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strategy to replace the traditional industrial

Constructing dual catalytic sites with charge density differences is an efficient Bosch—Meiser process and eliminate envi-

way to promote urea electrosynthesis from parallel NO; and CO, reduction
yet still challenging in static system. Herein, a dynamic system is constructed
by precisely controlling the asymmetric charge density distribution in an
Au-doped coplanar Cuj, clusters-based 3D framework catalyst (Au@cpCu,CF).
In Au@cpCu,CF, the redistributed charge between Au and Cu atoms changed
periodically with the application of pulse potentials switching between —0.2
and —0.6 V and greatly facilitated the electrosynthesis of urea. Compared with
the static condition of pristine cpCu,CF (FE,,., = 5.10%), the FE f
Au@cpCu,CF under pulsed potentials is up to 55.53%. Theoretical
calculations demonstrated that the high potential of —0.6 V improved the
adsorption of "HNO, and “NH, on Au atoms and inhibited the reaction
pathways of by-products. While at the low potential of —0.2 V, the charge
distribution between Au and Cu atomic sites facilitated the thermodynamic
C-N coupling step. This work demonstrated the important role of asymmetric
charge distribution under dynamic regulation for urea electrosynthesis,

urea o

ronmental pollutants.[!l The electrosynthe-
sis of urea is a typical C-N coupling re-
action, and the rate-determining step re-
quires specific C-specie and N-specie to
form C-N bonds. Due to the competi-
tion of the parallel NO; reduction reac-
tion (NO;RR) and CO, reduction reaction
(CO,RR), the co-reduction preferred urea
pathway is inhibited, resulting in the un-
desirable selectivity. Researchers usually de-
sign dual-site catalysts that can catalyze
CO,RR and NO,RR separately to match
C-N coupling, as illustrated in Table S1
(Supporting Information).?! For example,
Li’'s team designed a Cu-W bimetallic ox-
ide catalyst with alternating bimetallic re-
action sites, which effectively improved the
formation and coverage of "NO, and “CO

providing a new inspiration for precise control of electrocatalysis.

1. Introduction

Electrocatalytic urea production by co-reduction of carbon diox-
ide (CO,) and nitrate (NO;) with renewable energy is a dual-goal
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intermediates on WO, and CuOy surface,
respectively. Theoretical studies demon-
strated that the combination of stable “NO,
and “CO intermediates increased the probability of C-N cou-
pling and reduced the reaction energy barrier.}] Zhang’s team
used amorphous iron and iron oxide nanoparticles as dual active
sites to adsorb and activate of NO; and CO,, respectively. The
subsequently generated key “NH, and “CO intermediates were
used for C-N coupling, which improved the efficiency of urea
production.[?®! In general, a pair of effective catalytic active sites
are designed to meet the needs for the key C-N coupling step.
However, reactions involved in urea generation contain multi-
ple continuous steps, each with unique energy and time char-
acteristics. From this perspective, it is impossible for an active
center to simultaneously promote both product desorption and
reactant adsorption or surface reaction. Although direct efforts
toward catalyst construction have achieved a significant contri-
bution to electrocatalytic performance, optimizing multiple se-
quential reaction steps in the same catalytic system remains a
challenging task.

Fortunately, a rational-designed dynamic catalytic system can
theoretically provide the optimum condition for each reaction
stage, enhancing the progress of the entire reaction sequence un-
der ideal conditions.[*] It is feasible to finely tune the active sites
to alternate among the ideal characteristics of product desorp-
tion, reactant adsorption, and surface reactions. Pulse technique
has been regarded as a commonly used means for constructing
dynamic electrocatalytic systems.[’) Compared to conventional
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Figure 1. a) The secondary building unit of cpCu;CF (left) and Au@cpCu,CF (right). Among them, pink, blue, gray, red, and gold balls represented Cu,
N, C, O, and Au atoms respectively. b) The HAADF-STEM morphology of Au@cpCu;CF. c) XRD patterns of cpCu;CF and Au@cpCu,CF. d) XPS pattern
and e) charge density difference between cpCu,CF and Au@cpCu,CF (isosurface value: 0.001 e A=3). The yellow and cyan areas in the charge density

difference plot represent electron accumulation and depletion, respectively.

