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Abstract  

Electrochemical CO2 reduction is a promising way to mitigate CO2 emissions and close the 

anthropogenic carbon cycle. Among products from CO2RR, multi-carbon chemicals, such as 

ethylene and ethanol with high energy density, are more valuable. However, the selectivity and 

reaction rate of C2 production are unsatisfactory due to the sluggish thermodynamics and 

kinetics of C–C coupling. Electric field and thermal field have been studied and utilized to 

promote catalytic reactions as they can regulate the thermodynamic and kinetic barriers of 

reactions. Either raising the potential or heating the electrolyte can enhance C–C coupling, but 

these come at the cost of increasing side reactions, such as hydrogen evolution reaction. Here, 

we present a generic strategy to enhance local electric field and temperature simultaneously, 

dramatically improve the electric-thermal synergy desired in electrocatalysis.  A conformal 

coating of ~5-nm polytetrafluoroethylene significantly improves the catalytic ability of copper 

nanoneedles (~7 fold electric field and ~40 K temperature enhancement at tips compared with 

bare copper nanoneedles experimentally), resulting in an improved C2 Faradaic efficiency of 

over 86% at a partial current density of more than 250 mA cm−2 and an record-high C2 turnover 

frequency of 11.5±0.3 s−1 Cu site−1. Combined with its low cost and scalability, the electric-

thermal strategy for state-of-art catalyst not only offers a new insight to improve activity and 

selectivity of value-added C2 products as we demonstrated, but also inspires advances in 

efficiency and/or selectivity of other valuable electro-/photo-catalysis such as hydrogen 

evolution, nitrogen reduction and hydrogen peroxide electrosynthesis.  
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INTRODUCTION 

Electrochemical conversion of carbon dioxide (CO2) into value-added carbon-based 

feedstocks and fuels by utilizing the renewable electricity is a promising technology to mitigate 

CO2 emissions, fulfil the anthropogenic carbon cycle and store the excess renewable electricity 

as chemical energy.1–3 Among various products produced from CO2 reduction reaction 

(CO2RR), two-carbon (C2) hydrocarbons and oxygenates, such as ethylene (C2H4) and ethanol 

(EtOH), are attractive in view of their high energy densities and major roles in chemical 

industry.1,2 However, the selectivity and reaction rate for C2 productions are still below the 

demands for practical applications, due to the sluggish thermodynamics and kinetics of C–C 

coupling.4–8 

Raising the coverage of *CO, a key intermediate for C–C coupling,4,5,8 and simultaneously 

lowering the energy barrier of *CO dimerization on catalyst would effectively improve C–C 

coupling.9–19 Although many efforts have been tried to implement these by regulating the 

electronic properties of Cu, such as elements doping,9–11 facets controlling,12,13 heterojunction 

interface constructing,14–16 and defects creating,17–19 the complexity and finiteness of electronic 

structure tuning impede their application at scale. 

Electric field has been extensively studied and utilized to improve the activity and 

selectivity of catalytic reactions as it can accumulate reactants and regulate the thermodynamic 

barriers of reactions.20–27 Similar to electric field, thermal field can promote the reaction rate 

through facilitating kinetic process.28–32 Therefore, introducing the electric field and thermal 

field (denote as electric-thermal field) synchronously on Cu surface would be an effective way 

to improve the selectivity and reaction rate of C2 products during CO2RR. A simple way to 

enhance electric-thermal field is directly raising the applied potential and heating the electrolyte. 

However, it comes at the cost of increasing hydrogen evolution reaction (HER) and the 

generation of C1, because the HER and C1 production are more likely to be activated than that 

of C2 production.20,25,31,33  
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In this work, we report a synergetic electric-thermal field strategy, by conformal coating 

Cu nanoneedle (Cu NN) bodies with polytetrafluoroethylene (PTFE) to produce a locally 

enhanced local electric-thermal field at tips, to raise *CO intermediates and facilitate C–C 

coupling for high-efficiency conversion of CO2 to C2 products. Finite element method (FEM) 

simulations show that Cu NN tip possesses a local electric-thermal field and this electric-

thermal field can be further enhanced by pushing electrons to the top tip through covering Cu 

NN body with dielectric polymer. Density functional theory (DFT) calculations indicate the 

enhanced electric field lowers the Gibbs free energy (ΔG) of C–C coupling, and the enhanced 

thermal field boosts the reaction rate of C–C coupling. Inspired by these aspects, we synthesize 

a series of Cu NNs with different PTFE coverage (Cu-PTFE NNs) and verify the electric-

thermal field at tips through the adsorbed K+ concentration and infrared thermal imaging tests, 

which show about 3-fold enhancement with the increase of PTFE coverage. In-situ Fourier 

transform infrared (FTIR) investigations confirm the *CO accumulation and C–C coupling 

acceleration. As a result, we implement a conversion of CO2 to C2 with a Faradaic efficiency 

(FE) of over 86% and a half-cell cathodic energy efficiency (CEE) of ~50% at a partial current 

density of over 250 mA cm-2, and a record-high turnover frequency (TOF) of 11.5±0.3 s–1 Cu 

site–1 to the best of our knowledge. This work opens a new avenue to improve the selectivity 

and activity of Cu-based catalysts. More importantly, the conformal coating may be transferred 

to other catalytic platforms demanding synergic effect of improved electric field and 

temperature at nanoscale. 

