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With the fast development of society and industry, atmospheric levels of carbon dioxide (CO,) have increased

seriously, becoming a threat to the world's climate. Electrochemical transformation of CO, into fuels and

chemicals using copper (Cu)-based materials has attracted enormous attention. However, the competitive

hydrogen evolution reaction (HER) heavily influences their efficiency. Thus, it is urgent to promote the CO,

reduction reaction (CO,RR) and suppress the competitive HER. In this work, enhanced CO,RR with suppressed

HER was achieved on polytetrafluoroethylene (PTFE) coated Cu nanoneedles (CuNNs). The concentration of

surface adsorbed CO, could be enhanced via the field-induced reagent concentration (FIRC) effect through

the CuNN structures. The hydrophobic PTFE can prevent the supply of protons to CuNNs and thus suppress

the HER. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray absorption

spectroscopy (XAS) revealed that the PTFE coated CuNNs maintained the nanoneedle structures and metallic
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Cu state during the catalytic reaction process. As a result, highly suppressed HER coupled with high C,

selectivity can be achieved on these PTFE coated CuNNs with a Faraday efficiency (FE) of 47% toward C,

DOI: 10.1039/d0ta03645e

rsc.li/materials-a

1. Introduction

Electrochemical reduction of CO, to useful fuels has been
widely studied as it is a feasible approach to handle the rising
atmospheric CO, concentration and integrate renewable inter-
mittent energy, such as wind and solar energy, into useful
chemicals.’ Many kinds of materials were studied for the
CO,RR;>”7 however, metals such as gold,® tin,” copper,’*™** and
their derivatives are the most common and attractive materials
among catalysts for the CO,RR. Cu-based materials have been
widely investigated because Cu is the only metal that can
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products and an ultralow FE of 5.9% toward H, at —1.49 V vs. RHE (without IR correction). This work provides
an effective strategy to promote the CO,RR and suppress the competitive HER.

generate considerable amounts of C,. products such as
ethylene (C,H,), ethanol (C,Hs;OH) and propanol (C;H,OH).***”
To enhance the FE of more valuable C,. products, a lot of
attention has been focused on regulating exposed facets,'
surface pH,* subsurface 0>~ and residual oxidation states.?**!
Although a high C,, FE of over 50% has been reached, the FE of
the competing reaction, HER, remains in the range of 20-30%.

An important reason for hydrogen generation in large
quantities during CO,RR in aqueous solution is the HER occurs
with a lower overpotential and a negligible limitation of mass
transfer.”” In contrast, the CO,RR is always restricted by the
large kinetic overpotential caused by the low concentration of
CO, surrounding the catalytic site.>>** This results in the inev-
itable hydrogen generation during the CO,RR in aqueous elec-
trolytes. Increasing the concentration of CO, is a feasible
approach to solve the above-mentioned problem. Some effort
has been made to promote the solubility of CO, in reaction
systems such as testing under high pressure,* employing ionic
liquids with organic solvents,*® etc. However, these routes are
not universal and expensive.

Recently, the promoting effect of a sharp tip electrode on the
CO,RR has been proved theoretically*” and experimentally.>*>%>°
Sharp tips cause local high electric field and electrons will
selectively gravitate toward areas of high curvature. The electric
field caused by concentrated electrons attracted increased K*

This journal is © The Royal Society of Chemistry 2020
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around the tip, which can increase the concentration of
CO,.2**%% To further suppress the competitive HER, we
hypothesize that using a hydrophobic thin layer to prevent the
supply of protons to a Cu nanoneedle electrode but allow CO, to
the electrode would be a potential approach to enhance the
CO,RR and suppress the HER.*"*

In this work, we report that PTFE-coated CuNNs could
concentrate electrons and K* ions to enhance the concentration
of CO, near the tips and prevent the supply of protons to the
electrode. The SEM and TEM images proved the PTFE was
uniformly coated on CuNNs, which maintained the needle
morphology during the reaction. The metallic Cu state was
confirmed by X-ray photoelectron spectroscopy (XPS) and XAS.
COMSOL simulation and ion chromatography (IC) measure-
ment revealed that CuNNs could concentrate K" and thus CO,
molecules. Contact angle tests showed the PTFE coated CuNNs
had better hydrophobic properties. Therefore, the obtained
sample exhibited suppressed HER and enhanced CO,RR
performances with a remarkable H, FE of as low as 5.9% and
a high C, FE of 47% at —1.49 V vs. RHE.

2. Result and discussion
2.1 Characterization of the as-obtained catalysts

The preparation process of CuNNs is schematically illustrated
in Fig. 1a. The CuNNs were prepared by a simple anodization
process and covered with PTFE through a simple dipping

(a)
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method. The SEM images show that bunches of nanoneedles
were grown on electrochemically polished Cu foil (Fig. 1b) and
PTFE was coated on these CuNNs (Fig. 1f). However, PTFE was
not coated on the CuNNs perfectly, and the uncoated regions
will act as the active site during the CO, reduction test. It can be
seen that the bare CuNNs collapsed into curved nanowires
(henceforth referred to as CuNWs) after the electrochemical test
(Fig. 1c-e). Notably, PTFE covered CuNNs maintained the same
morphology after the long term test (Fig. 1g-i). The TEM images
further confirmed that CuNNs could maintain the morphology
with the PTFE cover and the bare CuNNs were converted into
CuNWs (Fig. 1e and i).

