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Electrochemical CO, or CO reduction to high-value C,, liquid fuels
is desirable, but its practical application is challenged by impurities
from cogenerated liquid products and solutes in liquid electrolytes,
which necessitates cost- and energy-intensive downstream sepa-
ration processes. By coupling rational designs in a Cu catalyst and
porous solid electrolyte (PSE) reactor, here we demonstrate a di-
rect and continuous generation of pure acetic acid solutions via
electrochemical CO reduction. With optimized edge-to-surface ra-
tio, the Cu nanocube catalyst presents an unprecedented acetate
performance in neutral pH with other liquid products greatly sup-
pressed, delivering a maximal acetate Faradaic efficiency of 43%,
partial current of 200 mA-cm~2, ultrahigh relative purity of up to
98 wt%, and excellent stability of over 150 h continuous opera-
tion. Density functional theory simulations reveal the role of step-
ped sites along the cube edge in promoting the acetate pathway.
Additionally, a PSE layer, other than a conventional liquid electro-
lyte, was designed to separate cathode and anode for efficient ion
conductions, while not introducing any impurity ions into gener-
ated liquid fuels. Pure acetic acid solutions, with concentrations up
to 2 wt% (0.33 M), can be continuously produced by employing
the acetate-selective Cu catalyst in our PSE reactor.
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lectrochemically reducing carbon dioxide (CO;) or carbon

monoxide (CO) to commodity fuels or chemicals, with the
input of green and economical renewable electricity, has become
an alternative route to traditional chemical engineering processes
(1-7). To date, a variety of catalysts have been demonstrated to
reduce CO, into C; products (CO, formate, etc.) with high
Faradaic efficiencies (FEs) (6, 8-14); however, the critical step of
C-C coupling toward high-value C,; products was rarely ob-
served on catalysts other than Cu (15-20). Due to its proper
binding strength with *CO (19, 21, 22), Cu has shown the ca-
pability of catalyzing the coupling of two carbons or more in
CO,/CO reduction reactions (CO,RR/CORR), which, however,
typically suffers from large overpotential and low selectivity
(23-25). In previous studies on Cu catalysts, tremendous efforts
have been focused on how to promote C-C coupling toward high
selectivity of C,, products, including facet engineering (26-28),
grain boundary engineering (29, 30), surface modifications (31-33),
etc. For example, recent studies on facet dependence of C-C
coupling have shown that the C,, selectivity could be improved
on Cu(100) compared to other facets due to more stabilized
*OCCO intermediates (26, 34). While the overall C, .. selectivity
is constantly improved by researchers in this field, the generated
products are typically a mixture of different C,, compounds, which
subsequently necessitates energy- and cost-intensive downstream
product separation and purification processes (35-37). A solution
to continuously obtain a highly pure, single C,; product stream,
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which can be directly fed into practical applications, will impose a
significant scientific and economic impact but has been rarely
studied before.

Ethylene, ethanol, and acetate are the three major C, products
that have been widely reported in CO,RR/CORR on Cu mate-
rials (16-18, 38—44). Compared to gas-phase products, liquid prod-
ucts show significant advantages due to their high energy densities
and ease of storage and distribution (45). Nevertheless, the gen-
eration of a high-purity C, liquid fuel via electrochemical CO,RR/
CORR is challenging due to the involvement of two types of
impurities. First, in previous studies of Cu catalysts, while the C,
product can be dramatically increased by strategies such as ex-
posing (100) facets, ethanol and acetic acid usually share the same
potential window and are cogenerated simultaneously, making it
difficult to obtain a single C, liquid product (29, 46, 47); Second,
in traditional H-cell or flow-cell reactors, the generated liquid
products were mixed with solutes in liquid electrolytes such as
KOH or KHCO3, which requires extra separation and concen-
tration processes to recover pure liquid fuel solutions in practical
applications (37, 48, 49). An integration of rational design in both
catalytic material and reactor, for high single-C, selectivity and
electrolyte-free liquid fuel output, respectively, therefore becomes
the key to achieve the goal of pure C, liquid fuels.

Significance

Using electricity to reduce CO, or CO back into valuable liquid
fuels can revolutionize the way we produce chemicals/fuels.
However, there are two types of impurity challenges involved:
Different liquid products were typically cogenerated on Cu
catalysts; in addition, those generated liquid fuels were inevi-
tably mixed with ion impurities in liquid electrolytes. By inte-
grating the rational design of Cu nanocube catalyst and porous
solid electrolyte reactor, we report a direct and continuous
generation of high-purity acetic acid solutions via electrochemical
CO reduction.
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Here we report the continuous generation of pure acetic acid
solutions via CORR on Cu nanocube (NC) catalysts in a porous
solid electrolyte (PSE) reactor. By flexibly tuning the edge to
(100) surface ratio, the medium-size Cu NC catalyst exhibits a
maximal acetate Faradaic efficiency of 43% with a partial current
density of ~200 mA-cm™ in neutral pH, setting up a different
acetate performance benchmark (18, 40, 41). More importantly,
the selectivity of other liquid products (ethanol and trace amount
of n-propanol) was suppressed to below 2%, suggesting an ul-
trahigh acetic acid relative purity of up to 98 wt%. An impressive
stability was demonstrated by a continuous operation of CORR
under 150 mA-cm~2 current for over 150 h with negligible deg-
radation in selectivity and activity. This acetate-selective Cu NC
catalyst was successfully employed into our PSE reactor for the
continuous generation of electrolyte-free, pure acetic acid solu-
tions, with overall current of up to 1 A-cm 2 and acetic acid rel-
ative purity as high as 96 wt%. Different from the traditional
liquid electrolyte, our PSE layer can efficiently conduct ions while
it does not introduce any impurity ions into the generated liquid
products. Density functional theory (DFT) calculations suggest
that the stepped edge sites on the Cu NC readily dissociate
*OCCOH into *CCO and *OH, which is a key step in promoting
the formation of acetate. We propose that the large NC has a low
edge-to-facet ratio and therefore cogenerates considerable etha-
nol and ethylene instead of acetate, while a small NC provides less
active (100) area for C-C coupling and therefore predominantly
catalyzes the hydrogen evolution reaction (HER) instead of
yielding C, products.

