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High-throughput CO-to-acetate electroconversion using current-
dependent reconstructed Cu grain boundaries

Peng Qiu,$2 Mengjiao Li,* Wenxuan Li,2 Ziyun Wang*2, Yuanjie Pang*ac

Electrochemical CO reduction (COR) offers a sustainable route for the highly selective production of high-value multi-carbon
products at low current densities. However, achieving industrial-scale production remains challenging, as reconciling high
current densities (>1 A cm2) with product selectivity has yet to be realized. The realization of COR at ampere-level currents
for acetic acid production remains hindered by the insufficient availability of highly active sites needed to facilitate CO
coupling under high-flux conditions. Here, we developed a copper oxybromide catalyst that in-situ generates high-density
of grain boundary (GB) during COR, as evidenced in High-resolution TEM. Density function theory calculation verified the
high activities of GB-rich surfaces due to stronger *CO adsorption compared flat Cu(111). Coupled with pressurized CO (10
atm), this rich GBs can effectively adsorb CO and promote this coupling, further leading to a record acetic acid partial current
density of 2 A cm2 (67% Faradaic efficiency at 3 A cm total current), outperforming the state-of-the-art Cu-based catalysts.
This work introduces an effective catalyst for enabling industrial-scale COR, highlighting the critical role of structural design

in achieving high-performance electrochemical conversion.

1. Introduction

The electrochemical conversion of carbon dioxide (CO,) has
emerged as a pivotal strategy for achieving renewable energy
storage and carbon neutrality goals.!> This approach gains
particular significance when targeting multi-carbon compounds
like acetic acid, which holds dual advantages of high energy
density (8.8 MJ/kg) and substantial industrial demand.® As a
cornerstone chemical, acetate production reached 21.75
million tons globally in 2021, with projections indicating growth
to 24.5 million tons by 2025. However, conventional production
methods currently require energy inputs equivalent to 190
million barrels of crude oil while emitting 80 million tons of CO,
annually.”® This striking energy-environment paradox highlights
the critical need for developing electrochemical CO,-to-acetate
pathways as a sustainable alternative to traditional fossil-
dependent processes.

The emerging tandem CO, reduction (CO,R) architecture,
which decouples CO,-to-CO and CO-to-C,, steps from CO;R,
presents a strategic solution to chronic carbonate formation
challenges in conventional single-cell systems.'%13 A critical
breakthrough lies in the first-step conversion of CO, to CO,
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achieving an exceptional Faradaic efficiency exceeding 90% at
current densities exceeding 800 mA cm using solid oxide
electrolysis cells.’* This performance benchmark creates new
imperatives for system integration, as commercial viability
fundamentally depends on sustaining equivalent current
densities throughout downstream C,, synthesis. Elevated
current densities mean increasing acetate production rates
while preserving energy efficiency metrics.’> However,
industrial viability demands matching the high current density
of upstream CO generation with downstream C,, synthesis, a
challenge unmet by conventional catalysts.

Despite advancements in pressurized COR systems that
ensure sufficient CO mass transport (e.g., 10 atm CO partial
pressure), achieving industrial-grade current densities remains
constrained by inadequate *CO adsorption and activation
capacity of conventional catalysts. For copper-based systems,
conventional active site architectures fail to dynamically adapt
to the *CO flux demand under high currents, including
engineering Cu facet,'6 alloying,”- 18 and molecular tuning etc.?®
The corresponding Faradaic efficiency will reduce when
operating at more negative potentials with commercially viable
current densities (>1 A cm2).

Recent breakthroughs demonstrate that grain boundaries
(GBs) can overcome these limitations.2%-23 Grain boundaries can
be introduced through
melting methods,?® and even doping.?® Since grain boundaries
can provide undercoordinated reaction microenvironments,
which are favoring *CO adsorption and C-C coupling, they have
received widespread attention.30 For instance, Cu nanoparticles
with engineered GBs achieved 87% C,, Faradaic efficiency at
768 mA cm? in membrane electrode assemblies, where
operando Raman spectroscopy confirmed GBs

reduction reactions,?*26 pulsing,?’

stabilize
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*OCCOH intermediates and suppress HER.?® However, the
relationship between grain boundary density and reaction rate
is often neglected. This oversight is particularly critical because
optimal catalytic performance likely requires dynamic matching
between the population of active sites (governed by GB density)
and electron flux (determined by current density). Insufficient
GB density at high current densities may lead to HER.3! The
absence of such fundamental understanding hinders the
rational design of GB-engineered catalysts for practical
applications across varying operational scales.

