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Hierarchically macroporous-mesoporous (HMMP) Cu/Zn alloy catalysts are reported to promote CO: electroreduction towards
liquid Cz products. HMMP Cu/Zn alloys with two types of distinct pores (~320 nm and ~20 nm) and adjustable alloy
compositions are prepared through the interfacial self-assembly of two polymer templates and metal precursors. Due to add-in
synergies of hierarchically porous structures and bimetallic elemental compositions, the resultant HMMP Cu/Zn alloy catalysts
remarkably promote the deep electroreduction of CO: to liquid Cz products while simultaneously suppressing the competitive
proton reduction. Among them, HMMP CusZns exhibits the best electrocatalytic selectivity (with a very high ethanol production

of 46.6 % at -0.8 V) and excellent stability (even after electrocatalysis for 11 h) towards COz electroreduction. This strategy
allows for the reliable synthesis of other HMMP alloy nanocatalysts for a wide range of electrocatalytic applications.

1. Introduction

Effective
chemicals/fuels has received considerable attention as a means to reduce CO,

capture and conversion of CO, to produce valuable

emissions and transform the world’s energy system. Reducing CO, involves
multi-electron and multi-proton transfers that often bring a large kinetic barrier
and a broad range of reduction products [1-4]. New catalysts are key for
reducing CO, efficiently and selectively. Among all synthetic catalysts
developed for the electrocatalytic CO, reduction in aqueous solution so far, only
Cu-based electrocatalysts are capable of carrying out deep reduction of CO, to
C, products. However, Cu electrocatalysts show a low Faradaic efficiency (FE)
for CO; reduction and C, products (e.g., ethylene) selectivity [5,6]. Commercial
Cu foil as an example only shows a FE of ca. 50 % toward CO,reduction while
competing with proton reduction, also known as hydrogen evolution reaction
(HER) [7]. Although there is a tremendous amount of literatures on the
fundamental understanding of the morphologies [8—13], nanostructures [ 13—-19],
surface crystal facets [20] of Cu catalysts on their activity and selectivity
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towards CO, reduction, selective CO, electroreduction to liquid C, products
remains as an unmet challenge.

Ethanol and acetate as the main liquid C, products from CO,
electroreduction are among the most desirable products [21-24]. Reducing CO,
to ethanol needs 12¢” transfer and that to acetate needs 8e™. The essential step
towards the formation of C, products is the formation of CeC bond; that is, the
coupling of the key intermediate *CO occurs on the surface of Cu catalysts
[6,25]. Desipt being most desirable, the deep reduction products, such as
ethylene, ethanol and acetate [5,7,26-29], usually show low selectivity and
yield during CO; electroreduction. When optimizing the nanostructures of the
Cu catalyst or its interfaces with oxides, recent literatures show that synthetic
Cu catalysts became more selective to produce ethylene up to 90 % [30,31].
Previous simulation results suggest that, the formation of the key intermediate
*CO on Cu is slow while the further conversion of *CO through coupling and
hydrogenation is kinetically favorable [28,32,33]. In view of new catalysts to
effectively convert CO, to C, products, control of the surface composition to
promote the formation of *CO intermediates potentially play an important role
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in tuning the activity and selectivity [34-36]. Unfortunately, the doping of Cu
with Sn [37,38] and Au [39] that have been well-known to promote the
formation of *CO intermediates would lead to the loss of deep reduction
products. This is due to the lack of the strong binding of *CO intermediates to
the doped Cu catalysts. On the other hand, Zn with a similar 3d electron
configuration as Cu show activity for 2e”reduction of CO, to CO and formate
[7,40,41]. When doping electron-rich Zn to Cu, Cu/Zn alloys show high activity
for CO,, in particular with suppression of HERs and promote the formation of
alcohol products [42,43]. For example, CusZn has an FE of 29.1 % towards
ethanol through promoting the formation of CeC bonds of the two neighboring
C, intermediates on the surface of Cu [42]. When mixing Cu,O with ZnO (1 :
0.5, wt), the hybrid catalysts enhanced the methanol formation at a rate of 4.9 x
10~ mol m~?s™" and the FE to methanol reached to 25.2 % at —1.3 V vs. Ag/AgCl,
respectively. ZnO as a co-catalysts likely strengthens the bonding between Cu
and CO- intermediate, resulting in a large increase of CO,reduction selectivity
to alcohols [44].

