO FE of 85–95% at
−0.7 to −1.1 V (Fig. 2g and j). Without hydrophobic PS, the CO
FE of Au–P1 was around 80% (Fig. 2d), slightly lower than that
© 2023 The Author(s). Published by the Royal Society of Chemistry
of Au–P2 and Au–P3. The JCO also increased along with the
hydrophobicity of polymer NHCs. At −1.1 V as an example, the
JCO of Au–P1 was 16.1 ± 0.7 mA cm−2; while, the JCO of Au–P2
and Au–P3 reached 21.2 ± 0.8 and 22.1 ± 0.9 mA cm−2, close to
2-times higher than that of Au/C without NHC ligands. The JH2

,
however, did not follow the same trend. All polymer NHC
ligands had a similar impact on JH2

and the decrease of JH2
was

independent of polymer hydrophobicity. At −1.1 V, the JH2
of

Au–P1, Au–P2 and Au–P3, was 4.2 ± 0.7, 3.4 ± 0.9 and 4.0 ± 0.9
mA cm−2 respectively, that is about 50% of JH2

of pure Au. As
a result, the product ratio of CO/H2 increased with the hydro-
phobicity of polymers. At −0.9 V, the CO/H2 ratio of Au–P1 is
5.5; and the CO/H2 ratio of Au–P2 and Au–P3 is 8.1 and 8.5,
respectively, that is about 3 times more selective to reduce CO2

in comparison with Au/C. The role of polymer NHCs in CO2

reduction, as we deducted from those results, is likely two-
folded. First, polymer NHCs, regardless of their
Chem. Sci., 2023, 14, 9664–9677 | 9667
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Fig. 2 Electrocatalytic performance of CO2 reduction on different catalysts: FE, (partial) current density and product ratio (ordered vertically)
using pure Au (a)–(c), Au–P1 (d)–(f), Au–P2 (g)–(i) and Au–P3 (j)–(l). All tests were carried out in CO2 saturated 0.1 M KHCO3.
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hydrophobicity, would suppress the catalytic activity to reduce
protons. The decrease of JH2

was seen in all three polymer
ligands, although the graing density and hydrophobicity of
polymer ligands were different. Secondly, the hydrophobic PS
would provide such a microenvironment to improve CO2

selectivity and activity. When modifying Au/C with P1, the total
current density (Jtot) did not show a noticeable increase but the
JH2

had an obvious decrease. In the presence of hydrophobic PS,
the increase of JCO (nearly no impact on JH2

) suggests that the
binding motif and polymer hydrophobicity likely play a very
different role in CO2 electroreduction. Furthermore, since the
JCO as well as the CO/H2 ratio of Au–P2 and Au–P3 were only
marginally different, the PEO chains of amphiphilic P3 would
have a minimum impact on CO2 selectivity.
9668 | Chem. Sci., 2023, 14, 9664–9677
To distinguish the impact of polymers and the binding motif
on the catalytic selectivity, AuNPs capped by the molecular NHC
BMB–Im were examined for CO2 electroreduction under iden-
tical conditions (Fig. 3a). The comparation of CO and H2 FE are
given in Fig. 3b and c. Interestingly, Au/C modied by BMB–Im
showed very similar CO FE as Au–P1. This could also be
conrmed through nearly identical CO/H2 ratio close to 4
within same potential range (Fig. 3d). Both of them showed
lower selectivity toward H2 as compared to unmodied Au/C,
suggesting that the NHC binding motif, instead of polymer
chains, is responsible for the catalytic suppression of HER. Note
that, Au modied by P1 had a higher activity as compared to
that with BMB–Im (Fig. S8†). For the partial current density, the
JCO of Au–P1 is 8.0 and 11.8 mA cm−2 at −0.8 and −1.1 V,
respectively (Fig. 3e), about 1.5-times higher than those of Au–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Scheme of BMB–Im and PEO–NHC modified AuNPs through Au–C binding. Catalytic selectivity to CO and H2 using Au–BMB–Im (b)
and Au–NHC–PEO (c). (d) Product ratio and (e) current density analysis of Au–BMB–Im and Au–NHC–PEO.
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BMB–Im under the same potential. The activity toward HER
shows a very similar trend. The higher activity for Au–P1 is likely
due to the lower graing density where the longer PEO chains
would have much greater steric hindrance on the surface of
AuNPs.

