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Metallic copper nanoparticles are a promising alternative to gold and silver
in printed electronics due to their excellent electrical and thermal
conductivity. However, their synthesis is often hindered by rapid oxidation
and limited scalability. This work presents a microwave-assisted polyol
process for the rapid and scalable production of metallic Cu micro- and
nanoparticles, performed in air without the need for an inert atmosphere.
Ethylene glycol acts as both solvent and reducing agent, while lignin serves as
a renewable capping agent. Reaction time is reduced to 10 min in batch
mode, and the process is scaled up to a continuous-flow microwave system,
achieving production rates of ~5 g h~". Particle sizes range from 800 to

40 nm depending on lignin content and metal seeding. After pressure or
low-temperature (150 °C) treatment, the materials reach conductivities
between 30 and 100 pQ-cm. These metallic copper nanoparticles show

affordability positions Cu NPs as a compelling
material for next-generation flexible electronics,
which are increasingly central to technologies
such as wearable devices and smart
environments.“ﬂ However, a major limitation
of Cu NPs for these applications is their high
susceptibility to oxidation during processing
and storage, which can significanty reduce
their electrical conductivity even before integra-
tion into devices.

The synthesis of Cu NPs presents several
challenges, especially when targeting sustainable
and scalable production. Traditional methods
often rely on strong reducing agents like
sodium borohydride (NaBH,), which effec-
tively reduce Cu”” ions to metallic copper.m

strong potential for use in sustainable conductive inks for flexible and

printed electronics.

1. Introduction

Copper nanoparticles (Cu NPs) have emerged as a cost-effective and
sustainable alternative to gold and silver nanoparticles for electronics,
optics, sensors, catalysts, and medical applications.!') With an intrinsi-
cally high electrical conductivity comparable to that of silver—the most
conductive metal—copper offers excellent electrical performance to be
used in printable electronic circuits.[**! In addition, its greater natural
abundance and significantly lower cost make it an attractive option for
large-scale applications. This combination of high conductivity and
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However, these reagents produce hazardous by-
products, complicating waste management and
limiting industrial applicability. Additionally,
after the synthesis, it is required to avoid the
formation of copper oxides (Cu,O, CuO) that degrade the electrical
properties of the final product. Despite some advances using
eco-friendly reductants, such as plant extracts or ascorbic acid,/”~*! pro-
ducing high-purity metallic Cu NPs with minimal oxide contamination
at industrial scale remains difficult. One alternative method is the polyol
synthesis, where mild reductants like ethylene glycol are used under
relatively simple conditions.!'®""*! While this approach reduces the use
of hazardous chemicals, it typically involves long reaction times—often
up to 24 h—and results in low production efficiencies (<1 g h™"),
making it unsuitable for large-scale manufacturing. To improve scalabil-
ity, microwave-assisted synthesis has emerged as a promising alterna-
tive, offering significantly faster reaction times (minutes) and enhanced
energy efﬁciency.[mfl(’] Unlike conventional heating, microwave irra-
diation provides rapid and uniform volumetric heating, accelerating
reaction kinetics and improving nanoparticle yield. However, scaling
up microwave-assisted synthesis to large batch reactors remains chal-
lenging due to limitations in uniform energy distribution and heat
transfer. In this context, the development of continuous-flow reactors
with precise control over experimental parameters is essential for the
industrial application of microwave-assisted synthesis of metallic nano-
particles in liquid phase. A previous attempt to produce Cu nanoparti-
cles in a microwave flow reactor used tannic acid, yielding mostly
highly agglomerated particles (20-60 nm, with ~200 nm agglomer-
ates) and modest production rates, ranging from 0.3 to 0.6 g h™'.['”]
However, this approach holds considerable potential for improving
scalability, as already shown for other nanoparticles such as iron
oxide.l'®] Coupling microwave-assisted synthesis in polyol media with

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-7290-7029
https://orcid.org/0000-0002-7290-7029
https://orcid.org/0000-0002-7290-7029
mailto:antonio.santana@icmm.csic.es
mailto:y.f.afonso@csic.es
mailto:puerto@icmm.csic.es
https://doi.org/10.1002/eem2.70164
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feem2.70164&domain=pdf&date_stamp=2025-10-14

Energy &
Environmental Materials

a continuous-flow configuration is expected to improve reaction effi-
ciency, enhance nanoparticle yield and purity, and reduce product vari-
ability through better control of temperature, residence time, and
mixing conditions.

In the context of conductive inks for printed electronics, the size of
nanoparticles needs to be controlled. Particle size directly affects ink sta-
bility, deposition quality, and the electrical performance of printed fea-
tures. For screen printing, which employs high-viscosity inks, larger
particles (50—500 nm) can be used without compromising film uni-
formity. In contrast, inkjet printing requires smaller nanoparticles
(1-100 nm) to ensure proper dispersion in low-viscosity formulations
and to avoid nozzle clogging. Smaller particles also enhance printing
resolution and enable the formation of continuous, conductive films,
making them ideal for fine-feature circuit designs.['”) Therefore, the
choice of particle size is not only essental for ensuring compatibility
with specific printing techniques but also for improving pattern quality
and reducing production costs. As the density of conductive patterns
influences the amount of ink required, optimizing nanoparticle size
plays a central role in advancing the efficiency and scalability of printed
electronic technologies.[zo] In the polyol process, nanoparticle size can
be effectively controlled by adding nucleating agents such as silver, pal-
ladium, or platinum, which promote heterogeneous nucleation.’*'! In
this way, metal species are reduced by the polyol, leading to tiny parti-
cles that act as preferential growth sites for the final particles. By adjust-
ing the amount of nucleating agent, the mean particle size can be finely
tuned. Heterogeneous nucleation thus provides a reliable route to
achieve controlled particle size distribution. In this work, we will
explore the use of metallic nucleating agents to modulate the final size
of Cu nanoparticles.

An alternative approach for controlling particle size relies on steric
stabilization using organic agents (e.g., PVP, dextran, formic acid, lig-
nin) to control nanoparticle growth and protect the nanoparticles
against oxidation.””™*! Lignin, which can be sourced from various
types of lignocellulosic biomass obtained from agricultural and indus-
trial residues, is an appealing additive that aligns with the principles of
green chemistry. Its use reflects a circular economy approach, repurpos-
ing industrial waste for Cu NP synthesis. Lignin characteristics are
dependent on the extraction method, with the most common types
being kraft lignin and organosolv lignin.”*! While kraft lignin is
already being highly produced in the paper industry, the high sulfur
content and recalcitrant structure make it more difficult to apply this
type of lignin. On the other hand, organosolv processes such as Fabiola
allow for a sulfur-free and higher reactive lignin, making it more suit-
able for applications requiring well-defined surface interactions. Incor-
porating lignin as a capping agent offers a dual benefit: it chemically
stabilizes the nanoparticles while reducing the environmental footprint
of the overall process.***" 1t should be emphasized that, unlike silver
or gold, Cu NPs require specific surface conditions to enable proper
sintering into conductive networks. Oxide layers act as insulating bar-
riers that prevent particle bonding, while turbostratic carbon, although
protective against oxidation, hinders direct metallic contact. Therefore,
achieving high electrical performance requires synthesizing Cu NPs
with minimal oxide layers and easily removable coatings to facilitate
effective sintering at mild temperatures.

