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Polymers play a critical role in catalyst design to stabilize metal nanoparticles on the cathode for
electrochemical carbon dioxide reduction reaction (CO,RR). However, electrochemical interactions
between the metal and polymer complex remain unclear due to the lack of quantitative analysis of
catalytic process variations tailored by such structure modifications on the cathode surface. In this study,
we investigate the effects of polymer physical binding on cathode surface polarity, intermediate
adsorption, and the barriers of CO,RR. We examine the resultant selectivity, taking into account mass
transport and charge transfer. Especially, we select polytetrafluoroethylene (PTFE) as the model polymer
to minimize ion flux interference, since the structure of PTFE, with the absence of ionic groups for ion
transport, exhibits unmatched physiochemical performance. By utilizing PTFE, we ensure the integrity of
our observations, enabling a precise analysis of the effects of polymer physical binding on the
performance and selectivity of CO,RR. In addition, a comprehensive multiscale simulation-experiment
tandem analysis is conducted for the PTFE-Cu complex to identify the mass and charge transfer pro-
cesses. Our analysis offers a mechanistic foundation for different CO,RR pathways through both
dynamic processes and molecular mechanisms. Our study reveals an unusual shift of surface reaction
mechanism induced by direct mass transport alternation and indirect charge transfer from the redistribu-
tion of H*/CO, adsorption on the cathode surface. Specifically, our modeling results demonstrate a sig-
nificant enhancement in the binding energy of CO, (from —0.31 eV to —0.38 eV) and critical
intermediates involved in CH,4 generation (from —1.56 eV to —1.63 eV) upon the addition of PTFE. Our
experimental findings validate these results by revealing a 29.9% reduction in surface charge when 10%
PTFE is introduced, in comparison to pristine Cu. This binding energy increment and surface charge
reduction reinforces the CO, reduction process, modifies the CO,RR pathway, and ultimately enhances
the average CH,4 production by 10%. It is worth noting that despite a 32.26% increase in ohmic resis-
tance, the benefits of PTFE addition persist and lower the energy barrier from 1.14 eV to 0.68 eV during
CO protonation. Our findings unveil a novel approach for polymer binding in metal design, leading to
simpler and more effective materials compared to the intricate polymer encapsulation for CO,RR.

Electrochemical CO, reduction is a key strategy of the carbon removal portfolio considering its profitability towards recyclable fuel energy and carbon products.
With the goal of acquiring a highly efficient CO, reduction reaction (CO,RR) without utilizing noble metals and complicated methods, we employ an
integration of multiscale simulations and judiciously designed experiments, and rationalize the necessity of polymer binding catalysts for potential scale-up

application. Polymer-binding catalysts distinctly contribute to electrochemical CO, reduction and promote reaction efficiency compared with conventional
metal catalysts. In this study, polytetrafluoroethylene (PTFE) was selected as the target because of its wide application as a polymer binder backbone in almost
all the cost-efficient modern catalyst designs. As non-conductive materials, polymers could generate a membrane-like effect, alter distributions of molecules

and charges, redefine quantitative profiles of mass and charge transfer, and consequently revolutionize our view of their role in the electrochemical processes.
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Our novel quantitative multiscale analysis of CO,RR reveals substantial electrocatalytic enhancement through physical metal-polymer binding, altering
molecular surface adsorption and polarity on the cathode, while maintaining robust catalytic performance across diverse potentials. With a multiscale-

experiment analysis tool specifically designed to decipher the complexity of the metal-polymer junction, our study innovatively discovered coherent
interactions between polymer-metal catalytic structures and surface reaction processes, which ushers in new pathways of simple metal-polymer cathode

design and analysis for a wide range of affordable and efficient CO, reduction devices.

Introduction

Electrochemical carbon dioxide reduction reaction (CO,RR) is a
prospective pathway to drive down the net cost of carbon
removal while achieving carbon neutrality with potential
commercialization opportunity.! Recent studies focus on the
description and implementation of CO,RR using highly
reactive material systems at the catalytic reaction interface.>?
The long reaction process chains of the CO,RR are characterized
by multiple stages of electron transfer under both equilibrium
and non-equilibrium states,"”” where organic polymers have
been introduced into cathode materials as they can stabilize
electrocatalysis and even influence the product selectivity.®®
Metal-polymer cathode designs exhibit high performance in
terms of catalytic activity and faradaic efficiency.>>"'*"" How-
ever, understanding of polymer-induced cathodic activity and
CO,RR surface reaction processes is still unclear. Given the
essential role of mass/charge transfer in the overall efficiency of
CO,RR process, the lack of mass and charge transfer profiles at
the complex metal-polymer junctional interface poses a major
obstacle for new material design.

Upon the incorporation in the modern CO,RR cathode
design, polymers are often required to be electrochemically
stable during the reduction of CO,. Although a special group of
ionic polymers (ionomers) has been recently introduced as the
catalyst binder to tune the kinetics of electrochemical CO,RR
through specific noncovalent interactions with CO, molecules,***
the ionic transport could dominate the surface process due to the
ion exchange and conduction effects. Hence, the influences towards
the adsorption and electron transfer of CO, mainly come from the
interference of the ionic groups attached onto the polymers.
Whereas in electrochemical CO,RR systems, polymer groups pro-
vide the major functionality for cathodes to enable the exceptional
gas permeability and stability under high voltages, keep the adsorp-
tion of dissolved ionic groups onto the cathode surface, and reduce
the overpotential caused by surface polarization.”® Current knowl-
edge about quantification of surface charge and polymer participa-
tion in electrochemical processes is still limited, hindering
comprehension and rationalization of polymer group functionality
in the CO,RR process. We target in this study polymers without
ionic modifications to avoid the interference from ion flux caused by
ionomer materials and fundamentally elucidate the CO,RR mass/
charge transfer process.

Development of new metal-polymer cathode materials can
be roughly divided into two categories according to the catalyst-
polymer interactions, polymer encapsulation and polymer
binding.>** Although encapsulation could potentially bolster the
polymer engagement in the metal-dominated catalytic process and

This journal is © The Royal Society of Chemistry 2023

strengthen catalytic activity compared to polymer binding, it
requires complicated synthesis steps and delicate condition con-
trols to ensure the modified catalytic structures with good con-
ductivity and proper energy gap.'>"® At the current stage, polymer
binding is a better option as it separates the fabrication of organics
and metals, reduces the complexity of material design, and assures
the flexibility of the target oriented CO,RR system configurations.
Polytetrafluoroethylene (PTFE) has been commonly recognized as
an essential and intrinsic polymer binder for cathode fabrication
due to its high hydrophobicity and physical stability under various
cathodic potentials, making it a preferred choice in the design of
porous or gas diffusion cathodes.'”'® PTFE has been utilized
to prevent cathodic flooding and reduce the thickness of the
diffusion layer wetted by electrolyte.'® Furthermore, PTFE serves
as a crucial backbone for various ionomers used in electrochem-
istry and membrane science (e.g., Nafion?®), and its exceptional
mechanical and chemical performance makes it the most effective
material in CO, reduction reaction applications. Given the variable
electrolyte environments in an electrolysis system, no material has
been proven as a good alternative of PTFE. However, the catalytic
effects of PTFE and other polymers (e.g., polyvinyl alcohol and
polyvinylidene fluoride) have received limited attention,*">* which
primarily attributes to the limited understanding regarding the
relationships between the intrinsic electrochemical properties (e.g:,
polarity) of polymers and the kinetics of the CO, reduction
reaction beyond the premise of polymer stability.* Consequently,
the accuracy of the cathode performance comparison is compro-
mised without considering the impact of PTFE. The evaluation of
PTFE, a vital polymer binder in cathode fabrication, necessitates a
thorough consideration of its impact on both catalytic efficiency
and cathode performance. Due to the exceptional properties
inherent to PTFE, comprehending and assessing its role is of
critical significance in order to augment overall system perfor-
mance further assumes.

