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Abstract

Polymer modified copper (Cu) catalysts have demonstrated an increased production of multi-

carbon (C2+) products during the electrochemical CO2 reduction reaction (CO2RR). Herein, a 

solvent-free processing method has been developed to cover commercial Cu nanoparticles with 

a porous nanocoating of polytetrafluoroethylene (PTFE) that greatly improved the production 

of C2+ products. The PTFE coating created a large interfacial surface area that facilitated the 

transport of CO2 to the solid-liquid-gas interface. The optimal catalyst achieved a Faradaic 

efficiency of 78% for C2+ products and a notably large C2+ to C1 product ratio of ~13 at current 

densities ranging from 400-500 mA cm-2. In comparison, catalysts prepared by a conventional 

solvent-based method only achieved a Faradaic efficiency of 56% for C2+ products and a small 

C2+ to C1 product ratio of ~2 in the same current density range. Density functional theory (DFT) 

calculations suggested that physisorbed PTFE coating on Cu catalysts plays a more significant 

role than the most frequently studied chemisorbed PTFE. The physisorbed PTFE is predicted 

to increase the binding energy of CO intermediate on Cu and lower the activation energy for C-

C coupling steps, leading to significantly higher C2+ product selectivity of the Cu catalysts. 
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Introduction

Carbon dioxide (CO2) can be converted into value-added chemicals and fuels via 

electrochemical carbon dioxide reduction reaction (CO2RR).1-3 In recent years researchers have 

reported in abundance on catalysts for the production of single-carbon (C1) products.4-11 

However, there are increasing interests in the field of CO2RR to produce multi-carbon (C2+) 

products that have higher market values.12-14 Currently, copper (Cu) is the most prominent metal 

catalyst that can facilitate the formation of C-C bonds; however, the selectivity for C2+ products 

on untreated Cu is low. As such, most research into producing C2+ products from CO2 is focused 

on altering or modifying Cu such as the oxidation state, exposed facets, and morphology, or by 

creating bimetallic alloys with Cu.12, 15-29 One such technique for modifying Cu that remained 

underexplored until recent years is the polymer modification on the Cu surface or integration 

of polymer into a Cu based catalyst layer. While many cathode systems already contain 

polymers such as Nafion or polytetrafluoroethylene (PTFE) in some form, the role they provide 

is commonly limited to acting as a binder, providing structural support as the substrate for the 

catalyst, or increasing hydrophobicity of the cathode.4, 30, 31 

The effect a polymer-Cu interface has on promoting C2+ production has been 

increasingly reported by experimental and computational studies. The results indicate that 

surface modification of Cu by polymers containing oxygen, nitrogen, or fluorine functional 

groups  not only increases the hydrophobicity of the cathode, but also can suppress the 

competing hydrogen evolution reaction (HER) and help boost C2+ product selectivity through 

stabilization of the reaction intermediates.32-37 For instance, Wei et al. coated Cu foil with 

polyaniline and demonstrated increase of C2+ product selectivity from 15% to 60% and the 

reason was ascribed to the increase of intermediate CO coverage on  Cu.34 Wang et al. found 

that polymer addition lowered energy barrier for CO protonation  from 1.14 eV to 0.68 eV 

despite an increase in ohmic resistance.36 García de Arquer et al. created a catalyst/ionomer 
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interface to facilitate the transport of reactant, product, and electron, which resulted in a 67% 

C2+ product selectivity under a 510 mA cm-2 current density.33 Only a few theoretical studies 

have been conducted to understand the effect of polymer coating on the C2+ product selectivity. 

Chang et al. explored the surface modification of Cu with polymer functional groups such as -

COOH and -CF2 and found the functional groups influence the binding energies of key 

intermediates involved in CO2RR.35 Ahn et al. revealed that a poly(acrylamide)-Cu interface 

enhanced ethylene formation through charge donation, but their model involved an acrylamide 

monomer as being chemisorbed onto Cu.38 Those literature studies modeling the interface only 

used a single functional group or a single monomer of their chosen polymer on Cu, which is 

not always an accurate representation of a polymer-Cu interaction, especially in the case of a 

physically adsorbed polymer. 

Other than the importance of creating active and selective interfaces at an atomic level 

by polymer modification for optimal CO2RR performance, the controllable and sustainable 

fabrication of a catalyst layer with desired structure from micro to macro scales is vital. 

Currently, most reported methods to prepare a polymer-Cu interface and resultant working 

electrode utilize excessive amounts of solvents.33, 34, 36 Catalyst ink coating is currently the most 

common fabrication method for preparing the working electrode. Most inks are prepared by 

dispersing catalyst nanoparticles in isopropanol/water mixture and coated by air brushing or 

ultrasonic spraying coating.33, 36, 39-41 However, insufficient ink stability, inhomogeneous 

catalyst layer and uncontrollable structures due to complex catalyst dispersion and solvent 

drying processes are common problems.42 New methods allowing the controllable fabrication 

of catalyst layer across different scales simultaneously, thereby bridging interface engineering 

and sustainable manufacturing, are highly desirable. 

