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Abstract

Intermetallic AuCu alloys exhibited enhanced selectivity and activity for urea (CO(NH;),)
production compared to their parent metals. Intermetallic AuCu alloy thin films were grown
electrochemically onto Ti foil substrates and were evaluated for their capacity to enable
electrochemical C-N coupling. Varying the Au and Cu stoichiometry provided a synthetic handle
to tune the film electronics (i.e., d-band position, oxophilicity) while maintaining overall film
stability. The AuCu alloy with the highest Au loading of 75% proved to be the most
electrochemically stable and possessed the highest selectivity (~68%) for urea formation. X-ray
Absorption Spectroscopy (XAS) revealed that the Cu in alloys with more Au content maintained
a higher oxidation state (in the form of Cu-O) under electrochemically relevant conditions. This
observation suggests enhanced anion (NO3;/NO,) adsorption and retention at the surface. This
work highlights the utility of using intermetallic alloys to enable complex electrochemical
coupling reactions by finely tuning material properties.
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Introduction

Electrocatalysis provides a unique opportunity for utilizing renewably sourced electrical energy to
generate essential value-added chemical feedstocks from thermodynamically spent “waste”
compounds. Specifically, efforts in electrochemical carbon dioxide reduction reaction (CO,RR)
illustrate that CO,, a common industrial waste product and greenhouse gas, can be transformed
into useful industrial products.'= The maturation of CO,RR as a field has raised new opportunities
to focus on furthering the synthetic complexity of CO, reduction with the introduction of new
coupling partners. Prime examples of this include the electrochemical carboxylation of organic
substrates®, asymmetric cross coupling between different carbon-based precursors’, and
heteroatomic bond forming reactions (C-N, C-S, etc.).8!!

Electrochemical C-N bond formation is an appealing green method to produce industrially relevant
organonitrogen compounds, like urea, formamide, and methylamine.'>!> Urea is an essential
industrial chemical currently generated on the order of 200 million tons annually and is used
primarily as an agricultural fertilizer. Industrially, urea is prepared through the thermal conversion
of ammonia, derived from the Haber-Bosch process, and carbon dioxide, which first forms
ammonium carbamate, before resulting in the final product, urea. To drive this two-step reaction,
high temperatures of up to 360 °C and pressures of 150 bar are necessary.!® Alternatively, nitrogen-
containing reactants can be sourced from abundant feedstocks including NO, compounds and
reduced with CO, electrochemically to form C-N bonds.!” However, as in CO,RR, electrochemical
C-N coupling often suffers from poor product selectivity, due to competition with the direct
reduction of carbon and nitrogen reactants and the hydrogen evolution reaction (HER).!®

Strategies within electrochemical CO,RR literature can inspire new approaches to C-N bond
formation. Many material design parameters have been evaluated for their effects on product
distributions in CO,RR including elemental composition'®, surface strain'®, d-band energetics?,
facet selection?!, and grain boundaries.?? Intermetallic and bimetallic electrocatalysts are attractive
design choices due to their tunable d-band electronics. In the modulation of metal stoichiometry,
the electronic states of the material can be tuned to optimize the intermediate binding affinities to
vary product selectivity and activity.?>** Within CO,RR, a common strategy for C,; product
enhancement has been the incorporation of additional elements to well-established Cu-based
catalysts. Specifically, various reported intermetallic and bimetallic catalyst systems have been
used to enhance CO,RR selectivity towards target products such as CH4, C,H;, CO, and
formate.?%25-28 Within C-N coupling, bimetallic catalyst systems, such as Pd-Cu and Te-doped Pd
nanomaterials, have effectively catalyzed electrochemical urea production, illustrating alloys have
rich chemistry for exploration.?-30