Polymers can crystallize by partially re-aligning the molecular
chain structure, and thus they could drastically change the
cathode surface morphology and alter the surface electroche-
mical processes (e.g., mass/charge transfer loss, binding orders)
on the cathode-electrolyte interface.>>° As a result, the polymer
binders in the catalyst may not be electrochemically stable as
were assumed due to the formation of capacitor-like double
layer structure containing both faradaic and non-faradaic
processes.>” Moreover, the magnitude of the interfacial dipole
moment from the molecules attached on the metal surface can
affect the metal function deterministic to the energy barriers of
electron transfer in heterogeneous catalytic reactions (e.g.,
CO,RR).*®?° Therefore, as the direct measurement and charac-
terization of interfacial dipole, cathode surface polarity becomes
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the center stage of our study to elucidate the essential mechan-
isms of the polymers (e.g., PTFE) that alter the selectivity and
efficiency of CO,RR reaction through the surface processes and
catalytical barriers.

In this study, we elucidate the modifications in mass and
charge transfer introduced by PTFE through two interwoven
steps. First, from a modeling perspective, we redesign the multiscale
paradigm to evaluate dynamic CO,RR surface electrochemical reac-
tion process via characterizing mass and charge transfer barriers of
metal-polymer influence from both atomistic and continuum
perspectives (Fig. 1b). Density Functional Theory (DFT) enables us
to illustrate the PTFE effect through adsorption and reaction path-
way calculations, including binding and barrier energies,** > while
electrochemistry identifies the corresponding reaction rates and
CO,RR polarization curves to determine the ideal reaction perfor-
mance associated with the DFT calculations.”** Furthermore, trans-
port modeling provides insights into ion distribution profiles and
the supply of the two pivotal reactants-CO, and H', towards the
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cathode.**** Secondly, from an experimental perspective, we
extensively explore the catalyst’s performance in the presence of
PTFE, which includes Cu yielding multiple products and Sn and
Ag yielding single product (HCOOH and CO, respectively).!
These well-crafted experiments validate the modeling findings
obtained from theoretical multiscale simulations. Through the
seamless integration of these two pivotal stages, our study
demonstrates the catalytic effects of polymers in conjunction
with metals, supported by comparisons of catalysts with and
without PTFE, both in theoretical modeling and experiments.

Using our novel scheme integrating the structure-process-
property multiscale model and a judiciously designed metal/
PTFE experiment, our study reveals that the crystallization of
polymer binders on a metal catalyst can change the cathode
surface polarity and alter the molecular adsorption of reactants
and intermediates. These modifications consequently lead to a
shift in the surface reaction mechanisms. We identify possible
pathways of CO, reduction through the analysis of mass
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Fig. 1 Multiscale demonstration and theoretical analysis of a CO,RR cathodic system with metal-polymer catalyst. (a) Multiscale diagram of CO,RR
cathode and ambient environment on the cathode-electrolyte interface. The design of the metal-polymer complex catalyst system can bolster the
robustness of the cathode and influence the mass and charge transfer process of CO,, H*, and electrons on cathode surface. (b) The three levels of the
multiscale theoretical diagram associated with each scale of the material system in (a). The system level describes the transport and distribution of
molecules in the bulk solution as well as the region close to the cathode surface (from 5 nm to 1.5 cm). The molecular level is critical because all the
ambient environmental factors (e.g., concentration, pH, cations, temperature) would influence CO, reduction through this layer. In this model level, the
mass transport and charge transfer barriers and the surface reaction processes were defined. These processes in the molecular level function as the
bridge between the distribution described by the macroscopic model and reactivity described by the quantum-mechanical model. This model level
functions between 1.6 nm and 5 nm. The atomistic level uses quantum mechanics to calculate the free energies and barrier energies on the cathode
surface. Free energies were used in the microkinetic model to determine the reaction kinetics, while the rate limiting steps were determined via the
barrier energies obtained from the various reaction pathways. The binding energies of reactants, intermediates, and products in CO,RR were calculated
to interpret the stability of adsorbed species. This model level describes the reaction in the atomistic scope within 1.6 nm from the cathode surface.
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transport and charge transfer. By revealing a critical surface
polarity-induced interaction overlooked in previous studies,"®"”*8
our findings provide an unprecedented quantitative analysis illus-
trating the drastic influence of polymer binders (e.g., PTFE) on
surface reaction process of cathodes, unfold the formerly unre-
cognized role of surface reaction kinetics related to polymer
binders on catalyst performance, and consequently formulate
new avenues for future design of CO,RR cathode materials.

Results and discussion

Polymer-induced CO, discrepancy during mass transfer of
surface reaction processes

Relative to metal-only cathode materials, metal-polymer cathode
materials exhibit inconsistent surface polarity due to the notably
lower dielectric constants of the polymer coating on the metal
surface. Although surface polarity is a crucial cathode property, it
has not been fully articulated in previous CO,RR studies as a
result of the difficulty in associating it with intrinsic catalytic
structure of the cathode material.” This gap can be addressed
using the electrochemical analysis in our multiscale paradigm
(Fig. 1), which bridges the discontinuity of conventional multi-
scale studies and provides a feasible path to determine the
complex metal-polymer interactions. Conventional understand-
ing infers that cathode polarity influences CO,RR efficacy in two
aspects.”®?° Firstly, due to the redistribution of the active sites on
the catalyst, CO, is immensely influenced by polarization and
more likely to adhere to the electrode surface. Secondly, subsided
double layer capacitance with low polarity mitigates the potential
drop in the Helmholtz layer located around 5 nm away from the
catalyst surface (Fig. S2a, ESIT), and raises the charge transfer
rate. Concurrently, surface polarity is tuned by modifying the Cu
cathodes using PTFE in the experimental design of this study,
where a clear trend of surface coverage alternation has been
found from Cu dominance (blue in Fig. 2a) to PTFE-Cu mixture
(vellow in Fig. 2a). The results of contact angle and surface charge
measurements confirm the direct correlation between surface
polarity and the PTFE amount mixed with Cu nanoparticles as
the higher amount of PTFE are associated with larger contact
angle (contact angle grows from 26° to ~90°, Fig. 2c), while the
mixing of PTFE drastically changes the cathode surface charge
(Fig. 2d). Furthermore, the PTFE-covered surface exhibits a
relatively smoother pattern and has larger particle cluster size
compared to the pristine Cu cathode, which manifests the
bridging effects of PTFE between Cu nanoparticles and the lower
availability of active sites for catalytic processes of CO,RR.