Fourier transform infrared spectroscopy (FT-IR) was
employed to collect the surface information on the samples.
The as-obtained CuNNs (Fig. S1at) showed multiple peaks in
the range of 400-1000 cm >, After the coating of PTFE (Fig. 2a),
two characteristic peaks belonging to PTFE at around 1200
ecm™? can be clearly observed. These two peaks remained even
after the test, proving that PTFE was coated on the CuNNs
stably.

X-ray diffraction (XRD) was employed to analyze the struc-
ture of CuNN samples. The XRD pattern of the as-obtained
CuNNs (Fig. S1bt) shows three main peaks at 43.3°, 50.4° and
74.1°, corresponding to the face-centered cubic (fcc) Cu (111),
(200), and (220) crystal planes, respectively. The minor peaks at
16.7°, 23.8°, 34.1° belong to Cu(OH),. After PTFE coating, the
XRD pattern (Fig. 2b) remained the same as that of the CuNNs,

Fig. 1 (a) Schematic illustration of the fabrication of CuNNs. SEM images of CuNWs before the test (b), after the test (c) and with further
magnification (d). (e) TEM image of CuNWs after the test. SEM images of CuNNs before the test (f), after the test (g) and with further magnification

(h). (i) TEM image of CuNNs after the test.

This journal is © The Royal Society of Chemistry 2020
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Fig.2 FT-IR spectrum (a) of CuNNs before the test and after the test and pure PTFE. XRD patterns (b) of CuNNs before the test and after the test
and pure PTFE. (c) Cu 2p XPS patterns of CuNNs after the test. (d) Cu K-edge XANES spectra of CUNNs and CuNWs after the electrochemical test.

indicating that the PTFE coating did not affect the structure of
CuNNs. After the electrochemical test, the CuNNs showed the
characteristic peak of metallic Cu. High resolution TEM
(HRTEM) images and selected area electron diffraction (SAED)
images confirmed the metallic Cu phases of the obtained
CuNNs and CuNWs (Fig. S27).

The chemical states of CuNNs and CuNWs after the CO,RR
were detected by XPS. Both CuNNs (Fig. 2c) and CuNWs
(Fig. S3at) showed the metallic state with two peaks at 933.3 and
952.2 eV, corresponding to Cu®* 2p,,, and Cu®”* 2p,,,, respec-
tively.*®* A minor shoulder peak of Cu®" could be recognized in
each band, which was attributed to the oxidation of Cu exposed
in air during transportation and tests. The F 1s spectrum proved
the presence of PTFE on the CuNNs (Fig. S3b¥).

X-ray adsorption near edge structure (XANES) was further
employed to study the states of the samples. The Cu K-edge of
CuNNs and CuNWs after the test (Fig. 2d) exhibited the same
characteristic peak at 9005 eV as that of the Cu reference. While,
the characteristic peak of Cu,O was located at 9013 eV."* Based
on these results, it can be safely concluded that the CuNNs
maintained the metallic state during the CO,RR process.

2.2 Electrocatalytic performance of CO, reduction

To evaluate the electrocatalytic performance for CuNNs, the
electrochemical reduction of CO, was performed in a typical
three-electrode system with Ag/AgCl (3.5 M KCl) as the reference
electrode, Pt foil as the counter electrode and CO, (>99.999%)
saturated 0.1 M KHCO; (pH = 6.8) as the electrolyte. It can be

15938 | J. Mater. Chem. A, 2020, 8, 15936-15941

seen that the hydrogen Faraday efficiency (FE(H,)) of CuNNs
was substantially suppressed to a value of 5.9% at —1.49 V vs.
RHE (Fig. 3a and S4+). This value is only one seventh of 41.6%,
FE(H,) on CuNWs. With the suppression of H,, FE(CH,) and
FE(C,H;0H) are significantly improved, from 4.3% and 7.7% on
CuNWs to 32% and 25.8% on CuNNs, respectively. FE(C,H,)
and FE(CO) are also increased on CuNNs compared with
CuNWs. The total FE(C,) and FE(C,) for CuNNs reached 47%
and 39.3%.

To further investigate the change of FE between the HER and
the CO,RR, an electrocatalytic test was performed from —1.09 to
—1.69 V vs. RHE (Fig. 3b and c). The detailed FEs for all the
products at different potentials are shown in Tables S1 and S2.+
Trace amounts of methanol and n-propanol were also detected;
they were not taken into account since the quantity was too
little. It can be seen that FE(H,) on CuNNs decreased with the
increase in potential, and displayed the lowest value of 5.9% at
a potential of —1.49 V vs. RHE. In comparison, H, is one of the
main products for CuNWs at almost all measured potentials. As
a result, the FE(H,) on CuNNs was much lower than those on
CuNWs in the tested potential range. On the other hand, the
FE(C,) on CuNNs was much higher than those on CuNWs,
especially at a potential around —1.49 V vs. RHE, which verified
the enhanced CO,RR performance of CuNNs.

