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Introduction

Hybrid copper—silver nanoparticle inks and their
performance under thermal and
photonic sintering

@ Christopher Tuck,?

*b

David Pervan,?® Robyn Worsley,®® Anil Bastola,
Ricky Wildman,? Richard Hague® and Edward Lester

Silver (Ag) remains the dominant conductor for two-dimensional (2D) printed electronics applications.
Whilst copper (Cu) is significantly cheaper and has comparable conductivity, it has found limited use to
date due to its tendency to rapidly oxidise, which is detrimental to the electrical performance of printed
features. Whilst oxidation may be avoided through ultra-fast photonic sintering, the need here for new and
high capital expenditure slows down any transition from silver to copper. In this work, we investigate the
addition of small amounts of Ag to Cu nanoparticle (NP) inks via a one-step continuous hydro/
solvothermal process, with the aim of mitigating the effects of Cu oxidation under thermal sintering for
the additive manufacture of functional Cu components. An in situ scanning electron microscopy (SEM)
technique was used to visualise thermal sintering and the associated mass transport phenomena for Cu
and Ag nanoparticles separately, in order to better understand the sintering behaviour of Cu—Ag compo-
site films. The electrical performance of these thermally sintered hybrid films was compared with that of
photonically sintered samples. In the case of intense pulsed light and laser-based techniques, sheet
resistance values of ~0.1 and ~0.2 Q sq ' were obtained respectively for Cu-only samples; the Cu NPs
did not oxidise and thus Ag addition was superfluous. However, following thermal sintering in air, Cu-only
NP samples were found to be oxidised and non-conductive. Cu NPs with 25 wt% Ag, sintered under the
same conditions, demonstrated sheet resistance values of ~1 Q sq~L. This improvement was attributed to
Ag mobilisation and the subsequent formation of a continuous network of conductive pathways. Sheet
resistance improvements were observed with as little as 3 wt’%. Ag addition. This phenomenon was further
investigated through theoretical simulations, in order to inform ink formulation and post-processing
recommendations, to obtain the highest conductivity for the smallest Ag addition.

the areas required, building electronic devices in a bottom-up
manner. Two-dimensional (2D) printing techniques in particular

Conventional electronics are typically manufactured using
techniques such as photolithography," vacuum deposition,’
and electroless plating.? Each of these approaches involves multi-
ple stages, expensive equipment and the production of hazardous
chemical waste.* Importantly, in many cases, manufacture is
subtractive, meaning that much of the deposited functional
material is removed, for example through etching processes, in
order to produce the desired circuitry design. This material
cannot be recovered, leading to increased wastage of valuable
resources. In contrast, additive manufacturing techniques use
digital control to selectively deposit the active materials in only
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enable the manufacture of thin, lightweight, and cost-efficient
electronic systems on a wide variety of substrates, with extremely
low levels of materials wastage. This is of particular importance
when working with precious conductive metals. Printed electronics
research has surged in recent years, with a diverse range of devices,
including organic photovoltaics,” flexible batteries,*” electro-optic
devices,®° field effect transistors, thin film transistors,"*™*”
sensors'®2° and radio frequency identification tags*"*> being
demonstrated, using a variety of deposition techniques, sub-
strates and materials.

Nanoparticle (NP) suspensions have received extensive
attention in the field of printed electronics, in part due to the
ease with which they may be formulated into well dispersed,
stable, and printable inks. Furthermore, as a result of their
large surface area, and subsequently high surface energy, the
sintering or melting of nanoparticles during post-processing
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requires a relatively low energy input compared to the respective
bulk materials.>® Metallic NPs are therefore an attractive candidate
for the deposition of conductive tracks for printed electronic
applications.

To date, the majority of literature regarding the printing of
metal NP inks is focused on silver, and less so on copper. This
preference for silver, despite its higher relative cost, is largely
due to practical advantages, e.g., lower sintering temperatures
and low levels of oxidation and agglomeration.*>*"°

Notwithstanding these advantages, copper nanoparticles
(Cu NPs) possess a similar conductivity to silver when sintered,
and are significantly cheaper. However, Cu NPs have an inherent
tendency to oxidise in ambient conditions, posing a major obstacle
to their use as a conductive material in printed electronics.
Oxidation renders the NPs electrically insulating and this undesir-
able oxide formation reaction greatly accelerates at the elevated
temperatures required for sintering.>’ Coating Cu NPs with a
protective layer or ‘shell’ is one well-documented approach to
overcome this challenge.’” These shells are intended to create a
physical barrier to oxidation by preventing contact between the Cu
NP surface and the surrounding air during the sintering process.
They may consist of a polymer,>*>> various organic ligands,*®
amorphous carbon,”” graphene-based materials,>® and even in-
organic components such as silica® or an inert metal.*® However,
any shell material possessing a lower conductivity, or an insulating
nature, suppresses the electrical performance of the subsequent
printed pattern. Silver shells, amongst other materials, are a widely
reported route to preventing Cu oxidation, since they do not
appear to reduce the overall conductivity.*!

