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Introduction

The sustainable conversion of CO, into valuable chemicals

Fluorinated polymer zwitterions on gold
nanoparticles: patterned catalyst surfaces guide
interfacial transport and electrochemical CO,
reductiont

Qiang Luo, (2@ Joseph Tapia, {2 € Le Zhou, Chung-Hao Liu, ¢ *f Maham Liagat,?
Hanyi Duan, 2 ° Zhefei Yang, 2 ¢ Mu-Ping Nieh, 2 *< Todd Emrick, { *9
Peng Bai (2 *® and Jie He (0 *P

We report the use of fluorinated polymer zwitterions to build hybrid systems for efficient CO, electrore-
duction. The unique combination of hydrophilic phosphorylcholine and hydrophobic fluorinated moieties
in these polymers creates a fractal structure with mixed branched cylinders on the surface of gold nano-
particles (AuNPs). In the presence of these polymers, the CO faradaic efficiency improves by 50-80% in
the range of —0.7 V to —0.9 V. The fractal structures have a domain size of ~3 nm, showing enhanced
mass transfer kinetics of CO, approaching the catalyst surfaces without limiting ion diffusion. The phase-
separated hydrophilic and hydrophobic domains offer separated channeling to water and CO,, as
confirmed by attenuated total reflectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) and molecule dynamic (MD) simulations. H,O molecules permeate extensively into the
polymer layer that adsorbs on zwitterions, forming continuous chains, while CO, molecules strongly
associate with the fluorinated tails of fluorinated polyzwitterions, with oxygen facing the positively
charged amine groups. Overall, this coupling of zwitterion and fluorocarbon in a polymer material creates

new opportunities for defining microenvironments of metallic nanocatalysts in hybrid structures.

reduction, however, relies on water as a proton source to drive
this chemical transformation.’ The catalyst-electrolyte-reactant
(solid-liquid) interface is strongly hydrated during

and fuels has attracted considerable attention as a means to
reduce CO, emission."™ Electroreduction of CO, in an
aqueous electrolyte stands out as a potential solution to
achieve CO, cycling in the form of C; and C, fuels, making use
of electricity generated from renewable sources.>® CO, electro-
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electrolysis.’®'" At this interface, an undesirable competitive
proton reduction, known as the hydrogen evolution reaction
(HER), occurs at a similar thermodynamic potential.'?
Hydrogen production during electroreduction of CO, therefore
lowers the selectivity or faradaic efficiency (FE), the efficiency
associated with utilizing electricity to carry out CO, transform-
ation.”® Happening at the interface of nanocatalysts, the elec-
troreduction of CO, is a complex process that is affected by
various microenvironmental characteristics. These variables
may greatly impact the efficiency, selectivity, and overall per-
formance of the process.'* One straightforward solution is to
control the localized proton/CO, concentrations at the solid-
liquid interface."®'"*> A higher localized pH, e.g., in gas-flow
cells or porous catalysts, can lower the proton concentrations
while at the same time, it can promote the selectivity for CO,
electroreduction.'®* Notably, mesoporous Au nanostructures
with an inverse opal structure could increase the selectivity for
CO, electroreduction by suppressing HER through diffusional
limitations of protons imposed by a porous electrode.”*
Alternatively, by tuning the cation species in electrolytes, the

This journal is © The Royal Society of Chemistry 2024
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strong diploe field created by the hydrated metal cations near
the electrode can dramatically lower the adsorption energy of
*CO, and *CO.?® For example, Cs* ions increase the activity of
Ag electrodes by 2.4 times, from 59.1% to 80.3%, relative to Li"
ions.?®

