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The rising levels of CO, have spurred growing concerns for our environment, and curbing CO, emissions may not
be practically viable with the expanding human population. One attractive strategy is the electrochemical COy
reduction (CO2RR) into value added chemicals but because of the chemical inertness of the CO5 molecule, the
electrochemical reduction requires a suitable catalyst. Cu-based catalysts have been largely investigated for
CO2RR, however, the difficulty achieving a high selectivity and faradaic efficiency towards specific products,
especially hydrocarbons, is still a challenge, alongside the concern over cost, stability and scarcity of the metal
catalyst. The present research focuses on tuning the crystallinity of Cu nanoparticles via a green, cost-friendly,
and facile method, called the urea glass route. Remarkably, the incorporation of a selected nitrogen-carbon
rich source (namely, 4,5 dicyanoimidazole) at low temperatures allow the formation of an oxidized derived
amorphous Cu system, whilst a second thermal treatment enables the transformation to crystalline Cu®. We found
that the combination of surface Cu® and Cu!* (observed via XPS studies) present in our amorphous and crys-
talline Cu nanoparticles leads to interesting differences in the final catalytic activity when tested under CO2
reaction conditions. The combination of extended X-ray absorption fine structure (EXAFS) experiments and
molecular dynamics simulations provides compelling evidence for the amorphous and metallic nature of Cu
nanoparticles.

1. Introduction

The electrochemical reduction of CO; (CO2RR) into hydrocarbons
and oxygenates such as carbon monoxide (CO), formic acid (HCOOH),
methane (CH4), methanol (CH3OH) and ethylene (C2Hy) is an attractive
approach to simultaneously alleviate the atmosphere from anthropo-
genic CO, emissions and generate value-added chemicals. The main
challenges relate to the high stability of the COy molecule and the
competing hydrogen evolution reaction (HER), which lowers the overall
selectivity and faradaic efficiency (FE). Both problems can be alleviated
using suitable electrocatalysts to activate, and then sustain, the COy
reduction, while addressing the reaction toward the least number of
products. Another challenge relates to the production of so-called C2+
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molecules such as ethylene, ethanol (Cy;HsOH), and n-propanol
(C3H70H). They are one of the most attractive carbon-based chemicals
but face challenges of low current density and poor selectivity due to
unsatisfactory catalysts not capable of hydrogenation and C—C coupling
reactions [1,2]. The electrochemical conversion of CO4 proceeds via an
multi-electron transfer and proton coupling which leads to variety of
gaseous and liquid products [3]. The mechanism for CO2RR simply in-
volves 3 steps, which are as follows: 1) CO, adsorbs onto the catalyst
surface, 2) CO5 is activated and proton transfer occurs, 3) structural
rearrangement and desorption takes place. Different metals are classi-
fied depending on their binding energy. For instance, metals like Sn, Pb,
Hg, and In generate the *OCHO intermediate and thus favour formic
acid production. Whilst Cu is unique because it allows the generation of
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*COH or *CHO intermediates (when the CO5 molecule binds onto the Cu
catalyst), enabling the conversion to such desirable hydrocarbons and
alcohols [4].

Metallic Cu has sparked interest towards the CO2RR [5] due to its
ability to convert CO, into more than thirty products including C2+
molecules and its relative abundance [6,7]. Nonetheless, crystalline Cu
electrocatalysts are not sufficient to attain high FE and selectivity.
Numerous investigations have focused on the optimisation of both
composition and structure of Cu-based electrocatalyst to improve the
overall electrocatalysts performances. These optimizations include sur-
face modification [8,9], metal doping [10,11], alloying [12-14], and
nano-structuring [15-17], just to cite some (see also Table 1). Recent
research has highlighted the higher selectivity of amorphous Cu nano-
particles (NPs) (namely no medium- to long-range structural order) for
formic acid (37 %) and ethanol (22 %) compared to crystalline NPs [18].
This superior performance may originate from the isotropic nature of
amorphous materials, where atoms are arranged in a non-periodic lat-
tice assembly, creating disorder within the structure and loose bonds
between atoms. The formation of defects and ‘dangling’ bonds serves as
special active sites, allowing the electrochemical reaction to proceed
[18]. The benefit of amorphous materials was also observed during the
electrochemical reaction, where species initially inactive were con-
verted into active ones, thanks to the structural flexibility of amorphous
materials [19]. However, only a few studies have considered amorphous
systems in CO2RR [20], and catalysis in general, due to their structural
complexity and difficulties in feature engineering.