Reports suggest that an Ag shell is able to protect a Cu NP
core from oxidation at temperatures between 100 °C and
400 °C,””* with the great majority of studies stating a temperature
limit between 150 and 250 °C.*>>° Above this temperature limit, the
Ag shell starts to ‘de-wet’ the core, thereby leaving the Cu surface
exposed to oxidation. Ag delamination is reported to be dependent
on the thickness of the Ag shell, which in turn depends on the
synthesis methodology, but is independent of the sintering atmo-
sphere ie. whether sintered in air’> or under inert®® conditions.
Some reports suggest that upon de-wetting, the Ag NPs migrate into
necks formed between adjacent Cu particles,*”**>**"¢* however, no
theoretical or experimental investigations have been conducted to
study the impact of such Ag accumulation on the electrical resis-
tance of printed samples. In any case, the increased material and
processing costs associated with the Ag content and methodology
required for shell formation (multiple sequential batch processes
are typically employed) detract from the initial benefits of selecting a
Cu conductor, whilst de-wetting of the Ag shell above certain
temperatures negates the process and could well limit the post-
deposition sintering capability of the Cu-Ag core-shell material.

Thermal sintering of Cu NPs commonly requires tempera-
tures in excess of 200 °C with long exposure times. Another
approach towards avoiding oxidation is to perform this process
in an inert atmosphere via a sealed chamber.®>°® Indeed, this
method is also adopted in cases where inks are simple mixtures of
discrete Cu and Ag particles.’”®® Such blended inks are employed
to reduce the costs, decrease the sintering temperatures, and
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increase conductivity as compared to Cu-only systems, without
the necessity for the complex synthesis procedures associated
with core-shell dispersions. However, without the oxidation pro-
tection of an Ag shell, inert sintering atmospheres are often
necessary; such processing requirements tend to limit the applic-
ability of thermal sintering approaches to research based experi-
ments only, as the need for low-oxygen environments cannot
always be met, or is incompatible with high-throughput, large
scale industrial processes such as roll-to-roll manufacturing.
Conversely, photonic techniques are capable of sintering
metallic nanoparticles within milliseconds (before any oxidation
can occur) through the rapid heating of a spatially confined
volume of deposited material. Photonic sintering techniques have
been increasing in popularity over recent years through the
development of Intense Pulsed Light (IPL)**7' and laser
irradiation”>”> approaches. Both methods have demonstrated
the successful sintering of copper, without oxidation, resulting
in resistivities approximately 3x higher than that of the bulk
material.®*”> However, to date, thermal sintering remains the
most commonly used post-processing approach, with much of the
work on photonic techniques limited to academic research.”®””
In this study, we show how the addition of small amounts
(<25 wt%) of Ag NPs to Cu NPs can produce excellent levels of
conductivity, even when films are sintered at lower tempera-
tures and in an ambient air, oxygen-containing environment.
Hybrid Cu-Ag NP dispersions were synthesised using a one-
step continuous hydro/solvothermal method. Such synthesis
techniques are capable of generating a wide variety of func-
tional nanomaterials, at scale, and with a high degree of control
over product characteristics. Variations in process parameters
such as reactor temperature and pressure, precursor type and
concentration, and flow rates or flow ratios, can influence the
final particle size, shape, crystallinity, and surface
chemistry.”®®! The hybrid dispersions in this work are a simple
mixture of Ag and Cu NPs, rather than Cu-Ag core-shell
particles or alloyed materials, both of which typically require
more complex or multi-stage syntheses; the single-step contin-
uous flow method utilised in this work enables the high
throughput ink production necessary for large-scale additive
manufacture. Furthermore, these Cu-Ag inks may be sintered
without the necessity for sophisticated, inert-atmosphere
instrumentation. Hybrid Cu-Ag samples were deposited onto
glass substrates via bar coating and post-processed using a
traditional hot plate-based thermal sintering procedure in
ambient air. To the best of our knowledge, this is the only
report of a Cu-Ag hybrid ink which can be produced scalably,
using a single-step, continuous-flow method, that can also be
post-processed using only basic equipment, thus showing true
promise for the large-scale and facile production of conductive
electronic features. The electrical performance and oxidation
stability of such thermally-treated films were investigated and
compared with samples processed using IPL and laser sintering
techniques. NP behaviour during thermal sintering was exten-
sively studied via in situ scanning electron microscopy (SEM)
techniques, and these observations were used to inform theo-
retical simulations intended to aid the optimisation of future

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic showing the overall workflow, from ink production and film deposition through to the various post-processing sintering approaches.

ink formulations and post-processing approaches. The overall
scheme of work is shown in Fig. 1.

Experimental
Materials and methods

Metallic nanoparticle synthesis and ink formulation. In
brief, a one-step continuous supercritical hydrothermal method,
which has been explored and described extensively in previous
reports’>®"% was utilised to synthesise the nanoparticles via
copper nitrate (Cu(NOj3),) and silver nitrate (AgNO;) metal salt
precursors, dispersed in deionised water at Ag/Cu ratios of 0/100,
1/99, 3/97, 8/92, and 25/75 by weight, referred to throughout the
text as 0, 1, 3, 8 and 25 wt% Ag. The metal salt solution was fed
upwards into a counter-current nozzle reactor, where it mixed with
a 250 °C downflow solution of sodium hypophosphite (NaPO,H,)
in water. The flowrate of both streams was set at 20 mL min ™", and
the system pressure was maintained at 172 bar. Following synth-
esis, the nanoparticles were washed and redispersed in a propan-2-
ol solvent with 5 g L ™" lactic acid for bar coating. Energy dispersive
X-ray (EDX) analysis of the final inks was performed in order to
confirm the Ag weight loadings (see ‘in situ thermal sintering and
nanoparticle imaging via SEM’ section for instrument details).
These data are provided in the SI Section S1.1.