RESULTS AND DISCUSSION 

FEM simulations and DFT calculations. High-curvature metallic structures are known to 

accumulate electrons, spontaneously increase local electron density and collision, leading to a 

locally enhanced electric field and high temperature (thermal field) at the tip (Fig. S1a).20,23,34–

37 We speculate that the tip-induced electric field and thermal field (defined as electric-thermal 
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field) can be further enhanced by covering dielectric polymer on needle body to concentrate 

electrons on the very top point of a tip (Fig. S1b). To verify this assumption, we employed FEM 

simulations to investigate the distribution of electron density, electric field, and thermal field 

on the tip of Cu NN with different PTFE coverage rates. We found that with the PTFE coverage 

rates increasing from 0% to 99%, the tip-concentrated electron density showed 2-fold 

enhancement (Figs. S2 and S3), resulting in an obviously enhanced electric field and thermal-

field at the tips (Fig. 1a, b and Figs. S4, S5). Remarkably, the tip-induced electric field and 

thermal field showed a sharp enhancement as PTFE coverage increased, and achieved about 2-

fold (from 26.3×103 to 50.3×103 kV m–1) and 3-fold (from 17 to 62 K) enhancement, 

respectively (Fig. 1c and Table. S1). In contrast to sharp-tip Cu NN, the electric field and 

thermal field enhancements are negligible for quasi-planar Cu nanoparticle (Cu NP) (Figs. S6, 

S7 and Table S1). We also investigated the relationship between electric-thermal field and 

applied bias (Fig. S8), the results showed that the tip-induced electric field and thermal field 

showed an enhancement as applied bias increased. 

To explore how the tip-induced electric-thermal field influence the C2 formation, DFT 

calculations were applied to survey the *CO dimerization process on Cu surface, which is the 

key rate-limiting step along the CO2-to-C2 pathway.38,39 We introduced various electric fields 

onto Cu(100) surface, a facet that has been confirmed to favor C2 formation,40–42 and used an 

explicit water model43 to calculate the thermodynamic energy barriers for *CO dimerization 

(Fig. 1d and Table S2). We found that the ΔG of *CO dimerization decreased with the electric 

field increasing, suggesting that the electric field is thermodynamically favorable for C2 

formation. In order to study the kinetics process of *CO dimerization, we then calculated the 

activation energy (ΔEa) and TOF of *CO dimerization via:44 

𝑇𝑂𝐹 =
𝑘𝑇
ℎ
×𝑒𝑥𝑝(−

∆𝐸/
𝑘𝑇

) 
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where k is the Boltzmann constant, h is Planck’s constant, T is temperature in Kelvins, and ΔEa 

is the calculated activation energy of *CO dimerization. Similar to ΔG, ΔEa decreased with the 

increase of electric field, indicating that the electric field also favors C2 generation kinetically 

(Figs. S9, S10 and Table S2). A TOF map of *CO dimerization at various electric field and 

thermal field shows that the TOF grows more than two orders of magnitude with the increase 

of the electric field and thermal field (Fig. 1e). Obviously, the thermal field vastly improves the 

kinetics process of *CO dimerization (Fig. S11). These findings predict that locally enhanced 

electric-thermal field accelerates *CO dimerization both thermodynamically and kinetically 

(Fig. 1f). 

 

Figure 1. FEM simulations and DFT calculations. a, The electric field distribution on a 

pristine Cu NN (left) and a Cu NN with 99% PTFE coverage (right). b, The thermal field 

distribution on a pristine Cu NN (left) and a Cu NN with 99% PTFE coverage (right). The 

thermal field (ΔT, K) is the temperature enhancement versus room temperature (298 K). c, The 

electric field and thermal field at Cu NN tips as a function of PTFE coverage rates. d, Reaction 

Gibbs free energy diagrams of *CO dimerization to form *OCCO on Cu(100) surface under 

different electric fields. e, A TOF map of *CO dimerization on Cu(100) under various electric 

field and thermal field. f, A schematic illustration of the synergetic effect of tip-induced electric 

field and thermal field on promoting C2 formation. 
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Catalyst synthesis and characterization. To probe our predictions experimentally, we 

prepared a suite of Cu NNs with PTFE coverage rates from 0 to 99% (Fig. S12 and Table S3). 

Scanning electron microscopy (SEM) images reveal the obtained Cu samples have needle 

morphologies and visible PTFE layers on needle bodies (Fig. S13). Transmission electron 

microscopy (TEM), high-angle annular dark-field scanning TEM (HAADF-STEM), and 

energy-dispersive X-ray spectroscopy (EDX) elemental mapping analyses confirm the well 

PTFE coverage on Cu NN bodies and only the top tip exposed (Fig. 2 and Fig. S14). 

 

Figure 2. Structural characterization. a-d, HAADF-STEM images and the corresponding 

elemental mapping of Cu (red) and F (yellow) taken from a section of (a) pristine Cu NN, (b) 

Cu NN with a PTFE coverage rate of 70% (Cu-PTFE-70 NN), (c) Cu NN with a PTFE coverage 

rate of 90% (Cu-PTFE-90 NN), and (d) Cu NN with a PTFE coverage rate of 99% (Cu-PTFE-

99 NN). Scale bars, 1 µm. Insets: schematic illustrations of the coverage status of PTFE on Cu 

NN bodies. PTFE coverage rates were estimated from SEM and TEM analyses. 

a

Cu Cu Cu

F F F F

b c dPTFE (70%) PTFE (90%) PTFE (99%)

Cu



  