Results

Synthesis and Characterizations of Cu NC Catalysts. The direct syn-
thesis of metallic Cu NCs involves organic ligands or surfactants
that could impact its intrinsic CORR activity (41, 50). Addi-
tionally, its surface oxidation when exposed to air or electrolyte
before electrochemical tests will also complicate our analysis.
We therefore start with the controllable synthesis of ligand-free
Cu,0O NCs followed by in situ electrochemical reduction to
metallic Cu NCs, with the cubic shape well maintained due to
surface epitaxy (26). The Cu,O NCs were prepared by a chemical
reduction method (51), using copper sulfate as the copper source,
sodium citrate as the stabilizer, and ascorbic acid as the reducing
agent (Experimental Methods) to avoid any surfactants or ligands.
The catalysts’ edge to (100) surface ratio can be easily tuned by
changing the size of NCs. In this synthesis method, the size of
NCs can be flexibly controlled by tuning the mole fraction of
sodium citrate (Experimental Methods and SI Appendix, Fig. S1
and Table S1). Three typical sizes of NCs, small (50 nm), me-
dium (90 nm), and large (200 nm), were prepared to study the
size effects on CORR. Scanning electron microscopy (SEM)
images confirmed the different sizes of Cu,O NCs with uniform
size distributions (Fig. 14 and SI Appendix, Fig. S2). Aberration-
corrected transmission electron microscopy (TEM) of the medium-
size Cu,O NC showed a clear (100) lattice with a measured spacing
of 0.21 nm (Fig. 1B), which matches well with the intrinsic (200)
facet spacing, as well as the X-ray diffraction result (S Appendix,
Fig. S3). Distinct patterns of selective area electron diffraction
(SAED) suggest the single-crystalline nature of those as-synthesized
Cu,0 NCs, with (100) facets exposed only (Fig. 1C). Focused on
local atomic sites, Fig. 1D and SI Appendix, Fig. S4 provide direct
evidence of stepped sites along the edge and corner of Cu,O
NCs. Those as-prepared small, medium, and large Cu,O NCs
were first spray coated onto gas diffusion layer (GDL) elec-
trodes, with obviously different colors due to their variations in
sizes (SI Appendix, Fig. S2E), followed by a prereduction process
and then a CORR test (Experimental Methods). The electro-
chemical prereduction process, during which Cu,O NCs were
converted into metallic Cu phase under a negative potential
(Experimental Methods), was confirmed by synchrotron-based in
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operando X-ray absorption spectroscopy (SI Appendix, Fig. S5).
While the existence and distribution of oxygen contents in Cu,O
NCs can be easily detected and mapped out by ex situ energy
dispersive spectroscopy (EDS) in scanning transmission electron
microscope (STEM) (Fig. 1E and SI Appendix, Fig. S6), this
characterization may not be used for freshly reduced Cu as its
surface is very sensitive to air and water and could easily get
oxidized right after the release of negative potential. Therefore,
to further elucidate whether there will be any surface oxygen
remaining under reduction conditions, we carefully monitored
the prereduction process by in situ Raman spectroscopy (Fig. 1 F
and G) (52, 53). Pristine Cu,O NCs under open-circuit potential
showed the typical Raman peaks at 152, 219, 412, 542, and
630 cm™, respectively, with a dominant peak at 219 cm™ as the
indicator of the existence of oxides (26, 54). Once a negative
potential of —-0.34 V vs. reversible hydrogen electrode (RHE)
was applied, the intensity of the peak gradually decreased and
eventually disappeared within ~90 s. After 10 min reduction, no
Cu,O oxide peaks were detected, suggesting the complete re-
duction of surface oxides into the metallic phase (55-57).

While the cubic morphology and size were well maintained
after the prereduction process (Fig. 1H and SI Appendix, Fig.
S7), which is in good agreement with previous observations (26,
58, 59), the NCs became polycrystalline with a few grains ob-
served (Fig. 1I). Although those grains may have different ori-
entations, a significant portion of the cube surface was still
covered by Cu(100) facets as shown by the cubic lattices in the
high-resolution TEM image in Fig. 17 (26). This was further
confirmed by the SAED diffraction pattern in Fig. 1J where we
observed a few brightest dots diffracted from (200) lattices.
Importantly, similar to Cu,O NCs, stepped sites were also ob-
served along the edge of Cu NCs in Fig. 1K (SI Appendix, Figs. S8
and S9).