static condition, the pulse-controlled dynamic catalytic paradigm
requires the adoption of a new strategy in the time dimension.
By programming the parameters of the pulse sequence, it is pos-
sible to specifically tailor the dominant products and improve the
selectivity of the particular products.[®! Recently, He’s team intro-
duced pulse technology to the electrosynthesis of urea system.
Under dynamic conditions, the local concentration of feedstock
and key intermediates was effectively increased compared with
static system, achieving excellent urea selectivity.”] It is widely
accepted that the thermodynamic process of electrocatalytic syn-
thesis of urea is very sensitive to the charge density of the active
sites.®!

Here we constructed a dynamic system that can precisely con-
trol the charge density distribution of the catalytic sites for the ef-
ficient synthesis of urea. Au atoms were embedded in a coplanar
Cul' clusters-based 3D framework (cpCu,CF) to break the origi-
nal charge symmetry of cpCu,CF (named as Au@cpCu,CF). Un-
der dynamic conditions, the asymmetric charge distribution be-
tween Au and Cu atoms changed periodically with the pulse po-
tential switching between —0.2 and —0.6 V versus the reversible
hydrogen electrode (RHE). This dynamically controllable charge
oscillation facilitated the efficient electrosynthesis of urea. Com-
pared with the static condition of pristine cpCu,CF (FE., =
5.10%), the FE ., of Au@cpCu,CF under pulsed potentials was
up to 55.53%. Theoretical calculations demonstrated that the sur-
face charge density of Au@cpCu,CF possessed a stronger re-
sponse to the applied potentials compared with cpCu,CF. When
the potential switched to —0.6 V, Au atom with high charge den-
sity enhanced the immobilization of “"HNO, and “NH, inter-
mediates and inhibited the by-product pathways. While at the
low potential of —0.2 V, the charge distribution between Au and
Cu atom sites facilitated the thermodynamic C-N coupling step.
Our work explored the important role of asymmetric charge dis-
tribution under dynamic regulation for urea electrosynthesis,

Adv. Mater. 2024, 2408510

2408510 (2 of 8)

providing a reference for the future investigation of dynamic
electrocatalysis.

2. Results

2.1. Preparation and Characterization of the Electrocatalyst

Precisely control of the electron density on the active site of
the catalyst can modulate the surface chemistry to achieve op-
timal rate and selectivity for the product.l’! Theoretical and ex-
perimental studies have demonstrated that breaking the sym-
metric charge distribution of the catalytic sites can effectively
regulate the charge density, which is beneficial for reducing the
energy barrier and improving the selectivity.'%! Considering the
strong electron affinity of Au, we embedded Au atoms into the
cpCu,CF constructed from coplanar Cul' clusters to break the
original charge symmetry. To account for the anchoring site of
the Au atom, we considered seven positions including different
surface carbonyl oxygen atoms, the hollow of triazole, and so on
(Figure S1, Supporting Information). By comparing the binding
energies of Au atoms anchored on different sites, Au atom was
determined to be anchored on the surface carbonyl oxygen atoms
near the Cu atom through the Au-O, coordination (Figure 1a).
Additionally, the binding energy of —2.33 eV indicated that Au
atom can stably locate at this site without agglomeration. High-
angle annular dark-field scanning transmission electron micro-
scope (HAADF-STEM) morphology displayed the single atom
state of Au (Figure 1b). The morphology and HAADF-TEM-
EDS mapping images of Au@cpCu,CF are shown in Figure S2
(Supporting Information). The X-ray diffraction (XRD) patterns
of cpCu,CF and Au@cpCu,CF displayed that no metallic crys-
tal diffraction peaks were detected, evidencing the absence of
Au particles on Au@cpCu,CF (Figure 1c). X-ray photoelectron
spectroscopy (XPS) and Cu LMM spectra demonstrated that the
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Figure 2. a) LSV curves for cpCu,CF and Au@cpCu,CF. b) TH-NMR spectrum of "NH,CO"NH, and "“NH,CO'NH,. Faradaic efficiency on
¢) cpCu;CF and d) Au@cpCu;CF under constant potential conditions. Variation of Faraday efficiency with Ea on e) cpCu;CF and f) Au@cpCu,CF
under pulsed conditions. The Ec was set to —0.6 V (vs RHE), and the ta and tc were all set to 2 s. All the C-N coupling reactions were carried out in
8 mm KNO; + 0.2 M K,SO, solution saturated with CO,. g) Schematic representation of surface charge variation with pulse potential on Au@cpCu,CF.
h) Stability of the Au@cpCu;CF under pulsed condition for 11 700 periods. i) Urea yields and FE for 10 cycles on Au@cpCu,CF.

