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Enhanced electrocatalytic hydrogenation of
levulinic acid to value-added chemical platforms+

Pol Vilarifio,® Elvira Gomez 3° and Albert Serra @ *2°

The electrocatalytic hydrogenation (ECH) of levulinic acid (LA) has been identified as a sustainable and
energy-efficient route for the production of high-value chemicals, including y-valerolactone (GVL) and
valeric acid (VA). This study explores the electrochemical reduction of LA using electrodeposited Cu-, Ni-,
and Ru-based catalysts, including their binary (CuNi, CuRu, NiRu) and ternary (CuNiRu) systems, under both
acidic and alkaline conditions. Catalysts were prepared by electrodeposition from new developed
formulations. Among the electrocatalysts studied, Ni-rich deposits exhibited superior performance, with
CuNi and CuNiRu catalysts achieving faradaic efficiencies above 80%, LA conversion rates exceeding 857%,
and GVL selectivity as high as 94% in acidic media. Electrochemical analyses revealed that the reaction
pathway and product distribution were strongly influenced by catalyst composition and solution pH, with
acidic conditions favouring higher conversion efficiencies and selectivity toward GVL. Conversely, alkaline
media gave rise to diminished reaction rates and a shift toward VA production. In acidic medium, reusability
tests assessed the long-term stability of CuNi-based catalysts, with moderate performance degradation
over multiple cycles and negligible catalyst leaching. A comparative analysis with state-of-the-art
electrocatalysts highlights the competitive advantages of the developed materials, particularly in terms of
efficiency and selectivity. The findings emphasise the potential of electrodeposited Ni-rich deposits for
scalable, cost-effective, and environmentally friendly biomass conversion, advancing the prospects of

rsc.li/catalysis

Introduction

The global challenge of climate change has led to a
heightened focus on identifying sustainable and renewable
sources of energy and chemicals.”® The substantial reliance
on fossil fuels not only amplifies greenhouse gas emissions
but also underscores the vulnerability of supply chains that
are heavily reliant on finite resources.® This critical situation
underscores the urgent need to explore alternative feedstocks
and innovative processes capable of meeting industrial
demands while minimizing environmental impact. Among
these alternatives, biomass—a renewable and widely available
resource derived from agricultural and forestry residues—has
emerged as a transformative solution.*® The utilization of
biomass holds the potential to substitute for petroleum-
derived feedstocks and to serve as the foundation for bio-

“Grup d'Electrodeposicié de Capes Primes i Nanoestructures (GE-CPN),
Departament de Ciéncia de Materials i Quimica Fisica, Universitat de Barcelona,
Marti i Franqueés, 1, E-08028, Barcelona, Catalonia, Spain. E-mail: a.serra@ub.edu
b Institute of Nanoscience and Nanotechnology (IN°UB), Universitat de Barcelona,
Barcelona, Catalonia, Spain

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5¢cy00319a

This journal is © The Royal Society of Chemistry 2025

electrochemical LA valorisation as a viable alternative to conventional hydrogenation methods.

based chemicals and fuels, thereby paving the way for a
circular and sustainable bioeconomy.*”

Among the various chemicals that can be derived from
biomass, levulinic acid (LA) is of particular significance as a
pivotal platform compound due to its structural versatility
and potential to be upgraded into a wide range of valuable
products.®® LA is produced via the acid-catalysed hydrolysis
of lignocellulosic biomass, which is primarily composed of
cellulose and hemicellulose, LA can be obtained in high
yields from a variety of carbohydrate sources.” LA's molecular
structure, which features both keto and carboxyl functional
groups, renders it a suitable precursor for the production of
biofuels, solvents, pharmaceuticals, plastics, herbicides, and
flavour agents. As a renewable and bio-based precursor, LA
has become a cornerstone of research aimed at reducing
reliance on traditional petroleum-based compounds.'®'*

The transformation of levulinic acid into gamma-
valerolactone (GVL) is particularly promising due to GVL's low
toxicity, biodegradability, and potential as a bio-based solvent
and renewable fuel additive.”*** The compound has
applications spanning industrial, pharmaceutical, and energy
sectors, making it a focal point for sustainable innovation.”™”
However, conventional methodologies for the conversion of LA
to GVL, which rely on homogeneous and heterogeneous
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catalytic hydrogenation, present significant challenges. These
conventional methods frequently require elevated temperatures
and high pressures, in addition to the use of expensive and
unsustainable precious-metal-based catalysts, resulting in
energy-intensive  and  costly  processes that hinder
scalability."®°

In contrast, electrochemical methods could provide a more
sustainable and efficient alternative for the conversion of
LA.*"® These approaches enable transformations to occur
under mild conditions, obviating the need for external reducing
agents, and could permit precise control over product
selectivity.>' >

In light to these limitations, electrocatalytic hydrogenation
(ECH) of LA has emerged as a promising alternative for the
sustainable conversion of LA into GVL,>*** by enabling
conversion under mild conditions and obviating the necessity
for external reducing agents. Electrocatalytic approaches could
confer considerable advantages in terms of energy efficiency,
environmental impact, and process control. Furthermore, the
capacity to precisely modulate reaction conditions allows for
enhanced selectivity and efficiency in product formation.*®
Notably, the ECH of LA has shown promise in producing not
only GVL but also other value-added derivatives, such as valeric
acid (VA).***° However, the efficiency and scalability of ECH are
constrained by the availability of suitable electrocatalysts.’>*

Research has emphasized the critical role of both the
electrode material and the reaction medium in enhancing the
efficiency and selectivity of the electrochemical conversion
process. Various electrocatalysts, including lead, copper, or
nickel, have been studied, exhibiting disparate levels of
efficiency and selectivity. While lead electrodes have exhibited
high conversion rates and selectivity, the environmental
concerns associated with lead, coupled with the lower efficiency
of other electrodes, underscore the necessity for new and
optimized electrocatalytic materials.***” The optimisation of
electrode material is a pivotal factor in determining the
efficiency, selectivity, and sustainability of electrocatalytic
processes. This highlights the pressing need for innovative
electrocatalysts that seamlessly integrate high catalytic activity
with environmental safety and economic viability.>**"*

In order to address the aforementioned challenges, the
present study investigates the electrochemical reduction of LA
using advanced electrode materials, including Cu, Ni, and Ru,
as well as their binary and ternary systems. A particular
emphasis is placed on nickel-rich deposits, given their
demonstrated capacity to attain high catalytic performance.>*
The study objective is the development of efficient and selective
processes for the sustainable transformation of biomass-derived
LA into high-value chemicals like GVL. The research begins with
the electrosynthesis of electrocatalysts via electrodeposition, a
versatile method that allows for precise control over the
composition, structure, and morphology of the prepared
deposits. Subsequently, the catalytic performance of these
materials was systematically evaluated in the electrochemical
reduction of LA. The study explores key performance metrics,
including conversion, efficiency, product selectivity, and catalyst
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stability, under varying reaction conditions using aqueous
acidic and alkaline media. In contrast to previous studies
focusing primarily on Pb-based systems or mid-pH conditions,
this work offers a comparative analysis of electrochemical LA
conversion under strongly acidic and alkaline environments
using industrially relevant catalysts.

