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Abstract: Bimetallic nanomaterials have shown great potential across various fields of application.
However, the synthesis of many bimetallic particles can be challenging due to the immiscibility of
their constituent metals. In this study, we present a synthetic strategy to produce compositionally
tunable silver–copper (Ag-Cu) bimetallic nanoparticles using plasma-driven liquid surface chemistry.
By using a low-pressure nonthermal radiofrequency (RF) plasma that interacts with an Ag-Cu
precursor solution at varying electrode distances, we identified that the reduction of Ag and Cu
salts is governed by two “orthogonal” parameters. The reduction of Cu2+ is primarily influenced
by plasma electrons, whereas UV photons play a key role in the reduction of Ag+. Consequently,
by adjusting the electrode distance and the precursor ratios in the plasma–liquid system, we could
control the composition of Ag-Cu bimetallic nanoparticles over a wide range.

Keywords: metal nanoparticles; bimetallic; plasma–liquid interface; immiscible metals; Ag-Cu

1. Introduction

Bimetallic nanoparticles (NPs) exhibit excellent optical, catalytic, and electronic prop-
erties that differ from those of their individual component metals [1–4]. Accordingly, there
has been significant interest in developing new synthesis methods for these NPs to ex-
plore their applications as catalysts [5–8], in sensors [9,10], as antimicrobial agents [11–13],
and as substrates for surface-enhanced Raman scattering [14,15]. The physicochemical
properties of bimetallic NPs can be significantly influenced by several factors, such as
the chemical nature of the constituent metals, particle size, and the nanoscale arrange-
ment of the two metals, e.g., whether homogenous alloys or core–shell or Janus NPs are
formed [1–3,16,17].

Many bimetallic systems exhibit wide miscibility gaps in their phase diagrams due to
their positive heat of mixing. Thus, most conventional methods, such as co-reduction, seed-
mediated growth, and thermal decomposition, yield core–shell NPs or phase-segregated
heterostructures rather than homogeneous alloys [1–3]. However, it has been shown that
nonequilibrium methods, such as spark discharge plasmas [18], pulsed laser ablation [19],
and the application of rapid current pulses [20], can lead to the successful homogenous
mixing of otherwise immiscible metal systems.

As a nonequilibrium method, plasma-driven solution electrolysis (PDSE) has become
an emerging strategy for the synthesis of NPs [21–27]. Nonthermal plasmas excited by AC
(alternating current), DC (direct current), or RF electric fields, generate a highly reactive
environment including ions, electrons, radicals, and ultraviolet (UV) photons with a dis-
tribution of energies [28–30]. When the plasma treats an electrolytic solution containing
metallic cations (for example, Ag+), these plasma-generated species penetrate the plasma–
liquid interface. More reactive species including H·, OH·, O2

−, and solvated electrons (e−)
are produced by solvation of plasma-activated species. These reducing agents reduce the
metallic cations to form neutral metal species (Ag0). These neutral atoms then undergo
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nucleation and coalescence, producing larger clusters, leading to the formation of nanoparti-
cles. Without further requiring chemicals as reducing agents, plasmas generate a variety of
reducing species on short timescales on the order of µs to prevent NP agglomeration, while
the species’ densities can be controlled via plasma operating parameters such as power,
electrode distance, pulsing frequency, and duty cycle. The fast, controllable reactions make
PDSE a greener and surfactant-free method for nanomaterial synthesis. Compared to the
conventional electrochemical synthesis of NPs, the PDSE method demonstrated the advan-
tages of a good Faradaic Efficiency and a high yield with a short treatment time [31–33].
In our recent work, we demonstrated the synthesis of silver nanoparticles using a PDSE
reactor which featured fast synthesis of sub-10 nm Ag NPs with a residence time as short
as a few seconds. The conversion of precursor to NPs can be as high as 70%, while the size
of the NPs can be tuned by operating parameters including plasma power, residence time,
and plasma pulsing [34,35].

However, the formation of bimetallic nanoparticles in PDSE still remains as a relatively
unexplored area. Recently, Chen et al. demonstrated that plasma-driven solution electroly-
sis (PDSE) can be used to synthesize bimetallic Ag-Pt alloy NPs from typically immiscible
metal systems, employing a pulsed plasma that interacts with a precursor solution [36].
But the good control of nanoparticle composition still remains elusive.