insertion of Au did not change the valence of Cu(Il) (Figure 1d;
Figure S3, Supporting Information). Furthermore, the Cu2p XPS
signal of Au@cpCu,CF shifted to a higher binding energy by
1.2 eV compared to cpCu, CF, indicating that the charge of Cu(II)
migrated toward Au.['!] The theoretical charge density difference
plot results showed that the introduction of Au caused a decrease
in charge on adjacent copper atoms, which was consistent with
the XPS characterization, suggesting that Au induced the charge
redistribution (Figure le).

2.2. Performance of Urea Electrosynthesis

The electrochemical performance of Au@cpCu,CF for the
CO,RR, NO;RR, and CO,/NO; co-reduction was evaluated in
neutral media. Linear sweep voltammetry (LSV) curves indicated
that Au@cpCu,CF exhibited stronger activity than cpCu,CF in
CO,/NO; co-reduction, and their C-N coupling onset potentials
were lower than that of CO,RR or NO;RR alone (Figure 2a).
The C-N coupling on cpCu,CF and Au@cpCu,CF had a higher
current density than CO,RR and NO,RR at lower potentials. At
higher potential, the NO;RR activity of Au@cpCu,CF was very
high, which was related to its excellent NH; production capability
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(Figure S4, Supporting Information). Diacetylmonoxime method
and urease decomposition colorimetric method were used to
determine the content of urea (Figures S5, S6, Supporting In-
formation). The isotope-labeling experiments results identified
the formation of *NH,CO'*NH, and ’NH,CO"”NH, products
(Figure 2b). The indophenol blue method and naphthylenedi-
amine hydrochloride method were used to determine the con-
tent of NH} and NO,, respectively (Figures S6, S7, Supporting
Information).

Under static conditions, the urea performance of cpCu, CF var-
ied with potentials is shown in Figure 2c. At —0.6 V, the highest
FE,., was 5.10%. The introduction of Au improved the perfor-
mance of urea, with a maximum FE ., of 21.73% (Figure 2d).
The introduced Au not only provided novel catalytic sites, but
also crucially induced local charge asymmetry by disturbing the
equilibrium of charge distribution on the planar cpCu,CF sur-
face. Previous studies have indicated that this asymmetric charge
distribution played a pivotal role in improving intermediate ad-
sorption and reducing the C-N coupling barrier.['*3212] After ap-
plying a pulse potential, the optimal FE ., of Au@cpCu,CF sig-
nificantly reached up to 55.53% (Figure 2f). That was to say, the
asymmetric charge distribution under dynamic conditions was
more conducive to improving the selectivity of urea compared
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Figure 3. a) Operando SR-FTIR spectroscopy measurements under various potentials for Au@cpCu;CF. b) 3D Operando SR-FTIR spectra of

Au@cpCu;CF in the range of 1000-4000 cm™!

. €) Free energy profiles of electroreduction of CO, and NOJ to urea on cpCu;CF and Au@cpCu,CF

at 0 V. d) Structures of corresponding intermediates for urea production on Au@cpCu;CF. The orange, pink, blue, red, gray, and white balls represented

Au, Cu, N, O, C, and H atoms, respectively.

