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Triggering C—N Coupling on Metal Oxide Nanocomposite
for the Electrochemical Reduction of CO, and NO,~ to

Formamide

Putri Ramadhany, Thanh Tr&n-Phb’l,"\‘jodie A. Yuwono, Zhipeng Ma, Chen Han,
Thi Kim Anh Nguyen, Josh Leverett, Priyank Kumar, Rosalie K. Hocking, Antonio Tricoli,
Alexandr N. Simonov, Rose Amal,* and Rahman Daiyan*

The co-electroreduction of CO, and NO,~ (NO;~/NO,~) to generate
formamide (HCONH,) offers an opportunity for downstream chemical and
polymer manufacturing decarbonization; however, significant challenges lie in
the C-N coupling and the associated low product selectivity. Herein, p-block
metal oxides are incorporated in copper oxides to provide more accessible
active sites for reactant adsorption and activation, tuning the reaction
selectivity toward the formamide production. Through in situ Raman and
synchrotron-based infrared spectroscopy measurements, C—N bond
formation is demonstrated in real-time with the CuO, /BiO, catalyst, where
the C—N bond is detected via a *CHO and *NH, intermediates formation, in
agreement with the density functional theory calculations. When tested in a
flow electrolyzer, a formamide yield rate of 134 + 11 mmol h—' g_,, 7' is
reported, the first report of co-electroreduction of CO, and NO,~ to
formamide beyond conventional H-cell measurements. These new insights on
the C-N coupling mechanisms and scale-up capability provide directions for
further development of electrocatalysts for the formamide production.

1. Introduction

Mitigating global climate change requires immediate technol-
ogy transition, specifically targeted at reducing the carbon

footprint of hard-to-abate industries,
such as fertilizer and plastic production.
One emerging pathway for deep-rooted
decarbonization is the electrochemi-
cal CO, reduction reaction (CO,RR),
which can be powered using renew-
able energy, to convert anthropogenic
emissions of CO, into value-added
chemical products. At present, CO,RR to
single-carbon products, such as CO and
formate (HCOO™), has demonstrated
high selectivity and yield.") Generating
higher carbon (>C,,) products, such as
ethanol and ethylene, is also possible
with high selectivity (>80%) through the
optimization of electrolyte conditions
and catalyst design, despite the com-
plexity of the C—C bond formation.!?!

CO, can be further coupled with
nitrogenous small compounds such
as nitrate/nitrite (i.e., NO;7/NO,™ or
collectively referred to as NO,~ below) through electrochem-
ical C—N bond formation to generate urea, amines, and
amides (for use in fertilizer, fine chemicals, and pharmaceu-
tical industries).’] It is projected that the amine and amide
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market will grow to $23 and $76 billion by 2030, respectively,
while the fertilizer market is projected to reach $268 billion over
the next five years, highlighting the global demand for these
chemicals.[l Supporting this demand through environmentally
sustainable chemical synthesis will strongly assist in reducing
the carbon footprint of these industries. However, the direct for-
mation of C—N bonds through the co-electroreduction of CO,
with NO,~ presents the inherent challenge of low yields and
product selectivity.®] The immediate objective entails the refine-
ment of electrocatalyst design to enhance the selective production
of C—N products.

Key challenge for C—N coupling arise from the requirement
of multiple complex reduction reactions, i.e., the CO,RR and the
electrochemical reduction of NO,~ (NO,~RR), as well as the high
number of electron transfers required.l! For example, the for-
mamide (HCONH,) formation from the co-electroreduction of
CO, and NO,~ requires a transfer of 9 electrons.”] Moreover, the
reaction competes with the hydrogen evolution reaction (HER)
as well as with the individual electrochemical reduction of CO,
and NO,~, leading to complex product distributions and low
faradaic efficiency (FE) for the desired product.>®! A range of
catalyst design strategies, targeting enhanced chemisorption for
the C—N intermediates and suppressing the HER, including de-
fect engineering,®! confining metal active sites to single and dual
atoms to control reaction selectivity,®! or the frustrated Lewis pair
strategy,[* have been proposed and explored. Nonetheless, there
is still a lot of room for improvements in the yield rates and se-
lectivity to enable scale-up and, eventually, commercialization of
these technologies.

Cu is known to provide moderate binding energy for car-
bon species, a characteristic that facilitates the retention of sur-
face intermediates during CO,RR, thereby promoting the C-C
coupling.>'] Cu also has the highest occupied molecular or-
bital (HOMO) similar to the lowest unoccupied molecular or-
bital (LUMO) of NO,~, thereby promoting NO;~ reduction to
NO,~.["2] Moreover, recent reports have highlighted the poten-
tial of Cu-based catalysts to facilitate the C—N coupling during
the CO, and NO,~ co-electroreduction,!®®!3] which might be as-
sociated with similar physicochemical properties between C and
N atoms as well as weak ability of Cu to adsorb hydrogen.”] For
example, commercially available Cu nanoparticles were reported
to catalyze the electrochemical acetamide and formamide pro-
duction, attaining a FE of 38% and 0.4% at —0.68 and —0.58 V
versus reversible hydrogen electrode (RHE), respectively, albeit
lacking information of yield rate.>*] Oxide-derived Cu nanopar-
ticles were suggested to enable the ethylamine electrosynthesis
but with a very low FE of 0.3% at —1.0 V versus RHE.[%] Re-
cently, we have reported the ability of Cu single atoms to generate
urea from CO, and NO,~ with an FE and yield rate of 28% and
30 mmol h™! g 7!, respectively, provided by the Cu—N, active
sites.[*")

Despite showing promise for a range of C—N coupling prod-
ucts, the primary drawbacks of the monometallic Cu catalysts re-
ported to date include slow reaction kinetics,[**! low yield and se-
lectivity that complicates separation of the desired product'®], and
poor stability due to Cu dissolution.[**1¢] In an attempt to over-
come this, Cu has been combined with noble metals such as Pd,
Au, Rh, or Ru to promote the C—N coupling, though with limited
success, owing to competing reactions.['’! To bring the perfor-
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mance of the Cu catalysts for the C—N coupling reactions closer
to the level of the CO,RR, a deeper understanding of both the
C—N coupling mechanism and the underlying catalyst structure-
activity relationships is required.

In this work, we explore the effect of combining p-block metal
oxides, BiO, and SnO,, with CuO, as a strategy to provide dual
active sites for the reactant adsorption and activation, directing
the selectivity toward the targeted C—N product (Figure 1a).['8]
The p-block metals have poor activity for HER as is their reason-
able activity for the CO,RR-to-HCOO~, which has been demon-
strated decades ago and proven through numerous studies.!'#>1%]
Subsequently, addition of p-block metals could lead to the forma-
tion of *CHO intermediates, which is hypothesized to be the key
intermediate for the formamide production.”] Conversely, Cu
and its oxides were reported to promote the reduction of NO,~
to *NH, and facilitate the C—N coupling between *CHO and
*NH,.[71318] Through the use of a comprehensive suite of experi-
mental characterization techniques and density functional theory
(DFT) calculations, we demonstrate that the combination of BiO,
and CuO, nanoparticles facilitates a continuous relay of two-step
process for formamide generation from CO, and NO, . Lever-
aging the promising performance of the CuO,/BiO, system, we
present, to the best of our knowledge, the pioneering study of co-
electroreduction of CO, and NO,~ to formamide in a flow elec-
trolyzer.