Experimental section
Electrosynthesis and characterization of electrocatalysts

A total of seven aqueous solutions were freshly prepared as
described in Table 1, using NiCl,-6H,O (Merck, 99.9%, CAS:
7791-20-0), CuCl,-2H,0 (Sigma-Aldrich, >99.0%, CAS: 10125-13-
0), RuCl;-3H,0 (Sigma-Aldrich, >99.0%, CAS: 13815-94-6), and
HOC(COONa)(CH,COONa),-2H,0  (Sigma-Aldrich,  >99.0%,
CAS: 6132-04-3). Furthermore, NaCl (Sigma-Aldrich, >99.0%,
CAS: 7647-14-5) was employed to regulate the ionic strength.
The ionic strength of each solution was adjusted to 2.30 M,
thereby ensuring consistent conditions for comparative studies
across samples. Prior to each experiment, the pH of the solution
was adjusted to 3.0 with hydrochloric acid. All solutions were
prepared using deionized Milli-Q water. The temperature was
maintained at 25 °C during the experiments.

The solutions under consideration were formulated with the
aim of attaining Ni-rich electrocatalysts. To this end, the
nickel(n) concentration was elevated to 15 times the level of
ruthenium and 6 times the level of copper. This high nickel
concentration was used due to the electrochemical inert
behaviour of nickel. Additionally, due to the electrocatalytic
character of nickel towards hydrogen reaction, the reduction of
nickel overlaps with the onset of hydrogen evolution, rendering
this process competitive. Ruthenium(m) concentration, an
expensive and high-value material, was proposed attending,
also, to economic considerations.

The electrochemical study was conducted using a
potentiostat-galvanostat (Metrohm Autolab PGSTAT204), with
data acquisition and control facilitated by NOVA 2.1 software.
A three-electrode configuration was utilized, comprising a
platinum electrode as the counter electrode, an Ag|AgCl|Cl™
electrode as the reference electrode, and a glassy carbon
electrode (GC) as the working electrode. Prior to each
experiment, the GC electrode was polished to a mirror finish
using alumina powders of decreasing particle size (3.75 pm
and 1.87 pm) on polishing pads. Following each polishing
stage, the electrode was rinsed with deionized water to
eliminate any residual alumina particles. Subsequently, the

Table 1 Composition of electrochemical baths for the electrodeposition
of Cu-, Ni-, and Ru-based electrodeposits

Ni Ru Cu NiRu NiCu RuCu NiRuCu
NiCl,/M 0.30 0.00 0.00 0.30 0.30 0.00 0.30
RuCl;/M 0.00 0.02 0.00 0.02 0.00 0.02 0.02
CuCl,/M 0.00 0.00 0.05 0.00 0.05 0.05 0.05
Ce¢HsNa;0-/M  0.20 020 0.20 020 020 020  0.20
NaCl/M 0.20 0.98 0.95 0.08 0.05 0.83 0.00

This journal is © The Royal Society of Chemistry 2025
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electrode was subjected to sonication in Milli-Q water for a
period of two minutes, with the objective of dislodging any
residual particles or impurities that may have remained on
the surface. All electrochemical experiments were performed
under an argon atmosphere. Cyclic voltammetry (CV) was
employed to analyse the electrochemical behaviour in each
bath, while potentiostatic chronoamperometry (CA) was used
for electrodeposit preparation.

The morphology and elemental composition of the
electrodeposited films were characterized using field-emission
scanning electron microscopy (FE-SEM, JEOL-7100), equipped
with energy-dispersive X-ray spectroscopy (EDS). Furthermore,
the elemental composition and total amount of deposits were
quantified using inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 8300, PerkinElmer) for ppm-
level detection and inductively coupled plasma mass
spectrometry (ICP-MS, NexIon 2000, PerkinElmer) for ppb-level
analysis, in order to calculate the faradaic efficiency.

Electrocatalytic reduction of levulinic acid

The electrochemical reduction of LA was conducted using the
same potentiostat-galvanostat system and three-electrode
configuration. The bare GC or the electrodeposited metals on
GC were used as the working electrode, an Ag/AgCl|Cl™ as a
reference electrode, and a platinum spiral as a counter
electrode. The electrochemical media were prepared according
to two different conditions, as illustrated in Table 2, which
included acidic and alkaline aqueous solutions. In all
conditions, the LA concentration was fixed at 0.5 M. The
solutions were maintained at 25 °C throughout the experiments,
with a total reaction volume of 15 mL. Acidic conditions were
achieved by the addition of sulfuric acid, while alkaline
conditions were achieved using sodium hydroxide.

In order to evaluate the ECH performance of LA on GC
and electrodeposited materials, linear sweep voltammograms
(LSV) were recorded within a potential range of 0.00 V to
-2.00 V at 50 mV s, both in presence and absence of LA.
The potentials applied in subsequent chronoamperometric
experiments of the ECH process were selected based on the
LSV results.

The electrochemical media after the ECH process were
analysed using high-performance liquid chromatography

Table 2 Experimental conditions used for the electrochemical reduction
of LA under different aqueous solutions

Conditions Acidic conditions Alkaline conditions
Solvent H,0 H,O

LA/M 0.50 0.50

H,SO,/M 0.50 0.00

NaOH/M 0.00 1.00

KCI/M 0.50 0.50

pH 0.00 14.00

Applied potential/V -1.40 and -1.80 -1.80 and -2.00
Volume/mL 15 15

Charge/C 1500 1500
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View Article Online

Paper

(HPLC) with UV-vis detection. Two distinct HPLC setups were
utilized depending on the analyte of interest: for
y-valerolactone (GVL), a XBridge C18 column (3.5 um, 4.5 x
50 mm) was used with a 10 pL injection volume, isocratic
elution with a 9:1 v/v mixture of water and acetonitrile as the
mobile phase, and detection at 210 nm using an ACQ-PSA
Instrument Setup; for LA and VA, an Aminex HPX-87H
column (300 x 7.8 mm) was employed with a column
temperature of 60 °C, an internal column temperature of 145
°C, a 50 pL injection volume, and an isocratic mobile phase
consisting of a 9:1 v/v mixture of water and acetonitrile with
10 mM sulfuric acid, with UV-vis detection at 210 nm. These
setups enabled precise characterisation and quantification of
the species present in the reaction mixture, ensuring a
comprehensive evaluation of the electrochemical reduction
process.

For the most effective materials and conditions, five
consecutive reusability cycles were conducted without any
intermediate treatment of the electrocatalyst to assess its
recyclability and stability. Following each cycle, the
concentration of dissolved catalyst in the electrochemical
medium was quantitatively analysed using ICP-OES (Optima
8300, PerkinElmer) for ppm-level and ICP-MS (NexIon 2000,
PerkinElmer) for ppb-level analysis.