9 
 

To determine the morphological structure and chemical state of the tested catalysts, SEM 

and a series of spectroscopies were performed. Before CO2RR test, all catalysts were operated 

under a constant voltage of –1.4 V versus reversible hydrogen electrode (vs. RHE) until the 

current was stable (Fig. S15). SEM and EDX mapping images reveal that the catalysts retain 

the needle structure with well PTFE coverage after electroreduction (Figs. S16 and S17). FTIR 

spectra of Cu-PTFE NNs before and after electroreduction show two visible characteristic peaks 

of PTFE located at 1100–1300 cm−1 (Fig. S18),45 confirming the coverage of PTFE. X-ray 

diffraction (XRD) patterns and X-ray photoelectron spectroscopy (XPS) spectra (Fig. S19) 

reveal that the Cu-PTFE NNs are metallic Cu after electroreduction,46 which is further 

confirmed by the Cu K edge X-ray absorption near-edge spectra (XANES) and the extended 

X-ray absorption fine structure (XAFS) (Fig. S20).11,46  

The effect of tip-induced electric-thermal field. To probe the enhanced electric field at the 

tips, we measured the concentration of adsorbed K+ on electrodes. The results show that Cu NN 

with a sharp tip structure has a higher K+ concentration than that of quasi-planar Cu NP, and 

the adsorbed K+ concentration can be further enhanced when Cu NN is covered with PTFE 

(Figs. S21-23 and Table S4). This finding indicates that the electric field of Cu NN can be 

enhanced to about 7-fold by covering PTFE (Fig. 3a). We then probed the local thermal field 

by using an infrared thermal camera system. The temperature distribution on a single Cu needle 

electrode (Fig. S24) shows a high temperature near the tip, indicating that the sharp tip can 

produce a local thermal field due to electron collision. Compared with planar Cu NP, the 

pristine Cu NN shows about 4-fold higher temperature increment, and the temperature 

increment can be further enhanced to nearly 14-fold for Cu-PTFE-99 NN (Fig. 3b and Figs. 

S25 and S26). These results (Figs. 3a and b) indicate that the electric-thermal field at tip can be 

improved by tuning PTFE coverage, which is consistent with our theoretical simulations. 
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We then explored the capacity regarding adsorption and activation of CO2 and CO 

molecules on Cu-PTFE NNs via gas electro-response experiments (Fig. S27). The results (Fig. 

3c and Fig. S28) show that the CO2 and CO adsorption responses become stronger with the 

increase of PTFE coverage, suggesting that the adsorption and activation of CO2 and CO are 

promoted by enhancing the tip-induced electric-thermal field.9,47  

To further investigate how the tip-induced electric-thermal field modulate the adsorption 

and dimerization of *CO intermediates, in-situ attenuated total reflection FTIR (ATR-FTIR, 

Fig. S29) was conducted. The spectra show an obvious stretching band of linearly bonded CO 

(COL) in the range of 1950–2150 cm−1 (Fig. 3d and Figs. S30-32).48–53 With the applied 

potentials stepping down from –0.2 to –0.9 V vs. RHE, COL stretching band areas increase 

gradually, indicating the *CO amount increased with the electric field (Fig. 3e). Then, with the 

negative shift of the potential from –0.9 V to –1.5 V, COL stretching band areas decreased with 

an accelerated rate as the PTFE coverage increased, indicating that the abundant *CO 

intermediates were consumed quickly to implement a fast *CO dimerization process under the 

enhanced thermal field (Fig. S33, the details see supporting information).49,51 The time-resolved 

in-situ ATR-FTIR spectra at the potential of –0.9 and –1.5 V vs. RHE (Figs. S34 and S35) 

confirmed that the *CO formation and dimerization process were accelerated by increasing the 

electric field and thermal field, respectively. These findings demonstrate that the local electric-

thermal field can enrich *CO intermediates on active sites and accelerate *CO dimerization to 

produce C2 products. 
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Figure 3. Electric-thermal field detection and enhancement mechanism investigation. a, 

The electric field enhancement factor and the concentration of adsorbed K+ ions on the surface 

of electrodes at a potential of –1.5V vs. RHE, normalized by ECSA. Error bars correspond to 

the standard deviation of three independent electrode measurements. The electric field 

enhancement factor was estimated from the adsorbed K+ concentrations by using Cu NP as 

reference. b, Infrared thermal imaging of the electrodes (top) and corresponding thermal field 

magnitude (bottom) at an applied constant current. c, The results of CO2 (left) and CO (right) 

adsorption responses under different applied voltages. d, In-situ ATR-FTIR spectra of Cu-

PTFE-99 NN electrode under different potentials. e, The stretching band areas of atop-bound 

COL in the 1950–2150 cm−1 range as a function of potentials.  

Electrochemical CO2 reduction performance. To validate the enhancement of CO2RR by tip-

induced electric-thermal field, we evaluated the CO2RR performance of these catalysts in a 

conventional H-cell with CO2-saturated 0.1 M KHCO3 electrolyte (pH 6.8). We detected and 
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analyzed the products under different potentials (Fig. S36 and Table S5) through gas 

chromatography (GC) and nuclear magnetic resonance (NMR). The product distributions under 

a potential of –1.5 V vs. RHE (Fig. 4a) show that the main product for all Cu NN electrodes is 

C2, whereas C1 account for the majority products on Cu NP electrode. The FE of C2 for pristine 

Cu NN was 43.1±1.9% at –1.5 V vs. RHE, much higher than that of 21.2±1.7% for Cu NP. 