Laser diffraction analysis of Cu-Ag hybrid inks. For laser
diffraction analysis (LDA), the inks were diluted in propan-2-ol
(purchased from Sigma Aldrich) to an obscuration level of
approximately 15%. The ISO 13320:2009 (Particle Size Analysis -
Laser Diffraction Methods) standard was followed, using the wet
cell of a Malvern Mastersizer 3000, to determine particle size via
laser diffraction.®® The beam alternates between monochromatic
red and blue lasers, and the light scattered by particles was

This journal is © The Royal Society of Chemistry 2026

measured using multi-element detectors at various angles for a
total of 3.5 min for each sample.

Nanoparticle ink deposition. The NP inks were deposited
using a bar coating technique (see SI Section S1.2). The inks
were sonicated for 30 minutes in an ultrasonic bath prior to
deposition. The inks were dispensed in excess from pipettes
onto clamped glass substrates and manually spread using
metal hand-coater bars, purchased from RK Print, until the
substrate was covered, and the surplus had been removed. The
dimensions of the resultant films were ~25 mm by ~55 mm
and after deposition, the films were left to dry via evaporation,
generally taking <30 s. The final film thickness was 7 & 1 pm.

Particle sintering of Cu-Ag hybrid inks. Thermal sintering of
the bar-coated Cu-Ag samples was performed in air using a
laboratory hotplate and a thermocouple fixed to the sample
surface using heat-resistant Kapton® tape. The temperature
was increased incrementally from ambient conditions up to
265 °C in 10 °C steps. Each temperature was maintained for
2 minutes, with a sheet resistance reading taken at the end of
this period. Each test was repeated at least three times. Low
power laser irradiance was performed through a custom-built
system, consisting of a fibre laser (BKtel GmbH, Hiickelhoven,
Germany) using <10 W at a wavelength of 1064 nm, a scan
head (hurrySCAN, Scanlab GmbH, Puchheim, Germany), a
164 mm T-theta lens, and control software (laserDESK,
Scanlab GmbH, Puchheim, Germany). A 2.5 W laser power
and 150 mm s ' laser scan rate was used, with the laser
operated in continuous wave mode. The hatch distance
between the parallel laser scan lines was 50 pm. The laser
beam profile was Gaussian in shape with a 32 pm 90/10 knife
edge in the x and y-directions. Laser irradiation of the NPs was
carried out under ambient conditions.

J. Mater. Chem. C
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A Heraeus Noblelight flash lamp system was used for IPL
sintering. Samples were placed under the flashlight, with a
distance of 15 mm maintained between the bottom of the lamp
and the surface of the sample. Samples were exposed to a single
flash, with a duration of 6 ms, at a voltage of 400 V. Sheet
resistance measurements were performed to determine the
impact of Ag addition to the Cu NPs on the electrical resistance
under the various sintering techniques employed via a four-point
probe (Measuring Device Type SD-800, Measuring Probe Type
SDKR-13, NAGY Messsysteme GmbH, Géufelden, Germany).

X-ray diffraction (XRD) analysis of Cu-Ag hybrid inks. A Bruker
D8 Advance Da Vinci XRD system (Bruker Corp. MA, USA) with Cu
Ko radiation was used for XRD analysis, with 35 mm x 35 mm
samples studied. XRD patterns were collected over a 26 range of
10-100° with a step size of 0.02° and counting time of 74.5 s. Mean
crystallite size was quantified before and after sintering using the
Scherrer Equation.?* The peak shapes were assumed to be Gaus-
sian and peak broadening due to micro strain was assumed to be
negligible. The instrument broadening was measured using a
bulk Cu reference sample. The Ka2 contribution to scans was
subtracted prior to all peak width measurements.

Differential scanning calorimetry (DSC) of Cu-Ag hybrid inks.
DSC analysis was performed using a TA Q600 (TA Instruments,
NC Delaware USA). The sample ink was placed into an alumina
pan and heated at a temperature ramp rate of 10 °C min ™" under
a constant 100 mL min~ " nitrogen flow to prevent oxidation. The
DSC data for Cu NPs is provided in the SI Section S1.3.

In situ thermal sintering and nanoparticle imaging via SEM. To
study NP sintering behaviour in real time, a Field Emission Gun
Scanning Electron Microscope (FEG-SEM) JEOL 7100F FE-SEM
(JEOL Ltd. Akishima, Tokyo, Japan) was fitted with a Gatan Murano
525 in situ heating stage. The transferable carriage assembly was
coupled with mating electrical contact pins for a heater and a
temperature sensor. Samples were mounted onto consumable
silicon hotplates, located on ceramic block supports. A power
booster provided power up to 20 W, while the temperature of the
hotplate was determined by a USB temperature controller. Cooling
was enabled via a recirculating water system. The hot plate was
covered by a metallic shield with a 2 mm sized circular aperture, to
protect the components inside the SEM from light emission and
radiative heating effects, whilst still enabling imaging of the speci-
men surface. The temperature of the heating stage was increased in
30 °C increments and held at each value for 10 minutes. Images
were captured using the secondary electron detector at each
temperature increment over a 5-minute period. The FEG-SEM used
an in-lens Schottky field emission source with an integrated Oxford
Instruments X Max silicon drift detector for EDX analysis. It was
operated at 15 keV and the sample was maintained at a working
distance of 12.5 mm. Details regarding the analysis of the SEM
images can be found in the SI Sections S1.4 and S1.5.