CORR Electrochemical Characterizations. The CORR performances
of small, medium, and large Cu NCs were first evaluated in a
standard three-electrode flow-cell reactor using 0.5 M KHCO;
aqueous electrolyte (pH = 8.6; Experimental Methods). Gas and
liquid products were separately analyzed using gas chromatog-
raphy (GC) and NMR, respectively (Experimental Methods). In
traditional flow-cell tests, there are two challenges that typically
limit the catalyst’s lifespan within only a few hours. One is the
GDL flooding, particularly under large current densities; the
other is the direct contact between Cu catalysts and liquid
electrolyte which promotes the Cu atom mobility for morphology
evolution. To solve these challenges, here we applied a layer of
anion exchange membrane (AEM) to separate the catalyst layer
and liquid electrolyte in our flow-cell tests (SI Appendix, Fig.
S10). Electrochemically generated acetate or ethoxide anions
can be efficiently conducted through AEM and collected by the
flowing electrolyte, while the catalytic materials were successfully
separated from the direct contact with water. To avoid any
concerns that the additional layer of AEM could block some
liquid products to be collected from the middle-layer flowing
electrolyte, we also collected and quantified liquid products from
the CO gas stream. As shown in SI Appendix, Table S2, the
majority of generated products were collected from the middle-
layer flowing electrolyte, with negligible FEs of acetic acid
(0.1%), ethanol (1.2%), and n-propanol (1%) collected from the
CO effluent stream. In this designed flow-cell reactor, the
obtained Cu catalyst’s performances will be more straightfor-
wardly translated to our solid electrolyte devices where pure
liquid fuel solutions can be obtained (48, 49).

The three different-size Cu NC catalysts showed similar ac-
tivities under the same applied potentials with the same catalyst
mass loading (0.5 mg-cm~>; Fig. 24). As expected and also in
agreement with previous reports (27, 60), small-size Cu NCs
(~50 nm) showed significant HER with selectivity ~60%, which
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Fig. 1. Characterizations of medium-size Cu,0 and Cu NCs. (A and B) SEM (A) and high-resolution TEM (B) images of Cu,O NCs. The (100) interplanar distance

was measured to be 0.21 nm. (C) The corresponding SAED pattern along the [001] zone axis. (D) Step sites along the edge of Cu,0 NGCs. (E) High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) image and EDS mapping of a Cu,O NC. Cu and O signals are uniformly distributed. (F)
Schematic of the in situ electrochemical Raman apparatus. (G) The in situ observation of the Raman spectra during the prereduction process under -0.34 V vs.
RHE. (H and /) SEM (H) and TEM (/) images of Cu NCs reduced from Cu,0 NCs. Cu (100) lattice fringes are marked by the red line in /. (J) The SAED pattern of
one Cu NC, with the brightest diffraction dots corresponding to the Cu (200) facets. (K) Step sites along the edge of Cu NCs. (Scale bars: A, 200 nm; B, 1 nm; C,

5nm~"; D, 2 nm; E, 30 nm; H, 200 nm; /, 1 nm; J, 5 nm~"; K, 2 nm.)

is possibly due to the high ratio of edge and corner sites where
hydrogen evolution can easily take off (Fig. 2B). With the NC
catalyst increased to the medium size of ~90 nm, HER FE was
suppressed to below 30% under large current densities, while the
overall G, selectivity was improved to above 65%. As our target
is to obtain high-purity single-liquid product, we carefully ana-
lyzed the liquid product distribution. Although all three types of
liquid products, acetate, ethanol and n-propanol, can be detected
by NMR across the whole electrochemical window, the dominant
liquid product is acetate (Fig. 2C and SI Appendix, Fig. S11). As
only a trace amount of n-propanol was produced (less than
0.5%), the major competition or contamination was therefore
from ethanol. As shown in Fig. 2C, with more and more negative
potential applied, the selectivity of acetate gradually increased
while ethanol decreased, resulting in a continuously increased
acetate relative purity (Fig. 2E) (the concept of product relative
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purity is defined in Experimental Methods). The peak relative
selectivity of acetate reached to above 43 wt% under 450 mA-cm ™~
current, delivering an unprecedented acetate partial current of
~200 mA-cm™ in neutral pH (SI Appendix, Fig. S12 and Table
S3), where the ethanol selectivity was suppressed to below 2 wt
%. This high contrast of product selectivity gives a peak acetate
relative purity of above 98 wt%, suggesting a nearly exclusive
generation of acetate as the single C, liquid product. With neg-
ligible effect of the binders (SI Appendix, Fig. S13), the liquid
product distribution underwent an obvious change once the size
of Cu NC was increased to ~200 nm (Fig. 2D and SI Appendir,
Fig. S14). While the acetate selectivity was slightly decreased
compared to the medium-size NC, the competing ethanol FE
was nearly doubled, resulting in a dramatically decreased prod-
uct purity (SI Appendix, Figs. S9 and S12). To compare the re-
action rates further, the performances (SI Appendix, Figs. S15
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Fig. 2. Electrocatalytic CO reduction to acetate using the Cu catalyst in the flow cell. (A) The overall current density of small, medium, and large Cu NCs. The