Results and discussion

Role of citrate and chloride in the proposed formulation for
Cu, Ni, and Ru on glassy carbon

The selection of chloride- and citrate-based electrolytes was
strategically made to approach the reduction potential of the
selected metal ions, which is a key factor under the
codeposition of metals.

Citrate (Cit) and chloride complexation play a crucial role in
governing metal ion reduction kinetics and deposit
composition. The stability constants (logp) of metal-citrate
complexes, which quantify the interaction strength between
metal ions and citrate ligands, are tabulated between 5.2 and
6.0 for the [NiCit] complex and 6.2-6.4 for the [CuCit]
complex.’’™* While specific values for Ru(m)-citrate complexes
are not available in the literature, Ru(m) is expected to exhibit a
higher affinity for multidentate ligands such as citrate
compared to Cu(u) and Ni(u). This increased affinity influence
its deposition potential, requiring more energy to be deposited,
resulting in its electrodeposition at more negative
potentials. 333733

The stability constants (logf) for the chloride complexes
[NiCl,*" and [CuCl,]*” are 3.0-4.1 and 7.5-8.5, respectively.
However, data concerning Ru(m)-chloride complexation is
scarce, despite Ru(m)'s propensity to form stable chloride
complexes, which significantly impact its chemical stability
and reactivity during deposition.*®*

From the data and literature, the interplay between citrate
and chloride is proposed in order to facilitate the codeposition.
Moreover, the known modulator effect of chloride presence due
to its complexation of the three metals, as well as the benefit of
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hydroxylated species from citrate, can contribute to obtaining
homogeneous deposits and reducing the significant
electrocatalytic towards hydrogen reaction of Ni and Ru.
Through the careful counterbalance of bath composition and
complexation equilibria, we propose the bath compositions
included in Table 1. As outlined previously in the experimental
section, the electrochemical baths were formulated with a view
to producing Ni-rich electrocatalysts when binary or ternary
systems were prepared.
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Electrodeposition and electrocatalytic performance of Cu, Ni,
and Ru on glassy carbon for levulinic acid reduction. Using the
proposed formulations, electrodeposition of Cu, Ni, and Ru on
GC substrate was investigated, with a particular focus on the
influence of electrodeposition conditions on morphology and
composition.

Electrodeposition study and morphological analysis of Cu,
Ni, and Ru deposits on glassy carbon. Fig. 1a shows the cyclic
voltammogram recorded from the Cu-solution, which revealed a

Fig. 1 Cyclic voltammograms (CV) recorded on GC electrode at various potential limits in a (a) copper (i) solution, (c) nickel (i) solution, and (e)
ruthenium (i) solution, at 50 mV s at 25 °C. FE-SEM micrographs of (b) copper deposits obtained at -0.39 V vs. Ag|AgCL|CL, (d) nickel deposits
obtained at -0.90 V vs. Ag|AgCl|CL, and (f) ruthenium deposits obtained at -0.59 V vs. Ag|AgCl|Cl". Q = 36 mC. Scale bar: 200 nm.
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single, well-defined reduction peak appeared at approximately
-0.25 V. This is consistent with the reduction of Cu(u) ions on
the GC surface. Extending the scan, at potentials more negative
than —0.70 V, a sharp current increase was recorded probably
related to the start of the hydrogen reaction. Reversing the scan,
two oxidation peaks appeared. The first peak corresponded to
the initial oxidation of metallic copper to Cu(1), and the second,
at more positive potentials, corresponds to the oxidation of
Cu(1) to Cu(n). It was observed that under agitation, the charge
involved in the feature related to the second peak was
significantly diminished. Based on the electrochemical
behaviour exhibited, electrodeposits were prepared using
potentials between —0.30 V and -0.39 V.

Fig. 1b, shows the FE-SEM images of copper deposits
prepared at —0.39 V demonstrated that the deposit consists of
well-distributed large grains. The formation of these grains is
likely facilitated by the superficial mobility of the copper
grains on glassy carbon. In comparison, at —0.30 V, smaller
grain sizes were observed, reflecting differences in nucleation
and growth dynamics under less negative deposition
conditions (Fig. S11).>**° Furthermore, faradaic efficiencies
(Fig. S1at) exceeded 85% in all cases, with values above 90%
at lower overpotentials.

Fig. 1c displays the CV profiles for nickel deposition on
the GC. During the cathodic sweep, a reduction current
emerged at approximately —0.80 V, which is consistent with
the electrochemical reduction of Ni(u) ions to metallic Ni(0).
In the reverse scan, a characteristic nucleation loop was
observed, which is indicative of the nucleation and growth
process of metal electrodeposition. The formation of bubbles
occurred during the scan at high negative potentials, related
to hydrogen codeposition, a reaction favoured by the freshly
deposited nickel.*™ In the positive sweep, an oxidation
peak emerged at approximately —0.10 V, associated with the
partial reoxidation of metallic nickel to Ni(u). As previously
reported, this asymmetric signal actually comprised two
overlapping oxidation peaks, corresponding to hydrogen-poor
o-Ni and hydrogen-rich B-Ni.***® Moreover, the charge
involved in the oxidation peak was dependent to the extent of
nickel deposition, as reflected in the curves recorded
increasing the negative potential limits.

As shown in Fig. 1d and S2b-d,} FE-SEM micrographs of
nickel electrodeposits revealed distinct morphological
differences. Deposits prepared at —0.90 V exhibited larger
grain sizes and apparent surface roughness, suggesting a
slow nucleation rate at this potential. Conversely, at more
negative potentials (-1.00 V and -1.20 V), deposits became
fine and more homogeneous. The finer grain structure
suggested enhanced uniformity and compactness of the
deposit. Importantly, at -0.90 V, the faradaic efficiency
exceeded 90%, indicating that nearly all the applied charge
was invested in nickel reduction (Fig. S2af). However, at
more negative potentials, efficiency declined significantly,
attributed to the hydrogen evolution, which became more
favoured under more negative potentials. This phenomenon
was promoted by intrinsic nickel electrocatalytic activity for

This journal is © The Royal Society of Chemistry 2025
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hydrogen evolution, rendering the process less efficient at
negative potentials.

Fig. 1le shows the cyclic voltammograms from the
ruthenium solution. In the cathodic scan, two distinct
reduction peaks were observed at approximately 0.65 V,
corresponding to the reduction of Ru(m) to Ru(m). At more
negative potentials, approximately -0.50 V, a second
reduction current, corresponding to the reduction of Ru(u) to
Ru(0). Hydrogen evolution became significant at more
negative potentials, competing with Ru deposition.”” In the
positive scan, a broad oxidation potential range was
observed, corresponding to the reoxidation of Ru(0). Notably,
at the more positive potentials a sharp oxidation peak is
recorded, close to the onset of oxygen evolution.

FE-SEM micrographs of Ru deposits (Fig. 1f, S3b and cf)
revealed a rounded grains leading homogeneous coverage,
but with a significant number of grain boundaries, which is
consistent with previous reports on Ru electrodeposition.**>°
Elemental mapping confirmed a uniform distribution of Ru
throughout the deposit. Furthermore, Fig. S3af demonstrates
that the faradaic efficiencies of all deposits prepared
remained above 70%. However, at preparation conditions of
high negative potentials, a substantial drop in efficiency was
observed.