There are several strategies to prepare amorphous materials, which,
for simplicity, are here divided into physical and chemical methods
(Fig. 1). Among physical methods, the “collapse” of the crystal structure
can be induced with the aid of high pressure or ball milling [21].
Chemical methods allows to create defects and disorders into the
structure via chemical reactions, such as doping [22], electrochemical
transformation [23], surface modification [24] and more. One of the
main benefit of chemical method compared to physical methods is that
the synthesis can be more easily controlled with the former than the
latter [25].

In the present contribution we introduce a new method to tune the
crystallinity of Cu electrocatalysts, starting from a sol-gel based route.
The conversion from amorphous to crystalline is simply done by
tailoring the composition of precursor, followed by a double thermal
treatment. Both amorphous and crystalline systems were characterised
experimentally and computationally and tested for CO2RR to confirm
the effect of crystallinity over activity. Preliminary results have shown
that crystalline nanoparticles (c-NPs) performed better than the corre-
sponding amorphous nanoparticles (a-NPs).

2. Materials and methods
Copper (II) nitrate trihydrate (puriss. p.a., 99-104 %), Urea (ACS

reagent, 99.0-100.5 %), ethanol (Puriss p.a Absolute >99.8 %) pur-
chased from Sigma Aldrich. 4,5 Dicyanoimidazole, 99 %, purchased

Table 1
The various amorphous Cu-based catalysts for CO2RR in the literature.

Composition FE Potential (V vs Main products  Ref
(%) RHE)
Amorphous Cu 8/7 -1.1 CO/CyHy This
(CuDIR1-350 °C) work
Crystalline Cu 26/
(CuDIR1-550 °C) 16
CuR3 15/
12
Amorphous Cu NPs 37 —-1.4 HCOOH [18]
22 C,HgO
Crystalline Cu NPs ~28 HCOOH
Amorphous CeO,-Cu 25 -0.6 CH3CH,0H [44]
composite 7.9 CH3CH,CH,OH
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Fig. 1. Different strategies to synthesize amorphous materials.

from Thermoscientific.

The standard procedure to prepare Cu® nanoparticles is based on a
modified sol-gel method known as the Urea Glass Route (UGR), tradi-
tionally used for the synthesis of a wide range of products, including
metal carbide (MC) and nitrides (MN), and then adapted for the syn-
thesis of bimetallic systems [26], metal oxides (MO), oxynitrides (MON)
and just recently pure metal ) nanoparticles [27]. The synthetic
pathway to amorphous copper-based system was adjusted from a pre-
viously formulated procedure [13]. In this procedure, copper nitrate
trihydrate, Cu(NO3),-3H20 is first dissolved in suitable amount of
ethanol, resulting in light-blue solutions (Fig. 2). To the resulting solu-
tion, a desired amount of urea is added to achieve a specific urea/metal
molar ratio (R). This was then heated to 350 °C, under Ny, flow, to obtain
crystalline Cu®, which is later discussed as Cu R3. For comparison, a
sample with R = 0 (i.e. without the addition of urea) was also prepared.
In a second step, 4,5, dicyanoimidazole is added to the alcoholic solution
in an amount equivalent to the urea/metal molar ratio. Different stra-
tegies were implemented to tune the crystallinity, such as changing
temperature, dwelling time, and ramping time (figure SI.1-2). In
addition, different DI/metal and urea/metal ratios were tested to check
its influence on the final phase (Figure SI.3 and SI.4.) as this effect was
previously observed for other systems [28]. The mixtures were ho-
mogenized with the assistance of an ultrasonic bath, leading to blue
viscous gel-like precursors. These blue “gels” were then thermally
treated under Nj flow up to 350 °C, resulting (upon cooling) in a black
shiny powder. This sample was found to be amorphous as confirmed by
XRD (Fig. 3A) and is named CuDIR1_350 °C in the discussion. Then, the
as-prepared powders were reheat-treated up to 550 °C, leading to
crystalline Cu. This sample is further discussed as CuDIR1_550 °C.
Characterization of the powders, before and after the second
heat-treatment, showed the presence of copper phase but with a com-
plete change in the crystallinity of the final material.

