7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Efficient CO, electroreduction to ethanol enabled

{ M) Check for updates ‘
by tip-curvature-induced local electric fields+t

Cite this: Nanoscale, 2024, 16, 13011

a

Jing Zhou,*° Qianyue Liang,$*° Pu Huang,®® Jing Xu,® Tengfei Niu,
Yao Wang, €22 Yuming Dong (2 @ and Jiawei Zhang ) *&°

Electrocatalytic reduction of CO, into multicarbon (C,,) products offers a promising pathway for CO,
utilization. However, achieving high selectivity towards multicarbon alcohols, such as ethanol, remains a
challenge. In this work, we present a novel CuO nanoflower catalyst with engineered tip curvature,
achieving remarkable selectivity and efficiency in the electroreduction of CO, to ethanol. This catalyst
2, with

an overall C,, product faradaic efficiency (FEc,,) reaching ~77.8%. We attribute this performance to the

exhibits an ethanol faradaic efficiency (FEethanol) Of 47% and a formation rate of 320 pmol h™cm™

catalyst's sharp tip, which generates a strong local electric field, thereby accelerating CO, activation and
facilitating C-C coupling for deep CO, reduction. In situ Raman spectroscopy reveals an increased *OH
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coverage under operating conditions, where the enhanced *OH adsorption facilitates the stabilization of
*CHCOH intermediates through hydrogen bonding interaction, thus improving ethanol selectivity. Our
findings demonstrate the pivotal role of local electric fields in altering reaction kinetics for CO, electrore-
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Introduction

The transformation of CO, into valuable chemicals through
electrochemical reduction (CO,RR), powered by renewable
energy, represents a pivotal strategy for achieving CO, utiliz-
ation and fostering sustainable development."* Among
various CO,RR products, ethanol stands out due to its high
energy density (26.8 MJ kg™") and significant market demand,
capturing widespread research interest.* Nevertheless, the
selective production of ethanol poses considerable challenges
due to the complex multi-electron-proton coupling transfer
process.®® Copper (Cu) stands out as a remarkable electrocata-
lyst capable of converting CO, into ethanol with significant
efficiency.’®™** Ethanol and ethylene are the two primary mul-
ticarbon (C,,) products, with the pathway to ethylene often
being thermodynamically favored.>'*'* 1t is widely acknowl-
edged that ethanol and ethylene share a common intermediate
(*CHCOH).®">'® The divergent paths to these products are
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duction, presenting a new avenue for catalyst design aiming at converting CO, to ethanol.

determined by the fate of *CHCOH: breaking the C-O bond
leads to ethylene, whereas protonation of this intermediate
yields ethanol. This critical branching point underscores the
challenge of selectively directing CO,RR toward ethanol over
ethylene,"”” " and highlights the great significance of catalyst
optimization to favor the desired ethanol production
pathway."*

Quite recently, a fascinating, yet simple strategy to acceler-
ate CO, reduction through enriching the local concentration of
CO, at the active site leveraging the geometry-induced local
electric field effects was proposed.””*! It was believed that the
local electric field induced by the shape architecture not only
intensifies the local CO, concentration but also lowers the
energy barrier for the CO,RR, underscoring the critical role of
the local electric field in manipulating the CO,RR reaction
pathway.?>?* The local electric field has been demonstrated to
be able to regulate ion concentrations, such as potassium and
OH", which play an essential role in determining the CO,RR
selectivity.>**> On the other hand, modifying the surface-
bonded hydroxyl species (*OH) represents a pivotal advance-
ment to regulate the CO,RR selectivity. Specifically, an optimal
concentration of *OH can enhance the adsorption of inter-
mediates like *COy g, strengthening *CO binding and promot-
ing its dimerization.>*>® This process notably improves the
selectivity for C,, products, including ethanol and ethylene.
Importantly, surface-bonded hydroxyl species have also been
demonstrated to enhance the selectivity of ethanol by creating
a non-covalent interaction with *CHCOH intermediates, which
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inhibits its dehydration to suppress the competing ethylene
production pathway, thus enhancing the selectivity of
ethanol.’>*° Given the above, using the strong electric field to
enrich surface bonded *OH may also availably modulate the
ethanol selectivity for CO,RR.*'"** However, to our knowledge,
the underlying principles of using local electric field to regu-
late ethanol selectivity has not been fully investigated.