Electrocatalytic performance of Cu, Ni, and Ru on glassy
carbon for levulinic acid reduction. To better understand the
product distribution observed under different experimental
conditions, a proposed reaction network for the ECH of LA is
presented (Fig. S4t). This scheme includes the primary
pathway to GVL via 4-hydroxypentanoic acid (4-HPA), and
alternative hydrogenation and coupling routes yielding (VA),
2,7-octanedione, octane, 4-hydroxy-2-butanone, and other C4
and C8 compounds.’***?® The network also illustrates key
mechanistic divergence points depending on pH, and applied
potential, which are discussed in the following sections.

The electrochemical conversion of LA to value-added
chemicals, such as GVL and VA, was systematically studied to
assess catalysts performance under various pH conditions. A
series of single-metal deposits were prepared at —0.33 V,
-0.90 V, and -0.59 V using Cu, Ni, and Ru solutions,
respectively, to investigate their electrocatalytic potential for
the ECH of LA.

LSV measurements (Fig. 2a and b) were conducted to
investigate the electrochemical behaviour of each catalyst in
the presence and absence of LA.

Across both acidic and alkaline media, Ru-based electrodes
demonstrated the most pronounced current response, followed
by Ni-based electrodes. Notably, acidic conditions facilitated
higher current densities. In acidic medium (Fig. 2a), the
addition of 0.5 M LA resulted in a positive shift in the onset
potential for the reduction current: from -0.34 V to -0.30 V for
the Ru-electrode, from -0.61 V to —0.44 V for the Ni-based
electrode, from —0.95 V to —-0.56 V for the Cu-based electrode,
and from —1.09 V to -0.84 V for the GC electrode. These shifts,
accompanied by a significant increase in current density,
suggested that ECH of LA was more favourable than the

Catal. Sci. Technol,, 2025, 15, 4223-4237 | 4227
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Fig. 2 Linear sweep voltammograms (LSV) recorded within a potential range of 0.0 V to -2.0 V vs. Ag|AgCl|Cl™ at 50 mV s, in the absence
(dashed line) and presence (solid line) of 0.5 M of LA, using Cu, Ni, Ru, and bare GC electrodes in (a) acidic and (b) alkaline media. Conversion
percentages and product selectivity toward GVL and VA in (c) acidic and (d) basic media. All experiments were performed in triplicate, with values

reported as the mean * standard deviation.

simultaneous hydrogen evolution reaction on all electrode
materials.

In contrast, in alkaline media (Fig. 2b) the processes exhibited
low current densities and a different electrochemical response,
involving slower reaction rates. The onset potential shifts were
consistent with those observed in acidic media, but the lower
current densities suggest that reaction kinetics were hindered,
possibly due to differences in intermediate adsorption processes
and/or stabilization of key reaction intermediates.

According to the results from the LSV evaluation,
electrolysis experiments were conducted. In acidic media, the
ECH of LA was investigated at -1.4 V and -1.8 V for all
electrode materials, whereas in alkaline conditions, the
selected potentials were —1.8 V and -2.0 V. Electrolysis were
carried out for a total charge of 1500 C, with significant
variation in reaction duration across different catalysts and
reaction environments. The results show the impact of both
catalyst composition and reaction medium on the efficiency
and stability of LA electrochemical hydrogenation.

4228 | Catal Sci. Technol,, 2025, 15, 4223-4237

In acidic media, the electrolysis time ranged from 50 min to
210 min, depending on the electrode material. In contrast, the
electrolysis process in alkaline media required a significant
longer duration for all the catalysts. Furthermore, in alkaline
media, evidence of catalyst degradation was observed,
particularly for Cu-based electrodes, likely due to the highly
aggressive nature of the medium. The combination of hydroxide
ion activity and prolonged exposure to high potentials
accelerated surface corrosion and structural instability, thereby
reducing their catalytic durability.

Regarding product distribution, in acidic media, the
conversion of LA primarily resulted in the selective formation
of GVL as the main product, regardless of the applied
potential (Fig. 2c). At -1.4 V, the LA conversion was observed
for Cu (90.7 + 2.0%), followed closely by Ni (89.2 + 1.8%) and
Ru (88.1 + 1.6%), while GC exhibited a slightly lower
conversion (83.3 + 1.2%). Despite the relatively small
differences in conversion rates, product selectivity varied
significantly among the catalysts. Notably, GC and Cu did not

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy00319a

Open Access Article. Published on 02 June 2025. Downloaded on 10/16/2025 11:26:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

produce any detectable amounts of GVL or VA, indicating
that while these catalysts effectively convert LA, they do not
promote its further transformation into the desired products.
In contrast, Ni produced GVL and VA, achieving a yield for
GVL of 51.2 + 1.5% and for VA of 12.9 + 1.4%, while Ru
exhibited even higher selectivity, producing 60.0 + 1.2% GVL
and 18.1 + 1.3% VA. The findings indicate that Ru
demonstrates superior selectivity under the tested
electrochemical conditions, likely attributable to its enhanced
hydrogenation and ring-closure kinetics.”">> However, as
demonstrated in numerous reports in the literature, Ni-based
catalysts — particularly when supported on acidic materials
such as SiO,, zeolites as H-ZSM-5, or mesoporous silica — can
also effectively catalyse both hydrogenation and lactonization
steps in the thermal hydrocyclization of LA to GVL.
Consequently, the ring-closure activity is not exclusive to Ru,
and Ni plays a well-established role in GVL formation via
both acid-mediated and metal-catalysed mechanisms.>*™*

When the applied potential was established at -1.8 V, LA
conversion efficiency declined slightly for all catalysts.
However, Ru still exhibited the highest conversion (85.1 +
1.8%). Despite this reduction in conversion, GVL formation
improved significantly for Ru, reaching 72.0 + 1.2%, the
highest GVL yield observed under the tested conditions. Ni
also maintained a high GVL yield (55.1 + 1.2%). The VA yield
for Ru remained stable at 18.1 + 1.2%, whereas Ni
experienced a slight decline to 11.0 + 1.2%. Interestingly, GC
and Cu, on which at -1.4 V did not produce any GVL or VA,
exhibited discrete VA formation at —1.8 V, with yields of 1.2 +
0.6% and 0.8 + 0.5%, respectively. This suggests a subtle shift
in reaction selectivity at more negative potentials, though
their overall selectivity toward VA remained very low.

As shown in Fig. 2d, in alkaline conditions at -1.8 V, the
highest conversion recorded was for Ru (97.1 + 1.2%),
followed closely by Ni (96.4 + 1.3%), Cu (92.0 + 1.8%), and
GC (90.2 + 1.4%). Despite these high conversion rates, GVL
formation was observed only on Ni (49.4 + 1.1%) and Ru
(51.3 + 1.4%), suggesting that these catalysts effectively
facilitate the hydrogenation and lactonization steps required
for GVL production. Cu and GC, in contrast, did not produce
any detectable amounts of GVL, further confirming their lack
of catalytic character for this transformation. Regarding VA
yield, Ru exhibited moderate VA formation (8.8 + 1.5%), while
GC produced a slightly higher VA yield (13.7 + 0.9%). Cu and
Ni did not generate any VA.