Herein, we propose a catalyst that applied current density
serves as a dynamic stimulus, driving surface restructuring and
grain fragmentation in a density-dependent manner. By
employing a low-crystallinity copper oxybromide precursor, GB
density is intrinsically coupled to applied current, ensuring
active site generation aligns with reaction rate. Pressurized
operation (10 atm) further enhances CO availability while
stabilizing GB configurations against interfacial degradation.
This synergy enables the copper oxybromide catalyst to exhibit
a high acetate selectivity over a wide range of current densities.
The electrocatalyst enables a remarkable Faradaic efficiency of
67% for CO-to-acetate electroreduction and ultra-high acetate
partial current density of 2 A cm2.

2. Experimental section
2.1. Materials

The precursor chemicals used in this work were N, N-
Dimethylformamide (DMF), cupric bromide (CuBr,, >99.9%),
propanone, propylene oxide, sodium hydroxide (NaOH, 99%),
copper oxide (CuO, 99%). All the chemicals were used without
further purification.

2.2. Synthesis of Cu,(OH)3;Br

Cu,(OH)3Br catalysts were synthesized through sol-gel method.
CuBr;, (0.5 mmol) was first dissolved in DMF (7.5 mL) in a vial
and stirred thoroughly. Deionized water (0.2 mL) and propylene
oxide (4.2 mL) were added simultaneously into the dissolved
cupric bromide solution under stirring. The solution color
changed gradually from brown to dark green. After allowing it
to stand for 12 h, the gel was washed multiple times with
acetone solution. Finally, the catalyst was placed in a vacuum
oven for 12 h at 60°C to dry. The reaction mechanism is shown
below. 32
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2.3. Quantification of GB density from TEM images

GB densities of GBs-Cu-300, GBs-Cu-700, GBs-Cu-1000 and
annealed GBs-Cu catalysts were measured using the method
described below. GBs are considered as the border of two
regions with different lattice orientations and are marked with
yellow lines in the TEM images. For each sample, ten typical

2| J. Name., 2012, 00, 1-3

TEM images are analyzed. The fragmented area (S))is,definedas
the surface area of the same crystal BSUNddAFOGrReNIaHSA
enclosed by the yellow circle. The grain boundary length (L) is
defined as the total length of the yellow line segments. The
fragmented area and the length of the grain boundaries were
both calculated by AutoCAD. Assuming that the surface GB
density is calculated using the following equation:

Grain boundary length XL
=5,

Surface area

2.4. Density functional theory calculations

All calculations are based on Density functional theory (DFT)
within the exchange and correlation potentials of Perdew-
Burke-Ernzerhof (PBE) as implemented in the Vienna Ab Initio
Simulation Package (VASP).33-35 The projector augmented wave
(PAW) method with a plane wave basis set was employed to
describe the force between ion cores and valence electrons. The
dispersion corrections in Grimme’s scheme (DFT-D3) were
employed to treat the long-range interactions between slabs
and adsorbates.3¢3% The Cu(111) and Cu(111)-twin were
constructed using p(3x3) metal slabs. A 10A vacuum slab along
the z-axis was established between the two slabs to avoid the
virtual periodic interactions. All structures are optimized to fix
the bottom two layers, allowing the top two layers to fully relax.
The cut-off energy of the plane-wave basis was set to 400 eV in
our DFT calculations. A I-centered Monkhorst-Pack 3 x 3 x 1 k-
point grid was utilized to sample in Brillouin zone during
optimization. The convergent can be achieved with the energy
and force convergence criteria set at 10 eV and 0.05 eV A%,
respectively.

The free energy change for different intermediates involved
in the COR process is calculated using the following equation:

AG = AE + AEzp - TAS

where AE represents the energy from DFT calculations, AEz¢
and AS indicate the zero-point energy and the change of
entropy, respectively.

The adsorption energy (AE.,s) of CO can be calculated
according to the following equation:

AEqs = Etotal + Estab - Eco

where E;q is the total energy of adsorbate adsorbed on slabs,
Egqp is the energy of Cu(111) or Cu(111)-twin and Eco is the
energy of free adsorbate before adsorption.

3. Results and Discussion
3.1. Catalyst synthesis and physical characterization

The initial Cux(OH);Br catalyst was synthesized via an epoxide-
assistant hydrolysis method, with phase purity confirmed by X-
ray diffraction (XRD) analysis (PDF#45-1309, Fig. 1a, Fig. S11).3°
The scanning electron microscopy (SEM) image revealed a
hierarchical architecture composed of interlinked nano-plates
(Fig. 1b), while XPS confirmed uniform surface distribution of
Cu, O, and Br atoms (Fig. 1c, Fig. S2T). The pre-catalyst was
uniformly deposited onto a gas diffusion electrode (GDE) via