To address all these challenges, this study explores the
microwave-assisted synthesis of Cu NPs using a polyol method under
both batch and continuous-flow conditions. Sodium hydroxide
(NaOH) was employed to establish a basic reaction environment,
enabling ethylene glycol to function as both solvent and reducing
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agent. Additionally, lignin was incorporated as a capping agent to pro-
vide chemical stabilization of the nanoparticles. Reactions were con-
ducted in a microwave reactor, with a reaction time of 20 min per
batch or a residence time of 20 min in the continuous-flow setup.t*®]
This approach aims to develop an efficient, scalable, and environmen-
tally friendly synthesis route for Cu NPs, eliminating the need for exter-
nal reducing agents while ensuring the production of high-quality
nanoparticles for use in printed electronics.

2. Results and Discussion
2.1. Polyol Process Reduction Mechanism

Metallic copper particles, ranging from 40 to 800 nm with irregular
shapes, were synthesized by reducing copper ions from copper chloride
via the polyol process and assisted by a microwave reactor that helped
in accelerating the reaction, in both batch (Figure 1a) and continuous-
flow modes (Figure 1b). The low formation of by-products is attrib-
uted to the rapid heating and precise thermal control of the
microwave-assisted process, as shown by the temperature and power
profiles in Figure Ic,d. In both synthesis modes, the copper salt was
reduced through the in-situ formation of ethylene glycolates, generated
by mixing NaOH and EG, as previously described.[*”]

The formation of this glycolate (monoanion ethylene glycol) occurs
when mixing NaOH in EG at 140 °C. Then, when this basic solution
is mixed with the copper salt solution, a color change is observed from
an initial green to blue, indicating the formation of a copper glycolate
(Figure S1 inset, Supporting Information).”” The resulting copper gly-
colate was precipitated using acetone at a 2:1 ratio (Ac:EG) and charac-
terized by XRD (Figure S1, Supporting Information), showing a crystal
structure similar to that reported for copper alkoxides.”*'! It should be
emphasized that the reduction of the copper salt by ethylene glycolate
occurs without additional reducing agents and under an air atmo-
sphere. The complete process is depicted in Figure le. Ethylene glycol
first undergoes dehydration, releasing a molecule of water to form eth-
ylene glycolate, which donates electrons to reduce Cu(OH), to its
metallic state while oxidizing, typically forming acetaldehyde and diace-
tyl. This process highlights the electron transfer mechanism crucial for
redox reactions and metal nanoparticle synthesis, also described
for Nickel and Cobalt.!" !

2.2. Key Parameters in Cu NP Synthesis: Batch Microwave

The effects of key synthesis parameters, including the NaOH/Cu (w/w)
ratio (1.5-10.4) and the lignin/Cu (w/w) ratio (0-9.8), on the nature
of the copper nanoparticles as well as their particle, crystal, and hydrody-
namic sizes were examined.

FCC metallic copper nanoparticles were obtained in the microwave
reactor operating in batch mode, in the absence of lignin, for a
NaOH/Cu ratio greater than 2.8 (Figure 2a, Table 1). No other
phases, such as copper hydroxides or copper oxides, were detected. In
contrast, only copper oxide was formed when the ratio was equal to or
less than this value. The addition of lignin (SW) as a surfactant during
synthesis lowered the required NaOH/Cu ratio to obtain metallic cop-
per (Figure 2b). In this case, metallic NPs were obtained at NaOH/Cu
ratios >1.4. A significant reduction in particle size from 678 to 84 nm
was observed when increasing the NaOH/Cu ratio from 2.8 to 4.1
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Figure 1. Schematic representation of microwave synthesis processes a) in batch and b) continuous-flow mode. Power and temperature profiles applied
during the synthesis processes c) in batch and d) continuous-flow microwave. e) Reduction mechanism of Cu via the oxidation of ethylene glycol.

(Figure 2c,d), accompanied by improved size uniformity, with the
standard deviation (o) decreasing from 86 to 46. However, when the
NaOH/Cu ratio exceeded 10, smaller particles tended to agglomerate,
resulting in an increase in average particle size (Dm = 289 nm) and a
broader size distribution (¢ = 165).

Further reduction in particle size to 37 nm can be achieved at high
NaOH/Cu ratios (>10) and high lignin content (L/Cu ratio = 9.8),
likely due to lignin preventing Cu nanoparticle aggregation. In contrast,
increasing the NaOH/Cu ratio from 1.4 to 10.4 in the presence of lig-
nin did not significantly affect particle size (Figure 2¢,d). The amount
of organic matter on the nanoparticle surface increased from 0 to
6.5 Wt% as the L/Cu ratio increased from 0 to 9.8, as evidenced by the
TGA analysis in an argon atmosphere (Figure 2e). In the TGA analysis
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performed in air, oxidation of the samples became evident above
~145 °C, where a mass increase of about 15-25% was observed due to
the oxidation of copper particles (Figure 2f). In the presence of lignin,
oxidation occurred at a lower temperature due to the combustion of
organic matter, which promotes metal oxidation, further enhanced by
the nanometer particle size.

Calorimetric studies revealed that increasing the lignin content
within the samples raised their glass transition temperature (T,)
(Figure 2g). Notably, the T, of the sample with low lignin content was
below 100 °C, while for the highest lignin content, it is very similar to
the T, of pure lignin (125 °C, Figure 2g), in agreement with previ-
ously reported data.**] This observation suggests that for the highest
lignin content, a significant fracdon of lignin is not bound to the
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Figure 2. Chemical and structural characterization of Cu NPs synthesized by the microwave-assisted polyol process in batch (B) described in Table 1. a, b)
XRD diffractograms at room temperature of Cu NPs at different NaOH/Cu ratio without (left) and with lignin (L = SW) (right); c) Diagram of particle size
behavior with increasing NaOH/Cu ratio in synthesis with (L/Cu = 1.2) and without lignin; d) SEM images of Cu NPs under different NaOH/Cu and L/Cu
conditions; e, f) Thermogravimetric analysis (in Argon (left)/Air atmosphere (right)); g) Calorimetric measurements by DSC (in Nitrogen atmosphere); and
h) Hydrodynamic diameter in EG medium for the Cu NPs synthesized in the presence of different amounts of lignin measured by DLS.

particle surface, and its composition or molecular structure is not signif-
icantly altered during the reaction. To investigate potential structural
changes that the lignin might undergo during the synthesis,
Fourier-transform infrared spectroscopy (FTIR) was carried out for the
lignin before and after the heating process in the presence of NaOH
and EG (Figure S2, Supporting Information). The resulting FTIR spectra
showed no significant differences, indicating that the lignin structure
remained largely unaltered throughout the synthesis process. Conse-
quenty, for a low amount of lignin, the differences in T, are due to
the binding of lignin to the nanoparticle surface, which is expected
to affect the colloidal properties of the nanoparticles in suspension.
Thus, as the lignin content increased from 0 to 2.4 L/Cu, a reduction
in the hydrodynamic diameter of copper particles in EG was observed
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(from 344 £29nm to 254 £22nm and 179 + 16 nm)
(Figure 2h), consistent with the particle size reduction observed by
SEM (Figure 2d). However, at higher lignin contents L/Cu >2.4, the
hydrodynamic diameter increased again (from 164 £+ 36 nm to
242 £ 22 nm), probably due to the agglomeration or accumulation
of the free lignin, as revealed by the calorimetry data. This trend is par-
ticularly relevant for the preparation of inks, as the hydrodynamic size
directly influences the viscosity, stability, and printability of the ink. A
stable suspension with controlled particle size ensures uniform deposi-
tion, prevents nozzle clogging, and enhances the overall performance
of the ink in printing applications. The XRD size of the Cu NPs was also
found to be inversely proportional to the amount of lignin in solution.
In conclusion, as the lignin concentration increases, both the particle
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Table 1. Summary of reagent concentrations, volumes, and additives (lig-
nin) used in the batch microwave syntheses of Cu nanoparticles under vari-
ous conditions.