In our previous work, we have shown that the electrochemical coupling between CO, and NO; at
polycrystalline gold electrodes can result in high selectivity (60.4% Faradaic efficiency) and
activity (300 uA cm?) towards urea production.?! The primary limitations of this earlier system
were the inhibitory cost of the precious metal electrode and the high Faradaic losses to other nitrate
reduction reaction (NO3RR) products, including nitrite (NO,") and ammonia (NHj3). In addition, a
previous report developed AuCu nanofibers active for urea production from CO, and NO,.3?
Nevertheless, the role of Au to Cu stoichiometry on electronic effects within intermetallic catalysts
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remains underexplored within C-N coupling reactions. Herein, we selected AuCu intermetallic
alloys as a platform to explore the impacts of electronic effects on C-N coupling. Importantly,
AuCu-based alloys have been previously used for electrochemical CO,RR with varying product
selectivity due to differences in catalyst design.?>2728 Moreover, electronic effects were found to
be an essential factor in determining reactivity of AuCu thin films.?° In our work, we found that
varying the Au:Cu molar ratio enabled us to tune adsorbate interactions while also
maintaining film integrity. Using X-ray photoelectron spectroscopy and in situ X-ray absorption
spectroscopy, we attributed the increased Faradaic efficiency (up to 68%) and activity (on the order
of 350 pA cm?) for urea to the diversion of the previously espoused *NO, intermediate away from
deleterious side products including NO,™ and NHj; in favor of C-N coupling towards urea. Our
work adds new knowledge to the growing field of electrochemical C-N coupling.

Experimental Section

Synthesis of Intermetallic Au,Cu ;. Alloy Electrodes.

Ti electrodes (2x1 cm?) were cut from a polycrystalline Ti foil (0.25 mm thick, Sigma, 99.7%) and
prepared by polishing with Si-C (600 grit) paper, sonicating in dilute nitric acid (5% in water) and
then in water three times. Electrical contact was accomplished by wrapping with Ti wire. In a
plating solution consisting of tetrahydrofuran (THF), ethanol (EtOH), sulfuric acid (H,SO,), and
water (H,O) (in the ratios of 30, 15, 10, and 45 vol%), aliquots of concentrated, aqueous, gold
trichloride (AuCls) and copper sulfate (Cu(SO,),) salt solutions were added in various molar
quantities to bring the total metal (Au + Cu) salt concentration to 20 mM. The optimal ratios to
prepare alloys with approximate stoichiometries of Au,Cujgox With x = 75, 50 and 25 were
achieved with deposition solutions containing 85, 65, and 27.5 mol% Au, respectively.
Electroplating occurred at -0.25 V vs. Ag/AgCl for 30 min, with the working electrode being
removed from the bath solution just before the potential was shut off to avoid galvanic exchange
of the residual Au(III) in solution with surface Cu(0). The synthesized electrodes were then washed
extensively with water and dried under an N, stream. Freshly prepared electrode surfaces were
characterized by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), X-ray Photoelectron Spectroscopy (XPS), Grazing Incidence X-ray Diffraction (GIXRD),
and cyclic voltammetry (CV).

Electrochemical Experiments.

Controlled-potential electrolysis experiments were carried out on a CHI660 potentiostat in a
commercial liquid flow cell from DEK International. The nitrate (KNO;, 0.1 M) electrolyte was
prepared by dissolving trace-metal grade salts in high purity water (>18.2 MQ cm). Electrolyte
was then purged with either N, or CO, gas, when purged with CO2 the 0.1 M KNOj; solution
reached a stable pH of 3.5. Electrolyte was used within two days of preparation. The anodic and
cathodic compartments were separated by a Nafion 115 membrane. Each compartment was
connected in parallel to a catholyte and anolyte compartment that was charged with 15 mL of
electrolyte with 35 mL remaining in the headspace. Nickel foam served as the counter electrode
and was placed in the anodic compartment of the flow cell. The reference electrode used in this
study was an eDAQ leakless Ag/AgCl electrode and was placed in the cathodic compartment level
to the working electrode. Both electrolyte reservoirs were purged with CO, gas for 15 min prior to
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each electrolysis experiment. During each experiment, the cathodic compartment was
continuously purged at a rate ranging between 20-30 sccm. Prior to electrolysis the ohmic drop
between the working and reference electrode was determined using potentiostatic electrochemical
impedance spectroscopy (PEIS) at -0.2 V vs. RHE. Prior to all electrolysis experiments, the ohmic
resistance is corrected at 100% iR compensation and the ohmic drop from the intermetallic
electrodes was consistently between 20-30 Q.