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 8


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00128e

#:-RSCAppliedinterfaces: ;-

Journal Name ARTICLE

View Article Online

a c DOT: 10.1039/D5LF00128E
Cu2p
Cu,(OH),Br ul
PDF#45-1309 1 ;"‘3&1 O1s
— ~ | AR
3 el g |
= Rl | Jﬂy”‘i,ﬁﬁ i
= > L | c1s
o ‘@ W Vi i
g 8 \
2 < ]
M | Brad
MmNy %
Wk
”
20 30 40 50 60 70 80 1200 900 600 300 0
20 (degree) Binding energy (V)
d = PDF#04-0836 f
- 3 GCu 2p
& o
< 8
z 2
8 2
= 8
= 01s
Cis
| I
T T T T T T
40 50 60 I 80 1200 500 600 300 [
26 (degree)

Binding Energy (eV)

Fig. 1 Preparation and characterization of the Cu,(OH)3Br and pure Cu catalysts. (a) XRD pattern, (b) SEM pattern and (c) XPS
pattern of the Cu,(OH);Br. (d) XRD pattern, (e) SEM pattern and (f) XPS pattern of the pure Cu catalyst.
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Fig. 2 SEM images of (a) GBs-Cu-300, (b) GBs-Cu-700 and (c) GBs-Cu-1000. HRTEM images of (d) GBs-Cu-300, (e) GBs-Cu-700 and
(f) GBs-Cu-1000. (g) Fragment areas and (h) GB densities of GBs-Cu-x (x represents 300, 700 and 1000).
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versus RHE for 2 minutes. This treatment successfully converted
the precursor into metallic copper, as confirmed by the distinct
Cu(111), Cu(100), and Cu(110) peaks (Fig. 1d). Time-resolved
SEM captured dynamic morphological evolution during
reduction, driven by Br leaching induced -a mechanism
corroborated by the structural stability of Cu(OH), and CuO
controls under identical conditions (Fig. 1e-f, Fig. S31).4°

3.2 Grain boundary statistics and DFT calculations

Journal Name

The as-synthesized catalysts were subjected to elegtrochemigal
reduction at current densities of 300, 700 BRd HOOGIHR P2 5o
5 minutes, yielding the final catalysts denoted as GBs-Cu-x
(where x represents the applied current density). Energy-
dispersive X-ray spectroscopy (EDS) confirmed the absence of
residual Br species in all samples (Fig. S4 1), verifying the
thoroughness of the restructuring process. At a current density
of 300 mA cm?, large nanoparticles aggregated to form
dendritic structures. As the current density increased, the
accelerated Br- leaching rate shortened the reconstruction time
of surface Cu ions, thereby reducing the surface particle size.
Upon reaching 1000 mA cm2, the ultra-fine particles embedded
within nanosheet-derived porous networks, as visualized in Fig.
2a-c. High-resolution transmission electron microscopy (HRTEM)
provided deeper insights into the in-situ reconstruction. The
grain boundary area quantified 65 nm? at 300 mA cm2, then
progressively diminished from 45 to 33 nm? as current
intensified from 700 to 1000 mA cm™. The grain boundary
density exhibited an inverse correlation, increasing from 331 to
414 upm™, demonstrating current-modulated catalyst
restructuring (Fig. 2d-h, Fig. S5-77).

The OH- adsorption spectra measurements conducted in 1.0 M
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Fig. 3 (a) OH" adsorption spectra measurements and (b) Double layer capacitance comparison of GBs-Cu-x (x represents 300, 700
and 1000). (c) In-situ Raman spectroscopy of GBs-Cu-300 under CO electrolysis at -1.3 V versus Ag/AgCl. (d) *CO adsorption energy
on Cu(111) and Cu(111)-twin. (e) The energy profiles towards acetate formation on Cu(111) and Cu(111)-twin.
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KOH indicated the Cu(100), Cu(110) and Cu(111) facets,
respectively, have very similar intensities for the GBs-Cu-x
(x=300, 700 and 1000) catalysts (Fig. 3a, Fig. S8t). However, the
electrochemical active surface areas (ECSAs) of GBs-Cu-x
enlarge with increasing current density, and this conclusion was
consistent with the crystal boundary density we obtained from
TEM statistics (Fig. 3b, Fig. S9T). To provide in-depth insights
into the role of GBs in C-C coupling, the operando Raman
spectroscopy was used to study surface adsorbed intermediates

