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Ambient synthesis of urea through electrocatalytic coupling reaction of carbon dioxide (CO,) with nitrate
(NO37) has been regarded as a promising means to substitute the industrial energy- and capital-
concentrated Haber—Bosch and Bosch—Meiser processes. Here we report the fabrication of PdCu alloying
nanoparticles (NPs) anchored on carbonized bacterial cellulose (CBC) (PdCu/CBC) for ambient electrosynth-
esis of urea. As the electrocatalyst, the PdCu/CBC exhibits superior electrocatalytic activity toward urea
synthesis with CO, and NOs~, affording a remarkable urea yield rate of 763.8 + 42.8 ug h™! mge * at
—0.50 V (vs. RHE) and an exceptional faradaic efficiency (FE) of 69.1 + 3.8% at —0.40 V (vs. RHE) under
ambient conditions. The theoretical calculations unveil that this alloying catalyst provides Pd and Cu dual

Received 3rd September 2022, active sites with favored internal electron transferability, enabling generation of key *NO, and *CO, inter-
Accepted 27th October 2022 mediates to facilitate C—N coupling reaction for urea synthesis. The operando spectroscopy characterization
DOI: 10.1039/d2ey00038e studies support the theoretical calculation results. To ensure the accuracy of the analysis data in this work,
we investigated in detail the influence of the by-products in urea synthesis on the diacetyl monoxime colori-
rsc.li/eescatalysis metric method and *H nuclear magnetic resonance method for urea quantitative determination.

Broader context

Urea is one of the most essential nitrogen-based fertilizers in agricultural production and other chemical synthesis with an output of ~100 million tons per year.
Currently, the industrial synthesis of urea is highly dependent on the traditional Haber-Bosch and Bosch-Meiser processes under harsh reaction conditions.
Recent studies have demonstrated that the electrocatalytic coupling of N, with CO, provides the feasibility for direct urea production under ambient conditions.
Despite some achievements, the urea yield rate and faradaic efficiency are still very low, due to the high N=N bond energy, very low N, solubility in aqueous
electrolyte, and competitive N, hydrogenation and CO, hydrogenation reactions and so on. The coupling of CO, and NO; ™~ (or NO, ") in electrocatalysis could be an
effective means to solve the above issues and realize high-efficiency urea production with high current efficiency. Herein, we reported an adsorption-regulated
synthetic approach utilizing bacterial cellulose as the adsorption regulator to fabricate a Pd-Cu bimetallic catalyst, which as an electrocatalyst exhibited superior
electrocatalytic C-N coupling activity toward urea production with a very high faradaic efficiency of 69.1 + 3.8% at —0.40 V (vs. RHE), surpassing almost all of the
currently reported urea synthesis electrocatalysts. To ensure the accuracy of the analysis data in this work, we investigated in detail the influence of the by-products
in urea synthesis on the diacetyl monoxime colorimetric method and "H NMR method for urea determination.
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Introduction

Urea (NH,CONH,) is not only the most widely utilized nitrogen
fertilizer in agriculture, but also serves as the critical feedstock to
produce fine chemicals such as urea-formaldehyde and barbitu-
rates in chemical synthesis."” Currently, the industrial synthesis
of urea is highly dependent on the energy- and capital-
concentrated Haber-Bosch and Bosch-Meiser processes, namely,
through N, + 6H' + 66~ — 2NH; and 2NH;, + CO, — NH,CONH, +
H,0 reactions under extreme conditions.** These two processes
for urea production not only consume enormous fossil energy,
but also produce huge emissions of CO,.>” Undoubtedly, the
exploration of renewable-energy-driven new techniques for urea
production is highly needed for the sustainable development of
our society.