Results and Discussion

The primary interest of this work was to evaluate which material design parameters engender a
higher degree of control over C-N coupling selectivity. To that end, we designed a system that
would minimize contributions from mass transport limitations, including diffusional gradients of
substrate and large pH swings at the interface, to specifically focus on the role the intermetallic
system plays in the co-activation of CO, and NOj". Therefore, conformally grown AuCu thin film
were deposited on a Ti foil support by adapting a previously established method for preparing
mesoporous Au,Cug. €lectrodeposits.’® The electroplating bath consisted of an acidic aqueous/
organic composite electrolyte (H,O, THF, EtOH, H,SO,) heated to 50 °C. Due to the difference
in the onset reduction potential between Cu and Au ions (Figure 1a), we surveyed a range of
starting concentrations to achieve a wide distribution of alloy stoichiometries at the plating
potential of -0.25 V vs. Ag/AgCl. The surface morphology of the synthesized films was then
characterized by scanning electron microscopy (SEM), which depicted conformal growth across
the Ti foil substrate (Figure 1b, Figure S1). With molar Au to Cu ratios of 85:15, 65:35, and
27.5:72.5 in the plating solutions, we achieved approximate Au to Cu stoichiometries of Au;5Cuys,
AusoCusp, and Au,sCuys, respectively, as determined by energy dispersive X-ray spectroscopy
(EDS) analysis (Figure 1c).
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Figure 1. Electrochemical Deposition of Au and Cu ions onto a titanium foil substrate. (a)
Linear sweep voltammograms of a fresh Ti electrode in the plating bath held at 50 °C in the absence
(black) and presence of either 10 mM Au (yellow) or Cu (blue) salts (100 mV s!). The dotted
vertical line indicates the potential chosen (-0.25 V vs. Ag/AgCl) for the co-deposition of Au and
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Cu. (b) Representative SEM images of the Ti foil electrode and three freshly prepared AuCu alloys
(the scale bar represents 20 um in each image). (c) Tabulated values of bulk film composition
following electrodeposition as determined by EDS.

1.0 4 1.0 4
a b ] Auy5Cuyg C Au;5Cuyg
> £ 0.8 4 — AugCus £ 9.8 4 — AugCus,
by C c
2 g 1 — AuyCuys 8 1 — AupsCuys
2 Aug,Cus, O 0.6 1 O 0.6
£ ke . ke,
5 | A @ .4+ S 0.4 4
oW —_ —_
b= Au,.Cu @ 1 —— ]
) o= E024g5 a4 £ 0.2+
s] . o
= g0 = 6.0
L L | L L L rrTrT Tt rt ' I ! I ' I '
35 40 45 50 55 60 65 70 94 92 90 88 86 84 82 950 945 940 935 930
Degrees (260) Binding Energy (eV) Binding Energy (eV)

Figure 2. X-ray Characterization of AuCu films. (a) Grazing incidence X-ray Diffraction
Spectroscopy (GIXRD) of the intermetallic alloys collected at a 0.4° angle offset. X-ray
Photoelectron Spectroscopy (XPS) of the (b) Au 4f with inset showing a progression to higher
binding energies with increasing copper content and (¢) Cu 2p regions.