2.1. Electrochemical testing

Electrochemical characterisation

To perform the preliminary qualitative CO tests at first the ink of the
catalyst had been prepared mixing the material, 900 pL of DI water, 100
pL of 2-propanol and 50 pL of Nafion and sonicated for one hour.
Working electrodes had been prepared by drop-casting 5 pL of ink on
glassy carbon (3 mm diameter) electrode and allowed to dry at room
temperature for 30 mins in ambient air.

The qualitative CO2RR tests were performed using a three-electrode
cell set-up. The Autolab potentiostat was employed with an Ag/AgCl (3
M KCl) as a reference electrode, and platinum sheet as counter electrode.
All the measurements were performed in CO, saturated 0.1 M KHCO3
electrolyte at room temperature. Linear sweep voltammetry (LSV) was
performed in the range of —2 to -0.6 V (vs. Ag/AgCl) with a scan rate of
500 mV/s. The polarization curves were iR corrected manually.

Products analysis.

All of the current densities were collected by a standard three-
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Fig. 3. (A) XRD patterns of CuDIR1 in the presence of urea after first and after second heat-treatment (up to 350 °C and 550 °C, respectively) compared to Cu R3
prepared by classical UGR. Marked (*) peak at 26° is attributed to carbon phase (ICDD 04-015-2407) and Marked peak (#) attributed to Cu,O (ICDD 01-091-2930).
(B) Raman spectra of CuDIR1_350 °C, CuDIR1_550 °C, and Cu R3. (C) Cu K-edge XANES spectra of amorphous CuDIR1_350 °C compared to Cu, CuyO and CuO
powders diluted in cellulose and enlargement of the Cu K-edge XANES spectra of the absorption edge position (see inset).

electrode configuration on an electrochemical workstation (CHI 660,
Shanghai Chenhua), using a Ag/AgCl electrode as the reference elec-
trode, gas diffusion electrode as working electrode and a platinum as the
counter electrode. The applied potentials were converted to the RHE
using the equation:

E(vs.RHE)= E(vs.Ag / AgCl)+0.197V + 0.0591 x pH.

For the CO2RR performance, the catalysts were loaded onto GDL and
tested in a flow cell (Gaoss Union). CO, with the flow rate of 20 mL
min~! was passed through the gas chamber at the back side of the GDL
(1 x 1 cm?). The quantification of gaseous products was conducted on a
gas chromatograph (GC). Gas-phase products were sampled every 20
min using high-purity nitrogen (N3, 99.999 %) as the carrier gas. The
column effluent (separated gas mixtures) was first passed through a
thermal conductivity detector (TCD) where hydrogen was quantified;
then CO2RR products was quantified by FID. According to the peak areas
in GC, the FEs were calculated using the following equations:

nxFV

Jtotal

FE = x 100%

where n is the number of electrons transferred, x is the mole fraction of

the product, F is faradaic constant (F = 96,485 C mol™1), V is the total
molar flow rate of gas, and jioq is the total current.

Preparation of cathode electrodes. The catalyst ink was prepared by
ultrasonically dispersing of 5 mg sample and 50 pL Nafion solution (5%)
in 450 pL anhydrous ethanol for 30 min. Then, 100 pL of the as-prepared
catalyst ink was drop-coated on the carbon paper electrode (S = 0.5 cm
x 2 cm) with a loading of 1 mg/cm? The electrode was then dried
slowly under room temperature for the subsequent electrochemical
tests.