Modifying nanoparticle catalysts with surface ligands rep-
resents an attainable solution to addressing this unmet chal-
lenge at the solid-liquid interface.'”*”**> The key feature of
surface-bound ligands is to create a microenvironment that
contributes surface gating, i.e., mass transporting of reactants
and products.’**7* Such ligands are well-known to control
surface hydrophobicity of nanocatalysts.>**° By adding hydro-
phobic surface ligands, surface hydrophobicity has been
demonstrated to change the product selectivity on Au,**3%4°
Ag**? and Cu.'™**** On Cu dendrites, hydrophobic 1-octade-
canethiol (ODT) dramatically changed the metal surface from
hydrophilic to superhydrophobic with a water contact angle of
153°."" Consequently, the hydrophobic pocket captured
gaseous CO, and favored its reduction with a selectivity ~90%
for CO, reduction while suppressing HER reaction below 10%
at —1.6 V vs. reversible hydrogen electrode (RHE, the same
hereafter)."* Unfortunately, this hydrophobicity also lowers the
overall activity of Cu because of limited surface wetting (ion
diffusion) by the electrolyte. Alternatively, ligands that balance
surface hydrophobicity and hydrophilicity create a more
dynamic interface without limiting molecular diffusion, with
additionally balanced accessibility of CO, and water, being key
for harmonizing catalyst reactivity without compromising
activity.'®43
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Here we describe a method to control the microenvi-
ronment of nanoscale catalysts using polymer zwitterions
that balance mass transport of CO, and protons under CO,
electroreduction in an aqueous electrolyte (Scheme 1). The
extreme hydrophilicity of zwitterions, such as poly(2-metha-
cryloyloxyethyl phosphoryl choline) (polyMPC, P1), with
inner-salt phosphorylcholine (PC) side chains are offset by
the integration of fluorocarbon groups into choline phos-
phate-based polymers P2 and P3.%° Using these fluorozwitter-
ion copolymers, the CO FE on gold nanoparticles (AuNPs,
~3 nm) improved from ~50% to 80%, with perfluorinated P3
in the range of —0.7 V to —0.9 V, while the partial current
density for HER was suppressed by ~50%. The phase-separ-
ated hydrophilic zwitterion domains and hydrophobic fluoro-
carbon domains offer channels for water and CO,, as con-
firmed by attenuated total reflectance surface-enhanced infra-
red absorption spectroscopy (ATR-SEIRAS) and molecule
dynamic (MD) simulations. Further analysis reveals that
water molecules permeate extensively into the polymer zwit-
terion channels, forming continuous chains with 1.9 hydro-
gen bonds per water molecule. Similarly, CO, molecules
strongly associate with the fluorinated tails of P3, with oxygen
atoms facing the ammonium groups. Therefore, the desired
amphiphilic interfaces built by the combination of perfluori-
nated alkanes and hydrophilic phosphorylcholine groups
provide a means by which to control mass transport at the
complex interface of catalyst-electrolyte-reactant, a promising
feature for designing new, efficient catalytic systems for CO,
electroreduction.

- o &/
t:]vb?:t) T\
e 100
Fng/LCF;, - 0.8V =C0
hydrophobic 804 ah,
domain L
)
32 60
S
i J
™ 40
: 20
ity 0
vy 'o Io 'o T
4 » ¥ P
' Q"' ¢ L o

Scheme 1 Scheme illustrating the use of fluorinated polymer zwitterions to control the interfacial microenvironment of AuNPs with enhanced

selectivity for CO, reduction.
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Results and discussion