The crystalline phase purity of the alloy films was determined through grazing incidence X-ray
diffraction (GIXRD) using an optimal angle offset of 0.4° (Figure S2). The GIXRD results showed
pure intermetallic alloy phases for the Au;5Cu,s and AusoCusy composite electrodes with a peak
shift consistent with Vegard’s law, as the lattice parameter is reduced with increasing copper
stoichiometry (Figure 2a). The phase purity is lost in the Au,sCuy;s electrode as three distinct
diffraction peaks are present for the (111) index representing Au-rich, Cu-rich, and an intermetallic
phase. However, the primary reflection of the alloy still follows the trend of the two higher Au-
containing intermetallic samples. In addition, our GIXRD data is consistent with the
characterization within previous report of AuCu alloy intermetallic on titanium foils substrates.?’

The alloy films were further characterized with X-ray Photoelectron Spectroscopy (XPS) to
determine the surface composition (top ~10 nm) of the AuCu alloys (Figure 2b,c). We observe a
higher Cu to Au atomic ratio at the surface than expected from the EDS measurements. This
higher Cu concentration is likely due to the presence of surface oxides that are expected to form
on low coordinate Cu at the surface upon ambient air exposure. The copper oxides have distinctive
satellite features that can be clearly observed in Figure 2c: satellite peaks corresponding to CuO
(940 — 945 eV) for Auy5Cuys and AusoCusg and Cu,O (943 — 947 eV) for Au,sCuys, respectively.
We note that during electrocatalysis, these surface oxides are largely reduced to metallic Cu as
reported in previous literature.3* Indeed, the XPS spectrum of Au;5Cuys after electrolysis showed
a decrease in the Cu to Au atomic ratios, with values that are closer to those of the bulk
stoichiometry found in the initial EDX measurements (Figure S3-4, Table S1-2). Furthermore,
we note that rather than shifting towards lower binding energies, the Au 4f feature shifts to higher
binding energies with increasing Cu to Au ratio (Figure 2b).3 This is another indication of the
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presence of surface oxides on the Cu atoms that vary between the three alloys; as the surface oxides
could influence the energetic/dipole at the surface of the films, which would result in a shift toward
higher binding energies for the Au 4f peak. (Figure 2c¢).

a 1.4

Au;sCuys AlzsCUzs
= Aug,Cus, - — AugCus,
fD‘_*- 1.2 i Atzscﬁﬁ 3.0 5 Atzsc’ﬁ?s
- Cc 4 —0cC
p 1.0 ] 0320 /W’?@,ﬁ — 25 : 0320
~ o CuO v - : CuO
_uoi 0.8 ] / 'i‘_:’:; 2.0 . :
= D6 ] / @ 1.5~ o
ol | St N
5 e - : N b
00 = 00 S Gu-IO Cu-:Cu C-u-A:iV‘VH B
I I | L | I I | I

b3.5—

8960 8980 9000 9020 9040 0o 1 2 3 4 5 6

Energy (eV) Radial Distance (A)

Figure 3. Ex situ X-ray Absorption Spectroscopy. Cu K-Edge (a) X-ray Absorption Near Edge
Structure (XANES) and (b) Extended X-ray Absorption Fine Structure (EXAFS) spectra of AuCu
alloys and relevant copper and copper oxide controls.