An explicit understanding of PTFE for CO, reduction neces-
sitates an investigation into the composition and coverage of
PTFE on the Cu catalyst surface. To address this requirement,
we employed energy-dispersive X-ray spectroscopy (EDAX) and
analyzed the composition and elemental distribution of the
cathode (Fig. 2b). Such analysis is crucial for determining the
functionality and effectiveness of PTFE in facilitating the CO,
reduction process. The results demonstrated a consistent and
uniform distribution of both PTFE and Cu throughout the

This journal is © The Royal Society of Chemistry 2023
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entire range of PTFE ratios. Furthermore, when combined with
the scanning electron microscopy (SEM) results, we observed
that PTFE does not cover the entire surface of Cu (Fig. 2b),
which allows for active spaces suitable for CO, reduction. In
addition, the experimental results of PTFE ratio obtained from
our study aligns closely with the theoretical values we had set
(Table S1, ESIT). Characterization through X-ray diffraction (XRD)
and SEM points towards crystallization in the PTFE-Cu catalysts
as opposed to the pristine Cu, suggesting an influence on both
non-faradaic mass transport and faradaic electron transfer dur-
ing interfacial reaction processes (Fig. 2b and e). Due to their
distinct structure and physiochemical compositions, Cu and
PTFE are usually weakly bounded without involving chemical
interaction, as suggested in prior studies and applications.**3°
The physical binding and the presence of weak interactions
between Cu and PTFE observed in this study are consistent with
our initial expectations. This outcome aligns logically with our
objective, confirming the effectiveness of PTFE in facilitating the
desired binding interactions on the cathode.

In the context of physically interaction between PTFE and
catalyst metal, hydrophobicity plays a critical role in the poly-
mer binder of PTFE during the process of molecular mass
transfer on the PTFE/Cu surfaces and interfaces. This hydro-
phobic nature of PTFE creates more efficient CO, throughput
pathways towards metal catalysts compared to ion transport,
particularly with respect to cations for the cathode, leading to
improved catalytic activity and overall performance in the
system. For heterogeneous catalytical process, mass transfer of
gaseous and aqueous reagents onto solid cathode surface is the
major limitation of electrochemical CO,RR at the triple-phase
(gas-liquid-solid) catalytic interface, because of the barriers
generated by gaseous reactant dissolution and molecular trans-
port in electrolyte.** In addition, the proportion and attachment
of CO, and cations (e.g., H', K" in this study) on the cathode
surface can be substantially influenced by the potentials applied
(Theory S.1.1 and Fig. S1, ESIt). Because the reagents at the
large scale (in the bulk solution) are well mixed with CO,
continuously pumped into in the experimental system, we
assume that all the molecules and ions are distributed in a
relatively constant manner in the simulation. Our simulation
results indicate that the accumulation of H and K' in the
Helmholtz layer under the negative applied potential renders
a dense layer with opposite charge and contributes to an electric
potential drop near the electrode surface according to Gouy-
Chapman theory (Fig. S2b and c, ESIf). In addition, a concur-
rent descend of CO, concentration is found in the Helmholtz
layer, which can be interpreted as a decline of CO, adsorption
free energy under high ionic strength (Eq. 6) and lead to a near-
zero status at the junction of the cathode surface and the
Helmholtz layer (<—0.6 V, Fig. 1b and Fig. S2d, ESIf). A
previous study of Ag catalysts displayed a similar trend and
attributed this phenomena to the steric effect,’® in which most
of the space on the cathode surface was occupied when the
cations possess more affinity under the negative potential.

Steric effects on the cathode surface during non-faradaic
mass transport reveal a dominance of positively charged polar

Energy Environ. Sci., 2023, 16, 4388-4403 | 4391
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Fig. 2

Illustration of the impact of Cu and PTFE on CO,RR cathode morphology. (a) Diagram of Cu and PTFE impact on CO,RR process. The alternation

of surface polarity tilts the equilibrium of the molecular distribution in the Helmholtz layer away from polarization, thereby boosting the CO,
concentration on the cathode surface. (b) SEM images (top) and EDAX elemental analysis (bottom) of pristine Cu cathode (green for Cu element) and
PTFE—-Cu cathode (orange for F element) with the PTFE ratios from 5% to 20%, indicating the even distribution of metal and polymer on the cathode. The
PTFE is marked by orange dash square in the SEM images. The corresponding SEM images of EDAX mappings have been included in Fig. S27 (ESI¥). (c)
Water contact angles of pristine Cu cathode and PTFE—-Cu cathode with the PTFE ratios from 5% to 20%, which show the influence of different ratio of
PTFE on the Cu catalyst polarity. (d) Variation of the cathode surface charge with the ratios of Cu to PTFE and the pH of bulk solution. (e) The XRD results

of the pristine Cu and PTFE-Cu cathodes with the PTFE ratio from 5% to 20%. PTFE (100) peak rises with the increase in the PTFE content.

cations over uncharged non-polar CO, molecules (Fig. S2,
ESIY). Given the coexistence of polar (K*, H', and H,0) and
non-polar (CO,) molecules, the dynamic mass transfer of
CO,RR is controlled by the balance between electrostatic forces
and van der Waals forces on the cathode.*'™ Lower surface
polarity results in the smaller cathode surface occupied by the
cations. In fact, the simulation results indicate that the surface
concentrations of K* and H' are suppressed at low cathodic

4392 | Energy Environ. Sci., 2023, 16, 4388-4403

polarity as the PTFE amount rises (Fig. S3a and b, ESIY).
Simultaneously, the corresponding Nernstian loss merely dwin-
dles by 0.0056 V (Fig. S4, ESIt), indicating that PTFE scarcely
affect the equilibrium reactant concentration on the cathode.*®
These results further underscore that the conventional under-
standing (i.e., PTFE alters CO, surface coverage) falls short in
explaining the reagent distributions governed by steric effects.
A more profound relationship exists between mass transport

This journal is © The Royal Society of Chemistry 2023
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and charge transfer, which is intricately linked to the surface
polarity and adsorption induced by PTFE.

Charge transfer partiality instigated from metal-polymer
cathode surface polarity

The bonding and interaction of CO, with catalysts plays a
fundamental role in determining CO, conversion and kinetics
on conventional metal catalysts, which directly influence the
charge transfer process. In the context of our study, it is
important to consider how the presence of PTFE may impact
the charge transfer in the CO,RR process. By examining the
bonding and interactions of reactants and intermediates, we
can understand the broader implications of PTFE on the charge
transfer dynamics in CO,RR. This consideration becomes vital
in elucidating the overall mechanism and efficiency of the CO,
conversion process facilitated by the PTFE-modified cathodes.

To explore charge distribution and transfer in the context of
CO,RR, we employed the first-principle computations based on
DFT. These computations allowed us to describe molecular
interactions and reactions involved in the CO,RR process.*’ "
The application of such methods to physically bind metal-
polymer cathodes has been limited due to the relatively weak
interactions and the complexity of molecular profiles at
organic-inorganic junctions (Fig. 1a). Moreover, some previous
studies had adopted continuum models with DFT to elucidate
the basic kinetics of the (quasi-)equilibrium reaction for metal-
polymer junctions, which are still in their infancy for predicting
CO,RR (Fig. S1, ESIf).>***® We addressed this issue by
incorporating PTFE effects in a bottom-up strategy starting
from the atomistic level.

