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Abstract

Nanoparticles are widely regarded as optimal for catalytic reactions; however, larger particles with
highly active surfaces may offer an intriguing alternative for advancing catalytic technologies. This
study employs pulsed laser melting to transform colloidal copper/magnetite nanoparticles into surface-
active submicron CuxFes.x04-CuyO-Cu,Fe1., composite particles, tailored for ethanol oxidation fuel
cells. The findings reveal that colloidal particles tend to cluster into either homogeneous or
heterogeneous aggregates, mediated by the surrounding liquid. This clustering aids the formation of
desired phases during pulsed laser processing. Temperature-dependent thermodynamic phase
transitions, combined with pulse-driven heating-cooling dynamics, promote copper oxidation and
magnetite reduction, achieving both compositional control and microstructural surface activation. The
synthesized heterostructures demonstrated excellent performance in ethanol oxidation, both as primary
catalytic materials and as activity-enhancing supports for platinum. Oxidation state analysis post
electrocatalysis indicated a reduction in graphite bonds and an increase in oxygen bonds, attributed to
the high oxygen content of the catalysts’ surface. The electrocatalysis ethanol oxidation process
generated potent oxidizing agents, including ozone, oxygen and hydroxyl radicals, with the ability of
degrading the sp? hybrid structure of graphite. Despite their submicron size, the kinetically activated
composite particles exhibited exceptional surface activity, positioning them as cost-effective

alternatives to the conventional catalysts for fuel cell technologies.

Keywords: Laser-colloid interaction; Submicron composite particles; Molecular dynamics; Oxidation-

reduction phenomena; Electrocatalysis ethanol oxidation



1. Introduction

The interplay between lasers and matter has long captivated the scientific community, offering
unparalleled opportunities for the precision synthesis of advanced materials [1-3]. Pulsed laser
irradiation in suspension (PLIS) also known as pulsed laser melting in liquid (PLML) has emerged as
a transformative approach in this field, enabling the production of composite particles with tailored
compositions, architectures, and properties. This technique relies on the absorption of laser energy by
nanoparticles suspended in a liquid medium, triggering rapid, localized heating that leads to melting
and subsequent phase formation. Remarkably, solvent molecules, being largely transparent to the laser
wavelength, remain thermally unaffected, preserving ambient conditions and enabling unique
thermochemical reactions at the nanoparticle-solvent interface [4-10]. The rapid heating-cooling cycles
intrinsic to PLIS drive phase transformations that frequently deviate from thermodynamic equilibrium,
facilitating the formation of metastable or kinetically stabilized phases, especially on the surface of
particles [4]. Phase formation during PLIS is governed by a complex interplay of nanoparticle
temperature, solvent dissociation, and interfacial interactions [11-15]. When laser energy is absorbed,
nanoparticles experience significant temperature increases, initiating bond dissociation in nearby
solvent molecules. These dissociated species then diffuse into the molten nanoparticles, driving phase
formation through bond reorganization. Factors such as laser fluence, nanoparticle size, solvent
composition, and pulse dynamics play critical roles in shaping these transformations. Despite its
immense potential, PLIS remains underexplored, particularly regarding the precise mechanisms
governing phase transitions and the role of kinetics in stabilizing unique phases which could be
beneficiary for catalytic reactions [16].

In this study, we harness PLIS to synthesize submicron Cu-Fe-O heterostructures, a material system
recognized for its exceptional catalytic properties. Copper-based materials, including Cu oxides and
ferrites, have garnered attention for their diverse applications in catalysis, clean energy generation, and
sensor technologies [17-29]. Copper exhibits high catalytic activity, thermal conductivity, and chemical
stability, making it a cornerstone material in electrocatalysis and photocatalysis. Similarly, ferrites such
as CuFe,04 are prized for their spinel structure, high magnetic stability, and excellent performance in
energy-related applications, including Li-ion batteries and electrochemical cells [30-40]. Cu-Fe-O
heterostructures, which integrate the catalytic properties of copper and the magnetic functionality of
ferrites, hold significant promise for ethanol oxidation fuel cells. Their magnetic properties facilitate
catalyst separation and reuse via external magnetic fields, enhancing recyclability. Additionally, spin-
polarized electron transfer in ferrite phases may influence charge transfer dynamics, potentially
improving catalytic efficiency [41-45]. Ethanol oxidation is a critical process in energy conversion
technologies, with its efficiency heavily dependent on the catalyst's activity, durability, and resistance
to deactivation. The lower toxicity and cost-effectiveness of ethanol make it a suitable and promising
fuel for energy systems aimed at reducing dependence on fossil fuels. In a direct ethanol fuel cell

(DEFC), ethanol is oxidized to carbon dioxide and water, consuming hydroxyl anions during the



process. Conventional DEFCs have typically relied on platinum and palladium as catalysts, due to their
high efficiency in promoting ethanol oxidation. However, these precious metals suffer from limitations,
including high cost, low abundance, and surface poisoning by carbon monoxide, leading to reduced
catalytic performance over time [46-49].

In recent years, there has been a growing interest in developing low-cost and efficient electrocatalysts
to replace platinum and palladium in DEFCs. One promising alternative is the use of copper-based
materials, which exhibit excellent catalytic activity for ethanol oxidation, especially in metallic and
oxide forms. Copper oxides, such as CuO and CuFe;0., offer superior catalytic performance, with the
ability to activate C-H bonds in ethanol molecules and facilitate the oxidation reaction. These materials
exhibit a combination of active sites and varying oxidation states that are critical for enhancing reaction
kinetics, improving resistance to deactivation, and achieving long-term stability. In particular, CuFe;O4
and similar mixed metal oxides and alloys are known to benefit from synergistic effects between copper
and iron species, improving catalytic efficiency and enabling sustainable operation [50-52].

Beyond fundamental electrocatalytic studies, the scalability of the synthesis method is an essential
factor for real-world applications. Pulsed laser irradiation of colloid as a novel synthesis method allows
for continuous catalyst production in a liquid-phase environment. Compared to conventional laser
ablation in liquids (LAL), which typically yields milligram-to-gram quantities per hour, our method
demonstrates one to two orders of magnitude higher productivity. This suggests that the material yield
can reach the gram-to-kilogram per hour range when scaled with higher-power laser sources and parallel
beam configurations, making it a promising technique for industrial catalyst production [2, 4].

Our approach leverages the precise compositional control and phase-tuning capabilities of PLIS to
synthesize heterostructures optimized for electrocatalysis ethanol oxidation reactions. By
systematically varying key parameters, including laser fluence, solvent type, nanoparticle size, and
Cu/Fes04 ratios, we aim to achieve fine control over the microstructure and composition of the
synthesized particles. Detailed thermodynamic modeling and molecular dynamics simulations provide
insights into phase stability and formation mechanisms, shedding light on the kinetics driving these
transformations. Additionally, we analyze the oxidation state variations and microstructural
characteristics of the synthesized submicron particles. The resulting heterostructures are tested both as
primary catalysts and as supports for platinum catalysts, with oxidation state analysis before and after
electrocatalysis revealing changes in surface chemistry. This investigation not only advances the
understanding of laser-suspension interactions and phase formation mechanisms but also establishes a
novel platform for developing next-generation catalytic materials. By bridging fundamental insights
with practical applications, our work positions PLIS as a powerful tool for engineering heterostructures
tailored to meet the demands of modern electrocatalysis and energy conversion technologies,

particularly in the development of low-cost, high-performance catalysts for ethanol oxidation fuel cells.



2. Experimental and modeling procedure

2.1. Synthesis

In this study, raw nanoparticles including copper (obtained from US Research Nanomaterials with a
purity of 99.9% and a size of 40 nm) and magnetite nanoparticles (two variants - one bought from US
Research Nanomaterials with a purity of 99.5% and a size of 30 nm, and the other produced using
conventional co-precipitation from FeCl, and FeCls; with an average size of 6 nm) were employed.
Nanoparticles were dispersed in ethanol (POCH solvent, 99.8% purity) to create suspensions with a
concentration of 0.0027 grams per liter. These suspensions were then treated with an ultrasonic device
before being transferred into a sealed cell with a transparent quartz window (wavelength of 523 nm).
An unfocused pulsed Nd:YAG laser operating at 523 nm with a frequency of either 10 or 33 Hz was
utilized to irradiate the mixtures. Energy densities ranging from 200 to 300 mJ/cm? per pulse were
applied to the colloidal suspensions for a duration of 60 minutes. The molar ratio of Copper (Cu) to Iron
Oxide (Fes04) was consistently 1:1 in all samples, except for samples PLIS7 and PLIS8 where it was
altered to 3:1 and 1:3, respectively. Ultrasonic agitation was implemented during the irradiation process
to prevent sedimentation of suspended particles and agglomerates. The samples underwent coding
based on variations in laser intensity, particle size, solvent type, powder molar ratio, and pulse repetition
time (Table 1 and Fig. S1).

2.2. Characterizations

The structure of the particles obtained was analyzed using scanning electron microscope (SEM)-Hitachi
S4800. To determine the average size of the particles, the diameters of 50 particles from each SEM
image were measured. The crystal structure of the particles was examined using an X-ray diffractometer
(XRD, PANalytical X’Pert Pro) with Cu K, radiation (A = 1.54 A) at an operating current of 30 mA and
voltage of 40 kV. The hydrodynamic diameter and Zeta potential of the particles were assessed using
dynamic light scattering (DLS) with a Malvern Zetasizer Nano-ZS instrument equipped with a He-Ne
laser (wavelength of 633 nm) at a backscattering angle of 173°. The nanoparticles microstructure were
examined using scanning transmission electron microscopy (STEM) with the High Angle Annular
Dark-Field detector (HAADF). This analysis was performed in both standard and high-resolution
modes on a cutting-edge FEI Titan electron microscope operating at 300 kV. The microscope was
equipped with aberration correction and a field emission gun (FEG) cathode to ensure accurate imaging.
To determine the chemical composition of the nanoparticles, Energy Dispersive X-ray Spectroscopy
(EDS) was utilized. The EDS analyses were conducted using a FEI Talos Transmission Electron
Microscope (TEM) operating at 200 kilovolts, equipped with a Field Emission Gun (FEG) cathode and
four in-column EDS detectors as part of the Super EDS system. Finally, a FEI Tecnai Qsiris, 200kV
transmission electron microscope (TEM) was used to produce the high-resolution images for d-spacing
analysis by fast Fourier transform (FFT). X-ray Photoelectron Spectroscopy (XPS) investigations were
carried out in a multi-chamber Ultra-High Vacuum (UHV) setup with a SES R4000 hemispheric energy

analyzer from Gammadata Scienta and a non-monochromatic AlKo source (12 kilovolts, 15



milliamperes). Additional information on the XPS measurements can be found in the corresponding
authors’ recent publication [16]. Since nanoparticles analyzed by XPS were placed on a silicon
substrate, adjustments had to be made to account for the low conductivity of the system. Calibration
was performed to set the binding energy (BE) of the alkyl (C-C/C-H) component of the C 1s spectrum
at 285.0 electron volts. Finally, the optical properties of synthesized particles were characterized by
UV-vis absorption spectroscopy (UV/VIS Helios Alpha by UNICAM) and fluorescence spectroscopy
(Varian Eclipse).