To demonstrate the exceptional product selectivity of the
CuNNs, we then considered the ratio of FE(C,)/FE(H,) at
different potentials (Fig. 3d). The ratio for CuNNs was higher
than those for CuNWs at all tested potentials, especially at

This journal is © The Royal Society of Chemistry 2020
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Fig.3 (a) Product distribution of CuNWs and CuNNs at —1.49 V vs. RHE. FE(H,) (b) and FE(C,) (c) of CuNNs and CuNWs at different potentials. (d)
The ratio of FE(C,) and FE(H,). (e) Current density at different potentials. (f) Stability test of CuUNNs at —1.49 V vs. RHE.

—1.49 V vs. RHE with a value of 8 for CuNNs, which was 12.3
times higher than 0.65 for CuNWs. The result indicated that the
suppression of the HER and the enhancement of FE(C,) are
achieved simultaneously. The comparison of FE(H,) and the
ratio of FE(C,)/FE(H,) with those of other studies is shown in
Fig. S5 and Table S3,1 which demonstrates that CuNNs is one of
the best catalysts among Cu-based catalysts studied.

To verify the intrinsic activity of CuNNs, the current density
was normalized by ECSA, which was measured by the double
layer capacitance method (Fig. S61). The results showed that the
normalized current densities of CuNNs were larger than those
of CuNWs at the tested potentials (Fig. 3e and S77), confirming
the high intrinsic activity of CuNNs. The LSV curves and cor-
responding Tafel slope are also shown in Fig. S8.1 The smaller
Tafel slope of CuNNs indicated a faster kinetic process.

The stability of CuNNs (Fig. 3f) was evaluated in 0.1 M KHCO;
at —1.49 Vvs. RHE. The current density slightly increased, and the
FE(H,) and FE(C,) were stable during the whole test.

This journal is © The Royal Society of Chemistry 2020

To prove the hydrophobic properties of PTFE, the contact
angle of CuNNs was measured (Fig. S97). It can be seen that the
CuNNs had a larger contact angle than CuNWs, proving the
hydrophobic properties of PTFE. The hydrophobic PTFE could
reduce the contact between the electrolyte and Cu, which leads
to less adsorbed H' and results in less hydrogen
generation.***%*

2.3 Simulation results

To explore the impact of the nanoneedle morphology on charge
behavior at the tip surface, electric field was simulated using
COMSOL. The simulation result (Fig. 4a and d) showed that
high-curvature CuNNs possess higher surface charge density at
the sharp tips than CuNWs since electrons tend to concentrate
in the high-curvature area.>* The electrons gathered at the tip of
nanoneedles triggered a much higher electric field in the
surface than that of CuNWs (Fig. 4b, e and $107). K' moves
toward the surface of the catalyst under the electric field to
maintain the electrostatic balance, which results in more K"

J. Mater. Chem. A, 2020, 8, 15936-15941 | 15939
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Fig. 4 Free charge density on the surface of CuNNs (a) and CuNWs (d). Electric field distribution near the surface of CuNNs (b) and CuNWs (e).
Simulated K* concentration on the surface of CuNNs (c) and CuNWs (f). (g) ECSA-normalized field induced concentration of K* adsorbed on
CuNNs and CuNWs. (h) Schematic diagram of K* adsorbed near the surface of the Cu tips.

gathering near the tips of CuNNs than the tips of CuNWs
(Fig. 4c and f). The simulative concentration of K near the tip of
CuNNs is over 4 times higher than that of CuNWs (Fig. S11t). To
prove the enhanced concentration of K" adsorbed by CuNNs
experimentally, ion chromatography (IC) was employed(Fig. 4g).
After keeping the working electrode at —1.49 V vs. RHE for 1.5
minutes, the concentration of K" adsorbed on CuNNs is about 2
times higher than that on CuNWs. This electric field induced K*
concentration phenomenon is schematically represented in
Fig. 4h. With the increased CO, concentration and decreased
protons on the PTFE CuNNs, the CO,RR could be much
enhanced with greatly suppressed HER.

3. Conclusions

In summary, enhanced CO, reduction with suppressed HER
was achieved on PTFE coated CuNNs. The faradaic efficiency of
H, dropped to 5.9%, 7 times lower than that of CuNWs. The
selectivity of FE(C,) and FE(C,;) for CuNNs reached 47% and
39.3%, respectively. The nanoneedle morphology with PTFE
was maintained during the test, leading to the FIRC effect.

15940 | J Mater. Chem. A, 2020, 8, 15936-15941

Concentrated electrons at the tips trigger high concentration of
K" around the surface, leading to abundant CO, at the tips
enhancing the efficiency for the CO,RR. The hydrophobic PTFE
decreased proton supply and suppressed the HER. As a result,
the obtained samples showed one of the best ratios of FE(C,)/
FE(H,) compared to those of reported studies. Our work
provides a new insight into promotion of the CO,RR by sup-
pressing the competitive HER.
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