In our DFT study to explore metal-polymer interactions, Cu
emerges as a standout candidate among all CO, reduction
catalysts. Its unique ability to generate multiple products through
distinct pathways provides a valuable opportunity to investigate
the influence of polymers on charge transfer phenomena." We
specifically selected the Cu (111) surfaces due to their exceptional
stability and widespread occurrence, ensuring reliable and rele-
vant experimental conditions (Theory $1.3, ESIT).>” Considering a
relatively weak non-faradaic mass transport of CO,, the charge
transfer towards CO, should be closely related to the two
dominant cations (K" and H") in the Helmholtz layer via different
surface mechanisms. Unlike K* that does not react in CO,RR
systems, H' acts as a major electron acceptor competing with CO,
molecules in the faradaic process involving electron transfer.>®
Although binding energies of CO, and H' are approximately
similar during the adsorption process (Fig. S5 and S6, ESIt), a
strong binding of *COOH compared to *H (* represents binding
to the catalyst) indicates that the initial step of CO,RR involving
the first proton-electron pair transfer and COOH formation is
thermodynamically more favorable than the hydrogen evolution
reaction (HER) with a lower value of *H, energy barrier (EB, —0.05
eV) compared to that of the *COOH EB (—1.88 eV) and reaction
pathway (Fig. S5-S7, ESIt).”>® The charge transfer coefficient (o)
clearly manifests this trend, in which the onset of electron
transfer toward CO, fosters o on the cathode (Fig. 3a) and
shifts the energy of protonated *H---CO, at the transition state

This journal is © The Royal Society of Chemistry 2023
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by 1.89 eV compared to that of the pre-protonation state (Fig. 3b
and Fig. S7, ESIT). Such a tendency leads to the dissociation of
the *OC-OH bond, which has a relatively low barrier energy to
generate *CO (0.89 eV, Fig. 3b and Fig. S8, ESIT). Our findings of
pristine Cu are in strong concurrence with other pioneering
studies conducted earlier in this field.***°>®" The projected
density of states (DOS) shows that CO, protonation leads to an
upward shift of the C-p and O-p DOS to ~4 eV with empty
orbitals (Fig. 3e-g). Similar results are observed at the transition
state (*H- - -CO,, Fig. 3d) with slight delocalization of the C-p and
O-p peaks (Fig. 3h). However, the scenario of DOS becomes
different during the second electron transfer of CO, reduction
that involves the dissociation of *COOH to *CO- - -*OH. The high
adsorption energy stabilizes COOH on the Cu(111) surface and
leads to strong hybridization between the Cu-d and O-p states
near the Fermi level (—4 eV to —2 eV, Fig. 3i), which further
facilitates the appearance of additional peaks at higher energy
ranges (2-4 eV, Fig. 3j) and mitigates the barrier energy.

The incorporation of PTFE into Cu enhances the cathode’s
surface properties, such as surface polarity and CO, adsorption
characteristics. These alterations considerably affect the asso-
ciation and dissociation processes of atomistic bonds, thereby
influencing the charge transfer dynamics occurring on the
cathode surface during CO,RR (Table S5, ESI{). We observed
that despite the relatively weak physical binding between PTFE and
Cu, the addition of PTFE has a substantial impact on the binding
energies of CO, and intermediates. In a more detailed manner, the
effect of PTFE is demonstrated at the atomistic level, where a
monomer (TFE) of PTFE is introduced in close proximity to the
co-adsorbed reactant (CO,) and several reaction intermediates,
including COOH, HCOO, CH,0, CHO, and CH, (Fig. 4). The CO,
binding is enhanced due to the presence of TFE (from —0.31 eV to
—0.38 eV), indicating a strong promotion effect on CO, reduction.
This agrees with previous findings that PTFE bolsters the CO,
binding.®*®* Further, the presence of TFE results in a less charge
donation of CO, to its surrounding compared to that of without TFE
(gc = +1.98e and g, = +1.12¢). This is due to the high electronega-
tivity of fluorine atoms located close to CO,. Among the reaction
intermediates, COOH, HCOO, and CHO display enhanced binding
in the presence of TFE (Fig. 4). It should be noted that presence of
TFE weakens the CH, binding with Cu, indicating that CH, could
be readily desorbed after its formation.

The introduction of PTFE into Cu resulted in two notable
changes in adsorption when comparing the effects of PTFE on
binding energies. First, the addition of H' to the carbon atom
of CO, and CO enhances the chemisorption of intermediates
such as HCOO (from —2.99 eV to —3.06 eV) and CHO (from
—1.56 eV to —1.63 eV) (Fig. 4), thereby promoting the reaction
pathway towards the generation of CH,. Second, as more H' is
added, PTFE radically reduces the binding energy. For example,
as CHO is transformed into CH,O, the binding energy drops
from —0.4 eV to —0.12 eV. Remarkably, the binding energy
of CH, with PTFE (—0.02 eV) is even lower than that of H,
(—0.22 eV), indicating a massive promotion of CH, production.
Overall, these observations emphasize the profound influence
of PTFE on the binding energies of reactants and intermediates,
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Fig. 3 Atomistic energies and density of state regarding to the charge transfer process. (a) Equilibrium charge transfer coefficient alternation in different
stages of the HER/CO,RR reaction. (b) Free energy and barrier energy profile of the reaction from CO, to CO (Table S2, ESIt). The energy barrier of *CO,
protonation is 1.88 eV. As an initial step, the CO, is adsorbed on to the catalyst surface. Several symmetrically inequivalent sites of Cu(111) surface are
considered for the CO, adsorption along with various CO, orientations to determine the stable adsorption configuration. The atop site, bridge site, and
the hollow sites are considered among the surface sites, whereas the parallel and perpendicular orientations are considered among the molecular
orientation. The deformation of CO, happens during activation and favors protonation of oxygen atoms due to their stronger electronegativity. The CO,
is first protonated to form the adsorbed COOH which thereafter dissociates and forms the adsorbed CO and the OH group. (c) The free energy and
barrier energy profile of the protonation of CO. This figure describes the free and barrier energies of CH4 generation associated with oxygen favored
protonation. In addition to the outset of CO protonation, further protonation of the reaction intermediates towards methane formation lowers energy
barriers with values of 0.75 eV, 0.5 eV, 0.83 eV, and 0.73 eV, respectively, for the reactions in Mechanism | (Table S3, ESI}). (d) The free energy and barrier
energy profile of the protonation of CO. This figure describes the Mechanism Il for CH,4 generation associated with carbon-favored protonation, leading
to the energy barrier values of 1.42 eV, 0.44 eV, 0.28 eV, and 0.77 eV (Table S4, ESIY). (e) The site-projected density of states (DOS) for the free CO5. (f) the
DOS for the pristine Cu(111) surface. For the free CO, (e), the projected DOS is primarily located within an energy range of —6 eV to —2 eV and remains
occupied. (g) The DOS for the absorbed CO, and H* as reactants on Cu surface. (h) The DOS for the transition state of *H---CO, on Cu surface. (i) The
DOS for *COOH after the CO, protonation. (j) The DOS for the *CO and *OH. The Fermi level is set to zero eV and is leveled as the vertical black line.

underscoring its role in modulating the charge transfer and
favorably affecting the CO, reduction process.