Polymer zwitterions P1-P3 were prepared by reversible
addition-fragmentation chain-transfer (RAFT) polymerization,
using methods described previously.*® P1 and P2 were isolated
following their precipitation in diethyl ether, dialysis against
deionized water, and lyophilization. P3 was purified by precipi-
tation into a mixture of acetone and diethyl ether, then
acetone, and then diethyl ether, followed by drying under
vacuum. The number-average molecular weight of polymers
was 16.3 kg mol™" for P1 (dispersity ® 1.1), 21.5 kg mol~" for
P2 (P 1.25) and 43.9 kg mol™" for P3 (P 1.23), respectively
(Fig. S1t). AuNPs (an average diameter of 3.2 nm, Scheme 1)
were synthesized by direct chemical reduction of HAuCl4 with
NaBH,. Before surface modification, AuNPs were first phys-
ically adsorbed onto activated carbon (Printex U, ~50 nm
nanospheres). The loading ratio of AuNPs on carbon (Au/C)
was about 2.5 wt%, also confirmed by scanning electron
microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX) (see ESI for synthetic details, Fig. S47). For ligand
modification, Au/C catalysts were mixed with polymer zwitter-
ions in trifluoroethanol, which is a good solvent for the poly-
mers. The trithioester chain-ends of P1-P3 serves as a ligand
for grafting to AuNP surface.”” The typical surface modification
procedure was carried out over 12 h to promote high surface
grafting and the resultant Au/C catalysts were washed
thoroughly with centrifugation to remove unbound polymers.
The surface modification was confirmed by Fourier-transform
infrared spectroscopy (FT-IR) (with pure Au supported on a
glass slide see Fig. S27). After surface grafting, the character-
istic vibrational frequency of the polymers with Au/C was com-
pared to that of the free polymers. Taking P1 as an example,
the characteristic peaks of P—O at 1229 cm™', P-O at
1065 cm™', and P-O-C at 1482 cm ' with quaternary
ammonium head-group (-N*(CHj);) at 971 cm™' was seen,
indicating successful modification of P1 on the Au
nanocatalysts.*®*° Similarly, typical vibrational peaks of ~CF,-
and -CF; at 1100-1300 cm ™" were observed for Au/C catalysts
modified with P2 and P3.>° We used thermogravimetric ana-
lysis to analyse the grafting density of polymer zwitterions on
AuNPs after surface modification process. The ‘grafting to’
method showed a 15.7% weight loss for P1, while those were
14.0%, 16.4% for P2 and P3, respectively (Fig. S31). As a
sequence, P1 gave a slightly higher grafting density of 0.76
chains nm™?; while the grafting density was ~0.30 chains
nm~? for P2 and P3. Those results are typical for polymer-
grafted AuNPs prepared through the grafting-to approach.>'>?

The electrochemically active surface area (ECSA) of AuNPs
was measured by cyclic voltammetry (CV) to assess the impact
of polymer zwitterions modification on the accessibility of Au
nanocatalysts at electrode-electrolyte interfaces. The CVs were
collected in a N,-saturated 0.5 M H,SO, environment at a scan
rate of 100 mV s~ " (Fig. 1a). As we can see, during the cathodic
scan, a reduction peak appeared at ~1.15 V vs. RHE corres-
ponding to the electrochemical reduction of the surface oxyge-
nated monolayer, correlated with the ECSA of AuNPs (Tables
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Fig. 1 (a) CV analysis of Au/C modified with fluorinated polymer zwit-

terions recorded under a scan rate of 100 mV s~ in N,-saturated 0.5 M

H,SO,4. (b) ECSAs of AuNPs modified with different fluorinated polymer

zwitterions. LSV curves measured under a scan rate of 10 mV st in

CO;-saturated 0.1 M KHCO3z normalized to (c) geometric area of elec-
trodes and (d) ECSA of AuNPs.

S1-S4t). As shown in Fig. 1b, Au/C catalyst in the absence of
ligands has an ECSA of 2.8 + 0.06 cm” pg™'. With P1, there is a
marginal ECSA change of 2.7 + 0.03 cm® pg~'. Hydrophobic
polyzwitterions with fluorinated moieties cause a reduction of
surface accessibility of Au. For Au-P2/C and Au-P3/C, the ECSA
reduced to 2.1 = 0.01 and 1.9 + 0.01 cm® pg™", respectively,
attributed to fluorinated moieties blocking contact of ions for
electrochemical redox. Linear sweep voltammograms (LSVs) in
CO,-saturated 0.1 M KHCO; are given in Fig. 1c and d, where
the current density was normalized to geometric electrode
surface area and ECSA, respectively. In both cases, polymer
zwitterions improved the total current density of Au/C as com-
pared to that without ligands. This enhancement was more
pronounced when normalized to ECSAs, as evidenced in
Fig. 1d.

A more quantitative CO, electroreduction analysis is pre-
sented in Fig. 2. Three parameters, including CO FE, the
partial current density (Joo and Jy ), and the product ratio
(ncolny,) were employed to compare the electrocatalytic per-
formance of AuNPs with different polyzwitterions as well as
citrate-capped Au nanocatalysts as a control. To measure the
product of CO, electroreduction, a customized H-cell separated
using a Nafion membrane was used for all electrocatalytic
experiments. In the absence of polyzwitterions, Au/C has low
selectivity for CO, vs. CO, with CO FE ranging of 54%-60% in
the potential window of —0.7 to —0.9 V, given their size effects
with corner and edge sites favoring HER. Those results agreed
well with the literature.>*>* Fig. 2¢ plots the potential depen-
dent of partial current density (Joco and Jy,) calculated out
from the corresponding FE and overall current density from
LSVs. An accelerated kinetics for CO, electroreduction was
seen under more negative applied bias upon work electrode.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr01484g