2.3. Phase diagrams

2.3.1. Laser-based phase diagrams

The temperature of the particles was calculated according to the procedure described in [16]. The laser
fluence required for each transition as a function of particle size (J-D diagram) and the maximum
temperature of the particles (T-D diagram) were calculated as follows,

J%ys(d) = mpAH €)
Here, J is the laser fluence (J.cm2pulse™), o2, is the absorption cross-section of particles (cm?), m,

is the particle mass (g), and AH is the enthalpy of the particles (J g™%).
Mie theory was used to calculate the absorption efficiency of particles using MiePlot software (ver.
4620, http://www.philiplaven.com/mieplot.htm). To calculate the enthalpy of the phases, the reaction

pathway was first determined by analyzing the Gibbs free energy of the probable transitions and
reactions for each constituent phase. The reaction pathway and the calculation of the enthalpy of copper

have been reported previously [49]. The enthalpy of FesO4 was calculated as,

AH = f;;m 656304(5) (T)dT + AHm + f7:[7;1176304(l)aFeO(l) (:11;6304(1)(T)dT + AHFe304(l)—>Fe0(l) +

TFe —>Fe FeO(l
FeoWy=Feo(a) Cpe ()(T)dT + AHpeo(1)-Feo0(g) 2)

TFe304()~Feo(l)

Where, le €304(5), sz ¢304() and sz €0 (3 g 'K ?) are the heat capacities of solid FesOx, liquid FesOq
and molten FeO, respectively. Moreover, AH,,, AHge.0,1)-Feoq) @0 AHpeo1y>Feo(g) (I g b are the
latent heat of Fe;O,4 fusion and Fes;O4(1)-FeO(l) and FeO(l)-FeO(g) transitions occurring at T, ,
Tre,0,(1)~Feo): AN Treo)—reo(g) (K) temperatures, respectively.

The temperature evolution of the particles during simultaneous energy absorption and heat release was

represented by temperature-time diagrams (T-t), which were calculated with,
dE dE d

a dibs B d_ctl )
Here E is the energy of the particle, Eass is the absorbed energy, and g is the heat dissipation from the
particle. The above differential equation was solved numerically with the 4th order Rung-Kutta

derivative using Matlab software (Ver. R2022a, https://www.mathworks.com).

2.3.2. Phase stability diagrams
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Thermodynamic equilibrium in the Cu-Fe-O-C-H system was studied using the HSC Chemistry

package (ver. 10.x, https://www.hsc-chemistry.com/). In addition, HSC is used to accurately calculate

the heat capacity, enthalpy, and Gibbs free energy of the phases at different temperatures to determine
the reaction pathway of the heated Cu and Fes;O. phases.

2.4. Synchrotron-based measurements

2.4.1. X-ray absorption spectroscopy (XAS)

Suspensions irradiated by pulsed laser were deposited on the SiC substrate and allowed to dry in the air
for X-ray absorption spectroscopy (XAS) analysis. Samples of finely powdered CuO, Cu,0O, FeO,
Fe20s, and Fe;04 (obtained from Merck Co.), along with Cu and Fe foil, were prepared as reference
materials for determining the phase percentages using the linear combination fitting (LCF) technique.
The hard X-ray absorption spectra were captured at the ASTRA beamline, while the soft X-ray
absorption spectra were obtained at the PIRX beamline of the National Synchrotron Radiation Center
in Krakow, Poland (SOLARIS). Prior to each XAS measurement, the spectrum of the Cu or Fe metal
foil was carefully recorded for calibration purposes. Subsequently, the spectra were imported into the
XAS data processing software "Athena" for normalization and data extraction [53].

The LCF method was assessed by mathematically matching the X-ray absorption fine structure
(EXAFS) of the resulting heterostructure particles with the recorded spectra for Cu, Fe, CuO, Cu0O,
FeO, Fe;03, and Fes04 as a reference. We also used Feff software to calculate the reference spectra for
CuFe and CuFe;O4 phases. The calculation procedure is explained in section (2.5.2). This method
exploits the additive property of absorption for each species, where the proportions of the reference
spectra are combined to reconstruct the desired spectrum. Although originally designed for X-ray
absorption near edge structure (XANES), XANES derivative, or EXAFS spectra, we utilized it across
the entire range of XAS in this study. The total absorption coefficient is expressed as a summation of
different chemical forms or species, denoted as Sample = ), f;(STD;). Here, "Sample" signifies the
best fit to the energy range of the sample spectrum, while f; represents the scaling factors applied to
each corresponding standard spectrum (STD;). The scaling factor obtained through LCF reveals the
proportions of individual phases present in the sample under analysis. The LCF subroutine was
developed using the Athena software for XAS data analysis. Our implementation of LCF involved
fitting the normalized U(E) spectrum of the heterostructure samples against the reference spectra
spanning from 8900 to 9300 eV for Cu K-edge and 7000-7600 for Fe K-edge. The relative weights of
the species can range from 0 to 1, and the absorption edge energies remain constant throughout the
analysis.

2.4.2. Scanning Transmission X-ray Microscopy (STXM)

Scanning Transmission X-ray Microscopy (STXM) analysis was conducted at the DEMETER beamline
within the SOLARIS synchrotron facility. STXM microscopy is a technique used to visualize samples
at a microscopic level by analyzing the intensity of X-rays that pass through the sample as it is scanned.

The end-station where our experiments took place offered imaging capabilities at room temperature and
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operated at pressures as low as 10°° mbar, but could also be pressurized with helium to reach ambient
pressure. The STXM we utilized with a maximum resolution limited by the size of the light spot utilized
to illuminate the sample, down to 30 nm.

2.4.3. Attenuated Total Reflectance Infrared (ATR-IR)

Measuring samples was conducted at the Synchrotron Infrared Source for Spectroscopy and Imaging
(SISSI-Bio) beamline in Elettra Synchrotron Trieste, Italy. The analysis performed at SISSI-Bio
provides Attenuated Total Reflectance (ATR) infrared Spectro microscopy data that reveals molecular
level details, specifically identifying any chemical contamination on the sample surface. Photons in the
Mid-infrared range with energies corresponding to organic and inorganic bonds were utilized. Spectra
from individual samples were obtained using the VIS-IR microscope Hyperion 3000 (Bruker Optics,
Billerica, MA, US) coupled with a VERTEX 70 V in-vacuum interferometer (Bruker Optics, Billerica,
MA, US). The Synchrotron IR emission served as the source with a 100 um MCT (Mercury-Cadmium-
Telluride) detector, averaging 512 scans at 4 cm™* spectral resolution in transmission mode. A 15X
cassegrain objective-condenser pair was utilized, with the view-through apertures set at 10x10 um to
collect individual signals. Additionally, samples were imaged using a 64x64 bidimensional array
detector (FPA, Focal Plane Array) through the same optics (15X, in transmission mode as well),
resulting in a pixel size of 2.62 um over an area of 167x167 um. The data underwent correction and

analysis using the QUASAR software (https://quasar.codes).

2.5. Atomistic modeling

2.5.1. Molecular Dynamics (MD) simulations

3-dimensional system with cubic simulation box is constructed with the periodic boundary condition in
all directions containing Cu and Fe spheres. Embedded Atom Method (EAM) potentials were utilized
for study the dynamics of Cu and Fe spheres in high temperature. The canonical ensemble (NVT) is
used for all MD simulations in conjunction with the Nosé-Hoover thermostat with a damping constant
of 100 fs. Prior to the MD simulations, energy minimization was performed using the conjugate gradient
algorithm to optimize the initial geometric configuration. Then the systems were NVT-equilibrated at
298 K for 5 ps. After reaching equilibrium, MD simulations are performed for the system. In MD
simulations, the use of high temperatures to accelerate reactions is a common strategy to overcome
limited computing power [54-57]. By the way, here we tried to use the temperature ranges calculated
by thermodynamics equations in section (2.3.1). More importantly, the present study is a comparative
study of different cases, so the absolute temperature used is less important. A time step of 1 fs is used,
which has been shown to be suitable for high temperature simulations with classical MD [54]. The
dynamic trajectory and binding data are recorded every 100 frames (100 fs). The simulation results
were visualized using Visual Molecular Dynamics (VMD) programs [58].

2.5.2. Ab-initio calculations

Quantum Espresso (QE) software was used for relaxation of the structure of Cu, Fe, and Cu-Fe

compounds [100-102]. DFT calculations began with atomic modeling. Then the models were relaxed
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by minimizing the energy of the system and the self-consistent field (SCF) captured the minimized
energy of the system. The Perdew-Burke-Ernzerhof (PBE) of the generalized gradient approximation
(GGA) was utilized as exchange and interaction potentials. The Van der Waals (vdW) correction is
adopted to describe long-range vdW interactions and the dipole-dipole interaction is employed in the
case of an asymmetric arrangement of species. The cut-off energy of the electronic wavefunction was
600 eV, and the k-space integration is performed according to the Monkhorst-Park scheme fitted to the
reciprocal space size of the crystal structure of the models. The geometry optimization of the model is
terminated when the force on each ion is not stronger than 0.05 eV. We have used the pseudopotentials
Cu.rel-pbesol-dn-kjpaw_psl.0.2.UPF, O.rel-pbesol-n-kjpaw_psl.0.1.UPF, Fe.rel-pbesol-spn-

kjpaw_psl.0.2.1.UPF from http://www.guantum-espresso.org.

Moreover, the jfeff10 software (https://times-software.github.io/feff10/) was used to calculate the
EXAFS and XANES spectra of the relaxed models using QE including Cu, CuO, Cu0, Fe, FeO, Fe;0s,

Fes04, CuFe, and CuFe;O4. Accordingly, the supper cells of the above phases were relaxed using QE

and the final atomic positions were used in jfeff10 for XAS calculations. The settings for the simulations
were configured as follows: the RPATH parameter was set to 5.0, COREHOLE was set to FSR, EXAFS
t0 20.0, LDOS to -30 20 0.1, SIG2 t0 0.01, SCF t0 5.00 100 0.2 1, and EXCHANGE to 0 -2 1 -1. These
settings were applied to all simulations.