In addition to the aforementioned observations regarding
the effects of PTFE on the binding energies of CO, and inter-
mediates on Cu, the CO, protonation process and the relative
abundance of H" and CO, in the Helmholtz layer are central in
the CO, reduction mechanism. The protonation of carbon and
oxygen atoms during CO,RR is associated with different energy
barriers and reaction pathways. A previous study had revealed
that the Eley-Rideal (ER) mechanism is more favorable than

4394 | Energy Environ. Sci., 2023, 16, 4388-4403

the Langmuir-Hinshelwood (LH) mechanism when H' was
added to oxygen atoms.®* Specifically, the results of CO,RR
current density test imply that the charge transfer coefficient
rises in the CO, activation stage (Fig. 3a), which signifies the
existence of a fast charge-transfer-induced water dissociation to
provide H" and support H-O-C-O bond association. Therefore,
the key step is the proton—electron induced oxygen dissociation
from CO, molecules.®® Given the oxygen-favored protonation
process, the ER mechanism is more likely to be dominant
during CO, activation and protonation, which is consistent

This journal is © The Royal Society of Chemistry 2023
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with the results of cation domination from the mass transport
simulation (Fig. S2, ESIT). According to the ER mechanism, CO,
molecules can directly form H-O-C-O bond without pre-
bonding onto the cathode in advance, and thus the steric effect
limitation (K" and H" dominate the cathode surface) can be
eliminated. Moreover, although conventional polymer groups
are not expected to participate in the electron transfer pro-
cesses, they can still affect the destination of electrons transfer
through adsorption of reactants and intermediates by changing
the surface polarity, where ER-induced mechanism (Mecha-
nism I) and LH-induced mechanism (Mechanism II) for CH,
generation is also galvanized.’®®® Adsorption sensitivity of the
cathode surface towards CO, a vital CO,RR intermediate, plays
a critical role in the protonation process (Fig. S9, ESIt). From
the DFT-calculated barrier energies we can perceive that Mecha-
nism I favors oxygen protonation (Fig. S10, ESIt). *CO is first
deoxygenated with an energy barrier of 1.14 eV as the rate
determining step (Fig. 3c). In contrast, the carbon atom on *CO
overcomes an energy barrier of 0.68 eV and is protonated prior
to the oxygen atom in Mechanism II, inferring a more favorable
path compared to the ER at this step (Fig. 3d and Fig. S11,
ESIT). The EB of CO protonation for Mechanism II indicates the
second electron transfer is the rate-determining step (Fig. 3d).
The surface stability contributed by protonation raises the
energy barrier of C-O dissociation (EB: 2.06 eV) under this
mechanism as opposed to *CO generation (EB: 0.89 eV).
Although the mechanism of direct charge transfer for CO,RR
at the metal-polymer physical interface remains unclear, our
study unveils that surface polarity of cathode can influence the
charge transfer to CO, indirectly through mass transport and
protonation process.

This journal is © The Royal Society of Chemistry 2023

Overall, in the context of various pathways related to the CO,
protonation process, the metal and the polymer may exhibit
distinct preferences towards ER-induced mechanism (Mecha-
nism I) and LH-induced mechanism (Mechanism II) due to
their varying polarities and affinities towards reactants and
intermediates. In fact, from the analysis of energy barriers in
our multiscale paradigm, a pathway of aldehyde (CHO) in
Mechanism II is more favorable than methylidyne (CH) in
Mechanism I for CH, formation given that Mechanism II has
a lower EB (0.67 eV) than Mechanism I (1.14 eV) (Fig. 3c and d).
Subsequent reactions also stipulate the higher preferability for
Mechanism II, which has lower energy profiles than Mecha-
nism I (Fig. S12-S14, ESIt). Relative to the CO, activation stage,
the C atom protonation in Mechanism I and CO protonation in
Mechanism II have higher energy barriers (EB) (Fig. 5¢ and d),
requiring excessive H' in HL to promote the forward reaction
rate (Theory S2, ESIT).

Dual effect of mass and charge transfer in a CO,RR system with
metal-polymer cathode

The preceding section elucidates the pivotal roles of binding
energy and charge transfer in determining the pathway of
CO,RR, with the relative abundance of H" and CO, being the
crucial factors influencing CO, protonation process. Conse-
quently, both mass transport and charge transfer become
essential in shaping CO, reduction selectivity, as they control
the concentration of H" and CO, in the vicinity of the cathode.
The mass discrepancy of CO, near the cathode surface in the
mass transport simulation (Fig. S2-S4, ESIt) implies that the
essence of mass transfer is the re-balance of CO, in the
Helmbholtz layer. Compared to the pristine Cu, the PTFE-Cu
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surface attracts higher concentration of CO, due to larger
surface polarity, thereby minimizing the CO, mass transport
loss (Fig. 5a and b). The experimental polarization curve under
different ratios manifested that 5-15% of PTFE in Cu over-
comes the mass transport barriers encountered in the pristine
Cu, indicating that PTFE immensely improves the efficiency of
CO, transport as the cathodic potential ascends (Fig. 5c). The
PTFE ratio of 5% displays a similar trend compared to the
pristine Cu, meaning that small surface polarity change does
not affect the CO, mass transport efficiency (Fig. 5c). Further-
more, the experimental results of polarization curve show that
extra polarity (>15% PTFE) causes an even higher activation
loss (Fig. 5a and b) and ohmic loss (Fig. S15, ESIt), manifesting
the shift of the major reaction barrier from mass transport to
charge transfer, which is consistent with the simulation of
the charge transfer coefficient (Fig. 3a) and surface charge
characterization (Fig. 2c). Due to the cathode morphology

View Article Online

Paper

alternation, 10-15% PTFE renders a uniform surface by filling
the gap of Cu nanoparticles and linking them together to
promote the mass transfer efficiency (Fig. 2b). However, higher
PTFE coverage (>15%) invades the regular and continuous Cu
cluster structure, compromising the electron transfer across
the catalytic interface (Fig. 2b and 4c).

In parallel, the charge discrepancy at the cathode-electrolyte
interface is also discovered. The experimental polarization
curve illustrates that the onset potential of CO,RR ascends
with higher amount of PTFE (Fig. 5¢), meaning that the activa-
tion limitation during charge transfer rises with higher surface
polarity (Fig. 5b), which is consistent with the simulation
results (Fig. 5d). In addition, in the heterogeneous double layer
zone (Fig. 1b), the cathodic surface charge density (p) varies
linearly with the potential applied, while the ionic charge
density (p;) in the Helmholtz layer only procures a minor
alternation under low cathodic potential (>—0.7 V vs. RHE)
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Fig. 5 Quantitative analysis of polarization curve, charge transfer barrier, and mass transfer barrier under the impact of CO,/H*, potential, and PTFE.
(a) Potential being consumed in four stages of CO,RR, including activation (before CO2RR onset), 1st kinetics (Mainly CO generation), mass transport
(M.T.) limitation, and 2nd kinetics (mainly CH4 generation). (b) Comparison of potential alternation in different stages under different ratios of Cu from
100% to 80% (mixed with PTFE). (c) Experimental total polarization curve of CO,RR from 0 V to 2.1 V on the cathode surface with response current
density (C.D.). The sweeping step is 0.005 V. (d) Simulation of total polarization curve from multiscale analysis. (e) Simulated results of surface charge
density and ionic charge density. The accumulation of ionic charge density manifests the dynamic cation-induced concentration polarization, hence
further lessening the electric potential in Helmholtz layer. (f) Variation of Nernstian losses contributed by HER and CO,RR according to the current
density obtained from CO,RR experiments under potentials between 0 V and —0.8 V vs. RHE.
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(Fig. 5e). This phenomenon is in align with a high concen-
tration polarization near the cathode surface before the onset
of CO,RR, where the cation-induced ionic charge density
rapidly surges and thereby reduces the cathodic potential in
the higher-polarity Helmholtz layer (Fig. S2a, ESIt). The results
of the onset potential and surface charge tests demonstrate that
the charge transfer in CO,RR is more sensitive to the alterna-
tion of cathodic potential rather than intrinsic surface polarity
(Fig. 2c and 4b).