Cu/Zn alloys were usually prepared through -electrodeposition or
electroreduction [42]. Since the reduction potentials of Cu?" and Zn?>" are largely

Ez,l 2t n= -0.76 V and
electrode, RHE, all potentials reported here are with respect to RHE), it is

different ECM 2+ 4= 0.34 V (vs. reversible hydrogen
difficult to synthesize bimetallic Cu/Zn alloys which are extremely critical to
tune their electrocatalytic activity and product selectivity.

Another important factor to control the product selectivity toward CO,
reduction is the retention time of intermediates. Since the formation of deep
reduction products is kinetically unfavorable, the design of nanocatalysts to
prolong the interaction of intermediates with catalysts can significantly promote
the formation of C, products [9,45-49]. Among many other nanostructures,
porous materials are of particular interest to not only increase the surface-to-
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volume ratios and active sites on the surface, but also to control the localized
pH  within the pores and the transport  of  the

reactants/intermediates/products with its defined pore structures [46,50]. Nam

mass

and co-workers demonstrated that the pore size of mesoporous Cu catalysts is
important to control the selectivity of C, products [9]. When decreasing the pore
size from 300 to 30 nm, the FE of ethylene was enhanced from 8% to 38 %.
Similar morphological effects have been shown in Au and SnO, catalysts for
CO; reduction as well [48,49].

We herein report the wet-chemical synthesis of porous bimetallic Cu/Zn
catalysts for selective CO, electroreduction to liquid C, products. The synthesis
of the bimetallic catalysts is based on an interfacial selfassembly method of two
polymer nanospheres having different sizes as templates (see Scheme 1).
Ordered and closely packed polymer templates were fabricated on the surface
of a hydrophilic carbon paper electrode first; then physically adsorbed Cu?** and
Zn?" jons through electrostatic interaction and coordination with the two
polymer templates. The formation of uniform bimetallic Cu/Zn catalysts was
achieved by high-temperature reduction using hydrogen, therefore affording

Soaking into
Cu*/Zn** solution
i ————
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uniform distribution of the two metals with highly surface areas and defined
crystalline structures. Our method allows tuning the alloy composition by
simply varying the ratios of metal precursors. Hierarchically macroporous-
mesoporous (HMMP) Cu/Zn alloys have macropores of ~320 nm and
mesopores of ~20 nm. We found that the doping of Zn to Cu largely promotes
the formation of *CO intermediates to weakly cover the surface of Cu. This in
turn results in the increase of the energy barrier to reduce protons and improves
the overall FE toward CO; reduction. Hierarchical porosity of the bimetallic
catalysts largely enhanced the retention time of intermediates to promote the
deep reduction of CO, to form liquid products. The porous CusZng catalyst
shows a FE toward liquid C, products (ethanol and acetate) of 58.3 % at -0.8 V
with a specific current density (Jcoz) of 3.6 mA/cm? under steady-state
electrolysis for 11 h.

2. Results and discussion

To prepare HMMP Cu/Zn alloyed films, hydrophobic PMMA nanospheres
(an average dimeter, ~350 nm) and polymer micelles of poly (ethylene
(PEO14-b-
PTMSPM A5, with average dimeter of ~23 nm) were used as the templates for

oxide);14-block-poly(3-(trimethoxysilyl)propy  methacrylate)aos

macropores and mesopores, respectively (Fig. S1-2, see synthetic details in SI).
In brief, a monolayer of ordered and close-packed PMMA nanosphere array
was prepared on a clean glass slide driven by surface tension at the interface of
water/glass/air (Scheme 1a) [51,52]. The PMMA array was then transferred and
lifted off on the top of an aqueous solution containing polymer micelles (15
mg/mL). The array can float at the water-air interface due to the hydrophobic
nature of PMMA nanospheres (Scheme 1b and ¢). The monolayer of the PMMA
nanospheres was then picked up using a carbon paper electrode. During the

transfer, the interfacial self-assembly of
polymer micelles occurred within the PMMA
array to fill the voids in between larger PMMA
nanospheres (Scheme 1d). After drying at 80 °C
for overnight, the same procedure was repeated
twice to form the three layers of PMMA
After coated with the two
templates, the carbon paper electrode was then
immersed into the aqueous solution containing
metal precursors, €.g., Cu(NOs), and Zn (NOs),.
The alloy composition can be varied by tuning
the Cu/Zn molar ratio. After soaking with metal

Picking up nanospheres.