In this study, for the first-time, a solvent-free process is developed to manufacture 

electrodes by modifying commercial Cu nanoparticles (NPs) with a nanofilm of PTFE and dry 

coating the PTFE modified Cu nanoparticles as a catalyst layer for CO2RR. This new method 
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avoids complex preparation processes and the use of excess amounts of solvents or chemical 

additives as reported in the literature when applying conventional solvent-based catalyst 

production methods.32-35, 38, 43, 44 Thus-fabricated PTFE coated Cu nanoparticles (NPs) 

aggregated together to form interconnected porous 3D micro-granules, which were dispersed 

onto a carbon gas diffusion layer (GDL) by electrostatic deposition to form the cathode. 

Electrochemical tests were conducted in a three-electrode flow cell, where a Faradaic efficiency 

of C2+ at 78% and a C2+ to C1 product ratio of 13 were remarkedly achieved at a high current 

density of 500 mA cm-2. The excellent CO2RR performance is ascribed to a nearly complete 

surface coverage of the Cu NPs by the porous PTFE film and the creation of large Cu-polymer 

interfacial area. Moreover, the density functional theory (DFT) calculations were preformed to 

elaborate on the beneficial effect of physisorbed PTFE coating on the CO2RR performance of 

Cu toward C2 products. 

Methods

Chemicals and Materials 

The up-to-date and widely used commercial copper nanoparticles (NPs, 40 nm) from US 

Research Nanomaterials, Inc. were adopted as the active materials. Polytetrafluoroethylene 

(PTFE, free-flowing, 2.15 g mL-1) powders from Sigma-Aldrich were adopted as the polymer. 

The substrate used for cathode manufacturing was the gas diffusion layer (GDL) Sigracet 39 

BC purchased from the Fuel Cell Store. Isopropyl alcohol (IPA, ACS grade) was purchased 

from VWR. Nafion Solution of 5 wt% was purchased from the Fuel Cell Store (D520). 

Potassium hydroxide (KOH, purity ≥85%) was also purchased from VWR and used along with 

deionized (DI) water with a resistance of ≥18 MΩ cm to prepare the electrolyte. The materials 

were used without further purification or treatment.
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Materials Characterization: 

Scanning electron microscopy (SEM) images were collected on a JEOL JSM7500F. 

Transmission electron microscopy (TEM) images were collected on a Tecnai G2 F20 ST FE-

TEM operated at 200 kV. To prepare for TEM imaging, 20 μL of the sample was dispersed into 

IPA which was then dropped onto a 400-copper mesh grid (Electron Microscopy Sciences). X-

ray photoelectron spectroscopy (XPS) was collected on an Omicron using a dual Mg/Al X-ray 

source. Brunauer−Emmett−Teller (BET) surface area analysis was collected on a Micromeritics 

ASAP 2420 physisorption analyzer. X-ray diffraction (XRD) patterns were collected on a 

BRIKER D8.

Preparation of working electrode via DRY method 

The granules were prepared by loading Cu and PTFE in powder form into the ball-milling 

chamber with milling balls. The resulting Cu/PTFE granules were loaded in the hopper for dry 

electrostatic spray, the granules were evenly distributed on the GDL with a loading of 1 mg 

cm-2. Following deposition roller pressing was used to improve the bonding.

Preparation of working electrode via WET method 

The comparison wet method electrode was prepared by airbrushing a catalyst ink onto the GDL. 

The Cu/Nafion ink consisted of 10 mg Cu, 55 μL of 5 wt% Nafion solution, and 2 mL IPA 

which had been sonicated for one hour. The Cu/PTFE ink consisted of 28.8 mg Cu, 7.2 mg 

PTFE, and 6 mL IPA which had been sonicated for one hour. An accurate loading of 1 mg of 

catalyst per 1 cm2 ± 0.1 mg was achieved by comparing the initial weight of the GDL to the 

weight during and after catalyst deposition. The cathode was then placed into a vacuum oven 

overnight to dry after which the weight was once again checked.

Page 6 of 30Journal of Materials Chemistry A



7

Results and Discussion

Materials design and innovation

Fig. 1a-b show schematic illustrations and corresponding SEM images of the Cu-PTFE 

catalyst systems prepared through (a) conventional airbrushing of a catalyst ink made of Cu-

PTFE mixture (WET) and (b) solvent-free dry processing method to coat PTFE on Cu (DRY). 

The morphologies of the raw Cu and PTFE NPs are shown in Fig. S1, which reveals that Cu 

NPs are nearly spherical with an average size of 50 to 100 nm and the PTFE NPs are oval 

shaped with an average size of 100 to 200 nm.  From Fig. 1a, the WET method does not cause 

any changes in the morphology of the two raw materials in the final catalyst containing 80 wt% 

Cu and 20 wt% PTFE (named WET/20%PTFE). The Cu and PTFE NPs are assembled as a 

simple mixture and no coating of PTFE on Cu is observed. In contrast, from Fig. 1b, the DRY 

method results in a nearly complete coverage of PTFE on Cu NPs in the form of nanofilm or 

nanofiber, for the sample containing 80 wt% Cu and 20 wt% PTFE that underwent a 30 min 

ball-milling process (named DRY/20%PTFE/30min). The nanocoating is formed when the Cu 

and PTFE raw powders are mixed and undergone a ball mill process, during which the PTFE 

NPs easily deform and are coated around the Cu NPs. Note that because of the large size of Cu 

NPs, the difference in electronic structure and catalytic activities caused by different Cu NP 

assemblies in the WET and DRY samples is minimal and negligible. 