with static conditions. In contrast, the optimal FE ., of cpCu,CF
with symmetrical charge distribution only reached 27.78% even
under pulse conditions (Figure 2e). Besides, the effect of pulse pe-
riod was explored (Figure S8, Supporting Information). Fixing ca-
thodic potential (Ec) = —0.6 V and anode potential (Ea) = —-0.2V,
the urea selectivity was promoted by applied dynamic pulse pe-
riods variations from 2 to 40 s. The optimal condition of pulse
period was ta = tc = 2 s. Therefore, when the asymmetric charge
on Au@cpCu,CF exhibited dynamic oscillation, the C-N cou-
pling pathway was facilitated (Figure 2g). The optimal Yield ., of
Au@cpCu,CF under dynamic conditions was 125.70 mg g~ h™,
which was six times as much as that of static cpCu, CF (Figure S9,
Supporting Information). Under the determined optimal pulsed
conditions, Au@cpCu,CF was able to maintain urea-producing
performance over ten cycles and operated stably for 11 700 pulse
periods (Figure 2i,h).

The CO,RR and NO;RR performance of Au@cpCu,CF was
shown in Figures S10, S11 (Supporting Information). Puls-
ing did not enhance the CO,RR performance of Au@cpCu,CF
compared to static conditions. For NO;RR, pulsed electroly-
sis under Ar atmosphere provided less FEy,;; due to the large
amount of incompletely reduced intermediates generated at
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low negative potentials, which was unfavorable for the gener-
ation of the by-product NH,. However, under CO,/NOJ co-
reduction, these incomplete reduction intermediates can serve
as key species for C-N coupling with CO,.["»?»3>13] We also
tested the CO,RR and NO;RR performance of cpCu,CF un-
der static and dynamic conditions respectively, and the trends
were consistent with Au@cpCu,CF. (Figures S12, S13, Support-
ing Information) As shown in Figure S14 (Supporting Informa-
tion), cpCu7CF was able to maintain stability for 11 700 pulse
periods.

2.3. Reaction Pathway of Urea Electrosynthesis

Operando SR-FTIR was performed on the Au@cpCu,CF to track
the evolution of reaction intermediates during the process of
urea generation (Figure 3a,b). The infrared signals were collected
from 1000 to 4000 cm™! at a potential range of 0——1.4 V versus
RHE. The results showed that the intensity of the N—H peak
at 3321 cm™! gradually increased with the negative shift of the
applied potential, signifying the formation of “NH, intermedi-
ates originating from the NO,;RR.""! It should be noted that an

© 2024 Wiley-VCH GmbH
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Figure 4. a) XRD comparison of Au@cpCu,CF before and after 2 h electrolysis. XPS spectra of Au@cpCu;CF after 2 h electrolysis under the pulsed
condition with potential sequence stopped at b) Ec and c) Ea. In situ Raman spectra for Au@cpCu;CF under d) constant potential condition and e)

pulsed cycling.

obvious peak at 1400 and 2075 cm™" corresponded to the C—N
vibration bands and *OCNO, respectively.['>-22c132.14]

Density functional theory (DFT) calculations were employed
to further elucidate the reaction mechanism and the origin of
catalytic activity (according to Figure 3a; Figure S15, Support-
ing Information). As shown in Figure 3c, the reaction started
with the hydrogenation and dehydration steps leading to the
formation of "HNO,. “HNO, can be further reduced to “NO
or evolved to release NO;. Then, "NO underwent a series of
hydrogenation and dehydration reactions to form “NH,. From
here, two pathways emerged: “"NH, can be reduced to “NH;,
which was then converted to NH], or participated in proton-
coupled-electron-transfer (PCET) assisted C-N coupling to form
“NH,COOH. This pathway of C-N coupling was consistent
with the mechanism reported previously.'>*"NH,COOH was
then further hydrogenated and dehydrated to form “NH,CO,
which led to "NH,CONO, through the second C-N coupling.
And “NH,CONO, was converted to urea through successive re-
duction and dehydration steps. The structures of correspond-
ing intermediates on cpCu,CF and Au@cpCu,CF were de-
picted in Figure S16 (Supporting Information) and Figure 3d.
The results show that the formation of the NO; byproduct de-
pended on the desorption of HNO,, while the formation of
NH] depended on the competition between the hydrogena-
tion of "NH, and PCET-assisted C-N coupling. Furthermore,
free energy diagrams at 0 V indicated that Au@cpCu,CF sup-
pressed the desorption of HNO, with a higher desorption en-
ergy (0.71 eV) than cpCu,CF (0.54 eV). Additionally, “NH, to
“NH,COOH became more thermodynamically favorable after
the introduction of Au. Hence, the incorporation of Au inhibited
the production of by-products, improving the pathway for urea
synthesis.
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2.4. Dynamic Regulation Mechanism of Asymmetric Charge
Distribution