Recently reported studies have demonstrated that the electro-
chemical synthesis of urea under ambient conditions through an
electrocatalytic coupling reaction of carbon dioxide (CO,) with
nitrogen-containing precursors (e.g., N,, NO, NO;~, NO, ) has
been widely accepted as a promising approach to substitute the
industrial urea production process.®>° At the beginning, the
electrocatalytic coupling of N, with CO, was first investigated on
Pd,Cu,/TiO,-400 and Bi-BiVO, catalysts for urea synthesis under
ambient conditions.”'® In their studies, N, can be effectively
adsorbed and activated to generate *N, intermediates, which
promote CO, reduction to form *CO, and then the generated
*CO further reacts with *N, to produce the desirable *NCON*
intermediates via a thermodynamically feasible electrochemical
C-N coupling reaction.”'® Despite some achievements, the
electrocatalytic urea synthesis performance is still low (urea
yield rate <6.0 mmol h™"' g™, faradaic efficiency <13%) in a
N,-incorporated reaction system, mainly owing to the high bond
energy of N=N without dipole, the low solubility of N, in
aqueous electrolyte, and the competitive hydrogen evolution
reaction (HER).>'>*° To solve these issues caused by the N,
precursor, nitrate (NO;~) and nitrite (NO, ™) in aqueous electro-
lytes have been investigated as the nitrogen sources coupling
with CO, for electrocatalytic synthesis of urea under ambient
conditions.'®® In comparison with the N, reactant, the super-
iorities of NO;~ and NO,  as the reactants are their high
solubility in aqueous solution and the lower dissociation energy
of the N=0 bond (204 kJ mol™'), which enable more efficient
C-N coupling reaction for urea production.'®>® Besides this, the
development of high-efficiency electrocatalysts is also critically
important for urea synthesis. To date, precious and non-precious
metal based electrocatalysts have been fabricated and investi-
gated for electrocatalytic coupling of NO;~ and NO,™ (or NO)
and CO, to efficiently synthesize urea under ambient conditions,
exhibiting high electrocatalytic activities.'®>° In terms of catalytic
mechanistic research, Zhang et al. reported that the formation of
*CO and *NH, intermediates through the adsorption and activa-
tion of CO, and NO on a Zn nanobelt catalyst is critically
important for subsequent C-N coupling synthesis of urea with a
yield rate of 15.13 mmol h™" g and a faradaic efficiency of
11.26% at ~40 mA cm ™ >.*° Meanwhile, Zhang et al. synthesized
urea by coupling CO, with NO,  on oxygen vacancy-rich ZnO
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porous nanosheets with a yield rate of 16.56 umol h™" and a
faradaic efficiency of 23.26% at —0.79 V (vs. RHE).”® Yu et al.
revealed that the key steps during electrocatalytic urea synthesis
are the generation of *NO, and *CO, intermediates through the
adsorption and activation of CO, and NO;~ on In(OH); with
exposed {100} facets and InOOH with oxygen vacancies.'”'®
Recently, Rose Amal and co-workers reported a single-atom
electrocatalyst with Cu-N, sites to couple CO, and NO;~ with a
urea yield rate of 4.3 mmol s~ cm™ > and a faradaic efficiency (FE)
of 28% at —0.9 V (vs. RHE).?> On the basis of these reported works,
it can be concluded that design and construction of dual active
sites in an electrocatalyst are highly desirable for high-efficiency
generation of CO, and NO;~ (or NO, ) derived active intermedi-
ates to synthesize urea under ambient conditions.

Herein, bacterial cellulose (BC) was used as the adsorption
regulator to fabricate PdCu alloying nanoparticles anchored on
the carbonized BC (PdCu/CBC). The as-synthesized PdCu/CBC
shows a Pd to Cu molar ratio of 1:1 and a surface area of
162.4 m> g~ ! with microporous and mesoporous structures.
In the presence of CO, and NO; , the PdCu/CBC as the
electrocatalyst exhibits superior electrocatalytic activity toward
urea synthesis with a remarkable urea yield rate of 763.8 +
42.8 ng h™" mg.,. " and a faradaic efficiency (FE) of 59.7 +
3.4% at —0.50 V (vs. RHE) under ambient conditions. The high
urea synthesis performance can be ascribed to PdCu alloying
catalysts with favored internal electron transfer properties,
simultaneously providing Pd and Cu dual active sites for the
adsorption and activation of CO, and NO;™~ to generate their
corresponding active intermediates for facilitating C-N cou-
pling reaction, confirmed by the theoretical and experimental
results. The findings in this work would be helpful for the
design and development of high-efficiency electrocatalysts for
electrochemical C-N coupling to synthesize urea.