Open Access Article. Published on 29 ervence 2024. Downloaded on 11.06.2026 14:58:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper
T e T - o e P Bep S B S S S o ¥ P 7 S B ol T e e o (S L SRS Sy T oo
| 100 pure Au 460 Au-P3 L s pure Pd 100 Pd-P3 5
: —CO (a (b): - CO (f) (9)!
| 804 =H2 80 I l . | 80{—Hy 80 :
I 1 1
| — 1 |
1560 601 . 158 60 g ! 60 1 i
ii.'m_-i ﬂi i 40 ian ' | " | i. 'i i. " |
L " i i ] w i B ‘ i i 1 | !
| 20, 20l . R 29 201 i
04 : — 01 ) — 0L ol 5 :
! 09 08 07 08 ! 08 07 09 08 i
| E (V vs. RHE) E (V vs. RHE) E (V vs. RHE) E (Vvs. RHE) 5
. 01 0 A i 01 01 |
I - i
) & ol At S, | i
o | a7 i plicis (A F : : , o
| o & =\ - =) i 5 |
:5'2" = } 2 24 = :E‘Z‘r‘ 2 = :
.'&' r _ £ .2 = i
T o E - :
P44 mJtot | 49 oo Jtat P T4 —=-Jtot | 41 —=Jtot ||
1 —e-J CO - = Jco '™ ——jﬁg —H—jﬁg !

1 —— 1 —A !

i < Xc) A J H2 5 (d) _AdH2 | .h) 1 & !) . i
i 09 08 07 09 08 0.7 09 08 07 09 08 0.7
: E (V vs. RHE) E (Vvs.RHE) | E (V vs. RHE) E (Vvs. RHE) |
i | 3 - [
! o 181 —=-pure Au (9 ' o —=-pure Pd (] )
— A 1

= —£-Au-P3 ;= s —-£Pd-P3 :
I 121 4 |
| s : o ]
v Lo - R I :
\ O — I R - S—— = = — :
i o & H— —& =) —F] ! o = 1
i 015 . — 0l ; ; :
; 009 07 | 09 07 |
1 I 1
1 | 1

Fig. 2 Electrocatalytic performance for CO, reduction: FE and (partial) current density using Au (a and c), Au-P3 (b and d) and the corresponding
products ratio (e). FE and (partial) current density using pure Pd (f and h), Pd-P3 (g and i) and the corresponding products ratio (j). A carbon rod was
used as a counter electrode and all measurements were carried out in CO, saturated 0.1 M KHCOs.

Specifically, Joco reached —1.7 mA cm™> with Ju, of —1.4 mA
em™? at —0.9 V. In the potential window of —0.7 to —0.9 V,
unmodified Au/C exhibited a CO to H, product ratio around
1.4 (Fig. 2e).

The use of polymer zwitterions resulted in AuNPs exhibiting
enhanced selectivity for CO over H,; in the presence of P3, the
CO FE increased to above 80% (Fig. 2b), representing a
20-30% improvement in comparison with unmodified Au/C
and a notable enhancement in Jco, outperforming other Au-
based nanocatalysts (Table S51) for CO, electroreduction.>*>¢7>°
For instance, at —0.9 V, Au-P3/C achieved a Joo of 3.7 + 0.08 mA

% (Fig. 2d), approximately 2.6 times higher than that of for
Au/C. Fluorinated polymer zwitterions also suppressed the
activity to HER. The Jy;, values were in the range from 0.21 +
0.10 to 0.79 + 0.12 mA cm™2 for Au-P3 from —0.7 V to —0.9 V,
amounting to approximately 50% decrease to produce hydrogen
relative to pure AuNPs. The product ratio of CO/H, increased to
around 5. At —0.8 V, Au-P3/C exhibited a CO/H, ratio of 12.7, as
a 9-fold selectivity increase for CO, reduction compared to Au/C
(Fig. 2e). The embedded fluorinated groups into polyzwitterions
are critical for selectivity enhancement. In case of hydrophilic
P1, ngo/ny, dropped to ~1.2, comparable to that of unmodified