2.6. Electrocatalyst tests

2.6.1. PLIS as the main catalyst material; preparation and imaging

To prepare the PLIS/C catalysts, 20 mg of Vulcan XC-72R carbon powder was first immersed in a 0.7
M aqueous solution of HNOs for 30 minutes at room temperature. After this treatment, the carbon was
thoroughly rinsed with distilled water until a neutral pH was achieved, then dried at 100°C for 10 hours.
To deposit the PLIS heterostructures onto the carbon support, the washed PLIS was dispersed in
solution, sonicated for 30 minutes, and then added dropwise onto the Vulcan XC-72R under vigorous
stirring. To introduce surface functional groups, the carbon was oxidized through exposure to an HNO:s
and H2O solution. Following this, the mixture was continuously stirred overnight with a magnetic stirrer
to ensure homogeneity. The resulting black powder was washed with ethanol and distilled water to
remove any residual reactants, and dried at 80°C overnight (approximately 10 hours). To assess the
distribution of PLIS on the carbon support, Energy Dispersive Spectroscopy (EDS) mapping was
conducted using Scanning Electron Microscopy (SEM). For these analyses, a TESCAN VEGA 3 SBH
SEM, equipped with a tungsten cathode, was used. PLIS/C samples were mounted on SEM stub sample
holders covered with a carbon adhesive patch, imaged under high-vacuum conditions at an accelerating
voltage of 20 kV, and analyzed with an EDS detector.

2.6.2. PLIS as the Catalyst support

In order to study the function of newly created PLIS heterostructures as a support for platinum catalyst,
we prepared the catalyst materials using the same procedure described in section (2.6.1). Three samples

— Pt, PLIS, and PLIS-Pt particles — were prepared to examine how they perform in catalyzing ethanol
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oxidation under both acidic and alkaline conditions. Additionally, we carried out electrochemical tests
and analyzed the IRRAS spectra following the procedures detailed in sections (2.6.2) and (2.6.3).
2.6.3. Electrochemical measurements

Electrochemical measurements were conducted using a BIO-LOGIC SP-200 potentiostat in a standard
three-electrode electrochemical cell configuration. Catalyst inks were prepared by ultrasonically
dispersing 2 mg of catalyst powder in a mixture of 400 pL isopropyl alcohol, 100 pL ultrapure water,
and 10 pL of 5 wt.% Nafion solution for 30 minutes to ensure uniformity. A 10 pL aliquot of the ink
suspension was then deposited onto a polished glassy carbon electrode (GCE), forming the working
electrode. Cyclic voltammetry (CV) measurements were performed in an ethanol-containing solution
to evaluate the ethanol oxidation reaction (EOR) activity of the catalysts. A glass electrochemical cell
equipped with a platinum (Pt) counter electrode and a silver/silver chloride (Ag/AgCl) reference
electrode was employed. The electrolyte solution, comprising 0.1 M NaOH and 0.5 M C.HsOH, was
deoxygenated by purging with argon gas for 30 minutes prior to measurements. To assess the durability
of the catalysts, a chronoamperometry test was conducted in 0.1 M NaOH and 0.5 M C:HsOH under a
constant potential of 0.5 V vs. Ag/AgCl (3M KCI). Furthermore, accelerated stability tests were
performed by subjecting the catalysts to 1000 consecutive potential cycles between -1 and 1.5 V vs.
Ag/AgCl (3M KCI) at a scan rate of 100 mV/s in a 0.1 M NaOH solution. All measurements were
conducted at room temperature to ensure consistency across tests.

Moreover, for PLIS samples as a catalyst support, CV, EOR curves, as well as chronoamperometry and
stability tests were performed additionally in 0.1M HCIO4 solution with or without 0.5M ethanol
depending on the test performed.

2.6.4. The Infrared Reflection Absorption Spectroscopy (IRRAS) measurements

A Nicolet iS50 FT-IR spectrometer equipped with an MCT (mercury cadmium telluride) detector
cooled by liquid nitrogen, an ATR accessory with a ZnSe crystal, and an electrochemical cell was
employed for in situ spectroelectrochemical ATR-FTIR measurements. The setup utilized the same
three-electrode configuration as described in the electrochemical experiments. Spectra were acquired
over the 10003000 cm™* range, with a spectral resolution of 2 cm™, and each spectrum was computed
from an average of 64 scans. Prior to experimentation, the spectrometer was purged with argon (Ar),
which was maintained as the purge gas throughout the measurements to prevent interference from
atmospheric CO: and H:0. The selectivity of the catalysts for ethanol oxidation to carbonate and acetate
species was assessed by presenting spectra in absorbance units, calculated as A= — log(R/R,), where R
and R, represent the reflected IR intensities of the sample and the reference single-beam spectra,
respectively. The reference spectrum was collected at a potential of 0.05 V in a 0.5 M ethanol and 0.1
M NaOH solution for alkaline environment and in a 0.5 M ethanol and 0.1 M HCIO, solution for acidic

environment.



3. Results and discussions

3.1. Phase formation

Upon exposure to pulsed laser energy, a mixture of colloidal copper and magnetite in ethanol (PLIS1)
undergoes a transformation leading to the formation of a dense network of nanoparticles with irregular
shapes, ranging from tens of nanometers to larger spherical particles in the range of 100 to 350 nm (Fig.
la and Fig. 2a). As the size of raw magnetite increases (PL1S2), the network of small irregular particles
disappears, giving way to the creation of regular spherical particles with average diameters ranging
from 300 to 550 nm (Fig. 1c and Fig. 2b). Further increasing the irradiation energy (PLIS4 and PLIS5)
results in a significant enlargement of the particles, with sizes reaching up to 800 nm (Fig. 1b,d). A
similar trend is observed when nanoparticles are dispersed in ethyl acetate (PLIS3 and PLIS6), with the
average particle size ranging from 400 to 750 nm at higher laser fluence (Fig. 1e,f and Fig.S2). The
findings from the EDX analysis indicate a potential connection between the size and
composition/distribution of composite particles (Fig S4), a relationship that warrants further
investigation.

XRD results indicate that magnetite is reduced and copper is oxidized, resulting in the formation of
CuFe204 (JCPDS card no. 00-025-0283), CuFe (JCPDS card no. 00-049-1399), CuO (JCPDS card no.
01-074-1021), and Cu0O (JCPDS card no. 01-075-1531) phases along with the remaining ingredient
particles, in which the composition is highly influenced by the synthetic parameters (Table S1). The
overall structure of the irradiated samples consists of a blend of CuxFes.xO4, CuyO, and Cu,Fe:., phases,
with varying values of x and z ranging from 0 to 1. Additionally, the presence of y in the compounds
can take on values of 1 and/or 2.

By altering the Cu:Fe molar ratio, the distribution of particle sizes with predominant average sizes of
100 and 400 nm remains constant. This phenomenon is likely due to the emergence of two separate
agglomerates type consisting of copper and magnetite as the central particles. In compositions rich in
copper (PLIS7), CuFe;O4 particles are embedded in the matrix of copper/CuFe alloy, while in
compositions rich in iron (PLIS8), the matrix of magnetite contains larger Cu2O and CuFe particles.
The frequency of pulse repetition has the highest impact on the formation of phases in the
heterostructure (Fig. S3). A lower frequency (PLIS9) leads to more copper ferrite formation (Fig. 2c),
while a higher frequency (PLIS10) results in more CuFe alloy formation (Fig. 2d). Increasing the
repetition rate alters the chemical structure due to cumulative heating and modified reaction Kinetics.
Pulse-to-pulse heat accumulation prolongs high-temperature conditions, influencing phase stability and
promoting CuFe alloy formation over ferrite oxides. Reduced cooling time leads to global heating,
enabling high-energy phase transformations. Higher repetition rates also enhance solvent
decomposition, increasing reducing species that favor metallic Cu and CuFe alloys over oxidized
phases. Weakened XRD peaks suggest increased structural disorder and partial amorphization of iron-
rich phases. Additionally, carbon and oxide shells become more pronounced, stabilizing metallic phases

in a more reductive environment.



The distinguishing peaks for the (111) plane of fcc Cu at 26 = 43.2°are nearly identical to the peaks for
the (200) plane of CuFe at 26 = 43.3" This suggests the formation of nanoparticles from the CuFei-;
alloy, as the characteristic peaks of the alloy are somewhat broader than those of pure Cu nanoparticles.
This broader peak indicates a lower crystallinity in the Cu,Fes., alloy, which is typical in less ordered
structures found in alloys. Additionally, the primary peaks of Cu have shifted slightly towards higher
angles, indicating a reduction in lattice constant due to the replacement of Cu crystal lattice by Fe [23].
Higher laser fluence enhances oxidation, as confirmed by increased Cu,O, CuO, and CuFe,O4 formation
in XRD. However, ethanol/ethyl acetate solvents introduce partial reduction, converting Fe;O4 to FeO
or Fe. At extreme fluence, rapid vaporization may deplete oxygen, promoting CuFe alloy formation.
XRD of PLIS10 suggests a competition between oxidation and reduction, with alloying favored under
transient oxygen starvation.

The Gibbs free energy values of the potential compounds were computed to identify the reaction
pathway of the particles (Table S2 and Fig. S5a). The absorption efficiency of the particles was also
calculated to be utilized for depiction of phase diagrams illustrating the relationship between laser
fluence, particle size, and final temperature (Fig. S5b,c). It was observed that the maximum temperature
reached by Fes;O4 particles increased by laser fluence, leading to the formation of FeO in a limited range
of particle size distribution. Based on the analysis of the reaction pathway, it was observed that copper
and magnetite do not undergo significant physical phase transitions during pulsed laser melting (Fig.
2e,f). Due to the oxidizing nature of the solvents, copper oxides are likely to be formed, along with iron-
copper compounds resulting from the diffusion of atoms in the molten phase and oxidation/reduction
phenomena in the solvent-particle interface. Here, the results of temperature calculation also confirm
the potential relationship between particle size and composition of composite particles which was
previously observed and reported in Fig. S4.