2. Results and Discussion

2.1. Activity for the CO,RR, NO, RR, and C—N Coupling

The CuO,, BiO,, SnO,, CuO,/SnO,, and CuO,/BiO, materials
were directly deposited onto carbon-fiber paper (CFP) electrodes
by a scalable flame spray pyrolysis (FSP), which enables the for-
mation of porous monoclinic, tetragonal, and cassiterite crystal
structures for CuO,, BiO,, and SnO,, respectively, as reported by
us and others (Figures S1-S6, Supporting Information).[8%<20]
The CuO,/BiO, and CuO,/SnO, are the combinations of CuO,-
BiO, and CuO,-SnO, particles mixed at the nanoscale with no
evidence for the formation of solid solutions and bimetallic com-
pounds according to the X-ray absorption spectroscopy (XAS)
analysis discussed below.

The CuO,, BiO,, and SnO, materials were first tested for
NO; RR (Figure 1b) and CO,RR (Figure 1c) in a conventional
three-electrode configuration using a two-compartment cell filled
with either CO,- or Ar-saturated aqueous 0.1 M KHCO, with or
without 0.05 M KNO, added. The cyclic voltammetry (CV) curves
(Figure S7, Supporting Information) indicate that the addition of
BiO, and SnO, to CuO, does not significantly increase the cur-
rent density (j) during NO;~RR or CO,RR. A similar trend for the
FE and yield rate of NH,* was also observed during fixed poten-
tial electrolysis (Figure 1b), indicating that CuO, is more active in
the NO,~ reduction to NH,* than p-block metal oxides. The max-
imum NH,* yield rate of 261 + 3 mmol h™ g_,~! (130 + 2 pmol
h~! cm~2; hereinafter, per geometric surface area of the electrode)
is achieved for the CuO, catalyst at —1.0 V versus RHE, which
is comparable to the activity of CuO, for the NO;"RR to NH,*
reported by others.l'8] The main CO,RR products for CuO, are
formate and CO, with a maximum FE-,,~ and FE., of 52.6
+ 0.3% and 18.2 + 0.1%, respectively, achieved at —1.0 V versus
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Figure 1. The effect of p-block oxides on the CuO, activity for formamide electrosynthesis: a) A hypothesized mechanism of the formamide production
from co-electroreduction of CO, and NO,~. b) The FE and yield rate of NH,* during NO3;~RR in Ar-saturated 0.1 M KHCO; and 0.05 m KNO; solution.
c) The FEco and FE,coo- during the CO,RR in CO,-saturated 0.1 m KHCO; solution. d) A representative "H NMR spectrum showing HCONH,.
e) The yield rate of formamide using CuO, /BiO, catalyst in CO,-saturated 0.1 M KHCO; and 0.05 m KNOj solution. f) The FE and yield rate of formamide
using different (y)CuO,/(1-y)BiO, catalysts at —1.2 V versus RHE. g) The steady state j at —3.0 V in a flow electrolyzer using CuO, /BiO, catalyst. h) The
FE and yield rate of formamide in a flow electrolyzer for 2 h. Experiments in panels f-h used CO,-saturated 0.2 m KHCO3 + 0.02 m KNO, catholyte
solution. Currents are normalized to the geometric surface area of the electrodes (1 cm?), which were modified with 0.5 mg cm™2 of catalysts.

RHE (Figure 1c). The addition of p-block metal oxides BiO, and
SnO, into CuO, improves the FE - (Figure 1c), possibly due
to the improved adsorption of the *HCOO intermediate.l'>18l
At —1.0 V versus RHE, the maximum FE;oo- for CuO,, SnO,,
BiO,, Cu0O,/Sn0O,, and CuO,/BiO,, are 52.6 + 0.3%, 51 + 2%,
87.2 + 1.3%, 65 & 2%, and 79 + 3%, respectively, which are also
comparable to the previously reported results.[1¢1%220.21]

Further, we explored the co-electroreduction of CO, and NO;~
at —1.0 V versus RHE in a CO,-saturated 0.1 m KHCO,; +
0.05 M KNO; solution. CuO, and CuO,/BiO, catalysts (Figure
S8, Supporting Information) were found to generate formamide,
as detected using 'H NMR (Figure 1d), with the yield rates of
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1.4 + 0.2 and 2.8 + 0.3 mmol h™! g7 (0.7 + 0.1 and 1.4 +
0.1 pmol h™! ecm™2), respectively (Figure S9a—c, Supporting In-
formation). The catalysts were then tested across a wider po-
tential range (Figures S9d and S10c, Supporting Information),
with CuO,/BiO, exhibiting higher formamide yield rate com-
pared to CuO,. Under examined conditions, the fastest genera-
tion of HCONH, with CuO,/BiO,, viz. 28 + 3 mmol h™! g_,~!
(14 + 2 ymol h™! cm™2), was achieved at —1.2 V versus RHE
(Figure 1e), albeit with low faradaic efficiency of <1%. The ma-
jor products detected include formate, CO, and NH,* (Figure
S10a,b, Supporting Information), which would compete signif-
icantly with the desired C—N coupling reaction.’] We also find
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that more negative potentials lead to a decline in the formamide
yield rate and FE due to the enhanced HER kinetics (Figure S10a,
Supporting Information). Moreover, we investigate the selectivity
of formamide in relation to reaction time (Figure S10d, Support-
ing Information). Our findings indicate that extending the reac-
tion beyond 12 h does not necessarily enhance the selectivity for
formamide, due to the competing HER and CO,RR producing
methanol and acetate, respectively.