This journal is © The Royal Society of Chemistry 2024

Au/C (Fig. S5t). In P2, with an hexafluoro isopropyl group,
the decrease of fluorocarbon content correlated with a
reduction in CO/H, ratio to 3.5 at —0.9 V (Fig. S51). Those
results suggest that the presence of the fluorinated domains
is essential to create a microenvironment that favors reducing
CO, over protons. Hydrophilic P1 onto Au/C nanocatalysts
had a negligible effect on the overall current density (Jior) OF
Jco- Adding fluorinated zwitterionic polymers introduced an
elevation of Jco, indicating that the amphiphilic interfacial
property of fluorinated zwitterionic polymers drives such
enhancement.

To validate whether such enhancement resulted from the
polyzwitterions, additional control experiments were con-
ducted on a commercially available Pd/C (5 wt% Pd loading).
With P3, fluorinated polyzwitterions resulted in an increase of
about 10% in the selectivity of Pd/C catalyst to CO, reduction
within the potential range of —0.7 V to —0.9 V (Fig. 2f and g
and Table S6f). Likewise, hydrophobic polyzwitterions
enhanced the activity of Pd/C compared to the one without
modification (Fig. S61). Additionally, Jco approached 1.67 =
0.03 mA cm~? at —0.9 V, around 2.1 times larger than that of
Pd/C (Fig. 2h and i). At —0.9 V, commercial Pd/C is more selec-

Nanoscale, 2024, 16,15558-15567 | 15561
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tive to HER and the FE of CO was 41%; after modification, Pd-
P3 had a CO FE of 50%. Similarly, a slightly higher product
ratio around 1 for Pd-P3 was observed (Fig. 2j).

In situ ATR-SEIRAS spectroscopy was further used to study
how fluorinated polymer zwitterions would change the solid-
liquid interface during electrocatalysis. The SEIRAS spec-
troscopy was conducted on a gold film electrode in the poten-
tial range of 0 to —0.9 V with linear scanning voltammetry at a
scan rate of 5 mV s'. Unbiased gold film electrode was used
as a background. Any positive absorption peaks (peak up)
signify the formation or adsorption of molecular species on
the surface, e.g., reaction intermediates during CO, electrore-
duction. Conversely, the downward peaks (peak down) are
assigned to desorbed species. Fig. 3a shows the recorded LSV
curve in the range of 0 to —0.9 V of pure Au electrode. The
corresponding ATR-SEIRAS spectra are presented in Fig. 3b. As
cathodic bias increasing, two peaks were seen: a well-defined
peak at 1640 cm™*, representing O-H bending (6o_y;) and a
broad peak centered at 3300-3600 cm™' for O-H stretching

View Article Online

Nanoscale

(vo_n).?”°" In addition, the peak intensity study was carried
out along with the change of applied bias (Fig. 3e). The O-H
stretching peak intensity increase rapidly from —0.3 V, indicat-
ing the H-down orientation of adsorbed water molecules on
the surface of work electrode. The peak centered around
3400 cm™'. With the increase of cathodic bias, the O-H
stretching peak had a red-shift forward lower frequency cen-
tered at 3350 cm™ ', indicating the dynamic process of water
absorbed onto the gold surface.®® At around —0.8 V, the peak
intensity plateaued, suggesting the formation of densely
packed water molecules on the surface. Those adsorbed water
molecules show weak hydrogen bonding as approaching the
Au surface.

In the presence of P3, the ATR-SEIRAS spectra displayed
noticeable differences. Firstly, the O-H stretching and bending
peaks appeared more pronounced under identical potentials
(Fig. 3g). The O-H stretching peak also broadened but it cen-
tered at 3520 cm™, suggesting that water molecules did not
form extended hydrogen bonding.®> With applied cathodic
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Fig. 3