te) l Drying

precursors, the carbon paper electrode was
further calcined under H, at 400 °C to reduce Cu
and Zn ions and remove the PMMA templates
(Scheme 1f). The formation of Cu and Cu/ Zn
alloys on the carbon paper electrode is obvious

as the color of the carbon paper electrode became golden after calcination. In
the course of calcination, polymer micelles evolved into solid silica
nanoparticles to support the metallic framework [53—55]. Finally, silica residues
were
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Scheme 1. Schematic illustrating the synthetic strategy of HMMP Cu/Zn alloyed catalysts
on a carbon paper through the interfacial self-assembly method. The pictures on the bottom
show the Cu/Zn alloy on carbon paper, the templates with metal precursors on the carbon
paper and the templates on carbon paper without metal precursors (from left to right).
etched to release the mesopores by 2 wt% hydrofluoric acid (HF) (Scheme 1g).
To confirm the thickness, the HMMP Cu/Zn alloy was also fabricated on a
silicon wafer to image the cross-section.
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XRD peaks appeared for alloyed catalysts, suggesting the formation of pure
alloys.

Since Zn atoms are slightly smaller than that of Cu atoms, the incorporation of
Zn into Cu resulted in the lattice contraction of Cu [60-62]. Amongst them, the
(111) and (200) planes of Cu3Zn and CuZn are shown in Fig. 2b and c,
respectively, both of which matched well to fcc CusZn (JCPDS 03-6567) and

Fig. 1. Morphological characterizations of HMMP Cu/Zn alloyed catalysts with different compositional ratios. (a-d) Low and (e-1) high-magnification SEM images of monometallic Cu (a,

e, i), bimetallic CusZn (b, f, j), CuZn (c, g, k), and CusZns (d, h, 1).

The nanostructures of as-prepared Cu/Zn alloys on the carbon paper
electrode were first characterized by electron microscopy. As shown in scanning
electron microscopy (SEM) (Fig. la—d), the carbon papers were uniformly
coated by the Cu/Zn alloyed films. The alloyed film only appeared on the top
surface of the carbon fibers. The average thickness of the Cu/Zn alloyed films
is about 1 um, as evidenced by the tri-layer film fabricated on the silicon wafer
(Fig. S3), closely matching with the height of the three layers of PMMA
nanospheres. HMMP features of Cu/Zn alloys were further revealed under
higher magnifications. The Cu/Zn alloy films were interconnected by hexagonal
closepacked macropores (Fig. le-h). The diameter of macropores estimated
from the SEM images (Fig. le-h) is ~320 nm, slightly smaller than the diameter
of PMMA nanospheres. This is due to the volume shrinkage of the PMMA
templates during the thermal annealing [51]. The small angle X-ray scattering
of the CusZng catalyst shows well-resolved (100) and (110) reflections,
confirming an ordered hexagonal close packed mesostructure (Fig. S4a). The
mesopores show homogenously dispersion in the framework of macropores as
the hierarchically porous framework of the alloyed films. This is observed
clearly by transmission electron microscopy (TEM) (Fig. S4b—d). Mesopores
are fairly spherical with an average diameter of 20 nm (Fig. 1j-1, S4a and Table
S1). Furthermore, the density of mesopores in the alloyed films with a higher
ratio of Zn, e.g., CuZn and CusZns, is higher than that in pure Cu and Cus;Zn
with a lower Zn ratio. One noticeable change is the size of the crystalline grains
which is much smaller in pure Cu and CusZn, compared to the other two alloys
(Fig. le and 1). This is likely because of the increase in the thermoplasticity of
Cu-based alloy with the increase of Zn amount in alloys, further leading to the
formation of the stable mesopores structures [56,57].

Crystallinity and surface compositions of HMMP Cu/Zn alloys were
examined by wide-angle X-ray diffraction (XRD) and SEM energy-dispersive
X-ray spectroscopy (EDS) mappings. As shown in Fig. 2a, the diffraction peaks
at 43.3°, 50.4° and 74.0° for pure Cu film are ascribed to (111), (200) and (220)
planes, respectively, indicating the metallic face-centered cubic (fcc) Cu phase
(JCPDS 03-1005). After alloyed with Zn, all peaks shifted to a lower 26 [58,59].
The diffraction patterns of Cu/Zn alloys are similar to that of pure Cu. No new

body-centered cubic CuZn (JCPDS 060657). Noticeably, a slightly different
XRD pattern was observed for CusZng, known as a complex cubic phase. High-
resolution TEM image shows that the lattice fringes correspond to a d-spacing
0f0.112, 0.184 and 0.214 nm, which match well with the d-spacing of the (214),
(202) and (012) planes of the CusZng alloy, respectively (Fig. S4c). Those
results confirm the successful preparation of HMMP Cu/Zn alloyed catalysts
with rationally adjustable compositions and also highlight the versatility of our
synthetic method for bimetallic Cu/Zn alloys. Ideally, our fabrication method is
capable of synthesizing Cu/Zn alloys with any Cu/Zn ratios which is not
possible through solution synthesis or electrochemical co-reduction.