2.2. Optimization and Scale-Up of the Formamide Generation

Further, we explored the role of the electrolyte in the efficiency
of C-N coupling for the formamide generation. A solution of
0.1 M KHCO; and 0.05 M KNO, served as the reference basis. In-
creasing the KHCO; concentration from 0.1 to 0.2 M was found
to enhance j (Figure S11, Supporting Information), FE of for-
mamide from 0.36 + 0.02 to 0.50 + 0.06%, as well as the for-
mamide yield rate from 3.0 + 0.3 to 5.0 + 0.5 mmol h~! g_,~!
(Figure S12a, Supporting Information) at —1.0 V versus RHE.
Similar trends were reported in the literature for both NO;"RR
and CO,RR.['822] Specifically, HCO,~ is a pH buffer that en-
hances the dissolution of CO, due to the equilibrium exchange
between two species,[?*! while the high concentration of K* fa-
cilitates the activation of NO,~ and CO,, followed by stabiliza-
tion of their intermediates.?”*?*] However, further increasing
the KHCO; concentration to 0.5 M leads to higher selectivity to-
ward the HER and CO, RR (Figure S13, Supporting Information),
which could be attributed to the increase of local pH, improv-
ing CO, adsorption as well as direct bicarbonate reduction to
generate hydrogen.[***?] Interestingly, lowering the NO,~ con-
centration from 0.05 to 0.02 M improves formamide yield rate
and FE to 8.0 + 0.7 mmol h™ g, and 0.7 + 0.1%, respec-
tively (Figure S12b, Supporting Information). High NO;~ con-
centrations can improve the diffusion rate and direct selectiv-
ity toward ammonium.!?®! However, in the CO, and NO,~ co-
electroreduction, we hypothesized that there is a competition be-
tween reactants adsorption, which affects the available active sites
and product distribution in an intricate manner. Replacing NO,~
with NO, ™ significantly improves the C—N coupling that might
Dbe attributed to the lower overpotentials necessitated for the re-
duction of NO,~ compared to NO,~ (Figure S12¢, Supporting
Information), allowing prior reactant to be easily reduced as re-
ported by previous studies.[?’] Furthermore, a similar pattern to
that observed with NO,~ was also noted when varying the concen-
tration of NO,~. The maximum FE and yield rate of formamide
were achieved at a concentration of 0.2 M, as shown in Figure
S12d (Supporting Information). As a result, combining the afore-
mentioned strategies, a significantly improved formamide yield
rate of 47 + 4 mmol h™! g7 (23 + 2 pmol h™! cm™2) and FE of
4.8 + 0.4% were achieved at —1.0 V versus RHE in CO,-saturated
0.2 M KHCO, and 0.02 M KNO, solution (Figure S12c, Support-
ing Information).

We then explored the effect of the ratio between Cu and Bi
in the bimetallic catalyst ((y)CuO,/(1-y)BiO, where y = 0.3, 0.5,
and 0.7) on the FE and yield rate of formamide. Increasing the
Bi fraction leads to an increase in the overall reduction rate
(Figure S14, Supporting Information), as well as FE for for-
mamide (Figure 1f). The conversion of CO, to *CHO is compar-
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atively sluggish in comparison to NO,™ to *NH, process (Figure
S10d, Supporting Information), a higher Bi ratio could provide
more active sites for CO, reduction and key intermediate (i.e.,
*CHO) generation, owing to the lower charge transfer resistance
of the BiO, that can facilitate reduction of CO, (Figure S15, Sup-
porting Information). Thus, enhancing Bi ratio offers more op-
portunity for C—N coupling with *NH,.

Furthermore, in addition to formamide, methylamine
(CH;NH,) and formaldoxime (CH;NO) were produced (Figures
S16 and S17, Supporting Information), giving a total faradaic effi-
ciency toward C—N products of 7.5 + 0.8% with the 3CuO, /7BiO,
catalyst at —1.0 V versus RHE (Figure 1f). These products share
common intermediates with the formamide.[®®! Increasing
the applied potential from —0.8 to —1.0 V versus RHE might
overcome the overpotentials associated with the methylamine
and formaldoxime production, enhancing their FEs, and thus
compete with formamide selectivity.®®) However, increasing
applied potentials >—1.0 V versus RHE leads to a shift in the
selectivity toward HER and C,, products (Figure S16a, Sup-
porting Information). At lower Bi:Cu ratios, an upward trend
of the faradaic efficiency for the C,, products (i.e., ethanol and
2-propanol) and NH,* was seen, as Cu exhibits activity for NO,~
to NH,* conversion and *COOH intermediates generation
(precursor for C,, products) from CO,.[?*”] Thus, Bi addition is
very significant in facilitating CO, reduction to *CHO (Figure
S16a, Supporting Information).

CuO, /BiO, was then tested within a two-electrode flow elec-
trolyzer (Figure S18, Supporting Information), employing NO,~
and NO,~ as nitrogen sources, while maintaining an optimized
catholyte concentration (0.2 M KHCO; + 0.02 M KNO,), in line
with optimization strategies used in two-compartment cell. Po-
larization curves show that NO, RR displays earlier activation
than NO;RR (Figure S19¢, Supporting Information). The en-
suing i-t curves reveal notably enhanced j when NO,~ was uti-
lized (Figure S19d, Supporting Information), yielding value ca.
—106 mA cm~? at —3.0 V. In contrast, the j of NO, ™~ at the same
potential reaches ca. —76 mA cm™2. These differences highlight
the activity of NO,~ for C-N coupling with a yield rate and FE
of 101 + 18 mmol h™! g, 7' (51 + 9 umol h~! cm~2) and 3.30 +
0.80% at —3.0 V, compared to NO,~ that has yield rate and FE
of 55 + 11 mmol h™' g, 7! and 2.2 + 0.63%, respectively (Figure
S20a,b, Supporting Information). We also varied reaction time ()
between 0.5 and 3 h at —3.0 V (Figure S19a,b, Supporting Infor-
mation). However, extending ¢ > 2 h enhances the FE of C,, prod-
ucts (i.e., ethanol and 2-propanol), potentially attributed to a pro-
longed period facilitating dimerization of CO, intermediates.[?*!
In attempts to further improve formamide selectivity, we made
the alkaline anolyte (0.1 M KOH), while keeping the composition
of catholyte unchanged (0.2 M KHCO; + 0.02 M KNO, ). Our find-
ings revealed that this replacement leads to an enhancement in
the j to =125 and —90 mA cm~2 for NO,~ and NO;~ at =3.0 V,
respectively (Figure 1g; Figure S19e,f, Supporting Information).
The use of KOH solution as anolyte can also reduce overpoten-
tials at anode, improving oxygen evolution reaction (OER) and
ionic conductivity in the anode layer.?! The highest formamide
yield rate and FE of 134 + 11 mmol h™! g, 7! (67 + 6 pmol
h™! em™2) and 4.8 + 0.4% were achieved at a cell potential of
—3.0 V using NO, ™~ as nitrogen source (Figure 1h; Figure S20c,
Supporting Information). When KOH serves as the anolyte, the

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUOLULIOD BAITER.D 3|1 (ddde U} Aq paueA0b a1 DRI YO (38N JO S3IN1 104 ARIQIT BUIUO AB]IM UO (SUORIPUCO-PUR-SULBY WD A8 1M A1 PU1UO//SANY) SUORIPUOD PUe SWB L U} 885 *[202/60/70] Uo ARiqi auliuo )i epereH Arud ge ABeuz a(gemsusy BUOIEN AJ 98/TOFZ0Z WUSR/Z00T OT/I0P/LI0D" A3 ARIqIBUIIUO//SUNY WO} popeojumMOd ‘Z€ ‘¥Z0Z ‘0r89rTIT


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

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

oxidation of hydroxyl (OH™) groups in the anode chamber, lead-
ing to minimal transfer of H* to catholyte chamber (as illustrated
in Figure S18c, Supporting Information). This process stabilizes
the pH of the catholyte, thereby maintaining relatively stable for-
mate and *CHO intermediates.’"] Furthermore, the restricted
migration of H* to the cathode chamber suppresses the compet-
itive HER, as displayed in Figure S20d,e (Supporting Informa-
tion).