In situ ATR-SEIRAS study of Au electrodes modified with different fluorinated polymer zwitterions. LSV scans in CO, saturated 0.1 M KHCO5

and in situ ATR-SEIRAS spectra obtained in the range from 0 to —0.9 V for Au (a and b) and Au-P3 (c and d). Peak intensity study for AuNPs (e) and
Au-P3 (f) with various reductive potentials. (g) O—H bending model at 1648 cm™ under —0.9 V.
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bias, the O-H stretching peak expanded with two shoulders at
ca. 3520 and 3320 cm™" (Fig. 3c and d). The lower frequency
peak nearly overlapped with the O-H stretching peak on pure
Au surface, assigned to water molecules with intermolecular
hydrogen bonding.®*®* The new peak appeared at around
3520 cm™ ' were likely attributed to less hydrogen bonded
water. This was also confirmed by Au-P1 and Au-P2. In the
presence of polymer zwitterions, a similar O-H stretching
peak above 3500 cm™' was observed during electrocatalysis
(Fig. S7t). Those water molecules likely reside in zwitterion
domains, where choline phosphate groups form strong ion-
dipole interaction with water (i.e., hydration). Lastly, with
ligands modified Au electrodes as references, the downward
peaks at 3000-2800 cm™" were observed along with cathodic
applied bias for Au-P3, confirmed from unmodified Au under
identical condition with no signals. These peaks are assigned
to the C-H stretching of polymer backbones and side chains
(see details in Fig. S27), indicating the decay or the orientation
away of modified ligands from the electrode surfaces during
electrocatalysis (Fig. 3f).

The wettability of polyzwitterions modified surfaces were
examined to investigate the interfacial properties where the
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electrocatalysis exclusively occurred. As studied by previous lit-
erature,® fluorocarbon polymers took on appreciable hydro-
philicity while small CAs of P1 and P2 are reasonable due to
ionic phosphorylcholine. The change of surface hydrophobi-
city aligned with the electrocatalytic performance of CO,
reduction, including CO partial current density (Jco) and CO
FE. This was confirmed from ligands modification of P1 and
P2 with less hydrophobicity showing a lower CO FE and
smaller Joo (Fig. S51), as compared to P3. Furthermore, small-
angle X-ray scattering (SAXS) was used to investigate the
internal structures of fluorinated polyzwitterions. A distinctive
peak at g = 0.21 A™", corresponding to a D-spacing (D = %’;) of
3.0 nm, was observed because of the phase separation from
hydrophilic and electrostatic interactions of choline phosphate
(CP) groups (Fig. S8f). The scattering pattern of P3 can be
fitted by a combined cylindrical and lamellar model, indicat-
ing the presence of branched cylinders and unstacking lamel-
lae in its fractal morphology. The molecular dynamic (MD)
simulation outcome demonstrates the regular separation of P3
with a d-spacing of 2.9 nm (Fig. 4a), consistent with the
spacing derived from the corresponding peak in the SAXS data
of P3. The phase separation of ionic and fluorinated moieties
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(a) Snapshot of a representative system configuration (left) and zoomed in area of water distribution and solvated CO, molecule (right). (b)

Density profiles as a function of z coordinates, with water and CO, shown in blue and red. (c) Radial distribution functions and number integrals for
O-0 of water molecules (Ow—Oy) at z > 12.76 nm (bulk region), Oy—Oy at z < 10.95 nm (polymer layer), N*—~Oy between P3 and water, O"—Oy
between the phosphorous oxygen in P3 and water. (d) Radial distribution functions and number integrals for nonpolar CH,—CO, between polymer
backbone and methyl branches and CO,, CF,—CO, between fluorinated tails of the polymers and CO,, N*—CO, between P3 and CO,, O™-CO,

between the phosphorous oxygen in P3 and CO,.
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into two domains would have very different affinity to sub-
strates, e.g., proton and CO,. Together with our SEIRAS results,
we would deduce that ionic domains of zwitterions favor the
interaction with water, rather than hydrophobic perfluorinated
domains.