Batch microwave synthesis

Sample Cu salt/Lignin + EG NaOH-+EG
Cu salt L L/Cu Vig NaOH Veg NaOH/Cu
M) (ww)®  [mL]  [mmol]  [mL]  (w/w)”
Cu synthesis
B1.2 05 - - 5 10 15 28
B1.3 05 - - 5 15 15 4.1
B1.4 0.5 - - 5 375 15 104
Cu-L synthesis
BiL1 0.5 Sw 12 5 5 15 14
B1.1L1 0.5 N 12 5 75 15 21
B1.2L1 0.5 SW 12 5 10 15 2.8
B1.3L1 0.5 SW 12 5 15 15 4.1
B1.4L1 0.5 SW 12 5 375 15 10.4
B1.4L1.1 0.5 SW 24 5 375 15 10.4
B1.4L1.2 0.5 SW 49 5 375 15 10.4
B1.4L1.3 0.5 SW 9.8 5 375 15 10.4
Higher yield Cu-L synthesis
B2L1 18 SW 03 5 375 15 26
B2L2 18 WS 03 5 375 15 26
B2L3 18 BW 03 5 375 15 26
B2L4 1.8 BW-1DP 03 5 375 15 26

L, Lignin; Vg, ethylene glycol volume.

D[M)] refers to the moles of Cu per liter of the initial solution (CuCl,-2H,O dissolved
in EG).

w/w refers to the weight ratio of lignin, NaOH, or nucleating agent relative to ele-
mental copper.

size and crystallite size decreased, reaching comparable values at the
highest lignin concentration (L/Cu ratio of 9.8) and resulting in
single-crystal particles, as shown in Figure S3, Supporting Information.
Trying to improve the yield to obtain larger amounts of sample, the
effect of increasing the copper salt concentration from 0.5 to 1.8 M, at
NaOH/Cu = 2.6 and L/Cu = 0.3 was successfully tested and resulted
in a slight increase in particle size, from 230 to 270 nm (Figure S4,
Supporting Information). Under these conditions, several syntheses
were carried out using different types of organosolv lignins (SW, WS,
and BW) to study the influence of lignin type on particle size. No sig-
nificant influence on the size was observed by SEM, and similar hydro-
dynamic diameters were obtained for all particles with lignins from
different sources (Figure S5a, Supporting Information). In the TGA
analysis in an argon atmosphere (Figure S5b, Supporting Information),
the particles with different lignin types showed a reduction in weight
(<5%) upon heating, likely due to the decomposition of organic resi-
dues such as lignin or EG remaining on the nanoparticle surfaces. A
greater weight reduction was observed in particles with SW lignin
(B2L1), suggesting that these particles contained a slightly higher
amount of lignin on their surface compared to the other types of lignin.
Feedstock origin therefore only slightly affects the Cu particle synthesis
and can be related to the variation in hydroxyl, aliphatic, phenolic, and
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carboxylic hydroxyl group content in the lignins (Table S1, Supporting
Information). In contrast, when using other lignins, Indulin AT and
Alcell, derived from different pulping processes, under the same syn-
thesis conditions, metallic copper particles were not formed; instead, a
copper oxide phase was obtained in both cases with markedly different
particle sizes (57 and 949 nm, respectively) (Figure S6, Supporting
Information).

As a conclusion, the investigation of key parameters in the synthesis
of Cu nanoparticles via a polyol process assisted by a batch microwave
reactor enabled the identification of optimal conditions for scaling up
to a continuous-flow microwave system. To improve the environmen-
tal sustainability of the method, the lowest effective NaOH/Cu ratio of
4.1, sufficient for forming metallic nanoparticles with and without lig-
nin, was selected, and a Cu salt concentration of 0.5 M, which led to
nanometer particle sizes, was also chosen. Furthermore, it was deter-
mined that small amounts of Fabiola lignin have a strong influence on
the formation of metal copper nanoparticles, acting as a surfactant and
being responsible for their good colloidal stability.

2.3. Large-Scale Synthesis of Cu NPs: Continuous-Flow
Microwave

Metallic copper particles with a FCC crystalline structure were obtained
in a microwave reactor operating in continuous flow at the optimal
conditions, that is a NaOH/Cu ratio of 4.1 and a copper salt concentra-
tion of 0.5 m without additives, sample F (Table 2, Figure 3a). The
resulting particles in continuous flow were 3.4 times larger than those
obtained in batch microwave synthesis under the same concentration
conditions (795 vs 84 nm). This size increase is primarily attributed to
the difference in reaction times of the particles inside the reactor at the
reaction temperature of 160 °C between both systems. In batch synthe-
sis, the reaction time at this temperature is 10 min, whereas in contin-
uous flow synthesis, it extends to 20 min. As a result, the prolonged
residence time in the continuous flow microwave system leads to
greater particle growth. It should be noted that in the continuous flow
microwave system, the residence time is determined by the flow rates
of the NaOH and copper salt solutions, which are controlled by peri-
staltic pumps. Reducing this residence time would require increasing
the flow rates of the solutions, but this approach is limited by factors
such as solution viscosity, pump capacity, and flow stability.

In order to reduce particle size, two strategies involving additives in
the reaction medium were implemented: (1) increasing the amount of
lignin, as previously done in the batch synthesis, and (2) introducing
metal elements as nucleating agents, one (M) or a combination of mul-
tiple metals (MM), as described in Table 2. In all cases, within the
tested additive concentrations (<10% molar or 15% w M/Cu), pure
metallic copper particles with a FCC structure were obtained, with no
secondary phases, as revealed by XRD (Figure 3b).

As expected, the size of the Cu NPs decreased with increasing lignin
content up to a Lignin/Cu ratio of 3, as observed by SEM (from 795 to
75 nm) and by XRD (down to 56 nm) (Figure 3c,d). Lignin was
found on the surface of the nanoparticles, as shown for the batch pro-
cess, where it acted as a surfactant, limiting particle growth and leading
to nanometric sizes. However, high lignin content may negatively affect
conductivity. Therefore, alternative strategies were explored to further
reduce particle size without compromising its surface and, conse-
quently, the conductivity properties. The use of nucleating agents (e.g.,
Pt, Pd, and Ag) has been previously reported to induce heterogeneous
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Table 2. Summary of reagent concentrations, volumes, and additives (Lignin and Metals) used in the continuous-flow microwave syntheses of Cu nanoparti-
cles under various conditions. L, Lignin; M, Metal ions; MM, Multimetallic ions; Veg, ethylene glycol volume.

Continuous-flow microwave synthesis

Sample Cu Salt/Metals/Lignin + EG NaOH+EG
Cu salt [M]? L L/Cu (w/w)® M M/Cu [w/w] Vg [mL] NaOH [mmol] Vgg [mL] NaOH/Cu (w/w)®

Cu synthesis

F 0.5 - - - - 200 600 600 4.1

FL1 0.5 SW 0.3 - - 200 600 600 4.1

FL1.1 0.5 SW 3.1 - - 200 600 600 4.1
Cu-M synthesis

FM 0.5 - - Fe Lumps 0.13 200 600 600 4.1

FLIM 0.5 SW 3.1 Fe Lumps 0.13 200 600 600 4.1
Cu-MM synthesis

FMM 0.5 - - Steel 0.17 200 600 600 4.1

FLIMM 0.5 SW 3.1 Steel 0.17 200 600 600 4.1

a)[M] refers to the moles of Cu per liter of the initial solution (CuCl,-2H,0 dissolved in EG).
Ow/w refers to the weight ratio of lignin, NaOH, or metal nucleating agent relative to elemental copper.

nucleation in the polyol method. P I this study, individual metal ions
(Fe, Ni) were used as nucleating agents during the synthesis, each
tested separately.