The yield rate achieved in this study is the highest yield rate
reported to date through co-electroreduction of CO, and NO,~
in a flow electrolyzer system (Table S1, Supporting Information).
No other C—N products are identified amidst CO,RR products,
including methanol, ethanol, acetate, and 2-propanol (Figure
S20f, Supporting Information). This improved performance is
attributed to the overcoming of CO, mass transfer limitations,
as the electrolyzer configuration intensifies the mass-transport
of reactants toward the active sites.>!]

2.3. Characterization of the CuO, /BiO, Catalyst

The scanning electron microscopy (SEM) of the (y)CuO,/(1-
y)BiO, catalysts demonstrates a uniformly porous distribution
on the CFP over a large area, as revealed by Figure 2a and
Figure S21 (Supporting Information). Transmission electron mi-
croscopic (TEM) analysis and corresponding energy dispersive X-
ray spectroscopic (EDS) elemental mapping (Figure 2b,c; Figures
S22 and S23, Supporting Information) display the nanocompos-
ite structure of the blended CuO, and BiO, nanoparticles with
predominant lattice spacing of 2.3, 2.7, and 3.2 A corresponds to
CuO (111), Bi, 05 (400), and Bi,O; (201) planes, respectively.

The X-ray photoelectron spectra (XPS) (Figure 2d,e; Figures
S25 and S26, Supporting Information) confirm the presence of
all expected elements in the as-prepared catalysts and their states
are consistent with the X-ray diffraction (XRD) patterns. The X-
ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) at Cu K-edge and Bi L;-edge
(Figures S27 and S28, Supporting Information) are consistent
with the CuO and Bi, O, reference for all CuO,/BiO, materials
examined. No features other than CuO and Bi, O, are seen at ap-
parent distance (R’) ca. 1.5 and 1.7 A, respectively, indicating no
intermetallic compounds (Figure 2f,g; Figures S27 and S28, Sup-
porting Information). The collective data from XAS, TEM, and
XRD analyses suggest that CuO, and BiO, form nanocompos-
ites rather than alloys, which can maintain their intrinsic catalytic
properties at nanoscales.!*!

Further, we investigated changes to the CuO,/BiO, catalysts
induced by the electrochemical tests for the CO, and NO;~ co-
reduction at —1.2 V versus RHE over 12 h. SEM images indicate
that, despite the agglomeration of smaller particles into larger
clusters, the porous morphology of the catalysts is largely main-
tained, as observed in SEM images (Figure S29, Supporting Infor-
mation). The XPS survey and high-resolution O 1s spectra show
areduction in the intensity of O, peak (Figures S30 and S31, Sup-
porting Information), attributed to the reduction of metal oxides.
The observation of Cu 2p spectra exhibits a shift of the Cu 2p;,
peak from 933.6 to 934.5 eV, implying the formation of Cu(OH),
(Figure 2d), whilst the Cuy \y spectra (Figure S32, Supporting In-
formation) displays two components which are similar to those of
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Cu(OH), and Cu, 0.3 The high-resolution Bi 4f spectra of post-
reaction catalysts (Figure 2e) reveal the unchanged oxidation state
of BiO,.

The Cu K-edge XANES and EXAFS of the post-reaction
CuO,/BiO, catalyst (Figure 2f; Figure S33a—d, Supporting In-
formation) shift to lower energy and also suggest the forma-
tion of Cu,0 and Cu in addition to the initially present CuO.B4
The Bi L;-edge XANES and EXAFS (Figure 2g; Figure S34a—d,
Supporting Information) show characteristics of Bi** oxide, in
line with the XPS results. The ex situ Raman spectra (Figure
S35a,b, Supporting Information) also corroborate these results,
in which Cu,O peaks are detected at 215 and 629 cm™! along-
side CuO peaks at 263 and 590 cm™!,®] whilst Bi** oxide
peaks manifest at 130 cm~'.3/ From the characterization re-
sults, the postreaction catalyst displays the presence of the
Cu?*/Cut/Cu® and Bi** admixture, implying that CuO, experi-
ences reduction during the reaction and the propensity for reox-
idation of BiO, upon exposure to air after the reaction is halted
(as demonstrated by the in situ Raman measurements discussed
below).[1¢37]

2.4. In Situ Investigations of the Active Sites and C-N Coupling
Mechanism

To ascertain the active species of the CuO, /BiO, catalyst, in situ
Raman measurements were undertaken between the range of
100-750 cm™' at —1.0 V versus RHE under different time in-
tervals (Figure 3a; Figure S36, Supporting Information). The in
situ Raman spectra at open circuit potential (OCP) exhibit dis-
tinctive peaks at 288 and 590 cm™!, associated with CuO,/*! and
at 130 cm™!, attributed to Bi,0,.13) Upon applying a potential of
—1.0 V versus RHE, Cu,O peaks emerge at 188 and 628 cm™1,138]
indicating CuO reduction. As the reaction progresses, the inten-
sity of the Cu, O peaks diminishes and eventually dissipates after
~45 min, signifying the reduction of Cu, O to a metallic state. The
Cu,O peaks re-emerge when the reaction ceases, indicating the
reoxidation of metallic Cu into Cu,O to a certain extent. Addi-
tionally, the 130 cm™" peak of Bi** is substantially reduced soon
after the application of the cathodic potential and reappears when
the potential is halted. This observation provides evidence that
Bi** undergoes reduction to the Bi° state, corroborating findings
reported in the literature.'**) Based on the in situ Raman spec-
tra, we conclude that Cu*/Cu® and Bi° are the key species on the
CuO, and BiO, sites, respectively.

In situ Raman spectroscopy was also employed to temporally
assess intermediates during the co-electroreduction of CO, and
NO,". Spectra within the wavenumber range of 950-1800 cm™!
were recorded at different time intervals while operating at
—1.0 V versus RHE (Figure 3b). Initially, discernible peaks asso-
ciated with *"HCO,~, *CO,2~, and *NO,~ are detected at of 1018,
1060, and 1356 cm™!, respectively.[*’] The appearance of *CO,~
peak can be attributed to the saturated CO, in the catholyte.[*!]
As the reaction proceeds, a decline in signals corresponding to
*NO,~ and *CO,?~ is observed, while the stretching mode of
C=0 bond (v *CO) related to *COOH emerges at 1630 cm™! after
~8 min.[*?] Subsequently, a stretching vibration of the C-N bond
~1395 cm™ is observed after ~#42 min, implying the formation
of formamide on the catalyst surface.[*}]
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Figure 2. The characterization of CuO, /BiO, catalyst: a) SEM, b) TEM, and c) corresponding EDS mapping images of CuO, /BiO,. High-resolution XPS
spectra for pre- and post-reaction CuO, /BiO, catalyst: d) Cu 2p and e) Bi 4f. The FT-EXAFS spectra of pre- and post-reaction CuO, /BiO, catalyst: f) The
Cu K-edge and g) The Bi L;-edge. The grey, green, and blue box in panels f-g indicate the peak positions of Cu—O, Cu—Cu, and Bi—O, respectively.