The temperature profile analysis shows that while laser irradiation melts copper particles completely
across all sizes, a variety of sizes of Fe3O4 spherical particles remain solid and only a small portion of
the particles exceed their melting point (Fig. S5d,f). FeO, Fe304, CuFe;O4, CuO, and Cu0 are likely
phases in the Fe-Cu-O system, depending on the near-ambient oxygen pressure and temperature range
of the particles (Fig. S6). The absence of carbon in 3-component stability diagrams yielded absence of
CuxFey alloys which may be formed through reduction of oxide phases. When copper and iron have low
vapor pressure, each element's low pressure favors oxide phase formation of the other element.
According to dynamic heating-cooling phenomena, nanoparticles absorb pulsed laser energy through
electron-lattice coupling, where excited electrons transfer energy to the lattice within picoseconds,
leading to localized melting. Temperature gradients arise from differences in optical absorption and
thermal conductivity. Heating rates, estimated via thermodynamic absorption equations, depend on
pulse energy and material absorption efficiency, dictating the extent of melting. Cooling rates are
governed by thermal diffusion into the solvent and conductive heat dissipation, influencing phase

formation. These heating-cooling dynamics drive oxidation-reduction reactions and atomic diffusion,



determining the formation of Cu.Fei.; alloys, CuxFes;.xOs compounds, or CuO, Cu,0, and Fe-based
oxides.

Zeta potential measurements show that the nanoparticles in ethyl acetate are more stable than in ethanol
(Table S4 and Fig. S7). The higher zeta potential of the particles in ethyl acetate may show the tendency
of the Cu and Fe30, particles to form agglomerates together, while in ethanol they prefer to form their
own agglomerates individually. The effect of agglomeration on phase formation during the pulsed laser
melting of Cu and magnetite in liquid media may follow a four-stage mechanism, detailing the progression
of phase development: (I) initial homostructure agglomeration, (1) formation of heterostructure aggregates,
(111) diffusion of smaller particles into a larger core particle, and (1) subsequent phase formation (Fig. 2g).
The homo- versus heterostructure preference in agglomerates, as well as the characteristics of the core
particle, are strongly influenced by solvent properties and zeta potential, which play a key role in determining
the resulting phases. This mechanism suggests that solvent interactions and particle surface charge
significantly guide phase formation through their impact on the stability and structure of agglomerates. Fig.
29 presents a hypothesis for copper ferrite and CuFe alloy formation based on laser-colloid interactions.
Phase formation is influenced not only by oxidative/reductive conditions but also by nanoparticle
aggregation. Heterogeneous agglomerates, where Cu is surrounded by FesOa or vice versa, impact energy
transfer, local melting, and diffusion during laser irradiation. The surrounding phase acts as a thermal and
chemical buffer, altering reaction kinetics and phase stability, ultimately shaping the final composition of
CuFe-based compounds.

Here we hypothesizes that three key factors influence phase formation including (1) process temperature
which dictates the energy landscape for phase transitions, (I1) heating and cooling rates which control
the kinetics of phase stability, and (I11) local chemical environment which determines by the
dissociation of solvent molecules and influences the accessible transition states during phase formation.
Unlike temperature and cooling rates, the chemical environment introduces a high level of complexity
due to its indefinite and dynamic nature, particularly in high-temperature nanoparticle-solvent
interactions. Using the results shown here and also according to previous corresponding authors’ work
[16], we categorize synthetic parameters (laser, pulse, solvent, and nanoparticle parameters) based on
their impact on these three key factors. The process temperature and heating-cooling rate are primarily
influenced by the laser and pulse parameters, respectively. On the other hand, the local chemical
environment is mostly affected by the nanoparticle and solvent parameters. This structured approach
aims to provide a comprehensive understanding of how synthetic parameters can be optimized to
achieve efficient and controlled phase formation (Fig. 2h).

To gain deeper insights into phase formation, we performed molecular dynamics (MD) simulations
focusing on the dynamic interactions between a single copper particle and surrounding smaller iron
particles. In these simulations, the molten copper sphere absorbed adjacent iron particles, promoting
iron atom diffusion and ultimately leading to the formation of Cu-Fe compounds (Fig. 2i,j and Fig. S8).

The resulting spherical copper-iron compounds observed within larger particles (Fig. 2a) provide strong



evidence of phase formation, corroborating the process of smaller particles being incorporated into
larger, molten particles. This absorption and alloying phenomenon observed in MD simulations was
particularly notable when the smaller iron particles remained close to ambient temperature, while the
larger copper particle was in a molten state. This scenario mirrors a real-world situation where particles
might undergo "indirect melting” in the regions shielded from direct laser exposure. Under these
conditions, bulk diffusion occurs, allowing groups of atoms or particles to migrate collectively rather
than individually, which facilitates the formation of new phases (Video 1). Conversely, in regions
exposed directly to laser pulses where temperatures are significantly higher for all particles, complete
melting of particles results in increased atomic kinetic energy. This state, observed on the illuminated
side of the particles (referred to as "direct melting"), allows atoms and particles to move with greater
freedom, promoting individual diffusion rather than coordinated, bulk movement (Video 2). As a result,
atomic dispersion occurs more uniformly, minimizing the likelihood of cluster formation (Fig. S9 and
Fig. S10). These observations suggest that the alloying mechanism is influenced not only by thermal
gradients but also by whether the melting is induced directly or indirectly by laser exposure. This dual
effect of laser-stimulated melting, direct on the light-exposed side and indirect on the shaded side,
appears to play a critical role in the dynamics of alloy formation within the Cu-Fe system.

3.2. Oxidation state analysis

The high-resolution XPS spectra of Cu 2p, Cu LMM, Fe 2p, O 1s, and C 1s for all samples (Fig. S11,
Fig. S12 and Table S5) enabled detailed characterization of the nanoparticles' chemical states,
particularly the oxidation states of copper and iron. Given the inherent complexity of transition metal
2p spectra, accurately interpreting the spectra and achieving reliable quantification of the chemical
states required careful consideration of additional spectral features. These include shake-up satellites,
multiplet splitting, and plasmon loss structures, which were accounted for during the curve-fitting
process to enhance accuracy in the assignment of oxidation states.

For accurate numerical fitting of Cu 2p spectra, four distinct spin-orbit components were used,
corresponding to the 2p 3/2 and 2p 1/2 photoelectron peaks, along with additional satellite peaks. These
shake-up satellites appear at higher binding energies (BE) relative to the main peaks and are observed
exclusively for Cu?* (d° configuration), serving as specific markers for the quantity of Cu?* in the sample
[58, 59]. The primary spectral component (55-74%) originates from metallic Cu® or Cu* species.
However, XPS analysis of Cu 2p lines does not enable quantitative distinction between Cu® and Cu*
ions or between octahedral Cu?* and Cut, as their binding energies are too similar to resolve clearly [60-
62]. In such cases, the Cu LMM Auger lines offer additional insight, which will be discussed below.
The secondary spectral component (15-27%) corresponds to oxides containing Cu?*, within PLIS3 and
PLIS6 samples showing significant Cu®* contributions from hydroxide (15% and 18%, respectively).
In other samples, this contribution remains below 10%, suggesting an elevated hydroxide presence in
samples irradiated in ethyl acetate. The component with the lowest binding energy (930.5-931.4 eV) is

attributed to differential surface charging of Cu particles on a silicon substrate, a phenomenon resulting



from the contrasting conductivity between the particles and the dielectric substrate, which produces
regions with inhomogeneous electrical conductivity. This effect has been similarly reported for metallic
Ru on MgO and SiO;, as well as Ru/Ce nanoparticles on mesocellular foam silica [63, 64]. Overall, the
Cu 2p spectra of all samples show weak shake-up satellites, indicating that Cu?* is not the predominant
species.

Cu LMM Auger lines, excited by X-rays, offer quantitative insights into Cu® and Cu"* content since their
chemical shift (~2 eV) is sufficiently large, unlike in Cu 2p lines. However, a limitation persists with
the minimal shift between the Cu LMM peaks for metallic Cu and CuO, and between Cu.O and
Cu(OH); [65]. Despite this limitation, the influence of Cu(OH)- is likely minimal due to its metastability
and tendency to transition into the more stable CuO phase. Analysis of Cu LMM Auger spectra reveals
distinct variations in copper species across samples, particularly PLIS2 and PLIS3, when compared to
others (Table 2). Specifically, sample PLIS2 shows a significant predominance of Cu® and Cu®* over
Cu’, with PLIS3 exhibiting a similar but less pronounced trend. In contrast, Cu™ emerges as the
dominant phase in the remaining samples. Notably, besides the primary peaks for Cu* and Cu® + Cu?*,
additional peaks appear from other Cu LMM transition states [66, 67], complicating the quantitative
interpretation of results.

The O 1s spectra for Cu samples reveal several distinct components: (i) metal-oxide peaks (BE < 531.5
eV) related to oxygen in copper and iron oxides; (ii) peaks associated with hydroxyl groups (BE =
532.3-532.7 eV); (iii) adsorbed water (BE = 534.0-535.3 e¢V); and (iv) a weak signal at BE > 535.8 eV,
likely corresponding to oxygen in organic contaminants [60, 68]. Notably, two broad spectral
components with slightly increased FWHM were sufficient to represent the oxide phases present on the
surface. However, the similar binding energies of iron and copper oxides mean their individual
contributions within the O 1s spectrum cannot be distinctly resolved, allowing only approximate
quantification. The first group of metal-oxide (Me(1)-O) peaks, with BE values between 529.4-530.4
eV, includes lattice oxides such as CuO and Cu.0 [58, 60], as well as Fe,Os and FezO4 [69]. The second
metal-oxide group (Me(2)-O), observed between 530.8-531.5 eV, includes defective oxides like CuO,
Cu20, and Cu(OH); [58, 60], along with FeOOH [69, 70].

In the Fe 2p spectra, two distinct doublets and their associated satellites were identified, corresponding
to Fe?* (binding energy ~710.2 eV) and Fe** (~711.7 eV) species (Table 2) [71, 72]. Notably, both
spectral components exhibited a shift of approximately ~1 eV toward lower binding energies for
samples PL1S2 and PLIS3. This shift likely reflects the formation of various surface oxide phases, which
may influence surface charging and aligns with prior observations. Specifically, the surface composition
appears to favor Fes;O4, characterized by a lower binding energy (710.6 eV), over Fe;,O3 or FeOOH,
which present slightly higher binding energies of 711.0 eV and 711.2 eV, respectively [70, 73]. The
Fe®*/Fe** ratio is relatively consistent across samples, typically within the range of 0.8 to 1.0, except for
sample PLIS3, which shows a notably lower ratio at approximately 0.4. In the case of PLIS6, due to the

minimal iron content and lack of resolution between Fe 2p 3/2 and Fe 2p 1/2 peaks, a reliable curve-



fitting analysis was not feasible. Finally, in addition to simple oxides or hydroxides, the potential
formation of CuFe,O4 bimetallic ferrite, whose spectroscopic properties align well with the data, should
also be considered [74].

