Nano Energy 73 (2020) 104796

V. | 4

Contents lists available at ScienceDirect

nano energy

Nano Energy

journal homepage: http://www.elsevier.com/locate/nanoen

ELSEVIER

Check for

Electronic and geometric structure engineering of bicontinuous porous e
Ag—Cu nanoarchitectures for realizing selectivity-tunable electrochemical
CO5 reduction

Wenjun Zhang ', Chenhong Xu®', Yi Hu?, Songyuan Yang®, Lianbo Ma®, Lei Wang?,
Peiyang Zhao?, Caixing Wang?, Jing Ma® , Zhong Jin ™"’
@ Key Laboratory of Mesoscopic Chemistry of MOE, Jiangsu Key Laboratory of Advanced Organic Materials, School of Chemistry and Chemical Engineering, Nanjing

University, Nanjing, 210023, China
Y Shenghen Research Institute of Nanjing University, Shenzhen, 518063, China

ARTICLE INFO ABSTRACT

Keywords:

Electrocatalytic CO, reduction

Ag—Cu bicontinuous porous nanostructures
Tunable product selectivity

Electronic structures

Geometric effects

The electrochemical conversion of waste carbon dioxide into hydrocarbon fuels represent a promising strategy
for clean and sustainable energy production. However, the design of outstanding electrocatalysts that can reduce
CO; in an efficient and selective manner is challenging, and the fundamental understanding on reaction
mechanism is still limited. Herein, we report the preparation of self-supported Ag—Cu bimetallic catalysts with
bicontinuous nanoporous geometries and adjustable compositions through an electrochemical anodizing/deal-
loying process of AgsaCusgSng alloy foil to exploit their performances in electrocatalytic CO, reduction. By
changing the compositions from Agg;Cug to AgesCuss, the variations in atomic arrangement and electronic
structure around the active sites bring synergistic effects on the binding strength of different reaction in-
termediates, realizing tunable product selectivity from CO to formate at high Faradaic efficiencies. In-situ Raman
analysis and density functional theory calculations confirm that as the Ag—Cu atomic ratio shifts, the variations of
formation free-energies and desorption capacities of intermediates lead to different reaction pathways and final
products. The findings in this study provide a promising route to modulate the atomic structures and improve the
properties of electrocatalysts towards CO, fixation.

1. Introduction

Carbon dioxide (CO3) is one of the disturbing greenhouse gases
released from the excessive use of fossil fuels [1,2]. Converting COy
molecules into organic chemicals through artificial photosynthesis is an
ideal approach to make our society more sustainable [3]. Through
renewable energy utilization [4-6], electrochemical CO; reduction re-
action (CO2RR) has been regarded as a promising approach to produce
useful carbonaceous compounds, which can either be directly used as
fuels, or be converted into high-value added chemicals through further
chemical engineering processing. For example, formate (HCOO /H-
COOH), as a possible product, can be applied as a hydrogen carrier in
fuel cells with the merits of easy storage and high safety [7,8]. Another

possible product, Carbon monoxide (CO), is an important feedstock to
produce olefins through Fischer-Tropsch process [9,10], which could
reduce CO5 emission by 40% [11]. However, CO- as a fully-oxidized and
thermodynamically-stable molecule brings great challenges for CO2RR.
Especially, the energy barriers for the activation of CO2 molecules and
the dissociation of carbon-oxygen bonds are considerably high [12]. To
resolve these problems, high-performance electrocatalysts should be
explored. Moreover, most existing catalysts focused on improving the
CO2RR selectivity for only one product, the tunable selectivities for
different useful products at high levels cannot be easily realized.
Precious metal nanocrystals (Au and Pd, etc.) have been employed as
the electrocatalysts in CO; electroreduction for highly-selective C;
chemicals production [13]. However, these noble metals are not suitable

* Corresponding author. Key Laboratory of Mesoscopic Chemistry of MOE, Jiangsu Key Laboratory of Advanced Organic Materials, School of Chemistry and

Chemical Engineering, Nanjing University, Nanjing, 210023, China.
** Corresponding author.

E-mail addresses: majing@nju.edu.cn (J. Ma), zhongjin@nju.edu.cn (Z. Jin).

1 These two authors contributed equally to this work.

https://doi.org/10.1016/j.nanoen.2020.104796

Received 30 October 2019; Received in revised form 15 March 2020; Accepted 2 April 2020

Available online 17 April 2020
2211-2855/© 2020 Elsevier Ltd. All rights reserved.


mailto:majing@nju.edu.cn
mailto:zhongjin@nju.edu.cn
www.sciencedirect.com/science/journal/22112855
https://http://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2020.104796
https://doi.org/10.1016/j.nanoen.2020.104796
https://doi.org/10.1016/j.nanoen.2020.104796
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2020.104796&domain=pdf

W. Zhang et al.

for large-scale applications owing to their high cost and low abundance.
Some inexpensive alternatives, such as Cu, Sn and Bi have also shown
promising properties in CO, conversion in terms of their notoriously
poor activity towards competitive hydrogen evolution reaction (HER)
[14]. In this regard, metal alloys could be employed as effective alter-
natives to tune the catalytic activity and selectivity of COoRR [15-20].
Alloying could bring about electronic effects associated with d-band
theory, and/or geometric effects related to the atomic arrangement
around the active sites. To be specific, once the electronic density of the
reaction center is modulated to an appropriate value matching the en-
ergy level of reacting species, electrons could be easily transferred be-
tween substrates and products. Meanwhile, the change in the electronic
structure of a catalyst also leads to the electronic effects on the binding
strength of intermediates. In terms of transition metal alloys, as the
compositions are changed, the shifting of the d-band center could
determine the interaction behavior of intermediates with the catalysts,
thus leading to different reaction pathways. From the viewpoint of the
geometric effect, the way the active site is configured can also play an
indispensable effect on the binding strength of intermediates. To achieve
the attractive properties, developing multi-metallic catalysts could
lower the reaction energy barrier and tune the binding behavior of all
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intermediates to realize high-performance CO5 conversion into different
chemical products.