Results and discussion

In this work, bacterial cellulose (BC) was used as the adsorption
regulator to synthesize PdCu alloying nanoparticles anchored
on carbonized bacterial cellulose (CBC) (denoted PdCu/CBC) by
a synthetic approach combining wet-chemistry impregnation
with a carbonization fixation process (Fig. S1, ESIT).>'* The
pre-treated BC with rich oxygen groups (Fig. 1a) was used as the
adsorption regulator to controllably impregnate Pd>*/Cu®" ions.
The scanning electron microscopy (SEM) image in Fig. 1b
showed the maintenance of the fiber-like carbon structure of
the CBC after anchoring the alloying nanoparticles. The trans-
mission electron microscopy (TEM) image of the PACu/CBC in
Fig. 1c displays homogeneous PdCu nanoparticles loaded onto
the carbon support. The high-resolution TEM (HRTEM) image
indicates that the lattice distance of an individual nanoparticle
is 0.22 nm (inset in Fig. 1c), attributed to the (111) interplanar
distance of the face-centred cubic (FCC) PdCu alloy,** and the
HRTEM image of the nanoparticles located at different areas
also shows the same results (Fig. S2, ESIf), confirming the
formation of PdCu alloying nanoparticles on the CBC. For a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(@) FT-IR spectrum of BC. (b) SEM and (c) TEM images of the PdCu/CBC. (d) XRD patterns of the Pd/CBC, Cu/CBC and PdCu/CBC. (e) Pd 3d

XPS spectra of the Pd/CBC and PdCu/CBC. (f) Cu 2p XPS spectra of the Cu/CBC and PdCu/CBC. (g) Corresponding elemental mapping images of the

PdCu/CBC.

meaningful comparison, Pd/CBC and Cu/CBC were also fabri-
cated using a similar synthetic method to the PACu/CBC except
for only use of Pd*>" or Cu®" as a precursor. Fig. S3 and S4 (ESIt)
show the TEM images, elemental mapping images and X-ray
photoelectron spectroscopy (XPS) analysis results of the Pd/CBC
and Cu/CBC. To further confirm the formation of PdCu alloying
nanoparticles on the CBC, the powder X-ray diffraction (XRD)
measurements of the Pd/CBC, Cu/CBC and PdCu/CBC were
performed, as shown in Fig. 1d. It can be clearly seen that the
XRD patterns of the Pd/CBC, Cu/CBC and PdCu/CBC are consis-
tent with the metallic Pd phase (JCPDS Card No. 46-1043), metallic
Cu phase (JCPDS Card No. 04-0836) and PdCu alloying phase
(JCPDS Card No. 48-1551), respectively.>**® Moreover, the XRD
patterns of the PdCu/CBC are obviously different from those of
the Pd/CBC and Cu/CBC samples. In this work, the XPS technique
was also employed to investigate the chemical composition and
chemical state of the Pd/CBC, Cu/CBC and PdCu/CBC. The high-
resolution C 1s (Fig. S3c, S4c and S5b, ESIt) and O 1s (Fig. S3d,
S4d and S5c, ESIT) XPS spectra confirm the presence of rich O
groups and the formation of Pd-O, Cu-O and Pd/Cu-O bonds in
the Pd/CBC, Cu/CBC and PdCu/CBC, respectively.*’** The high-
resolution Pd 3d and Cu 2p XPS spectra were measured to analyze
the electronic properties of PdCu alloy (Fig. 1e and f). Compared

© 2023 The Author(s). Published by the Royal Society of Chemistry

to the sole Pd/CBC and Cu/CBC, the binding energy of Pd 3ds,, for
the Pd/CBC is located at ~335.7 eV, while the binding energy
of the PdCu/CBC is shifted slightly toward the high binding
energy direction to ~336.0 €V.”*” The binding energy of Cu
2p3,, for the Cu/CBC is located at ~932.9 eV, while a slight shift
toward the low binding energy direction occurs for the PdACu/CBC
(~932.3 eV).>”” The above XPS results indicate the formation of
PdCu alloy with favored internal electron transfer between Pd and
Cu,” favourable for electrocatalysis. The elemental composition
of the PdCu/CBC was further investigated by using energy-
dispersive X-ray spectroscopy (EDX) (Fig. 1g) and inductively
coupled plasma atomic emission spectrometry (ICP-AES)
(Table S1, ESIT), and the obtained results suggest that the Pd to
Cu molar ratio is about 1:1 for the PACu/CBC. The corresponding
elemental mapping images confirm that the Pd and Cu elements
share similar distributions, implying the formation of PdCu alloying
nanoparticles (Fig. 1g). The Brunauer-Emmett-Teller (BET)
measurement indicates that the PdCu/CBC has a surface area of
162.4 m* g~ with microporous and mesoporous structures (Fig. S6,
ESIY), which would be helpful for the exposure of catalytically active
sites and mass transport during electrocatalysis.>"**