The effect of zwitterionic ligands on the local solvation
environment around AuNPs was investigated using MD simu-
lations. As shown in Fig. 4a, a gold slab was functionalized
with P3 ligands at a surface coverage of 0.29 chains per nm?,
with each P3 chain consisting of 50 repeating units and the
entire system solvated in water with a bulk water layer thick-
ness of ~ 4.8 nm (Fig. 4b, z > 12.8 nm). Compared to our pre-
vious study of AuNPs with hydrophobic polystyrene (Au-PS),*?
the fluorinated zwitterionic P3 similarly resulted in an
increased CO, concentration in the polymer layer (Fig. 4b).
Examining the radial distribution functions (RDFs) for CO,
(Fig. 4d) and representative snapshots (Fig. 4a), we found that
CO, molecules most strongly associate with the fluorinated
tails of the polymer, with its oxygen atom pointing towards the
positively charged amine groups. Similar results are also con-
firmed with various CO, concentrations (Fig. S91). However,
unlike the case of hydrophobic ligands creating pockets of
water clusters, water permeates into the P3 polymer layer more
extensively to form continuous chains that adsorb preferen-
tially on the zwitterions (Fig. 4c). The number integrals in
Fig. 4c show that the first (» < 0.35 nm) and second (0.35 < r <
0.57 nm) solvation shells around phosphate anion contain 1.8
and 4 water molecules, and the loose structure around the
ammonium cation atom (7 < 0.63 nm) contains 8 water mole-
cules. Similar continuous chains are also confirmed with
different CO, concentrations (Fig. S10t). To further contrast
the water structures induced by the different polymer ligands,
we performed a hydrogen-bonding analysis and calculated the

View Article Online
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tetrahedral order parameter. Here, two water molecules are
considered to be connected by a hydrogen bond when roo <
0.33 nm and £O0-H---O > 113.58°.%° Using this criterion, bulk
water forms ~3.9 hydrogen bonds per molecule, corresponding
to an extended tetrahedral network. By contrast, water mole-
cules in the P3 layer form 1.9 hydrogen bonds by average, con-
sistent with a chain-like structure, while water molecules in
polystyrene have 3.1 hydrogen bonds, indicating a more loca-
lized cluster-like structure (Fig. S117). To calculate the tetra-
hedral order parameter, g, for a water molecule in the polymer
layer, its four nearest-neighbor water molecules were con-
sidered, regardless of whether they are hydrogen-bonded. The
order parameter ranges from -3 to 1 (for a perfect tetra-
hedron). g reaches 0.6 for bulk water at room temperature,
compared to g = 0.20 for the polystyrene ligand, while it is
—0.17 in the P3 polymer region, indicating a substantially less
ordered 3D structure.

To quantitatively assess how fluorinated polymer zwitterions
influence the accessibility of Au related to ions and CO,, we
further measured the interfacial mass transfer kinetics during
electrocatalysis using three distinct molecular probes. Fig. 5a
and b display the reversible redox CVs of the anionic probe,
K;Fe(CN)g, on Au/C and Au-P3 electrode with scan rates ranging
from 80 to 120 mV s~ . A clear linear relationship between peak
current (I,) and the square root of the scan rate (Fig. 5c)
enabled examination of the diffusion coefficient of Fe(CN)g>~
using the Randles-Sev¢ik equation. The diffusion coefficient
(Do) of ferricyanide anions is 1.7 x 10~° ecm® s™" in the absence
of the polymer zwitterions. With polymer zwitterions, the D,
values exhibited negligible shifts: 1.7 x 107® em® s™* for Au-P1,
1.4 x 107° em? s7* for Au-P2, and 1.9 x 10™° cm? s for Au-P3,
respectively (Fig. S12f and Fig. 5d). Polyzwitterions did not
slow down the diffusion of ferricyanide anions. Similarly, the
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Sample ID DFe(cm)GS— DRu(NH3)63+ Dr..coon Dco2
(x10-6 cm? s1) (x10° cm? s1) (%106 cm? s1) (x10° cm? s1)
Pure Au 1.7+0.09 1.9+0.06 1.6+0.08 0.6
Au-Pl 1.7+0.10 1.7+0.09 1.8+0.04 0.7
Au-P2 1.4+0.05 1.8+0.08 2.0+0.09 13
Au-P3 1.9+0.03 2.0+0.06 2.5+0.12 2.5