To probe more comprehensive real-time intermediate for-
mation during co-electroreduction of CO, and NO,~, in situ
synchrotron radiation-infrared transmission (SR-FTIR) was per-
formed. The in situ SR-FTIR technique was applied across var-
ious applied potentials (—0.8 to —1.2 V vs RHE, Figure 3c—e).
At —0.8 V versus RHE, the emergence of *NO stretching,
*NH bending (6, NH,), and *NH, rocking mode (p, NH,) at
1957, 3180, and 1153 cm™!, respectively, signifies the adsorption
and activation of NO,~ to *NH,.[**l Moreover, the detection of
*COOH and *HCOO intermediates at 1285 and 1365 cm™! indi-
cates CO, adsorption and activation.!*”] The *CHO intermediate

Adv. Energy Mater. 2024, 14, 2401786 2401786 (6 of 13)

emerges at 1733 cm™! from —0.8 versus RHE and its vibration
intensity increases along with negative applied potentials.!”234¢]
The infrared band at 1450 cm™" can be assigned to the C-N bond
in the formamide, as the characteristic C-N stretch of amides
typically manifests within the range of 1435 to 1455 cm™!.[574447]
Notably, this band reaches its maximum intensity at —1.0 V ver-
sus RHE. The in situ SR-FTIR analysis suggests that *NH, and
*CHO intermediates are the key intermediate for the forma-
tion of formamide, which is further confirmed by additional in
situ SR-FTIR investigations conducted at different time intervals
(Figure S37, Supporting Information).

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUOLULIOD BAITER.D 3|1 (ddde U} Aq paueA0b a1 DRI YO (38N JO S3IN1 104 ARIQIT BUIUO AB]IM UO (SUORIPUCO-PUR-SULBY WD A8 1M A1 PU1UO//SANY) SUORIPUOD PUe SWB L U} 885 *[202/60/70] Uo ARiqi auliuo )i epereH Arud ge ABeuz a(gemsusy BUOIEN AJ 98/TOFZ0Z WUSR/Z00T OT/I0P/LI0D" A3 ARIqIBUIIUO//SUNY WO} popeojumMOd ‘Z€ ‘¥Z0Z ‘0r89rTIT


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

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

&
ks
o
€
T
b
(@)
c
T
¥
—
(3]
~

(a) [ai

VA'M*WWMW 45 min

W‘” OCP before

+ ! !
Ci | ‘
Vo Co
N LI
W\ | \ T
Y S A
i it
A o
g T g |1y
2> o ' [ ©
g L Y 5" | "E
il |
@ 1 M\ 1 ' v N
1 1 W n
=RV Y . c
iy v £
LAY ! ! L : L -0.8V
I i .
WMM\W 1 min Background
i i i
1 ! 1 !
var )
Vi I HE
i b

T T T T T

T T
100 200 300 400 500 600 70 3500
Raman Shift (cm-")

(b) _ (d)

3000 2500 2000 1500 1000
Wavelength (cm™)

(e)

3 N
W 45 min

1.1V, -~

Intensity (a.u.)
Transmittance (%)

-0.8 V

O A Vg 1 min

iy '
AMMAJMM Background

|

Transmittance (%)

Background

(o)

35 *NH, *CO *CHO

~ 10
0 1
) N
- i L L )

3180

1000 1200 1400 1600 1800 3800 3600
Raman Shift (cm-)

Wavelength (cm™)

3400 3200 3000 2200 2000 1800 1600 1400 1200 1000

Wavelength (cm™)

Figure 3. In situ characterization of CuO,/BiO, catalyst: The in situ Raman spectroscopy for different time intervals with wavelength window at a)
100750 cm~" and b) 950-1800 cm™" at —1.0 V versus RHE. c) The in situ SR-FTIR with enlarged wavelength windows at d) 3800-3000 cm~' and e)
10002250 cm™". The potential unit displayed in the in situ SR-FTIR figures is in V versus RHE. All experiments were carried out in CO,-saturated 0.2 m

KHCOj3; and 0.02 m KNO, solution.

The in situ SR-FTIR analysis on individual CuO, and BiO,
catalysts provides insight into their respective roles within
CuO, /BiO, nanocomposite during the co-electroreduction of
CO, and NO,~ (Figure S38, Supporting Information). In the
case of CuO, site, we observed distinct infrared bands cor-
responding to the *NH, stretching (v,, NH,), *NH bend-
ing, *NO stretching, and *NH, rocking mode at 3545, 3060,
1957, and 1140 cm™, respectively.*l Conversely, the BiO, ex-
hibits notably weaker intensities in these infrared bands. Fur-
thermore, different CO,RR pathways are identified on CuO,
and BiO, materials. The *HCOO intermediate is identified
ca. 1370 cm™ on CuO, and BiO, sites, respectively, signify-
ing CO, reduction to formate. The *COOH and *CO signals
present on CuO, (primarily serving as precursors for methanol
and ethanol) at 1285 and 2107 cm™, accordingly.[*®] Moreover,
the *CHO intermediate is detected on both BiO, and CuO,,
suggesting that both CO,RR pathways are capable of form-
ing the intermediate. Notably, the C-N bond signal is dis-
cernible at 1455 cm™! on CuO, site, indicating formamide
formation.

Adv. Energy Mater. 2024, 14, 2401786 2401786 (7 of 13)

2.5. Density Functional Theory Calculation

The in situ Raman spectra show evidence of Cu*/Cu’ and Bi°
admixture throughout the CO, and NO,~ co-electroreduction.
Moreover, the in situ SR-FTIR measurements identify *CHO and
*NH, as pivotal intermediates, as well as the distinct trends in
generating intermediates on individual CuO, and BiO,. There-
fore, to probe the roles of Cu*, Cu’, and Bi’, the DFT calculations
for the NO,~RR, CO,RR, and C—N coupling (Figure 4a—c; Figure
S39a—c, Supporting Information) were carried out. The DFT cal-
culations on Bi** are also presented in Figure S39e,f (Supporting
Information) to account for its transient presence during in situ
Raman measurements. However, Bi3* was not considered as the
main active site due to the weak signals observed during these
tests. Additionally, corroborative studies support the notion that
Bi** is reduce to Bi® under negative potentials.[1¢*]