Herein, considering the intrinsic chemical characteristics of the
ternary metallic components, we report the preparation of two distinct
self-supporting Ag—Cu bimetallic catalysts with different bicontinuous
porous structures and compositions: the sponge-like Agg;Cug alloy
nanostructure (spongeous Agg; Cug) with 3D nanoporosity and the coral-
like AgesCuss alloy nanostructure (coralline AgesCuss) with nano-
dendritic morphology through a controlled and scalable electrochemical
anodizing/dealloying process of Ags2CusgSng alloy foil (Fig. 1a). These
Ag-Cu bimetallic catalysts are applied to CO, electro-reduction, and the
catalytic performances are verified to be closely associated with their
unique structures and compositions. The 3D porous morphology and
hierarchical dendritic structure provide holes and interior void space
[21-23], create large surface area and high degree of connectivity [24,
25], both resulting in large electrochemical surface area (ECSA) and
highly-active local sites, thus facilitate CO3 adsorption, electron transfer
and adsorbate binding capability. As the compositions shift, the varia-
tions in electronic structure and local atomic rearrangement synergis-
tically modulate the interaction strength of reaction intermediates,
resulting in tunable main product yields between CO and HCOOH. The
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Fig. 1. (a) Schematic synthesis route of spongeous Agy;Cug and coralline AggsCugss via an electrochemical anodizing/dealloying process of Ags2CusoSng alloy foil. (b,
c) SEM images of spongeous Agg;Cug at different magnifications. (d) HRTEM image of spongeous Agg;Cus. (e, f) SEM images of coralline AggsCuss at different
magnifications. (g) HRTEM image of coralline AgesCuss. The insets in (d, g) are the SAED patterns of spongeous Ago;Cug and coralline AgesCuss, respectively.
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as-obtained Ag-Cu electrocatalysts achieve good activity, tunable
selectivity and high long-term stability towards CO;RR. Moreover,
in-situ Raman analysis and density functional theory (DFT) calculations
were conducted to further explore the possible reaction pathways which
were rationalized by the variations of formation free-energies and
desorption capacities of intermediates.

2. Experimental section
2.1. Chemicals

Commercial bulk Ag, Sn and Cu were purchased from Zhongnuox-
incai Technology Co., LTD., Beijing. Sodium bicarbonate (KHCOs3),
sulfuric acid (HSO4), sulfuric sulfate (NasSO4), sodium formate
(HCOONa-2H;0, 99.99%) and N-methyl pyrrolidone (NMP) were pur-
chased from Sinopharm Chemical Reagent Corp. Dimethylsulfoxide
(DMSO, 99.95%) was purchased from Alfa Aesar. Deuteroxide (D-O,
99.9%) were purchased from Sigma Aldrich. All the chemicals in
analytical grade were used for experiments without further purification.
All the aqueous solutions were prepared with ultrapure water (18.2 mQ
cm, Millipore SAS, France).

2.2. Synthesis of Ags2SnsoCug alloy foils

Ags2Sn3gCug alloy foils were prepared by melting commercial bulk
Ag, Sn and Cu with a certain atomic ratio of 52:39:9 in a high-vacuum
arc furnace (DHL-400, Shenyang SKY Technology) at a high current of
220 A for 3 min, and then repeated it five times. Subsequently, the ob-
tained AgsySnggCug melt was rapidly cast into ingots in an iron chill
mold. Then, the Ags2Sn3gCug ingots was re-melted in a quartz crucible
by high-frequency induction heating under Ar atmosphere and was
melt-spun onto a copper roller at a circumferential speed of about 35 m
s~! by using a single roller melt spinning apparatus (SPO09A, Beijing
Physcience). The obtained Ags»SnzgCug alloy foils were generally 20-30
pm in thickness, 2-5 mm in width, and several centimeters in length.

2.3. Synthesis of spongeous Ago;Cug and coralline AgssCuss

The spongeous Agg;Cug and coralline AggsCuss were prepared from
Ags2SnzgCug alloy foil via an electrochemical anodizing/etching
method. The anodizing process was conducted in a conventional three-
electrode system, with a platinum (Pt) electrode and a SCE as counter
electrode and reference electrode, respectively. To prepare spongeous
Agog1Cug, AgsaSnzgeCug alloy foil as the working electrode was etched in
Na-saturated 0.5 M HySO4 aqueous solution at an applied potential of
0.3 V (vs. SCE) for 3 h. When the etching was completed, no more gas
bubbles was produced on the surface of Pt electrode and a steady, near-
zero current was measured. Then, the obtained spongeous Agg; Cug was
carefully rinsed with distilled water and ethanol for several times, fol-
lowed by drying at 50 °C under vacuum for 24 h. The resulting sample
was kept in an Ar-filled glovebox under room temperature to avoid
possible oxidation. Coralline AggsCuss was prepared in the similar way
at an applied potential of 0.2 V (vs. SCE) for 40 min, and the HySO4
solution etchant was replaced by NaySO4 solution.

2.4. Synthesis of nanoporous Cu

The nanoporous Cu was prepared from commercial CugpZngg alloy
foil via a similar electrochemical dealloying method. The CuggZn4g alloy
foil (30 pm in thickness) was first washed by alcohol to remove surface
contaminations and then used as the working electrode. A Pt electrode
and a SCE were used as counter electrode and reference electrode,
respectively. Then, CuggZn4g alloy foil was etched in No-saturated 0.5 M
HCl aqueous solution at an applied potential of 0.4 V (vs. SCE) for 70 min
until a near-zero current was measured. Then, the as-obtained nano-
porous Cu was rinsed with distilled water and ethanol for several times,
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followed by drying in vacuum at 60 °C for 6 h, and stored in an Ar-filled
glovebox prior to use.

2.5. Characterizations

The morphology and microstructure of all samples were character-
ized by a field-emission scanning electron microscope (FESEM, Nano-
SEM Nova 450, FEI) and transmission electron microscopy (TEM, JEM-
2100). Elemental mappings of samples were performed by the energy-
dispersive X-ray spectrometry (EDX, Bruker Quantax-100) accessory of
the SEM. The crystal structures of samples were analyzed by powder X-
ray diffractometer (XRD, Bruker D8 Advance) with Cu Ka (A = 1.5406 fo\)
irradiation in the range of 30-90° at a scanning speed of 10° min"~". The
elemental distributions of catalysts before and after the electrolysis were
analyzed by X-ray photoelectron spectroscopy (XPS, PHI-5000 Versa
Probe) with an Al Ka X-ray radiation. The elemental composition ratios
were measured with inductively-coupled plasma-optical emission
spectrometer (ICP-OES, Optima 5300DV) by dissolving the as-prepared
samples in a high-concentration HNO3 aqueous solution (1:1 in volume).