Numerous excellent studies have applied pulse techniques to
enhance electrocatalytic performance. These researches can be
roughly divided into the following two aspects. One aspect
referred to the potential-dependent dynamic transformation
of the catalyst, which enabled the active sites to regenerate
continuously.[®*1¢] For example, Cuenya’s team tuned the surface
structure and composition of the Cu catalyst by rational design-
ing the applied pulse potential sequence.l*®) For the other situ-
ation, the structure of the catalyst was constantly stable during
the duration of the pulse, but the changes in surface microen-
vironment influenced adsorbed species and intermediates.[”!7]
In order to explore the micro-mechanism of dynamic pulse in
this work, the XRD of Au@cpCu,CF before and after the reac-
tion was tested. As shown in Figure 4a, the crystalline phase of
Au@cpCu,CF remained stable after static and pulsed electroly-
sis for 2 h, and no formation of Cu(0) was detected. Figure 4b,c
shows the XPS of Au@cpCu,CF after the pulse electrocatalysis.
Compared with the static —0.2 and —0.6 V, a smaller amount
of Cu(I) was generated after pulse electrolysis for 2 h (Figures
S17, S18, Supporting Information). Thus, the pulsed condition
was more favorable for keeping the composition and valence
stable. Despite the inevitable formation of Cu(I), we still con-
sider the initial structure as the active site. Because the higher
amounts of Cu(I) were detrimental to urea production. Besides,
the in situ Raman spectra of Au@cpCu,CF were also measured
to detect the structural changes during electrolysis (Figure 4d).
The results shown that all chemical bonds were retained and no
new peaks appeared as the applied potential increased from open
circuit potential (OCP) to —0.6 V, indicating the Au@cpCu,CF

© 2024 Wiley-VCH GmbH

8518017 SUOWILIOD 31RO 3|l jdde auy Aq pausench a1e sajole VO ‘s J0 SaINJ 10} A%eiq 178U IUO AB|IM UO (SUORIPLOD-PUR-SLLBILI0D" A8 | 1M AReJq 1[eu [U0//SdNY) SUOBIPUOD pue SWLB | 83U} 835 *[202/80/6T ] U0 A%eiqiauluo AB|im ‘AisieAiun Bueilyz Aq 0TS801Z02 BWPe/Z00T OT/I0P/W0d &3] 1M AReiqjeuluo//Sdiy Woy papeojumoq ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

(b)
ﬁ -0.6V
T 02V 0
o 06V
» -0.2V
> .06V
a 0.2V
- 0.6V
©
"E 02V
5 o
a" P N 8 -0:6 v
}_3)/ S At ® 02V
< I} ’ % 0.6V
[d
IQ o 2 & 'g'iz 7 cycles
~ | -0. T T T T T
/—): g elbohr? )f\' 1100 1200 1300 1400 1500 1600 1700 1800 1900
cpCu,CF — ~  Au@cpCu,CF Wavenumber (cm")
(c) (d) -2307.0 (e)-0.12
Au@cpCu,CF @ cpCu,MOF
~2305.51 —2307.51 -0.15{ © Au@Cu,MOF
__=2306.0- } = -~ R?=0.99
3 ! 3 ~2308.01 Ng <0181 ¢ _0.19 yFiem?
=-2306.5 w 3 o
g ! £-2308.5+ 2-0.21
& -2307.0 ! & ° R?=0.99
i | -2309.0- -0.241 : X
I 1 Cy=0.17 pF/cm
-2307.5 ‘ ‘
! ! -2309.5- -0.271
-2308.0 } . } . . . : : :
-08 -06 -04  -0.2 0.0 -0.8 .6 -0.4 -12 -10 -08 -06 -04 -0.2
U (V vs. RHE) U (V vs. RHE) U (V vs. SHE)
f -2325.5 h
( )-2329.5- (C) ! *NH, ! (_2350 ol *NH,COOH '
-2326.0 I *NH, 20 ' *NH. |
-2330.0 ! , 2 .
—~—2326.5- i | _-2350.5{ |
S'-2330.51 S | i S i
< = -2327.0 | < |
3-2331.0 K 5 : | %-2351.0 :
2 3315 ! g 23275 0-62 I g I
e | . l | U _2351.5 !
-2332.0 | [ -2328.0 : : h |
1 1
-2332.5- E Au@cpCu,CF E -2328.5 l Au@cpCu,CF l -2352.0 i Au@cpCu,CF E
08 -06 -04 -02 00 08 -06 -04 -02 0.0 08 -06 04 -02 0.0
U (V vs. RHE) U (V vs. RHE) U(V vs. RHE)