This value can be further enhanced with the increase of PTFE coverage rate. And a C2 FE of 

86.1±2.2% was obtained on the very top tip exposed Cu-PTFE-99 NN electrode (Fig. 4b). This 

trend was retained even under a wide potential range (Fig. S37 and Table S5), confirming that 

the tip-induced local electric-thermal field enhancement are favorable for C2 generation versus 

C1 and H2 formation during CO2RR. 

To explore the intrinsic activity, we investigated the electrochemical surface areas (ECSAs) 

and current densities of all electrodes (Figs. S38-42 and Tables S6, S7). ECSAs decreased with 

the increase of PTFE coverage rate as the active sites on needle body was covered by PTFE. 

However, the partial current densities of C2 enhance with PTFE coverage rate increasing, and 

achieve a 4-fold enhancement for the very top tip exposed Cu-PTFE-99 NN compared with that 

of pristine Cu NN.  

To determine the activity of per active site experimentally, we calculated the TOFs of C2 

production at the potential of –1.5 V vs. RHE (Figs. 4c, S43, S44 and Tables S8, S9). Compared 

with Cu NP, Cu-PTFE NNs exhibit higher TOFs, which increase with the PTFE coverage and 

reach a value of 11.5±0.3 s–1 Cu site–1 at Cu-PTFE-99 NN. This TOF value was about 5 times 

higher than that of Cu NN (2.7±0.1 s–1 Cu site–1) and outperformed the reported values, even 

ones for most single-atom catalysts (Table S10), proving the local electric-thermal field can 

greatly accelerate the C2 formation during CO2RR.  

Then, we investigated the CO2RR performance of Cu NN under different electrolyte 

temperature. We found that enhancing the electrolyte temperature promotes the CO2RR, but it 
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is more favorable for C1 and H2 formation versus C2 formation (Fig. S45). Comparing the 

results of directly enhancing electrolyte temperature (heating the electrolyte to artificially 

enhance global temperature, denoted as Electrolyte temperature) and locally enhancing tip 

temperature (applying a potential to spontaneously enhance local temperature at copper 

nanoneedle tips during CO2RR, denoted as Tip local temperature), we found that locally 

enhancing tip temperature by tuning PTFE coverage rate on Cu NN body is more favourable 

for C2 formation because it can directly act on C2 active sites to accelerate *CO dimerization, 

rather than on C1 or H2 active sites to produce C1 and H2 (Fig. S46).  

To increase the gas reactant availability at the electrode surface, we also explored the 

CO2RR performance in a flow-cell (Fig. S47). We deposited Cu NP, pristine Cu NN and Cu-

PTFE-99 NN onto PTFE membrane gas-diffusion electrodes (GDEs) by spray coating and 

tested their CO2RR activity in 1 M KOH. Among the samples, Cu-PTFE-99 NN still exhibited 

the best activity and selectivity for C2 production (Figs. S48, S49 and Table S11).  

Next, we assessed the catalytic activity of Cu-PTFE-99 NN in the current density range of 

100−700 mA cm−2 (Figs. 4d, S50, S51 and Tables S11, S12). Under all tested current densities, 

the FEs for C2 products were measured over 80%, indicating the promising for practical 

applications. Under the current density of 300 mA cm−2, the best C2 FE of 85.4±1.5% were 

achieved with a partial current density of 256.2±4.6 mA cm−2 at a low overpotential of –0.77 V 

vs. RHE. The calculated half-cell CEE of C2 products was 49.3±2.0% for Cu-PTFE-99 NN (Fig. 

S52 and Table S12), which approached the reported state-of-the-art catalysts (55% for Cu-Al 

alloys10). The Cu-PTFE-99 NN had a high stability in flow-cell with a total current density of 

300 mA cm–2 for over 25 h (Fig. 4e). The very top tip exposed Cu-PTFE-99 NN catalyst 

approached or outperformed the reported state-of-the-art Cu-based catalysts in performance 

(Table S13), benefitting from the synergistic promoting effect of electric-thermal field.  
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Figure 4. CO2 electroreduction performance investigation. a, Products distribution and 

corresponding FEs under the potential of –1.5 V vs. RHE in H-cell. b, The FEs of C2, C1 and 

H2 products under the potential of –1.5 V vs. RHE in H-cell. c, TOFs under the potential of –

1.5 V vs. RHE in H-cell. d, FEs of C2 products on Cu-PTFE-99 NN under different current 

densities in Flow-cell. e, Potential and FEs of C2 products measured during 27 h of continuous 

operation at the current density of 300 mA cm–2. Error bars correspond to the standard deviation 

of three independent electrode measurements. 

CONCLUSION 

In summary, we developed a strategy to accelerate the conversion of CO2-to-C2 by a PTFE 

conformal coating on Cu NN body to generate a locally enhanced electric-thermal field at tip. 

Combining the theoretical studies and experimental investigations, we concluded that the 

electric-thermal field at Cu NN tip can be controllably tuned by adjusting the coverage of PTFE 

on body, and the locally enhanced electric-thermal field raised *CO intermediates and 

accelerated C–C coupling both thermodynamically and kinetically. Using this strategy, we 

achieved a C2 FE of 85.4±1.5% at a partial current density of more than 250 mA cm−2, and a 
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high TOF of 11.5±0.3 s–1 Cu site–1 for C2 generation. The findings suggest a new strategy for 

improving CO2 conversion into value-added C2 chemicals using renewable electricity with the 

aid of local electric-thermal field synergy. Considering the ease of fabrication and excellent 

scalability, we anticipate that this strategy—tuning local electric-thermal field on catalyst 

surface—may be generalized to promote other electrocatalytic reaction, by virtue of the 

unparalleled ability to enhancement in electric field and temperature at nanoscale.  