In this contribution, aimed to further improve the ethanol
selectivity in CO,RR, a novel CuO nanoflower catalyst with tip
curvature was designed to introduce a strong local electric
field to boost the CO,RR process. The as-crafted CuO nano-
flower catalyst exhibited an ethanol faradaic efficiency
(FEcthano1) Of 47% and a formation rate of 320 pmol h™" cm™2,
with an overall C,, product faradaic efficiency (FE¢,.) reaching
~78%, underscoring its effectiveness in triggering the selective
reduction of CO,. In situ electrochemical and spectroscopy
characterization revealed the mechanism underpinning the
selectivity: the tip architecture created a strong local electric
field that enriched CO, near the CuO nanoflower, enhancing
*CO production and its subsequent coupling. Additionally, an
enhanced *OH adsorption under operating conditions was
also created under the strong local electric field,>***> and
surface-enriched *OH could facilitate the stabilization of
*CHCOH intermediates through hydrogen bonding, thus
improving ethanol selectivity.>**® These findings highlight the
pivotal role of local electric fields in selectively driving CO,
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reduction to ethanol, and provide a path toward the rational
design of ethanol-oriented catalysts.

Results and discussion

As a proof of concept, a solvent thermal method was utilized
to craft a copper oxide-based catalyst with tip curvature. The
detailed synthesis procedure is depicted in Fig. 1a.
Cetyltrimethylammonium bromide (CTAB) which could be
self-assembled into a micelle solution with a hydrophobic
inner core in the aqueous solution is selected as the soft tem-
plate to direct the growth of CuO. The CTAB micelle can direct
the growth of CuO nanosheets, which then interconnect each
other to form the flower-like CuO nanostructures. Initially,
CTAB and Cu(NOj3),-3H,0 were dissolved in a mixed solution
of ethylene glycol and water (Vegnylene glycol : Vwater = 1:5).
Subsequently, hexamethylenetetramine (HMT) was added to
the mixture and then subjected to ultrasonication to achieve a
homogeneous dispersion. After that, the mixture solution was
transferred into a Teflon lined hydrothermal autoclave for the
subsequent hydrothermal reaction. During this process, HMT
undergoes hydrolysis to form ammonia and formaldehyde,
which creates a base environment for the nucleation of copper
species. After keeping at 115 °C for 4 hours, the reaction
mixture was naturally cooled down to room temperature, the
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(a) The schematic diagram for preparing the CuO nanoflowers. (b) SEM, (c) TEM, (d) high-resolution TEM image of CuO nanoflowers. The

inset is the result of lattice stripe spacing measurement by Digital Micrograph. (e) XPS spectra of Cu 2p from CuO nanoflowers. (f) Raman spectra of

CuO nanoflowers. (g) XRD patterns of CuO nanoflowers.
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precipitants were collected by centrifugation, washed three
times with ethanol and finally dried under vacuum at 60 °C
for 8 h to afford CuO nanoflower catalyst with tip curvature.