2.2. Computational methods

The molecular dynamics (MD) calculations were conducted using
“Vienna ab initio simulation package” (VASP, version 6.4.0) [29].
Interatomic interactions were described using a machine learning force
fields (ML-FF) generated via the on-the-fly machine learning method
implemented in VASP. The ML-FF were learned and trained on-the-fly
during an ab-initio MD (AIMD) simulation [30,31] in the
constant-pressure, constant-temperature (NPT) ensemble using a Lan-
gevin thermostat for temperatures varying from 100 K to 2700 K. The
simulations started from a (3 x 3 x 3) super cell of the copper and
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copper oxide bulk structures optimized at the spin-polarized density
functional theory (DFT) level of theory with the Per-
dew-Burke-Ernzerhof (PBE) exchange correlation functional. During
the AIMD simulations, a single k-point (1 x 1 x 1) was used together
with a plane-wave basis set within the framework of the projector
augmented wave method [32]. The kinetic energy cut-off was set to 550
eV. The ML-FF were employed to generate amorphous forms of metallic
copper (Cu), copper(I) oxide (cuprous oxide, Cus0) and copper(Il) oxide
(cupric oxide, CuO) using the melt-and-quench method [33]. Starting
from the DFT optimized bulk structures, the (3 x 3 x 3) supercells of Cu
(108 atoms), Cus0O (162 atoms) and CuO (216 atoms) were heated to
3000 °C in the NPT ensemble to obtain a liquid phase. Then, we cooled
the liquid to an amorphous phase by performing a series of NPT simu-
lations for 40 ps each, decreasing the temperature by 300 K at each step
until reaching 300 K. Finally, we equilibrated the amorphous phase for
20 ps at 300 K. The last configuration of the MD trajectory at 300 K was
subject to geometry optimisation. The X-ray Absorption Fine Structure
(XAFS) spectra of the Cu K-edge was collected at beamline B18 of Dia-
mond Light Source (UK). Monochromatic beam between 6.34 keV and
9.98 keV (kmax = 16) was introduced through a bending magnet and
Pt-coated Si(111) double crystal monochromator. The beam size at the
sample was approximately 1.0 x 1.0 mm2 and the photon flux was
~1011 pH/s (no attenuation). The XAFS spectra were collected in
transmission mode, and the intensity of the incident beam (10) and the
transmitted beam (It) was monitored by ionization chambers (filled with
a mixture of He, Ny, and Ar). Samples were diluted with cellulose before
pressing into 13 mm diameter pellet and the XAFS spectra of each
sample were measured for at least 3 times and merged to improve the
signal-to-noise ratio. Metal foil was measured simultaneously for each
sample as a reference for energy calibration. XAFS data was analyzed
using the Demeter software package (including Athena and Artemis,
version 0.9.26).

3. Results and discussion
3.1. Bulk structure and ordering

The phase composition of the as-prepared powders was investigated
via X-rays diffraction (XRD, wide angle). Fig. 3 reports the XRD, Raman
and EXAFS of the materials prepared with the assistance of DI after the
first and second heat treatment.

The XRD patterns of the CuDIR1 samples (prepared with urea)
(Fig. 3a) show that the addition of 4,5 dicyanoimidazole leads to no
crystalline phases (no diffraction peaks are observed) and only an
amorphous phase, attributed to a carbon content (broad peak around
26°, ICDD 04-015-2407) is seen. On the other hand, it can be observed
that the samples prepared using urea in the absence of 4,5 dicyanoi-
midazole only are made by a crystalline Cu phase (ICDD 00-003-1005),
regardless of the urea/metal ratio (R). However, it can be also noted that
with increasing the urea/metal molar ratio, a slight reduction in the
intensity of the peaks occurs, somehow indicating a decrease in crys-
tallinity (see SI.4). The effect of increasing urea/metal ratio is more
visible on peak broadness, which increases going from R = 0, 3, and 5
(FWHM = 0.13400, 0.19138 and 0.23252, respectively), indicating
again a lower degree of crystallinity or smaller sized nanoparticles (see
Table SI.6). We observe a small peak on Cu R3 marked as (#) which is
identified as CupO (ICDD 01-091-2930), possibly due to surface
passivation. Increasing both the DI amount and R led to the sharpening
of the carbon peak, which became more prominent with increasing DI/R
ratios, but no peaks attributable to any Cu species can be observed
(Figure SI.3.). Yet, the presence of Cu in the amorphous samples was
confirmed by SEM-EDX investigation (Figure SI.5-6). Interestingly,
when the amorphous CuDIR1 (presence of urea) undergoes a second
heat-treatment, a crystalline Cu phase is formed. The second heat-
treatment influenced the carbon phase too, with a noticeable decrease
of the peak intensity (*marked peak, ~26°). Clearly, the second heat-
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treatment serves to remove the excess carbon phase. EDS investigation
seems to confirm this observation, and a C reduction (from 29 wt% to
17.3 wt%) was observed for the amorphous CuDI1R1 samples, before
and after second heat treatment, respectively (Figure SI.6-8). This
outcome supports the conclusion that the partial release of the carbon
matrix is contributing to the crystallisation of Cu. Here it is important to
mention that the one-step heat treatment only, directly up to 550 °C,
resulted in the formation of crystalline cu’ (figure SI.9).