The compositions of bimetallic Cu/Zn alloys were estimated using SEM-
EDS mappings. Those results are summarized in Fig. S5. A homogeneous
distribution of Cu and Zn throughout was seen for all CuZn alloyed films. The
atomic ratio of Cu-to-Zn on CusZn, CuZn and CusZng was measured to be 1.0 :
0.2, 1.0 : 1.2 and 1.0 :1.8, close to the molar ratio of Cu to Zn in the solution
(1.0:0.3, 1.0 : 1.0 and 1.0 : 3.0), respectively. This observation indicates the
stoichiometric ratio of the HMMP alloys can be easily controlled by the feeding
ratio. The surface compositions of Cu and Zn were also evaluated using X-ray
photoelectron spectroscopy (XPS). The ratios of elements on the surface of
HMMP CusZn, CuZn and CusZng alloys were 1.0 : 0.5, 1.0 : 1.1 and 1.0 : 3.5,
respectively (see Fig. S6), indicating slightly more Zn on the surface of the
alloys. This is attributed to the surface oxidation of Zn to form ZnO (~7%) as
confirmed by Zn and Cu LMM Auger analysis on CusZns alloy (Fig. S6e).
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High-resolution XPS was used to compare the surface electronic states of
bimetallic Cu/Zn alloyed catalysts and further understand the charge interaction
between Cu and Zn (see Fig. S7). The pure Cu film shows the two Cu 2p peaks,
including Cu 2p;,; and Cu 2ps, at 952.5 eV and 932.6 eV, respectively. A
gradual decrease in Cu 2p binding energy was observed when alloying with Zn.
The Cu 2p;; peak shifted to 932.5 eV for CusZn, 932.5 eV for CuZn and 932.4
eV for CusZng. On the other hand, Zn 2ps), shifted to slightly higher binding
energies when increasing the Zn content in the bimetallic Cu/Zn alloys (see Fig.
S7). These shifts are attributed to the electronic interaction of Zn and Cu
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indicative of the weakened adsorption of *CO intermediates [70]. The
formation of intermediates was measured using the attenuated total reflectance
surface-enhanced infrared spectroscopy (ATRSEIRAS). Using CusZns catalysts
at-0.7 V, *COOH and *CO as key intermediates were observed (Fig. S9). It is
reasonable since Zn is known to be less favorable for CO binding from previous
literatures [71]. A higher Zn content in the bimetallic catalysts results in weakly
adsorbed *CO species, which show a lower reduction potential. On the other
hand, the peak current of *CO reduction is enhanced at a higher Zn content,
suggesting a higher surface coverage of adsorbed *CO species on the catalysts.

(a) (b) Fig. 2. Structural characterizations of HMMP Cu/Zn
(012) T
— ClUsZN catalysts with different compositional ratios. (a)
(210()202) —_ Wide-angle XRD patterns and zoomin XRD patterns
% A (920) (400) 2 in the range of (b) 41° —45° and (c) 48° — 52° of the
l ——— — '; Cu/Zn alloyed films. Schematic illustrations of the
! | JCPDS No. 41-1435 | | ‘E crystal structures for (d) CusZng (complex cubic), (e)
(111) — Cuzn g cuzn
L | (200) t (body-centered cubic), (f) CusZn (face-centered
g e \\"_Jl (220) - cubic) and (g) pure Cu (face-centered cubic).
= JCPDS No. 060687 | ]
; 0. 06-065 T T T
21 | a1 42 43 44
7] 111 i
0 \l( ) Cu,Zn © 2 Theta (deg.)
[ W— (200)
‘E | (220)
e peaanh SERREE
| | JCPDS No. 03-6567 S
v o
(111) Cu 3
‘ (200) E :
\ (220) [} 4 '
LT em | § Ao | T
I JCPDS No. 03-1005 l )
; : ‘ . ‘ : : 0900
40 50 60 70 80 48 49 50 51
2 Theta (deg.) Ocu Qzn

2 Theta (deg.)

because of the larger work function of Cu than that of Zn (the work function of
pure Cu and Zn is 4.7 and 4.3, respectively) [39,60,63]. The lowering of the Cu
2p binding energy suggests that, i) the electron-rich Cu is present in all Cu/Zn
alloys; and ii) Cu shows a higher electron density when increasing the Zn ratio
in Cu/Zn alloys. The enhancement in surface electron density would lead to a
lower d-band center of Cu, possibly weaken the chemisorption energy of some
intermediates, e.g., CO [62,64,65].