To understand the PTFE coating formation process, SEM images of a DRY/20%PTFE 

sample were taken during the initial period of ball-milling (0 ~ 180 s), as shown in Fig. S2. 

After only 20 s, the PTFE NPs started to deform, while the structure of the Cu NPs has not 

changed. As processing time went on, namely after 120 s, all the PTFE NPs appeared to deform 

to various extents. After 180 s, the PTFE NPs began to adhere together and started coating Cu. 

These images confirm that the coating is a result of PTFE deformation, followed by 

amalgamation of the PTFE, and finally coating and adhesion onto Cu NPs.
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Transmission electron microscopy (TEM) images of DRY/20%PTFE/30min were 

collected to further confirm the coverage of Cu NPs by PTFE. There is no evidence of PTFE 

coverage on Cu from the TEM images of the WET/20%PTFE samples (Fig. S3). However, Fig. 

1c clearly shows surface coating of the Cu NPs by an ultrathin PTFE film with thickness in the 

range of 5 to 14 nm on the DRY/20%PTFE/30min sample. An additional TEM image 

highlighting the PTFE coverage on DRY/20%PTFE/30min can be seen in Fig. S4. 

Fig. 1. Schematic illustrations and SEM images of a Cu-PTFE catalyst layer on gas diffusion 

electrode (GDE) made of (a) simple mixture of Cu and PTFE nanoparticles through air-

brushing the catalyst ink (WET) where Cu has been highlighted yellow, (b) PTFE nanofilm 

coated Cu through dry processing (DRY) that facilitates CO2 transport; (c) TEM image of DRY 

sample showing the PTFE nanocoating on Cu; (d) the BET specific surface areas of the 

precursor materials and the WET and DRY catalysts.

One advantage of the PTFE coated Cu is evidenced from the specific surface area 

(S.S.A) of the catalyst measured by the Brunauer–Emmett–Teller (BET) method. As shown in 

Fig. 1d, the raw PTFE and Cu NPs had an S.S.A. of 12.5 m2 g-1 and 5.0 m2 g-1, respectively. 
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The WET/20%PTFE sample had an S.S.A. slightly over 10 m2 g-1, representing the mixture of 

the two raw materials without morphology changes. Interestingly, the DRY/20%PTFE/30min 

sample had an S.S.A of nearly 20 m2 g-1, far greater than those of the individual precursor 

materials and WET/20%PTFE. This larger S.S.A indicates increased porosity attributed to the 

morphology change of PTFE and formation of PTFE overcoating during the dry processing. As 

a result of the PTFE coverage and increased porosity on the DRY sample, a larger area of 

catalyst-electrolyte-gas interface on the gas diffusion electrode is created and the reactant gas 

(CO2) is more readily transported to those interfaces, as illustrated in Fig. 1b.

Fabrication and characterization of Cu-PTFE micro-granules and the gas diffusion 

electrode

A variety of Cu-PTFE catalysts were fabricated by varying the PTFE mass loading and 

ball milling time, and correlation of synthesis parameters and resultant morphology of PTFE 

coated Cu micro-granules is explored. The prepared samples were named 

DRY/X%PTFE/Y(min), where X and Y represent the mass percentage of PTFE in the Cu-PTFE 

composite and ball milling time, respectively. The SEM images of DRY/20%PTFE/Y(min) 

samples processed with different periods of ball milling time (Y = 0-30 min) are shown in Fig. 

S5-S6. The uniformity of the micro-granules in terms of size and morphology increased with 

the ball milling time. At times less than 15 min, a uniform PTFE coating was not achieved. At 

15 min, some uncoated Cu NPs can still be seen despite a relatively uniform coating was 

observed. At 30 min, no exposed Cu NPs on the micro-granule surfaces were observed. The 

SEM images of DRY/X%PTFE/30min samples with different PTFE mass loading (X = 2%, 

20%, and 50%) are shown in Fig. S7. The PTFE coverage and coating thickness increased as 

PTFE mass loading increased, with no sufficient coverage at 2% while too thick a coating at 

50%, and a more balanced coverage and coating thickness at 20% PTFE mass loading. Of note 

from these images is that regardless of PTFE mass loading, an enough ball milling time (e.g., 
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30 min) resulted in similar sizes of micro-granules. These results indicate that the micro-granule 

size, shape, and surface morphology are dependent on both the ball milling time and the PTFE 

mass loading.

Fig. 2. (a) SEM image of prepared micro-granules. (b) Graphical representation of the 

electrostatic spray and roller press to fabricate the GDE. (c) A typical completed cathode with 

SEM images from a top view and a cross section view. (d) FIB-SEM cross-section image of a 

micro-granule. (e, f, g) EDS elemental mappings of the micro-granule deposited onto a GDL 

via EDS.
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After the Cu-PTFE micro-granules were formed in the ball mill processing, it was 

attempted to deposit them on a GDL to form a GDE. Because of the relatively large size of the 

micro-granules, typically in a few micrometers as shown in Fig. 2a, conventional methods 

including airbrushing or drop casting the micro-granules on GDL were unsuccessful. 