Scanning electron microscopy (SEM) and Transmission
electron microscopy (TEM) were employed to directly observe
the as-synthesized CuO nanoflower. As presented in Fig. 1b
and Fig. S1,1 a flower-like architecture featuring a high curva-
ture petal-like structure stacked layer by layer was recognized.
The nanoflower exhibited a homogeneous size distribution
with a diameter of ~2 pm. TEM image confirmed that the
nanoflower architecture was composed of tip-shaped petals
about 300 nm in length. It should be mentioned that the
petals exhibit a nano-pyramids characteristic (Fig. 1c). As free
electrons tend to migrate to the regions of the sharpest curva-
ture on a charged electrode, a strong local electronic field is
supposed to be created under electrochemical operating in our
CuO flower catalyst. The high-resolution TEM (HRTEM) image
reveals a distinct lattice fringe with a d spacing of 0.2225 nm,
which could be assigned to the (200) plane of CuO (Fig. 1d),
implying the formation of CuO-based catalysts. Subsequently,
the surface property of the as-crafted CuO nanoflowers was
studied by X-ray Photoelectron Spectroscopy (XPS) analysis.
The XPS survey spectrum confirmed the coexistence of Cu and
O on the CuO nanoflower (Fig. S2). As shown in Fig. 1e, the
high-resolution spectrum of Cu 2p valence state is character-
istic of CuO materials where the representative peaks at 934.68
eV and 954.32 eV are attributed to Cu 2p3/, and Cu 2p;,,, along
with the satellite peaks at 944.08 eV and 963.28 eV, respect-
ively.’” Correspondingly, in the O 1s spectra, the peaks at
530.28, 531.88, and 533.07 eV, which could be attributed to
lattice oxygen, oxygen near the oxygen vacancy, and surface
adsorbed oxygen, respectively, were observed, validating the
presence of oxygen vacancy within the catalyst (Fig. S31). The
presence of oxygen vacancy is also beneficial for the adsorp-
tion and activation of CO,.>**® Raman spectroscopy revealed
prominent peaks at 274.6 and 625.6 cm™', which could be
assigned to the vibration of the Cu-O bond (Fig. 1f), agrees
well with the XPS findings. X-ray diffraction (XRD) analysis
further confirms the composition of CuO nanoflowers, with
characteristic diffraction peaks observed at 35.6°, 38.8°, 48.8°,
and 61.8°, corresponding to the (11-1), (200), (20—2), and
(220) crystallographic planes of CuO PDF#48-1548, respectively
(Fig. 1g). Given that above, the CuO nanoflower catalysts with
tip curvature was successfully synthesized.

To validate the advantages of the tip-shaped architecture in
manipulating the CO,RR process, the performance of the as-
crafted CuO nanoflower was evaluated and benchmarked
against commercially available Cu nanoparticles (NPs) featur-
ing a smooth surface. All performance evaluations were con-
ducted in a customized flow cell equipped with a gas-diffusion
electrode (GDE) 1.0 M KOH electrolyte (versus the reversible
hydrogen electrode (RHE) and no iR-compensation) (Fig. S47).
The gaseous products were quantitatively analyzed using
online gas chromatography (GC), while the liquid phase pro-
ducts were detected by nuclear magnetic resonance ("H-NMR)
(Fig. S57). Initially, linear sweep voltammetry (LSV) curves were
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recorded electrolytes to give a primary investigation on the
catalytic activity of Cu NPs and CuO nanoflowers electrodes for
CO,RR (Fig. S61), no less obvious current response was
observed on CuO nanoflower and Cu NPs, possibly imposed by
the limited OER performance of the counted electrode. For the
Cu NPs catalyst, the current signal recorded under argon flow
which was assigned to the competing hydrogen evolution reac-
tion (HER) almost coincides with that collected under the
CO,RR operating conditions, suggesting unsatisfactory selecti-
vity toward CO, reduction.®® By contrast, the current density
assigned to CO,RR is larger than that of HER in the case of
CuO nanoflower, implying a better CO,RR selectivity.
Noteworthy, the current signal recorded on CuO nanoflower is
higher than that on Cu NPs under the same bias, possibly
attributed to the increased specific surface area of CuO nano-
flower, which consequently leads to accelerated reaction kine-
tics.*® In addition, the LSV curve of CuO nanoflowers was also
recorded in H-cell. As can be seen, the current density is below
50 mA cm > across the entire potential window, possibly due
to the limited mass transfer of CO, (Fig. S7t). Therefore, the
flow cell was employed for subsequent CO,RR performance
evaluation. To verify our assumption, the electrochemical
active surface areas (ECSA) of these catalysts were estimated
through the electrochemical double-layer capacitance (Cg)
measurements (Fig. S8a and b¥). As expected, the ECSA of CuO
nanoflower is ~5.3 times higher than that of Cu NPs (Fig. S8c,
and Table S1t), corroborating the increased exposure of active
sites in the nanoflower-like architecture. Electrochemical
impedance spectroscopy (EIS) was performed to probe charge
transfer processes occurring at electrode/solution interfaces.
As shown in Fig. S8d,T the CuO nanoflower electrode exhibited
smaller semi-circle radii than Cu NPs, meaning the decreased
charge transfer resistance.’’ Thus, the strong local electric
fields induced by the tip-shaped architecture contribute to the
enhanced charge transfer kinetics.