The as-fabricated PdCu/CBC electrocatalyst was subse-
quently evaluated for the electrocatalytic urea synthesis by

EES Catal, 2023,1, 45-53 | 47
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coupling NO;~ and CO, under ambient conditions. All electro-
chemical measurements were performed in Ar- or CO,-
saturated 0.05 M KNO; electrolyte using an H-type two-
compartment electrochemical cell, which was separated with
a Nafion 211 membrane and equipped with three-electrode
configurations (see the Experimental section for details, ESIT).
Fig. 2a presents the linear sweep voltammetry (LSV) curves of the
PdCu/CBC in CO,- and Ar-saturated 0.05 M KNO; electrolytes.
Interestingly, it was found that the current density was lowered by
CO, feeding within the investigated potential range in comparison
with that obtained in Ar-saturated electrolyte. In the Ar-saturated
electrolyte, the obtained cathodic current densities at the given
applied potentials could be ascribed to the NO; ™ reduction reaction
(NO;"RR) and/or hydrogen evolution reaction (HER)."” With the
introduction of CO,, the obviously decreased cathodic current
densities at the given applied potentials could mean the effective
inhibition of the NO; RR and/or HER, thus facilitating the C-N
coupling reaction for urea synthesis, consistent with recently

View Article Online
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reported works."”” To ensure the accuracy of the analysis data, we
investigated in detail the reliability of the diacetyl monoxime
colorimetric method and the 'H nuclear magnetic resonance
(*H NMR) method for urea product determination in this work.
The detailed experimental results and discussions are presented in
Fig. S7-S12 (ESIT). The results demonstrate that during the electro-
catalytic synthesis of urea, concurrently produced by-products such
as NH; and NO,  have important influences on the measurement
results of urea using the diacetyl monoxime colorimetric method
(Fig. S8-S10, ESIY), consistent with the recently reported work by
Wang et al” In contrast, the influence of NH; and NO,  by-
products is ignorable for the urea quantitative determination using
the '"H NMR method (Fig. S11 and S12, ESI}). Therefore, the
'H NMR method was employed to qualitatively and quantitatively
measure the produced urea in this work. The above experimental
results could be helpful for other researchers to avoid possible false
positive results of the urea measurement. As shown in Fig. S12b
(ESIf), the "H NMR spectra of the products display three peaks
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Fig. 2 (a) LSV curves of the PdCu/CBC in 0.05 M KNOs electrolyte with Ar or CO, feeding gas. (b) Dependence of R, and FE on the applied potentials.

(€) Rurea and FE of the PACu/CBC, Cu/CBC and Pd/CBC at —0.50 V (vs. RHE) for 2 h reaction. (d) Comparison of the FEs of the reported electrocatalysts
and the PdCu/CBC with different nitrogen sources. (e) Stability test of the PdCu/CBC at —0.50 V (vs. RHE). (f) The urea yield and (g) FE for urea production
over the PdCu/CBC toward electrochemical coupling NOs~ with CO, with reaction time at —0.50 V (vs. RHE). (h) Recycling stability test of the