Alternatively, an electrostatic spray distribution (ESD) method was used to distribute the micro-

granules onto the GDL to form a GDE. This is the first time this method has been reported for 

preparing CO2RR catalyst layered on a GDL. The whole manufacturing process, from Cu-PTFE 

catalyst to cathode preparation, is thus solvent free. The workflow to manufacture the GDE is 

shown in Fig. 2b. The catalyst micro-granules were loaded into the hopper, sprayed out of the 

charged spray gun nozzle, and deposited on the GDL, which was placed on an electronically 

grounded plate holder. These charged micro-granules were attracted to the grounded GDL 

forming a well-dispersed layer. A photo of a fabricated GDE (2 cm ⨯ 3 cm) and SEM images 

from the top view and cross section view of the GDE are shown in Fig. 2c, where a single layer 

of micro-granule deposition is observed. The mass loading of the micro-granules can be 

controlled by varying the spray time. Next, the micro-granule-coated GDL was passed through 

a set of rollers to improve granule-GDL bonding. For future large-scale manufacturing, a roll-

to-roll method integrating the dry spraying and roll-pressing steps can be realized (see Fig. S8). 

To investigate the internal structure and morphology, a micro-granule was cut by a 

focused ion beam (FIB), and an SEM image of the micro-granule cross-section is shown in Fig. 

2d. The fibrous and film-like PTFE coating is also found in the cross-section of the micro-

granule like those seen on the outer surface of the micro-granule (Fig. 1c and Fig. S6-S7). All 

the NPs seen in the cross-section FIB images are likely Cu NPs that are connected by PTFE 

overcoating, forming an interconnected porous structure within the Cu-PTFE micro-granule. 

The SEM and energy dispersive spectroscopy (EDS) elemental mapping of the micro-

granules on an as-prepared cathode are shown in Fig. 2e-g. Cu elements are only found on the 

micro-granules, whereas F is found elsewhere besides the micro-granules. Fluorine is an 
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indication of the presence of PTFE, and its appearance outside of the micro-granule is because 

the commercial GDL used contains a thin layer of PTFE coating on its microporous layer. The 

EDS analysis (Fig. S9a) estimated a Cu:F weight ratio of 4.9 for the DRY/20%PTFE/30min 

micro-granule, matching the nominal of 5.3 expected from the 4:1 ratio used in the preparation 

recipe. On the other hand, the EDS analysis of the WET/20%PTFE sample (Fig. S9b) shows 

Cu and PTFE co-exist as individual nanoparticles without any coating. 

The morphology differences between the GDEs prepared by the WET and DRY 

methods are evidenced by the cross-section SEM images of the GDEs as shown in Fig. 2c 

(DRY) and Fig. S10 (WET). The WET/20%PTFE GDE has a continuous, smooth catalyst layer 

(~ 4 µm in thickness) made of mixture of Cu and PTFE NPs completely covering the 

microporous layer of the GDL, while the DRY/20%PTFE/30min GDE has a rougher, slightly 

thicker (5 ~ 10 µm, depending on the size of micro-granule), and less evenly distributed catalyst 

layer coating on the GDL because of the irregular structure of the micro-granules. 

This higher surface roughness of the DRY-method prepared cathode appeared to 

enhance the hydrophobicity of the GDE compared to the WET-method prepared one. As 

evidenced by the water contact angles reported in Fig. 3a-b and Table S1, all cathodes prepared 

via the DRY method had contact angles around 145° (with uncertainty of ±2°) suggesting a 

high hydrophobicity. The WET/20%PTFE cathode only had a contact angle of 115°, indicating 

a lower-level hydrophobicity. 

X-ray photoelectron spectroscopy (XPS) was utilized to explore the surface chemical 

composition of the various catalysts. From the full range XPS analyses and high resolution XPS 

analyses of F 1s and Cu 2p peaks (Fig. S11), the Cu and F surface weight percentages are 

calculated and shown in Fig. 3c. The WET/20%PTFE sample had a much higher weight 

percentage of Cu on it than DRY/20%PTFE/30min had, indicating much more exposed Cu on 

the surface of the WET/20%PTFE sample, matching the morphology differences observed from 

the previous SEM and TEM analyses. For the DRY samples with various PTFE contents, as the 
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PTFE content increased from 5% to 20% and to 35%, the absolute Cu weight content dropped 

to lower than about 1% when the PTFE mass loading was 20% or higher. Because XPS is a 

surface analysis technique sensitive to up to 10 nm below the surface, this XPS result confirms 

that the Cu NPs are almost completely coated by PTFE for the DRY samples containing PTFE 

content at 20% and above. As is comparatively evidenced in Fig. S11 at 0 to 30 s of ball milling 

time increased the Cu 2p peaks are still evident, indicating the ball milling process is responsible 

for applying the PTFE coating. It should be noted that XPS analyses indicate the absence of 

CuO in the catalyst, evidenced by the main Cu 2p3/2 peaks not being shifted and by the absence 

of satellite peaks which would appear around 942 eV and 962 eV.45 

While XPS results show a significant covering of Cu by PTFE in the DRY samples, the 

double layer capacitance (Cdl) and by extension the electrochemical surface area (ECSA) of 