Results
Characterisation of Cu-Ag hybrid inks

As-produced Cu-Ag dispersions were characterised using XRD to
investigate and confirm the presence of both materials within
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the inks. XRD patterns for inks with 1, 3, 8 and 25 wt% Ag, with
respect to the total metal content according to the precursors
used within the synthesis protocol, are shown in Fig. 2a. It can
be seen that with increasing Ag precursor concentration, the
intensities of the characteristic Ag peaks within the XRD patterns
increase, at the expense of the characteristic Cu peaks, which are
seen to decrease in intensity; the intensity ratio between the
strongest Ag reflection and the strongest Cu reflection (at 20
angles of ~38.1° and 43.3° respectively, corresponding to the
{111} planes) increases from Ing11/Icu111 ~0.02 for the 1 wt% Ag
ink to 0.04, 0.06, and 0.34 for the 3, 8 and 25 wt% Ag inks. SEM/
EDX analysis (SI Section S1.1) verifies that the final inks contain
on average 1, 3, 8 and 25 wt% Ag with respect to the total metal
content (Ag + Cu). In addition, no peak shifting indicative of
alloy formation®>®* is observed for either Cu or Ag in Fig. 2a,
supporting that the hybrid inks are simple mixtures of discrete
metallic Cu and Ag NPs.

Fig. 2b shows the results of laser diffraction analysis,
demonstrating the impact of Ag addition on the particle sizes
within the Cu-Ag inks. Fig. 2b is a semi-log plot of particle
diameter against cumulative particle volume, in which the
majority of the volumetric particle distribution is represented
by the linear section of the curve with the largest gradient. For
all inks, it can be seen that the size distribution is relatively
broad, with particles ranging from below 100 nm to several
microns in diameter. With increasing Ag content, the steep
linear section of each curve shifts to the left, indicating a
decrease in average particle diameter with increasing overall
Ag weight loading; this is a result of the smaller size of the Ag
particles with respect to the Cu particles, as made clear via the
SEM images (Fig. 6 and 7) and discussed in the related section.

Sheet resistance of Cu-Ag films sintered via different
approaches

Following characterisation of the inks, Cu-Ag films were depos-
ited via bar-coating onto glass slide substrates, as depicted in the
schematic diagram in Fig. 1 and the image in Fig. S5 of the SI.
Bar coated Cu-Ag films with varying Ag weight loadings were
post-processed using a traditional thermal sintering method,
along with ultrafast laser-based and intense pulsed light sinter-
ing techniques. A schematic diagram depicting each of these
approaches is further shown in Fig. 1 and a photograph of a
representative sintered bar coated sample is given in Fig. 3a. The
sheet resistances of bar coated Cu-Ag films under thermal, laser,
and IPL sintering are given in Fig. 3b-d. For thermally sintered
samples, sheet resistance measurements were taken at regular
temperature intervals.

The Cu-Ag NP samples containing 0 and 1 wt% Ag did not
show any measurable electrical conductivity following thermal
sintering in air; therefore, those samples are not represented in
Fig. 3b. However, the films containing 3, 8, and 25 wt% Ag
showed measurable electrical conductivity, with the sheet
resistance in each case decreasing with increasing sintering
temperature. No clear trend is observed between the Ag weight
loading and the sheet resistance of the bar coated films
processed via laser sintering (Fig. 3c). However, it should be

This journal is © The Royal Society of Chemistry 2026
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Fig. 2

(a) XRD patterns for NP inks with varying Ag/Cu mass ratios. Positions for the characteristic Ag and Cu peaks are indicated by green and red circles

respectively. Inset: Zoomed view focusing on the strongest {111} Ag and Cu reflections. (b) LDA analysis showing particle size distribution of Cu inks with

varying Ag weight content.

noted that all samples demonstrated measurable electrical
conductivity, including the Cu-only sample with 0 wt% Ag.
Similar results are shown in Fig. 3d for IPL sintered samples;
again, no clear trend is observed but all samples demonstrate
relatively high levels of conductivity. This is in contrast to the
sheet resistance of thermally sintered samples (Fig. 3b).
Between the photonic sintering techniques, the IPL processed
materials demonstrated the lowest overall sheet resistance
values compared with the laser sintered samples, regardless
of Ag weight loading. This disparity could be due to differences
in homogeneity between IPL and laser sintered samples as a
result of their differing irradiation mechanisms. During laser
sintering, a spatially confined 32 um laser spot moves across
the sample in parallel line scans with a hatching distance of 50
um, as opposed to IPL sintering, in which the light pulse
irradiates the entire sample simultaneously.

Discussion
Thermal sintering of Cu-Ag hybrid ink in an air environment

For a given sintering temperature, the sheet resistance of a Cu-
Ag hybrid film decreases with increasing Ag content, for Ag
weight loadings of >3%, with values as low as ~1 Q sq "
obtainable for Cu-Ag films containing 25 wt% Ag (Fig. 3b).

This journal is © The Royal Society of Chemistry 2026

Visual observation of a Cu-only sample during the thermal
treatment in air indicated a distinctive colour change from the
typical Cu dark red to a bluish grey, commonly associated with
insulating copper oxides, from temperatures of above ~90 °C.
DSC measurements show that sintering of the Cu NPs begins at
~155 °C and becomes significant at temperatures above
~260 °C (see SI Section S1.3 and Fig. S6). Thus, it appears that
Cu NPs subjected to increased temperatures in an ambient
environment begin to oxidise before they can sinter. This is
further supported by the data in Fig. 4, which shows the XRD
patterns for Cu-Ag films, with varying Ag loadings, both before
and after thermal sintering at 265 °C in air.