First of all, Fe ions from iron lumps were used as nucleating agents,
leading to a ~78% reduction in average particle size (from 795 to
171 nm) and a more homogeneous size distribution, while XRD size
decreased down to 75 nm (Cu-M, Figure 3c,d). Fe ions can act not
only as nucleation sites, but also lowering the activation energy
required for the formation of Cu nuclei. This process results in a higher
number of nuclei forming during the initial stage, which in turn limits
the growth of individual particles and reduces the final nanoparticle
size. Additionally, the presence of small amounts of lignin further
reduced the particle size to 137 nm. Despite the addition of 13 wt%
metal Fe relative to Cu, only ~0.3 wt% Fe was detected in the final
sample by EDX analysis. Other nucleating agents such as Fe(Il)
(Fe/Cu = 0.13) ions from FeCl, salt, also led to the formation of
metallic copper particles, but only a small reduction in particle size was
observed (562 nm) (Figure S7a,b, Supporting Information). In the case
of Ni(Il) (Ni/Cu = 0.03, 0.06, and 0.13) ions from NiCl, salt, the
presence of copper oxide (Cu,0) was detected (Figure S7b,c, Support-
ing Information) and it resulted in highly inhomogeneous particles
with a wide particle size distribution, ranging from 90 nm to 2 pm.

Therefore, when using Fe lumps, these lumps dissolve in the initial
copper salt and EG solution, leading to the oxidation of Fe’ to Fe*"
under standard conditions. Since Fe® has a positive oxidation potential
to Fe*" (+0.447) and the reduction potential of Cu®" is +0.342 V,[**]
iron can act as a spontaneous reducing agent. This enables the rapid
reduction of CuH, either directly to metallic Cu® or via an intermediate
Cu" species, which can subsequently be reduced to Cu® as well. This
process promotes fast and abundant nucleation during the subsequent
alkaline polyol reduction, resulting in smaller and more uniform cop-
per nanoparticles due to the increased number of initial nuclei. How-
ever, when Fe”" (from FeCl,) is used as a nucleating agent, it does not
promote the reduction of Cu”*. The oxidation potential of Fe™* is
—0.771 V and no increase in the initial nucleation active sites occurs,
allowing particles to grow larger before the copper precursor is
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depleted. Some authors have reported the possibility of using Fe’" as a
green reducing agent for the rapid synthesis of gold nanoparticles.**]
In that case, Fe’" reduced gold ions (Au*") to metallic gold (Au®) due
to a favorable difference in their standard reduction potentals. In the
case of Ni”", it has a more negative reduction potential of —0.257 V
than Cu>"; therefore, like Fe*", Ni** does not promote the reduction of
cu™.

Further reduction in particle size below 100 nm was obtained using
multimetallic nucleating agents such as SS316TI steel primarily consist-
ing of iron (65-70%), with chromium (/217%), nickel (=10-14%),
and small amounts of titanium (0.5-1%) and molybdenum (2—3%).
This steel dissolved completely in the solution containing copper chlo-
ride, ethylene glycol, and lignin. Metal copper nanoparticles of 72 nm
were obtained, and, upon the addition of lignin, this size decreased to
47 nm, which is in good agreement with the XRD size of 45 nm
(FLIMM, Figure 3c). The presence of these elements in the synthesis
can simultaneously act as reductants and nucleating sites, enhancing the
nucleation rate and limiting particle growth. In particular, the presence
of Fe° promotes the reduction of Cu** to Cu® or Cu”, while Ni and Cr
contribute additional nucleation centers, leading to the formation of a
larger number of smaller nanoparticles.

A reduction in the hydrodynamic diameter of the particles was
observed with the increasing concentration of lignin during synthesis
using the continuous-flow microwave reactor (Figure 3e, F:
481 + 159 nm, FL1: 406 + 90 nm, FL1.1: 372 £ 111 nm, FM:
466 + 40 nm, FLIM: 290 £ 84 nm, FMM: 313 £ 47 nm, FLIMM:
242 £+ 22 nm). Additionally, a further decrease was also evident with
the use of nucleating agents, particularly when multimetallic nucleating
agents were introduced. These findings highlight the combined effect
of lignin and nucleating agents in promoting finer particle formation
by enhancing nucleation and limiting particle growth. On the other
hand, an organic content of <2% was determined for the particles syn-
thesized without lignin, as measured by TGA analysis under argon
atmosphere (Figure 3f). This residual organic content is attributed to
the presence of EG adsorbed on the particle surface. When lignin was
added at a L/Cu ratio of 3.1, the organic content increased to ~3%.

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 3. Chemical and structural characterization of Cu NPs synthesized by the microwave-assisted polyol process in continuous-flow (F) described in
Table 2. a, b) XRD diffractograms measured for Cu NPs obtained without additives and in the presence of lignin (FL), metal nucleating agents (FM, FMM) or
both (FLM); c) Influence of lignin content and metal nucleating agents used during synthesis on the crystallite and particle size of Cu NPs measured by XRD
and SEM. *Crystallite sizes >100 nm. d) SEM images, e) Hydrodynamic diameter in EG medium measured by DLS and f) Thermogravimetric analysis in Argon
of Cu NPs obtained using different nucleating agents and different Lignin/Cu ratios.

Furthermore, consistent with the results obtained from batch micro-
wave synthesis, the TGA analysis performed in air revealed the onset of
copper oxidation above ~145 °C, evidenced by a mass gain of approxi-
mately 20-25%, which corresponds to the conversion of metallic cop-
per into copper oxide.

2.4. Surface Characterization of Cu NPs by HR-STEM

The correlation between macroscopic measurements, microstructure,
and nanostructure of Cu NPs synthesized in this study was investigated
using HR-STEM for selected samples with particle sizes below 100 nm
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(Figure 4). Three representative cases were considered to study compo-
sition and structure at the atomic scale: the effect of metal nucleating
agents (FMM; 72 nm), high lignin concentration (FL1.1; 75 nm), and
the combined effect of lignin and metal nucleating agents (FL1MM;
47 nm). Additionally, commercial nanoparticles treated with EG
(CnEG; 40 nm) were included for comparison. These cases allowed the
evaluation of the effects of nucleating agents, lignin content, and their
combination on the final structure and composition of the
nanoparticles.

The effect of using nucleating agents is shown in Figure 4a—d, con-
firming the narrow size distribution and nanoscale nature of FMM. In
this case, the absence of a Cu oxide layer is evident in Figure 4b, where
no core-shell structure can be observed. This is further supported by
Figure 4c, where both the outer and inner regions display a Cu L, 3
edge characteristic of metallic Cu.**! EELS analysis presented in
Figure S8, Supporting Information reveals that the FMM contains
approximately 3% nickel and 1% iron, coming from the multimetallic
nucleating agents (stainless steel) used during synthesis. These elements
are incorporated into the Cu structure during the nucleation and
growth process and may also act at the surface, preventing the
oxidation.”* Additionally, Figure 4d reveals a carbon distribution sur-
rounding the Cu NPs, attributed to residual EG from the synthesis
process.