At —2.0 V, LA conversion declined for all catalysts showing
GC the highest conversion (88.5 + 1.5%). This diminution in
conversion suggests that excessive hydrogenation or competing
side reactions became more pronounced as more negative was
the applied potential. It can thus be concluded that at negative
potentials and strong alkaline conditions, catalyst deactivation
and degradation is a probable risk. Similar to the results
obtained at -1.8 V, GVL production was also observed only
using Ni (42.5 + 1.3%) and Ru (41.1 + 1.9%), although both
yields were lower than those recorded at —1.8 V. Interestingly,
VA formation was observed exclusively with Ru (13.8 + 1.8%).
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This suggests that Ru remained uniquely active in VA
formation, possibly due to its superior ability to facilitate the
sequential hydrogenation of GVL into VA.>»**

Overall, these results highlight Ru as the most effective
catalyst for promoting both GVL and VA formation in acidic
and alkaline media, with Ni also showing strong selectivity
for GVL production. However, at more negative potentials,
the increasing competition from HER reduces overall
catalytic efficiency, particularly affecting GVL yield. These
findings underscore the importance of optimizing both
catalyst selection and applied potential to enhance LA
conversion and product selectivity.

The observed differences in product distribution can be
explained by considering the electrochemical mechanisms
operating under acidic and alkaline conditions (Fig. 3 and S5%).
In acidic aqueous media (pH < 4), LA undergoes proton-
coupled electron transfer, which facilitates the selective
reduction of its carbonyl group to form 4-HPA. This
intermediate then spontaneously cyclizes to GVL, a
transformation promoted by the high proton concentration,
favourable leaving group properties of water, and the inherent
thermodynamic stability of the five-membered lactone ring.
Additionally, the protonated state of the carboxylic acid group at
low pH supports efficient intramolecular esterification. This
mechanism is especially effective at temperatures above 20-25
°C, where both the hydrogenation and lactonization kinetics are
enhanced, leading to high selectivity and yield of GVL.>***?°

In contrast, under strongly alkaline conditions (pH > 9),
the reaction mechanism shifts markedly. LA exists as the
levulinate anion, which affects its adsorption characteristics
and limits proton availability. The electrochemical reduction
of the carbonyl group proceeds more slowly due to decreased
proton-coupled electron transfer efficiency and potential
electrostatic  repulsion at the cathode. Additionally,
lactonization is suppressed because the carboxylate group is a
poor electrophile and hydroxide is a poor leaving group. While
deeper hydrogenation to VA might be expected under such
conditions, our experiments at pH 14 did not detect VA
formation on either Cu or Ni electrodes, even under high
reducing potentials.>****® This lack of VA formation in
alkaline media can be attributed to several factors: (i) the
suppression of proton availability at high pH hinders proton-
coupled electron transfer steps essential for the hydrogenation
of GVL or intermediates into VA; (ii) the hydrogen evolution
reaction, which is strongly favoured on Cu and Ni surfaces at
the required negative potentials, competes with LA reduction.
This further suppresses the selective reduction of carbonyl
groups to form VA; (iii) surface corrosion or oxide formation
under alkaline and high-potential conditions may passivate
active sites; and lastly, (iv) the LA reduction pathway may shift
under alkaline conditions, with intermediates being less stable
or diverted toward side products rather than VA. Despite these
constraints, moderate GVL formation was still observed for Ni
and Ru catalysts, indicating that some degree of ring closure
may proceed via surface-mediated or residual proton
pathways.
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acidic media. LA is first reduced via proton-coupled electron transfer to 4-hydroxypentanoic acid (4-HPA). Under acidic conditions, 4-HPA
undergoes intramolecular esterification to form GVL, driven by favourable thermodynamic and kinetic factors. Alternatively, further hydrogenation
of 4-HPA leads to the formation of VA. Reaction conditions, pH, and catalyst choice influence the selectivity between GVL and VA.

Electrodeposition and electrocatalytic performance of
binary and ternary systems for levulinic acid reduction. After
examining the ECH of LA using Cu-, Ni-, and Ru-based
electrodes, under both acidic and alkaline conditions, the
potential of binary and ternary systems, along with possible
synergistic effects, was assessed as electrocatalysts.

Electrodeposition study and morphological analysis of
binary and ternary systems on glassy carbon. As shown in
Fig. 4a, the CV in the CuNi bath revealed the onset of Cuf(u)
reduction at approximately -0.30 V, exhibiting a mass-
controlled behaviour, as evidenced by the characteristic peak
shape of the current response. The reduction of Ni(u) started at
significantly more negative potentials, leading to the
simultaneous deposition of Cu and Ni. At potentials more
negative than -0.90 V, a sharp increase in current density was
observed, indicating the occurrence of hydrogen evolution as a
competing reaction.

During the anodic sweep, several oxidation peaks were
identified. The first peak corresponded to the oxidation of Cu(0)
to Cu(i), followed by a second oxidation current associated with
the oxidation of a-Ni, $-Ni, and the CuNi system. The dominant
contribution depended on the limit potential—at more negative
potentials, it primarily originated from CuNi deposits. Finally,
at more positive potentials, Cu(r) underwent oxidation to Cu(u).
These oxidation features confirmed the codeposition of Cu(0),
Ni(0), and the CuNi system, offering valuable insights into the
electrochemical  stability
electrodeposited CuNi.

Chronoamperometric experiments were performed at
varying applied potentials to analyse the deposit morphology
and elemental composition. FE-SEM micrographs of the
CuNi deposits (Fig. 4e and S6f) revealed a homogeneous
and smooth morphology. Furthermore, as shown in Table 3,
the application of more negative potentials resulted in the
formation of Ni-rich deposits. The faradaic efficiency
decreased from 82% at -0.80 V to 67% at -1.00 V,
suggesting a trade-off between deposition rate and hydrogen
evolution.

and composition of the

4230 | Catal Sci. Technol., 2025, 15, 4223-4237

Fig. 4b displays the CVs for a CuRu solution. During the
cathodic scan, an initial small reduction signal at 0.50 V
indicated the reduction of Ru(m) to Ru(u). This was followed
by the reduction of Cu(u) to metallic copper near -0.30 V. A
subsequent reduction signal around -0.60 V corresponded to
the start of codeposition of Cu(0) and Ru(0). During the
anodic scan, distinct oxidation peaks were observed. The first
peak corresponded to the oxidation of Cu(0) to Cu(i), followed
by the oxidation of CuRu, and finally, a third peak associated
with the transition of Cu(i) to Cu(u).