Using the Scherrer equation,®* an average increase in mean
Ag crystallite size of 117% was observed between unsintered and
thermally sintered samples containing 25 wt% Ag (from 29 nm
to 63 nm). This Ag grain growth is a strong indication that Ag
sintering has indeed occurred. However, whilst characteristic Cu
peaks may still be observed in the XRD pattern of the sintered 25
wt% Ag samples, it is clear when comparing Fig. 4a and b that
significant oxidation has arisen as a result of thermal treatment,
with peaks for copper oxide also present. The XRD patterns for
Cu-Ag materials containing 0, 1, 3, and 8 wt% Ag indicate
complete Cu oxidation after the thermal treatment in an air
environment (Fig. 4b), with no characteristic Cu peak remaining

J. Mater. Chem. C
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(a) Photograph showing sintered ink on a glass slide substrate. (b) A comparison of sheet resistance values obtained with varying thermal sintering

temperatures for Cu inks with differing Ag weight contents. Variation in sheet resistance with Ag weight loading for bar-coated Cu-Ag inks under laser (c)

and IPL sintering (d). Each test was repeated at least three times.

in the post-processed samples. This suggests that only the
highest Ag content tested (25 wt%), was the silver able to provide
some degree of protection, acting as a barrier to the surrounding
air and preventing complete Cu oxidation, as described in the
reports of Cu-Ag core-shell materials.*"*>%"#>%¢ Thig in turn,
may also enable the Cu particles to begin sintering, leading to
increased electrical conductivity within the films. However, as
shown in Fig. 3b, the hybrid films containing 3 and 8 wt% Ag
demonstrated measurable conductivity following the thermal
sintering in air, despite the complete oxidation of the Cu
content, as indicated by the XRD. This suggests that the con-
ductivity in the final samples stems mostly from the Ag, and not
from possible sintering of the Cu; rather than acting to prevent
oxidation, the Ag is instead forming a continuous conductive
network, around the CuO particles, as previously reported,’**°
and as supported by the measured Ag grain growth.

Thermal sintering of Cu-Ag hybrid ink in a low-air environment

In order to investigate the thermal sintering phenomenon
further, in situ heat treatment of Cu NP and Ag NP samples
was performed under vacuum inside an FEG-SEM, with images
taken at regular temperature intervals. Oxidation impacts the
mass transport phenomena involved in particle sintering, as it
chemically changes the composition of the material. The
absence of oxygen therefore allows analysis of the elemental
metal NP sintering process without any oxidation occurring.

J. Mater. Chem. C

Fig. 5 shows SEM images of a Cu NP cluster taken in situ
during thermal sintering. The advantage of using such a
method is that the very same group of particles may be
monitored throughout the entire temperature ramp, with spe-
cific changes identified and tracked. It can be seen that, as the
sintering temperature increases, the smaller individual Cu
particles fuse together to create larger particles. This coarsen-
ing appears particularly evident at temperatures >350 °C,
suggesting that this is the onset point for significant Cu particle
sintering.

This further supports that the copper nanoparticles within
the hybrid inks will begin to oxidise (Fig. 4) at temperatures
lower than that required for substantial sintering to occur.
Additional analysis of the Cu NPs during sintering is provided
in the SI Section S1.6. A selection of representative secondary
electron SEM images for Ag-only NPs taken at various tempera-
ture intervals during the sintering process are given Fig. 6a-d.
Particle sintering for the Ag NPs is noticeably different to that
of the Cu NPs. Ag sintering begins at lower temperatures and
appears to proceed according to a different mass transport
phenomenon; where Cu NPs undergo particle fusion, during
which entire smaller particles fuse into adjacent larger parti-
cles, Ag NPs appear to predominantly form ‘necks’. Image
analysis was performed in order to further characterise the Ag
NP sintering process (see SI Section S1.4 for details). The
number of Ag NPs which sintered during the thermal treatment

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 XRD patterns for Cu—Ag NP bar coated samples with varying Ag mass loadings before (a) and after (b) thermal sintering at 265 °C under ambient
conditions. Peak positions for characteristic Ag (Green Circles, PDF 03-065-2871) and Cu peaks (Red Circles, PDF 03-065-9026), along with copper
oxides (Yellow Circles CuO, PDF 01-073-6023 and Purple Circles Cu,O, PDF 01-071-3645), are shown by the accompanying ticks.

Fig. 5 Secondary electron SEM images of Cu NPs acquired in situ from the same location at various temperature intervals, indicated by the red labels.

as a fraction of the total number of initially unsintered Ag NPs
is plotted against the sintering temperature in Fig. 6e. There is
a sharp increase in the number of particles sintered between

This journal is © The Royal Society of Chemistry 2026

100 and 200 °C, with the highest rate of neck formation
observed between 170 and 200 °C. This neck formation is the
consequence of enabled mass transport of the Ag NPs.
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Fig. 6 Secondary electron SEM images of Ag NPs captured at (a) 110 °C, (b) 140 °C, (c) 170 °C and (d) 200 °C. (e) The progression of Ag NP sintering with

increasing temperature, determined via SEM image analysis.