The catalytic activity of the HMMP Cu/Zn alloys and the pure HMMP Cu
film for CO, reduction was evaluated using an “H” cell separated with a Nafion
proton exchange membrane. The working electrode and the reference electrode
(a saturated calomel electrode) were sealed in one cylinder and the counter
electrode (a graphite electrode) was in the other cylinder. The linear sweep
voltammetry (LSV) of the catalysts was measured in N, and CO; saturated 0.1
M KHCO; aqueous solution using a three electrodes setup. The current density
was normalized to the geometrical surface area of the carbon paper electrode,
ca. 1 cm? The LSV scans of the HMMP CusZn catalysts are displayed in Fig.
3a. Under CO,, the current density of the CusZng catalyst is significantly higher
than that under N, atmosphere solution over the whole potential range. It is
indicative of favorable CO, reduction over water reduction. As controls, the
LSV curves of the carbon paper electrode and the commercial Cu foil were
examined. The carbon paper shows negligible activity; while the commercial
Cu foil is much less active in terms of its overpotential to reduce CO,. With the
increase of the Zn content in the HMMP Cu/Zn alloys, the current density of
the catalysts increased (Fig. S8).

A reduction peak on the LSV of CusZng was seen at =0.7 V vs RHE in CO,-
saturated solution [66,67]. This peak can be assigned to the reduction of the
adsorbed *CO intermediates on the electrode [68,69]. It is noteworthy that the
potential and the current density of the peak is largely dependent on the ratio of
Zn in the HMMP Cu/Zn alloys. The reduction peak of the HMMP pure Cu,
Cus3Zn, CuZn and CusZng catalysts appears at =0.53 V, -0.6 V, -0.66 V and -0.7
V, respectively (Fig. S8); while, the peak current increases with the ratio of Zn.
In case of the pure Cu catalyst, this peak is barely noticeable. For the adsorbed
species on the electrode, the gradual decrease in the reduction potential is

It implies that the presence of Zn in the bimetallic catalysts promotes the
reduction of CO,to *CO intermediates. Interestingly to note, the increase of Zn
content in the bimetallic catalysts results suppressed the HER. For example, the
H, FE of for the HMMP CusZng catalyst decreased to 11.8 % at its onset
potential for CO, reduction, while that of the pure Cu is close to 53 % (Fig. S10).
This is likely due to the adsorbed CO intermediates preventing the competing
adsorption of protons, therefore HER reactions simultaneously [68].

In order to unveil the origins of accelerated initial kinetics of CO reduction
activity on various Cu/Zn alloys, density functional theory (DFT) calculations
were used to investigate the intrinsic electronic properties of pure Cu, CusZn,
CuZn, and CusZng, which have same compositions as experiments. The surface
electron density of those catalysts in CO, electroreduction is important to bind
the reactants, which dominates the initial kinetics to some extent. Theoretically,
the work function of the catalyst surface, defined as the thermodynamic energy
to move an electron at the Fermi level to the vacuum outside the solid surface,
is directly correlated to the initial binding. The calculated work function of the
most stable surface of the four materials is summarized in Fig. 3b. Pure Cu
exhibits the highest work function of 4.55 eV. When incorporated with Zn, the
work function of bimetallic alloys gradually decreases to 4.50 eV, 4.46 eV, and
4.16 eV of Cu3Zn, CuZn, and CusZng (Fig. 3b), respectively. This implies the
enrichment of electrons and lowering the energy barrier to bind the electrophilic
CO,, which potentially accelerate binding kinetics of CO».

The computation of projected d-orbital density of states (DOS) of surface
Cu atom was also performed to evaluate the trend observed on the bimetallic
catalysts. As proposed by Norskov and co-workers [71], the d-band center
provides intrinsic electronic information to explain the adsorption behavior of
atomic species at the surface. The higher the d-band center, the stronger the
chemisorption. Incorporating Cu with Zn dramatically changes the shape of the
d-orbital structure of the surface Cu (Fig. 3c¢), thus alters the position of the d-
band center. The pure Cu shows a d-band center of -2.12 eV, meaning it is
highly active in adsorbing hydrogen atom. Comparatively, d-band center was
calculated to be -2.32 eV, -2.43 eV, and -2.54 eV for CusZn, CuZn, and
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Fig. 3. (a) LSV curves of the HMMP CusZns catalysts at CO2 or N2-saturated 0.1 M KHCOjs solution, the uncoated carbon paper electrode and the commercial Cu foil at CO»-saturated 0.1
M KHCO:s solution. (b) Calculated electrostatic potentials and work functions of Cu, CusZn, CuZn, and CusZns. The work function is defined as the energy needed to remove an electron
from the solid catalyst to the vacuum level. (c) d-band center of the surface Cu atom on Cu, CusZn, CuZn, and CusZns. (d) Calculated hydrogen adsorption free energy (AGux) on Cu,
Cu3Zn, CuZn, and CusZns. (¢) FE of major products vs. potential for the HMMP CusZns catalyst at a

potential range of 0.5 V to 1.2 V in 0.1 M KHCO:s.