reported potentials were not current-resistance (iR) compensated. The measured working electrode resistance in this flow-cell reactor after catalysis was ~5
ohms using electrochemical impedance spectroscopy (EIS) measurements. (B-D) FEs of each CO reduction product on small (B), medium (C), and large (D) Cu
NCs under different potentials. The error bars in B represent three independent medium-size Cu NC samples. The FEs of small and large Cu NCs shown were
averaged from two independent samples. (E) The concentrations of liquid products and relative acetate purities of medium Cu NCs under different potentials,
where 27 mL-h~" DI water flow was used. (F) Chronopotentiometry stability test under 150 mA.cm~2 current density in the flow cell for 150 h. The potential,
acetate FE, and acetate relative purity were well maintained during the course, suggesting the high stability of Cu NC catalyst. The total geometric area of the

flow field in the cathode is 1 cm?.

and S16) were normalized to the electrochemical surface area
(ECSA) (SI Appendix, Fig. S15 gives the measurements).

The trends of CORR product distribution with the size of Cu
NC catalysts suggest that a balance between edge and (100) sur-
face sites is needed to tune the reaction pathways for high-purity
acetate generation. As the medium-size Cu NC catalyst showed
impressive selectivity and activity toward high-purity acetate, its
stability to maintain this high performance is of great importance
for practical applications. Postcatalysis SEM characterization
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revealed that the Cu NC structure is well maintained (SI Ap-
pendix, Fig. S17). A 150-h CORR electrolysis was continuously
and stably operated under 150 mA-cm™2 current, maintaining an
acetate relative purity of above 90 wt% with negligible degra-
dations in selectivity and activity (Fig. 2F).

Production of Pure C, Liquid Fuel Solutions. The excellent acetate
generation performance, high stability, and high acetate relative
purity together make the medium-size Cu NC an ideal catalyst
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for the purpose of continuous and direct generation of pure
acetic acid solutions (48, 49). However, the challenge of liquid
product mixture with liquid electrolyte still needs to be resolved
(37). In traditional H-cell or flow-cell reactors, liquid electro-
Iytes, such as KHCO; or KOH solutions, were typically used for
both ion conduction and liquid product collection (61, 62). Al-
though single C; liquid product can now be selectively generated
with minimized impurities from other competing products, those
generated liquid fuels are actually in a mixture with solutes in
liquid electrolytes, making its practical application challenging
due to energy- and cost-intensive downstream separation pro-
cesses (24, 37). To address this challenge, here we designed a
PSE layer, which can efficiently transport ions between the
cathode and anode as liquid electrolyte does, but does not in-
troduce any soluble ions to mix with generated acetic acid (48,
49). As shown in the schematic in Fig. 34 and SI Appendix, Fig.
S18, the cathode and anode of our PSE device are catalyst-
coated GDL electrodes, which sandwiched AEMs and cation
exchange membranes (CEMs), respectively. The cathode elec-
trode was continuously supplied with a CO stream for CORR to
acetate, while the anode side was circulated with 0.5-M H,SO,4
solution for water oxidation. In the middle chamber, a PSE layer
was placed in between the AEM and CEM to facilitate ion
transportations with minimized ohmic losses (SI Appendix, Fig.
S$19) and also allow for a deionized (DI) water stream to collect
pure liquid fuels generated. Specifically, electrochemically gen-
erated acetate ions from CORR on Cu NC catalyst were driven
by the electrical field across the AEM toward the middle PSE
layer. Meanwhile, protons generated by water oxidation on IrO,
catalyst on the anode move across the CEM into the middle
chamber to compensate the charge (48, 63). The acetic acid
molecules formed in the PSE layer via the ionic recombination
were then efficiently brought out via the DI water stream
through this porous layer. Obviously, a wide range of concen-
trations of pure acetic acid solutions can be obtained by tuning
the acetate production rate or DI water flowrate.