2.6. Electrochemical measurements

All electrochemical measurements were carried out in a conven-
tional three-electrode system with a CHI-760E electrochemical work-
station. Liner sweep voltammetry (LSV) measurements were performed
in Na- or CO.- saturated 0.1 M KHCOj5 electrolyte at a scan rate of 20 mV
min~! in the voltage range from 0.0 to —1.2 V (vs. RHE). Cyclic vol-
tammetry (CV) was employed to determine the electrochemical surface
area (ECSA) of different samples. CV experiments were performed in No-
saturated 0.1 M KHCOg electrolyte within a potential range from —0.3 V
to —0.2 V (vs. Ag/AgCl) to ensure the nonoccurrence of Faradaic pro-
cesses. The scan rates were set to 10, 15, 20, 30, 40 and 50 mV s’l,
respectively. The ECSA value is in direct proportion to the ratio of
double-layer capacitance (Cdl) of the working electrode. The slope of the
linear regression, twice that of Cdl, is estimated by plotting the capac-
itive current density (AJ = (J,- J.), where J, and J, are the cathodic and
anodic current densities, respectively) at —0.25 V (vs. Ag/AgCl) against
the scan rates from the scan-rate dependence of CV curves. The J¢o (or
Jformate) Was calculated by the geometric current density and Faradaic
efficiency of CO (or formate), and the Tafel slop for CO (or formate) was
analyzed by the plot of overpotential vs. the logarithm of Jco (or Jeor-
mate)- Electrochemical CO2RR performances were measured in a H-type
commercial electrochemical cell (Ida Technology Co., LTD., Tianjin) at
atmospheric pressure and room temperature (25 °C) with a cycle
condensing unit. The sealed cell was separated into two compartments
with a piece of pre-treated proton exchange membrane (Nafion-117),
and each compartment was filled with 30 mL of 0.1 M KHCO3 aqueous
solution with gas headspace of approximately 20 mL. After saturated
with CO5 gas in both anodic and cathodic compartments for at least 30
min, the pH value of the electrolyte was tested to be ~6.8. The elec-
trolytes in both compartments were continuously stirred at 1000 rpm
with stirring bars during CO, electrolysis. The as-obtained nano-
structural metal foils were employed as working electrodes. The geo-
metric electrode area used for electrolysis was about 0.25 cm?. Platinum
gauze electrode and Ag/AgCl (saturated KCl) electrode were used as
counter electrode and reference electrode, respectively. All the applied
potentials are calibrated as reversible hydrogen electrode (RHE) po-
tentials by using the Nernst equation as below.

E (vs. RHE) = E (vs. Ag/AgCl) + 0.1989 V + 0.059 x pH (D)

2.7. Quantitative analysis of gaseous and liquid products

During the electrochemical CO2RR process, a small quantity of
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generated gases (500 pL) was collected from the headspace by a gastight
syringe in 30 min intervals and rapidly injected into the gas sampling
loop of a gas chromatograph (GC7900, Shanghai Techcomp) to quantify
the amount of gas products (n in moles). The different components in the
gaseous products were separated and detected by a thermal conductivity
detector (for Hy) and a flame ionization detector (for CO and hydro-
carbons) with high-purity argon (Ar) as a carrier gas. To confirm the
accuracy of gas product yields, each quantitative sampling was carried
out for two times. The yield of gas products was calculated from the
standard curves using different amounts of highly-purified gas mixture
containing Hy, CO, CHy4, CoH4 and CO4 gases. The linear relationship
between the known gas amounts and relative areas was made into a
standard curve.

After the electrolysis process, the remained electrolyte was stored to
quantificationally analyze the liquid products (n in moles) by nuclear
magnetic resonance technique (NMR, Bruker AV-600). Typically, 0.6 mL
of electrolyte was uniformly mixed with 0.1 mL of deuterated water
(D20) and 0.1 mL of anhydrous dimethyl sulfoxide (DMSO, 99.5%,
diluted to 10 ppm (v/v) by water prior to use) as an internal standard.
The one-dimensional 'H spectrum was carried out with necessary water
peak suppression by a water pre-saturation method. The concentration
of formate or ethanol was determined by the standard curve using
various concentrations (0.5, 1.0, 2.0, 5.0 and 10 mM) of sodium formate
or (0.5, 0.9, 1.0, 1.2, and 1.5 mM) dehydrate ethanol and the internal
standard (10 ppm DMSO). The linear relationship between the known
formate/ethanol concentrations and relative areas (vs. 10 ppm DMSO)
was made into a standard curve. The Faradaic efficiency (FE) of specific
products can be calculated via the following equation:

Faradaic Efficiency = mF x n/Q = mF X n/(I X t) (@3]

where F is the faraday constant, n (in mole) is the amount of the specific
product and m (in number) indicates the required electrons for the
generation of the specific molecule (e.g., Hy, CO, HCOOH, etc.). The
amount of charges (Q in coulombs) for producing the product was
calculated during a period of reaction time. I (in amperes) is the constant
current at an applied voltage and t (in seconds) is the time consumed at
the corresponding current during the electrolysis process.

2.8. In-situ Raman analysis

In-situ Raman experiments were performed in an in-situ spec-
troelectrochemical cell (Gaossunion Co., LTD., Wuhan) with a confocal
Raman microscope (Horiba JY Evolution). A He-Ne laser with 473 nm
wavelength was used as the excitation source. The working electrode
was spongeous Aggj Cug or coralline AggsCuss which was attached on a
titanium foil. A Pt wire electrode and Ag/AgCl (saturated KCl) electrode
were used as counter electrode and reference electrode, respectively. 3
mL of 0.1 M KHCO3 aqueous solution was purged with Ar for 15 min to
remove oxygen, and was consequently saturated with COy by intro-
ducing CO, gas in the solution for 15 min. In-situ Raman measurements
were performed at a constant applied potential of —0.7 V (vs. RHE) for
spongeous Agg;Cug with the wavenumber range between 90 and 2200
cm™, and the acquisition time for each Raman spectrum was 50 s. In-situ
Raman measurements for coralline AggsCuss was conducted at the same
way as spongeous Agg;Cug, except the applied potential was held at
—1.0 V (vs. RHE).

2.9. Computational method

All calculations were carried using the pseudo-potential plane-wave
DFT (density functional theory), which was implemented in CASTEP.
GGA (generalized gradient approximation) with PBE (Perdew-Burke-
Ernzerhof) functional was employed as the exchange-correlation func-
tional. The Kohn-Sham wave functions were expanded using plane
waves with a cutoff energy of 400 eV. The Broyden-Fletcher-Goldfarb-
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Shanno optimization method was employed with the setting conver-
gence tolerance of energy of 2.0 x 107> eV/atom, maximum force of
0.05 eV/A, and maximum displacement of 2.0 x 107> A, respectively. A
12 A vacuum space along the c-axis was used to eliminate the in-
teractions between repeat cells in periodic boundary condition
calculations.

A slab with four atomic layers and 4 x 4 unit cells containing 64
atoms was chosen in our calculations. The Ag;Cu; and AgsCus slabs
were built by replacing 1/8 and 3/8 Ag atoms in the Ag slab with Cu
atoms, respectively. The bulk lattice constants of AggCug, AgyCu; and
AgsCug were optimized using the 8 x 8 x 8 Monkhorst-Pack type of k-
point sampling. The calculation of isolated small molecules was per-
formed by usinga 10 A x 10 A x 10 A unit cell with the I'-point only for
the k-point sampling. We used the 4 x 4 x 1 Monkhorst-Pack type of k-
point sampling of slab calculations. The surface energy (Egf) was
calculated by using the following equation:

1
A (E.slab - NEunil) (3)

Egi =
surf 24

where Egjop, was the total energy of the selected slab supercell, Eypj was
the primitive cell energy of the bulk, N was the multiple of the atoms for
the selected supercell in comparison with those of the primitive cell, A
was the area of the slab.