PdCu/CBC.
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identified as "“NH,CO"NH, (~5.6 ppm), d¢-DMSO (as an
internal standard) (~2.5 ppm) and H,O (~4.7 ppm), while
no other liquid products can be detected, indicating the high
selectivity of the PACu/CBC toward urea synthesis through the
C-N coupling reaction. Fig. 2b shows the dependence of the
urea yield rate (Ryr.,) and faradaic efficiency (FE) on the applied
potential in CO,-saturated 0.05 M KNO; electrolyte over a 2 h
period. The time-dependent current density curves at different
potentials and the corresponding '"H NMR spectra of the
samples are shown in Fig. S12 (ESI{). The as-synthesized
PdCu/CBC exhibits high electrocatalytic activity toward urea
synthesis, affording a large Ry, 0f 763.8 £ 42.8 pgh™ ' mge,. "
at —0.50 V (vs. RHE) with a FE of 59.7 + 3.4%. The highest FE
that can be achieved was found to be 69.1 & 3.8% at —0.40 V (vs.
RHE). In order to ensure the accuracy of the 'H NMR results,
the urease decomposition method was also adopted in this
work (Fig. S13, ESIT). The quantitative analysis results based on
the urease decomposition method demonstrate that the yielded
urea is 785.2 + 39.2 pg h™! mg.,. %, almost identical to that
obtained from the NMR results. For a meaningful comparison,
the Pd/CBC and Cu/CBC as electrocatalysts were also evaluated
for urea synthesis. At —0.50 V (vs. RHE) in CO,-saturated 0.05 M
KNO; electrolyte over a 2 h period, the Ry, and FE are 215.1 +
11.8 pg h™" mge,. ' and 17.4 + 1.0% for the Pd/CBC and
314.2 + 19.5 pg h™! mge,. " and 27.0 + 1.7% for the Cu/CBC,
respectively (Fig. 2c and Fig. S14, ESIt). The electrocatalytic
performance of urea synthesis with CO, and NO;  exceeds
those of most of the recently reported electrocatalysts of urea
synthesis (Fig. 2d and Table S2, ESIt). Apparently, the PdCu/
CBC displays far superior electrocatalytic urea synthesis perfor-
mance, possibly owing to the existence of Pd and Cu dual sites
with favored internal electron transferability. Besides the targeted
urea product, the by-products NH;, NO,, CO and H, are inevi-
tably produced during electrocatalysis, and also determined by
the colorimetric methods and gas chromatography (GC) methods
(Fig. S15-S18, ESIt). In contrast to the produced urea, the
electrocatalytic activity toward the by-products NH; and NO, ™ is
obviously lower, meaning a higher electrocatalytic selectivity of
the PdCu/CBC toward urea synthesis. Meanwhile, no HCOOH or
N,H, product was detected during electrocatalysis (Fig. S12
and S19, ESIf). On the basis of the detected products during
electrocatalytic urea synthesis, the faradaic efficiency (FE) of each
electrocatalytic product at different potentials was calculated and
is shown in Fig. S20 (ESIt). Obviously, the produced urea is the
primary product at potentials from —0.20 V to —0.60 V (vs. RHE),
indicating a high selectivity of the PdCu/CBC toward urea synth-
esis. The stability test of the PdCu/CBC was conducted using CO,-
saturated 0.05 M KNO; electrolyte at —0.50 V (vs. RHE) over a 10 h
period (Fig. 2e). As shown, the obtained chronoamperometric
curve displays an almost insignificant change in current density
over the entire 10 h testing period (Fig. 2e). Significantly, the urea
yield shows a good linear relationship with reaction time (Fig. 2f
and Fig. S21, ESIt); moreover, the change in the corresponding FE
is slight (Fig. 2g), signifying high stability of the PdCu/CBC for
electrocatalytic urea synthesis. The cycling stability of the PdCu/
CBC was examined using CO,-saturated 0.05 M KNO; electrolyte
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at —0.50 V (vs. RHE) with a 2 h testing cycle for 8 consecutive
cycles (Fig. S22, ESIt). As shown in Fig. 2h, the obtained Ry, and
FE for 8 consecutive cycles show slight changes, demonstrating
good cycling stability. The high stability of the PACu/CBC can be
attributed to its structural stability as evidenced by the XRD
patterns, and TEM and elemental mapping images of the PdCu/
CBC after 8 consecutive cycles (Fig. S23, ESIt). To confirm the
produced urea that originated from the PdCu/CBC catalyzed
coupling reaction of CO, with NO; ™, the isotope labelling experi-
ments were subsequently performed at —0.50 V (vs. RHE) for 2 h
measurement using CO,-saturated 0.05 M K"*NO; and K'’NO;
electrolytes. The 'H NMR spectra in Fig. 3a indicate that the
produced sample that originated from *NO;~ shows a chemical
shift at ~5.59 ppm, consistent with the standard **NH,CO"NH,,
while the "NO,~ converted product displays chemical shifts at
~5.48 and ~5.70 ppm, completely consistent with the standard
'>NH,CO"NH,. These isotope labelling experimental results
verify that the urea produced in this work is indeed from the
PdCu/CBC catalyzed coupling reaction of CO, with NO; . In
addition, the quantitative analysis based on the "H NMR spectra
of the standard "*NH,CO"*NH, and ">NH,CO"’NH, (Fig. $11 and
S24, ESIt) was also carried out in this work. The experimental
results demonstrate that using CO,-saturated 0.05 M K**NO; and
K" NO; electrolytes, the Ry, values of the yielded "*NH,CO"*NH,
and "°NH,CO"’NH, are 763.8 & 42.8 ug h™" mg., " and 750.8 +
34.3 pg h™' mg.,. ', respectively. As shown in Fig. 3b, the typical
“NH,CO"NH,/">NH,CO"’NH, signal at 162.6 ppm is detectable
for the electrolyte sample collected after 2 h electrocatalysis in *C
NMR spectra. Furthermore, the typical '’NH,CO'°NH, signal at
76.8 ppm is detectable for the electrolyte sample collected after
2 h electrolysis in >N NMR spectra (Fig. S25, ESI{). Thus, it can
be concluded that the PdCu/CBC electrocatalyst exhibits high
electrocatalytic activity toward ambient urea synthesis.