EXPERIMENTAL SECTION 

COMSOL Multiphysics simulations. In our work, the FEM model was constructed in 

COMSOL Multiphysics v 5.5 as a stationary, 2D axisymmetric model and consisted of a Cu 

needle, a PTFE layer, and an electrolyte diffusion layer. Conventional triangular meshes were 

used for all simulations and the meshes were set to the densest grid around the electrode and 

PTFE surfaces. The MUMPS solver was used with a relative tolerance of 0.001. 

The ‘Electric Currents’ module was used to solve the electron density and electric field 

when the electrode is under a specific potential bias. The electric field, E, was computed as the 

negative gradient of the electric potential as follows:  

𝐸 = −𝛻𝑉 

Additionally, Ohm’s law was used to correlate the electric field to current density, J, as 

follows: 

𝐽 = 𝜎𝐸 

in which σ is the electrical conductivity. The electrical conductivity of the copper electrode was 

set to be 5.998×107 S m–1, while the PTFE layer conductivity and electrolyte conductivity were 

assumed to be 1×10–15 S m–1 and 10 S m–1, respectively. The dielectric model was also used to 

relate the electric displacement, D, with the electric field as follows:  

𝐷 = 𝜀7𝜀8𝐸 
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where ε0 represents the dielectric constant of vacuum and εr represents the dielectric constant 

of the materials (1 for Cu, 2.1 for PTFE, and 80 for the electrolyte). An electric potential (-1.3, 

-1.5, and -1.7V) was applied to the bottom of the Cu needle, ground was prescribed to the far 

side of the electrolyte, electric insulation was applied to the remaining electrolyte sides, and an 

initial value of 0 V was set everywhere.  

The ‘Heat Transfer in Solids and Fluids’ module was used to simulate the thermal field 

under different PTFE coverage rates. The heat transfer equation was used to estimate the 

thermal field in the system as a certain electric potential is applied. 

𝜌𝑐;𝑢 ∙ 𝛻𝑇 + 𝛻 ∙ 𝑞 = 𝑄 

Here, ρ is density, cp is the specific heat capacity, u is the velocity vector (estimated to be 

1.667×10–3 m s–1), T is temperature, q is the heat flux, and Q is a heat source term (equated with 

the heat generated due to the applied potential). The heat flux was calculated using the following 

equation:  

𝑞 = −𝑘𝛻𝑇 

in which k is the thermal conductivity (401 W m–1 K–1 for Cu, 0.256 W m–1 K–1 for PTFE, and 

0.599 W m–1 K–1 for the electrolyte). A reference and an initial temperature of 298 K were 

applied at the electrolyte and everywhere in the system, respectively.  

DFT computational details. Density functional theory (DFT) calculations were performed 

PBE exchange-correlation functional and the projector augmented wave (PAW) method with 

the Vienna ab initio simulation package (VASP).54–56 The energy cutoff of plane wave was set 

to 400 eV, and 2×3×1 Monkhorst-Pack k grids are used to Brillouin-zone integrations. The 

electric field (from -0.8 to 0 V•Å–1) along the Z-axis was considered in our calculations. The 

convergence criteria for iteration process were the maximal residual force less than 0.02 eV•Å–

1 and the energy change less than 10–5 eV. We employed the climbing image nudged elastic 

band method to find the transition states of CO coupling. The 5×3 supercell Cu(100) surface 

slab was built with three layer, including 45 Cu atoms. The bottom two layer was fixed and top 
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layer relaxed. The vacuum layer is about 15 Å. Considering the effect of the solvent, six water 

molecules and one potassium atom were added near surface. 

Materials. Potassium hydroxide (KOH, ACS), potassium bicarbonate (KHCO3, AR, 99.5%), 

polyterafluoroethylene preparation (PTFE, 60 wt%), ammonium fluoride (NH4F, AR, 98%), 

ammonium chloride (NH4Cl, AR, 99.5%), sodium tetrachloroaurate(III) dihydrate 

(NaAuCl4·2H2O) and sodium thiosulfate (Na2S2O3, 99%) were purchased from Aladdin 

Industrial Corporation. Phosphoric acid (H3PO4, AR, 85%), copper sulfate (CuSO4·5H2O, AR, 

99%), citric acid (H3C6H5O7, AR, 99%), hydrochloric acid (HCl, GR, 38%), sulfuric acid 

(H2SO4, GR, 95~98%), hydrofluoric acid (HF, AR, ≥40%), hydrogen peroxide (H2O2, GR, 

≥30%), sodium hydroxide (NaOH, AR, ≥96%) and sodium sulfite (Na2SO3, AR, ≥97%) were 

purchased from Sinopharm Chemical Reagent Co. Ltd. All reagents were used without further 

purification. Deionized water (DI) was used in the overall process of catalysts preparation and 

performance test. 

Preparation of Cu NN and Cu-PTFE NN electrodes. Firstly, Cu(OH)2 NN electrodes were 

prepared by an anodized method.57 Before anodizing, the bare Cu electrode was electropolished 

in a two-electrode system by using 85% H3PO4 solution as electrolyte, Cu foil as working 

electrode (0.5×0.35 cm-2) and platinum plate as counter electrode. A constant voltage of 4 V 

was applied to electropolish Cu surface for 600 s. After polishing, the electrode was flushed 

with deionized water several times and dried with nitrogen gas flow. The obtained glossy Cu 

surface was then anodized in 3 M KOH electrolyte by using polished Cu electrode as working 

electrode, platinum plate as counter electrode, and Ag/AgCl (3.5 M KCl) as reference electrode. 