Total fluorescence yield (TFY) synchrotron X-ray absorption analysis reveals prominent peaks that
align well with the Gaussian fits from XPS (Fig. 3a-d). TFY data, with a penetration depth of several
micrometers, provides insights into the overall bulk composition of the particles, displaying subtle yet
meaningful differences compared to the surface-level data obtained from XPS. These differences
include a marked reduction in hydroxide phases within the bulk material. Conversely, total electron
yield (TEY) signals, which are more surface-sensitive, yield results closely aligned with XPS analysis
(Fig. S13). A key distinction between TEY and TFY is the presence of hydrogen- and water-related
bands in TEY spectra, which are absent in TFY results, reflecting TFY’s reduced surface sensitivity.
Absorption spectra at Cu and Fe K-edges exhibit distinct features, comprising a pre-edge, an
excrescence, and a prominent peak (Fig. S14, S15 and Table S6, S7). These spectra, showcase the
varying oxidation states within PLIS samples (Fig. 3e,f). The pre-edge energy remains relatively
consistent across all samples for both edges. However, the energy of the main peak at the Cu K-edge
decreases with higher laser fluence, indicating an increase in copper oxidation. Conversely, the behavior
of the main Fe K-edge peak shift is inconsistent with laser energy; it increases for samples dispersed in
ethanol and decreases for those dispersed in ethyl acetate. This suggests a greater formation of copper-
iron alloy with higher laser fluence in ethyl acetate, while an increase in laser fluence in ethanol solvent
leads to an enhanced formation of copper ferrite.

By employing linear combination fitting (LCF) with different oxidation state measurement references,
we were able to confirm that the primary oxidation states present in the samples are Cu/Cu* and
Fe**/Fe® (Fig. S16, 17 and Table S8, S9). Additionally, we utilized the ab initio Green function (GW)
approximation method to calculate the extended EXAFS spectra of reference phases containing both
copper and iron. The LCF analysis of the EXAFS spectra from the calculated models (Fig. S18, 19 and
Table S10) further supports the formation and illustrates the variations of CuFe and CuFe,QO4 phases in
the PLIS samples.

3.3. Surface and interfaces analysis

Upon examination of the particles’ surface and interfaces of various samples, it was discovered that the
particles exhibited high levels of crystallization (Fig. S20). Smaller particles displayed a single
crystalline structure, whereas larger particles tended to have a multi-crystalline structure (Fig. S21,
S22). Additionally, high oxygen phases were detected on the most defective surfaces, consistent with
previous studies by the authors [16]. Here we also observed the presence of quantum dot particles with
a radius of less than 5 nm, which were dispersed in the solvent after the irradiation process (Fig. 4a and
Fig. S25). These particles were found to be decorating the larger particles after they had dried. The
guantum dots were formed as a result of local surface vaporization of atoms from the particles, as

observed previously by the authors in reactive bond molecular dynamics simulations [16]. The analysis



of the d-spacing from various parts of the particles in different samples confirmed the formation of
copper ferrite and copper-iron alloy (Fig. S26, 27). In some instances, a thin layer of amorphous material
(less than 5 nm thick) was observed on the particles due to a lack of process control during cooling (Fig.
4b and Fig. S28). This amorphous layer is an unavoidable consequence that has the potential to impact
the catalytic properties of the samples that will be explored in detail in Section (3.5). The majority of
the interfaces between the particles were identified as smooth interfaces, indicating that the particles
did not have strong chemical bonds, but rather formed van der Waals aggregates. While the surface of
the single-crystal particles appeared smooth, the multi-crystalline particles were found to have high
defect surfaces, resulting in unique structures such as twinning in certain cases (Fig. 4c). Additionally,
the interfaces between phases inside the larger particles suggested the presence of normal multi-phase
particles with minimal interfacial defects (Fig. 4d and Fig. S23, 24). The discovery of particles in
multiple size ranges and a detailed examination of their microstructure suggest the potential utilization
of the pulsed laser melting method in high-tech applications. This study reveals new insights into the
applicability of this technology in advanced industries.

3.4. Surface contamination and Optical properties

Because of the potential reactivity of the defective high oxidation state surface of the particles, we have
decided to study the probable existence of organic pollutants caused by laser treatment in organic
solvent using ATIR spectra and IR imaging methods. The ATIR spectra display inorganic bands below
1100 cm™, indicating the existence of inorganic phases that were also identified through other analytical
techniques (Fig. S29). During the analysis, significant bands at 1150 cm™ were discovered, associated
with the stretching pattern of the C-O bond typically found in primary alcohols (Fig. 5a,b and Fig. S30).
In addition, faint bands at 2350 cm™ were also detected, indicating the stretching mode of the O=C=0
bond stemming from carbon dioxide present in the surroundings, suggesting air contamination (Fig.
S31, 32). Although the intensity of these bands varied across different samples, they consistently
appeared in all samples tested. Moreover, no specific organic bands beyond C-H and O-H groups were
detected after the pulsed laser treatment, indicating that the contaminants observed are common
impurities from the atmosphere inherent in the process of inorganic synthesis. We determined that while
organic substances play a significant role in the high temperature PLIS synthesis process, there is no
notable organic surface contamination that would hinder the usability of the synthesized materials for
ethanol oxidation reactions.

The spectral absorption characteristics of samples fabricated in ethanol differ from those prepared in
ethyl acetate, with the former showing its maximum in shorter wavelengths (Fig. 5¢). Heterostructures
prepared in ethanol possess a smaller energy bandgap, potentially stemming from an increased presence
of defect states and/or a different distribution of oxidation states in the heterostructure. Conversely,
samples processed in ethyl acetate exhibit a sharper absorption edge, indicating a larger bandgap. This
could be attributed to a more homogeneous phase with varying stoichiometry resulting in fewer defect

states. The UV-Vis absorption spectrum of samples synthesized in ethanol reveals a broad tail,



suggestive of a significant presence of defect states within the bandgap. This phenomenon may be a
consequence of the synthesis method, leading to a greater number of vacancies or disorder specially in
the surface of the material. The broad tail signifies the existence of multiple electronic states that can
be excited, indicating a more disordered structure. In contrast, samples created in ethyl acetate display
a sharper tail, signifying fewer defect states, enhanced crystallinity and fewer disorder-induced states.

Luminescence spectrophotometry is a valuable tool in the study of photo/electrocatalysis, not only
allowing for an in-depth analysis of electronic structure, but also providing insights into surface defects,
oxygen vacancies, and the generation/recombination of charge carriers. Efficient carrier separation is
advantageous for catalytic applications, as it prevents or slows down carrier recombination, thereby
enhancing the process efficiency which is viable in heterostructures. By analyzing PL spectra with
different excitation energy we observe the presence of signals in 550-650 region related to Cu,O and
Fes0.4 phases and also a shorter signal in 400-500 region which could be attributed to the presence of
CuFe,04 phase and/or oxygen vacancies and surface defects (Fig. 5d,e). The synthesized materials here
not only applicable as electrocatalyst for ethanol oxidation, but also have enough potential to be utilized
in photocatalysis applications (Fig. S33a, S34). The relaxation lifetime in samples can reflect how
sensitive they are to changes in their structure. This sensitivity is greatly affected by the specific raw
materials and solvent used in their production. While the laser energy intensity can impact the lifetime
of the samples, the effect is not as significant as the influence of the initial components (Fig. 5f).
Specifically, samples prepared in ethanol exhibit a longer lifetime compared to those prepared in ethyl
acetate (Fig. S35 and Table S11). This trend aligns with the findings from UV-Vis absorption spectra
(Fig. 5¢), which indicate a higher presence of surface defects characterized by band tailing in the former.
Additionally, the electronic structure of the heterostructure enables the separation of charge carriers,
resulting in an extension of their lifetime. However, the estimated lifetime remains consistent across
different transitions (Fig. S33b for PLIS5 sample), providing support for the effective separation of
charge carriers within the sample.

3.5. Electrocatalysis

3.5.1. PLIS as the main electrocatalyst material

The effectiveness of ethanol oxidation in terms of electrode material accessibility to the electrolyte was
assessed by conducting electrochemically active surface area (ECSA) tests on various samples. The
results indicated that most samples exhibited similar and suitable ECSA values, with the highest
recorded for PLIS4 at 34.24 (cm?/mg) and the lowest for PLIS6 at 8.81 (cm?/mg). Surprisingly, it was
found that PLIS4 exhibited the lowest effectiveness among the samples tested, displaying an onset
potential of 0.82 V vs. Ag/AgCl (3M KCI) which was the highest compared to the other samples (Fig.
S36 and Table S12). Despite this, the EOR test unexpectedly identified PLIS4 as possessing the most
favorable catalytic properties, surpassing other samples despite its highest onset potential (Fig. 6a,b).

This contradiction was attributed to compositional variations in the samples.



The most effective electrocatalysts were found to be those irradiated in ethanol at a higher laser fluence
(PLIS4/C and PLIS5/C), leading to the formation of ferrite-based phases within heterostructure
agglomerates, with a higher concentration of copper ferrite. Additionally, despite their size which is
measured to be the largest among all, samples synthesized in ethanol with the highest laser fluence
exhibited more defects, resulting in a more active surface for catalytic reactions [75-77]. Therefore, the
chemical composition and the presence of defects on the active surface were identified as key factors
impacting the electrocatalytic behavior of ethanol oxidation in this study. The durability of PLIS4/C
and PLIS5/C displaying the most effective catalytic behavior was initially investigated with
chronoamperometry and then with accelerated stability testing. The current-time curves revealed an
initial drop in current for both catalysts, followed by a gradual decay (Fig. 6¢). Notably, the drop in
current was delayed longer for the PLIS4/C sample, which boasted a current value approximately 15
times higher than the PLIS5/C catalyst. Additionally, after 1000 cycles, the durability of the analyzed
catalysts showed a 20% increase in ECSA for the PLIS4/C catalyst (Fig. 6d). Moreover, by increasing
the potential, we observed a decrease in HCO* /CO3* signals and an increase in CHsCOO' signals in
the IRRAS spectra, with a more pronounced change in the PLIS4/C sample (Fig. 6e,f). This change was
accompanied by a higher intensity of CO; signal, indicating a more complete oxidation of ethanol in
the PLIS4/C catalyst, making it the most efficient catalyst.