Based on charge and mass analyses, we confirm that the
polymer exerts its influence on metal catalytic functions
through two main mechanisms: the binding energy modifica-
tion of reactants and intermediates, and the surface polarity
adjustment. These mechanisms, in turn, modulate the mass
transport during CO,RR. The direct impacts on charge transfer
are evident, particularly during the activation stage of CO,, as
this phase is intertwined with the adsorption of these mole-
cules. Moreover, our experimental results indicate that with the

View Article Online
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same flow rate and partial pressure of CO, into the catholyte
solution, CO, concentration remains the same in the bulk
solution, while pH drops mildly throughout the entire testing
period, indicating that H" prompts more Nernstian loss than
CO,RR (Fig. 5f). Hence, the change in chemical composition on
the cathode surface is mainly caused by H' rather than CO,. In the
low potential range (<1 V vs. Ag/AgCl) where HER dominates, the
relatively high HER efficiency (~ 80%, Fig. 6a) is driven by the ps—p;
discrepancy.”” In the high potential range (>1.5V vs. Ag/AgCl)
where the CO, reduction dominates, a higher rate of electron
transfer towards CO, undermines the charge-transfer induced
water dissociation, and thus the polarization on the cathode
surface is attenuated (Fig. 5e).

As discussed above, rebalancing CO, and H' involves a
dynamic interplay between mass transfer-induced steric effects
(molecular distribution) and charge transfer-associated binding
energy (molecular adsorption). With the addition of PTFE, these
interactions can be fine-tuned, which influence the relative
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Fig. 6 Product analysis of CO,RR with metal—polymer catalysts. (a) Comparison of the faradaic efficiency (F.E.) under different potentials and PTFE
amounts during CO,RR. (b) Comparison of the current density (C.D.) under different potentials and PTFE amounts during CO,RR. (c) Simulated
polarization curve and experimental validation of response current density of CH4 under different potentials and PTFE amounts. (d) Simulated polarization
curve and experimental validation of response current density of CO under different potentials and PTFE amounts.
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abundance of CO, and H' species. Given the combined effects
of mass and charge transfer, CO, still overthrows H" as the
major electron acceptor with higher faradaic efficiency (Fig. S16,
ESIT) despite the decline of concentration under more negative
potentials (< —0.6 V),%” implying that the electrons transferred
to CO, in the inner Helmholtz layer may not contact directly
with the catalyst. The multiscale simulation reveals a possible
pathway through the ER mechanism (Mechanism I) as H'
cumulates on the cathode surface (Fig. S2c, ESIt), and the
experimental results demonstrate that the cumulation of K'
exerts a significant impact on CO, reduction (Fig. S2b and S17,
ESIT). Previous studies postulated this circumstance as the
result of complex many-body correlations and the mutual
interaction of chemical species.’® We find that the presence of
metal-polymer catalyst surface redistributes the charges on the
CO, molecules (Fig. S18, ESIT) and promotes the activation of CO,.
Under the structure of catalyst-cation-CO, triple connection, the
cations act as a bridge for the electron transfer, avoiding the
intrinsic high electron conductive barrier of PTFE polymer (Fig.
S19 and S20, ESIT). Consequently, the conduction of cations in the
outermost electron layer exerts considerate impact on the electron
transfer efficiency, and reactive alkali metal atoms (e.g;, Na*, K')
are more competent to promote CO, activation. Our result further
proves that a shorter vertical distance (1.16 A) between K (+0.84¢™)
and CO, promotes a greater charge transfer from cation to CO,
than does a longer vertical distance (1.89 A) for Na' (+0.80e") to
CO, (Fig. S19 and S20, ESIt). CO,RR tests were conducted in both
0.1 M KHCO; and 0.1 M NaHCO; solutions as an evaluation in this
study. The presence of K' in the reaction outperforms Na' in both
current density and faradaic efficiency (Fig. S17, ESIT), indicating
the importance of cations as the bridge for the charge transfer in
CO,RR process.

Experimental demonstration of CO,RR pathway shift induced
by polymers

To ascertain the mass—charge transfer modulation introduced
by PTFE and its consequent impact on CO,RR selectivity, we
conducted a series of experimental tests. The results of water
contact angle and surface charge (Fig. 2b and c) reveal that the
surface polarity rises with higher amount of PTFE, while the
overall polarization curves under different PTFE ratios exhibit a
similar limitation of mass transport and charge transfer com-
pared to the simulation results (Fig. 5¢ and d). As we dive into the
faradaic efficiency results of CO and CH, generation in CO,RR
tests, the effects of PTFE on CO,RR activation and protonation
are further confirmed through the multiscale analysis (Fig. 5a).
We specifically focus on the CO/CH, products due to their
straightforward composition and short reaction chain. These
products are easily testable through both experimental validation
and multiscale simulations, enabling us to gain a thorough
understanding of how surface polarity influences the selectivity
and efficiency of CO,RR. Given the primarily mediating role of
PTFE that involves the processes like CO, adsorption and
H' redistribution through surface polarity modification, the
influence of PTFE on the final performance may not manifest
as readily as with direct catalytic materials like Cu. To clarify
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these trends, we investigated the faradaic efficiency (FE) statisti-
cally for both CH, and CO. The results exhibited completely
opposite patterns, in which CH, generation reaches its peak at
10% PTFE, while CO production is suppressed the most com-
pared to the pristine Cu catalyst (Table S6, ESIt). At the activation
potential (~—1.0 V vs. Ag/AgCl), the PTFE-Cu cathode possesses
a lower faradaic efficiency but a higher current density, implying
that incorporating PTFE may stimulate the CO, reduction
(Fig. 6b), especially the CH, generation at the ascending poten-
tials, since PTFE aggregates CO, molecules in the Helmholtz
layer and alleviates the mass transfer limitation by increasing the
CO, binding energy on the catalyst and improving the relative
abundance of CO,/H" (Fig. 4 and 5b). The electrochemical
impedance spectroscopy (EIS) tests also prove that the PTFE-Cu
surfaces within 5-15% PTFE loadings have the lowest diffusion
resistance in 0.1 M KHCO; solution, while the charge transfer
resistance is similar to the pristine Cu surface (Fig. S21 and S22,
ESIt). Further increment of PTFE ratio (>15%) escalates both
charge transfer and diffusion resistance (Fig. S21 and S22, ESIY),
which is attributed to the curtailment of active sites and is
consistent with the FE results (Fig. 6a and 5b). The simulated
polarization curves and the experimental results exhibit a similar
trend of CH, current density (Fig. 6¢). In contrast, the experi-
mental CO polarization curve exhibits a relatively lower current
density compared to the simulated results (Fig. 6d), meaning that
in the reaction occurring in the experimental system, the EB
of CO, protonation is higher than the H-O bond association
(1.89 eV). Because the mass transport limitation in the overall
CO,RR polarization curve was found at around 1.5 V vs. Ag/AgCl
in our experimental system (Fig. 5c), we infer that the mass
transport of CO, becomes the major limitation of the whole
reaction system.