A number of previous studies have suggested the possible
electronic perturbation of NHCs to surface atoms of NP
catalysts.39,51–53 NHCs bind with metal through the lone pair
electrons on C; as a result, the s donation of NHCs to the empty
d orbitals of bound metal atoms would increase the electronic
density of surface atoms of NP catalysts. As an electrophile, CO2

favors the binding to electron-rich surface. Using in situ
produced CO as a probe molecule, we used attenuated total
© 2023 The Author(s). Published by the Royal Society of Chemistry
reectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) to measure the vibrational frequency of CO. A
chemically deposited polycrystalline Au lm upon reecting Si
prism was used as a working electrode. While Au has very weak
binding with CO, the surface plasmon enhances the peak
intensity signicantly. At −0.3 V, the infrared spectra could be
collected using the catalysts without bias as a background. In
addition to the gaseous CO2 peak centered at 2350 cm−1, a new
peak appeared at∼2120 cm−1, assigned to the bound CO on the
surface of Au (Fig. 4a and b).54 Aer surface modication with
P3 as an example, the bound CO shied to 2108 cm−1 (note the
CO peak position is potential-dependent and it is compared at
the same potential). As a p acceptor, CO with a lower stretching
Chem. Sci., 2023, 14, 9664–9677 | 9669
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Fig. 4 Infrared spectroscopical study of Au electrodes with polymer NHC ligands. (a) CV scans in N2 saturated 0.1 M KHCO3 and (b) in situ ATR-
SEIRAS spectra obtained at −0.3 VRHE of AuNPs and Au–NHC–PS-b-PEO, respectively. In situ ATR-SEIRAS spectra and vibrational peak intensity
study for Au–NHC–PS-b-PEO (c) and (d) and pure AuNPs (e) and (f) in CO2-purged 0.1 M KHCO3 under various reductive potentials. The spectra
in (c) and (e) are background subtracted at 0 V.
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frequency indicates the electron-rich surface of AuNPs when
modied with polymer NHCs. A high surface electron density
through the s-donation of NHCs likely favors CO2 reduction
over HER.43,55,56 In addition, previous studies have demon-
strated that NHCs potentially can stabilize the CO2 adduct and
intermediate CO2c

− through hydrogen bonding,57–59 also posi-
tively improving the selectivity for CO2 reduction.

To gain more insights into the surface status at the elec-
trode–electrolyte interface, especially in the presence of polymer
NHCs, ATR-SEIRAS spectra were recorded on Au lm electrodes
during chronoamperometry scans under different potentials.
Using the Au electrodes without bias as the background for all
spectra, the positive peaks (pointing up) in the absorption
model were from the yielded (or surface adsorbed) species
during CO2 electroreduction; while, the negative peaks
9670 | Chem. Sci., 2023, 14, 9664–9677
(pointing down) arose from the desorbed species, e.g., ligands.
In Fig. 4e, the ATR-SEIRAS spectra on pure Au are given in the
potential range of 0 to −1.1 V under constant-potential elec-
trolysis. With the change of the negative bias, there were two
positive peaks appeared, e.g., a broad peak at 3300–3600 cm−1

as the O–H stretching (nO–H) and a well-dened peak at
1640 cm−1 as the O–H bending (dO–H). The nO–H peak centered at
3400 cm−1 was broad as a typical characteristic for disordered
water molecules. Those peak positions, along with the CO2

doublet at 2361 and 2336 cm−1,60 agree very well the reported
O–H vibrational frequency.33,61,62 Fig. 4f shows the plot of the dO–
H peak intensity as a function of potential. At around −0.3 V,
there was a quick increase of the dO–H peak (nO–H in the similar
trend), suggesting the re-orientation and adsorption of water as
H-down on the electrode to couple with CO2 reduction.63 The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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peak intensity saturated at around −0.8 V, known as the
formation of densely packed layer of water for fast proton
transfer.61