During the geometrical optimizations, the upmost three layers and
adsorbates were fully relaxed and the bottom layer was fixed. The
binding energy (E,) was then obtained by the following equation:

Ey = Eagsssub — (Esub + Eads) @

where the total energy of the adsorbate-substrate system, the clean
surface, and the free adsorbate were represented by Eags/sub, Esup and
Eags, respectively.

The reaction free energies were calculated using the computational
hydrogen electrode (CHE) model [26]. Each electrochemical reaction
step was treated as a simultaneous transfer of the proton-electron pair as
a function of the applied potential. The reaction free energies of steps 1-7
were given by the following equations:

AG) = G[*COy] - G[*] - G[CO,] )
/A\Gg) = G[*COOH] - G[*CO,] - GIH" +¢7] (6)
AGg = G[*CO] + G[H,0] - G[*COOH] - G[H" + ¢7] )
AGy) = G[*] + G [CO] - G[*CO] ®
AGs) = G[*OCHO] - G[*CO,] - G[HT + ¢ 9
/G = G[*HCOOH] - G[*OCHO] - G[H" + ¢7] (10)
/Gy = G[*] + G[HCOOH] - G[*HCOOH] a1
GH' +e] :%G[Hz} —eU 12)

where U was the applied overpotential (vs. RHE) and e is the elementary
charge.
The free energy of different species was calculated according to:

G = Eeec + Ezpp + fcpdT -TS (13)

where E.ec was the DFT-optimized total energy, Ezpg was the zero-point
energy, C, was the heat capacity and S was the entropy. The latter three
quantities were calculated from the statistical mechanics within har-
monic approximation, taking the vibrational frequencies of adsorbates
and molecules as calculated within DFT. We expect the variations in
Ezpg, Cp and S were small compared to the variations in the reaction
energies based on Ejec alone and assume Ezpg, Cp and S were constant
for all materials considered in this study. We used the values that have
been used previously for Cu(211) [27]. The contributions of zero point
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energy, entropy corrections, and heat capacity to G are summarized in
Table S1. The free energy change of the reaction: CO2 + Hy — CO + H20
and CO; + Hy, —» HCOOH were fixed at the experimental value of 0.21 eV
and 0.45 eV [28], respectively.

3. Results and discussion

3.1. Preparation and characterizations of spongeous Ago;Cug and
coralline Ags5Cuss

Firstly, Ags2CusoSng alloy foils were obtained by using a single roller
melt spinning apparatus, as elucidated in the Method section and
Fig. S1. The as-prepared AgsoCusgSng foils are typically 20-30 pm in
thickness, 2-5 mm in width, and several centimeters in length (Fig. S2a).
As measured by energy-dispersive X-Ray spectroscopy (EDX) mapping
and X-ray photoelectron spectroscopy (XPS) survey (Figs. S2b and c and
Fig. S3), the flat surface of the alloy foil is composed of Ag, Cu, and Sn
elements. By taking advantage of the ternary metallic components, we
then performed an electro-anodizing/dealloying treatment on the
Ags2CuseSng alloy foil to prepare two distinct self-supporting Ag-Cu
bimetallic nanostructures with different morphologies and composi-
tions. The anodizing process was employed to selectively etch different
metals from the alloy under different potential and electrolyte condi-
tions, as illustrated in Fig. 1a. The atomic ratios of the samples after
anodizing were determined by inductively coupled plasma-optical
emission spectrometer (ICP-OES) (Table S2). When the Ags2CusoSng
alloy foil was electrochemically etched with an applied potential of 0.3
V (vs. saturated calomel electrode, SCE) in 0.5 M aqueous HSO4 solu-
tion (Figs. S4a and b), Sn atoms and a part of Cu atoms began to dissolve
into electrolyte and form structural voids. As more and more sacrificial
atoms dispersed into the electrolyte, the inherent stress in the remaining
alloy drives the exposed Ag and Cu atoms at the solid/liquid interface
segregate into “islands”. After the 3-h anodizing process, the sacrificial
elements filling in the interspaces of Ag—Cu islands were completely
removed, resulting in the formation of spongeous Ago;Cug (Fig. 1b-d).
The cross-section scanning electron microscopy (SEM) images of spon-
geous AggiCug demonstrate that the AgsyCusgSng alloy foil was
completely etched (Fig. S5). Such a 3D bicontinuous nanostructure was
interconnected with numerous nanopores surrounding the Ag-Cu
metallic ligaments. Alternatively, AgsoCusggSng alloy foil was also elec-
trochemically etched in 0.5 M NaySO4 aqueous solution (as a neutral
dealloying medium) with an applied potential of 0.2 V (vs. SCE) for 40
min (Fig. 1a and Figs. S4c and d). After this dealloying process, coralline
AgesCuss with hierarchical nanodendritic morphology was formed
(Fig. 1e-g). In brief, the electrolytes with different pH values were used
to obtain distinct Ag—Cu bimetallic nanostructures with different Ag—Cu
atomic ratios and morphologies. Most of the Cu atoms in the
Ags2CuszgSng alloy foil were electrochemically oxidized to Cu®" ions in
acidic environment (0.5 M H»SO4), while much fewer Cu atoms were
etched in neutral medium (0.5 M NaySO4). The electrochemical anod-
izing/etching of Cu could be described via the following reactions
(referred in Supporting information):

potential

2Cu**
14

Cathode : 2Cu — 4e”

Potential

Anode : 4H" +4e” 2H,t (15)

High-resolution transmission electron microscopy (HRTEM) images
of both spongeous Agg;Cug (Fig. 1d) and coralline AggsCuss (Fig. 1g8)
exhibit uniform lattice fringes. Selected area electron diffraction (SAED)
patterns were taken from broad areas to verify the exposed facets of
these samples, respectively, as shown in the insets of Fig. 1d and g. Both
SAED patterns exhibit face-centered cubic (FCC) crystal structures
similar to metal Ag, since the contents of Ag element predominate in
both samples. However, a narrower (111) interplanar spacing of 2.19 A
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is observed from coralline AggsCuss (Fig. 1g) when compared to that of
spongeous Agg;Cug (2.36 ;\, as presented in Fig. 1d) and metal Ag (2.36
A). It indicates the increased content of Cu in Ag—Cu alloy leads to a
shrinkage of lattice fringe spacing, which is resulted from the rear-
rangement of Ag and Cu atoms during electrochemical anodizing
process.