Raman spectroscopy is a useful tool to deduce the structure, partic-
ularly defects and the disorder nature of the Cu-based samples. The
Raman spectra of the samples exhibit two distinct peaks at around 1306
em1-1349 cm ™! and 1532-1594 cm ™! corresponding to well defined D
band and G band (Fig. 3b), respectively. The intensity ratio of the D and
G bands (Ip/Ig ratio) allows to estimate the defects of Cu based samples
where a higher ratio ensures more defects on Cu [34]. The calculated
Ip/Ig ratios of CuDIR1_350 °C, CuDIR1_550 °C and Cu R3 are 0.75, 0.99,
and 0.97 respectively. Interestingly, a higher Ip/I; ratio is seen for the
crystalline Cu samples (i.e. Cu R3 and CuDIR1_550 °C) compared to
amorphous Cu (CuDIR1_350 °C) which depicts the defective nature on
the carbon for both crystalline samples compared to amorphous Cu
system. Interestingly, we also observe a shoulder about ~1198 cm™! on
the CuDIR1_350 °C (amorphous Cu) which is attributed to the disorder
sp3 carbon phase. [35] The shoulder observed for CuDIR1_350 °C
(amorphous Cu) appears to be more prominent compared to the crys-
talline Cu samples. In order to understand the coordination environment
of Cu in the amorphous and reheated crystalline Cu system, X-ray ab-
sorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) were performed. As shown in Fig. 3C (see inset),
the absorption edge position of amorphous CuDIR1 is located between
the standard references of Cu foil and CuO, indicating the valence state
of Cu atoms in the amorphous Cu system is higher than metallic Cu®
possibly suggesting an oxidized derived Cu system. However, the XAS
measurement of the reheated crystalline Cu seems to confirm the pres-
ence of metallic Cu’ (Figure SI.10). The XAS data shows that the
amorphous CuDIR1_350 °C is closer to CuO standard, while the reheated
CuDIR1_550 °C sample is closer to the foil pattern (Cu) (Figure SI.11).

The total radial distribution function (RDF) of Cu, Cu,0O, and CuO in
Fig. 4 generated by the melt-and-quench MD simulations shows the
absence of medium- and long-range order typical of a crystalline phase,
confirming their amorphous structure. The first peak at 1.88 A for
amorphous Cuy0 and 1.94 A for amorphous CuO corresponds to the
average Cu-O bond length of the first shell. The peak at 2.49 A for
amorphous metallic Cu corresponds to the average Cu-Cu bond length.
The subsequent RDF peaks of both amorphous copper oxides and
metallic copper are broadened, due to the loss of long-range crystal
ordering in their amorphous structures. The comparison between
experimental EXAFS (Fig. 4(a, up)) and computational (Fig. 4(b,
down)) data seems to confirm the presence of different oxidation state
for copper in the Cu-based amorphous structure. The first peak at 1.45 A
in the experimental RDF is attributed to the Cu-C bond based on the
results by Shi et al. [36], who observed a major peak at 1.48 A. The peak
around 2.4 A is likely to be that of the Cu-Cu bond, as it matches the MD
predicted RDF of amorphous Cu, where the first peak is at 2.5 A.
Moreover, amorphous Cu has a minimum at 3.5 A based on the
computational RDF, which is also reflected in the experimental RDF,
where there is also a minimum around 2.9 A, further confirming the
presence of amorphous Cu. The EXAFS spectrum might confirm the
presence of Cuy0. The first peak for Cuy0 in the computational RDF is
around 1.88 A. However, in the experimental RDF, this peak may be
merged with the Cu-C peak at 1.45 A and the Cu-Cu peak at 2.49 A.
Nevertheless, the comparative analysis of the experimental and
computational RDFs confirms the presence of a Cu-based amorphous
system, consisting of a mixture of Cu-C, Cu-Cu, and Cu-O bonds.

Electrocatalytic CO3 reduction reaction

The electrochemical performance was tested on the samples and the
LSV and faradaic efficiencies are shown in Fig. 5a and b. The LSV shows
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Fig. 4. (a, up) The Fourier transform curves in the r space of amorphous
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Radial distribution function of the amorphous forms of metallic copper (Cu),
copper(l) oxide (Cu,0) and copper(Il) oxide (CuO) obtained from melt-and-
quench MD simulations.