To analyze the electronic structure and local coordination environment of the three alloys, we use
X-ray absorption spectroscopy (XAS) of the Cu K- and Au L;-edges. Ex situ XAS characterization
displayed more distinct trends for the Cu K-edge than for the Au L;-edge of each alloy (Figure 3,
Figure S5). In the X-ray absorption near edge structure (XANES) of the Cu K-edge, we observe
an increase in edge energy with increasing Au content, indicating a decrease in the electron density
of Cu within the bulk materials (Figure S6).3> Furthermore, the rising edge feature and post-edge
profile of AusoCusy and Au;sCuys spectra display distinct features that reflect the different
coordination environments in the intermetallic alloy (Figure 3a).3¢ In contrast, the Au,sCuys
spectrum matches most closely with that of a metallic Cu standard, confirming the presence of Cu-
rich phases. Additionally, the XANES profile, edge energies (E,), and the white line intensities of
each alloy more closely resemble those parameters of metallic Cu rather than those of Cu,O and
CuO (Figure 3a). The distinction from Cu,O and CuO and likeness to metallic Cu is made more apparent
by derivative normalized energy plots of the XANES (Figure S6b). Post-edge features are structure-
sensitive components of the XANES spectra and are influenced greatly by the local coordination
environment, interatomic distances, and particle sizes.>>*74For example, both the AusoCus, and
Au75Cuys spectra contain a post-edge feature at about 9000 eV, corresponding to higher oxidation
state Cu (Figure 3a).>¢ Moreover, the post-edge features trend to lower energies with increasing
Au content, which is attributed to the lattice expansion of Cu.3%*'For the Au L;-edge, we observe
the expected reverse trend; the post-edge region features trend towards slightly higher energies
with increasing Cu content, corresponding to the lattice compression of Au (Figure S5a).36:41
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We further explored the local coordination environment of the alloys with extended X-ray
absorption fine structure (EXAFS). All k—space fittings along with EXAFS modeling results can
be found in the supporting information (Figures S7-12, Tables S3-S5). The EXAFS data confirms
the lattice expansion and compression of Cu and Au, respectively. The Cu-Cu bond distances (2.54
+0.01,2.56 + 0.00, and 2.64 + 0.02 A, respectively) in AuysCuys, AusoCuso, and AussCuss shift to
larger values with increasing Au content, indicating Cu lattice expansion. For the Cu K-edge, the
EXAFS data also distinguishes the Au,sCuys material with more metallic copper character, as
higher atomic order is observed with 3 and 4t shell scattering features (within the 4 — 6 A region)
matching with features of the copper standard (Figure 3b).*> Moreover, both the AusoCuso and
Au75Cuys alloys display a clear Cu-Au scattering feature, while Au,sCuys does not (Figure 3b,
Sé6c). Therefore, our ex situ XAS analysis suggests that Cu oxidation state increases with Au
content and Au,sCuys possesses some bimetallic character compared to the intermetallic character
of both AusyCusy and Auy5Cuys, consistent with our characterization of copper-rich phases in the
Au,sCuys alloy by GIXRD. In addition, as the Cu K-edge EXAFS data lacks features of Cu,0O and
CuO, the intermetallic alloys do not contain copper oxide in the bulk (Figure 3b). Furthermore,
the wavelet transformation plots of the ex situ Cu K-edge of the AuCu films more closely resemble
the plot of metallic Cu than those of Cu,O, and CuO standards (Figure S13). Additionally, the
Au;5Cuys and AusoCusy wavelets contain a relatively intense feature corresponding to Cu-Au
coordination (8, 2.25), further confirming their intermetallic character, with a less intense Cu-O
feature. The plot of AuysCuss mostly resembles that of metallic Cu, which again suggests the
presence of Cu-rich domains.
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Figure 4. FElectrochemical Performance of the Au;5Cuys Electrode Material. (a,b)
Chronoamperometry results for the Au;5Cuys alloy between -0.2 and -0.5 V vs. RHE for 1 hiin a
continuously CO, purged solution of 0.1 M KNOs, pH 3.5.