The crystalline structures and compositions of the samples were
characterized (Fig. 2). The X-ray diffraction (XRD) pattern of
Ags2CusgSng alloy foil displays the prominent peaks of metallic Ag
(JCPDS card No. 04-0783); meanwhile, meanwhile, the characteristic
peaks of Cu (111), Cu (200) and Sn (220) (JCPDS card No. 04-0836 and
No. 19-1365) are also detected. After the anodizing processes, the as-
prepared spongeous AgoCug and coralline AggsCuss preserve the high
crystalline degree and the characteristic peaks of metallic Ag, consistent
with the SAED results (the insets of Fig. 1d and g). The crystalline phase
of spongeous Ago;Cug that contains predominate ratio of Ag atoms is
similar to the FCC structure of metallic Ag, since the small amount of Cu
atoms might be incorporated into the lattice of Ag; whereas the coralline
AgesCuss containing higher amount of Cu atoms retains a weak Cu (111)
peak. The absence of any diffraction peaks assigned to Cu-Ag alloy
phase indicates the phase-segregated nature of the bimetallic samples.
Different from the spongeous Agg;Cug, more slight shifts of XRD peaks
can be seen in coralline AggsCuss sample, owing to the change of metal
compositions. Moreover, the slight shift of the Cu(111) peak position
reveals that the Cu and Ag phases together undergone minimal alloying
[29]. XPS spectra were further conducted to detect the elemental com-
positions of spongeous Agg;Cug and coralline AggsCuss, presenting the
characteristic peaks of Ag 3d and Cu 2p bands (Fig. 2b and c). As shown
in Fig. 2b, the Ag 3d peaks are almost unchanged after the anodi-
zing/etching process, while the Cu 2p peaks of as-etched products
shifted to lower energy levels as the content of Ag increases (Fig. 2c).
Meanwhile, Ags2CusgSng exhibits stronger peaks from Cu®" than those
of spongeous Agg;Cug and coralline AggsCuss, suggesting AgsoCusgSng
contains more copper oxide on the surface formed during the storage
period in ambient atmosphere. The aboved results indicate that the high
content of Ag effectively improved the oxidation resistance of remained
Cu atoms in the Ag—Cu alloys, therefore much lower signals of surface
Cu?* species (with higher binding energy than Cu™/Cu®) are observed in
the etched products than in the AgsoCusgSng precursor.

3.2. Electrochemical CO, reduction performances

For better comparison, the overall activity of all samples was
measured under identical reaction conditions, as detailed in the Methods
section. The current density for CO2RR gradually increases as the
applied potential shifts negatively (Fig. 3a). Compared to AgsoCuggSng
alloy foil, the spongeous Agg;Cug and coralline AgesCuss achieve much
higher and steadier current densities at the given potentials ranged from
—0.6 Vto —1.2 V (vs. reversible hydrogen electrode, RHE), as shown in
Figs. S6a-c. To evaluate the influence of competing HER, linear sweep
voltammetry (LSV) analysis of the samples was conducted in CO,- and
Na-saturated 0.1 M KHCOs electrolyte, respectively (Fig. S6d). The onset
potentials and cathodic currents in CO-saturated electrolyte are higher
than those in Nj-saturated electrolyte, suggesting that spongeous
Agg1Cug and coralline AggsCuss prefer to induce COoRR rather than HER
when the applied potential is more negative than —0.7 V (vs. RHE).

Since CO2RR could generate various reduction products, the overall
current density should be divided into individual products to get a
quantitative assessment of the activity and selectivity. One feasible way
is to investigate the respective Faradaic efficiencies of the products, as
shown in Fig. 3b-d. By analyzing with gas chromatography (GC) and
nuclear magnetic resonance (NMR) techniques (Fig. S7), the products
yielded by spongeous Agg;Cug and coralline AggsCuss are revealed to be
mainly composed of HCOOH (in liquid phase), CO and H; (in gas phase).
Over the whole potential range, the trends in Faradaic efficiencies for
carbonaceous compounds and for Hy are opposite. Meanwhile, trace
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Fig. 2. (a) XRD patterns, (b) XPS spectra at Ag 3d region, and (c) XPS spectra at Cu 2p region of spongeous Agg;Cuo, coralline AggsCuss and Ags,CuszgSng alloy foil,

respectively.

amounts of other hydrocarbon species such as ethanol (CH3CH2OH),
acetone (CH3COCH3) and acetate (CH3COOH) were also detected
(Fig. S8), but the Faradaic efficiencies for these products are less than
1%.

Moreover, as the compositions and geometries of the samples are
changed, the product selectivities can be significantly shifted
(Fig. 3b-d). As shown in Fig. 3b, with a high atomic ratio of Ag, spon-
geous Agg1Cug achieves an optimal Faradaic efficiency for CO formation
(FEco) of 80.6% and delivers a current density of 5.6 mA em 2at-0.7V
(vs. RHE), corresponding to a moderate overpotential of 590 mV (given
E°(CO/CO) = —0.11 V vs. RHE) [30]. While at —0.6 V (vs. RHE),
spongeous Ago1Cug shows a FEco of 54.4% with HER acting as an
obvious side reaction, which indicates that the overpotential is relatively
low to drive CO2RR energetically enough to compete with HER. As the
potential changes from —0.8 V to —1.1 V (vs. RHE), the FE¢o of spon-
geous Agoyj Cug gradually decreases and considerable amounts of Hy and
formate are detected. With the further increase of overpotential, the
FEco of spongeous Agg;Cug drops to below 50% at —1.2 V (vs. RHE),
which is most probably due to the mass transport limitation of CO2
molecules at relatively high current densities, rather than the intrinsic
activity limitation of electrocatalyst.

By tuning the atomic compositions and geometries of samples, the
Faradaic efficiencies of different electro-reduction products were
changed. As shown in Fig. 3c, coralline AggsCuss with a higher content
of Cu atoms exhibits high selectivity towards formate production, which
is one of the main liquid-phase products of Cu-based electrocatalysts
[31]. The product selectivity of coralline AggsCuss towards formate and
Hy is dependent on the applied potential, while the FE¢ is relatively low
and has only little change varied with the potential. At —0.6 V (vs. RHE),
coralline AgesCuss shows a Faradaic efficiency for formate formation
(FEformate) of only 26.6%, owing to the completion of HER under a small
applied potential. When the potential reaches —0.8 V (vs. RHE), the
FEformate Of coralline AggsCuss quickly rises to 68.0% and the Hy pro-
duction rate drops sharply. When the potential is set in the range from
—0.9 to —1.2 V (vs. RHE), the FEformate Of coralline AggsCuss further

increases to higher levels. At —1.0 V (vs. RHE), the FE¢omate of coralline
AgesCugss reaches a peak value of 91.8%, and the selectivity of formate is
up to 86.0% with a high current density of 18.3 mA cm ™2 meanwhile,
the Faradaic efficiency for Hy by-product (FEy2) is effectively suppressed
to a minimal value (~2.9%). At the potentials of —1.1 and —1.2 V (vs.
RHE), the FE¢ormate Of coralline AgesCuss declines slightly and the FEy; is
kept at around 8%.

In contrast, as a control sample, AgsoCusgSng alloy foil exhibits poor
product selectivities for carbonaceous compounds (Fig. 3d), much
inferior to those of spongeous Agg; Cug or coralline AggsCuss at the same
potentials, because the HER acts as a conspicuous competing reaction on
the surface of AgsoCuszgSng.