that current density reaches around —30 mA/cm? for Cu R3 (Black
curve), —20 mA/cm? for CuDIR1_350 °C (Amorphous, Red Curve) and
around —35 mA/cm? for CuDIR1_550 °C (reheated, green curve). The
reheated crystalline CuDIUR1_550 °C has the highest current density
(more negative, about —35 mA/cm? at —1.5 V) indicating the highest
CO2RR activity in terms of electron transfer and shows the best perfor-
mance in CO2RR, as it produces more valuable CO (26%) and CoHy4
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(16%) compared to other samples. It must be pointed out, however, that
the amorphous CuDIR1 might have been affected by the drop casting
preparation methods, which lead to some inhomogeneity on the surface
of the working electrode and allowed a lower loading of materials on the
glassy carbon tip. We observe both crystalline Cu R3 (classical UGR) and
reheated CuDIR1 (modified UGR) present a better selectivity towards
CO compared to the amorphous CuDIR1 (Fig. 5b). Surprisingly, there is
a significant increase in hydrogen for the amorphous CuDIR1 compared
to the reheated crystalline CuDIR1.

Activity could be further increased by introducing more active sites,
as previously demonstrated [13]. In fact, it was expected to observe an
improved performance from the amorphous Cu compared to crystalline
Cu, considering that the intrinsic irregular atomic structures of amor-
phous CuDIR1 should hold more defect sites, larger active surface, faster
mass transfer and a stronger CO, adsorption [18,37]. However, more
sophisticated techniques are needed to rationalize this result, alongside
the effect of the competitive HER.

Surface composition and morphology

To have a better understanding of the surface composition in the
amorphous samples, X-ray photoelectron microscopy (XPS) was per-
formed. The full scan survey XPS analysis in Tables SI.1 and SI.2
indicated the presence of Cu, C, N and O elements in the amorphous
samples. Fig. 6a (top) shows the high-resolution Cu 2p XPS spectra of the
amorphous CuDI1R1. For the as-prepared amorphous Cu nano-catalyst,
we observe Cu’/Cu'* at 932.82 eV and 952.5 eV along with Cu®*
located at 935.31 eV and 954.98 eV. In fact, distinguishing Cu'* from
Cu® via XPS is not trivial due to similar binding energies [38]. The Cu 2+
is possibly derived from Cu(OH),, usually expected at 935 eV [39].
Interesting to note, by comparing the high-resolution Cu 2p spectra of
both amorphous and crystalline Cu (Fig. 6b, bottom), a visible chemical
shift is observed to lower binding energy after the second heat treatment
t0 932.58 eV and 952.37 eV attributed to Cu® along with Cu?" located at
934.84 eV and 954.26 eV [40]. In addition, a lower amount of Ccu®t
species is observed in the reheated (crystalline) Cu, which could be
attributed to CuO arising from a possible surface passivation [41].
Interestingly, we also observe higher content of Cu®/Cu'*, at least on the
surface, in both reheated Cu (in presence of DI) and crystalline Cu
(without DI, see Figure SI.12), compared to the amorphous Cu. This
could explain the better catalytic activity observed in the crystalline Cu
system, compared to amorphous Cu, since the presence of more Cu® and
Cu'? is found to have a positive influence on the catalytic activity, as
observed by Xiao et al. [42], who also demonstrated how the synergy
between the surfaces of both Cu'* and Cu® results in greater kinetics and
thermodynamics for both CO5 activation and CO dimerization, ulti-
mately enhancing activity toward the CO2RR. Another interesting result
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Fig. 5. Performance in electrocatalytic COoRR on Cu R3, CuDIR1-350 °C (amorphous) and CuDIR1-550 °C (reheated) of LSV (A) and Faradaic efficiencies of
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Fig. 6. XPS showing high resolution of (a) Cu 2p spectra of amorphous CuDI1R1-350 °C (top) and after second heat treatment of reheated crystalline CuDIR1_550 °C
(bottom). (b) C 1 s spectra of amorphous CuDI1R1-350 °C (top) and after second heat treatment of reheated crystalline CuDI1R1-550 °C (bottom).

of the combination of surface Cu® and Cul™ (during the CO2RR) is that
the pathway to C2+ is more favoured than the one to Cl1 products,
allowing the possibility to obtain more complex molecules, which are
one of the current challenges till this day. Further investigation was
performed on the high-resolution C 1 s spectra (Fig. 6B). It was observed
that for the as-prepared amorphous Cu, the peak located at ~286 eV had
a higher content of C—O compared to after the second heat treatment
(Table SI.5). The peak at 284.80 eV can be ascribed C—C/C = C (28.88
at%), however, after the second heat treatment, we observed a larger
area (34.62 at%) at 284.80 eV, which was attributed to the sp2 hybri-
dised C = C (graphitised carbon) [43]. In addition, XPS confirmed that
the amount of carbon, at least on the surface, is greater for samples
prepared in the presence of both DI and urea than in the presence of DI
only (i.e. in the absence of urea), as expected and shown in

Tables SI.1.-S1.4.