The FE-SEM micrographs in Fig. 4f and S7f provide
insights into the morphological evolution of CuRu deposits
as a function of the applied potential. The deposits prepared
at —0.60 V exhibited a rough and non-homogeneous surface
structure with visible cracks (Fig. S7ct). This suggests that
deposition involves both simultaneous and sequential
nucleation, leading to a patchy, interconnected morphology.
At more negative potentials, such as -0.70 V, the deposits
showed increased density and roughness. As the potential
became more negative, the formation of cracks became more
pronounced. The increased driving force at negative
potentials may have facilitated faster nucleation and growth,
yielding a rougher, more compact film with a homogeneous
CuRu distribution.

As shown in Table 3, an increase in the applied potential
resulted in deposits with a higher ruthenium content,
emphasizing the impact of potential on elemental composition.
The efficiency gradually declined with more negative potentials,
reaching 47% at -0.70 V, likely due to increased hydrogen
coevolution.

Fig. 4c presents the CVs for a NiRu solution. During the
cathodic scan, an initial peak at 0.65 V corresponded to the
reduction of Ru(m) to Ru(u), followed by the reduction of
Ru(un) to metallic ruthenium at -0.50 V. As the potential
became more negative, the current changed its slope,
evidencing the concurrent codeposition of Ni and Ru.

At potentials more negative than -1.00 V, hydrogen
evolution was evident, competing with metal deposition and

This journal is © The Royal Society of Chemistry 2025
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Table 3 Applied potential, atomic composition of Cu, Ni, and/or Ru and faradaic efficiency of electrodeposited binary and ternary systems

CuNi

EIV Ni/at% Cu/at% FE/%
—-0.80 20.5 £ 0.4 79.5 £ 0.4 82
-0.90 65.0 £ 0.8 35.0 £ 0.8 79
-1.00 85.0 £ 0.6 15.0 £ 0.6 67
CuRu

EIV Cu/at% Ru/at% FE/%
—-0.60 71.4 £ 0.6 28.6 £ 0.6 55
-0.70 55.0 £ 0.7 45.0 £ 0.7 47
NiRu

EIV Ru/at% Ni/at% FE/%
—-0.90 15.5+0.3 84.5 £ 0.3 62
-1.00 5.2+0.6 94.8 + 0.6 54
CuNiRu

EIV Cu/at% Ni/at% Ru/at% FE/%
—-0.80 33.3+0.8 26.4 £ 0.8 40.3 £ 0.8 66
-1.00 16.3 £ 0.7 56.5 £ 0.7 27.2 £0.7 59
-1.50 9.8+1.1 73.7 £ 1.1 16.4 £ 1.1 42
affecting the morphology of the NiRu film while reducing the =~ was observed, with small separation between grains

overall process efficiency. During the anodic scan, partial re-
oxidation of ruthenium back into solution was identified by
oxidation current at approximately 1.0 V. However, no
distinct signal corresponding to NiRu oxidation was detected
before oxygen evolution became evident.

Fig. 4g presents FE-SEM micrographs (see also Fig. S8%),
illustrating the morphological evolution of NiRu deposits. At
-0.90 V, the deposits exhibited a granular structure. Further
lowering the potential to -1.0 V resulted in more compact
and uniform deposits, suggesting an increased nucleation
rate and improved growth.

As shown in Table 3, decreasing the applied potential led
to a higher nickel content in the deposits, emphasizing the
potential-dependent composition of the NiRu alloy. However,
deposition efficiency declined to 54% at -1.00 V due to the
increasing significance of hydrogen evolution.

Fig. 4d displays the CVs for the ternary CuNiRu system.
During the negative scan, the signals corresponding to the
sequential appearance of the currents related to the
reduction of Ru(m) and Cu(u) species, followed by the Ni(u),
were observed. As in the previously described systems,
hydrogen evolution became evident near -1.00 V.

During the positive scan, several overlapping oxidation
signals were observed. As the scan was extended, these
signals became more complex.

The FE-SEM micrographs (Fig. 4h and S91) show the
morphology of the ternary CuNiRu deposits obtained at
varying deposition potentials. At —0.80 V, a granular coating
with a uniform distribution of grains across the surface
was observed. However, at -1.0 V, a semi-spongy
morphology appeared, characterized by grains that did not
fully coalesce. At -1.20 V, a more compact morphology V

4232 | Catal. Sci. Technol, 2025, 15, 4223-4237

compared to -1.0 V.

As shown in Table 3, the atomic composition varied with
the applied potential, exhibiting a general trend of increasing
Ni content at more negative potentials. At —0.80 V, the
deposit consisted of 33.3% Cu, 26.4% Ni, and 40.3% Ru, with
a faradaic efficiency of 66%. As the potential became more
negative, Ni incorporation increased, lowering Cu and Ru
content. At -1.50 V, a substantial shift occurred, with Ni
becoming the predominant element (73.7% Ni), while the Ru
content decreased to 16.4% and Cu reached its lowest value
at 9.8%. The faradaic efficiency significantly decreased to
42% at -1.50 V.

Electrocatalytic performance of binary and ternary systems
on glassy carbon for levulinic acid reduction. We systematically
evaluated the catalytic activity and selectivity of binary and
ternary deposits for the electrochemical conversion of LA under
both acidic and alkaline conditions (Fig. 5). For these
experiments, the following electrodeposition potentials were
employed to prepare the deposits: -0.90 V for CuNi, —0.70 V for
CuRu, —0.80 V for NiRu-, and —1.00 V for CuNiRu.

LSV measurements (Fig. 5a and b) were used as an initial
assessment of the electrochemical behaviour of the analysed
catalytic systems. The study revealed significant performance
variations depending on the catalyst composition and
reaction medium.

In acidic media, the NiRu electrode exhibited the high
current density, although the differences compared to CuRu,
CuNiRu, and CuNi were not significant. As shown in Fig. 5a,
the addition of 0.5 M LA caused a positive shift in the onset
potential for the reduction current: from —0.32 V to -0.28 V
for the CuRu electrode, from —0.56 V to —0.36 V for the CuNi
electrode, from —0.35 V to —0.31 V for the NiRu electrode, and

This journal is © The Royal Society of Chemistry 2025
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Conversion percentages and product selectivity toward GVL and VA in (c) acidic and (d) basic media. All experiments were performed in triplicate,

with values reported as the mean * standard deviation.

from -0.34 V to -0.27 V for the CuNiRu electrode. Under
alkaline conditions, all systems exhibited a minor current
density compared to their performance in acidic media. This
diminution was attributed to the diminished availability of
protons in the alkaline environment, which may slow the
electrochemical hydrogenation process and potentially
changes the reaction mechanism toward alternative
intermediates or pathways. As shown in Fig. 5b, the onset
potential of reduction also shifted in the presence of LA:
from —0.95 V to —0.83 V for the CuRu electrode, from -1.21 V
to —1.14 V for the CuNi electrode, from -0.98 V to —0.86 V for
the NiRu electrode, and from -1.16 V to —-1.02 V for the
CuNiRu electrode.