Figure 5. a) 2D slices of charge density plots for cpCu;CF and Au@cpCu;CF at —0.2 and —0.6 V. b) Operando SR-FTIR of Au@cpCu;CF under pulsed
cycling. Energies of c¢) cpCu;CF and d) Au@cpCu;CF as a function of applied potentials. €) Differential Helmholtz capacitances of cpCu;CF and
Au@cpCu,CF. Energies of f) "HNO, and "+HNO,, g) “NH, and *NHs, and h) “NH, and "NH,COOH on Au@cpCu,CF as a function of applied

potentials.

remained stable structure. When the voltage reached —0.7 V,
new chemical bonds were formed at 1167 and 1240 cm™, re-
spectively. That is, when the voltage exceeded the threshold of
—0.7 V, the structure of Au@cpCu,CF underwent a small re-
construction even though the main framework was still main-
tained. As shown in Figure 4e, Au@cpCu,CF maintained sta-
bility when the pulse potential was switched between —0.2 and
—0.6 V, demonstrating that the structure and composition of
Au@cpCu,CF did not dynamically transform by pulse poten-
tial in this work. Therefore, the improvement of urea perfor-
mance under dynamic conditions can be attributed to the sec-
ond scenario mentioned above, where potential disturbance af-
fected the adsorbed species and intermediates. In addition, we
also measured the XRD patterns, in situ Raman spectra, and Cu
XPS signal of cpCu,CF before and after the reaction. The trend
was consistent with Au@cpCu, CF (Figures S19-S23, Supporting
Information).
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To further account for the influence of pulse potential, the en-
ergy and electron distribution of pristine catalysts and key inter-
mediates under work conditions (U = —0.2 and —0.6 V vs RHE,
pH 5) were calculated using the constant-potential model (CPM).
For the cpCu,CF, the charge density at the two Cu sites was uni-
formly distributed and increased proportionally with the applied
potential. As shown in Figure 5a, the charge density at Cu sites
both increased from 0.49 to 0.52 e bohr~? as the applied potential
switched from —0.2 to —0.6 V. The introduction of Au induced the
charge rearrangement, with the charge migrating from the Cu
atom to Au atom for Au@cpCu,CF (as shown in Cu2p XPS signal
and charge density difference plot in Figure 1d,e). When the po-
tential was —0.2 V, the charge density of Au and Cu was 0.54 and
0.47 e bohr~2, respectively. The degree of the asymmetric charge
distribution between Au and Cu increased further when the po-
tential switched to —0.6 V. And the charge density of Au and Cu
was converted to 0.59 and 0.50 e bohr~2, respectively. The surface

© 2024 Wiley-VCH GmbH
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charge density of Au responded more strongly to the applied po-
tential, which was attributed to the larger differential Helmholtz
capacitance (Cy; = do/d U) for Au@cpCu,CF (0.19 pF cm~2) com-
pared to cpCu,CF (0.17 pF cm~2). (Figure S5c—e) When the pulse
potential dynamically switched between —0.2 and —0.6 V, we con-
sidered that the surface charge density of Au@cpCu,CF showed
a remarkable periodical asymmetric fluctuation. The operando
SR-FTIR of Au@cpCu,CF under pulsed conditions was mea-
sured and the result shown that the dynamically controllable
charge asymmetry oscillation induced a periodic cycling of the
active species (Figure 5b). In contrast, the symmetric charge dis-
tribution of cpCu, CF did not have such an impact under dynamic
conditions (Figure S24, Supporting Information).