The electrochemical activity for the AuCu alloy catalysts were next evaluated for the convergent
reduction of CO, and NO5 to generate urea. Electrocatalysis experiments were performed in an
electrochemical liquid flow cell using 0.1 M KNOs3, under continuous CO, purging, maintaining a
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pH of 3.5. A series of galvanostatic electrolysis experiments were used to survey the Au;5Cuys,
AusoCusg, and Au,sCuys alloys and their parent metals under both C-N coupling conditions and
isolated CO,RR or NO3;RR control conditions. At the applied current densities of -0.25, -0.5, and
-1.0 mA cm?; all the alloys outperformed both pure Au and Cu catalysts in selectivity for urea
production (Figure S14-S15). Control CO,RR and NO3;RR experiments were conducted using Au,
Cu, and the three alloy composite electrodes (Figure S16). In the CO,RR control experiments, it
was observed that the Au;5Cu,s alloy behaved the most like the parent Au electrode with a high
selectivity for CO, while CO selectivity was reduced in favor of H, evolution with increasing Cu
incorporation. In the NO;RR control conditions, it was found that NO,- was the only major product
across all electrode materials. We speculate CO, plays a critical role in maintaining a low
electrolyte pH necessary for generating further reduced nitrogen-containing products (i.e. urea and
ammonia).*3

We next evaluated the stability of the alloys following electrochemical C-N coupling. The
Au;5Cuys alloy maintained its morphology and stoichiometry by SEM and EDS when electrolyzed
at-0.5 mA cm2, whereas Au,sCuysalloy displayed significant corrosion at the same current density
(Figure S17), The films generally remained intact at lower cathodic potentials (Figure S18). As
the highest selectivity and activity metrics for urea was achieved with the Au;5Cuys electrode, the
potential-dependent performance of Au;sCuys was further explored. Controlled potential
electrolysis was conducted for 1 hour at four potentials: -0.2, -0.3, -0.4, and -0.5 V vs. RHE
(Figure 4). An optimal Faradaic efficiency of 68.6 + 0.8% was obtained at -0.2 V with a current
density of 164 + 11 pA cm=. A peak current density of 354.4 + 9.9 pA cm was achieved at -0.3
V with a Faradaic efficiency of 46.6 = 1.8%. Extended electrolysis using the Au;5Cu,s catalyst at
-0.3 V vs RHE displays only a marginal difference in urea selectivity over three hours (Figure
S19). Urea and nitrite selectivity were found to increase and decrease together within our potential
range, suggesting that their production follows similar yet competing reaction pathways. Ammonia
did not follow this trend; rather its activity scaled with increasing cathodic potentials (Figure 4b).
Electrokinetic analysis showed a rate order dependence of nitrate concentration on the various
observed products. Nitrite production showed a near first-order dependence on nitrate (x = 0.8),
while ammonia production showed a zeroth-order dependence (x = -0.01) (Figure S21). These
trends support a mechanism featuring an early-stage reduction intermediate for C-N coupling

The above finding is in agreement with previous computational pathways for urea production from
NOj; and CO,.31444 In general, nitrate electroreduction to ammonia over polycrystalline metal
and alloy composite materials follows either a PCET of associatively adsorbed *NO or dissociative
adsorption of nitric oxide followed by hydrogenation of *N adsorbates by *H.**-4° In our previous
report on a polycrystalline Au electrode, we found the lowest energetic pathway for urea synthesis
from CO, and NOjs to occur via the coupling of early stage reduction intermediates (*CO, and
*NO, — *NO,CO,), effectively bifurcating selectivity of the NO3;RR pathways away from surface
*NO species and deselecting for ammonia production. The operative intuition behind this work
was to enhance the formation and stability of the *NO, intermediate by synthesizing gold alloys
with varying concentrations of Cu, which is commonly attributed to having enhanced interactions
with adsorbates. Indeed, electrolysis under similar conditions at -0.2 V vs. RHE showed a ~5-fold
increase in urea selectivity balanced with a ~4-fold decrease in nitrite selectivity for the AuCu
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alloy compared results of the polycrystalline Au. The high selectivity for urea is limited to a small
potential window due to competing *NO, reduction to NO,™ (-0.3 to -0.4 V vs. RHE) and *H
formation (-0.4 V vs. RHE). While we cannot spectroscopically resolve *H adsorbates, in situ
Raman spectroscopy supports our electrochemical results: the NO,™ bands increased between the
potentials of -0.2 to -0.4 V but disappeared at -0.5 V where H* adsorbates outcompete NO,-
binding and conversion (Figure S20). We speculate that the increased selectivity for urea at low
applied potentials corresponds with the incorporation of Cu sites that favors the binding of nitrate
reduction intermediates.
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Figure 5. Using Cyclic Voltammetry and d-band Energetics. (a) Cyclic Voltammetry (CV) of
(top to bottom) Au, Au;5Cuys, AusgCusg, AuysCuzs, and Cu in 0.5 M KOH at 100 mV/s, red lines
denote the Cu!*? onset potentials. (b) The linear relationship between Cu content and the onset
reduction potential of the three Au:Cu alloys and a Cu electrode defined as the peak relating to the
Cu" to Cu® reduction feature (red dashes in Figure 5a). (¢) The valence band structure obtained by
X-ray photoelectron spectroscopy representing a shift in the d-band center, towards the Fermi
level, with increasing Cu content.