The 170-200 °C Ag sintering temperature range determined
from the SEM image analysis is consistent with the 150-250 °C
temperature limit stated within the majority of literature
reports as the onset point for Ag shell de-wetting from Cu NP
cores.’®9?27% [t should also be noted that the electrical
resistance of the Cu-Ag hybrid materials with 3, 8 and 25
wt% Ag content was too high to be measured after sintering
at temperatures below 185 °C, with measurable electrical con-
ductivity obtained only at higher temperatures (Fig. 2b). There-
fore, during thermal sintering, tangible conductivity is realised
for Cu-Ag films at a temperature consistent with the range at
which the Ag NPs were found to be most mobile (170-200 °C).
This further supports Ag mobilisation and network formation
as the mechanism by which conductivity is obtained, as
opposed to the prevention of Cu oxidation by Ag NPs during
thermal treatment in air. Ag NP network formation was further
studied within the composite samples via backscattered elec-
tron images taken from the 25 wt% Cu-Ag hybrid film follow-
ing in situ thermal sintering within the FEG-SEM, with EDX
spectra additionally acquired and overlaid. Representative SEM
images are shown in Fig. 7a and c, with the EDX data provided
in Fig. 7b and d, for isolated particles and coated regions
respectively. SEM images obtained using the backscatter detec-
tor are informed by high-energy electrons which are reflected,
or back-scattered, out of the specimen volume via elastic
interactions with specimen atoms. Since heavy elements back-
scatter electrons more strongly than lighter elements, the heavy
elements appear brighter in colour within backscatter electron
images. It therefore follows that the brighter regions within
Fig. 7a and c represent Ag (Atomic Number, Z = 47), and the
darker regions represent Cu (Z = 29). To investigate the dis-
tribution of Ag with respect to Cu, the EDX map spectra were
obtained and overlaid with the backscatter electron images.

J. Mater. Chem. C

These EDX scans confirm that the lighter areas within the SEM
images are indeed regions of high Ag concentration, whilst the
darker areas are regions of high Cu concentration. EDX point
spectra were also obtained, with the locations indicated by
markers in Fig. 7b and d. The Cu/Ag weight ratios in the regions
from which the point spectra were taken have been calculated.
These ratios are provided in Table 1. From the backscatter
electron images and the corresponding EDX data, it is possible
to see that a large fraction of the Ag is located in the necking
regions of Cu particles. The lower melting point (and therefore
lower cohesive energy) of Ag, with respect to Cu,”” leads to Ag
becoming mobile at lower temperatures. With this increased
mobility, the Ag migration is strongly influenced by the effects
of surface tension. As Ag has a lower surface tension than Cu
(0.89 N m > for Ag® and 1.31 N m > for Cu®), it follows that Ag
wets the Cu surface,®*°° accumulating within the necking
regions between two adjacent Cu particles, as the Ag-Cu inter-
face is energetically more favourable than the interface between
the Ag and the surrounding air. The accumulation of Ag in the
necks of Cu NPs increases the contact area between adjacent
particles and thereby enhances the electrical conductivity of the
system. The data provided in Fig. 2-7 indicate that from a
threshold level of as low as 3 wt% Ag within a Cu-Ag hybrid
film, sufficient Ag is present to enable the formation of a
connected conductive network upon mobilisation at increased
thermal sintering temperatures. It follows that this energetically
favourable re-distribution of Ag over the Cu during the thermal
sintering process may mitigate future electromigration issues
associated with Ag NP use; indeed, many studies have demon-
strated that combined Cu-Ag systems show improved electromi-
gration resistance with respect to Ag alone.”’™ Theoretical
calculations were performed to see how this phenomenon of Ag
network formation could be optimised i.e., obtaining maximum

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Backscattered electron SEM images (a) and (c) and the same images overlaid with EDX scans (b) and (d) for isolated Cu—Ag particles and coated
regions respectively, taken from the 25 wt% hybrid film, where red areas represent Cu and green areas represent Ag. EDX point spectra were taken from

images (b) and (d) as indicated by the markers.

Table 1 Cu/Ag weight ratios from point spectra taken in areas 1-6,
indicated by markers shown in Fig. 7b and d

Point spectra Cu/Ag weight ratio

1 10.5
2 0.8
3 0.3
4 6.4
5 6.6
6 0.1

electrical conductivity through the minimum addition of silver.
No similar simulations were found within the literature. Details
regarding the computational modelling, including the assump-
tions made and the MATLAB script utilised, can be found in
Section S1.7 of the SI. Three different independent variables were
investigated: the Ag/Cu mass ratio, the Cu-Cu neck size, and the
Cu/Cu adjacent particle size ratio. A schematic diagram depicting
Ag accumulation in the necking region between two Cu particles
of equal size, along with the corresponding resistance reduction
simulation data, are provided in Fig. 8a and c, respectively. As
seen in Fig. 8a, two adjacent Cu particles of equal diameter have
been considered, with a neck formation between one tenth to one
third of the Cu particle diameter in size, with Ag filling this neck
up to half of the diameter of the Cu particle. It can be seen from

This journal is © The Royal Society of Chemistry 2026

Fig. 8c that in every case, increasing the Ag/Cu weight ratio
decreases the overall resistance of the system with respect to
Cu-only. However, an increased degree of prior neck formation
between the two Cu particles lessens the effect of the Ag addition:
the larger the Cu-Cu neck, the smaller the increase in conductivity
due to the associated Ag accumulation. These trends are inde-
pendent of varying particle size, provided that the sizes of the two
adjacent Cu particles are equal. Thus, in order to best utilise the
concept of Ag accumulation in the Cu particle necks, the chosen
temperature for heat treatment during post-processing should be
higher than that required for the Ag to become mobile, yet low
enough to prevent the Cu NPs sintering to a high degree of
densification. This would minimise the size of the Cu particle
necks and hence maximise the impact of Ag accumulation. As
discussed, the Ag content of the system seems to become most
mobile within the temperature range of 170-200 °C (see Fig. 6),
whilst the fusion of adjacent Cu particles seems to proceed at
higher temperatures (see Fig. 5 and SI Section S1.6). A sintering
temperature >200 °C but <350 °C may therefore be most
appropriate for the thermal treatment of Cu-Ag hybrid inks. For
adjacent Cu particles of varying size, neck formations between
one eighth to one quarter of the larger Cu particle diameter were
considered, with Ag filling the neck up to one third of the larger
Cu particle diameter. A schematic diagram depicting this scenario,