The superior EOR performance of PLIS4 stems from enhanced copper ferrite formation, increased
surface defects, and synergistic Cu-Fe oxide interactions. High laser fluence in ethanol promoted ferrite-
based phases, known for their redox activity and surface oxygen enrichment. Absorption and
photoluminescence analyses also confirm defect-rich surfaces, serving as active catalytic sites in PLI1S4
sample. Furthermore, phase and elemental analysis reveal that the outer layer consists of Cu oxides
(CuO, Cu20) and CuFe,0a, or Fe-containing species near Cu-rich regions, forming a heterogeneous
interface. The presence of Cu oxides enhances EOR activity due to their redox properties, while
CuFe,O4 provides additional oxygen adsorption sites. The heterostructure interface between Cu, Fe
oxides, and ferrite phases improves charge transfer, boosting electrocatalytic performance.

3.5.2. Oxidation state variation during electrocatalysis

Synthesized materials created with PLIS exhibit an active surface, showcasing noticeable oxidation
state alterations following both carbon compositing and electrocatalysis. An EDX elemental map
verifies the consistent dispersion of copper and iron, key constituents of PLIS samples, on carbon prior
to electrocatalysis. (Fig. S37). An in-depth examination of a spherical particle cluster located within the
carbon bed in PLIS4/C catalyst after electrocatalysis demonstrates a heterostructure resembling CuFe
and/or copper ferrite formed in the matrix of magnetite (Fig. 7a). The synchrotron-based STXM image
and its associated spectra from various points on the particle confirm the presence of high-concentrated
oxygen shell on the surface of particles. Upon conducting electrocatalysis measurements, a thorough
analysis of this specific cluster revealed the presence of a highly concentrated oxygen-containing shell

on the surface of the particles. This observation can be attributed to the creation of active environments



resulting from pulsed laser irradiation on the surface. Additionally, it serves as a clear indication of the
formation of hydroxide phases, particularly on copper particles (Fig. S38).

The pulsed laser melting method in liquid allows for the modulation of the oxidation state of transition
metals, leading to the creation of an active surface that can enhance catalytic reactivity when the
synthetic parameters are properly adjusted. After electrocatalysis of PLIS/C catalysts, it was found that
copper underwent oxidation and iron underwent reduction. Analysis of the oxidation states using
synchrotron X-ray absorption showed an increase in the relative intensity of Cu®*/Cu* and Fe*/Fe**
signals, confirming the mentioned oxidation state variations (Fig. 7b-e and Fig. S39). The key to
enhancing the activity of catalyst material lies in fine-tuning the synthetic parameters in the pulsed laser
melting method to produce low oxidation state copper and high oxidation state iron in the PLIS samples.
To further investigate the oxidation state variations specially on the catalyst's surface, in-depth
guantitative XPS analysis was conducted (Table 3). The C 1s XPS spectra of PLI1S4/C before and after
electrocatalysis have similar fitting peaks attributed to graphite (sp?C hybridization, C—C bonds),
amorphous carbon on the sample surface (spC hybridization, C-H bonds) and carbides (C=C bonds)
[82]. Moreover, three oxygen signals indicating oxide contamination are well seen: (i) carbon making
a single bond with oxygen (C-0), (ii) carbon making a double bond with oxygen as in carboxyles or
esters (O=C-0) or two single bonds with oxygen (O—-C-0), and (iii) carbonate groups (O—(C=0)-0)
[83]. The last tiny component was identified as n—n" satellite. The sample after the reaction is
characterized by fewer graphite bonds with an increase in oxygen bonds. The electrocatalysis reaction
appeared to have produced strong oxidants, such as 0zone, atomic oxygen radicals or hydroxyl radicals,
which destroyed the sp® hybrid structure of graphite and generated C-OH, C-O—C, C=0 and O=C-O
groups (Fig. 7f). The oxygen peak was decomposed into three components. The first one at ~531.4 eV
was attributed to inorganic oxygen in metal oxides (mainly Cu oxides) and to carbonyl oxygen making
a double bond with carbon (including ketone C=0 and ester O=C-O groups) [84]. It can be said that
carbonyl oxygen is the most effective electron-withdrawing group because it has the lowest binding
energy of the O 1s line. Metal hydroxides and oxygen making single bonds with carbon (C—O-H of
hydroxyl and C-O—C of ether groups) are the second contribution that dominates the spectrum. The last
component, at BE of 534.5 eV, can be attributed to oxygen in physiosorbed water and C—O bonds with
aromatic carbon. Subjecting the sample to the process of electrocatalysis results in a significant increase
in the number of hydroxyl groups on the surface at the expense of the other functional groups [85]. At
the same time, the shift of the center of gravity of the Cu 2p spectrum toward higher binding energies
shows that the electrocatalysis process is accompanied by an increase in the proportion of copper on
the +2 oxidation state, and in particular on the formation of copper hydroxide. Due to the extremely
small amount of iron on the surface of the samples, its quantitative analysis was not possible.
Qualitatively, the spectra of both samples are similar, with a noticeably weaker signal-to-noise ratio in
the sample after electrocatalysis with the similar measurement time, indicating a reduction in the

amount of iron on the surface. These results confirm the predominant role of copper compounds in



driving electrocatalysis reactions within the heterostructure, with iron compounds playing a more
supportive role. The shift of the Cu 2p XPS spectrum toward higher binding energies after the long-
term stability test of the ethanol oxidation reaction (EOR) suggests an increase in the oxidation state of
copper species on the catalyst's surface. This observation indicates that the electrocatalysis process is
accompanied by an increase in the proportion of copper in the +2 oxidation state, particularly the
formation of copper hydroxide. Such changes in oxidation state can significantly influence the catalytic
properties of the material, as different oxidation states of copper exhibit varying catalytic activities.
3.5.3. PLIS as the support for Pt

The synthesized PLIS samples and platinum demonstrated their optimal catalytic activities in alkaline
and acidic environments, respectively. Knowing this fact, we tried to evaluate the performance of the
PLIS4 catalyst in both acidic and alkaline environments when it used as a platinum support in ethanol
oxidation reaction (EOR) fuel cells.

3.5.3.1. Acidic environment

The electrochemical properties of Pt/C, PLIS/C, and PLIS-Pt/C catalysts were examined by CV to
assess their efficacy in promoting EOR. Measurements in a 0.1 M HCIO, solution using Ag/AgCl (3M
KCI) as the reference electrode provided the ECSA for each catalyst (Fig. 8a). The ECSA values for
Pt/C and PLIS-Pt/C catalysts were similar, suggesting comparable EOR performance, with all potentials
referenced to Ag/AgCl (3M KCI) (Fig. S40 and Table S13). However, the current density during EOR
was significantly different between Pt/C and PLIS-Pt/C, with PLIS-Pt/C exhibiting nearly double the
current of Pt/C (Fig. 8b). Previous studies have highlighted the significance of physical interactions
between metal and metal oxide particles in enhancing overall catalytic activity and durability for the
ethanol oxidation reaction [86, 87]. In the case of copper oxide catalysts, electrocatalysis at negative
potentials can lead to the transformation of metal oxides into their metallic form. Consequently, it is
postulated that voltammetry-induced restructuring of the catalyst surface could offer a potential avenue
for modulating the catalytic activity. A study conducted by Sun et al. revealed the significant impact of
voltamperometric cycles on the dissolution of metal nanoparticles. The reduction of metal ions leads to
changes in the morphology of copper catalysts, resulting in the formation of well-defined
nanocrystalline copper catalysts [88]. Another study found that performing electro-oxidation reactions
at high potentials can cause severe corrosion of cathode catalysts such as polycrystalline copper
surfaces, and single crystalline platinum and copper [89]. Furthermore, for PLIS/C catalysts, both the
ECSA and the current values in the EOR curve were observed to be very small (Fig. 8a,b). This aligns
with existing literature suggesting that the catalytic activity of copper are optimized in an alkaline
environment [90].

It was observed in the chronoamperometry test that as time progressed, the current values of all catalysts
increased. The PLIS/C catalyst showed the highest increase, while the PLIS-Pt/C catalyst showed the
smallest increase (Fig. 8c). Due to the superior catalytic properties of the PLIS-Pt/C catalyst, an

accelerated stability test was conducted on this particular sample (Fig. 8d). The results of the accelerated



stability test indicated that the ECSA value of the analyzed catalysts increased after 1000 cycles, rising
from 0.23 to 0.43 cm?®. This observation highlighted the potential of PLIS-Pt catalyst as a promising
candidate for catalytic ethanol oxidation reaction in acidic media due to the metal-metal oxide
transitions [91].

3.5.3.2. Alkaline environment

In the alkaline environment, all catalysts had comparably similar ECSA values (Fig. 9a). However, the
EOR curves indicated that the PLIS/C catalyst had the highest current, while the Pt/C catalyst had the
lowest (approximately three times less than PLIS/C). Additionally, the PLIS-Pt/C catalyst had a current
value around 0.005 less than PLIS/C, suggesting that PLIS-Pt mixture exhibited catalytic properties in
the alkaline environment (Fig. 9b). These findings were further supported by the onset potential values
(Fig. S40 and Table S13) with the smallest value of 0.25V for PLIS-Pt/C and the highest value of 0.375
V for Pt/C.

Similar to the acidic conditions, the chronoamperometry test revealed that the current values increased
over time for all the catalysts analyzed. The rate of increase was consistent across all catalysts. However,
the greatest increase was observed in the Pt/C catalyst, while the smallest increase was seen in the
PLIS/C catalyst (Fig. 9¢). An accelerated stability test was conducted on the PLIS/C catalyst system
and accordingly the electrochemically active surface area was measured before and after 1000 cycles
(Fig. 9d). Prior to the cycles, the surface area was 2.575 cm™, and after the cycles, it decreased to 1.716
cm™, indicating a 34% decrease. Despite this decrease, the results still demonstrated that PLIS
nanoparticles can effectively function as a catalyst in an alkaline environment.

3.5.3.3. In-situ measurement of catalytic reaction pathway

To determine the preferred catalytic pathway for carbonate or acetate production, we analyzed bands
associated with CO2, CO, CHsCHO, and CHsCOOH, observed at 2347 cm™, 2118 cm™, 1550 cm™!, and
1415 cm™, respectively. IRRAS spectra were obtained in various potentials monitoring changes in COx,
CO, CHsCHO, and CHsCOOH concentrations for PLIS/C and PLIS-Pt/C catalysts in both acidic and
alkaline environments. For PLIS/C in acidic media (Fig. 7e, f), CO- signals were consistently weaker
than CHsCHO and CHsCOOH at all potentials, whereas PLIS-Pt/C displayed increased CO- signals
with potential, indicating a shift towards complete oxidation (Fig. 7g, h). Under alkaline conditions,
both PLIS/C and PLIS-Pt/C catalysts followed a similar trend, with CO- formation increasing at higher
potentials (Fig. 8e-h). These results affirm the robust EOR potential of PLIS-Pt/C in both acidic and
alkaline environments and PLIS/C in alkaline media (Fig. S41). In-situ measurements showed that the
concentrations of CO., CO, CHsCHO, and CHsCOOH increased over time, with CH;:CHO and CO:
exhibiting the most significant growth. Ethanol oxidation primarily led to CH;CHO and CHs:COOH via
partial oxidation, while the higher CO: production indicated complete oxidation. These findings suggest
that PLIS-Pt/C in acidic media and PLIS/C in alkaline media achieve optimal EOR performance,

favoring the complete oxidation of ethanol to COs.