The FEco, FEformates FEn2, partial current density for CO production
(Jco) and partial current density for formate production (Jsormate) Of
these three samples at —0.7 V and —1.0 V (vs. RHE) are summarized in
Fig. S9, respectively. Observed from Fig. S9a, spongeous Agg;Cug ach-
ieves the highest FEgo (80.6%) at —0.7 V (vs. RHE), which is far beyond
coralline AggsCuss (10.6%) and AgsaCusgSng (5.4%). Moreover, spon-
geous Agg;Cug also reaches the highest Jco (4.52 mA em ?) at —0.7 V
(vs. RHE), much higher than the values of coralline AggsCuss (0.32 mA
em~2) and Ags2CuszgSng (0.02 mA cm_z), as shown in Fig. SOC. When the
potential shifts to —1.0 V (vs. RHE), the FEgymate Of these samples are all
increased (Fig. S9b). Among them, coralline AggsCuss exhibits the best
selectivity for formate production and achieves the highest FE¢mate Of
91.8%, while the other two samples show relatively low values. Mean-
while, coralline AggsCuss exhibits the largest Jeormate (16.79 mA em?)
at —1.0 V (vs. RHE), which is 4.5 and 10.8 times higher than those of
spongeous Agg1Cug (3.67 mA em2) and Ags2CuszgeSng (1.55 mA cmfz),
respectively (Fig. S9d). The improved CO2RR activity and tunable
selectivity of spongeous Agg;Cug and coralline AggsCugs mainly result
from the modulating of compositions and electron structures, which
effectively lower the energy barrier for COy activation and tune the
binding strength of reaction intermediates. Table S3 summarized the
performances of other typical metal-based electrocatalysts in the liter-
ature [31-37] for the comparison with spongeous Agg;Cug and coralline
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Fig. 3. (a) Comparison of geometric current densities of the samples as a function of applied potential. (b-d) Faradaic efficiencies of the reduction products generated
by (b) spongeous Agg;Cug, (c) coralline AgesCuss and (d) Ags>CuszgSng alloy foil in COx-saturated 0.1 M KHCO3 aqueous solution at different potentials for 4 h. (e, f)
Long-term chronopotentiometric CO2RR tests of (e) spongeous Ago;Cug at —0.7 V (vs. RHE) and (f) coralline AggsCuss at —1.0 V (vs. RHE), respectively.

AgesCuss, showing that the bicontinuous porous Ag-Cu nano-
architectures possess good catalytic activity and selectivity towards
CO,-to-CO/formate conversion.

To further investigate the operation stability of bicontinuous porous
Ag—Cu electrocatalysts, long-term CO2RR tests were performed, as
shown in Fig. 3e and f. During the entire working process for 10 h at
—0.7 V (vs. RHE), the FE¢q of spongeous Aggj Cug shows a high retention
of 96.7% (Fig. 3e). The current density shows some fluctuations over
time, owing to the generation, accumulation and desorption of gas
bubbles on the electrode surface. After long-term electrocatalysis test,
the structural and surface composition variations of spongeous Agg; Cug
were measured by SEM, XRD and XPS characterizations (Fig. S10). No
obvious structure collapse or ingredient changes are observed, revealing
that the structural stability of spongeous Agg;Cug are well maintained
during the test. Similarly, coralline AgesCuss also shows good long-term
stability for CO2RR at an applied potential of —1.0 V (vs. RHE) (Fig. 3f).

The FEfomate of coralline AggsCuss keeps at above 90% and the current
density presents very small decrease during the 10-h test. The SEM, XRD
and XPS analyses after long-term CO-.RR test confirm that coralline
AgesCuss has no appreciable structural change (Fig. S11). These results
reveal that the spongeous Agg;Cug and coralline AgesCuss electro-
catalysts exhibit high operation stability for CO2RR.

3.3. In-situ Raman spectroscopic analysis

To evaluate the electrochemical kinetics performances of spongeous
Agg1Cug and coralline AggsCuss for the electroreduction of CO, into
carbonaceous products, ECSA measurements and Tafel analysis were
conducted. As shown in Fig. S12, the corresponding ECSA of these three
samples show significant differences. The ECSA values of spongeous
Agg1Cug and coralline AggsCugs are ~71.3 times and ~57.3 times
higher than that of AgsoCusgSng alloy foil, respectively, which is
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attributed to the much larger amounts of active sites exposed on the
highly-curved surfaces of spongeous Ago;Cug and coralline AgesCuss
after anodizing treatment. The enlarged ECSA enables rapid electron
transfer for accelerating the formation of reaction intermediates towards
CO/formate production. Therefore, compared to the flat AgsoCuzgSng
alloy foil, spongeous Agg; Cug and coralline AggsCuss could realize much
faster reaction kinetics for CO,RR. However, the distinct product
selectivity of spongeous Agg;Cug and coralline AggsCuss does not come
from the different ECSA values, but from the variation of surface atomic
and electronic structures. The intrinsic electrodynamics of two-electron
CO, reduction on these electrocatalysts were further analyzed by the
Tafel slops (Fig. 4a and b), and the calculated Jgo and Jormate are also
presented in Table S4 and Table S5, respectively. As shown in Fig. 4a,
the Tafel slopes for CO formation on spongeous Ago;Cug and coralline
AgesCuss are 73.3 mV dec™! and 119.4 mV dec™!, respectively. By
comparison, the lower Tafel slope of spongeous Agyj Cug suggests that it
facilitates the conversion of CO; into CO more effectively than coralline
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AgesCuss. Meanwhile, the largest Tafel slope of 124.6 mV dec™! for
Ags2CusgoSng suggests the COq activation on the flat surface is quite
inferior [37]. When it refers the Tafel analysis for formate production
(Fig. 4b), coralline AgesCuss exhibits the lowest Tafel slope (117.1 mV
dec™!) among these samples. In comparison, spongeous Agg;Cug and
Ags2CuseSng show much higher Tafel slopes for formate production
(254.0 and 155.8 mV dec?, respectively), indicates their inferior re-
action kinetics towards CO»-to-formate conversion.

To understand the origins of catalytic activity for CO2RR, it is
necessary to gain a fundamental insight into the real-time interfacial
processes and the formed reaction intermediates on the surface of
electrocatalyst by in-situ spectroscopic measurements. Fig. 4c and
d shows the in-situ Raman spectra collected on spongeous Agg;Cug in a
spectroelectrochemical cell (Fig. S13). The black curves were measured
in the COg-saturated 0.1 M KHCOj3 solution before electrolysis (without
applied potential). The Raman peak at 588 cm ™! is assigned to the Cuz0
on the surface of spongeous Agg;Cug formed by exposed to air. After the

1290 Spongeous Agg;Cug
< Coralline AggsCuss 4 00
£ Ags;CuzeSng /A [u} o]
J 8“4 (o
~ 09 o u] )
S 0
0.6
0'3-| T T T T T
21 14 -07 00 07 14
Log (Jrormate) (MA cm2)
( ) Spongeous Agg;Cug 2
" in, |
'LV'W \ ,;A'W : ™ o
s ' : el $
= f : N
s /gt :
& ; CDag
5 AV NN, s .
= : : : "M"”‘W"W ] )
= | *OCHO W ©
HCO 36, vt | ©°
L1 I Simulated ﬁ‘cqucnciels
1200 1400 1600 1800 2000 2200

Raman shift (cm)

—~~
—h
S

Coralline AgssCuss — 0s
— 50s
coon —1%:

Intensity (a.u.)