A constant current of 1 mA (~5.7 mA cm–2) was applied for 350 s to synthesize Cu(OH)2 NNs. 

Then, Cu(OH)2 NNs with different PTFE coverage were prepared via a capillary 

percolation method. At first, several scratches on Cu substrate were constructed as channels to 

facilitate the transfer of PTFE solution. The PTFE solution (5 wt%, 2µL) was dropwise added 

at the end of scratches. PTFE solution was permeated along with the scratches and then 
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gradually diffused into Cu(OH)2 NN arrays due to the capillary action. After complete diffusion, 

the excess PTFE solution was removed rapidly by dust-free paper and then dried naturally in 

air. The coverage rate of PTFE can be tuned by controlling the dosage of PTFE solution.  

Finally, Cu NN and Cu-PTFE NN electrodes were obtained via an in-situ electrochemical 

reduction process. Before CO2 electroreduction test, the as-prepared Cu(OH)2 NN and 

Cu(OH)2-PTFE NN electrodes in above were reduced under a constant potential of –1.4 V vs. 

RHE for at least 180 s until the current become stable.  

Preparation of Cu NP. The Cu NP electrode was prepared through an electrodeposition 

approach. The Cu NPs were electrodeposited on Cu foil using a conventional two electrode 

system, Cu foil substrate was used as working electrode and graphite rod as a counter electrode. 

An aqueous solution of 0.1 M CuSO4·5H2O and 1 M citric acid was used as electrolyte. Cu NP 

was electrodeposited at a constant voltage of –1.5 V for 300 s. After the deposition, the samples 

were rinsed in distilled water and dried with nitrogen gas flow. 

Materials characterization. Phases of catalysts ware characterized by using XRD (Rigaku 

Miniflex 600, Cu-Kα radiation with λ=1.51484Å) with a 2θ range from 5° to 80° and a scan 

rate of 8° min-1. SEM images and EDX of the samples were obtained from a FEI Helios Nanolab 

600 field emission electron microscope. TEM, HR-TEM, STEM and corresponding EDX 

elemental mapping images were obtained from FEI Tecnai G2 F20 field emission transmission 

electron microscope operated at 200 kV. XPS results were performed on Thermo Fisher 

Scientific-Escalab 250Xi. All the binding energies were calibrated by the C 1s peak at 284.8 

eV. FTIR and in situ electrochemical ATR-FTIR measurements were performed by using 

Thermo iS50. The X-ray absorption spectroscopy measurements were conducted at Taiwan 

Beam Lines BL01C1, BL07A1, and BL17C1 at the National Synchrotron Radiation Research 

Center (Hsinchu, Taiwan). The concentrations of adsorbed K+ on electrodes were detected by 

using Thermo Scientific ICS-600 Ion Chromatograph system. The temperature on electrode 

surface were measured through Infrared Thermal Camera (FLIR A615). 
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In situ electrochemical ATR-FTIR measurements. The in situ electrochemical ATR-FTIR 

measurements were performed using a Thermoelectric IR spectrometer (Thermo Fisher IS50) 

equipped with a liquid N2-cooled MCT-A detector.58,59 A customized spectro-electrochemical 

cell was assembled on top of a Si prism to carry out the in-situ testing process. A silicon prism 

crystal loading with catalysts, platinum plate and Ag/AgCl (Saturated KCl solution filling) were 

used as working electrode, counter electrode and reference electrode, respectively. The CO2-

saturated 0.1 M KHCO3 was used as electrolyte and purged with a constant flow (20 sccm) 

throughout the test to enable the balance of the test environment. In this work, the catalysts that 

grown on Cu foil were scraped from substrate, then loaded on Au film modified Si prism by 

using drop-coating approach. Before catalysts loading, an Au film was deposited directly on 

the reflecting plane of Si prism using a chemical deposition method.58 Firstly, Si prism was 

polished with a slurry of 0.5 µm Al2O3 and sonicated in acetone and deionized water. After 

polishing, the Si prism was soaked in a piranha solution (3:1 volumetric ratio of 98% H2SO4 

and H2O2) for 60 min in order to clean the prism of organic contaminants. Following cleaning, 

the reflecting plane of Si prism was dried with nitrogen gas flow and immersed in 40% NH4F 

solution for 150s to create a hydrogen-terminated surface to improve adhesion of the Au film. 

Then the reflecting surface was immersed in the mixture of the Au plating solution (5.75 mM 

NaAuCl4·2H2O + 0.025 M NH4Cl + 0.075 M Na2SO3 + 0.025 M Na2S2O3 + 0.026 M NaOH) 

and a 2 wt % HF solution (in a 4.4:1 ratio) at 55 °C for 10 min. After the deposition, the Au 

film was rinsed with deionized water and dried nitrogen gas flow. The catalysts (200 mg) 

scraped from Cu foil were dispersed in a hybrid solution included 750 µL of deionized water, 

750 µL of alcohol and 100 µL of Nafion (5 wt%). Then 100 µL of catalyst ink was cast onto 

the Au film modified Si prism reflecting surface. FTIR spectra were obtained from an average 

of 32 scans with a resolution of 8 cm–1, and the range of wavenumber of collected spectra was 

set from 1600 to 2400 cm–1. Background spectrum was taken at the potential of +0.2 V vs. RHE. 