To eliminate the interferences of other factors on the pro-
duced urea, several controllable experiments were conducted as
follows: (i) Ar-saturated 0.05 M KNOj; (ii) CO,-saturated 0.05 M
KNO; without any applied potential (open-circuit); (iii) CO,-
saturated 0.05 M K,SO, without any nitrogen-containing
precursor; and (iv) carbon paper without the PACu/CBC electro-
catalyst. As shown in Fig. S26 (ESIT), only a negligible amount of
urea product is detectable for all cases, further indicating that
the produced urea is indeed from the electrocatalytic coupling
reaction of CO, with NO;~ on the PdCu/CBC. To illustrate that
the PdCu/CBC exhibited enhanced C-N coupling activity, the as-
synthesized PdCu alloy nanoparticles anchored on the conven-
tional carbon black (denoted PACu/CB) and carbonized bacterial
cellulose (CBC) (denoted CBC) were also used as the electro-
catalysts for the C-N coupling reaction (Fig. S27, ESIt). At
—0.50 V (vs. RHE) for 2 h, no urea product can be detected for
the CBC, while the PdCu/CB shows a urea yield rate of 424.4 +
24.6 pg h™* mg.,. " and a FE of 33.3 & 2.0% in CO,-saturated
0.05 M KNO; electrolyte, apparently lower than those (763.8 +
42.8 pg h™' mg.. " and 59.7 + 3.4%, respectively) obtained
from the PdCu/CBC (Fig. S27, ESIT). This is because the rich
oxygen functional groups in the biomass-derived materials (.e.,
bacterial cellulose) have a superior coordination ability with
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(a) 'H NMR spectra of 0.05 M *KNO3/**KNOs electrolytes saturated with CO, after 2 h electrolysis and standard **NH,CONH,/*NH,CO*NH,

solutions. (b) ¥*C NMR spectra of 0.05 M *KNO3z/**KNOs electrolytes saturated with CO, after 2 h electrolysis and standard *NH,CO¥NH,/**NH,_
CO¥™NH, solutions. (c) Operando SR-FTIR spectroscopy measurements under various potentials for the PdCu/CBC in CO,-saturated 0.05 M KNOs
electrolyte. (d) Operando Raman spectroscopy measurements of the PdCu/CBC in CO,-saturated 0.05 M KNOs electrolyte at —0.50 V (vs. RHE) for 2 h

reaction.

metal ions, which can be advantageously utilized to control the
impregnation/loading of metal ions. More attractively, these
chemically impregnated metal ions can be in situ converted to
a nanoalloy anchored on the carbon support via M-O coordina-
tion configurations during the simple carbonization process.
This unique oxygen coordination structure may be conducive to
the adsorption and activation of CO, and NO;™~ to generate their
corresponding active intermediates for facilitating the C-N
coupling reaction.