The current-voltage (I-V) curve of CORR in our 4-cm* Cu-
NC//PSE//IrO, device is plotted in Fig. 3B with a fixed DI water
flowrate of 108 mL-h~'. This flowrate was chosen to be fast
enough to avoid 31gn1f1cant product accumulations within the
PSE layer, which otherwise could bring negative impacts on the
evaluation of the catalyst’s intrinsic activity. By ramping up the
cell voltage, the overall current density of the PSE reactor
gradually increased together with the acetic acid selectivity
(Fig. 3C). A maximal acetic acid FE of 30% was achieved under
an overall current of 700 mA- cm‘2 (2.8 A; Fig. 3C), delivering a
partial current of 210 mA-cm™ (840 mA) in generating pure
acetic acid solutions (Fig. 3D). The part1al current was further
increased to a peak of 250 mA.cm™ (1 A; Fig. 3D), corre-
sponding to a continuous generation of 86 mM acetic acid so-
lution under this DI water flowrate. The pH of this acetic acid
product was measured to be ~3.0 and is in good agreement with
its theoretlcal value of 2.9 (acid dissociation constant K,
1.8x107°), indicating a high- purlty output. While we observed
that the acetic acid selectivity in the solid electrolyte reactor was
lower compared to our flow-cell performance, which is due to
the different pH (acidic and neutral pH in PSE and flow-cell
reactors, respectively), the liquid product distribution, which is
key to the generated liquid fuel purity, still follows a similar
trend. As shown in Fig. 3E, the acetic acid relative purity sur-
passes 90 wt% under cell currents of over 200 mA-cm™ - and
reaches a maximum of 96 wt% under 1 A-cm™ (4 A) current.
Additionally, possible impurity ions including sodium, potassium,
iron, and copper were detected by inductively coupled plasma
atomic emission spectroscopy (ICP-OES) and were all below 10
ppm (SI Appendix, Table. S4), further demonstrating the ultra-
high purity of acetic acid solutions produced by coupling our
selective catalyst and solid electrolyte reactor. A higher concentration
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of pure acetic acid solutions can be easily produced by slowing
down the DI water flow while maintaining the operation current.
As a result, an unprecedented concentration of ~2 wt% (0.33 M)
acetic acid solution was achieved under a DI water flowrate of
5.4 mL-h™ (SI Appendix, Fig. S20). We noticed that the acetic acid
FE gradually decreased with the increase of product concentration,
which is possibly due to the decreased pH in the middle chamber,
increased reverse reaction of the CO-to-CH3;COOH equilibrium,
and increased product crossover to the anode side (48, 49). The
stability of our PSE reactor was evaluated by holding a 700-mA-cm™>
(2.8 A) high cell current. As shown in Fig. 3F, a continuous
generation of ~50 mM pure acetic acid solution can be stably
operated for over 10 h with small fluctuations in product selec-
tivity. More importantly, the relative purity of acetic acid was
maintained over 95 wt% during the course of the stability test,
suggesting the good stability in liquid product distribution. As a
different operation condition for different applications, our solid
electrolyte cell can serve as a room temperature, ambient pres-
sure CO hydrogenation reactor for the production of pure acetic
acid (CO+H,—CH;COOH). In this situation, H, will be instead
fed into the anode for hydrogen oxidation reaction (HOR) on a
commercial Pt-C catalyst to release protons (S/ Appende Fig.
S21). The I-V curve and correspondmg FEs of our 4-cm” Cu-NC//
PSE//Pt-C cell are plotted in SI Appendix, Fig. S21, presenting
similar C, product distributions and a significant decrease in cell
voltage due to the inherent energy input from H,.

Investigation on the Impact of Cu Morphology to C; Product Selectivity.
We applied DFT to examine whether the edge-to-(100) facet ratio
on Cu NC catalysts will alter the product distribution in CORR.
Since the major products from experiments are C,, chemicals, we
begin our analysis with the adsorbed *OCCOH intermediate im-
plicated in many C-C coupling mechanisms (34, 64, 65). *“HOCCOH
and *CCO are two predominant daughter intermediates derived
from *OCCOH (66), where “HOCCOH could be generated through
a proton-coupled electron transfer (PCET) (67, 68) and *CCO could
be generated through C-OH bond dissociation (34). Here, we take
the formation of *HOCCOH versus *CCO to be the key branching
point in determining selectivity toward ethylene/ethanol versus acetic
acid. This is motivated by several mechanisms proposed previously in
the literature. Goddard and coworkers (68), usmg ab initio molecular
dynamics and isotope experiments with H,'®0, proposed that etha-
nol and ethylene are derived from the *HOCCOH intermediate. In
contrast, both Calle-Vallejo and Koper (34) and Luo et al. (69)
showed with DFT that *CCO is a precursor for ethanol and ethylene
formation at low overpotential (—0.4 Vgyg). Although ethylene
and ethanol can be formed from either *CCO or *HOCCOH, we
consider here the hypothesis that *CCO is essential for acetate
formation. This is motivated by Kanan and coworkers’ (29) sug-
gestion that acetate is formed through the reaction of OH™
with a surface-bound ketene (e.g., *CCO, *HCCO, or *H,CCO).
Similarly, Luc et al. (41) also proposed that acetate forms through
*CCO, but instead through successive PCET steps generating
*CHCO and desorbed CH,CO that then reacts with a water mol-
ecule in solution to form acetate. Thus, we propose that sites fa-
voring the formation of *CCO over *HOCCOH will exhibit higher
selectivity toward acetic acid because *CCO can produce ac-
etate (Fig. 44). Here, we investigate the formation of *CCO
versus *“HOCCOH on flat Cu(100) and stepped surfaces, such
as Cu(211), Cu(611), and a pocket-shape geometry, to deter-
mine whether the site structure influences the tendency to
form each intermediate.