Notably, in alkaline media, the CuRu electrode maintained
the highest current density. Overall, the LSV data indicated that
higher current densities in acidic media could correlate with
faster reaction kinetics during electrolysis, whereas the lower
current densities in alkaline media reflected slower reaction
rates and the consequent extended electrolysis durations.

This journal is © The Royal Society of Chemistry 2025

Following the LSV analysis, electrolysis experiments were
conducted under both acidic and alkaline conditions at -1.4
and -1.8 V in acidic media, and at —1.8 and —2.0 V in alkaline
conditions.

In acidic media, GVL was the dominant product across all
catalytic systems (Fig. 5c). At -1.4 V, all catalyst achieved
conversion rates above 85%. Although CuRu showed the
lowest conversion among the tested catalysts, the overall
variation in conversion rates was relatively small. However,
significant differences in product selectivity were observed.
CuNiRu produced the highest GVL yield (85.0 + 1.2%),
followed closely by CuNi (79.3 + 2.1%), whereas NiRu (55.1 +
1.8%) and CuRu (42.5 + 1.5%) exhibited lower GVL yield.
Regarding VA formation, the relatively low VA yields across
all catalysts indicate that the reaction pathway primarily
favours GVL formation under these conditions, with only
limited further hydrogenation to VA.

When the applied potential was -1.8 V, LA conversion
followed mixed trends. CuNi achieved the highest conversion
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(94.1 + 1.9%), and its GVL yield increased markedly to 90.9 +
0.8%, surpassing all other catalysts. CuNiRu also retained a
high GVL yield (85.2 + 1.2%), while NiRu (59.0 + 1.2%) and
CuRu (58.0 + 1.2%) showed modest improvements compared
to —1.4 V. This enhanced GVL yield at a more negative
potential suggests that increased hydrogen availability
facilitates the hydrogenation of intermediates, thereby
promoting GVL formation. The VA yield continues being
moderate, although NiRu exhibited a notable increase to (7.8
+ 0.9%) from 3.2 + 1.5% attained at —-1.4 V. CuNiRu (1.8 +
0.8%) and CuNi (1.9 + 0.7%) produced only minimal VA.

In alkaline conditions, at —1.8 V, LA conversion remained
high across all catalysts: CuRu (97.1 + 1.9%), CuNi (96.0 +
1.3%), NiRu (94.7 + 1.7%), and CuNiRu (92.9 + 1.2%). Despite
these high conversion rates, GVL yield varied significantly,
reflecting differences in catalytic selectivity. CuNiRu led the
highest GVL yield (52.0 + 1.2%), followed by CuRu (50.3 +
0.8%). CuNi produced a moderate GVL yield (41.3 + 1.2%),
whereas NiRu (28.7 + 1.8%) showed the lowest GVL selectivity.
For VA yield, CuNi exhibited the highest formation (6.2 + 0.3%),
followed by CuRu (4.2 + 0.7%), NiRu (3.5 + 1.4%), and CuNiRu
(2.8 + 1.3%). These results indicate that while CuNiRu is highly
effective for GVL production, it does not significantly promote
further hydrogenation toward VA. The lower VA yields compared
to GVL suggest that the reaction pathway primarily favours GVL
formation in alkaline media (Fig. 5d).

At -2.0 V, LA conversion remained high, with CuNiRu
exhibiting the highest value (93.6 + 1.2%), followed closely by
CuRu (93.3 + 1.2%), NiRu (92.8 + 1.2%), and CuNi (91.2 +
1.2%). Although CuNi showed a slight decrease in conversion
compared to —1.8 V, conversion rates for the other catalysts
remained relatively stable. GVL yield increased across all
catalysts at —2.0 V. The highest GVL yield was achieved by
CuRu (55.8 + 1.8%), followed by CuNi (43.3 + 0.9%), CuNiRu
(37.8 £ 2.3%), and NiRu (34.7 + 2.1%). This increase suggests
that hydrogenation is partially more efficient at -2.0 V,
although HER and other side reactions may compete with LA
reduction, limiting further improvements in selectivity. In
relation to the VA yield at -2.0 V, the utilization of NiRu (6.2
+ 1.8%) and CuRu (5.4 + 2.1%) resulted in enhanced VA
yields compared to the yield obtained at —1.8 V. Conversely,
CuNiRu (4.9 + 1.4%) and CuNi (4.8 + 0.9%) remained at
moderate levels. Additionally, in alkaline medium, catalyst
degradation was notably more pronounced during electrolysis
process. The corrosive nature of the alkaline environment
was a contributing factor to surface deterioration and, by
extension, the deactivation of the catalyst.

These results demonstrate that an acidic medium is the more
suitable environment for achieving optimal conversion rates,
selectivity, and efficiency. Among the synthesised catalysts, CuNi
and CuNiRu demonstrate the greatest effectiveness for GVL
production. These insights can be a guidance for optimizing
catalyst selection and reaction conditions in biomass-derived
platform molecule transformations.

The reusability of CuNi- and CuNiRu-based electrodes in
acidic medium was evaluated through multiple electrolysis

4234 | Catal Sci. Technol., 2025, 15, 4223-4237

View Article Online

Catalysis Science & Technology

cycles performed at a fixed applied potential of —1.8 V and
under constant charge. The results are summarized in Fig. 6.

The CuNi-based electrode exhibited remarkable stability
during successive electrolysis cycles, initially achieving a
conversion efficiency of 94.1 + 1.9%, with a GVL yield of 90.9
+ 0.8% and negligible VA production. Notably, the conversion
efficiency remained above 90% throughout the electrolysis
cycles, despite the electrolysis time increase with the number
of cycles. This performance was achieved without any catalyst
rejuvenation between cycles. However, a gradual decline in
GVL selectivity was observed, with the yield decreasing from
90.9 + 0.8% to 75.0 = 3.1%, while VA production increased.
These results suggest that while the CuNi catalyst maintained
high conversion efficiency, it underwent partial deactivation
over time, likely due to surface degradation or compositional
changes from extended operation.

The CuNiRu-based electrode exhibited slightly lower initial
activity compared to the CuNi catalyst, with a conversion
efficiency of approximately 87% and a GVL yield of 85.2 + 1.2%
(Fig. 6). Notably, the conversion efficiency of CuNiRu remained
consistent and above 80% throughout the reusability cycles.
Additionally, the electrolysis time required to achieve the overall
charge increased as the cycle number rose. For CuNiRu catalyst,
GVL selectivity decreased significantly, with the yield dropping
from 85.2 + 1.2% to 40.2 + 3.6%, while VA production increased
notably to 35.0% by the fifth cycle.

The reusability experiments also evaluated the leaching
behaviour of CuNi- and CuNiRu-based electrodes after the
fifth consecutive electrolysis cycle using ICP analysis. For the
CuNi-based electrode, 9.8% of the catalyst mass was

CuNi CuNiRu
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Fig. 6 Conversion percentages and product selectivity toward GVL
and VA in acidic during five reusability cycles at a fixed applied
potential of -1.8 V vs. Ag|AgCl|Cl" and a constant circulated charge
density for CuNi-based electrode and CuNiRu-based electrode. All
experiments were performed in triplicate, with values reported as the
mean * standard deviation.
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dissolved, with Ni being the most leached element. Greater
degradation was detected for the CuNiRu-based electrode,
with 27.2% of the initial catalyst mass being leached, with Ni
once again being the predominant element. Nevertheless, the
relatively stable conversion efficiencies observed for both
materials suggest that possible re-electrodeposition processes
resulting from leaching did not play a predominant role in
influencing the overall catalytic performance.