In the presence of polymer NHCs, the ATR-SEIRAS spectral
features were obviously different. First, there was a large shi of
the nO–H peak along with the peak sharpening (Fig. 4c). For Au–
P3, the O–H stretching of adsorbed water downshied to
approximately 3300 cm−1 with two shoulders at 3370 and
3247 cm−1. In the absence of hydrophobic PS, Au–P1 and Au–
BMB–Im do not show similar peak shi (Fig. S9†). The down
shi of the nO–H peak indicates the formation of stronger
hydrogen bonds of water, as compared to that without hydro-
phobic PS. This phenomena has been demonstrated in the
phase transition of liquid water to ice.64 In the presence of
hydrophobic PS ligands, water molecules were likely conned at
the electrode–electrolyte interface. With strong hydrogen
bonding, water molecules form clusters presumably sur-
rounded by hydrophobic ligands. Second, the peak intensity of
adsorbed water showed a similar increased trend as that of
unmodied Au; while, the peak intensity was much
pronounced. The peak intensity was nearly doubled, and no
saturation was observed in this case. Because the densely
packed layer of water was only limited by the surface area of Au,
it is likely that multiple layers of water were associated in Au–P3.
Since strongly hydrogen bonded water did not show any peak
shi with potential, re-orientated water was presumed to be
stacked in the hydrophobic microenvironment. Lastly, negative
peaks at 3100–2800 cm−1 were seen at an onset potential of
−0.5 V. Those peaks were assigned to the C–H bond stretching
of sp2 and sp3 C of polymer backbones and side chains (also
discussed in Fig. 8).65 This was conrmed by the control of
unmodied Au where no new peaks were observed in this
Fig. 5 Interfacial diffusive properties of all catalysts. (a) CV scans of AuNP
(c) Linear relationship between peak current (Ip) and the square root of sc
using various probe molecules including Fe(CN)6

3−, Ru(NH3)6
3+, Fc–CO

© 2023 The Author(s). Published by the Royal Society of Chemistry
region. We attributed those peaks to the dissociation of polymer
NHCs from the electrode surface, although the peak intensity
saturated quickly at −0.8 V (Fig. 4d).

Hydrophobic polymer NHCs as surface ligands were thought
to alter the accessibility of Au in terms of the mass transfer
during electrocatalysis. In view of CO2 electroreduction as
proton-coupled electron transfer, we further investigated
whether the interface of hydrophobic polymers and Au would
limit the diffusion of hydrated ions. Three different molecular
probes were chosen to examine the interfacial mass transfer
process during electrocatalysis. Specically, the diffusive prop-
erties described by Randles–Ševč́ık equation can be determined
by reversible redox under different scan rates, as described
below:66

ip ¼ 0:4463nFAC0

�
nFvD0

RT

�1
2

where n is the number of electrons in redox reaction, F is
Faraday's constant, A is the electrode surface area, C0 is the
concentration of the electroactive species, D0 is the diffusion
coefficient of the electroactive species, and v is the scan rate,
respectively. Fig. 5a–c show the reversible redox behavior of the
anionic probe, K3Fe(CN)6, on Au/C and Au–P3 in the range of 0.5
to 1.1 V with the scan rate from 40 to 100mV s−1. With the linear
plot of the peak current (Ip) as a function of the square root of
scan rate (Fig. 5c), the diffusion coefficient of Fe(CN)6

3− can be
determined from the slope. As the diffusion of electroactive
redox species to the Au surface can be limited by surface
ligands, the measured D0 could reect the mass transfer status
of ions at the interface of polymers and Au. Without polymer
NHCs, the D0 of ferricyanide anions is 1.7 × 10−6 cm2 s−1. It is
s and (b) Au–P3 measured with 50 mM K3Fe(CN)6 at various scan rates.
an rates for pure Au and Au–P3. (d) Summary of diffusion coefficient (D)
OH, and CO2.
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close to the D0 value for aqueous ferricyanide reported else-
where.67 In the presence of polymer NHCs, the D0 decreased
slightly to 1.0 × 10−6, 1.1 × 10−6, and 1.2 × 10−6 cm2 s−1, for
Au–P1, Au–P2 and Au–P3, respectively (Fig. S10†). Likewise, the
diffusion coefficient of the cationic probe Ru(NH3)6