The calculated free energies for the CO, reduction reaction
support the notion that the addition of BiO, on (y)CuO,/(1-y)BiO,
catalyst could improve the adsorption of CO,, owing to a low
Gibbs free energy (AG) of —2.33 eV (Figure 4a). The subsequent
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conversion of *CO, to *CHO can proceed via *COOH (*CO,
— *COOH — *CO — *CHO) and *HCOO (*CO, — *HCOO
— *HCOOH — *CHO) pathways,*! as displayed in Figure 4a
and Figure S39a (Supporting Information). Based on DFT cal-
culations, the CO,RR is thermodynamically challenging due to
positive AG for the formation of the intermediates. Cu* sites pri-
marily reduce CO, to *HCOOH, yet the formation of *CHO is
hindered by a large AG (2.23 eV). Likewise, Cu® sites encounter
challenges in the hydrogenation of CO, to *COOH and *HCOO,
as well as *CHO formation due to uphill AG of 0.37, 0.55, and
0.67 eV, respectively. Conversely, Bi’ sites demonstrate a prefer-
ence for generating *CHO through the *HCOO pathway. Despite
similar upward steps in forming *HCOO, *HCOOH, and *CHO
intermediates (AGuycoo = 0.12 €V, AGuycooy = 0.15 eV, and
AG.cpo = 0.63 V), these free energies are comparatively lower
than those on Cu* and Cu®. From DFT calculations, we hypothe-
size that Bi® sites are thermodynamically more favorable for CO,
reduction to *CHO compared to Cu® and Cu*, attributed to lower
AG for CO, adsorption and the formation of *HCOO, *HCOOH,
and *CHO. The generation of *CHO can be regarded as the lim-
iting step in the CO, reduction process, as indicated by elevated
AG on all sites.

Further, we investigated the NO, ~ reduction reaction pathways
as illustrated in Figure 4b and Figure S39b,c (Supporting Infor-
mation). Several NO, RR pathways have been proposed,!*>'#]
but we found the selected pathways reflect our experimental re-
sults, in line with literature findings.[®®*°! The initial step of
NO, RR entails the adsorption of NO,~ species. Notably, Cu*
and Bi® serve as more favorable sites for NO,~ adsorption com-
pared to Cu®, with AG of —0.33 and —1.27 eV, respectively. The
following reduction reactions of *NO, to *NO, occur sponta-
neously on Cu* and Cu® sites, whereas the formation of *NO,
requires higher energy on Bi® (AG = 0.37 eV). In contrast, NO,~
adsorption is a spontaneous process on all components. Sub-
sequent reactions to the formation of *NH, intermediate are
thermodynamically unfavorable on Cu* and Bi® sites due to
higher AG in generating *NHOH and *“NOH intermediates with
value of 0.43 and 0.82 eV, respectively. The desorption of NH,
proves to be a challenging process on all materials, specifically
Bi® (3.03 eV). Further evidence indicates that Bi sites exhibit less
activity for NO,"RR (as displayed in Figure 1b). On this basis, we
propose that Cu* and Cu® are the main key species for NO, "RR.
Cu™ facilitates NO,~ adsorption, while Cu’ accelerates reduc-
tion reactions of *NO,, in tandem with protonation and electron
transfer, culminating in NH, generation.

The DFT calculation for the C-N coupling between *CHO and
*NH, was explored (Figure 4¢; Figure S39d, Supporting Infor-
mation). DFT calculations reveal that *NH, can be either sponta-
neously reduced to *NH, or coupled with *CHO. By comparing
AG of both processes (Figure 4d), the coupling between *NH,
and *CHO is thermodynamically more favorable than *NH,
formation.[’l We hypothesize that either *CHO or *NH, inter-
mediates diffuse around catalyst surface before eventually couple
to form formamide. The coupling process is a relatively spon-
taneous reaction on all materials. Conversely, the desorption of
formamide presents a positive AG, with Cu® showing a slightly
preferable energy associated with this step (1.22 eV) compared
to Bi® (2.77 eV) and Cu* (2.24 €V). Based on the DFT calcula-
tions, the formamide electrosynthesis can be obtained through
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two-step process (Figure 4e): i) the reduction reactions of CO, to
*CHO as well as NO,~ to *NH,, and ii) the coupling between
*CHO and *NH, intermediates. These findings are consistent
with existing literature;l’! however, the incorporation of dual ac-
tive sites in the catalyst notably reduces the AG required for hy-
drogenation to *NH, and *CHO, as well as for the C-N coupling
process.

The CuO,/BiO, catalyst facilitates the continuous relay of
*CHO and *NH, formation, followed by the subsequent C-N
coupling. The two potential determining steps for the overall for-
mamide production process on the CuO,/BiO, catalyst include
the formation and desorption of *CHO and formamide, accord-
ingly. To further enhance the selectivity of C-N products, it is crit-
ical to balance the co-adsorption and activation of carbon and ni-
trogen sources. Additionally, ensuring proximity of bifunctional
active sites is essential for facilitating more effective interactions
and reactions between reactants and intermediates.

3. Conclusion

In summary, we have demonstrated a strategy for the co-
electroreduction of CO, and NO,” into formamide. The
CuO, /BiO, nanocomposite displays C-N coupling capabilities,
achieving a maximum formamide yield rate of 134 + 11 mmol
h=! g_.~! in a continuous flow electrolyzer system at an applied
potential of —=3.0 V (j = 125 mA cm™2). We elucidate the ratio
of Cu:Bi in the catalyst, the electrolyte composition, and cell sys-
tems play a crucial role in determining the selectivity for CO,RR,
NO, RR, and the C—N coupling process. The 3Cu0O,/7BiO, cat-
alyst exhibits the highest yield rate of C—N products in CO,-
saturated 0.2 M KHCO, and 0.02 M KNO, catholyte, attributed to
its lower AG for CO, adsorption, along with available active sites
for *CHO and *NH, formation. Continuous flow electrolyzer
system improves the CO, mass transfer limitations and inten-
sifies the mass-transport of reactants toward the active sites. Re-
placing KHCOj; anolyte to KOH in the flow cell system also en-
hances the formamide selectivity, owing to stable formate and
*CHO intermediates, as well as restricted migration of H* to sup-
press HER. In situ Raman spectroscopy reveals a synergy inter-
action between Cu*/Cu® and Bi® that likely contributes to the en-
hanced C—N coupling performance. Cu™ facilitates adsorption of
NO, ~, while Cu® accelerates subsequent hydrogenation and elec-
tron transfer converting *NO, ~ to *NH,. Bi’ reduces CO, adsorp-
tion energy and accelerates *CHO formation. Furthermore, in
situ SR-FTIR and in situ Raman data provide valuable insights by
identifying the key intermediates for C—N coupling. DFT calcula-
tions further support and validate the mechanism of formamide
generation through the coupling of *CHO and *NH, intermedi-
ates, highlighting a new approach for C—N coupling electrosyn-
thesis through the nanocomposite of p-block metal oxides and
CuO

'