Finally, we evaluated synthesis reproducibility and catalyst stability by testing three independent PL1S4
batches and reanalyzing the original PLIS4 sample after 18 months (Fig. S42). The new batches
exhibited comparable or higher electrocatalytic activity, confirming good reproducibility. Specifically,
PLIS4.1 showed a 35% increase in activity, PLIS4.2 exhibited an 18% decrease, and PLIS4.3
demonstrated a 1.5-fold enhancement compared to the original PLIS4 sample. However, the aged PLIS4
sample showed a ~70% decline in activity, indicating potential long-term stability concerns. Future

studies may focus on aging effects and degradation mechanisms for commercializing purposes.

4. Conclusions

The pulsed laser compositional tuning of colloidal copper/magnetite nanoparticles demonstrates the
effective formation of submicron composite particles possessing promising catalytic properties due to
highly active surface containing multiple oxidation states of transition metals. Here, we effectively
studied the synthesis parameters, such as particle size, solvent, laser fluence, repetition rate, and Cu:Fe
molar ratio, to show how they affect compositional tuning of the desired heterostructures. These
parameters critically influenced the compositional and microstructural variations, affecting the
formation of CuxFes.xO.-CuyO-Cu,Fe;.; heterostructure. We also categorized these synthetic parameters
according to their prominent role on changing the key factors of phase formation i.e. process
temperature, heating-cooling rate and local chemical environment. The research highlighted the
mechanism of transformation process during pulsed laser-induced heating including melting of
agglomerates, promoting unique phase formations and alloying between copper and magnetite particles.
The oxidation states analyses further confirmed the presence of multiple oxidation states in both copper
and iron surface, indicating complex redox interactions progressing copper oxidation and magnetite
reduction during synthesis. Pulse-driven oxidation-reduction dynamics at the nanoparticle-solvent
interface induce variability in x, y, and z within CuyFes;xOs-CuyO-Cu,Fe1,. XRD, XAS, MD
simulations, and laser-induced temperature modeling confirm the formation of CuFe,0,, CuFe, CuO,
and Cu0 phases, with XRD verifying CuyO (y = 1, 2). Peak broadening in fcc Cu (111) and CuFe (200)
indicates alloy formation, while peak shifts suggest Fe incorporation into Cu, reducing its lattice
constant. MD simulations reveal molten Cu absorbing Fe nanoparticles, forming Cu.Fe;, alloys.
CuxFesxO4 formation results from FesO4 partial reduction during Cu incorporation into the spinel lattice,
as supported by thermodynamic modeling and XAS. These findings highlight pulsed laser irradiation
as a route to tunable phase transformations in composite synthesis. The structural and compositional
versatility of the resulting composite particles facilitated high catalytic activity in ethanol oxidation,
outperforming both individual oxides and previous composite catalysts. Specifically, the
heterostructures served efficiently as both primary catalysts and as supports for platinum, significantly
enhancing the electrochemical response. Moreover, oxidation state changes post-catalysis, particularly

the increase in Cu®*, suggested that the catalytic process fostered strong oxidizing agents, such as atomic



oxygen and hydroxyl radicals, which modified the surface composition and structure. Overall, this
research showcases the potential of pulsed laser synthesis in tuning nanoparticle compositions for
advanced catalytic applications, providing a controllable, scalable, and environmentally friendly
approach to catalyst design. The study’s outcomes underscore the synergistic effects within Cu-Fe-O
systems, paving the way for further exploration of heterostructures in sustainable energy applications,
especially for fuel cells and other catalytic processes.
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Table 1. Sample coding

No. Sample Size of Fe3O4 Solvent Laser fluence (cr:r:JO:IZEr Repetition time
code (nm) (mJ/cm?.pulse) ) (Hz)
ratio)

1 PLIS1 5 ethanol 200 1:1 10
2 PLIS2 30 ethanol 200 1:1 10
3 PLIS3 30 Ethyl acetate 200 1:1 10
4 PLIS4 5 ethanol 300 1:1 10
5 PLIS5 30 ethanol 300 1:1 10
6 PLIS6 30 Ethyl acetate 300 1:1 10
7 PLIS7 5 ethanol 300 31 10
8 PLIS8 5 ethanol 300 1:3 10
9 PLIS9 5 ethanol 225 1:3 10
10 PLIS10 5 ethanol 225 1:3 33




ity (a.u.)

b)

* CuFe,0,8 Fe,0, ®Cu,0 & CuO A CuFe/Cu
* * ok ok * K * *
8 L ‘'m m

80

50 100 150 200 250 300 350 200 400 600 800 1000 1200

size (nm)

size (nm)

Inten

30 10 50 60 0 30 20 30 10 50 G0 70 80

26 (degree)

20 (degree)

12
10- 27
|
&l :
£ 1
3% i
4- 1
2] 45
|
0 1
200 400 600 800 1000 1200 o4
: 0 200 400 600 80
size (nm) .
size (nm)
o~ *
= =
L °
;,:'
2
5
20 30 40 50 60 70 80 20 30 10 50 60 70 80
20 (degree) 20 (degree)
20
12
16
g 1Z 8
8
1 4
0 o4
v 200 400 L 800 0 200 400 600 800 1000

size (nm) size (nm)



Fig. 1. The microstructural changes observed in samples (a) PLIS1, (b) PLIS4, (c) PLIS2, (d) PLIS5,
(e) PLIS3, and (f) PLIS6. HAADF images paired with EDX maps reveal the selective formation of
phases in each sample. The EDX maps of PLIS1 and PLIS2 are also represented in Fig. 2a,b for study
of the phase formation mechanism. XRD patterns indicate the presence of copper oxides (I and 1),
copper ferrite, and copper-iron alloy alongside remaining copper and magnetite. The variations in phase
presence and intensity validate the influence of synthetic parameters on phase formation during pulsed
laser melting. Additionally, SEM-collected (Fig. S3) particle size distribution demonstrates a wide
range of sizes containing multimodality, indicating diverse agglomerates with different core particles

(Cu and/or Fe;0.) leading to multiple size distributions.
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Fig. 2. Phase formation mechanism following the pulsed laser melting process. (a) Cu diffusion into the
Fes04 particle resulting in the formation of the CuFe phase in PLIS1, (b) CuFe;O4 and CuFe formation from
Fes0. in the matrix of copper in PLIS2, (c) Copper ferrite formation in PLIS9, and (d) Observation of CuFe
in PLIS10. The EDS maps shown in images (a) through (d) can be found for each sample depicted in Figs.
S2 and S4. The size-dependent maximum temperature of () Cu and (f) FesOa particles irradiated with 200
and 300 mJ/cm?.pulse fluences. The left and right vertical axes show the temperature of particles and
intensity of particle size distribution, respectively. (g) Schematic illustration of the impact of agglomeration
on phase formation during the pulsed laser melting process of Cu and magnetite dispersed in liquid. Here
four stages are denoted for the mechanism of phase formation in samples containing (1) initial homostructure
agglomeration, (I1) formation of heterostructure aggregates, (111) diffusion of smaller particles into the bigger
core particle, and (IV) phase formation. (h) Schematic illustrating who key factors of phase formation are
influenced by synthetic parameters. (i) MD simulation demonstrated the diffusion of iron in ambient
temperature into the melted copper particle, as observed also experimentally in Fig. 2a. (j) MD simulation
demonstrated the diffusion and distribution of high temperature iron atoms into the melted copper particle.
These simulations showed how the lower temperature smaller particle was engulfed by the higher

temperature larger particle, resulting in phase formation.



Table 2. The BE values (eV) and relative areas of components (%) of Cu 2p 3/2, Cu LMM, O 1s and Fe 2p 3/2 peaks for PLIS samples. Reference (NIST): 711.0 eV -
Fe;0s3, 710.6 eV - Fes04, 709.5 eV - FegesO, 711.2 eV FeOOH. So, we would expect in PLIS7 (Feq94O and Fe;0s3), in PLIS8 (Fes04 and Fe;03/FeOOH) and in PLIS9
(Feo.040 and Fe304). The shift of the Fe 2p line can be caused by the appearance of the core-shell structure, the degree of dispersion and particle size, and the appearance
of other oxides, e.g. mixed Cu-Fe spinel (CuFe;0s).

Core PLIS1 PLIS2 PLIS3 PLIS4 PLIS5 PLIS6 PLIS7 PLIS8 PLIS9 assignation
excitation BE | Area BE | Areal BE | Area| BE | Area| BE | Area| BE | Area| BE | Area BE | Area BE | Area
€ev) (%) (V) (%)  €V) (%) | V) ) (V) (%) (V) (%) (V) (%) (V)| %) (V) %)

Cu2ps, | 9314 | 33 9314 | 95 9312 85 | 9310 | 21 |9305 | 20 - --- 930.8 | 1.7 | 930.5 | 2.7 | diff. charging
933.1 | 73.4 | 932.6 | 55.4 | 932.7 | 58.9 | 933.1 | 72.7 | 932.7 | 73.7 | 9329 | 628 | 9325  39.4 | 9328 | 65.9 4 9328 | 79.8 Cu/Cu0
934.3 | 19.1 | 933.6 | 27.3 | 933.7 | 17.7 | 9344 | 152 | 9342 | 19.3 | 934.6 | 19.2 | 934.2  29.8 | 934.1 | 23.0 A 934.1 | 14.0 CuO

9374 | 42 9359 | 78 9347 | 149 | 936.1  10.0 | 9364 | 5.0 | 936.4 | 18.0 | 937.0 30.8 | 936.7 | 9.4 | 936.7 | 3.5 Cu(OH)2
CuLMM | 569.1 | 27.6 4 569.3 | 72.0 | 569.8 | 54.0 | 569.2 | 26.8 | 569.2 | 28.0 | 569.8 | 21.0 A 569.2 | 355 | 568.2 | 12.1 | 568.9 | 27.3 Cu/Cu0O
5714 | 72.4 | 571.1 | 28.0 | 5719  46.0 5717 | 73.2 | 571.7 | 72.0 | 5724 | 79.0 | 571.3 | 64.5 | 571.2 | 87.9 | 571.3 | 72.7 | Cu0/Cu(OH)