SEM investigation revealed some differences between the as-
prepared amorphous and crystalline samples and marked morpholog-
ical changes can be observed (Figure SI.13). After the second heat
treatment, the formation of particles on the surface can be observed;
these particles were identified as Cu by EDX mapping (Figure SI.7-8).
Remarkably, when the amorphous samples were prepared at a higher
DI/R (e.g. molar ratio = 5), a visible difference on morphology was seen,
with the formation of spheroidal particles on the surface (figure SI.14),
rather than the porous-like structure observed for lower DI/R molar
ratio (e.g. molar ratio 1). Clearly, the concurrent increasing of the urea/
metal and DI/metal molar ratio has an influence on the material final
morphology. Further characterizations were also performed, including
FT-IR and TGA, to confirm the different nature of the starting gels

*Ccu (11
d=0.213 nm

Fig. 7. HR-TEM images of CuDIR1 after the first (A) and the second (B) heat-treatment, respectively
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prepared with and without urea and/or DI assistance (Figure SI1.15-16).

The different appearance of the samples prepared with DI (in pres-
ence of urea) before and after the second heat-treatment can be observed
by TEM investigation (Fig. 7). While the double treated sample shows
the presence of lattice fringes confirming the presence of crystallinity,
the sample after one treatment only, showed a “cloud-like” structure, no
lattice fringes and particles are observed (Fig. 7a), somehow indicating
its amorphous nature.

4. Conclusions

In this study, a facile, cost-effective, and eco-friendly pathway to
synthesize amorphous oxidized-derived Cu catalyst at low temperatures
(T =350 °C) is presented. We have showed how the incorporation of the
nitrogen-carbon rich 4,5 dicyanoimidazole (DI) can help to tune the
crystallinity and morphology of the final nanoparticles, going from
amorphous to highly crystalline Cu® nanoparticles. The structural
(amorphous vs crystalline) and compositional (metallic vs oxide) prop-
erties of the Cu nanoparticles were revealed by a combination of EXAFS
and MD simulations, which confirmed the medium- and long-range
disorder and the presence of both oxides and metallic Cu in the samples.

In our study, we also investigated the role of crystallinity in the CO5
reduction reaction (CO2RR) by exploring the performance of amorphous
to crystalline Cu catalysts synthesized using our novel Urea Glass Route
procedure. The Cu-based catalysts were tested for COoRR but, contrary
to expectation, the crystalline system showed better catalytic activity
towards CO5RR, based on LSV electrochemical characterisation. To
explain this behaviour XPS studies were performed, showing a higher
content of surface Cu’/Cul" in the crystalline Cu system compared to
the amorphous Cu-based catalyst, somehow indicating a positive effect
with regards to the catalytic activity. We can then hypothesise that the
presence in the material surface of both surface Cu® and Cu!™ creates a
synergistic effect enabling CO3 activation and CO dimerization to occur
faster, hence boosting the CO,RR. Interestingly, the CO,RR performance
of reheated crystalline Cu NPs, prepared with the assistance of DI and a
double-step heat treatment, showed a better selectivity toward CO
compared to amorphous Cu system and crystalline Cu R3 (prepared via
traditional urea without DI). As observed, the transition from amor-
phous oxidized Cu catalyst (prepared at 350 °C) to crystalline Cu® phase
(prepared at 550 °C), the degree of crystallinity appears to influence
product distribution. We acknowledge that the current catalytic per-
formance of our Cu-based catalysts, specifically the faradaic efficiency
for C2+ products, is lower compared to other reported Cu based cata-
lysts. Our findings demonstrate that the transition from amorphous to
crystalline phases in Cu catalysts introduces significant structural and
catalytic changes, which provide important insights into how crystal-
linity influences product selectivity and catalytic behavior in CO2RR.
Our data suggests that different heat treatments leading to different
crystal phases could play a role in the catalyst’s selectivity. The results
presented in this study suggest that the structural properties of the Cu
NPs play a major role in tuning the catalytic activity, more than surface
area itself.
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