Subsequently, the CO,RR selectivity over the CuO nano-
flower catalyst was evaluated using the galvanostatic method,
and the applied potential can be found in Fig. S9.f C,-C,
hydrocarbons/oxygenates and hydrogen were identified to be
the major products over a wide current density ranging from
100 to 400 mA cm 2. Ethylene and ethanol were the major C,,
products, together with a tiny amount of acetate. As inferred
from the product distribution plots (Fig. 2a and Fig. S10-S127)
the selectivity of H, and CO on the CuO nanoflower are signifi-
cantly lowered in contrast to Cu NPs across the observed
potential window. This observation indicated that the unique
architecture of CuO nanoflower could suppress the competing
HER,*”** and promote the C-C coupling process to form C,,
products simultaneously. Of note, the faradaic efficiency for
C,. products (FEc,) of CuO nanoflower catalyst reached a
remarkably high value of 77.8% at 150 mA cm™ >, about 2.07
times higher than that of Cu NPs. Moreover, detailed product
distribution confirmed an inversed relationship between FE¢
and FEgo over CuO nanoflower catalyst (Fig. 2b), consistent
with previous findings that the formation of C,. products orig-
inates from the coupling of *CO species. These findings
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trode at 100 mA cm™2.

demonstrated that the nanoflower structure holds the capa-
bility to promote the C-C coupling process.*® A detailed scruti-
nization of C,, production composition indicated that ethanol
is the dominant CO,RR product on the CuO nanoflower cata-
lyst, with a remarkable FEehanor ~47.1% (Fig. 2c). In contrast,
ethylene is the major product in the case of Cu NPs
(Fig. S131), the maximum FEegano1 Of Cu NPs is only 19.4%.
Fig. 2d depicts the partial current density of ethanol (jethanol)
plotted against the applied potential, it was indicated that jeha-
nol Of CuO nanoflower is higher than that of Cu NPs across the
entire potential range and peaks at 103 mA cm™>. Ethanol for-
mation rates derived from jetnanor Were also calculated, and
CuO nanoflower showcased the highest ethanol production
rate of 320 pmol h™" ¢cm™2, 1.87 times higher than that of Cu
NPs (Fig. S14f). Given the above, it could be concluded that
the strong local electric field around the tip area in CuO nano-
flower can increase CO, accessibility of the active site, which
consequently promotes the C-C coupling process by enabling
a high *CO coverage. Additionally, this interesting local electric
field can also induce an intrigue selectivity shift from ethylene
to ethanol in CO,RR, possibly caused by the preferentially
stabilized intermediates regarding the formation of ethanol in
the local electronic fields (Fig. S157). Considering that catalyst
robustness is essential for practical applications, the long-term
durability of CuO nanoflower in the membrane electrode
assembly (MEA) cell under electrochemical operating con-
ditions was also evaluated. The LSV recorded in the two-elec-
trode MEA system showed that 200 mA cm™ could be achieved
under a cell voltage of —1.4 V (Fig. S167), verifying the compact
contact of our MEA device. As shown in Fig. 2e, the CuO nano-
flower catalyst exhibited a relatively stable bias under a con-

13014 | Nanoscale, 2024, 16, 13011-13018

stant current density of 100 mA cm™>, with a negligible per-

formance degradation within 35 hours,*’ evidencing the excel-
lent stability of CuO nanoflower under CO,RR operating con-
ditions. An obvious potential change around 15 h seen in
Fig. 2e was attributed to the cleaning of salt participates on
GDE and refresh of the electrolyte. After the durability test, the
morphology of CuO nanoflowers was well preserved
(Fig. S171), suggesting its excellent structure robustness under
CO,RR operating conditions. The impedance of the spent CuO
nanoflower was also evaluated, and the EIS results indicated a
significantly smaller impedance and easier charge transfer
process (Fig. S18t), which can be ascribed to the reduction of
CuO species into conductive Cu. Stability of Cu NPs was also
evaluated, and H, became the main product after 13 hours of
continuous operation (Fig. S197).