Here, we present a synthetic strategy for the formation of composition-tunable bimetal-
lic copper (Cu)–silver (Ag) NPs using low-pressure PDSE. Ag-Cu bimetallic NPs have been
reported to have higher electrical conductivity, better oxidation resistance, and catalytic
performance than their constituent metals [37,38]. Previous reports have demonstrated the
synthesis of Ag-Cu bimetallic NPs using microwave irradiation, thermal decomposition,
and chemical reduction; however, these methods require either adding reducing agents
or a long treatment time lasting for hours [39–41]. Copper and silver are immiscible at
almost all composition ratios at room temperature, forming a two-phase mixture. Ac-
cordingly, phase-segregated heterostructures have been found in conventional synthetic
methods [42–45].

In this work, we use the Ag-Cu system to demonstrate improved compositional
control through nonthermal plasma PDSE. We employed a low-pressure radiofrequency
(RF) plasma that interacts with a liquid droplet of a precursor solution containing Ag+ and
Cu2+ salts [34,35]. We recently demonstrated that both plasma electrons and UV photons
contribute to the reduction of metal salts in PDSE, with their respective densities decreasing
with different rates axially with increasing distance from the electrode [34,35]. Taking
advantage of different active species at the plasma–liquid interface, we demonstrate that
composition-tunable Ag-Cu bimetallic NPs can be synthesized by tuning the electrode
distance and precursor concentrations.

2. Materials and Methods
2.1. Ag-Cu Bimetallic Nanoparticle Synthesis

Ag-Cu bimetallic NPs were synthesized and collected in a nonthermal radio RF
inductively coupled plasma reactor, shown in Figure 1, which is similar to the method
used in a previously published report [34,35]. The discharge gas, argon (Ar) (Airgas, UPC
300, 99.9993%), flowed through a 2.54 cm outer diameter (OD) and 2.20 cm inner diameter
(ID) quartz tube at a flow rate of 80 sccm (standard cubic centimeters per minute). The
system operated at a total pressure of 5 Torr. Plasma was generated by the application
of RF power at 13.56 MHz from a power generator through a five-turn copper induction
coil coupled with a matching network (HFT1500, Vectronics, Starkville, MS, USA). The
RF power was generated using a B & K Precision 4063 arbitrary function generator (B &
K Precision Corporation, Yorba Linda, CA, USA) producing a driving signal with a peak-
to-peak voltage ranging from 300 to 620 mV, which was fed into an E&I A300 broadband
power amplifier with a gain of 56 dB (Electronics & Innovation, Rochester, NY, USA),
generating a nominal plasma power of 80 W.
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Figure 1. Schematic of plasma–liquid electrolysis reactor for the synthesis of Ag-Cu bimetallic NPs
in glycerol. An inductive discharge was generated using an RF power supply that is connected
to a five-turn copper coil via a matching network. A mixture of Ag+ and Cu2+ precursor solution
was delivered through a syringe pump that connected to a quartz pipette with a 1 mm tip. The
precursor-glycerol droplets, which formed continuously, were directly exposed to the plasma and
held by surface tension until they detached from the pipette and collected in a culture tube.

The precursor solutions were prepared by mixing appropriate amounts of silver
nitrate (ACS reagent, ≥99.0%, Sigma-Aldrich, St. Louis, MO, USA) and copper (II) trifluo-
romethanesulfonate (≥98%, Sigma-Aldrich, St. Louis, MO, USA) in glycerol (ACS reagent,
≥99.5%, Sigma-Aldrich, St. Louis, MO, USA) to achieve the desired Ag:Cu concentrations.
The precursor solutions were sonicated for 1 h to enhance the dispersibility of the metal
salts. Four different molar ratios of Ag:Cu concentrations, 1:10, 1:100, 1:200, and 1:500, were
used in this study.

Precursor solutions were injected into the plasma via a syringe pump (NE-300, New
Era Pump Systems, East Farmingdale, NY, USA), and liquid droplets were generated which
were allowed to hang at a pipette tip. When the surface tension was no longer sufficient to
hold the droplets at the pipette tip, they detached and fell into a culture tube for collection
and further characterization. The residence time of each droplet at the pipette tip was
approximately 3 s.

The default position of the droplet was located on the quartz tube centerline and
axially 8 mm away from the end of the induction coil. The induction coil could not be
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moved any closer to the coil due to the two glass flanges present in the tube (Figure 1). This
position was defined as the reference position, which will be referred to as 0 cm distance.
The effect of electrode distance was investigated by moving the induction coil away from
the droplet to distances of 1 cm and 2 cm from the reference position.