DRY/20%PTFE/30min were analyzed to understand the accessibility of electrolyte to the DRY 

sample. As shown in Fig. S12, the Cdl of DRY/20%PTFE/30min was 1.37 mF cm-2, smaller 

than that of WET/20%PTFE (4.02 mF cm-2). The decreased current density of DRY compared 

to WET samples at similar potentials in Fig. S12 is directly related to the loss in ECSA. The 

lost ESCA is most likely ascribed to the relatively large size (a few micrometers) and more 

hydrophobic DRY granules, making it more difficult for Cu nanoparticles in the center of the 

granule to contact the electrolyte. However, the DRY sample is still reasonably accessible to 

electrolyte despite the PTFE coverage, which can be attributed to its porous structure as 

evidenced by the increased specific surface area of DRY over WET sample (Fig. 1d).  Future 

research will investigate the fabrication of smaller granules to improve the ECSA of DRY 

samples. 
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Fig. 3. Water contact angle measured on the cathode made of (a) DRY/20%PTFE/30min and 

(b) WET/20%PTFE; (c) Surface elemental composition of Cu and F on various catalysts as 

determined by XPS; (d) XRD patterns of precursor materials, DRY/20%PTFE/30min, and 

WET/20%PTFE; (e) XRD patterns comparing DRY/20%PTFE/30min catalyst and the resultant 

cathode.
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The crystal structures of the catalysts were investigated by X-ray diffraction (XRD) as 

shown in Fig. 3d. The diffraction peaks in the prepared catalysts matched up with peaks of the 

individual precursor Cu NPs and PTFE powders. The peak at 17° is assigned to PTFE. The Cu 

peaks for Cu NPs, WET/20%PTFE, and DRY/20%PTFE/30min are almost identical, 

suggesting that the ball milling process did not alter the crystal structure of the Cu catalyst. 

Those Cu peaks correspond to facets of Cu (111), (200), and (220) at 43.7°, 50.7°, and 74.3° 

respectively. A small peak at 36.4° may be evident of a trace amount of Cu2O (111). No peaks 

corresponding to CuO are evident in the XRD patterns agreeing with the XPS results. To 

determine if the electrostatic deposition method used to prepare the cathodes had any effects on 

the crystal structure, XRD patterns of the DRY/20%PTFE/30min catalyst sample and as-

prepared cathode are compared (Fig. 3e). The XRD pattern of the prepared cathode is like that 

of the catalyst except that the intensity of Cu peaks is lower, the F peaks are stronger due to 

PTFE on the microporous layer of GDL, and an additional graphite peak (26.5°) due to the 

carbon fibers in the GDL.  These XRD results confirm that the different preparation methods 

of catalysts and GDEs did not change the crystal structure of the Cu catalyst. 

Electrochemical CO2RR Performance

Electrochemical testing of the prepared cathodes was conducted in a three-electrode 

flow cell. A schematic of the cell is shown in Fig. S13. All the potentials recorded in this work 

were reported with solution resistance correction. Two data points were collected for each 

testing condition reported herein. First, a baseline test was performed by using Ar (instead of 

CO2) as the feed gas passing through a Cu-PTFE cathode. As shown in Table S2, H2 was the 

only product and no carbon-containing products were detected in either gas phase or liquid 

phase. This baseline test confirms that carbon-containing products produced in this work as 

described later in the paper are from CO2 not from the carbon substrate (GDL) or PTFE. 
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Complete data on the electrochemical performance of all catalysts (WET and DRY) can be 

found in Table S3-S7 in the Supporting Information. 

Initial electrochemical testing was conducted on DRY catalysts to determine how 

varying the mass percentage of PTFE used in preparing the catalyst and changing the ball 

milling time would affect the product selectivity at an industrial viable current density (fixed at 

200 mA cm-2). As shown in Fig. 4a, for the catalysts prepared at fixed ball milling time (30 

min) but varying PTFE contents, the selectivity for C2+ products initially increased with the 

mass loading of PTFE. The catalyst prepared with 20% PTFE obtained a C2+ to C1 ratio of 4.3 

with a total FE(C2+) of 71%. The catalyst containing 25% PTFE achieved a larger C2+ to C1 

ratio of 6.2 but also showed an increase in selectivity for H2 and only achieved an FE(C2+) of 

60%. An even larger PTFE loading of 35% resulted in a significantly increased selectivity for 

H2 and a low FE(C2+) at only 15%. The main C2+ products of Ethylene and Ethanol agree with 

other reports that the (100) facet in Fig. 3d is favorable for producing C2H4 while the 

(100)x(110) step sites are suspected to favor ethanol production.16, 29, 46   As PTFE is an 

electrical insulator the working potential slightly increased with the higher loadings of PTFE.

The electrochemical performance of catalysts prepared with a fixed mass loading of 

20% PTFE but a varied ball milling time in the range from 30 s to 60 min is shown in Fig. 4b. 