J. Mater. Chem. C
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reduction between two Cu particles of equal size due to Ag accumulation in the Cu necking area with increasing Ag/Cu mass ratio. Each curve ends when
an Ag neck filling of d/2 is reached. The Cu particle diameter is denoted as 'd". (d) Theoretical resistance reduction between two Cu particles of differing
sizes due to Ag accumulation in the Cu necking area with increasing Ag/Cu mass ratio for a Cu—Cu neck size of d/8, where d refers to the diameter of the
larger Cu particle. Each curve ends when a maximum Ag neck filling of d/3 is reached.

along with resistance reduction simulation data for a prior Cu-Cu
neck formation of d/8 (where ‘d’ is the diameter of the larger Cu
particle), are provided in Fig. 8b and d, respectively. Similar data for
prior Cu-Cu neck formations of d/4 and d/6 are provided in the SI
(Section $1.7.3), with the same trend observed as for Cu particles of
equal diameter; the smaller the Cu-Cu neck, the larger the improve-
ment in conductivity. It can be seen from Fig. 8d that for a constant
Cu—Cu prior neck size, an increasing Cu/Cu adjacent particle size
ratio lessens the reduction in inter-particle electrical resistance due
to the Ag accumulation in the neck, for a given Ag weight loading. A
wide particle size distribution amongst the Cu NPs would increase
the probability of adjacent particles significantly differing in dia-
meter. It therefore follows that, in addition to careful selection of the
sintering temperature to minimise prior Cu neck formation, a Cu NP
particle system with a relatively narrow size distribution is desirable
for maximising the reduction of resistance in the final Cu-Ag film
upon Ag NP addition.

Light-based sintering of Cu-Ag hybrid inks

It was observed that all bar-coated Cu-Ag films, across all Ag
weight loadings, demonstrated measurable conductivity following
laser and IPL sintering. XRD patterns for samples post-processed

J. Mater. Chem. C

via the laser and IPL techniques, compared with unsintered, as-
deposited samples, are shown in Fig. 9. Copper oxide peaks are
absent from both the laser- and IPL-treated patterns, with very
little change observed in the post-processed XRD data. When
coupled with the sheet resistance data, this indicates that oxida-
tion within the final films may be avoided through the use of
light-based sintering techniques. This is consistent with other
literature reports in which Cu NPs have been post-processed using
laser and IPL treatments.®>”> The absence of any clear correlation
between the sheet resistance and the Ag weight loading of the Cu-
Ag films (Fig. 3c and d) suggests that the addition of Ag NPs to Cu
NPs has no significant impact on the electrical properties when
laser and IPL sintering methods are utilised. Typically, the activa-
tion energy required for particle sintering decreases with decreas-
ing particle diameter (SI Section S1.6). Although LDA analysis
(Fig. 2b) did indicate a decrease in the overall particle size
distribution of the Cu-Ag hybrid inks with increasing Ag content,
the distribution itself remained broad in each case. Furthermore,
bulk Cu resistivity is only 5.6% greater than the resistivity of Ag.
Thus, in the absence of Cu oxidation, the effects of the reduced
particle size and increased conductivity of the Ag NPs are mini-
mal, with the conductivity of the final hybrid samples most likely

This journal is © The Royal Society of Chemistry 2026
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sintering. Characteristic Cu and Ag peaks are indicated in red and green, respectively. No additional peaks relating to copper oxides are observed.

Table 2 Comparison of electrical performances for state-of-the-art Cu—Ag hybrid inks; in cases where either sheet resistance or resistivity was stated,
the other value was, where possible, calculated using film thickness data, where provided

Cu-Ag system type Sheet resistance (Q sq )

Ink production method

Sintering procedure  Study

Cu-Ag hybrid ink 3:1 Cuto Ag  1.330 (p = 9.310 X

ratio 10 *Qem ™)
Cu & nano-Ag blended ink 3:1  ~0.700 (p ~ 1.750 x
Cu to Ag ratio 107°Qem ™)

Single-stage, continuous flow, simultaneous
synthesis of Cu and Ag NPs.

Manual mixing of commercial Cu micro-
particle and Ag NP inks.

In air, 265 °C, This work
~ 60 minutes

Under hydrogen- 68
nitrogen 250~

275 °C, 40 minutes

Ag-coated Cu p-particles 1:1 0.326 (p = 3.260 X Cu particle synthesis followed by Ag coating, = Under reducing 97
Cu to Ag ratio 10 Qem ™) both batch processes. atmosphere 200 °C,
60 minutes

Thick-shell Cu@Ag-nano-rod None provided. (film Cu particle synthesis under N,, followed by Ag  In air, 160 °C, 98
surface morphology 9:1 Cu to thickness unknown) seed layer growth, also under N,, and later 30 minutes
Ag ratio (p=7.144 x 107> Qcem™")  thick Ag shell formation—all batch.
Cu@Ag core-shell NPs 3:1 Cu  0.013 no film thickness or ~ Multi-stage batch synthesis; several precursor Assumed air (not 99
to Ag ratio resistivity provided preparation steps, then Cu NP synthesis & specified) 170 °C,

subsequent Ag shell formation. 20 minutes
Cu@Ag core-shell NPs 2:1 Cu  0.210 (p = 3.922 X Cu NP synthesis, then Ag encapsula- In air, 250 °C, 3 100
to Ag ratio 107" Qem™) tion—both batch processes. 0 minutes
Particle-free Ag-Cu hybrid 11.342 (assuming single Separate, batch syntheses of Cu & Ag metal-  In air, 135 °C, 101
metal-organic decomposition  layer, thickness of 2.14 pm)  organic precursor inks which are then mixed; 60 minutes

ink 1.05:1 Cu to Ag ratio

(p=2.427 x 10> Qcm ™)

metal NPs formed on sintering — decomposi-

tion of organic complexes.