The impact of step edges on Cu surfaces on CO,/CO reduc-
tion has been investigated with various representative facets,
such as (211) (26) and other high-index surfaces (70-72). How-
ever, these previous works focused heavily on *OCCO genera-
tion, i.e., C-C bond formation, and the structure sensitivity of the
*OCCOH — *CCO + *OH step has not been investigated.
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Fig. 3. Production of pure acetic acid solutions using medium Cu catalyst with solid electrolyte reactor system. (A) Schematic illustration of CO reduction to

pure acetic acid in our solid electrolyte cell. The pure acetic acid product can be formed via the ionic recombination of crossed ions in the middle layer and
carried out through the DI water flow. (B) The |-V curve of medium-size Cu NCs in a solid electrolyte cell. The cell voltages were iR compensated. (C) The
corresponding FEs of CORR products under different cell voltages. The reported FEs were averaged by three independent samples. (D) The partial current
density of acetic acid. (E) The concentrations and relative purities of generated liquid products under a DI water flowrate of 108 mL-h~" in our solid electrolyte
cell. (F) Chronopotentiometry stability test by holding 700 mA-cm~2 current density for 10 h. The cell voltage, acetate FE, and acetate relative purity were well
maintained, suggesting a continuous and stable generation of pure acetic acid solutions. The total geometric area of the flow field in the cathode of our solid

electrolyte cell is 4 cm?.

Here, we use the Cu(100) surface to represent the flat cube facet
and Cu(211), Cu(611) (73), and pocket-shape surfaces to rep-
resent the high-index cube edges (SI Appendix, Figs. S22 and
S23). Fig. 4B shows that the reaction energy and barrier to form
*HOCCOH through PCET are similar on both surfaces (e.g.,
0.12-eV difference at —1 Vrpg). We conclude that this step is
not sensitive to the surface structure, which is intuitive because
*HOCCOH forms through a PCET step that does not require
interaction with the surface in the transition state. As expected,
we find that the formation rate of *"HOCCOH is predominantly
determined by the applied voltage and pH because the stability
of *HOCCOH is similar on both surfaces. The Cu(611) surface,
however, has a 0.38 eV lower barrier for *OCCOH to dissociate
into *CCO and *OH due to the assistance of the step defect, as
illustrated in Fig. 4C. Cu(211) and pocket-shape surfaces were
further investigated to confirm that high-index surfaces occurring

60of 10 | PNAS
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on cluster edges generally reduce the C-O dissociation barrier
regardless of the exact defect geometry. As seen in Fig. 4C, the
C-O bond dissociation barrier is reduced on all of the high-index
surfaces, whereas in Fig. 4B we see that the PCET barrier for
O-H bond formation is not sensitive to the surface structure.
These results are consistent with the hypothesis, already suggested
in the literature (29), that ketene is a key intermediate along the
route to acetate. However, they do not rule out all other proposed
mechanisms for acetate formation (74-76) and we are currently
pursuing further calculations to explore how high-index surfaces
will influence these alternative mechanisms. Therefore, the reac-
tivity of this dissociation step is significantly influenced by the
surface geometry and is enhanced by the undercoordinated Cu
atoms at the step edge, which implies that controlling the surface
morphology (i.e., edge-to-(100) ratio or the size of cube) is a vi-
able strategy for increasing selectivity toward acetate.
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to form *HOCCOH through PCET at 0 Vgue and —1 Vgye and (C) to dissociate *OCCOH to *CCO and *OH on Cu(100) in black, Cu pocket-shape in orange,
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in Insets represent distance in angstroms. The left figure in the boxes in C represents the most stable *OCCOH geometry, while to the immediate right the
adsorbate is oriented toward the edge prior to OCC-OH bond dissociation (e.g., the overall barrier is always referenced to the adsorbate on the flat terrace in

its most stable configuration).

Our DFT results agree well with the experimental observa-
tions, where medium-sized Cu NC catalyst, with an optimized
edge-to-(100) ratio, presents the best acetic acid selectivity com-
pared to smaller or larger Cu NCs: Small Cu NCs expose fewer
(100) facets with limited C-C coupling toward C, products (27,
77); large Cu NCs expose more (100) facets where ethanol is
cogenerated to lower the acetic acid relative purity.

Conclusion

We successfully demonstrated the continuous generation of pure
C, liquid fuel solutions via electrochemical CO reduction. By
engineering the edge-to-surface ratio of Cu NC catalyst, the C,
liquid product distribution was successfully controlled with a
preferential generation of acetic acid over alcohols. Our DFT
simulation results reveal that the coupling of (100) facets and
stepped sites along the edge is critical to optimize both the FE
and relative purity of acetic acid. Our porous solid electrolyte
layer design replaced the use of traditional liquid electrolyte
between cathode and anode, enabling an efficient ionic con-
duction while not introducing any impurity ions into the liquid
product stream.

Experimental Methods

Materials. All chemicals including copper sulfate, trisodium citrate, sodium
hydroxide, ascorbic acid, potassium hydroxide, ethanol, Nafion 117 solution,
deuterium oxide, and dimethyl sulfoxide were purchased from Sigma Aldrich.
Millipore water (18.2 MQ-cm) was used throughout all experiments.