In Figure 4e—h, the nanoparticles prepared with the highest L/Cu
raio (L/Cu = 3.1) (sample FL1.1) show an atomic-resolution
HAADF-STEM image, where the edge of the Cu NPs is observed as well
as an oxide layer. Atomic resolution of the Cu,O layer can be seen, fur-
ther evidenced in Figure 4g, where two EELS spectra, corresponding to
the inner and outer regions of the Cu NPs, are presented. The EELS
spectrum reveals a mixture of the Cu L, ; edge for Cu,O and metallic
Cu, with a more pronounced presence of the oxidized state at the Cu
NP’s edge.**] Additionally, Figure 4h shows the FELS distribution of C,
Cu, and O, highlighting a uniform presence of C and O throughout
the entire NP, with a higher concentration in the outer region. This
confirms the presence of lignin on the NP surface.

Sample FLIMM (Figure 4i-1) is formed by nanoparticles with an
atomic arrangement that corresponds to a FCC Cu lattice, which
remains coherent even at the NP’s edge, as shown by the
atomic-resolution HAADF-STEM image of a NP (Figure 4j). The inset
shows the fast Fourier transform (FFT) of the red-dotted area and con-
firms the cubic arrangement in the [111] direction, parallel to the elec-
tron beam. Figure 4k presents the annular dark-field (ADF) intensity
profile of a NP. Since the O K edge was not detected in the line scans
across the NP, an averaged Cu L, 5 spectrum with a 10 nm step along

the NP is displayed. From 0 to 50 nm, the Cu L, ; edge does not
exhibit any oxidized features, confirming the metallic state of the
nanoparticles.”®! Notably, the last spectrum (5060 nm) corresponds
to the NP’s extremity and presents a noisy signal. Additionally,
Figure 4i shows the EELS distribution of C, Cu, and O. The uniform
presence of C and O across the entire NP is observed, with a higher
concentration in the outer region, confirming the persistence of organic
coating (lignin and EG) on the NP surface. EELS analysis did not reveal
the presence of any metallic element other than Cu.

Finally, the structural composition of the commercial nanopowders
after EG treatment (Figure 4k,m) was also examined by HR-STEM.
Figure 4n presents a magnification of the black square region in
Figure 4m, where a HAADF-STEM image of the Cu NP edge is shown.
In this image, the oxide layer is colored in purple, while the inner
region, colored in orange, corresponds to FCC Cu. These regions
-Cu,O and FCC Cu- are further evidenced in Figure 40, where two
EELS spectra, corresponding to the inner and outer regions of the Cu
NPs, are presented. The EELS spectrum reveals a mixture of the Cu L, 3
edge for Cu,O and metallic Cu, with the oxidized state being more pro-
nounced at the Cu NP edge.[%] Additionally, the EELS distribution of
Cu and O is shown in Figure 4p. In contrast, HR-STEM images of this
sample before EG treatment (Sample Cn) showed a higher concentra-
tion of oxygen in the outer regions that correspond to a thicker copper
oxide shell, further validated by the Cu edges observed in the EELS anal-
ysis (Figure S9, Supporting Information)."*”} Turbostratic carbon is
observed surrounding the NPs for sample Cn. This form of carbon,
characterized by disordered graphene layers, may serve as an effective
protective barrier,*®! similar to the oxide layers that commonly form

on metals, serving as a protective barrier that inhibits corrosion.”*”!

2.5. Productivity, Reproducibility, and Long-Term Stability

To evaluate the efficiency and scalability of the synthesis process, pro-
ductivity was assessed in terms of grams of product obtained per hour
(g h™"). In the case of the microwave-assisted synthesis performed in
batch mode, using a copper salt concentration of 0.5 M, 0.1 g of nano-
particles was produced per batch in 30 min, corresponding to a pro-
ductivity of ~0.2 gh™'. To increase the yield of metallic Cu
nanoparticles under the same batch conditions, the copper salt concen-
tration was raised to 1.8 M. Under these conditions, 0.5 g of nanopar-
ticles was obtained per batch, resulting in a productivity of ~1 g h™".
However, it is important to note that under these conditions
(NaOH/Cu = 2.6), metallic copper particles were not formed in the

Figure 4. HR-STEM study of nanoparticles with sizes smaller than 100 nm. Sample FMM: a) HAADF-STEM image. b) Atomic-resolution HAADF-STEM image.
The inset displays the atomic FCC lattice oriented in the [111] direction, as confirmed by the FFT. c) Two ADF intensity profiles. Linescans correspond to the
Cu L,3 edge averaged inner and outter regions of Cu NP to show the Cu oxidation state distribution. d). From left to right: ADF-STEM image, 2D Sl false-
colored maps obtained from EELS, specifically Cu L,3 (blue), O K (green), and C K (red) edges. Sample FL1.1: e) HAADF-STEM image. f) Atomic-resolution
HAADF-STEM image. g) Two ADF intensity profiles. Linescans correspond to the Cu L,; edge averaged from the square regions in f) to show the Cu
oxidation state distribution. h) From left to right: ADF-STEM image, 2D S false-colored maps obtained from EELS, specifically Cu L,3 (blue), O K (green), and
C K (red) edges. Sample FLIMM: i) HAADF-STEM image. j) Atomic-resolution HAADF-STEM image. The inset displays the atomic FCC lattice oriented in the
[111] direction, as confirmed by the FFT. k) ADF intensity profile. Linescans on the right panel correspond to the Cu L,; edge averaged every 10 nm along
the nanoparticle to show the Cu oxidation state distribution. 1) From left to right: ADF-STEM image, 2D SI false-colored maps obtained from EELS,
specifically Cu L,3 (blue), O K (green), and C K (red) edges. Sample CnEG: m) HAADF-STEM image. n) Atomic-resolution HAADF-STEM image. o) Two ADF
intensity profiles. Linescans correspond to the Cu L,; edge averaged from the square regions in n), displaying a metallic FCC Cu signature (orange) and a
Cu,0 signature (purple). p) From left to right: ADF-STEM image, 2D S| false-colored maps obtained from EELS, specifically Cu L, (blue), O K (green), and C
K (red) edges.
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absence of lignin; instead, a copper oxide phase was observed  microwave-assisted synthesis of Cu nanoparticles, a reaction efficiency

(Figure S4a, Supporting Information). In contrast, in the presence of  greater than 85% was achieved.

lignin, metallic particles were successfully obtained, although they With the aim of scaling up the process and increasing the
exhibited larger  sizes  (~230-270 nm). For the batch  productivity of Cu nanoparticles, the synthesis was transferred to a
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2.6. Electrical Conductivity and Sintering

10% ¢ Characterization of Cu Nanoparticles
Characterization of the electrical properties of
the copper particles synthesized in this study
was done after sintering to ensure the effective

- formation of electrically conductive circuits
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through the nanoparticles. Two sintering pro-
cesses were tested: 1) compressing the dry pow-
der in pellets and ii) heating a strip-shaped
105} sample, as described in the experimental sec-
tion. In the first case, particles obtained from
batch and continuous-flow microwave synthe-
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Figure 5. a) Reproducibility study evaluated through key parameters including nanoparticle size,
hydrodynamic diameter, crystallite size, lattice parameter, and electrical conductivity. Stability in air of
copper nanoparticles prepared by the continuous flow process b) with and c) without lignin (Samples

FL1, F) followed by XRD during 6 months.

continuous-flow microwave reactor. In continuous flow mode, a pro-
ductivity of 3.4 g h™'was achieved, which is more than three times
higher than that obtained in batch mode. Additionally, the reaction effi-
ciency improved significantly, exceeding 95%. The reproducibility of
this synthesis was evaluated by analyzing key parameters such as nano-
particle size, hydrodynamic diameter, crystallite size, crystal lattice
parameter, and electrical conductivity (Figure 5a). These metrics pro-
vided a comprehensive assessment of the consistency of the synthesis
process and the quality of the resulting copper nanoparticles across six
different batches.