Simulated frequeuciels

1600 1800 2000 2200

Raman shift (cm)

1200 1400

Fig. 4. (a, b) Tafel slopes of the samples for (a) CO production and (b) formate production. (c—f) Time-dependent in-situ Raman spectra recorded from the surface of
(¢, d) spongeous Ago;Cug and (e, f) coralline AgesCuss. The orange-color sticks in (d) and (f) represent the DFT-calculated vibrational frequencies (in cm™!) of

different vibration models for *COOH, *OCHO and CO species.
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potential of —0.7 V (vs. RHE) has been applied for 50 s, the characteristic
peak originated from Cu0O show a significant intensity decrease, which
is owing to the electroreduction of CuyO surface layer. Meanwhile, some
other Raman peaks are emerged and exhibit strong peak intensities,
owing to the surface-enhanced Raman scattering (SERS) or inelastic
light scattering by electron-hole plasma in the alloy [38]. The peaks at
697 cm ! and 1058 em ™! correspond to the vibrational modes of CO3~
in aqueous solution [39,40] and the peak at 1340 cm ™! is attributed to
the HCOg3 in the electrolyte. Nevertheless, the CO%’ and HCO3 don’t act
as active species in the CO2RR since there is no carbonaceous products
could be generated in Nj-saturated 0.1 M KHCOg3 solution. Moreover,
the in-situ Raman spectra also provide valuable information of the re-
action intermediates formed during the CO2RR. The peak emerged at
267 cm™! is assigned to GCu-C-O bending and represents the

Nano Energy 73 (2020) 104796

surface-bound CO intermediates on the Cu [20]. In spongeous Agg;Cu,
the higher proportion of Ag acts as an energetical promoter that gen-
erates a higher flux of CO, and thus, adjacent Cu atoms could have more
opportunity to adsorb *CO intermediates. However, gaseous CO could
be hardly generated on Cu sites since the binding energy of *CO on Cu
atoms is relatively high. The broad peak at 1469 cm ™! is assigned to the
symmetric stretching vibration of the carboxylate group (namely,
0-0-(CH)-0), corresponding to the surface-adsorbed *OCHO in-
termediates [40]. The weak peak at 1650 cm ! belongs to the *COOH
intermediates [41], and the peak at 2076 cm ! is attributed to the
molecular CO bound on the catalyst surface [42], which indicates the
relationship between *COOH intermediates and CO product. The theo-
retical vibrational frequencies of *COOH, *OCHO and CO species are
also calculated by DFT simulation (Table S6). The shift of Raman peak
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positions is rationalized by the chemisorption of different inter-
mediates/molecules on metal/alloy surface. For example, when a CO
molecule is bound on a metal surface, it is expected that the electron is
donated from the CO 5¢ molecular orbital to the metal surface, and also
from the metal surface back to the CO 2z* antibonding orbital, which
decreases the strength of the C-O bond [39]. As a result, the observed
frequencies of adsorbed CO are lower than that of gaseous CO. As the
operation time goes up to 100 and 150 s, the *COOH band gradually
disappears, while the peak intensity of molecular CO greatly enhances,
suggesting that the *COOH intermediates play a key role for the
CO9-to-CO conversion. The CO; molecules adsorb on spongeous
Ago1Cuyg electrode are reduced to *COOH species at first, and then the
*COOH species are further reduced to *CO intermediates. These results
verify that the spongeous Agg;Cug electrode preferentially generates CO
as the main product through the reaction pathway of CO3 — *COOH —
*CO — CO. As a comparison, the in-situ Raman spectra measured on
coralline AggsCuss at —1.0 V (vs. RHE) are shown in Fig. 4e and f. The
peak observed at 1469 cm ™! is assigned to the O-(CH)-O bending of
*OCHO intermediates (Fig. 4f), which could be further reduced to
*HCOOH species, and then results in the production of formate. Mean-
while, the *COOH signal at 1650 cm ™! is very weak until reacted for
150 s, and the peaks belonging to Cu—C-O and molecular CO are scarcely
observed, indicating that the amount of CO produced on coralline
AgesCugss is very low.

3.4. Mechanism analysis of electronic structure modulation by varying the
Ag—Cu ratios

To understand the synergistic influence of electronic and geometric
effects on the product selectivity when the surface compositions of
Ag-Cu nanoarchitectures shift, the possible reaction pathways were
analyzed by DFT calculations. A series of optimized Ag-Cu alloy con-
figurations with varying Cu contents (Fig. 5a), i.e. AggCuo, Ag7Cuy, and
AgsCug were adopted to explore the reaction trends towards CO/
formate production. The simulation of COoRR pathways were performed
on the (111) surfaces since they are the predominantly exposed and
stable crystal planes, as evidenced by both SAED patterns (the insets in
Fig. 1d and g) and DFT calculations (Table S7 and Fig. S14). As shown in
Fig. 5a, the calculated projected density of states (PDOS), which de-
scribes the electronic states at the metal surfaces, demonstrates that the
Ag-Cu alloying could lead to distinct electronic properties form pure Ag.
Once the electronic density of the metal center in alloy changes to an
appropriate value to match the energy level of reactant species, elec-
trons will be easily transferred to activate CO3 molecules and initiate the
catalytic reaction. More importantly, the changes in d-band structure
brings about the electronic effects on the binding strength of in-
termediates. This allows the Ag—Cu alloys with different compositions to
exhibit distinct catalytic activities. Fig. 5a reveals that the d-band center
(eq) gradually shift upwards as the Ag content decreases. From the view
of the electronic effect, when the degree of alloying increases, the
eq tends to up-shift closer to the Fermi level and results in stronger
adsorbates-metal interaction [43]. According to this trend, the binding
strengths for *COOH and *CO are supposed to increase as the Ag content
decreases, which suggests that the desorption of CO becomes more
difficult as more Cu atoms are introduced into Ag—Cu alloys. Moreover,
the binding energies (Ep) of reaction intermediates and the Gibbs free
energy changes (AG) of elementary steps in CO2RR at a potential (U =0
V) were calculated. Fig. 5b and Table S8 show the calculated Ep of
*QCHO, *HCOOH, *COOH, and *CO reaction intermediates involved in
CO2RR on AggCup(111), Ag;Cu;(111) and AgsCus(111) surfaces. The
*CO intermediates bind more strongly on Ag;Cu;(111) and AgsCus(111)
surfaces than on pure AgsCug(111) surface, which makes the desorption
more difficult at the “mixed” sites, and thus suppresses the CO produc-
tion when the Cu content increases to a high level. Combined with the
geometric effect, as the alloy compositions shift, the atomic rearrange-
ment of reaction sites will also change, which could influence the
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formation free-energies and the adsorption capacities of reaction in-
termediates (Fig. S15 and Fig. 5¢ and d). The Ag atoms on AggCup(111)
and Agy;Cu;(111) act as the main active sites, while the Cu and Ag atoms
on AgsCus(111) surface work cooperatively to bind the reaction in-
termediates (Fig. S15). For CO-to-CO conversion, the *CO in-
termediates binds weakly on AggCu(111) surface, which makes the CO
desorption downhill in energy by 1.02 eV (AG(CO) - AG(*CO)) (Fig. 5¢),
contributing to a highly exothermic and spontaneous step. In contrast,
the formation of *OCHO on AggCup(111) is considered as a difficult step
and is uphill in AG by 0.12 eV (AG(*OCHO) - AG(*CO5»)), as shown in
Fig. 5d. These results coincide with the experimental observations of
metallic Ag as a favorable choice for CO production [35]. Accordingly,
when Ag dominates in Ag-Cu bimetallic catalyst, the main product of
CO2RR will be CO. In contrast, the formation of *OCHO on Ag7Cu;(111)
and AgsCus(111) is a spontaneous and exothermic process. Through the
consecutive proton/electron transfer, AgsCus(111) maintains the lowest
reaction free energetics for the COo-to-formate pathway, indicates that
the energetic catalytic activities for formate production are primarily
attributable to the increased abundance of Ag-Cu (111) facets. This
demonstrates that the introduction of Cu atoms can enhance the cata-
lytic activity and tune the product selectivity of Ag—Cu alloy to generate
formate, which are in good agreement with the experimental results.