Given the distinct binding energies of surface species, it is
known that precise control over the competition among concur-
rent catalytic surface reactions can be exercised under dynamic
conditions.['7<18] Here we calculated the AG values of the key el-
ementary steps at both —0.2 and —0.6 V to assess the influence
of the pulse potential on the reaction process. The correspond-
ing calculated results are listed in Table S2 (Supporting Informa-
tion). Figure 5f demonstrated that at —0.6 V, Au@cpCu,CF ex-
hibited an increased desorption energy of HNO, (1.16 eV) com-
pared to that at —0.2 V (1.02 eV), indicating a more effective sup-
pression of the NO; byproduct formation at a higher potential.
As displayed in Figure 5g, the AG for “NH, reduction to “NH,
on Au@cpCu,CF was higher at —0.6 V than at —0.2 V (0.62 vs
0.40 eV), indicating that —0.6 V was also conducive to inhibiting
the formation of NH; byproduct. The high charge density on Au
at —0.6 V stabilized the key "HNO, and “NH, intermediates and
suppressed the side reactions, contributing to the urea forma-
tion pathway. Compared to “NH, hydrogenation, the conversion
of "NH, to “NH,COOH had a positive AG of at —0.6 V (0.11 eV)
and a negative AG at —0.2 V (—0.09 eV), as depicted in Figure 5h.
This result implied that —0.2 V was superior for the C-N cou-
pling in thermodynamic perspective. As a result, the pulse po-
tential can be dynamically switched between optimal conditions
for fixed key intermediates (—0.6 V) and thermodynamically op-
timal conditions for C-N coupling (—0.2 V), achieving maximal
urea selectivity. For cpCu,CF, "NH, conversion to "NH,COOH
was also better at —0.2 V than —0.6 V (Figure S25, Supporting
Information). However, the cpCu,CF exhibited less inhibition of
byproduct formation (Figure S26, Supporting Information).

Overall, the thermodynamic process of urea synthesis was very
sensitive to the charge density of the catalytic sites. The intro-
duction of Au broke the state of symmetric charge distribution
among the pristine cpCu,CF sites. And the degree of charge
asymmetry distribution between Au and Cu was modulated by
the applied potential. Theoretical calculations showed that Au
with high charge density was beneficial for immobilizing "HNO,
and "NH, intermediates than that of Cu, while the Au—Cu charge
distribution at —0.2 V was more favorable for the thermodynamic
C-N coupling step. Thus, the thermodynamic pathways can be
dynamically switched by pulse potential, which was conducive to
the high performance for urea formation.

3. Conclusion

In conclusion, we demonstrated a dynamic control of charge dis-
tribution on electrocatalysts to better regulate the multiple steps
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of sequential reactions in urea electrosynthesis. By embedding
Au single-atom in an intriguing 3D framework constructed from
coplanar Cu}l clusters, the charge on metals was rearranged and
the original charge symmetry was broken. On this basis, a dy-
namic pulse potential was applied to further strengthen asym-
metric charge distribution. It was found that the charge density
of Au atoms had a strong response to the applied potential. There-
fore, when the pulse potential was dynamically switched between
—0.2 and —0.6 V, the asymmetric charge distribution between
Au and Cu atom changed periodically. Theoretical calculations
demonstrated that the pulse potentials enable the reaction system
to switch dynamically between the optimal conditions for fixing
the key "HNO, and “NH, intermediates (—0.6 V) and the thermo-
dynamically optimal conditions for C-N coupling (—0.2 V). Un-
der this dynamically controllable charge oscillation, the highest
equilibrium point of urea-selective performance was achieved.
Compared with the static condition of pristine cpCu,CF (FE ., =
5.10%), the FE ., of Au@cpCu,CF under pulsed potentials was
up to 55.53%. These findings demonstrated the dynamic asym-
metric charge distribution induced by pulsed potential and the
intrinsic origin of enhanced urea selectivity, opening an avenue
for rational design and precise control of dynamic electrocatalysis
progress.
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