The stability of the particles over a nine-month period and the
influence of lignin on this stability were studied using particles
with and without lignin (Samples FL1 and F), synthesized in the
continuous-flow microwave reactor. The appearance of a peak at
low 20 angles in sample F (Figure 5a) indicates the presence of
copper oxide from the beginning, which increases very slightly
during the studied period. However, despite this slight increase,
the percentage of copper oxide phase remains below 1.5%, esti-
mated from the XRD analyses. On the other hand, the XRD pat-
terns for sample FL1 do not exhibit oxide phases such as Cu,O
and CuO during the studied period (Figure 5b). This confirms that
the metallic copper nanoparticles stabilized with lignin remained
stable during storage, showing no signs of oxidation or degrada-
tion over time.
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high purity, freedom from copper oxides, and
contain minimal amounts of turbostratic or
amorphous carbon or organic coatings. These
impurities can inhibit the sintering process and
compromise the chemical stability of the mate-
rial under sintering conditions.[*!

The pellet-based approach enabled a com-
parative analysis of the electrical conductivity
of all Cu nanoparticles prepared in this work
and commercial powders before and after coat-
ing with EG. Samples prepared using this method are expected to
exhibit an increase in electrical conductivity upon sintering due to the
formation of larger, interconnected structures. To study this effect, SEM
images were acquired from the surface and cross-section of pressed pel-
lets and are illustrated in Figure 6a for sample FLIMM. The low-
magnificadon SEM image from the surface reveals micrometer-scale
inhomogeneities, clearly visible at higher magnification, showing the
presence of incomplete conductive pathways, some regions remain
insufficiently interconnected. A similar behavior is observed in the
cross-section of the pellet (Figure 6a), where no apparent defects are
visible at low magnification, but at high magnification, inhomogenei-
ties appear, confirming that complete sintering has not been achieved
throughout the pellet, and large agglomerates can still be observed.

In Figure 6b, the electrical conductivities of the pellets from Cu NPs
synthesized via a microwave-assisted polyol process in batch (B2L2)
and Cu particles synthesized in continuous flow using different lignin
concentrations (F, FL1, FL1.1) and nucleating agents (FL1M, FLIMM)
are illustrated. Commercial Cu particles without (Cn, Cm) and with EG
coating treatment (CnEG, CmEG) are included for comparison. EG coat-
ing is used to reduce the amount of oxide at the commercial particle
surface (Figure S10a—d, Supporting Information), according to our ear-
lier studies for other metallic nanoparticles.l'*] As already mentioned,
CuO can act as an insulating layer, which negatively affects the electrical
conductivity of the material./*"]

© 2025 The Author(s). Energy & Environmental Materials published by
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Figure 6. a) SEM images of the surface and cross-section of the pellet prepared from sample FLIMM. The insets show photographs of the pellet section
analyzed mounted on the SEM holder, with regions of interest indicated by yellow squares; b) Electrical conductivity of the pellets from commercial Cu
nanoparticles without (Cn, Cm) and with EG (CnEG, CmEG), Cu NPs synthesized via a microwave-assisted polyol process in batch (B2L2), and Cu particles
synthesized in continuous flow using different lignin concentrations (F, FL1, FL1.1) and nucleating agents (FL1M, FLIMM); c) XRD patterns for sample FLIMM
before (NPs) and after 3-ton pressing (pellet); d) SEM images of a strip line fabricated from sample B2L1, before and after heat treatment; e) Conductivity
measurements of the strip-line (fabricated from B2L1 nanoparticle) after heat treatment at different temperatures; f) XRD profiles of the strip-line (fabricated
from B2L1 nanoparticle) after heat treatment at different temperatures, showing complete oxidation at 220 °C. *Conductivity was not detected due to the

high resistivity of the sample. Cooper bulk conductivity is 5.8 x 107 S m™".

Initially, all untreated powders exhibited no electrical conductivity.
However, after undergoing pressure processing, a significant enhance-
ment in conductivity was observed in nearly all samples. In the case of
the untreated (with EG) commercial particles (Cn, Cm), high resistivity
was observed due to the presence of an oxide layer on their surface,
which in some cases hindered the conductivity measurements. How-
ever, after treatment to remove this oxide layer and subsequent applica-
tion of pressure, enhanced conductivity was observed. This result
agrees well with the partial sintering observed by SEM for most of the
particles (Figure 6a), except for commercial micrometer particles that
retained their individual morphology, even after being subjected to 3
tons of pressure (Figure S10a, Supporting Information). The samples
prepared in this work achieved electrical conductivities in the range of
10° to 10° S m™ ", approaching the conductivity of bulk FCC copper
(58 x 107 Sm™', defined by IACS International Annealed
Copper Standard). Lower conductivity can be attributed to incomplete
sintering and the presence of carbon residues.!*2**1 The oxidation layer
is expected to be minimal for Cu NPs synthesized via
microwave-assisted polyol methods, both batch and continuous pro-
cesses, given the XRD data (Figure 6c). Correspondingly, pellets made
from these nanoparticles show higher electrical conductivity than
CnEG, suggesting better sintering and interparticle connectivity. In the
case of commercial nanoparticles, although EG treatment removes cop-
per oxide and restores conductivity to ~10° Sm~' in CnEG, SEM
images show only partial sintering (Figure S11b, Supporting Informa-
tion). Analyzing the role of the additives, Cu nanoparticles synthesized
via microwave-assisted continuous flow showed a marked decrease in
electrical conductivity with increasing lignin content. The high lignin
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content (L/Cu ratio of 3) in sample FL1.1 hindered the conductivity
measurement. This organic layer hinders sintering and disrupts conduc-
tive pathways, reducing electron transport. In contrast, nanoparticles
synthesized with both lignin and multiple metal ions (FLIMM) exhib-
ited significanty higher conductivity (~10° S m™"), despite a much
lower average particle size, 47 nm (Figure 6b). This suggests that low
levels of Ni and Fe do not disrupt the metallic connectivity within the
Cu NPs. Our results demonstrate the trade-off between oxide layer con-
tent and sintering efficiency, where an excessively thick oxide layer pre-
vents the formation of conductive pathways between NPs. Similarly,
the difference in sintering behavior between FLIMM and FL1.1 high-
lights that a large amount of organic material can also hinder sintering
between NPs, even in the absence of a thick oxide layer.

On the other hand, the strip-shaped approach enabled an analysis of
electrical conductivity at different sintering temperatures. SEM images
of the strip-line before heat treatment show well-defined, isolated Cu
nanoparticles (Figure 6d). During thermal treatment in air at 150 °C,
the particles start to form larger metallic copper structures, as seen in
Figure 6d (after heat treatment). This transformation indicates the
sintering-driven consolidation of the nanoparticles into an intercon-
nected network, improving both structural integrity and electrical
conductivity.**** Tn agreement with this, conductivity begins only
after reaching 100 °C, increasing markedly, from 6 x 10* Sm™' to
1 x 10° Sm™", after heating from 100 to 175 °C (Figure 6e). This
increase is mainly due to improved sintering as observed by TEM. At
100 °C, Cu nanoparticles form weak bonds, but conductive pathways
remain limited due to incomplete sintering.[zs] As the temperature
reaches 175 °C, sintering becomes more effective, strengthening

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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interparticle bonds and improving contact, which leads to continuous
conductive paths and significantly lower resistance. However, with the
temperature increase in an air atmosphere, partial oxidation of the sam-
ple also begins to occur, progressing up to 220 °C, where the sample
becomes fully oxidized (Figure 6f) and its conductivity drops sharply
(2 x107*Sm™ ).