According to the above analysis, the proposed dominating pathways
via different reaction intermediates on spongeous Agg; Cug and coralline
AgesCuss are illustrated in Fig. Se, respectively. In detail, the elementary
steps are listed below:

* 4 CO, (g) = *CO; (ads.) (Step 1)
*CO, (ads.) + HT + e~ — *COOH (ads.) (Step 2)
*COOH (ads.) + H' + e~ — *CO (ads.) + H,O (1) (Step 3)
*CO (ads.) —» * + CO () (Step 4)
#CO, (ads.) + H 4 ¢~ — *OCHO (ads.) (Step 5)
*OCHO (ads.) + H' + e~ — *HCOOH (ads.) (Step 6)
*HCOOH (ads.) — * + HCOOH (1) (Step 7)

%o

where ‘** represents the surface adsorption site on electrode. For spon-
geous Agg;Cug, the adsorbed CO4 molecule is initially absorbed on the
surface and the activated to *CO. intermediates. Coupled with a
simultaneous proton/electron transfer, the *COOH intermediates are
formed and bound on the catalyst surface (Step 2). Through the second
proton/electron transfer, the generated *CO species easily desorbs from
the electrode, promoting the release of gaseous CO as the dominant
product (Step 3 and 4). Moreover, because the Ag content in spongeous
Agg1Cug is high, the inherent stress could drive Ag atoms to segregate
into islands, and thus the main product of CO2RR will be CO since Ag
acts as the active promoter for *CO intermediate desorption. Differently,
on the surface of coralline AggsCuss, the main product of formate would
be generated through the energetically favorable formation of *OCHO
adsorbates (Step 5) and the subsequent desorption of *HCOOH in-
termediates (Step 6 and 7).

Notably, trace amounts of other hydrocarbon species such as
CH3CH20H, CH3COCHj3 and CH3COOH were detected during the
CO2RR, and the yields of multi-carbon (Cy and C3) products generated
by coralline AggsCuss are slightly higher than those of spongeous
Ago1Cuy (Fig. S8), which could be attributed to the enhanced CO
adsorption on coralline AggsCuss (Table S8). However, the selectivity
towards Co—C3 products on coralline AggsCuss is still very low, owing to
its relatively low surface coverage ratio of Cu atoms compared to pris-
tine Cu metal that hiders the subsequent CO-CO dimerization and its
predominately exposed Ag—Cu (111) facets, as evidenced by the XRD
pattern (Fig. 2a). It has been reported that Cu (111) facets are conducive
to the selective production of C; chemicals whereas Cu (100) facets
favor Cg products, since CO—CO dimerization prefers to proceed on Cu
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(100) in both kinetics and thermodynamics when compared to Cu (111)
[44]. Meanwhile, Cu (110) and (220) facets also favor the formation of
C, products as compared to Cu (100) and (111) surfaces, due to the
higher *CO binding energies and the lower CO-CO coupling barriers
[45]. Following this line of thought, we suggest that the yield of Cy
products can be increased by taking advantage of high-index facets or
atomic steps located on Cu (111) basal planes. To prove it, nanoporous
Cu was prepared as a control sample for the CO2RR by electrochemical
dealloying/etching of commercial CuggZng4g alloy foil, as presented in
the Method section and Figs. S16-20. The SEM images of nanoporous Cu
clearly display its high porosity (Fig. S18), and the complete removal of
Zn is confirmed by EDX, XRD and XPS characterizations (Fig. S19).
Besides Cu (111) facets, the characteristic peaks of Cu (200) and Cu
(220) are also detected in nanoporous Cu, as confirmed by XRD
(Fig. S19b). The CO2RR products of nanoporous Cu at different poten-
tials is summarized in Fig. S20b. Hy, formate and CO account for a high
proportion of the reaction products generated by nanoporous Cu, and
the formation of different hydrocarbon products via multi-electron
reduction processes are also detected, including methane (CHy),
ethylene (CoH4) and CH3CH2OH, further verifying that the geometric
and electronic structures of electrocatalyst can greatly influence its
catalytic activity and selectivity.

4. Conclusions

In summary, we have developed an efficient electrochemical anod-
izing/etching approach to prepare self-supporting Ag—Cu alloy nano-
structures for electrochemical CO;RR. The bicontinuous and
hierarchical porous morphology of spongeous Agg;Cug and coralline
AgesCuss catalysts could expose abundant active sites to promote COy
adsorption and electron transfer capability. The surface compositions
and atomic arrangement of bimetallic catalysts synergistically deter-
mine the reaction pathway and main products, realizing highly activity
and tunable selectivity. Analyzed by in-situ Raman measurements and
theoretical calculations, the variations in the electronic structure and
surface atoms of the catalyst can modulate the formation free-energies
and binding strength of different reaction intermediates, and thus,
different product selectivities are realized. We believe this work could
provide a promising route for the rational design of nanostructural
electrocatalysts that can be produced by electrochemical dealloying
methods with improved activity, selectivity and durability towards CO2
reduction and re-utilization.
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