To unveil the electrocatalytic activity mechanism of C-N
coupling to urea, operando spectroscopic studies such as the
advanced operando synchrotron radiation FTIR (SR-FTIR) and
operando Raman measurements were performed to study the
electrocatalytic urea synthesis by coupling CO, and NO;~ on
the PdCu/CBC over the potential range from —0.20 to —0.70 V
(vs. RHE) in this work (Fig. S28 and S29, ESIt)."” Fig. 3¢ shows
the results of the SR-FTIR measurements. As shown, without
the applied potential, there is no infrared absorption peak
in the SR-FTIR spectra. In the investigated potential range, the
infrared bands at ~1685 and ~1176 cm ™" are very obvious, which
are attributed to the bending and rocking modes of -NH,."”'%?%
The wagging mode of -NH, is also found at ~1317 em™"'7'%%
With the applied potential increasing from —0.20 to —0.40 V

50 | EES Catal., 2023,1, 45-53

(vs. RHE), a new weak vibration band at ~1448 cm " appears,
and its intensity is apparently increased with the potential further
increasing from —0.40 to —0.70 V (vs. RHE), assignable to the
stretching vibration of C-N.'”'®3%0 The operando SR-FTIR results
show that the urea synthesis by the electrocatalytic C-N coupling
reaction of CO, with NO;™ is successfully achievable, supportable
for the electrocatalytic experimental results aforementioned. In
addition, the infrared band belonging to *OCO* species adsorbed
on the active sites appears at 1394 cm™ ', corresponding to its
symmetric stretching mode."”'® Fig. 3d shows the operando Raman
measurements for the electrocatalytic urea synthesis at —0.50 V
(vs. RHE) for 2 h. The Raman intensity of the peak at around
1000 em™ ", corresponding to the N-C-N stretching of urea, is
increased obviously from 30 to 120 min, implying that the coupling
reaction of CO, with NO;™ takes place gradually with reaction time
under the given electrocatalytic conditions.*"** The above operando
SR-FTIR and Raman spectroscopy measurements confirm the
successful realization of C-N coupling with CO, and NO;~ over
the PACu/CBC in this work.

To deeply understand the intrinsic reason for the high
electrocatalytic urea synthesis activity of the PdCu/CBC, we
conducted the CO, temperature-programmed desorption
(CO,-TPD) experiments for PdCu/CBC and CBC samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 4a, the CBC substrate only shows a very weak
CO, chemisorption peak at ~255 °C, while the PdCu/CBC
exhibits substantial enhancements in the CO, chemisorption
at ~360 and 436 °C, ascribed to the chemical adsorption of CO,
on PdCu sites. As such, the binding strength of CO, chemi-
sorption on the PACu/CBC is remarkably stronger than that on
the CBC, meaning the enhanced adsorption and activation of
CO, on the PdCu/CBC for high-efficiency urea synthesis. To
deeply understand the C-N coupling mechanism of the PdCu/
CBC, the density functional theory (DFT) calculations were
performed in this work. Fig. 4b shows the optimized structural
model of PdCu alloy with an exposed (111) plane, and the Pd
and Cu sites in PdCu alloy are the catalytically active centers for
the adsorption and activation of CO, and NO; ™, respectively.
The Bader charge analysis shows that there is 1.65 e~ charge
transfer between Pd and Cu sites in the PdCu/CBC. The find-
ings confirmed an apparent electron transfer between Cu and
Pd for the formation of PdCu alloy, consistent with the XPS
analysis. Such electron transfer changed the electronic states of
metals and their d-band centers.**** Fig. 4c shows the pro-
jected density of states (PDOS) of the Pd-4d or Cu-3d orbitals of