The typical sintering temperature of bulk copper is around
850—-1000 °C in a reducing or inert atmosphere (e.g., hydrogen or
argon)."**] In air, sintering at these temperatures is not feasible due to
rapid oxidation of copper. For nanoparticle-based copper, sintering can
occur at much lower temperatures (e.g., 150-250 °C) due to the
higher surface energy and diffusivity of nanoscale materials."**! Similar
results have been found for other materials such as silver and gold

! at low heat-

nanoparticles, reaching high conductivities of 10*Sm™
ing temperatures (100-300 °C).[*”1 In general, copper nanoparticle
films sintered under reducing conditions or with external energy
sources that allow fast and localized heating (laser, plasma, photonic)
show good conductivity, approaching 10 to 30% of bulk copper,
~10°-10° S mfl,[g] similar to the values obtained in this work using
conventional thermal sintering in air.

Finally, the colloidal stability of lignin-coated copper nanoparticles
(B2L1, FLIMM) in a formulated ink containing 50 mgNP mL ™", was
assessed using a Turbiscan Lab optical analyzer and compared with the
commercial nanopowders subjected to EG treatment (CnEG)
(Figure S12, Supporting Information). The Turbiscan® Stability Index
(TSI), which is inversely correlated with suspension stability, was
reduced by half in the case of FLIMM relative to B2L1, most likely due
to the decrease in particle size, and reached values comparable to those
of the CnEG sample. This enhanced stability under concentrated condi-
tions is particularly relevant for future applications in conductive ink
formulations.

3. Conclusions

This work demonstrates that microwave-assisted polyol synthesis
enables the continuous production of metallic copper nanoparticles,
with tunable sizes ranging from 40 to 800 nm. This approach ensures
high reproducibility and eliminates batch-to-batch variation, enabling
scalable synthesis at a rate of approximately 5 g h™'. Beyond particle
size control, the method also enhances surface reduction and improves
dispersion stability provided by the polyol rest at the nanoparticle sur-
face. It should be highlighted the versatility of Cu-based nanoparticles
for electronics, optics, sensors, catalysts, and medical applications,“s]
far beyond traditional applications. They are cost-effective alternatives
to noble metal catalysts, used for example in hydrogenation, oxidation,
and C-C coupling reactions'!! and for electrochemical CO, and CO
reduction, selectively producing alcohols such as ethanol and
propanol.[49]

The strategy proposed here addresses the major limitation of copper
nanoparticles, their susceptibility to oxidize, by introducing lignin into
the reaction medium. The presence of adsorbed lignin and metal nucle-
ating agents serves as a protective layer that shields the NPs from oxida-
tion. This passivation layer blocks the diffusion of oxygen to the Cu
surface, inhibiting the formation of oxide phases. Over extended
periods, such as 9 months, this passivation proves crucial in maintain-
ing the structural and compositional stability of the NPs. Lignin offers
important advantages over other additives such as PVP given its thermal
properties. It has been shown here that the glass transition temperature

Energy Environ. Mater. 2025, 0, e70164

12 of 14

goes from 124 °C down to 100 °C when lignin is bound to the nano-
particle surface; that is the temperature at which lignin transforms from
hard to soft rubbery state, allowing mobility of the polymer chains
(melt blending). In addition, the decomposition temperature takes
place at lower temperature (<200 °C) in comparison to PVP (250 °C).
These thermal softening effects facilitate processing by enabling the for-
mation of percolation pathways at low temperatures, which leads to
high conductivity in the printed patterns.

In agreement with this, it was demonstrated that nanometer-size
copper particles were capable of sintering under low-energy conditions.
Our experimental data indicate that low-energy sintering is also possi-
ble with bigger copper nanoparticles if the surface is free from oxides
and contains minimal organic residues. Conductivities of ~10° S m ™"
(100-30 pf-cm) were obtained by using pressure or low tempera-
tures, such as 150 °C (compatible with heat-sensitive substrates such as
plastic) for sintering. These values could be significantly improved by
optimizing the sintering process, for example, by adjusting tempera-
ture, time, or atmospheric conditions. Such improvements would
enhance particle connectivity and electrical performance, making these
nanoparticles more suitable for use in conductive inks aimed at produc-
ing more sustainable and efficient printed circuits.

4. Experimental Section

Materials: Commercial samples of metal copper micro- and nanoparticles, with
particle sizes above microns and below 100 nm, respectively, were purchased
from Thermo Scientific Alfa Aesar and Merelex Corp. with the following refer-
ences: 042455.18 and CU-M-02 M-NP.100 N, respectively. Copper (II) chloride
dihydrate (CuCl,-2H,0, 99%), iron (ll) chloride anhydrous (FeCl,, 98%), nickel (II)
chloride anhydrous (NiCl,), sodium hydroxide (NaOH, 98%), ethylene glycol (EG,
C,HgO,, 99%) and anhydrous methanol (99.8%), which were obtained from the
US company Sigma-Aldrich. Iron lumps (99.98%) (metallic solid Fe) were obtained
from Johnson Matthey, UK, and Stainless Steel 1.4571 (316Ti) bar from Stainless
Europe. All chemical reagents were used without further purification. The lignins
used in the synthesis were extracted from various plant sources, including spruce
wood (SW), wheat straw (WS) and beech wood (BW) named as L1, L2, and L3,
respectively. Beech wood lignin, partially depolymerized (L4), has also been uti-
lized. These lignins were obtained by a three-step aqueous acetone organosolv
pulping under acidic conditions (a modification of the so called Fabiola
process).*” For comparison, Indulin AT and Alcell lignins derived from different
pulping processes (Kraft pulping of softwood and water/ethanol organosolv pulp-
ing of hardwood) were used. The main characteristics of the lignins used in this
study, including hydroxyl group content and molecular weight, are summarized
in Table S1, Supporting Information.

Cu NPs batch microwave synthesis (sample B)—Cu NPs were synthesized
via a microwave-assisted polyol process using a Monowave 450 reactor (Anton
Paar GmbH). CuCl,-2H,0 was dissolved in EG under magnetic stirring (Samples
B1-B2), and lignin was added in some experiments under specific conditions
(Samples L1-L4). Separately, a NaOH solution in EG was prepared at 140 °C with
magnetic stirring. The two solutions were then combined and introduced in the
microwave. Full reaction conditions are summarized in Table 1. Inside the micro-
wave reactor (Figure 1a), samples were first heated to 70 °C and held for 10 min,
and then further heated to 160 °C for another 10 min with magnetic stirring at
800 rpm (Figure 1c). After the reaction, the mixture was cooled to 55 °C. The
product was divided into aliquots and centrifuged at 4000 rpm for 1 h. The pre-
cipitate was washed three times with methanol, each time centrifuging at
4000 rpm for 10 min. The final material was dried under vacuum at room
temperature.