Fig. 5 Mass transport properties of all catalysts. (a) CV scans of AuNPs and (b) Au-P3 measured with 5 mM KzFe(CN)g under various scan rates. (c)
Linear relationship between peak current (/) and the square root of scan rates for pure Au and Au-P3. (d) Summary of diffusion coefficient (D) using
various probe molecules including Fe(CN)&>~, Ru(NHs)6>*, Fc-COOH, and COs.
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diffusion coefficient of the cationic probe, Ru(NH;)s*",
showed a similar trend (Fig. S13t). As Fe(CN)¢*~ and Ru
(NH;)*" are significantly larger than proton and water, it is
reasonable to assume that polyzwitterions would not block
the diffusion of protons. The presence of ionic domains in
polymer zwitterions would, in some cases, increase the
diffusion of ions. For example, for large molecular probes
e.g., ferrocene carboxylic acid (Fc-COOH) with slightly more
hydrophobicity, the diffusion coefficient increased approxi-
mately 20% and 50% in the presence of P2 and P3 (Fig. 5d
and Fig. S141) as compared to pure Au. This enhancement
could be attributed to the affinity of the probe for the hydro-
phobic fluorocarbon-rich domain. To gain insight into the
diffusion kinetics of CO, during electrocatalysis, electro-
chemical impedance spectroscopy (EIS) was used to analyze
its diffusion at —0.7 V through a frequency range from 100
kHz to 1 Hz (Fig. S15%). The diffusion coefficient of CO,
approached to 1.3 and 2.5 x 10™° em?® s™* for Au-P2 and Au-P3
with hydrophobic domains, respectively, approximately 2-
and 4-fold increase compared to the unmodified Au/C. Even
though the EIS measurement could not distinguish CO,
diffusion from proton contribution, the proton reduction
contribution was not less significant for Au catalysts modi-
fied by P3.

The diffusion of CO, across polymer ligands was also ana-
lyzed by MD simulations, revealing the nanosecond time scale,
CO, motion is sub-diffusive (Fig. S16t) and exhibits a strong
anisotropy in the Au-P3 system. If we were to compute an
“effective” diffusivity based on the Einstein relationship, the
overall diffusion coefficient of CO, would be 2 x 107% em? s™*
while that along the z-axis would be 8 x 10~® em® s™". This an-
isotropy was not observed in the Au-polystyrene simulations in
which both diffusion coefficients were around 2 x 107° cm?
s~'. Although these effective diffusivities are three orders of
magnitude larger than those measured by the EIS experiments,
the increase of CO, diffusion is dependent on the hydrophobic
perfluorinated moieties of P3. We speculate that the difference
between experiments and simulation might be due to a combi-
nation of two factors. On one hand, the simulations did not
account for chemical interactions and interconversion (e.g:,
carbonate/carbamate formation) between CO, and water/zwit-
terions, which may inhibit CO, diffusion. On the other hand,
charge transfer reactions of CO, may not be fast enough for
the EIS measurement to determine true CO, diffusivity. Based
on the results above, the hydrophobicity from fluorinated sub-
units likely establishes a localized microenvironment that
facilitates transport kinetics and enriches CO, near the Au
surface.

Conclusions

In summary, this study presents a method for controlling the
microenvironment of nanocatalysts by balancing the mass
transport of CO, and protons during CO, electroreduction
through fluorinated polyzwitterions. The combination of zwit-

This journal is © The Royal Society of Chemistry 2024
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terions with fluorinated moieties, notably poly(PFO-MCP, P3),
provides an effective way to enhance selectivity in CO, electro-
reduction. CO FE increased from ca. 60% to 80% for perfluori-
nated P3 modified AuNPs in the range of —0.7 V to —0.9 V, that
is higher than those of small Au nanocatalysts favoring hydro-
gen product. Furthermore, the partial current density for HER,
Ju,, is reduced by approximately 50%. The product ratio ana-
lysis indicates that the desired interface improved the CO/H,
ratio as high as 12.7, 9-fold higher than pure Au. As confirmed
by ATR-SEIRAS, MD simulations, SAXS and diffusion esti-
mation, the phase-separated hydrophilic ionic domains and
fluorinated domains offered separated channels to regulate
reactants, e.g., CO, and water. The fluorinated tail acts to
adsorb CO, molecules; simultaneously, water molecules
permeate extensively into the polymer layer on zwitterions,
forming continuous chain-like structures with 1.9 hydrogen
bonds per molecule in comparison to bulk water with
3.9 hydrogen bonds forming an extended tetrahedral network.
Our results highlighted the critical role of localized microen-
vironments from bioinspired design of surface ligands with
enhanced selectivity forward CO, reduction.
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