Catalysts processed with a ball milling time of 30 s and 9 min demonstrated almost the same 

selectivity, while those processed with 15 min showed a slightly higher C2+ product selectivity 

that the previous two. All three catalysts had C2+ selectivity less than 60% and C2+ to C1 ratios 

less than 2. With a ball milling time at 30 min or 60 min, the FE(C2+) significantly increased to 

more than 70% and the C2+ to C1 ratio increased to more than 4. The catalyst with 60 min ball 

milling time resulted in negligible changes to the product selectivity compared to those with 30 

min. The catalytic performance in terms of C2+ selectivity is well correlated with the ball milling 

time and the resulting surface coverage of PTFE on Cu (Fig. S6). That is, when there were no 

fully exposed Cu NPs on the micro-granule surfaces (until 30 min ball milling), the increase in 
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C2+ selectivity became significant. Lastly, it is noticed that the overpotential did not increase 

with the ball milling time (or PTFE coverage), unlike the trend observed for increased PTFE 

loading. Because in this case the PTFE loading was fixed at 20%, both the PTFE coverage on 

Cu and Cu/PTFE granule size would affect the catalyst conductivity and thus overpotential.  As 

shown in Fig. S5 and S6, as mixing time increases from 30 sec to 15 min, the Cu/PTFE mixture 

transitions from large aggregates to smaller, more tightly packed granules, and PTFE transitions 

from bulky nanoparticles to a uniform and thin film. Because Cu NPs were brought closer 

together and the thickness of the PTFE coating decreased with ball milling time, the overall 

resistance of the granules and the overpotential decreased up to 15 min. When the ball milling 

time was extended to 30 min or more, Cu was almost fully covered by PTFE, causing a slightly 

increased overpotential.  
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Fig. 4. Effects of a) PTFE mass loading and b) ball milling time in catalyst preparation on 

CO2RR product Faradaic efficiencies, C2+/C1 product ratio, and working potential, tested in a 

flow cell at 200 mA cm-2.

Next, the performances of catalysts prepared using conventional WET methods were 

evaluated. Besides WET/20%PTFE, another sample WET/20%Nafion was also prepared by 

dispersing commercial Cu NPs and a 20% mass loading of Nafion into isopropyl alcohol and 

airbrushing the resulting catalyst ink onto a GDL. The electrochemical performances of 

WET/20%Nafion and WET/20%PTFE can be seen in Fig. 5a-b, respectively. WET/20%PTFE 

had a lower FE(C2+) than WET/20%Nafion at 100 mA cm-2 but equivalent or slightly higher 

FE(C2+) than WET/20%Nafion at 200 mA cm-2 or higher current densities. Additionally, 

WET/20%PTFE showed a better suppression of the competing HER at all current densities and 

a lower overpotential at high current densities as compared to WET/20%Nafion. This suggests 

that for flow cell operations at high current densities, the use of PTFE NPs simply as a binder 

with Cu would contribute to a higher C2+ selectivity than the most widely used Nafion binder. 

This agrees with the literature that the choice of polymeric binder could have a large influence 

on product selectivity despite varying degrees of hydrophobicity.33, 41, 44, 47, 48 

From the results in Fig. 4 it was determined that the optimal parameters for preparing 

the PTFE coated Cu NPs are a mass loading of 20% PTFE and a ball milling time of 30 min, 

i.e., the DRY/20%PTFE/30min sample. Additional experiments using this sample were then 

conducted at different current densities and the performances compared to catalysts prepared 

using conventional WET methods. Fig. 5c shows the electrochemical performance of 

DRY/20%PTFE/30min over a range of applied currents. The highest recorded selectivity for 

C2+ products was seen under a current of 400 mA cm-2 when a total FE(C2+) of 78% was 

achieved, where ethylene and ethanol were the two major products with selectivities of 43.3% 

and 28.4%, respectively. The DRY/20%PTFE/30min catalyst also achieved a remarkably high 

C2+ to C1 product ratio of 13 at current densities of 500 mA cm-2 or greater (Fig. 5d). Comparing 
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the DRY/20%PTFE/30min performance with the literature reported data (Table S8), this 

catalyst is among the top performing catalysts in terms of FE(C2+) and/or C2+/C1 product ratio 

at high current densities around 400 to 500 mA cm-2. This current density is of importance as it 

falls within the current range of 200-500 mA cm-2 that is suggested to be the optimal operating 

range for industrial applications.12, 49 The stability of DRY/20%PTFE/30min was further 

evaluated in the flow cell at 200 mA cm-2, as shown in Fig. S14. Through 12 h of 

electrochemical testing the selectivity of C2H4 production remained stable at around 43% and 

that of H2 was also stably low at around 8%. This stability matches other top performing 

literature reports tested at similar current densities.26, 29, 32, 50 Considering that the use of 

commercial Cu NPs usually leads to lower catalytic performance than lab-synthesized Cu 

nanocrystals,31, 35 the high performance of DRY/20%PTFE/30min catalyst manufactured from 

commercial Cu and PTFE powders in this work has made a breakthrough for commercial Cu 

based catalysts.
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Fig. 5. Comparison of electrochemical performances of DRY and WET samples (a) 