Cu NPs continuous-flow microwave synthesis (sample F)—The continuous-
flow synthesis of Cu NPs was carried out using the CEM DISCOVER 2.0 micro-
wave reactor. CuCl,-2H,0 was dissolved in EG at 80 °C under magnetic stirring.
Other additives, such as lignin or metal ions, were incorporated under specific
conditions and samples were named as a function of the absence (Sample F) or

© 2025 The Author(s). Energy & Environmental Materials published by
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the presence of these agents (L for lignin and M for one metallic ion, MM for
multimetallic ions). The specific conditions for each synthesis are provided in
Table 2. Additionally, a solution of EG with NaOH was prepared at 130 °C under
magnetic stirring in the glove box. Both solutions were fed separately into the
microwave reactor (Figure 1b) using two peristaltic pumps (Teledyne ISCO,
PeriXus®). The NaOH solution was delivered at 7.2 mL min~"' and the copper
salt solution at 2.4 mL min~", maintaining a continuous flow through the reactor
and achieving a residence time of 20 min. The reaction was conducted at 160 °C
with mechanical stirring at 450 rpm (Figure 1d). After the reaction, the product
was separated from the mother solution by centrifugation at 4000 rpm for 1 h,
washed three times with methanol (centrifuging at 4000 rpm for 10 min each),
and dried under vacuum at room temperature.

Coating process for Cu commercial powders (sample C)—The coating pro-
cess of commercial samples of metal copper micro- and nanoparticles (Samples
Cm and Cn) using EG in a strong alkaline medium and at high temperature was
adapted from the polyol synthesis method for metal particles, replacing the cop-
per precursor with commercial powder (Samples CnEG and CmEG). A suspension
of particles (0.4 m) in EG and NaOH (1.75 m) (previously dissolved at 90 °C and
then cooled before adding the metal NPs) was prepared in a glove box under
oxygen-free conditions. This suspension was then pumped into the microwave
reactor (CEM Discover 2.0). The pumping rate was adjusted to obtain a residence
time inside the microwave of 1 h at 175 °C.

Samples characterization: Powder X-ray diffraction characterization
(PXRD)—The crystal structure of the samples was determined using Powder X-
ray diffraction, with data collected on a Bruker D8 Advance Davinci diffractome-
ter in Bragg—Brentano configuration for powder samples. The measurements were
performed using Cu Ko radiation, specifically Koy (A = 154060 A), Ko,
(L = 154443 A), and KB (A = 139225 A). For each sample, a portion of the
dried powder was mounted on a zero-diffraction plate for analysis. The scan cov-
ered a 26 range from 20° to 100° to capture all relevant diffraction peaks, particu-
larly those associated with metal phases and potential oxide formations.

Crystal structure refinement was carried out using GSAS-II, utilizing CIF files
from the PDF database. The refinement employed PDF Card 00-004-0836 for
Face-Centered Cubic (FCC) Cu and PDF Card 00-005-0667 for FCC Cu,O, con-
firming the presence of these phases. The crystallite size (D) and lattice parame-
ters of the Cu NPs were extracted from the refinement results. Crystallite size was
estimated using the Debye—Scherrer equation, which relates XRD peak broaden-
ing to crystallite dimensions. The full width at half maximum (FWHM) of the dif-
fraction peaks was analyzed to approximate the coherent diffraction domain size.
To correct for instrumental broadening, a silicon (Si) standard was used to gener-
ate an instrumental response function (IRF) file.

Electron microscopy analyses—High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF STEM) analysis was carried out in a
JEOL JEM-ARM 200cF microscope, equipped with a CEOS spherical aberration
corrector and a Gatan Quantum Electron Energy Loss (EEL) spectrometer, oper-
ated at 200 kV. Aberration-corrected Z-contrast (HAADF) images provide
atomic-resolution contrast based on atomic number.

SEM analysis was conducted to examine the surface morphology and struc-
tural characteristics of the samples. The SEM was operated at an accelerating volt-
age of 5 kV, and images were acquired at various magnifications to assess the
surface texture, particle distribution, and other microstructural features. The sam-
ple preparation varied depending on whether powder, pressure-sintered pellets,
or heat-sintered particles were measured. For NPs, a solution was deposited onto
a silicon substrate on the SEM holder with carbon tape and allowed to dry. The
size of more than 150 particles was measured, and the histogram was fitted using
a normal distribution function, where D,,, is the mean particle size, and G corre-
sponds to the standard deviation of the distribution. For cross-sectional analysis
of the nanoparticles after pressure sintering, the pellets were cut and mounted
on the SEM holder using carbon tape. For heat-sintering, the nanoparticles were
first deposited on silicon, heated at 150 °C for 20 min, and then transferred to
the SEM holder, also secured with carbon tape.

Thermogravimetric analyses (TGA), differential scanning calorimetry (DSC),
and Fourier-transformed infrared spectroscopy (FTIR)—Thermogravimetric anal-
ysis was conducted to assess the organic content of the NPs. The weight varia-
tions were measured from 10 to 800 °C in an air/argon atmosphere, with a
heating rate of 10 °C min~ ', using a Q600 TA Instruments STD/DSC/TG system.
Differential scanning calorimetry analysis was performed to assess the structural
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integrity of the lignin before and after the synthesis of the CuNPs, using a Q2000
differential calorimeter from TA Instruments. A mass (~10 mg) of the samples
was placed in a hermetically sealed DSC pan. The samples were heated from 0 to
200 °C at a rate of 10 °C min~" over two heating/cooling cycles under a nitro-
gen atmosphere. The second heating ramp was used for result analysis. In addi-
tion, Fourier-transformed infrared spectroscopy in the range of 200-3000 cm ™"
was used, using a Bruker IFS 66VS. Samples were prepared by mixing and pressing
into pellets the powder in KBr at 2% w/w.

Colloidal characterization—The hydrodynamic size of the particles in suspen-
sion was measured in ethylene glycol in highly diluted samples (<0.1 mg/mL)
using dynamic light scattering (DLS) on a Zetasizer Advance (Malvern), with a
solid-state He—Ne laser (A = 633 nm). However, the colloidal stability of the cop-
per nanoparticles with time was measured in a formulated ink containing 90%
Methoxydipropanol(1-methoxy-2propanol), 10% Dipropylene glycol (w/w) and
5% NPs (50 mgye mL™') after being subjected to ultrasonic cavitation for
10 min. Data are provided in Turbiscan® Stability Index (TSI) values obtained
during 1 h at room temperature using an optical Turbiscan Lab apparatus made
by Formulation Inc.

Four-point probe conductivity measurements—The electrical conductivity of
the samples was measured using a 4-point probe system from Ossila Ltd, Sheffield
(UK). Conductivity values were estimated using geometric correction factors to
account for the sample geometry.m Measurements were performed on samples
in pellet form. The particles (in powder) were compressed into disk-shaped pellets
using a Perkin—Elmer hydraulic press at 3 tons, maintaining this pressure for
5 min. The resulting pellets had a diameter of 13 mm and a thickness between
03 and 0.5 mm (Figure S13, Supporting Information). Conductivity measure-
ments were also performed on strip-shaped samples. Conductive ink strips were
prepared by placing a solution of EG containing particles in a line, delimited by
scotch tape. The concentration of ink fillers in EG was 20% by weight to ensure
proper surface coverage. The strips for electric conductivity measurement had
standard dimensions of 8 mm in width, 15 mm in length, and 80 pm in thick-
ness. After deposition, the strips were left to dry until all the EG had evaporated.
Subsequently, the dried strips were heat treated in an oven at various tempera-
tures (100-220 °C) for 20 min.
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