To assess the impact of PTFE on metal catalyst performance,
we further expanded our experimental investigation to include
two catalysts (Sn and Ag) yielding single product. Sn is known to
mainly produce HCOOH,®® while Ag exclusively produces CO.%°
The results obtained from the Sn catalyst exhibited a similar
trend to that of Cu (Fig. S23a, ESIt). Under the addition of 10%
PTFE, the Sn cathode had the best performance, indicating that
the inclusion of PTFE enhanced the protonation of CO, during
the reaction and improved catalytic activity. However, with an
increase in the PTFE ratio to 15% and 20% in the Sn catalyst, the
FE dropped below 80%, which is caused by the higher cathodic
resistance and blockage of active sites due to the higher PTFE
content. The higher resistance likely hampers the charge transfer
and diminishes the overall efficiency of the CO, reduction
process. A similar trend was observed in the Ag catalyst test,
where the incorporation of 5% and 10% PTFE outperformed the
pristine Ag cathode, leading to a higher COyield (Fig. S23b, ESIY).
However, increasing the amount of PTFE beyond this point
resulted in higher resistance, limiting further enhancements in
reaction efficiency. Through the examination of Sn and Ag
catalysts, we provide additional evidence to reinforce our findings
concerning the impact of PTFE and explicate the influence of
PTFE on the protonation of CO, and the subsequent catalytic
performance.

This journal is © The Royal Society of Chemistry 2023
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The consistent trend observed in the experiments of both
the Cu catalyst yielding multiple products and the Sn and Ag
catalysts yielding single product underscores the enhanced CO,
reduction selectivity and efficiency with the addition of PTFE.
These findings further emphasize the pivotal role played by
surface adsorption and polarity in the design of CO,RR cata-
lysts. As the polarization curve results for CO and CH, display
different correspondences with the multiscale simulation, it is
critical to control mass transport towards the catalyst surface so
as to tune the CO,RR selectivity.”””* In the Helmholtz layer,
excessive accumulation of H' is suppressed on the PTFE-Cu
cathode surface, since a lower polarity minimizes cathodic
double layer capacitance amplifies surface affinity towards CO,
(Fig. 5e). A previous study had discussed the implicit involve-
ment of H" and the consequent pH sensitivity on the pristine
Cu,* whereas our study illuminates that with the lower cathode
surface polarity induced by PTFE polymer, the H' can also be
tuned by changing the surface mass transport properties to
enhance CO, reduction (Fig. $24, ESIt).”*”* Therefore, according
to our study, the charge transfer dynamics are enormously
affected by the changes in molecular adsorption of reactants
and intermediates. The metal-polymer catalyst influences the
reaction selectivity through modifying the relative abundance of
H' and CO, on the surface. This effect is particularly important,
as it occurs in conjunction with variations in the mass transport
barrier due to surface polarity.

In the context of Cu-PTFE cathode, our study has unveiled
another aspect related to surface adsorption and polarity. Specifi-
cally, we observed an intriguing disparity between the charge
transfer coefficient and current density during CO protonation in
our experiment (Fig. 5a and 6b). This discrepancy leads to a decline
in the cathodic exchange current density of CO,RR and signifies a
disruption of the equilibrium state. This finding can be induced in
two ways. First, the conversion of molecules alters the species
coverage. The high binding energy of CO (—1.03 eV) intensifies
the accumulation effect and reduces the active sites prior to CO
protonation (Fig. S5 and S6, ESIt). Second, H' is redistributed over
the course of the CO,RR and fluctuates the rate constant at the high
free energy barrier of protonation.”

Conclusion

Our multiscale simulation-experiment approach offers an in-depth
generic understanding of the catalytic impact of PTFE on metal
catalysts, extending beyond the conventional comprehension of
hydrophobicity alone on metal catalyst surfaces. This rigorous
investigation is accomplished through five key steps:*"*>>%7¢

1. We characterized the distribution and interaction of
Cu-PTFE, elucidating the physical bonding and weak inter-
action, as well as the even spatial distribution of Cu and PTFE
on the cathode. This step provided valuable insights into the
physical and chemical properties of the Cu-PTFE interface.

2. Being cognizant of the Cu-PTFE characterization, we
further explored the functional attributes of PTFE within the
cathode system, considering factors such as hydrophobicity,

This journal is © The Royal Society of Chemistry 2023
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CO, adsorption, surface polarity, and various other pertinent
aspects. We found that polymer binding with metal catalyst
changes the polarity of cathode surface, reshaping the distribu-
tion of H" and CO, adjacent to the cathode surface affects
charge transfer towards CO,.

3. Having gained an in-depth understanding of PTFE func-
tionality, we proceeded to examine the alternation in charge
transfer processes influenced by PTFE, in which although the
polymer does not participate in the electron transfer directly, it
can influence the reaction through the adjustment of reactant
adsorption and intermediate adsorption.

4. Along with charge transfer, we further investigated the
mass transfer resulting from the addition of PTFE. Our study
reveals that the CO,/K'/H" distributions on the cathode surface in
the Helmholtz layer can be altered through PTFE-induced mass
transport. With the existence of PTFE, the increment of CO,
permeability escalates the forward reaction rate, while the decre-
ment of cations reduces the cathodic polarization, enabling lower
overpotential for the activation of CO, molecules.

5. As the final step, we expanded conventional evaluation
experiment protocols to thoroughly validate our newly uncovered
discoveries. Our primary conclusion from the Cu-PTFE experi-
ment is designed to illustrate the PTFE-induced selectivity altera-
tion, which aligns well with the results obtained from our
modeling analysis. Subsequently, the Sn/Ag-PTFE experiments
were conducted to eliminate any interference caused by the broad
product spectrum observed in Cu. These experiments validated the
changes of PTFE-induced performance and assessed the accuracy
and universality of our findings across a wide range of catalysts.

Furthermore, our DFT and DOS results reveal that different
pathways of protonation from pro-oxygen to pro-carbon in the
CO,RR can be controlled by the surface polarity, which requires
further study with advanced in situ techniques to prove. These
vital findings transcend the conventional cognitions about
polymer functions in the CO,RR cathode design and strongly
indicate that physically bound polymers can influence the
efficiency and selectivity of CO,RR on metal catalysts, and thus
providing a scientific support for more flexible material combi-
nation strategies.

In summary, we report a unique and comprehensive multi-
scale simulation-experiment tandem study and demonstrate
that the structure-induced crystallization of metal-polymer
cathode surface polarity alters the CO,RR interfacial processes
and CO,/cation distributions, which can simultaneously affect
the mass and electron transfer by changing the adsorption
process. Our findings substantiate that the polymers in metal
catalysts do not simply tune the heterogeneous catalytic reaction
by changing the surface area or surface morphology, but rather
optimize polymer-induced cathode surface properties (e.g, polar-
ity) and shift the catalyst performance by changing surface mass
transport and reaction process. We believe that this revolutionary
discovery can refocus further CO,RR studies and unify various
single-parameter explorations through multiscale structure-pro-
cess analysis, presenting a new vision for the complex correlation
between heterogeneous catalytic interface and CO, reduction
efficiency. Our results offer practical guidance for tuning catalyst
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materials to modulate the reaction pathways of CO, reduction
through the polymer material in the state-of-the-art CO,RR
cathode designs.