The spectrums depend on potential were obtained by applying single potential steps, and 
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collected after running 90s. The time-resolved spectrums were collected at a constant potential, 

and collected every 15s. Atop-bound CO (COL) bands are typically in the 1950–2100 cm–1 

region. Thus, the CO peak area calculations are performed by including the area under the curve 

between 1950 and 2100 cm–1 to account for small shifts in CO peak position because of changes 

in coverage, dipole coupling or the impact of hydroxide adsorbed on adjacent sites.52  

Electrochemical performance measurements. In this work, the CO2RR performance were 

investigated in conventional H-cell and advanced Flow-cell. All the electrocatalytic 

measurements were carried out in a three-electrode system using an electrochemical station 

(AUT50783). All the potentials were measured against an Ag/AgCl (Saturated KCl solution 

filling) reference electrode and converted to RHE as follows: 

𝐸ABC = 𝐸DE/DEGH + 0.210 + 0.059×𝑝𝐻 

In H-cell, a Nafion-115 proton exchange membrane was used to separate sealed cell. The 

as-prepared electrode, Ag/AgCl (Saturated KCl solution filling) electrode, and platinum plate 

(2 × 2 cm2) electrode were used as the working electrode, counter electrode, and reference 

electrode, respectively. The CO2-saturated 0.1M KHCO3 solution was used as electrolyte 

(pH=6.8). The cathodic compartment was continuously purged with a constant CO2 (99.999%) 

flow rate (20 sccm) and vented directly into the gas-sampling loop of a GC. The electrolyte was 

collected and analysed by NMR after CO2RR test (electrolysis 45 min). The ECSAs of all 

electrodes were estimated by double layer capacitance in CO2-saturated 0.1 M KHCO3. Non-

faradaic potential ranges were selected for all samples. The cyclic voltammograms (CVs) were 

measured at a potential window of 0.05–0.25 V vs. RHE with different scan rates of 10, 20, 30, 

40, 50, 60, 80 and 100 mV/s. The non-faradaic current density was plotted against the scan rates 

and the slope obtained was the double layer capacitance (Cdl). The roughness factor of catalysts 

was determined via Cdl/Cs, where Cs represents the double layer capacitance of polycrystalline 

Cu electrode (Cu foil). For the lead UPD, a N2-saturated 0.1 M HClO4/10 mM Pb(ClO4)2 

aqueous solution was used as the electrolyte. The potential was first set at −0.35 V vs. Ag/AgCl 
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for 150 s and then cyclic voltammetry was recorded between −0.35 and 0 V vs. Ag/AgCl at 10 

mV s−1.  

In Flow-cell, the PTFE membrane (pore size of 450 nm) electrode, nickel foam, and 

Ag/AgCl (Saturated KCl solution filling) electrode were used as the cathode, anode, and 

reference electrode, respectively. To prepare gas-diffusion electrode (GDE, with a size of 2 × 

2 cm2), we firstly scraped the catalysts from Cu foil, then deposited 10 mg of catalyst (mixed 

with 20 µL of 5 wt% Nafion in 1 ml of isopropanol) on PTFE membrane with a loading mass 

about 2.5 mg cm−2 by using an airbrush. All electrodes and the anion exchange membrane 

(Fumasep FAB-PK-130) were positioned and clamped together via PTFE gaskets. 20 ml of 

electrolyte (1 M KOH, pH=14) was circulated through both the anode and cathode chambers 

by two pumps with a flow rate of 10 ml min−1. Meanwhile, CO2 gas was continuously supplied 

to the gas chamber located at the back side of the cathode by using a mass flow controller with 

a flow rate of 20 ml min−1. The performance of the cathodes was evaluated by performing 

constant-current electrolysis. The ohmic loss between the working and reference electrodes was 

measured using the electrochemical impedance spectroscopy technique (with a potentiostatic 

mode in the frequency range of 105 to 0.1 Hz) at the ending of the electrolysis, and 80% iR 

compensation (i, current; R, uncompensated resistance) was applied to correct the potentials 

manually. 

CO2 reduction products analysis. Gas products were analysis by GC and quantification via 

external standard method. Each peak in GC corresponds to a product and concentration (V) is 

proportional to peak area. The FEs of gas products were calculated using the equation: 

𝐹𝐸 =
𝑉×𝑄×𝑃×𝑛𝐹
𝑅×𝑇×𝑖TUT/H

×100 

where V is volume concentration from GC, i is current record by workstation, P is pressure, F 

is Faradaic constant, 96485 C mol–1, R is ideal gas constant, 8.314 m3·Pa (K·mol)-1, Q is flow 

rate, 20 mL min–1, T is temperature. 
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Liquid products were analysis by NMR. Concentration (Cliquid) was obtained from NMR, 

V was electrolyte volume, F is Faradaic constant, Qtotal was electricity record by workstation. 

The FEs of liquid products were calculated using the equation:  

𝐹𝐸 =
𝐶HWXYWZ×𝑉×𝑛𝐹

𝑄TUT/H
×100 

In the flow cell, the half-cell cathode energy conversion efficiency (CEE) for ethylene and 

ethanol can be calculated as follows:13,15 

𝐶𝐸𝐸 =
1.23 + −𝐸\T]^H\_\ ×𝐹𝐸\T]^H\_\

1.23 + −𝐸/;;HW\Z
+

1.23 + −𝐸\T]/_UH ×𝐹𝐸\T]/_UH
1.23 + −𝐸/;;HW\Z

 

here, the overpotential of oxygen evolution in anode is assumed to be zero. Eapplied is the 

measured potential values in the experiment, FEethylene and FEethanol are the measured Faradaic 

efficiency of ethylene and ethanol in percentage, Eethylene = 0.08 V vs. RHE and Eethanol = 0.09 

V vs. RHE for CO2RR. 