3+ showed
a very similar trend (Fig. S11†). Despite a noticeable lower
diffusion coefficient as compared to unmodied Au/C, the mass
transfer of large ionic probes seems to be unrelated with the
hydrophobicity of polymer NHCs. It is therefore reasonable to
assume that the mass transport of small ions like protons would
have a minimum change in the presence of hydrophobic poly-
mer NHCs. This conclusion is in line with the partial current
toward H2 that is not correlated with the hydrophobicity or
amphiphilicity of polymer NHCs.

More hydrophobic probes, like ferrocenecarboxylic acid (Fc–
COOH), behave very differently from those strongly hydrated
probes. Polymer NHCs did not slow down the diffusion of Fc–
COOH. In case of Au–P1 and Au–P3, the measured D0 of Fc–
COOH was about 2-times higher than that of Au/C. The increase
of D0 of Fc–COOH is likely due to the hydrogen bonding of
carboxylic acid and PEO (Fig. S12†). Unlike small molecular
ligands that usually form a crystalline self-assembly mono-
layer,68 the low graing density of polymer ligands provides the
diffusive channels to allow the redox reactions. For the CO2

diffusion, electrochemical impedance spectroscopy (EIS) was
used to t the diffusion of CO2 at −0.8 V over a frequency range
Fig. 6 (a) Illustration of the simulation setup, with the Au, C, N, O, H ato
density profiles as a function of z coordinates, with water and CO2 show
water molecules above z = 11.8 nm (bulk region, blue) and those below

9672 | Chem. Sci., 2023, 14, 9664–9677
of 100 kHz to 1 Hz (see Fig. S13 and details on data tting in
ESI†). The diffusion coefficient of CO2 was close to 1.4 × 10−9

cm2 s−1 for Au–P2 and Au–P3 with hydrophobic PS domain, that
is about 3 times greater than that of Au/C. Although the diffu-
sion coefficient from the impedance spectroscopy does not
differ the diffusion of CO2 from proton contribution from
proton reduction was much smaller on Au catalysts modied by
hydrophobic polymers (>90% CO FE). The increase of the
diffusion coefficient of CO2 should be responsible for the high
selectivity for CO2 over HER. Together with the SEIRAS results,
one possible mechanism is that hydrophobic PS domains
provide strong dehydration to CO2 that allows faster conversion
of HCO3

− ions to CO2;69 therefore, the local CO2 concentration
is higher than those without PS domains, similar to the CO2

concentrating mechanism in photosynthesis. Therefore,
hydrophobic polymer ligands would create a localized micro-
environment that enriches CO2 close to the active Au surface.

To investigate the effect of hydrophobic polymer ligands on
the solvation structure around AuNPs, molecular dynamics
(MD) simulations were carried out on a gold layer tethered with
PS chains consisting of 66 repeating units (Fig. 6a). Fig. 6b
shows the density proles along the z axis, perpendicular to the
Au surface. At a surface coverage of 0.89 chains per nm2, the
polymer ligands created a sufficiently hydrophobic environ-
ment, with a clearly delineated bulk region at z > 11.8 nm and
a water poor polymer layer for z < 11.8 nm. Yet, water peaks are
ms represented in yellow, grey, blue, red, and white, respectively; (b)
n in blue and red; (c) Ow–Ow radial distribution function, analyzed for
z = 11.8 nm (polymer layer, red).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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found inside the polymer layer, corresponding to pockets of
water embedded in hydrophobic PS. The differences in water
structuring can be clearly identied in the oxygen–oxygen (Ow–