WET/20%Nafion, (b) WET/20%PTFE, (c) DRY/20%PTFE/30min regarding Faradaic 

efficiency and working potential over a range of applied current densities, and (d) comparison 

of C2+/C1 product ratios between DRY/20%PTFE/30min, WET/20%PTFE, and 

WET/20%Nafion over a range of applied current densities.
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The significantly increased selectivity for C2+ products of the DRY/20%PTFE/30min 

compared to WET/20%PTFE could be credited to the almost complete coating of porous PTFE 

on Cu that increased the PTFE-Cu interfacial area in the solid-liquid-gas triphase region and 

facilitated CO2 transport, as well as the increased hydrophobicity of the catalyst that changed 

the microenvironment of the catalyst layer. 33, 44, 47, 48 The variance in performance of the DRY 

prepared cathodes depending on PTFE mass loading and ball milling time could be mainly 

attributed to the varied degree of PTFE coverage on Cu (Fig. S6-7), since all the DRY samples 

had very similar measured contact angles (Table S1). First, the higher the PTFE loading up to 

the optimal level of 20% PTFE, the higher the CO2RR performance. However, when the PTFE 

loading exceeds the optimal (e.g. 35% PTFE), the CO2RR performance decreases because of 

the insulation nature of the PTFE and the possible blockage of CO2 passage due to too dense of 

a PTFE overcoating (Fig. S7). Second, the longer the ball milling time, the higher the CO2RR 

performance, as it takes time to form a complete PTFE coating on Cu. However, when 

exceeding the optimal level (30 min), a longer time does not further improve the CO2RR 

performance but rather increases the energy consumption of the synthesis process. 

DFT Calculations

To better understand the enhanced selectivity to C2+ products of DRY/20%PTFE/30min 

catalyst, the first principles DFT calculations were performed to predict the free energy 

evolution along different CO2RR pathways (See SI Computational Details). Since (100) and 

(111) surfaces were reported as the primary facets of Cu catalysts to promote CO2/CO reduction 

in both experiments and simulations51-54, we investigated specifically how the PTFE coating 

would modify the pathway of CO2 reduction on these two surfaces. In this study, we considered 

two types of adsorption configurations for PTFE onto the surface of Cu, namely physical 

adsorption configuration in which a PTFE chain is adsorbed parallelly on the surface (Fig. 6a 
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and Fig. S15b) and chemical adsorption configuration in which a PTFE chain is adsorbed 

perpendicularly on the surface (Fig. S15a). 

To examine the optimal adsorption configuration of PTFE on Cu surface, we have 

calculated and compared the adsorption energies of the two adsorption configurations 

consisting of Cu surface and a short (CF2)4 chain (Fig. S15). In this study as a simplification in 

the DFT calculations, we used a monomer of CF2 adsorbed on Cu surface to model the chemical 

adsorption of PTFE on Cu (Fig. 6b). We predicted the adsorption energy of PTFE on Cu(111) 

surface to be -1.71 eV with a perpendicular adsorption configuration (i.e, chemical adsorption) 

and -0.32 eV with a parallel adsorption configuration (i.e., physical adsorption). The chemical 

adsorption was more energetically favorable than the physical adsorption, agreeing well with 

previous conclusions.55, 56 

Next, we constructed six computational models including (a) clean Cu(100), (b) 

Cu(100) with chemically adsorbed PTFE (cPTFE- Cu(100)), (c) Cu(100) with physically 

adsorbed PTFE (pPTFE- Cu(100)), (d) clean Cu(111), (e) Cu(111) with chemically adsorbed 

PTFE (cPTFE- Cu(111)) and (f) Cu(111) with physically adsorbed PTFE (pPTFE- Cu(111)), 

as shown in Fig. S16. Models (a) and (d), clean Cu surfaces, are used to represent WET catalysts 

where PTFE NPs are simply mixed with Cu NPs (Fig. 1a), while the rest four models are used 

to represent DRY catalysts where Cu NPs are covered by a PTFE nanocoating (Fig. 1b). 

A good catalyst for CO2 reduction to C2+ products should meet at least two criteria: (1) 

adequate adsorption energy for CO and (2) feasible activation energy for C-C coupling. 

Consequently, we examined how PTFE would affect the CO adsorption on Cu surfaces. It 

should be noted that a more negative value of CO adsorption energy shows stronger adsorption 

of CO onto the Cu surface. Our DFT calculations predicted the CO adsorption energies to be -

0.47, -0.48, and -0.51 eV on clean Cu(111), cPTFE-Cu(111), and pPTFE-Cu(111) surfaces, 

respectively (Table S9). In addition, we found that the CO adsorption on Cu(100) was also 

strengthened by PTFE. These results indicate that the introduction of PTFE, especially via 
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physical adsorption, could strengthen the binding of CO on Cu and hence hinder the desorption 

of CO from the PTFE-decorated Cu surface. Thus, our predictions well explain the 

experimental observation that the Faradaic efficiency for undesired CO production at 400 

mA/cm2 decreased from 21% in WET/20%PTFE catalyst to 9% in DRY/20%PTFE/30min 

catalyst (Fig. 5b and c).