4. Experimental Section

Materials: ~ All chemicals utilized in this study were of analytical grade
and used as received without any additional purification. Deionized water
(resistivity of 18.2 MQ cm™ at 25 °C) was employed in all experimental
procedures.
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Catalyst Preparation: All catalysts were prepared using a custom-
built FSP system.I3"] Typically, Sn, Cu, Bi, and their combination precur-
sors were prepared from mixing Tin(ll) 2-ethylhexanoate (99%, Sigma—
Aldrich), copper(ll) naphthenate in mineral spirits (8% Cu, Strem Chem-
icals) and/or bismuth(lll) 2-ethylhexanoate (70-75% in xylenes, 24% Bi,
Strem) were dissolved in a 1:1 (vol) mixture of toluene (anhydrous 99.8%,
Sigma—Aldrich) and 2-ethylhexanoic acid (99%, Sigma—Aldrich) to achieve
concentrations of 0.2 m for both precursors (total metal precursor con-
centration). The precursor solution was injected into the FSP system
with a volume flow of 5 mL min~! using a syringe pump and atomized
with oxygen flow of 5 mL min~! (Coregas, 99.9%). The flame was ig-
nited and maintained with a supporting flame mixture, which consisted
of 3.2 L min~! oxygen and 1.5 L min~' methane (Coregas, >99.95%).
The target oxides were deposited directly on carbon fiber paper within
1 min of deposition. This type of catalyst was used for electrochemi-
cal testing in the H-cell system. The powder was also collected at the
glass fiber filter for characterization and electrochemical testing in the flow
electrolyzer.

Electrochemical Experiments: Electrochemical experiments were ini-
tially performed in a three-electrode customized H-cell system with a
Nafion 117 membrane (Sigma-Aldrich) to separate the gas-tight work-
ing and counter electrode compartments. A platinum plate and saturated
calomel electrode (SCE) were utilized as the counter and reference elec-
trodes, respectively. Ar-saturated 0.1 M KHCO; (99.7%, Sigma—Aldrich)
and 0.05 m KNO; (>99%, Sigma—Aldrich), and CO,-saturated 0.1 m
KHCO; were utilized as the catholyte for the NO;~RR and CO,RR, re-
spectively. The electrocatalytic C—N coupling was initially carried out in the
CO,-saturated 0.1 m KHCO3 and 0.05 m KNOj solution. The anolyte for
all electrochemical measurements used the same solution as the catholyte
but without gas saturation. Prior to testing, the cathodic compartment
of the cell was purged with the relevant gas for 20 min, resulting in
a pH of 8.34, 6.76, and 6.82 for the NO,”RR, CO,RR and C—N cou-
pling electrosynthesis, respectively. The Ar (Coregas, grade 5) and CO,
(Coregas, grade 2.5) gases flowrates were maintained at 10 mL min~!
(9.4 standard liter per minute (SLPM)) during the NO,~RR, CO,RR, and
C—N coupling reaction. Electrochemical measurements were conducted
with an Autolab M204 (Metrohm Autolab) electrochemical workstation.
Fixed potential electrolysis was then carried out for at least three differ-
ent measurements and the reported potentials were converted to the re-
versible hydrogen electrode (RHE) reference for benchmarking with lit-
erature using the following equation: Egye (V) = Egce (V) + 0.245 +
0.059%xpH. The electrical impedance spectroscopy (EIS) was measured
at —1.0 V versus RHE in a CO,-saturated 0.2 m KHCO; and 0.02 m
KNO, (>98%, Chem Supply) solution with the frequency varied from
100 kHz to 0.1 Hz. The EIS fitting was conducted using the ZFit function in
ECLab software version 11.42. The two-electrode flow electrolyzer (Figure
S18, Supporting Information) system used Ni foam as an anode and a
CuO,/BiO, as a cathode; both electrodes had a geometric surface area of
1 cm?. The Nafion membrane was sandwiched between the electrodes.
The CO, gas flow rate was maintained at 50 mL min~' (47.2 SLPM). Ini-
tially the catholyte and anolyte used remained consistent with that em-
ployed in H-cell experiments, later the anolyte was changed to 0.1 m
KOH (>90%, Sigma-Aldrich) for optimization. The electrolyte continu-
ously circulated into the system with flow rate of 9.5 mL min~" (8.9 SLPM)
for 2 h.

Product Quantification: A gas chromatograph (Shimadzu, Model 2010
Plus) equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID) was utilized to detect gas products (H, and CO),
with calibration curves provided in Figure S40 (supporting Information).
Quantification of the CO,RR liquid products was carried out using 'H
NMR. Approximately 0.63 mL of the catholyte was mixed with 0.07 mL
of D,O (D-99.9%, Cambridge Isotope Laboratories) and analyzed using
a 600 MHz "H 1D liquid NMR spectrometer (Bruker Advance). The wa-
ter suppression pre-saturation method was applied to measure the 1D 'H
spectrum. External standard methods with 10 mmol mL~" sodium acetate
(Sigma-Aldrich, >99%) was used for quantification. Approximately 0.5 mL
of the catholyte was collected for ammonium (NH4*) quantification us-
ing the Berthelot test.[>?] The catholyte was mixed with reagent 1that con-
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sists of 0.4 mL of 1 M sodium hydroxide solution (Sigma-Aldrich, 99.99%),
5 wt.% salicylic acid (Sigma—Aldrich, 99.99%), and 5 wt.% sodium citrates
(Sigma-Aldrich, 99.99%). Mixture was then mixed with 0.1 mL reagent
2 that consists of 0.05 M sodium hypochlorite solution (Sigma—Aldrich,
99.99%) and 30 pL reagent 3 that comprises of 1 wt.% sodium nitrofer-
ricyanide solution (Sigma-Aldrich, 99.99%). The sample was then soni-
cated and incubated in the dark at room temperature for 2 h. A Shimadzu
UV-3600 UV-vis—NIR spectrophotometer and 1 cm quartz cuvettes were
employed to quantify the amount of ammonium with the absorbance read-
ing between 550 and 800 nm wavelengths. The concentration of ammo-
nium was determined using the calibration curve (Figure S41, Supporting
Information) constructed based on the analysis of the electrolyte solutions
containing known amounts of NH,Cl. The identification and quantifica-
tion of formamide and other liquid products in C—N coupling electrosyn-
thesis were conducted using the "H NMR method following method by
Huang et al.[3] Approximately 400 pL liquid sample was mixed with 200 uL
DMSO-dg solution (D-99.9%, Cambridge Isotope Laboratories), then the
solution was tested in a 600 MHz "H 1D liquid NMR spectrometer (Bruker
Advance) equipped by cryoprobe for 512 scans. The 1D "H spectrum was
measured with water suppression excitation sculpting method. External
standard method with 10 mmol mL~" disodium maleate solution (Sigma—
Aldrich, >98%) was used for quantification.

The faradaic efficiency (FE) and yield rate of liquid product were calcu-
lated to see the performance of all catalysts using the following equations:

nxFxV,, xC
FE (%) = ag Produet 100% )

where n is number of electron transfers, F is the Faraday constant
(96 485.33 C mol™'), Vaq is the volume of catholyte solution (L), Cproguct
is the concentration of product (M), and Q is passed charge (C).