Ow) radial distribution functions (RDFs) for water molecules in
these two domains, as shown in Fig. 6c. While all RDFs show
a rst peak at r = 0.28 nm, as expected for bulk water, the peak
heights are substantially different, with g = 2.8 for the bulk
water region and g = 16 for the polymer layer. The rst
minimum and subsequent peak structures in the RDFs remain
much higher than one, indicating strong aggregation but lack of
longer-range order for water in the polymer region. Examining
the simulation trajectories indicates that, despite the formation
of localized water clusters, these clusters are dynamic and
loosely connected to each other. Similar clustering is also
conrmed with various CO2 concentrations (Fig. S14†). Those
results agree well with our experiments where dynamically
clustered water was seen for AuNPs modied by hydrophobic
PS. In addition, polymer chains effectively act as sorbent
materials for CO2 as suggested by its density proles shown in
Fig. 6b. There is a signicantly higher density of CO2 in the
polymer layer than in the bulk water region, consistent with the
increased CO2 localized concentration and, therefore, reduction
activity for polymer-modied AuNPs.

We nally investigated the electrochemical stability of Au
catalysts to conrm the binding stability of polymer NHCs with
Au surface. Fig. 7a shows the chronoamperometry (i–t) at
−1.0 V. Without polymer NHCs, Au/C had a fast activity decay.
The steady-state current decreased from −0.92 to −0.33 mA
Fig. 7 Stability measurement using i–t curves (a), current retention (b) an
electrolysis at−1.0 V for 1 h. TEM images of pure Au (d) and Au–P3 (e) load
1 h. All scale bars are 40 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
aer electrolysis for 1 h, about 36% current retention. The
current loss is attributed to the sintering of AuNPs under
reductive potentials as conrmed by transmission electron
microscopy (TEM, Fig. 7d). The fast aggregation and sintering of
AuNPs as large as 50 nm were observed aer 1 h, similar to the
previous reports.8 More quantitatively, the ECSA of AuNPs
showed an 83% loss aer electrolysis for 1 h at −1.0 V (Fig. 7c).
In contrast, the electrocatalytic stability of AuNPs modied by
all three polymers was greatly improved (Fig. 7b). The current
retention was approximately 70%, regardless of the hydropho-
bicity of polymer NHCs (Fig. 7a). The ECSA of AuNPs agreed well
with the activity retention; and the accessible surface area
retention was 82.7%, 84.6% and 82% for Au–P1, Au–P2 and Au–
P3, respectively (Fig. 7c). The steady-state current retention for
Au–P2 and Au–P3 was approximately 80%. Fig. 7e shows the
morphologic evolution of AuNPs capped by P3 (see Fig. S15† for
more images). As conrmed by TEM images (Fig. 7e), AuNPs
with polymer ligands showed structural integrity under elec-
trolysis for 1 h at −1.0 V. The average size of Au–P3 is 15.6 ±

1.1 nm aer electrolysis, close to their initial size of 14 ±

1.7 nm. Polymer NHCs work as a stabilization agent to prevent
AuNPs from interparticle sintering, although there is a small
decrease of activity. The measured stability of AuNPs modied
by polymer NHCs is consistent with previous results on AuNPs
and Pd/C.9,43,70

Since the ATR-SEIRAS results at different potential (see
Fig. 4) suggested the possible removal of polymer NHCs under
reductive potentials, the spectroscopic studies were further
d ECSA (c). The experiments were carried out using constant-potential
ed on carbon before (top) and after (bottom) CO2 electroreduction for

Chem. Sci., 2023, 14, 9664–9677 | 9673
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Fig. 8 In situ ATR-SEIRAS spectra of surface polymer modified electrode demonstrating the chemical stability of NHC ligands to counterpart
thiol ligands. In situ ATR-SEIRAS spectra of (a) Au–NHC–PS-b-PEO and (b) Au–SH–PS267-b-PEO44 at −0.8 V on Au film electrode in CO2