View Article Online
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the PdCu/CBC, pristine Pd and pristine Cu. It was noted that
under the same strain conditions, the d-band centers of
pristine-Pd/Cu and Pd/Cu in the PdCu/CBC differed from each
other. The d-band center value of Pd atoms in the PdCu/CBC
was calculated to be —1.406 eV, showing an upshift in compar-
ison with that (—1.819 eV) for pristine Pd. Similarly, the d-band
center value of Cu atoms upshifted from —2.313 eV to —1.528 eV
after the formation of PdCu alloy. This is due to the fact that the
position of the d-band center is modulated by the electron
distribution due to the charge transfer.**** The increased
d-band center value means that the PdCu nanoalloy can provide
more d-bands to the adsorbate as compared with monometallic
Pd or Cu, favoring the strong adsorption and activation of CO,
and NO;~ to generate their corresponding active intermediates
for facilitating the C-N coupling reaction. Fig. 4d shows the free
energy profile and reaction pathway of the C-N coupling on the
PdCu(111) plane, and the optimized intermediate structure
corresponding to each reaction step is displayed in Fig. S30
and S31 (ESIf). The electrocatalytic urea synthesis on PdCu
is triggered by the thermodynamically spontaneous reduction
reaction from HNO; to *HNO; with an energy output of
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(a) CO,-TPD spectra of the PdCu/CBC and CBC. (b) DFT optimised configurations of the PdCu(111) plane and optimized geometric structure of

the intermediate *CO,NO, on PdCu(111). The green, orange, blue, red, white and grey balls represent Pd, Cu, N, O, H and C atoms, respectively. (c) The
projected density of states (PDOS) onto the Pd-4d or Cu-3d orbitals of the PdCu/CBC, pristine Pd and pristine Cu. The dashed line represents the d-band
center of Pd or Cu atoms. The Fermi level is set at 0 eV. (d) Free-energy diagram for urea production of the PdCu/CBC.
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—3.38 eV. Then, *HNO; is further reduced to *NO, with an
energy output of —0.87 eV. Moreover, we performed the calcula-
tions on *CO, conversion to *COOH or *CO on the PdCu(111)
plane (Fig. $32, ESIf).**> The results indicated that the corres-
ponding kinetic energy barrier is 1.32 eV for the formation of
*COOH on PdCu(111). Direct dissociation of CO, into adsorbed
*CO and *O is unlikely to occur on the PdCu(111) plane due to
the very large kinetic energy barrier of 2.82 eV. The further
conversion of *COOH to *CO by breaking the strong C-O bond
is also slow in kinetics, and the decomposition of *COOH to *CO
+ *OH encounters a large kinetic energy barrier of 1.32 eV. The
elementary steps of hydrogenation of *CO, to *COOH and
*COOH to *CO both have large energy barriers of ~1.3 eV.
Importantly, it was found that the process from *NO, to
*CO,NO, with an energy output of -1.54 V is more thermodyna-
mically favourable than the hydrogenation of *CO, to *COOH or
*CO with an energy output of 1.3 eV (Fig. S32, ESIt) and the
protonation of *NO, to *HNO, with an energy output of —1.28 V
(inset in Fig. 4d and Fig. S33, ESIt), meaning more favored C-N
coupling reaction with high selectivity. For the subsequent steps
from *CO,NO, to *CONH,NH,, most of the protonation pro-
cesses are thermodynamically spontaneous; only three steps are
uphill in energy, namely, the protonation of *CO,NO, to *CO,N-
OOH with an uphill energy of 0.87 V, *CO,NO to *CO,NHO with
an uphill energy of 0.64 V, and *CO,NH, to *COOHNH,, with an
uphill energy of 0.20 V. Obviously, the protonation of *CO,NO,
to *CO,NOOH could be the determining step for the overall urea
production process.

Conclusions

In summary, we exemplified an adsorption-regulated synthetic
strategy to fabricate PdCu alloying nanoparticles on carbonized
bacterial cellulose (PdCu/CBC) for electrocatalytic synthesis of
urea with CO, and NO;~ under ambient conditions. The results
demonstrated that the as-synthesized PdCu/CBC provided Pd and
Cu dual active sites with favored internal electron transferability,
enabling adsorption and activation of CO, and NO;  for high-
efficiency electrocatalytic urea production under ambient condi-
tions. Employing the PACu/CBC electrocatalyst, the maximum urea
yield rate achieved was found to be 763.8 & 42.8 pg h™! mge. '
with a faradaic efficiency of 59.7 + 3.4 at —0.50 V (vs. RHE) and
high stability. The operando spectroscopy characterization studies
combined with the theoretical calculations unveiled the catalytically
active mechanisms of C-N coupling to generate urea with CO, and
NO;~ through a coupling protonation process. The findings in
this work would be helpful for the design and development of
dual active site dominated electrocatalysts for high-efficiency C-N
coupling to produce urea.
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