Moreover, we investigated how PTFE would affect the free energy change for C-C 

coupling process, which is critical to the formation of C2 products57. In this study, we examined 

two possible processes, namely the CO-CO and CO-CHO coupling processes (Fig. 6c). We 

predicted that it required to overcome at least 0.71 eV of free energy change for the CO-CO 

coupling step on all the modelled Cu surfaces (Table S9). In contrast, the free energy change 

for the CO-CHO coupling step was predicted to be negative on these surfaces. These results 

suggest that the CO-CHO coupling process is energetically more favorable than the CO-CO 

coupling process on Cu surfaces. Furthermore, we performed the nudged elastic band 

calculations58 to predict the activation energy required for the CO-CHO coupling step.  As 

shown in Table S9, the activation energy for the CO-CHO coupling was predicted to be 0.83 

eV on clean Cu(111), 0.82 eV on cPTFE-Cu (111), and 0.78 eV on pPTFE-Cu(111). We also 

predicted that the activation energy for the CO-CHO coupling step would decrease from 0.65 

eV on clean Cu(100) surface to 0.60 eV on pPTFE-Cu(100) surface. These results reveal that 

the addition of PTFE could accelerate the CO-CHO coupling step on Cu catalyst surfaces and 

the physically adsorbed PTFE shows a better capability than the chemically adsorbed PTFE to 

promote the CO-CHO coupling. 

We ascribed the enhancement in the adsorption of CO2 reduction intermediates on 

pPTFE-Cu(111) surface to be the steric effect. Many studies have reported that the energy of a 

chemical species on a surface was not only affected by the electronic structure of the surface, 

but also influenced by the steric effect.59-61 Illustrating how the PTFE coating affects the 

electron structure of Cu surface, we have performed DFT calculations and Bader charge 
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analysis to calculate the electron density of Cu atoms on Cu(111) surface with and without 

physically adsorbed PTFE.62 As shown in Table S10, we found that the introduction of 

physically adsorbed PTFE molecule would have neglectable change on the electron density 

(from 11 to 10.996 |e|/Cu atom) of Cu surface atoms. This result indicates that the physically 

adsorbed PTFE would not change the electron structure of Cu. We used a *COCHO 

intermediate as an example to illustrate the steric effect in our pPTFE-Cu(111) model. As 

shown in Fig. S17, the physically adsorbed PTFE would cause a slight rotation of *COCHO on 

Cu surface to form a hydrogen bonding interaction between the H in *COCHO and the F in 

PTFE. This hydrogen bond is predicted to reduce the system energy and thus affects the reaction 

pathway (as shown in Fig. 6d). Hence, we believe that incorporation of physically adsorbed 

PTFE could change the reaction pathway via the steric effect rather than by changing the 

electron density of Cu.

Regarding the physically adsorbed PTFE showing more pronounced effect on inhibiting 

CO desorption and promoting C-C coupling on Cu surfaces, we compared the free energy 

evolution for CO2 reduction to C2 products on Cu(111) and pPTFE-Cu(111) surface (Fig. 6d). 

We predicted that the introduction of PTFE could enhance the adsorption of each intermediate 

and lead to the potential determining step of CO to CHO and the CO-CHO coupling step to be 

more favorable. Consequently, the addition of PTFE polymer was predicted to enhance both 

the activity and selectivity for CO2 reduction to C2 products on Cu, consistent with our 

experimental finding that DRY/20%PTFE/30min catalyst exhibits a C2+/C1 product ratio of 13 

much higher than the value of 2 for the WET/20%PTFE catalyst at 400 mA/cm2 (Fig. 5d). 
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Fig. 6. Atomistic structures of (a) physical adsorption configuration of PTFE on Cu(111), (b) 

chemical adsorption configuration of PTFE on Cu(111), and (c)  the CO-CO and CO-CHO 

coupling process. Here, the yellow, grey, cyan, red, and white balls represent Cu, C, F, O, and 

H atoms, respectively. (d) Predicted free energy evolution for CO2 reduction to C2 products on 

clean Cu(111) and pPTFE-Cu(111) surfaces.

Conclusion

In summary, a novel DRY manufacturing method has been developed for preparing micro-

granule catalysts composed of Cu NPs coated by porous PTFE nanofilm. These micro-granules 

were then deposited onto a GDL through electrostatic deposition and roll pressing to form a 

GDE in a solvent-free process. The preparation parameters including PTFE mass loading and 

ball milling time are important to affect the Cu-PTFE granulation and the PTFE coating 

uniformity, and consequently the CO2RR performance. Specifically, the optimal sample, 

DRY/20%PTFE/30min, achieved an FE (C2+) of 78% at 400 mA cm-2 and an FE (C2+) of 76% 

at 500 mA cm-2 with a large C2+ to C1 product ratio of 13, significantly higher than those 
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catalysts prepared by conventional WET methods airbrushing catalyst ink composed of Cu NPs 

and PTFE or Nafion binder. The DRY sample also demonstrated excellent stability for 12 h 

without observable degradation of FE(C2+).  Besides the contributions from the porous PTFE 

layer that promoted the catalyst-electrode-CO2 interfacial area and GDE hydrophobicity, our 

DFT results indicated that a physisorbed PTFE polymer layer could hinder the desorption of 

CO from PTFE-covered Cu surfaces while accelerating the C-C coupling step on the same 

surface. This work not only provides useful insights of a new materials structure for high-

performing CO2RR catalysts but also demonstrates the potential for scalable and sustainable 

manufacturing of the catalysts, both of which are critical to large-scale CO2RR applications. 

Future work could focus on improving the PTFE coating techniques and fabricating smaller 

granules to minimize the decrease in ECSA and further increase catalytic performance.
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