CproguctX VagX MW
. 1. roduct aq
Yield ratep,q,c; (mmol h™'g- 1) S AT (2)

where MW is the molecular weight of product, t is duration of the electrol-
ysis (h), A is the geometric surface area of the electrode (cm?), and T is
the catalyst loading per geometric surface area of the electrode (g cm™2);
Cproduct for this calculation is expressed in mM.

The faradaic efficiency of gas product was calculated by the equation:

N X F X Vggg X x

FE (%) :TXM% 3)

where V¢ is the volume of headspace (L), and x is the concentration of
the product in the headspace (mol Lgas‘1).

Material Characterizations: XRD patterns were recorded using a D2
Phaser Bruker instrument with Cu Ka radiation (4 = 1.54 A) in a scan
range of 10°-80° at a scan rate of 1.17 deg min~'. Nanoparticles pow-
der was placed on a zero-diffraction plate (Silicon crystal). XPS analysis
was undertaken using a Thermo ESCALAB250Xi spectrometer. Analysis
was employed a monochromated Al Ka (energy 1486.68 eV) source, op-
erated at a power of 120 W (13.8 kV x 8.7 mA), and a hemispherical ana-
lyzer functioning in a fixed analyzer transmission mode. The overall pres-
sure in the main vacuum chamber was typically ranged between 10~ and
1078 mbar. Survey spectra were obtained at a pass energy of 100 eV, while
high resolution spectra were recorded for individual peaks at pass energy
of 20 eV pass energy. The photoelectron take-off angle is 90° with spot
size ~500 um. Data processing was performed using the ThermoScien-
tific Avantage processing software. The identification of all present ele-
ments was conducted from survey spectra. Atomic concentrations of the
identified elements were determined using integral peak intensities and
sensitivity factors provided by the manufacturer. Binding energies were
referenced to the C 1s peak at 284.8 eV (aliphatic hydrocarbon). Quan-
titative XPS accuracy is estimated to be around 10-15%, and precision,
reflecting reproducibility, typically exceeds 5%, a parameter relevant when

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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comparing similar samples. The morphology was examined using a field-
emission scanning electron microscopy (FESEM) Zeiss Ultraplus operat-
ing at 3 kV at a working distance of 3 cm without coating and a high-
resolution TEM JEOL 2100F operating at 200 kV. For SEM analysis, the
electrode cut pieces were affixed onto the specimen stubs using carbon
tape. To prepare samples for TEM, the material was carefully scraped from
the surface of the electrode and dispersed onto holey carbon-coated nickel
grids with a mesh size of 200. Elemental mapping was obtained using a
JEOL SDD energy-dispersive X-ray spectrometer coupled with JEOL 2100F,
operated at 200 kV. The ex situ Raman measurements were recorded on
an inVia Raman spectrometer system (HR Micro Raman spectrometer,
Horiba JOBIN YVON US/ HR800 UV) with a wavelength laser of 633 nm.
XAS spectra at the Cu K-edge and Bi L;-edge spectra were obtained using
the multipole wiggler XAS beamline 12 ID at the Australian Synchrotron
ANSTO, operating on mode 2. The beam energy and current were 3.0 GeV
and 200 mA, respectively. Powders data were acquired using fluorescence
detection. Cu foil, CuO, Cu,0, and Bi,O; were used as reference sam-
ples. XAS data were analyzed using a combination of Sakura for data
conversion, Pyspline for background subtractions, and Artemis for EXAFS
fitting.

In Situ Measurements: The operando SR-FTIR measurements were
carried out at the Australian Synchrotron ANSTO using a SR-FTIR setup
equipped with a ZnSe crystal as the infrared transmission window (cut-
off energy 625 cm™). An infrared microscope (Bruker Hyperion 3000
with an x20 objective) was coupled with an FTIR spectrometer (Bruker
70 v/s) equipped with a KBr beam splitter and liquid-nitrogen-cooled
mercury cadmium telluride detector. The catalyst electrode was closely
pressed against the ZnSe crystal window with a micrometer-scale gap
to minimize the infrared light loss. To ensure the integrity of the ac-
quired SR-FTIR spectra, the apparatus operated in reflection mode with
vertical infrared light incidence. Each infrared absorption spectrum was
generated by averaging 256 scans at a resolution of 2 cm™'. Prior to
each systematic measurement, the background spectrum of the catalyst
electrode was obtained at an open-circuit voltage. The potential range
for the electroreduction reaction was set at —0.8, —0.9, —1.0, —1.1, and
—1.2 V versus RHE with CO,-saturated 0.2 m KHCO; and 0.02 m KNO,
as catholyte. Figure S42b,c (Supporting Information) depicts the in situ
electrochemical cell and setup configuration. The in situ Raman mea-
surements were recorded on an inVia Raman spectrometer system (HR
Micro Raman spectrometer, Horiba JOBIN YVON US/ HR800 UV) us-
ing a spectroelectrochemical Raman cell (Figure S42a, Supporting Infor-
mation). The Raman cell was operated with a 633 nm argon ion laser
and equipped with a reference electrode of Ag/AgCl and a counter elec-
trode of Pt wire. The cell was filled with an electrolyte solution consist-
ing of CO,-saturated 0.2 m KHCO; and 0.02 m KNO, and connected to
an Autolab potentiostat (PGSTAT204) to simulate electrocatalytic C—N
coupling.

Density Functional Theory Calculations: The DFT calculations were per-
formed using the Projector Augmented Wave (PAW) method[®>*] as imple-
mented in the Vienna Ab initio Simulation Package (VASP).53] The cal-
culations were completed with a plane-wave cut-off energy of 500 eV and
Gamma k-points mesh of 5 X 5 X 1. The electronic self-consistent cal-
culation was converged to 1 x 107> eV and ionic relaxation steps were
performed using the conjugate-gradient method (IBRION = 2) and con-
tinued until the total force on each atom dropped below a tolerance of
—0.025 eVA~1. The generalized gradient approximation (GGA) was used
for the exchange-correlation functionals as parameterized by Perdew—
Burke—Ernzerhof (PBE).[%®] The slab models of (2 x 2) Cu (111) surface
with 6.21 A thickness, (2 x 2) CuO (110) surface with 5.74 A thickness,
(2 X 2) Cu,0 (111) surface with 6.26 A thickness, (2 x 2) Bi (002) surface
with 9.71 A thickness and (1 x 1) Bi, O3 (201) surface with 5.00 A thick-
ness were used. A vacuum thickness of 15 A in the z-direction was used for
relaxation. Bulk-surface interaction was introduced by relaxing only atoms
in the two uppermost layers and fixing atoms in other layers to their bulk
coordinates. Free energy diagrams were calculated by including the cor-
rection of entropy and zero-point energy for CO, CO,, H,0, and H,. The
dispersion correction was also included in this study by using DFT D-3
method.[>7]
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