CusZng, respectively. The binding affinity towards hydrogen gradually
decreases as the Zn incorporation ratio increases, which corresponds to the trend
observed on HER. It should be mentioned that the calculated d-band center also
implies an increased trend in the co-adsorption energy of *CO and *CH, with
the increase of Zn content. However, since the 12 elementary steps of CO,
reduction to ethanol could bring a large variety of possible reaction pathways
[72], it is difficult to evaluate whether this trend plays positive or negative role
to the CO, reduction performance, as the co-adsorption of *CO and *CH, could
be either an adsorption-limited or a desorption-limited step.

Since CO, and proton reductions (or HER) compete with each other,
theoretical HER performance is analyzed by the hydrogen adsorption free
energy (AGy-), with the optimal value staying at zero [73]. Thermodynamically,
if AGy- is too positive, it would be extremely difficult for the proton to be
adsorbed on the catalyst surface and thus no reaction could take place; while if
AGy+ is too negative, the surface of the catalyst would be easily occupied by
proton and thus be less selective for CO,. Therefore, numerically, the farther
the AGy- away from zero value, the poorer the HER activity, and thus improved
FE for CO;reduction. As shown in Fig. 3d, among the four candidates, pure Cu
displays the best HER performance, with AGy= calculated to be 0.19 eV. On the
other hand, all the studied three Cu-Zn bimetallic systems show suppressed
HER than pure Cu, with the higher Zn incorporation ratio contributing to poorer
activity. Specifically, the value of AGy+on CusZn, CuZn, and CusZngevolves to
be 0.31 eV, 0.50 eV, and 0.66 eV, respectively. Considering that 0.66 eV
indicates a quite inert nature for catalyzing HER, CusZns shows significant
advantage in improving CO; reduction efficiency.

To analyze the reduction product of CO, and gain insight into the selectivity
of the HMMP alloys catalysts, the steady-state electrolysis was conducted at
different potentials from -0.5 to -1.6 V vs RHE. At each potential, CO,reduction
reaction was conducted to reach a total electric charge of 2—4 C. The gas sample
was analyzed on a Shimadzu gas chromatography (GC) equipped with a thermal
conductivity detector. The amount of gas products was obtained using the peak
area of various gases based on the standard calibration curves. The liquid
products were determined by using proton nuclear magnetic resonance with 1

mM dimethyl sulfoxide (DMSO) as an internal standard. The product analysis
was carried out at least three times to calculate the standard deviation. The
detailed analysis of gas and liquid products is given in SI and Figs. S10-S18.
For the HMMP CusZng catalyst, up to 7 reduction products can be detected and
their total FE adds up to 70-100 % (Tables S2—S5). CO as a product can be
detected at an onset potential of -0.5 V. Since the current density is low at -0.5
V, only a small amount of H, and CO could be detected (Fig. 3¢). When running
at a more negatively potential (-0.7 V vs RHE), the conversion of CO, to CO
and HCOOH was observed. The HCOOH FE of 49.4 % was achieved and the
H, FE of less than 15 % was also observed. When further lowering the reduction
potential, ethanol was produced as the main product, along with other products
such as Hp, CO, CH;COOH and HCOOH. At -0.8 V, the ethanol FE reaches
46.6 % with a specific current density of 2.3 mA/cm? When considering the
two liquid C, products (ethanol and acetate), the FE toward C, formation is
58.3 %. When further increasing the reductive potential, the ethanol FE
deceased due to the competition with the HER.