Preparation of Cubic Cu,0 Nanocrystals. A 1.2-mol/L Cu?* stock solution was
first prepared by dissolving a certain amount of CuSO, into Millipore water.
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In a typical synthesis, 100 mL Millipore water containing 66 mg trisodium
citrate was poured into a round-bottom flask with 600-rpm stirring at 20 °C.
Then 0.25 mL of 1.2 M CuSO, solution was quickly injected, followed by
adding 0.25 mL of 4.8 M NaOH after 5 min stirring, and the clear solution
was turned into turbid blue thereafter. After another 5 min, 0.25 mL of
1.2 M ascorbic acid was injected, and the final suspension was continuously
stirred for 30 min and in orange color. The as-prepared Cu,0 NC product was
collected by centrifugation at 8,000 rpm for 10 min, washed three times with
Millipore water, and then vacuum dried for further use.

Preparation of the Electrodes. Typically, 10 mg of as-prepared Cu,O NC was
mixed with 1 mL of 2-proponal (Sigma Aldrich) and 40 pL of binder solution
(alkaline ionomer [Dioxide Materials, 5%] for the proposed cell) and soni-
cated for 20 min to obtain a homogeneous ink. Then, the prepared ink was
air brushed onto 2 x 2-cm? Sigracet 39 BC gas diffusion layer (Fuel Cell Store)
electrodes.

Materials Characterization. The SEM was performed on an FEI Quanta 400
field emission scanning electron microscope. ICP-OES was done by a third-
party company (A & B Lab). TEM and EDS characterizations were carried out
using an FEl Titan Themis aberration-corrected transmission electron mi-
croscope at 300 kV. Powder X-ray diffraction data were collected using a
Bruker D2 Phaser diffractometer in parallel beam geometry employing Cu
Ka radiation and a one-dimensional LYNXEYE detector, at a scan speed of
0.02° per step and a holding time of 1 s per step.

X-ray absorption spectra (XAS) on the Cu K edge were acquired at the
Brookhaven National Laboratory (BNL), using an Si(111) double crystal
monochromator, and performed in fluorescence mode using a four-element
Si(Li) drift detector in a vacuum chamber. For in situ tests, continuous CO,
flow was delivered into a homemade Teflon H cell filled with CO,-saturated
0.5 M KHCO3; a Kapton-film-covered carbon fiber paper (Cu,0) working
electrode served as the X-ray window for synchrotron radiation. Multistep
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potential control was used for the in situ measurements, with a hold time of
~30 min at each potential for the spectrum acquisition. Analyses of the near-
edge (on an energy scale) XAS were performed using Athena software.

Electrocatalytic Measurement. The reduced metallic Cu catalyst was prepared
at 25 °C in a customized gas-tight H-type glass cell using the as-prepared
Cu,0 catalysts. The cathode side was supplied with 30 sccm CO, gas.
Under —1.5 V vs. RHE applied potential (~50 mA~2 current density), the re-
duction process lasted for 1 h and a clear catalysts color change could be
observed. The electrochemical measurements were run with a BiolLogic
VMP3 workstation. For electrochemical flow-cell tests, typically 0.5 mg/cm?
Cu,0 and 0.2 mg/cm? IrO, were air brushed onto two 1 x 2.5-cm? Sigracet 39
BC GDL (Fuel Cell Store) electrodes as CORR cathode and oxygen evolution
reaction anode, respectively. The two electrodes were placed on opposite
sides of two 0.5-cm-thick polytetrafluoroethylene (PTFE) sheets with
0.5-cm-wide by 2.0-cm-long channels such that the catalyst layer interfaced
with the flowing liquid electrolyte (S/ Appendix, Fig. S10), A polystyrene
vinylbenzyl methyl imidazolium chloride (PSMIM) AEM (Dioxide Materials)
and a Nafion film (Fuel Cell Store) were used for anion and cation exchange,
respectively. The geometric surface area of catalyst is 1 cm2. On the cathode
side a titanium gas-flow chamber supplied 30 sccm CO (Airgas; 99.995%)
while the anode was open to the atmosphere. The flow rate of the 0.5-M
KHCOs3 electrolyte was controlled by a syringe pump and set at 0.5 sccm at
small-current regions to concentrate liquid reduction products and at 3 sccm
at large-current regions to get rid of O, bubbles for the anode channel. A
saturated calomel electrode (SCE) (CH Instruments) was connected to the
cathode channel as the reference electrode and calibrated with an alkaline
mercurous oxide electrode before each measurement. All potentials mea-
sured against the SCE were converted to the RHE scale in this work using E
(vs. RHE) = E (vs. SCE) + 0.244 V + 0.0591*pH, where pH values of electrolytes
were determined by an Orion 320 PerpHecT LogR Meter (Thermo Scientific).
Solution resistance (R,) was determined by potentiostatic electrochemical
impedance spectroscopy (PEIS) at frequencies ranging from 0.1 Hz to 200
kHz and manually compensated as E (iR corrected vs. RHE) = E (vs. RHE)
— R, * I (amps of average current) (S/ Appendix, Fig. S24). For the cell with
solid electrolyte, a PSMIM AEM (78, 79) (Dioxide Materials) and a Nafion film
(Fuel Cell Store) were used for anion and cation exchange, respectively. A
Sigracet 39 BC GDL electrode loaded with 0.5 mg-cm™ Cu,O (4-cm? elec-
trode area) and an IrO,/C electrode (Fuel Cell Store) were used as cathode
and anode, respectively. The cathode was supplied with 50 sccm of humid-
ified CO gas, and the anode was circulated with 0.5 M H,SO, aqueous so-
lution at 2 mL-min~". The porous solid Dowex 1 x 4 copolymer was employed
as the CH3COO~ conductor (Sigma). The Cu,O //SSE//IrO,-C cell was first
stabilized for 120 min before liquid product collection.