Having established the excellent performance of CuO nano-
flower toward CO, to ethanol conversion, we then started to
scrutinize the dynamic evolution of surface adsorptions
during CO,RR and to elucidate the mechanism of boosted
ethanol selectivity under the strong local electric field.
Initially, in situ attenuated total reflectance surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) was carried out
(Fig. S207%). Potential dependent ATR-SEIRAS spectra figured
out that the characteristics *CO infrared signal emerges at
~2100 and ~1830 cm™ ', corresponding to linear (*COyop) and
bridge-bonded *CO (*COprigge) Which are extensively recog-
nized as the active intermediate for subsequent reactions,***>
respectively, exhibited a gradual shift to lower wave numbers
upon negatively scanning the applied potential (Fig. 3a, and
Fig. $21%). This redshift could be ascribed to the elongated
C=0 dipoles due to the Stark tuning effect,’®"” also

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) In situ ATR-SEIRAS obtained during chronopotentiometry in a potential window —0.4 to —1.2 Vg for CuO nanoflowers under CO,RR. (b)
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mined by the peak center of the fitted peak in Gaussian deconvolution of *CO signals.

suggesting that an enhanced local electronic field can activate
the key *CO intermediates for the subsequent C-C coupling
process.*®*® Noteworthy, the intensity of *CO signal increases at
first and then attenuates while increasing cathodic bias on both
CuO nanoflower and Cu NPs, and peaking at ~—0.7 Vgyg. The
enhanced *CO signal was ascribed to *CO accumulation under
relatively low bias, and subsequent depletion could be explained
by the accelerated C-C coupling.’® Given that all the
ATR-SEIRAS spectra are recorded following the identical pro-
cedure, integration of the peak areas was employed for quantify-
ing analysis. As concluded from the ATR-SEIRAS spectra, *CO
intensity on CuO nanoflower is significantly higher than that on
Cu NPs, meaning a higher *CO coverage on the CuO nanoflower
catalyst. This could be attributed to the accelerated CO, acti-
vation within the strong electronic fields in the CuO nanoflower
catalyst. Since the higher *CO coverage is beneficial for C-C
coupling, the relative higher C,, product selectivity observed on
the CuO nanoflower catalyst can thus be rationalized.”* Of note,
peak associated with *COH was also detected at ~1050 cm™,
implying the hydrogenation of *CO to form *COH is accelerated
on the tip-shape architecture of CuO nanoflower. Since the
asymmetric C-C coupling between *CO and *COH is more ener-

This journal is © The Royal Society of Chemistry 2024

getically favorable, the appearance of *COH evidenced a prefer-
able microenvironment for the deep reduction of CO,.** In
addition, two key intermediates involved in CO, to ethanol con-
version, *OCCOH and *OC,Hs, were also clearly distinguished
at ~1430 and 1120 cm™". Integration of the *OC,H; peak indi-
cated a higher *OC,H; intensity on CuO nanoflower than that of
Cu NPs (Fig. 3b), in good agreement with the performance data
that ethanol is the dominant product.

The in situ surface-enhanced Raman spectroscopy (SERS)
(Fig. S22+) was also conducted to disclose clear spectral modes
in CO,RR range from 300 to 2400 cm™" (Fig. 3¢ and Fig. S237),
1.0 M KOH was employed as the electrolyte. As presented, a
characteristic band centered ~625 ecm™" attributed to Cu-O
stretching emerged under low overpotential and gradually dis-
appeared upon negatively scanning the potential.***> This
phenomenon indicates that CuO species in the nanoflower
structure are reduced into metallic copper under CO,RR oper-
ating conditions. Moreover, characteristic bands centered at
~300 and 388 cm™" attributed to CO frustrated rotation and
Cu-C stretching in Cu-*CO were identified. A bridge-bonded
Cu-*CO band that appears at 1823 cm™ " was also detected,
consistent with the ATR-SEIRAS results. Notably, two bands

Nanoscale, 2024, 16, 1301113018 | 13015
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Fig. 4 Cyclic voltammograms of (a) Cu NPs and (b) CuO nanoflowers in 0.1 M KOH (current density was normalized by ECSA), scanned to increas-
ing anodic potentials, recorded at 50 mV s™X. OH™ adsorption peaks are highlighted by a dashed rectangle.