In addition, the thickness of catalysts shows a strong impact on the
selectivity of CO, reduction. For example, single layered HMMP Cu shows a
H, FE of >65 % and formate as the main CO,reduction product at -1.2 V (Figs.
S19 and S20a). When increasing to three layers of Cu, the H, FE decreased to
49 % while ethanol was produced with a FE of 9% at —1.2 V. This suggests that
hierarchically porous catalysts can improve the deep reduction of CO, and
enhance the formation of C, products. This may be attributed to, i) the increased
retention time of *CO intermediates in the hierarchically porous CuZn catalysts,
similar to the literatures [3 1,46—48]; and ii) Zn can strengthen the Cu-*CO link,
resulting in an increase in the selectivity to alcohols as reported as reported
previously [44,74].
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The durability of the HMMP CusZng catalyst was examined using
chronoamperometric (i-t) scan at -0.8 V vs RHE under a continuous flow of
CO, (Fig. 4a). The HMMP CusZngcatalyst shows a stable current of 4.3 mA/cm?
during a continuous 11 h electrolytic CO, reduction reaction. Although the FE
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45.6 % at -0.8 V. At a lower potential, the conversion of CO, to ethanol
increased significantly. The FE of ethanol reaches 35.7 % at -1.6 V for CusZn
(Fig. S20c). This trend becomes more obvious for the CuZn catalyst. The FE of
ethanol is 34.6 % at -0.8 V (Figs. 4c and S20d). Similar to that of the HMMP
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of liquid productions slightly decreases after 4 h, the FEs of ethanol and acetate
were maintained at ~42 % and ~5% throughout the whole electrocatalytic
process, respectively (Figs. 4a and S21). These results confirm that the CusZng
catalyst shows an excellent stability. The morphology and the crystal structure
of the CusZng catalyst before and after the CO, reduction reaction at 0.8 V vs
RHE were investigated using SEM and XRD (Figs. S22 and S23). There were
cracks on the surface of the CusZng catalyst after 11 h of the CO, reduction
reaction, but the macro/mesoporous and the crystallinity of the CusZns catalyst
remained unchanged after electrolysis. The high stability of CusZnsis likely
attributed to the surface ZnO layer that prevents the agglomeration of the
catalyst during electrolysis [44,75].

The current density toward CO, reduction was used to assess the CO,
selectivity of the HMMP catalysts with different Cu/Zn compositions (Fig. 4b).
The CO, current density of CusZng is significantly higher than that of other
catalysts, indicating that it is the most efficient to covert CO, into the valuable
products. This result is consistent with the surface CO coverage from LSV scans
and the DFT calculation as described before. The CusZng alloy effectively
inhibits hydrogen production; and Jcp; can reach 2.5 mA/cm? in a broad
potential window from -0.7 V to -1.0 V. For a better comparison, the formation
rate of ethanol based on the electrochemical surface area (ECSA) was calculated
by double-layer capacitance method (Table S6). We have compared our results
(e.g. formation rate, FE and current density of ethanol) with some recently
reported Cu bimetallic catalysts as listed in Table S7 [5,42,74,76]. The HMMP
CusZng catalyst outperformed the reported catalysts in terms of its activity and
formation rate, as well as its selectivity for liquid C, products, for CO, reduction.

The product selectivity is highly determined by the composition of the
HMMP Cu/Zn alloys. For the HMMP pure Cu, H, and HCOOH are the major
product; and the selectivity toward H, and HCOOH is less potential-dependent.
The FE of pure Cu to H, and HCOOH is about 52.9 % and 32 % at -0.8 V,
respectively (Figs. 4b and S20b). Similarly, for the HMMP CusZn catalyst, the
formation of H, and HCOOH is still dominant at its on-set potential. After the
adding of Zn in Cu, the FE of H, is slightly lower than that of pure Cu, e.g.,