Adsorbed K+ measurement. The concentrations of adsorbed K+ on electrodes were performed 

in 0.1M KHCO3 solution by using a three-electrode system and Ion Chromatograph (IC, 

Thermo Scientific ICS-600). All the electrodes were run in 0.1M KHCO3 solution with an 

applied voltage at –1.5 V vs. RHE. Once the running time reached 120 s, the electrode was 

directly raised above the electrolyte. Next, the electrodes were transferred with voltage and 

immersed in 10 ml pure water, then removed the applied potential and shaking for 1 min in pure 

water, to enable the adsorbed K+ on the surface of catalysts can be completely released into the 

pure water. After repeating above process 10 times, the concentration of K+ in the water was 

checked using an IC. The XPS of bare Cu NN and Cu-PTFE-99 NN under the conditions of 

before and after releasing K+ were measured. 

Electrode surface temperature measurement. The temperature on electrode surface were 

measured by an Infrared Thermal Camera (FLIR A615). The electrodes with an exposed area 

of 1×1 cm–2 were prepared using the same procedure as we described in previous methods. The 
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as-prepared electrode was connected with DC Power (Luyang, YB1731B). The temperature 

distribution on electrodes surface were collected under an applied constant current. We also 

measured the temperature on macroscopical Cu needle electrodes using the same procedure. 

CO2 and CO adsorption test. The CO2 (or CO) adsorption on the catalysts surface were 

characterized by a self-designed gas adsorption electro-response device.47 The electrodes with 

an exposed area of 1×1 cm–2 were prepared using the same procedure as we described in 

previous methods. The as-prepared electrode was connected with electrochemical workstation 

(CHI 660E) and put into a sealed container. This sealed container was connected with vacuum 

pump and CO2 (or CO) alimentative system. Before CO2 (or CO) adsorption electro-response 

test, the sealed container kept vacuum state by the working of vacuum pump. The curve of 

current as a function of time were be monitored through a multi-potential steps (0 V, –0.05 V, 

–0.10 V) at vacuum state, and each potential running 10s. Then CO2 (or CO) gas was injected 

into the sealed container. The curve of current as a function of time were be monitored again 

under the same potentials and running time. Due to the adsorption of CO2 (or CO) on catalysts 

surface, the current response was changed. From the difference of current density (∆𝑗 = 𝑗E/a −

𝑗b/cYYd ) under the vacuum state (𝑗b/cYYd ) and CO2 (or CO) atmosphere (𝑗E/a ), we can 

quantificat the adsorbed capacity of CO2 (or CO) on catalysts surface. 

Turnover frequencies (TOFs) calculations. The experimental TOFs of C2 production on a 

single Cu active site were calculated by using the following equation: 

𝑇𝑂𝐹 =
𝑗e\U×𝑆

1000×12×𝑛GY×𝐹
 

where jGeo is the geometric current density (mA cm-2) of ethylene and ethanol, S is the electrode 

geometric area (0.175 cm2), 12 is the number of consumed electrons for producing an ethylene 

(or ethanol) molecule, nCu is the mole number of surface Cu atoms (mol) and F is the Faraday 

constant (96485.3 C mol–1). To estimate the number of active Cu atoms on catalyst surface, we 

proposed an approximate catalyst structure model based on SEM results.  
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For the single Cu NP model, the surface area of it was calculated from 

𝑆GY	hi =
3
4
×4𝜋𝑅l = 3.39×10mnl	𝑚l 

For the single Cu NN model, the surface area of it was calculated from 

𝑆GY	hh = 𝜋𝑟𝑙 = 9.42×10mnl	𝑚l 

Based on the surface atomic density of Cu is CCu=1.47×1019 m–2, the number of surface Cu 

atom on each Cu NP and Cu NN can be calculated as follows: 

𝑁GY	hi = 𝑆GY	hi×𝐶GY = 1.38×10t 

𝑁GY	hh = 𝑆GY	hh×4𝜋𝑅l = 4.98×10u 

To obtain the density of nanoneedles (DCu NN) and nanoparticles (DCu NP) on electrodes, the 

representative SEM results were statistically analyzed, we calculated DCu NN=0.4772 µm-2, DCu 

NP=1.0352 µm-2. Based on these parameters, we can calculate the mole number of active Cu 

atoms on surface (nCu ) using the following equation: 

𝑛GY =
D×𝑆×10t×𝑁

𝑁D
×𝑘 

where D is the density of nanoneedles (DCu NN) and nanoparticles (DCu NP) on electrodes, S is 

the electrode geometric area (0.175 cm2), N is the number of surface Cu atoms on each Cu NN 

(NCu NN) and Cu NP (NCu NP), k is the correction factor of active area (obtained from ECSA) and 

NA is the Avogadro constant (6.02×1023). For all Cu nanoneedles electrode, DCu NN and NCu NN 

is identical. For Cu NNs and Cu NPs electrodes, k=1; For Cu-PTFE-1 NNs electrode, k=0.62; 

For Cu-PTFE-3 NNs electrode, k=0.46; For Cu-PTFE-5 NNs electrode, k=0.37. 
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