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 CORR performance of different cathode electrodes in a flow cell. (a) FEs for various products of Cu,(OH)s;Br at -0.64 V versus
RHE under different pressure. (b) FEs for various products as a function of total current over Cu,(OH)sBr. (c) FEs for various
products of annealed GBs-Cu (annealing temperature = 300°C). (d) Comparison of the catalytic performance of Cu,(OH);Br with
those recently reported outstanding Cu-based catalysts.16: 1719, 4247

during CO electrolysis. Compared to the reduced Cu(OH),
catalyst, GBs-Cu-300 showed redshift in the dominant *CO band
and a stronger surface-enhanced Raman scattering signal,
indicating stronger *CO binding (Fig. S107). At-1.3 V vs Ag/AgCl,
GBs-Cu-300 exhibited distinct vibrational bands: a low-
frequency (LF) *CO peak at 2002 cm™ (step-edge adsorption)
and a high-frequency (HF) *CO peak at 2051 cm™ (isolated
adsorption). With prior study shows that this dynamic LF-CO is
the active *CO intermediate for C,, product formation (Figure
3c).*! Further investigated the role of the GBs in promoting C-C
coupling and tuning the selectivity among C,, products using
DFT calculations. We built three GBs models for Cu(111)-twin,
Cu(100)-twin, and Cu(111)/(100)-twin, respectively (Fig. S117).
Take Cu(111)-twin as an example. The *CO adsorption at
Cu(111)-twin is significantly stronger (AGxco = -0.64 eV) than at
single Cu(111) facet (AGsco = -0.51 eV) (Fig. 3d). The energy
profiles towards acetate formation on Cu(111)-twin and
Cu(111) are shown in Fig. 3e. We further investigated the *CO
adsorption and energy profiles on Cu(100)-twin, Cu(111)/(100)-
twin, which indicates that CO adsorption capacity is significantly
improved on GBs (Fig. $12-157). These results prove that grain
boundaries play a key role in *CO adsorption and C-C coupling.

3.3 Electrochemical CORR and acetate selectivity

We systematically investigated COR performance in a flow cell
with systematic pressure operation. Under ambient pressure

This journal is © The Royal Society of Chemistry 20xx

conditions with a 5.0 M KOH electrolyte, the catalyst achieved
an 80% FE for C,. products, yet acetate selectivity remained
limited to 16.3%, indicating an unsuitable acetate production
microenvironment. Remarkably, increasing the pressure to 10
atm boosted acetate FE to 80%, a nearly fivefold enhancement
attributed to increased *CO surface coverage. However, further
pressurization beyond 10 atm yielded no additional selectivity
improvements, confirming that *CO coverage saturation had
been achieved (Fig. 4a, Fig. S161). Besides, the morphology and
the crystal structure are well preserved, as well as the
maintenance of abundant GBs in HR-TEM images, suggesting
that the catalyst has good stability during CORR process (Fig.
$17-19 7). Building on these pressure-dependent insights, we
systematically investigated current density effects across a wide
operational range (200-3500 mA cm2). The grain boundary
density, governed by current density, ensures dynamic
matching between the number of active sites and reaction rates
across varying current densities, resulting in exceptional acetate
performance throughout extreme current density ranges. As
shown in Fig. 4b, the catalyst maintained exceptional acetate
selectivity, achieving a record partial current density of 2000 mA
cm2-a performance benchmark surpassing prior reports. As a
control, GBs-Cu-300 annealed at 300°C showed significantly
reduced grain boundary density, resulting in a sharp decrease in
acetic acid Faradaic efficiency (< 45% acetic acid FE with a 5.0
M KOH electrolyte at 10 atm). This contrast directly confirms

J. Name., 2013, 00, 1-3 | 5
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the indispensable role of grain boundaries in sustaining high-
current operation (Fig. 4c, Fig. S207, Table S1). As shown in Fig.
4d, compared with the reported state-of-the-art
electrocatalysts evaluated in flow cell, the Cu,(OH)3Br exhibits
outstanding  electroconversion  performance, especially
operated at high current density (over 1000 mA cm-2), indicating
the high-rate production of acetate.

4, Conclusions

In summary, this work demonstrates that sufficient active site
density is critical for achieving high selectivity under industrially
relevant current densities. Contrary to previous studies that
focused on inhibiting catalyst reconstruction, we strategically
leveraged the reduction current as a dynamic driver to activate
in situ surface reconstruction precisely during the reaction
initiation phase, thereby generating precisely tailored active
sites. Through TEM images coupled with electrochemical active
surface area measurements, we discovered that the in situ
generated grain boundary density dynamically adapts to the
applied current density, achieving real-time matching with the
reaction rate. By synergistically combining grain boundary
engineering with pressurization, the catalyst achieved
unprecedented acetic acid selectivity across a broad current
range (200-3500 mA cm), including a record 2 A cm partial
current density. This study establishes an innovative design
paradigm for highly selective and efficient copper-based
catalysts, advancing the frontier of electrochemical acetate
production.
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