Experimental procedures
CO,RR cathode material preparation and thermal treatment

The CO,RR cathode was consisting of Cu, Sn, and Ag nano-
particles (NPs), as well as polytetrafluoroethylene (PTFE) to
ensure large relative surface area for the reaction efficiency.
Each of the catalyst nanoparticles (Cu, Sn, and Ag NPs) was
measured to be 25 mg in quantity (Sigma-Aldrich, 40-60 nm)
were measured out and dispersed into Hexane and sonicated
for 40 minutes. Then the mixture was washed with ethanol and
redisperse into Hexane. For Cu NPs, after complete drying
under 85 °C, the particles were heated under 185 °C for 6 hours
to remove all the oxides and impurities.”” Two types of cath-
odes were fabricated and compared, pristine Cu cathode and
PTFE-Cu cathode. To fabricate the cathode, 10 mg of Cu nano
particles was dispersed into 1 mL isopropanol following with
1h of sonication. The mixture was then sprayed onto carbon
electrodes with dimension of 0.5 cm x 0.5 cm and 3 cm x 3 cm
prepared in advance. The fabrication of the PTFE-Cu cathode,
0.5 mg, 1 mg, 1.5 mg, and 2 mg PTFE (Sigma-Aldrich) was
mixed individually with 9.5 mg, 9 mg, 8.5 mg, and 8 mg of Cu
NPs while dispersing into the 1 mL of isopropanol. The fabrica-
tion of Sn and Ag cathode also follows the same procedures above
on the same size of carbon electrode. The loading of each cathode
was controlled to be 1 mg cm 2. After the electrodes became
completely dry, the electrodes were pressed with thermoheater
(The MAXX Clam Heat Press by Stahls) under 150 °C for
2 minutes to stabilize the structure. Each type of cathode was
made in triplicate for the duplicate test to reduce the system
errors. The cathode and anode electrodes were separated by
0.182 mm Nafion proton exchange membrane (Fuel-cell Store).

Experimental setups and operations for CO,RR

The CO,RR system in this study was set as the continuous flow
mode to investigate the comprehensive process from activation
to reaction equilibrium in the 0.1 M KHCO; solution at a pH of
6.8 and saturated with CO,. The size of both cathodic and
anodic chambers was set to be 3 cm x 3 cm x 2.5 cm (Fig. S25,
ESIT). Before starting to apply voltage, the cathodic chamber
was first pumped with CO, gas for 30 minutes at a flow rate of
40 sccm till the solution becomes CO, saturated. Then the CO,
flow was set to be 10 sccm during the reduction experiments to
reduce the impact of hydraulic disturbance in the solution. The
anodic chamber (3 cm x 3 cm X 2.5 cm) was left open air to
keep it being under air pressure for oxygen evolution. The
anode of the reaction system was a 1.5 cm x 1.5 cm Pt foil
(Sigma-Aldrich). The cathodic chamber was sealed from the
outer environment for the collection of the gases generated.
The CO,RR system was operated continuously for 5 hours,
during which the gas to be tested was collected into a sample
bag (volume: 0.6 L) every 1 h for the Gas chromatography (GC)
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measurement. The liquid sample in the cathodic chamber
(~9 mL) was extracted and saved at the end of every CO,RR
experiment for the test of nuclear magnetic resonance (NMR) to
determine the generation of organic carbon products (e.g.,
methanol) in the solution. Each experiment with the same
cathode material and running time was operated three times
to ensure consistency.

Physical and electrochemical characterization of the cathode

The crystal structure of all types of electrodes were character-
ized by X-ray diffraction (XRD) (D2 PHASER, Bruker Corp., scan
range from 10° to 92° (20), Cu Ko source, 4 = 0.1542 nm). The
sharp diffraction peaks of Cu nanoparticles’® (JCPDS: 85-1326)
and PTFE particles’® are detectable. The surface morphology
and coverage of Cu/PTFE were characterized by scanning electron
microscopy (SEM). The samples were mounted onto SEM stubs
using double sided carbon tape and were then sputter coated
with gold/palladium (80:20, E5100, Polaron) and examined using
a scanning electron microscope (Teneo LVSEM, FEI) at 10 kV.
X-ray Energy Dispersive Spectroscopy (EDS) was performed at
15 kV using Oxford Aztec Energy Microanalysis System with
X-Max 80 Silicon Drift Detector to determine elemental distribu-
tion on the surface. The electrochemical characterization of
cathodes was conducted along with Pt as the counter electrode
and a saturated Ag/AgCl electrode as the reference electrode. To
characterize the surface capacity of the cathodes prepared, cyclic
voltammetry (CV) was acquired within the range of —1.8 Vto 0 V
vs. Ag/AgCl at the scan rate from 10 to 100 mV s~ " in the 0.1 M
KHCO; solution after purging CO, for 30 minutes with a flow rate
of 40 sccm. The electrochemical impedance spectroscopy (EIS)
was performed in the same solution. The frequency of EIS spectra
was from 0.1 Hz to 10° Hz with amplitude of 0.01 V. The
polarization curve was measured using linear sweep voltammetry
(LSV). The range of LSV was set to be 0 V to 2.1 V, and the scan
rate was 0.005 V s~ '. The response current was collected every
0.001 s with 40 sccm CO, flow. The water contact angle was also
measured using Ossila Contact Angle Goniometer to determine
the surface polarity of the cathode with different ratio of PTFE.
Moreover, the surface charge of all the cathodes tested in our
experiment was measured by Anton Paar SurPASS. The testing
electrolyte was prepared with 0.1 M HCI standard solution, in
which the measurements were conveyed from pH 4 to pH 7.5 by
titration using 0.1 M NaOH. The flow pressure of testing solution
is 500 mbar. Each sample was tested 4 times at every pH value to
get the average and minimize the system error.

Measurement of gas and liquid products from the CO,RR
system

The gas products collected in the sample bag were measured by
injecting the gas sample into gas chromatography (GC, Agilent
6890). The detection was carried out by thermal conductivity
detection (TCD). Each gas sample was 250 pL and the results of
each test were recorded when the gas was stably generated with
constant flow reading on the flowmeter. The gas samples were
taken every 1 hour for five times throughout each CO,RR
experiment. The liquid samples were collected after the CO,RR

This journal is © The Royal Society of Chemistry 2023
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system was operated for 5 hours. In each experiment, 9 mL
catholyte liquid was extracted from the cathodic chamber using
a syringe. To ensure the consistency of the liquid sample
collection in each test, we only collected the catholyte solution
once the reaction system fully stopped running, which was
inferred when there’s no gas bubble generating from the
cathode surface. The liquid samples were stored in the fridge
under the temperature of 4 °C before analysis. The liquid
products were analyzed through H-NMR (Agilent NMR Spectro-
meter 300 mHz) to detect both liquid products from CO,RR and
to make sure there is no leaching of Cu from the cathode. The
samples for NMR tests were prepared by mixing 0.56 mL
catholyte sample (90% V/V) with 0.06 mL deuterium oxide
(D0, 10% V/V, Sigma-Aldrich). The liquid sample was first
run for 64 cycles in the NMR machine to roughly determine the
existence of products, and then run for 576 cycles to precisely
determine the quantitative amount of each product in the
liquid sample.

Implementation of the electrochemistry-centered
structure-process multiscale analysis

The multiscale analysis was implemented to incorporate
models at three different levels: the system level to simulate
continuum molecular transport, the molecular level to simulate
electrochemical properties, and the atomistic level to calculate
adsorption and free energies. To annex each level while preser-
ving the scientific meaning and accuracy, we innovatively
absorbed the ideology of doubly connected edge list (DCEL)
data structure into our multiscale methods, which preserves
the output results from one model level and use them as input
parameters for other levels (Fig. S26, ESIT). The system and
molecular levels were performed within COMSOL Multiphysics
in which the data collection and unit conversions were
achieved by python script. Calculation of electrochemical losses
and barriers were implemented using python library of numpy
and scipy. The atomistic level simulation was delivered through
Vienna ab initio Simulation Package (VASP) that determines the
functional properties of materials accurately.?°~** All the details
of multiscale model theory, implementation, and calculations
can be found in ESL¥
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