CORR Products Analysis. During electrolysis, continuous CO flow with gas
reduction product was vented into a Shimadzu GC-2014 GC. H, concentration
was quantified by a thermal conductivity detector, and other alkane species
contents were analyzed by a flame ionization detector with a methanizer.
The partial current density for a given gas product was calculated as
, n;Fj _
Ji=XiXvx ’R—_”?O X (electrode area) '
where x; is the volume fraction of a certain product determined by online GC
referenced to calibration curves from two standard gas samples (Scott and
Airgas), v is the flow rate, n; is the number of electrons involved,
po = 101.3kPa, F is the Faradaic constant, and R is the gas constant. The
corresponding FE at each potential is calculated by FE = ji/itota X 100%.
The relative purity for a given liquid product was calculated as
Ji
wt; = M
ti niFu

Wiacetate

relative purity =
P Y Wtacetate + Wteton + th—p

x 100%,

where j; is partial current density of specific liquid product, u is the
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chemicals: Current status, remaining challenges, and future opportunities. Curr. Opin.
Chem. Eng. 2, 191-199 (2013).

3. A. M. Appel et al., Frontiers, opportunities, and challenges in biochemical and
chemical catalysis of CO, fixation. Chem. Rev. 113, 6621-6658 (2013).

8of 10 | PNAS
https://doi.org/10.1073/pnas.2010868118

electrolyte flow rate, n; is the number of electrons involved, and M is the
molar mass.

One-dimensional '"H NMR spectra were collected on a Bruker AVIII
500-MHz NMR spectrometer with solvent (water) suppression to quantify
the liquid products. Typically, 500 uL of electrolyte collected at each po-
tential was mixed with 100 pL of D,O and 0.05 pL dimethyl sulfoxide
(DMSO) as internal standard. Standard curves were made accordingly by
mixing DMSO with known concentrations of certain chemicals at the range
of interest.

Density Functional Theory. Density functional theory, implemented in the
Vienna ab initio Simulation Package (VASP 5.4.4) (80), was used to calculate
the energy of the systems with adsorbates on the copper surfaces. The core
electrons were treated with the projector augmented-wave (PAW) (81)
method and default potentials in VASP (82). The explicit valence electrons of
each element were as follows: C, 252p% Cu, 45'3d'% H, 1s"; and O, 2s?2p*.
The generalized gradient approximation (GGA) method with the Perdew—
Burke-Ernzerhof (PBE) (83) exchange-correlation functional was applied
with spin polarization. Monkhorst-Pack (MP) (84) k-point samplings were
5x 5 x 1 for Cu(100), 8 x 4 x 1 for Cu(611) and pocket-shape surfaces, and
8 x 8 x 1 for Cu(211). Planewave basis sets were truncated at 400 eV. The
dipole correction was applied along the z direction normal to the slab
model. Grimme D3 dispersion was used to treat van der Waals interactions
(85). Once the geometries were optimized in vacuum, solvation was treated
implicitly using VASPsol (86, 87) with a dielectric constant of 78.4 for water
as a single-point correction. All of the geometries were optimized until the
maximum force between the atoms was 0.01 eV-A~" (0.05 eV-A~" for tran-
sition states) and were confirmed via frequency analysis. The energy of hy-
drogen was calculated using a 15 x 16 x 17 A% simulation cell with 1 x 1 x 1
MP sampling. To calculate the Gibbs free energy, corrections were computed
using the standard formulas derived from statistical mechanics. Translation,
rotational, and vibrational contributions were included for gas-phase H,,
while only vibrational contributions were considered for adsorbed species.
All of the calculated free energies with solvation correction, the imaginary
frequencies of the transition state, and the relevant geometries are reported
in SI Appendix, Table S5 and the online repository (https:/github.com/
tsenftle/CO_Acetate).

The copper surfaces were represented by three layers of Cu(100) as shown
in SI Appendix, Fig. S22A, where the bottom layer was fixed. The Cu(611)
facet represented the step surface separating (111) and (100) surface facets
(SI Appendix, Fig. S22B), which has been used in previous literature to as a
step model to study the dissociation of CO, on Cu(100) surfaces (73). The
pocket-shape surface was modified from Cu(611) by adding one more Cu
layer on the step defect (S/ Appendix, Fig. $22C), while Cu(211) represented
the step surface that adsorbs species on (111) and has (100) as the step (S/
Appendix, Fig. S22D). The transition states were found using the climbing
image nudge elastic band (CI-NEB) method (88). For computing electro-
chemical barriers, we applied the method developed by Janik and coworkers
(89-92). Specific details of the electrochemical barrier calculations are
reported in S/ Appendix.

Data Availability. All study data are included in this article and S/ Appendix
and in https:/github.com/tsenftle/CO_Acetate.
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