CusZng catalyst, the selectively towards ethanol using the Cu/Zn alloy is
dependent on the potential in comparison with pure Cu and CusZn. At a lower
potential that is far away from the reduction peak of *CO intermediates, The FE
of ethanol decreases dramatically. Interesting to note that, neither Cu nor Zn has
been shown selectivity towards ethanol and acetate. For example, using pure Zn
as the catalyst, CO is the favorable product with a FE > 80 % in recent literatures
(Table S8) [42,77-84]; while, pure Cu is known to reduce CO,to methane and
ethylene [26]. In the form of bimetallic Cu/Zn, the FE of the C, products
(including ethanol and acetate) significantly increased up to 58 % and the
selectivity to ethanol goes up to 46.6 % for the CusZngcatalyst (Fig. 4d). Those
findings suggest the profound catalytic synergies between Cu and Zn for CO,
reduction [42,85].
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The key step to promote the conversion of CO, to ethanol is the formation
of the CeC bond, e.g., *CO-CHO and *CO-CH, [42]. The evolution of CO,to
ethanol requires 12 proton-electron transfers and contains a large number of
reaction intermediates. Among them, the coadsorption of two carbon-based
intermediates is crucial, since the collision of two adsorbed C,; species is
essential to generate C, species. Previous theoretical studies have unveiled that
the coupling of two hydrogenated C, species is energetically preferred than two
*CO species, since the activation energy for the coupling of two hydrogenated
C, species is much lower than that of two bare *CO [86-88]. Dan and co-
workers proposed that the formation of adjacently adsorbed *CH, and *CO is
of vital importance to guide the reaction selectivity during the CO, reduction
process to ethanol on Cu-Zn bimetallic systems [42]. To gain further theoretical
insight into the conversion of CO, to ethanol, the *CH, and *CO co-adsorption
behavior is simulated on pure Cu (111) and the bimetallic Cu-Zn catalysts.
Considering the fact that the incorporation between Cu and Zn results in
enhanced CO, reduction activity, the co-adsorption behaviors of *CO and *CH,
on neighboring Cu-Zn bimetallic sites are evaluated. In our model, *CH, is
design to bind with Cu while *CO binds with Zn, as Cu is believed to lead the
reduction of CO, to hydrocarbon compounds [89]. As shown in Figs. 5 and S24-
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bond length of 2.422 A, which is even smaller than that of Cu-Zn. That implies
a strong probability for the formation of the new CeC bond. Based on the above
discussion, for CusZng catalyst, after forming the intermediate of two co-
adsorbed *CO species, one of the adsorbed *CO species goes through a
hydrogenation process, combining with four proton and electron pairs to
generate a *CH, intermediate. In the next elementary step, the proton and
electron pair attacks the other *CO species to form a *COH state, which
combines with the previously formed *CH, to give rise to an adsorbed
*CH,COH intermediate. The *CH,COH intermediate will thereafter combine
with three proton and electron pair to release ethanol eventually.

3. Conclusion

To summarize, we demonstrate the catalytic synergies of Cu and Zn
to promote CO, electroreduction towards liquid C, products using hierarchically
porous Cu/Zn alloy catalysts. The bimetallic Cu/Zn alloy catalysts prepared
through an interfacial self-assembly method allow us to tune the alloy
composition by simply varying the ratios of metal precursors. The HMMP
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S25, the thermodynamic reaction pathway as well as the distance between two
adsorbed carbon-based intermediates were calculated. The energy toward the
bound intermediates *CO-*CO (the step with the highest reaction energy) on
CusZng (100) is lower than that of the pure Cu (111), CusZn (111), CuZn (110)
catalysis. This confirms that the formation of CeC bonds on CusZns is
thermodynamically favorable (Figs. 5a and S23). In addition, the distance
between the two active binding sites (Cu-Zn distance in bimetallic catalysts) is
almost the same among the four catalysts (Figs. 5b and S24); however, the CeC
distance of the most stable binding configuration varies significantly depending
on the Zn content. On pure Cu (111) surface, the co-adsorbed *CH, and *CO
shows the largest CeC distance of 4.233 A, indicating a poor tendency for the
CeC coupling. When Zn is incorporated to Cu, the CeC distance decreases. On
the CuZn (110) surface, the length between the two C, species decreases to
2.986 A suggesting a higher possibility for the CeC coupling (Fig. 5c).
Eventually, the two co-adsorbed C; species on the surface of CusZng shows a

Cu/Zn alloys are more selective for CO, reduction, compared to the pure Cu
catalyst. A higher Zn content in the HMMP Cu/Zn alloys resulted in weakly
adsorbed CO species in higher coverage of the catalysts that simultaneously
suppressed the reduction of protons. The HMMP bimetallic Cu/Zn catalysts
show a higher selectivity towards the production of C, products like ethanol and
acetate. For the HMMP CusZng catalyst at =0.8 V, the FE of ethanol is 46.6 %
with a specific current density (Jegmano) 0f 2.3 mA/cm? and the total FE of liquid
C, products closes to 60 %. The HMMP CusZng catalyst shows excellent
durability and it remains stable to produce ethanol after 11 h electrolysis. Using
DEFT calculations, the electron-rich Cu in all cases of bimetallic Cu/Zn catalysts
showed promoted adsorption of CO, and simultaneously suppressed adsorption
of H,. The tendency of CeC coupling is controlled by the Zn content in Cu/Zn
alloys. The hierarchically porous Cu/Zn nanostructure prepared by our method
is general and powerful that potentially could be used for the design of other
bimetallic or trimetallic alloys catalysts to reduce CO, to highvalue products. In
7
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view of the long retention time of reduction intermediates closed to the catalysts
surface, hierarchically porous Cu-containing catalysts will be of interest to
produce hydrocarbon and alcohol from CO; electroreduction.
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