Previous work has established that the oxygen binding energy of a material is correlated to its
standard reduction potential (Figure S22).2¢ Therefore, cyclic voltammetry can be utilized to
characterize the apparent oxophilicity of the AuCu alloy systems as it pertains to the binding
strength of our proposed, O,0 bound intermediate, *NO,. We find that anodic CVs show
characteristic oxidation and reduction features consistent with the parent metals with similar
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features appearing for the three alloy systems. Owing to the poor distinction between the AuOy
and Cu?"!'* reduction waves, we elected to characterize the Cu'** redox feature (Figure 5a).
Interestingly, we found that this reduction feature scales linearly with the bulk Cu content (Figure
5b); oxidation of Cu* is more favorable with higher Cu stoichiometries. We speculate that the
higher oxophilicity of AuCu alloys compared to metallic Au likely promotes the binding of
NOsRR intermediates, specifically *NO,, during catalysis. To further support this assertion, we
collected the valance band structure via XPS, which displays a progression of the d-band center
towards the Fermi level with increasing Cu content (Figure Sc). This observation follows the
previously espoused d-band theory, which relates the strength of the bond formation between
adsorbate (*NO,) molecular orbitals and transition metal s and d states to the position of the d-
band center.?%-3°

a AupCuzs @ & @ 0.5V b 2.4 o Auycu,, . 05V
0.6 — ! i ! — 1 !
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Figure 6. In situ Cu K-Edge EXAFS of the Au,5Cu;s and Au;5Cu,s. EXAFS spectra for the (a)
Au75Cuys and (b) Au,sCusys alloy electrodes under a potential bias of OCP, -0.3 V, and -0.5 V vs.
RHE in a pH 3.5 solution of 0.1 M KNOs, pH 3.5, under flowing CO, conditions.

To describe changes in the electronic structure and coordination environment of each AuCu alloy
catalyst, in situ X-ray absorption spectroscopy (XAS) was conducted under experimentally
relevant conditions: open-circuit potential (OCP), the catalytically optimized potential of —0.3 V
vs. RHE, and —0.5 V vs. RHE. Only slight changes were observed in the in situ Cu K-edge XANES
spectra of AusoCuso and Aus5Cuys from OCP to -0.3 V (Figure S23).3>3! Notably, an applied
potential of —0.5 V vs. RHE alters the Cu XANES post-edge region of the Au;5sCuys alloy distinctly,
indicating a change in coordination environment that may correspond to surface reduction of
copper oxides.?® This observation is consistent with our electrochemical data: the selectivity and
activity for urea significantly decreases at -0.5 V (Figure 4). In contrast, the Au,sCuss alloy
features a decrease in the rising absorption edge intensity (white-line) and resembles the profile of
the ex situ spectra at —0.5 V vs. RHE (Figure 3a), indicating a decrease in Cu valence and a return
to metallic Cu character (Figure S23).33°! Notably, no significant changes within the Au L;-edge
in situ XANES spectra were observed for all three AuCu alloys (Figure S24).