saturated 0.1 M KHCO3 electrolyte. (c) The desorption vibrational peak intensity at 2924 cm−1 against reaction time. (d) The adsorption peak
intensity of different electrodes after electrocatalysis under −0.8 V. Blue: Au–P3, red: Au–SH; dark: Au film.
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carried out to examine the electrochemical stability of polymer
NHCs during CO2 electroreduction. The in situ ATR-SEIRAS
spectra were collected using constant-potential electrolysis. At
−0.8 V, the spectra of Au modied by P3 were collected using
the spectrum without bias as a background. Fig. 8a shows the
desorption of polymer NHC. The negative peak appeared at
∼2924 cm−1 was assigned to the sp3 C–H bond stretching,
similar to the result under different potentials given in Fig. 4c.
The peak intensity at 2924 cm−1 as a function of time is,
therefore, a measure of the desorption kinetics of NHCs on
electrode surface (Fig. 8c). At rst 20 min, there was a contin-
uous increase of the peak intensity; and this trend saturated
aer 20 min. We measured the ATR-SEIRAS spectrum of the
9674 | Chem. Sci., 2023, 14, 9664–9677
electrode aer electrolysis for 45 min. There were clearly
remaining polymer NHCs appeared at the same wavenumber
(Fig. 8d). We assigned the initial surface desorption as the
reconguration of polymer NHCs on the surface of the Au
electrode. This could be due to the surface polarization under
potential or the localized charge effect of Au surfaces.71,72 Even
though the quantication of ligand retention cannot be deter-
mined from this measurement, polymer NHCs with low graing
density could mostly stabilize NPs against sintering. As
a control, we examined another thiol-terminated BCP of PS267-b-
PEO44. Au–thiolate binding was unstable under CO2 electro-
reduction as reported previously.8,73 PS267-b-PEO44 had a similar
spectral feature of surface desorption. However, it showed a fast
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and burst desorption behavior (Fig. 8b). Those thiolate polymer
ligands completely desorbed under bias. This could be
conrmed by the spectrum collected aer electrocatalysis for
45 min. A complete loss of thiolated polymers on Au was seen in
the rst 5 min. Those results suggested that Au–thiolate was not
electrochemically stable under reductive conditions; and
moreover, thiolate ligands did not provide the stability for
AuNPs during CO2 reduction as reported by Alivisatos8 and
others.9

3. Conclusion

In summary, we have successfully demonstrated the utilization
of N-heterocyclic carbenes (NHCs) as a binding motif in
conjunction with polymer hydrophobicity to exert control over
substrate accessibility at the catalyst–electrolyte interface of
gold nanoparticles (AuNPs) under redox conditions, as well as
enhancing their long-term stability. Three distinct types of
polymer ligands with different hydrophobicity/hydrophilicity
were meticulously designed to modify AuNPs through NHC–
Au binding. Irrespective of their hydrophobicity, AuNPs modi-
ed with polymer NHCs exhibited remarkable improvements in
catalytic activity and selectivity. Notably, both homopolymer PS
and PEO-b-PS NHCs, incorporating hydrophobic PS segments,
exhibited a signicant increase in selectivity for CO2 reduction,
achieving a remarkable CO faradaic efficiency of up to 95%.
Moreover, the presence of any of the polymer NHCs led to a 50%
reduction in the partial current density attributed to hydrogen
formation. Importantly, the hydrophobic nature of the polymer
ligands resulted in a twofold increase in the partial current
density for CO formation compared to unmodied AuNPs or
those modied with hydrophilic PEO. While all polymers did
not impede ion diffusion, hydrophobic polymers appeared to
inuence the localized hydrogen bonding network of water, as
evidenced by the outcomes of attenuated total reectance
surface-enhanced infrared absorption spectroscopy (ATR-
SEIRAS) supertropical studies and MD simulations. Further-
more, the hydrophobic nature of polymer ligands clustered
water molecules and facilitated an enrichment in the local CO2

concentration, thereby enabling more efficient CO2 reduction.
Spectroelectrochemistry data obtained through ATR-SEIRAS
suggested the relatively stable nature of the polymer NHC
ligands under reductive conditions, as compared to thiol-
terminated PS ligands. Collectively, our ndings regarding the
integration of robust NHC ligands with hydrophobic polymers
provide valuable insights into the design of bioinspired hybrid
catalysts for highly selective CO2 reduction.
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