O1s 530.2 | 53.8 | 529.4 | 5.8 |530.4  21.8 530.2 | 149 | 5299 | 6.2 --- 529.7 | 5.9 |530.0 44 |5299 | 125 Me(1)-O*
531.5 | 44.1 | 531.3 | 20.7 --- 531.2 | 369 | 531.0 | 81 |530.8 53 |530.8 11.2 5315 183 | 531.6 | 27.7 Me(2)-O**
--- 532.7 | 67.3 | 532.7 | 73.8 | 532.7 | 43.9 | 532.3 | 80.2 | 5325 | 79.3 4 5325 | 55.1 | 532.8 | 68.8 | 532.9 | 52.6 OH
5340 | 1.3 |534.7| 37 | 5353 44 5351 | 43 |5343 | 38 | 5341 | 98 |534.6 155 5345 7.7 | 5354 | 7.2 ad. H.0
5358 | 0.8 | 536.6 25 --- --- 536.2 | 1.7 | 5359 56 |536.2 123 | 536.7 | 0.8 m-n C-O
Fe 2ps, | 710.1 | 51.5 | 709.1 | 43.9 H709.2 | 26.7 | 710.4 | 47.0 | 710.2 | 47.2 --- 709.9 | 43.1 | 710.3 | 49.2 | 709.5 | 36.7 Fe?*
7114 | 485 | 7106 | 56.1 | 710.7 | 73.3 | 711.7 | 53.0 | 711.8 | 52.8 --- 711.7 | 56.9 | 712.0 | 50.8 | 710.6 | 63.3 Fe¥*

*Me(1)-0, e.g. CuO, Fe;03
**Me(2)-0, e.g. Cu,0, FeOOH
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Fig. 3. Oxidation state analysis of PLIS samples. The analysis of total fluorescence yield (TFY) for the
(a) C K-edge, (b) O K-edge, (c) Fe L-edge, and (d) Cu L-edge. TFY signals are able to provide
information from deeper layers of the sample compared to other analysis techniques such as TEY and
XPS. Interestingly, no detectable signals from hydrogen and water were found in this study, unlike in
XPS (Fig. S11) and TEY (Fig. S13) results. The EXAFS and XANES spectra of (¢) Cu and (f) Fe K-
edges, showing changes in pre-edge and main peak. The quantitative analysis of edge shift in various

samples can be found in the Table S6 and S7.
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Fig. 4. HRTEM analysis of the surface and interface of particles synthesized via the Pulsed Laser
Melting method, focusing on CuFe and CuFe,O, phases and their corresponding interfaces. (a) A
tetragonal-like quantum dot exhibiting d-spacing consistent with the (220) and (311) planes of the
CuFe,04 phase. Quantum dots on the larger particles may contribute to the phase formation mechanism
as illustrated by MD simulations in Fig. 1h. (b) Existence of two non-crystallized layers on a particle
surface including a defect-containing crystalline layer and an amorphous layer. The amorphous layer
likely formed due to insufficient time (high solidification rate), possibly resulting from viscosity
fluctuations at the surface induced by a high concentration of carbon and/or oxygen in the solvent [16].
(c) Evidence of (311) and (220) planes in the cubic CuFe phase. A distinct twin-like structure is visible
in certain regions of the particle's surface, marked by subtle variations in the crystal lattice arrangement.
(d) The interface between two CuFe,O, particles, showing a high degree of alignment between the
orientation and spacing of the initial layer of one particle and the adjacent layer of another. This

alignment reduces interfacial discrepancy, allowing the particles to achieve minimal interfacial energy.
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Fig. 5. The surface organic contamination and optical properties of PLIS samples. (a) an IR image of
the PLIS5 and (b) the ATIR spectra of specific points on the image in part (a), highlighting the stretching
pattern of the C-O bond commonly found in primary alcohols. (c) The UV-Vis absorption spectra of the
PLIS samples with a focus on the absorption edge enlargement as an indication of the band gap ranges
of the samples. The band tailing changes are demonstrated through Gaussian fitting of the PLIS2 and
PLIS6 samples, revealing the complex structural features of the samples. The PL spectra of colloidal
samples irradiated in (d) ethanol and (e) ethyl acetate. The photoluminescent signals have been analyzed
using Gaussian distribution deconvolution to enhance the recognition of PL signals. (f) Normalized
decay curves of the samples for the calculation of charge carrier lifetime. It is evident that the initial
ingredient plays a predominant role in the optical properties of the samples compared to other factors

such as laser fluence.
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Fig. 6. Electrocatalysis ethanol oxidation behavior of PLIS samples. (a) Cyclic voltammetry of PLIS/C
electrocatalysts in 0.1 M NaOH and sweep rate (50 mV/s). (b) EOR forward scan of the PLIS/C
catalysts. (c) Current-time curves recorded at 0.5 vs. Ag/AgCl for 3,600 s in 0.1 M NaOH + 0.5 M
ethanol solution. (d) Cyclic voltammogram curves of the PLIS5/C (green) and PL1S4/C (violet) catalysts
before and after 10,000 potential cycles accompanied with graphs showing the decrease of ECSA (%).
In situ IRRAS spectra recorded during ethanol oxidation on catalysts: () PLIS5/C and (f) PLIS4/C,
where blue and red dashed line described acetate and carbonate compounds, respectively. IRRAS
spectra gives information regarding selectivity of catalyst for carbonate/acetate compounds pathways
during EOR. Peaks corresponding to CO,;, CO, CH3CHO and CH3;COOH were marked. Bands
corresponding to acetate compounds such as CH3COO and HCO®* /CO3z* are visible around 1550 cm"

Land 1415 cm™, while they are around 2100 cm™ and 2400 cm*for carbonate compounds.
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Fig. 7. Oxidation state analysis of PLIS sample before and after electrocatalysis. (a) Synchrotron-based
STXM examination of a particle cluster located within the carbon bed in PL1S4/C catalyst after catalysis
demonstrating a heterostructure resembling CuFe/copper ferrite formed in the matrix of magnetite. The
analysis of total fluorescence yield (TFY) for the (b) C K-edge, (c) O K-edge, (d) Cu L-edge, and (e) Fe
L-edge. TFY signals are able to provide information from deeper layers of the sample compared to other
analysis techniques such as TEY and XPS. (f) XPS analysis of Cu 2p, O 1s and C 1s edges of PLIS
sample before and after electrocatalysis. The peaks were deconvoluted carefully for quantitative analysis

of chemical phase variations in the sample. The quantitative XPS results have been reported in Table 3.



Table 3. The BE values (eV) and relative areas of components (%) of Cu 2pz, Cu LMM, O 1s,and C

1s peaks for PLIS4 sample before and after electrocatalysis ethanol oxidation.

before after
Core excitation assignation
BE (eV) | Area (%) | BE (eV) | Area (%)
932.5 27.6 CuxFe,/Cu/Cu,0
933.3 80.0 CuO
Cu 2p3/2
934.3 724 CuFe;04 (On)
935.3 20.0 Cu(OH),, CuFe;04 (Tq)
569.4 20.0 570.2 34.0 Cu/Cu0O
CuLMM

571.4 80.0 572.1 66.0 Cu,0O/Cu(0OH),
531.4 36.6 531.9 24.4 Me-O", C=0

O1s 533.1 425 533.1 65.6 OH-, C-0-C
534.4 20.9 534.9 10.0 ad. H,0, aromatic C-O
282.9 1.3 283.3 2.3 Cc=C
284.3 40.9 284.4 28.7 C-C sp?

c1 285.2 23.8 285.1 27.9 C-H sp®

S

286.7 9.9 286.2 16.5 C-0
288.8 13.3 288.8 14.6 0O-C=0

291.1 10.8 292.2 10.0 COs
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Fig. 8. The behavior of PLIS sample as the support for electrocatalysis ethanol oxidation in acidic
environment. Cyclic voltammetry of (a) PLIS/C, Pt/C and PLIS-Pt/C electrocatalysts and (b) EOR
forward scan of the PLIS/C, Pt/C and PLIS-Pt/C catalysts. All curves were recorded in 0.1 M HCIO4 +
0.5 M ethanol solution at a scan rate of 50 mV/s at room temperature. (c) Current-time curves recorded
at 0.5 vs. Ag/AgCl for 1800 sin 0.1 M HCIO4+ 0.5 M ethanol solution for PLIS/C, Pt/C and PLIS-Pt/C,
and (d) cyclic voltammogram curves of the PLIS-Pt/C catalyst before and after 10000 potential cycles
in 0.1 M HCIQ, solution. In situ IRRAS spectra recorded during ethanol oxidation on (e) PLIS/C and
(9) PLIS-Pt/C catalysts collected for different potentials in acidic environment. Time-dependent
chemical products synthesized during electrocatalysis process and measured using in-situ IRRAS for (f)
PLIS/C and (h) PLIS-Pt/C. In spectra peaks originating from CO,, CO, CH3;CHO and CH,COOH are

marked by grey, red, green and blue, respectively.
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Fig. 9. Behavior of the PLIS sample as a support for electrocatalytic ethanol oxidation in an alkaline
environment. (a) Cyclic voltammetry of PLIS/C, Pt/C, and PLIS-Pt/C electrocatalysts and (b) EOR
forward scan of PLIS/C, Pt/C, and PLIS-Pt/C catalysts. All curves were recorded in a 0.1 M NaOH +
0.5 M C.HsOH solution at a scan rate of 50 mV/s at room temperature. (¢) Current-time curves recorded
at 0.5V vs. Ag/AgCl for 1800 s in 0.1 M NaOH + 0.5 M ethanol solution for PLIS/C, Pt/C, and PLIS-
Pt/C, and (d) cyclic voltammogram curves of the PLIS-Pt/C catalyst before and after 1000 potential
cycles in 0.1 M NaOH solution. In situ IRRAS spectra recorded during ethanol oxidation on (e) PLIS/C
and (g) PLIS-Pt/C catalysts, collected at different potentials in an alkaline environment. Time-dependent
chemical products generated during the electrocatalytic process and measured using in-situ IRRAS for
(f) PLIS/C and (h) PLIS-Pt/C. In the spectra, peaks originating from CO-, CO, CHsCHO, and CH.COOH

are marked in grey, red, green, and blue, respectively.
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Highlights

e Phase formation studied via high-temperature solid-liquid interface analysis.

e Temperature, cooling rate, and local chemistry identified as key phase factors.

e Synthetic parameters classified by impact on key factors for phase formation.

e Composite particles show high catalytic activity as main catalysts and Pt supports.

e Laser-activated surfaces with composite oxidation states yield active structures.
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