The in situ Cu K-edge EXAFS modeling revealed distinct changes in the coordination environment
of the alloys during electrolysis (Figure 6, Figure S25 & S26). The Cu K-edge fitting of Au;5Cu,s
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displays a Cu-Cu coordination decrease from OCP (1.05 + 0.41) to —0.3 V vs. RHE (0.89 + 0.44)
and subsequent increase to —0.5 V vs. RHE (1.95 + 0.23) (Figure 6a, Table S3, Figure S27a). We
observe a retention of Cu-O coordination from OCP to —0.3 V vs. RHE for Au;5Cu,s, with
coordination numbers of 0.83 £+ 0.13 and 0.95 £ 0.21, respectively (Table S3, Figure S27b).
Moreover, the Cu K-edge fitting of Au;5Cu,; displays a prominent Cu-O feature at—0.3 V vs. RHE
(Figure 6a).5>3 The retention of Cu-O coordination and prominent Cu-O feature at -0.3 V vs.
RHE even under a cathodic bias may indicate adsorption of reaction intermediates (Figure 6a,
Figure S27 & 28).'2-35-33 Similar coordination number trends were observed for AusoCusg, notably
the retention of Cu-O (Table S4).

In contrast, the Cu K-edge fitting of Au,sCuss shows that the 374 and 4t shell scattering features
(within the 4-6 A region) become more pronounced with more cathodic applied potentials,
indicating higher atomic order in Cu-Cu coordination approaching that of metallic Cu (Figure 6b,
Figure S27).#? In addition, the Cu-Cu scattering intensity of the Au,sCuys alloy increases with
increased cathodic bias; Cu-Cu coordination increases significantly from 5.16 + 0.43 at -0.3 V to
7.96 = 0.31 at -0.5 V vs. RHE (Figure 6b, Table S5, Figure S27a). We also observe a decrease
in Cu-O coordination with increased cathodic bias, with a coordination number of nearly 0 at -0.5
V vs. RHE, corresponding to a decrease in Cu valence (Table S5, Figure S27a).°>>3 The
significant increase in Cu-Cu coordination number for Au,sCuys alloy and the return to metallic
Cu character with increasing cathodic potential suggest a loss of intermetallic character.!2-33:36-51,53
The overall Cu coordination in the AuysCuys alloy is reduced with changes in potential and
subsequently increases at —0.5 V vs. RHE. These features may indicate Cu leaching as a function
of potential, with a loss of intermetallic character into metallic Cu at —0.5 V vs. RHE. We note that
each alloy is likely surface-enriched with Cu since the total coordination number of Cu is lower
than that of Au, which is in accordance with our XPS findings (Figure S29, Table S3-S5). Overall,
the in situ XAS characterization consistently supports enhanced electrochemical stability under C-
N coupling conditions of Au;5Cu,s and AusoCusy compared to that of AuysCuys.

Conclusion

In this work, intermetallic AuCu thin films were prepared to investigate how material design
parameters impact electrochemical C-N bond formation. Through extensive material and
electrochemical characterization, we reveal a correlation between Au:Cu stoichiometry, catalyst-
adsorbate binding, and C-N selectivity. With electrochemical optimization, we found the alloy
with the highest Au loading (Au75Cuys) to be the most selective (~68%) and active (~355 pA cm-
2) for urea production. Moreover, higher Au content was found to positively correlate with film
stability under cathodic polarization. /n situ X-ray absorption spectroscopy under experimentally
relevant conditions corroborated our observations, revealing that higher Au incorporation within
the alloy catalysts maintained intermetallic character and Cu in a higher oxidation state. In
addition, the Cu-O coordination number increased at catalytically relevant potentials, which
suggests enhanced adsorption of potential *NO, reaction intermediates. Our findings highlight
how the tunable nature of alloy materials can be leveraged to facilitate complex electrochemical
reactions such as C-N bond formation.
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