located at ~425 and 545 cm™" correspond to Cu-O,4 or Cu-OH
species were detected on CuO nanoflower and Cu NPs. The sig-
nificantly increased intensity of these two peaks on the surface
of CuO nanoflowers demonstrated that the strong electronic
field induced by the tip-shape structure could accelerate *OH
adsorption, thus suppressing the competing HER and stabiliz-
ing the key oxygen-containing intermediates for CO, to
ethanol conversion. *CO adsorption behaviors over CuO nano-
flower and Cu NPs were also analyzed. Two kinds of C=0O
stretching bands, namely low-frequency binding *CO (*COpgg)
and high-frequency binding *CO (*COgygg), centered at
~2040 cm™' and 2080 cm™', respectively, could be
distinguished.*>>* Potential-dependent ratios of *COps and
*COyrp were obtained by deconvoluting the *COg,,, Raman
signal peaks (Fig. S24-S27%). Interestingly, the intensity of
*COyrp at the CuO nanoflowers electrode was larger than that
of *COyrp across the entire potential window, with the *COprp
being only 25% of the *COygp at —0.55 Vrpg. As the *COggg is
more active for subsequent C-C coupling to form C,. products,
the higher percentage of *COyrg on the CuO nanoflower also
contributes to its high C,. selectivity (Fig. 3d).>" Additionally, a
strong vibration band appears ~1070 cm™" attributed to the
stretching vibration of the *CHO species was also detected. This
finding verified an asymmetric C-C coupling pathway on CuO
nanoflower, by which *CO was hydrogenated to form *CHO and
then coupled with *CO to form C,, products. Furthermore, the
experimental detection of the key intermediates (*(H)OCCOH,
located at ~1250 ecm™") allowed us to directly compare the C-C
coupling capability."”® The stronger peak intensity of *(H)
OCCOH species observed on the CuO nanoflower demonstrated
its superior capability toward CO dimerization in comparison to
Cu NPs, matching with its optimal selectivity for C,, products.
To further verify the role of the *OH species in altering the
reaction pathway. Coverage of *OH species on the catalyst
surface was also determined using Cyclic Voltammetry
(Fig. 4).>® A pair of peaks located in the underpotential region
for CuO formation could be attributed to OH™ adsorption/de-
sorption, the intensity of these peaks could be regarded as
important indicator for *OH coverage.*® As indicated, *OH cov-

13016 | Nanoscale, 2024, 16, 13011-13018

erage on CuO nanoflowers is higher than that of Cu NPs, exhi-
biting a positive correlation with ethanol selectivity in CO,RR.
The enhanced *OH coverage could be ascribed to the electron
deficiency around the base area of the tip due to the aniso-
tropic electron movement caused by the “tip effect”, which
consequently enriched OH™ due to electrostatic interactions.>*
It has been extensively accepted that CO, conversion to ethyl-
ene and ethanol share the same *CH-COH intermediate,
which prefers to accept one proton and then dehydrate to form
*CCH, resulting in a more energetically preferable ethylene for-
mation on a typical Cu surface. Given the high *OH coverage
on CuO nanoflower and the observed excellent selectivity
toward ethanol formation, it is reasonable to propose that *OH
species adsorbed on the surface of CuO nanoflowers could
stabilize the *CH-COH species through the hydron bonding
interaction, inhibiting the process of dehydration process to
form *CCH, thus improving the ethanol selectivity.

Conclusion

In conclusion, we have designed an excellent ethanol-oriented
catalyst for CO,RR by capitalizing CuO nanoflower catalyst
with tip curvatures. The sharp tip geometry induces a localized
strong electric field, improving electron transport and ion con-
centration to regulate the reaction microenvironment in a
kinetic way. The as-crafted CuO nanoflower exhibited a
remarkable FEqinanor Of 47% and an ethanol formation rate of
325 pmol h™ em™. Our findings indicated that the strong
local electric field helps accelerate CO, activation and sub-
sequent C-C coupling to form deep reduction products.
Moreover, the strong local electric field holds the capability to
enhance the *OH coverage under CO, operating, and the
surface enriched *OH could stabilize the *CHCOH intermedi-
ates through the hydrogen bonding interaction and conse-
quently increase ethanol selectivity. Beyond serving as a
remarkable catalyst for the sustainable electrosynthesis of
ethanol from CO, and water, our findings offer valuable
insights into favoring the ethanol formation pathway. This not

This journal is © The Royal Society of Chemistry 2024
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only addresses the pressing need for ethanol production but
also lays the groundwork for the rational design of catalysts
optimized for ethanol synthesis.
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