a result of successful Cu NP sintering. Indeed, the average Cu
crystallite size following laser sintering was 433 + 73 nm, as
determined through the Scherrer equation, compared to a 315 +
54 nm crystallite size measured prior to laser sintering. It follows
that in cases of light-based post-processing, the addition of Ag
NPs is superfluous and indeed, would constitute an unnecessary
expense in terms of raw material costs ie. the price of Ag is
approximately 75 times greater than that of Cu.”® This is in
contrast to thermally sintered Cu-Ag hybrids, where an increased
Ag content led to improved conductivity in the final samples.
Since many printed electronic industrial production lines are
equipped with technologies designed for the more traditional
thermal sintering procedures, the use of Cu-Ag hybrid inks may
be one way to reduce the cost of depositing conductive features
whilst obtaining viable sheet resistance values. The electrical
performance of the thermally-sintered hybrid inks is compared

This journal is © The Royal Society of Chemistry 2026

with sheet resistance data for state-of-the-art Cu-Ag systems
(reported in literature within the last two years) in Table 2. It
can be seen that the resistance values obtained here are compe-
titive with those in current reports, where most studies are still
focused on core-shell structures; the Cu-Ag hybrid inks developed
within this work were produced via continuous hydrothermal
synthesis, with the inclusion of Ag NPs facilitated by the simple
introduction of an additional silver nitrate precursor to an existing
copper nanoparticle synthesis protocol. The inherent scalability of
the continuous hydrothermal method combined with the simul-
taneous synthesis of both Cu and Ag NPs (in a single step) offers
significant advantages over the core-shell approach, which
usually proceeds via at least two separate batch processes — initial
Cu NP synthesis and subsequent formation of an Ag shell. Other
facile ink production approaches, such as the simple blending of
two commercially-available Cu and Ag dispersions,®® typically

J. Mater. Chem. C
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require inert sintering atmospheres to obtain their notable resis-
tivity values, whilst in this study, a simple hot plate in air was
utilised for ink post-processing.

Conclusions

In this work, hybrid Cu-Ag NP dispersions with differing Ag
weight loadings were synthesised in a single, scalable step
using a continuous hydrothermal method. Following formula-
tion into a stable ink, the materials were deposited via bar-
coating and post-processed through thermal, laser, and IPL
sintering techniques. Cu oxidation was avoided through the
rapid heating and cooling associated with light-based sintering,
without the need for Ag addition. With light-based sintering,
the addition of Ag particles was superfluous and conferred no
significant conductivity improvement when compared with Cu
only ink. Thermal sintering, in an oxygen-containing environ-
ment, resulted in Cu oxidation, although the addition of Ag,
even at 3 wt%, led to significant reductions in the electrical
resistance of post-processed samples. In situ monitoring of
individual Cu and Ag particle clusters during thermal treatment
(in an inert atmosphere via a novel SEM technique) showed that
Ag NPs became mobile at significantly lower temperatures in
comparison to those at which Cu NP sintering occurs. Hybrid
samples containing 25 wt% Ag and 75 wt% Cu showed that
mobilised Ag accumulated in the ‘necks’ found between adja-
cent Cu particles, forming a connected and conductive net-
work. This finding explains observations made in previous
reports around the impact of thermally sintering Cu-Ag core-
shell particles, whereby Ag de-wets the Cu core at elevated
temperatures in order to form such a network. As such, core-
shell Cu-Ag structures do not appear necessary. The speed and
scalability of the continuous hydrothermal synthesis approach,
used within this work, offers noteworthy advantages over the
core-shell approach, in which time and effort are dedicated to
coating Cu NPs with a thin layer of Ag, only for it to mobilise
and de-wet upon thermal treatment. For applications in which
thermal sintering in an oxidising environment is preferred e.g.
if available infrastructure does not provide for light-based post-
processing or an oxygen-free sintering atmosphere (here, the
samples were simply post-processed via hot plate), the addition
of small amounts of Ag to Cu NPs can enable the achievement
of sheet resistance values as low as ~1 Q sq~". Thus, the Cu-Ag
hybrid inks proposed here are most competitive for use in
large-scale printed electronics applications (due to the single-
step, continuous-flow synthesis method) where sophisticated,
inert-atmosphere post-processing equipment is unavailable.
Theoretical simulations were used to optimise this phenom-
enon in which the Cu-Cu inter-particle resistance reduces due
to Ag accumulation in the necking region. Results suggest that
the maximum conductivity for the minimum Ag addition can
be achieved through use of a Cu NP dispersion with a narrow
particle size distribution, along with careful selection of the
sintering temperature, in order to increase Ag mobility but
decrease Cu neck formation. Further experiments are required
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to refine the synthesis parameters e.g., reaction temperature,
reaction pressure, flow rates and flow ratios, in order to reduce
variations in Cu-Cu particle size, and to optimise the sintering
procedure, in order to validate these predicted theoretical
trends. Furthermore, studies surrounding the long-term stabi-
lity of this Cu-Ag hybrid system, and any effects of further Ag
electromigration, should be completed.
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