In conclusion, the reusability experiments highlighted the
different stability and performance characteristics of CuNi-
and CuNiRu-based electrodes under acidic conditions. While
the CuNi electrode exhibited stability, with consistent
conversion efficiencies above 90%, it demonstrated gradual
selectivity loss for GVL, likely due to partial deactivation from
surface degradation and catalyst leaching. Conversely, the
CuNiRu electrode exhibited slightly lower initial activity but
maintained conversion efficiencies above 80% throughout
the cycles, despite a more pronounced decline in GVL
selectivity and a significant increase in VA production. The
higher dissolution rate, particularly of Ni, observed for
CuNiRu underscores its susceptibility to structural and
compositional degradation during prolonged operation.>®

To further investigate the role of surface composition in
catalyst deactivation and selectivity loss, we performed an
additional experiment in which fresh CuNi and CuNiRu
layers were electrodeposited onto the spent electrodes
following five catalytic cycles. The regenerated electrodes
exhibited a remarkable recovery in both LA conversion and
GVL selectivity, comparable to that of the freshly prepared
materials. This result confirms that catalyst deactivation is
largely attributable to surface depletion or restructuring -
particularly the partial dissolution of Ni - as supported by
ICP-OES analysis. These findings underscore the importance
of maintaining the optimal metal composition at the surface
to preserve activity and selectivity. Accordingly, strategies
aimed at mitigating Ni leaching are essential for improving
long-term catalyst stability. These may include modifying the
electrodeposition  conditions, incorporating
resistant supports (e.g., carbon nanotubes, graphene oxide),
or introducing stabilizing dopants (e.g., Co, Cr, Mo) known to
suppress Ni dissolution under acidic conditions. Such
approaches could prolong catalyst life while maintaining
high selectivity for GVL formation.

The findings of this study represent a significant
advancement in the efficiency and selectivity of LA conversion
to GVL. Previous studies have shown that LA conversion is
possible in acidic media using various catalysts; however, these
approaches often suffer from low selectivity and efficiency or
require prohibitively expensive catalysts. Compared to previous
research, our prepared catalysts achieved high selectivity to GVL
versus VA, whereas previous reports indicated a maximum of
75% without achieving high efficiency.”" %>

For instance, Pb/CFs electrodes exhibited a VA selectivity
of up to 92%, while Cd/CFs electrodes achieved an LA
conversion of 57%, ranking them among the best ECH
electrodes reported. Additionally, previous research with Al-

corrosion-
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based catalysts yielded a GVL-to-VA selectivity ratio of 1:3,
while GC-based methods achieved 100% selectivity to GVL
but only 30% conversion.”® Pb-based catalysts produced a 1:
1 GVL-to-VA selectivity ratio with a conversion rate of 55%,
whereas graphite-based catalysts achieved 100% selectivity to
GVL but just 25% conversion,”' 21285759

Notably, this study, as in others, evidences that the optimal
medium for this conversion was acidic medium, given the low
kinetics and conversions observed under alkaline conditions.
To the best of our knowledge, this is the first study to evaluate
and develop a catalyst that maintained relatively high
performance over multiple cycles, demonstrating superior
efficiency and stability compared to state-of-the-art catalysts.
Although further work is needed to optimize the preparation of
the selected catalyst to achieve morphological and structural
characteristics that maintain its compositional integrity and
prevent the leaching of the components.

Conclusions

This study provides a comprehensive evaluation of
electrodeposited Cu-, Ni-, and Ru-based catalysts, along with their
binary and ternary alloys, for the electrocatalytic hydrogenation
(ECH) of levulinic acid (LA) to y-valerolactone (GVL) and valeric
acid (VA). The findings of the study demonstrate that the
composition of the electrode and the conditions of the electrolyte
have a critical influence on the catalytic efficiency, product
selectivity, and the stability of the catalyst.

Among the monometallic catalysts, Ru-based electrodes
exhibited the highest current densities, particularly in acidic
conditions, leading to enhanced conversion efficiencies.
However, the cost and potential scarcity of Ru limit its
industrial ~scalability. Conversely, Ni-based electrodes
exhibited favourable performance, exhibiting both reduced
cost and enhanced stability, albeit with moderate selectivity.
Conversely, Cu-based electrodes exhibited diminished
catalytic efficiency and selectivity, particularly in alkaline
conditions, underscoring the importance of alloying
strategies to enhance their performance.

The introduction of binary and ternary alloy catalysts has
been shown to significantly improve electrocatalytic efficiency
and selectivity. The most notable finding was that the CuNi
and CuNiRu alloys exhibited outstanding catalytic activity,
achieving faradaic efficiencies in excess of 80%, LA
conversion rates in excess of 85%, and GVL selectivity as high
as 94% in acidic media in the first cycle. These findings
underscore the pivotal role of Ni in facilitating efficient
hydrogenation pathways, while leveraging the electronic
modifications of Cu and the catalytic properties of Ru. The
observed synergistic effect in these alloyed catalysts could be
attributed to enhanced electron transfer, improved stability,
and optimised adsorption properties for intermediates
involved in the hydrogenation of LA.

The reaction environment was found to have a significant
impact on the catalytic performance and product distribution.
In the presence of acidic conditions, the selectivity towards GVL
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was found to be notably higher, and the reaction kinetics were
observed to be enhanced. Conversely, alkaline conditions
resulted in reduced reaction rates, prolonged electrolysis times,
and an increased propensity for VA formation, which was
attributed to variations in intermediate adsorption and reaction
pathways. Additionally, alkaline media led to higher catalyst
degradation in the first cycle.

Stability and reusability studies confirmed the durability of
CuNi- and CuNiRu-based electrodes, which maintained high
conversion rates and selectivity over multiple electrolysis cycles.
The CuNi electrode, in particular, exhibited remarkable stability,
retaining a conversion efficiency above 90% after five cycles,
with moderate catalyst leaching. However, the selectivity for
GVL gradually declined over repeated use, suggesting possible
surface modifications or partial compositional changes. The
CuNiRu electrode also demonstrated sustained performance,
but with slightly higher catalyst dissolution, particularly for Ni,
indicating that additional stabilization strategies may be
required to further enhance long-term durability. A comparative
assessment with previously reported electrocatalysts highlights
the advantages of the developed materials. While Pb- and Cd-
based catalysts have demonstrated moderate LA conversion
efficiencies, their toxicity and environmental concerns limit
their practical application. Conversely, the CuNi and CuNiRu
alloys presented in this study offer a non-toxic, scalable, and
highly efficient alternative, with superior selectivity and long-
term stability.
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