Collected NPs were purified by centrifugation at 14,000 rpm for 1 h, followed by
rinsing with ethanol thrice. The isolated final product was dispersed in ethanol for fur-
ther characterization.

2.2. Transmission Electron Microscopy (TEM)

The purified products were drop-cast on thin carbon-coated copper and molybde-
num grids, and dried in a dark fume hood. High-angle annular bright-field scanning
transmission microscopy (BF-STEM) images were collected using Thermo Scientific Talos
F200X scanning electron microscope equipped with a Super-X energy dispersive X-ray
(EDX) detector (Thermo Scientific, Waltham, MA, USA) operating at an accelerating voltage
of 200 kV. Spatially resolved STEM EDX maps were collected with an acquisition time
of 10 min, and a dwell time of 100 µs/pixel. Each TEM grid was randomly sampled at
more than five locations throughout the entire grid area to ensure that the NP composition
was uniform. The K-edges of Ag and Cu were background-subtracted and integrated to
produce the net intensity elemental maps and line scans.

3. Results and Discussion
3.1. Effects of Precursor Concentration Ratios

Co-reduction has been suggested as an effective method for achieving homogeneous
mixing of two immiscible metals [16]. The key to successful co-reduction is balancing the
reduction rates of the two precursors to ensure they react on similar timescales [16]. Given
that the reduction potential of Cu2+ (0.34 V) is lower than that of Ag+ (0.8 V), indicating
that Ag+ is more easily reduced than Cu2+, we selected a higher initial concentration of the
Cu precursor compared to the Ag precursor to maintain comparable reduction rates.

We first explored the effects of different concentrations of Ag on the final composition
of the products at a reference electrode distance of 0 cm. While the Cu2+ concentration was
kept constant at 100 mM, the Ag+ precursor concentration was varied at 10 mM, 1 mM,
0.5 mM, and 0.2 mM to obtain Ag:Cu precursors with molar concentration ratios of 1:10,
1:100, 1:200, and 1:500.

Figure 2 shows the BF-STEM images, Ag and Cu net intensity EDX elemental maps,
overlapped Ag-Cu EDX elemental maps, and corresponding line scan profiles at the elec-
trode reference position at 0 cm for varying Ag:Cu concentration ratios. As shown in
Figure 2a, at a 1:10 Ag: Cu concentration ratio, the Ag elemental map shows a uniform
distribution of Ag throughout the NPs, suggesting that Ag atoms are well dispersed within
the particle. Similarly, the Cu elemental map also exhibits a uniform distribution com-
plementing the Ag map, which suggests a homogeneous mixing of both elements. The
overlay of the Ag-Cu mixed elemental map further demonstrates the co-localization of
Ag and Cu signals with no visible segregation of the two metals with atomic concentra-
tions of 80% Ag and 20% Cu. While these observations do not conclusively confirm the
formation of an alloy vs. a microscopic two-phase mixture, Ag and Cu appear more homo-
geneously mixed than in other literature reports on Ag-Cu NPs. We refer to these particles
as “homogenously mixed”.

We observed similar patterns with the 1:100 and 1:200 Ag:Cu concentration ratios
where the Ag and Cu elemental maps and overlapped Ag-Cu maps reveal a uniform
distribution of Ag and Cu atoms throughout the particles. This indicates a homogenous
mixing of Ag and Cu with a composition of an atomic % of about 60% Ag and 40% Cu at
both concentration ratios (Figure 2b,c).
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As the Ag:Cu concentration ratio increased to 1:100, clear phase segregation of Ag and Cu 

Figure 2. (a–c) BF-STEM images, Ag EDX elemental maps, Cu EDX elemental maps, and overlay
of Ag and Cu EDX elemental maps of Ag-Cu NPs produced from 1:10, 1:100, and 1:200 Ag:Cu
precursor ratios at 0 cm electrode distance, respectively. (d–f) EDS line scan profiles of homogeneously
mixed Ag-Cu bimetallic NPs at 1:10, 1:100, and 1:200 Ag:Cu precursor ratios, respectively. (g) Ag-
Cu overlapped EDS elemental map of Cu NPs formed from 1:500 Ag:Cu precursor ratio at 0 cm
electrode distance.

Line scans were conducted across different sections of the Ag-Cu bimetallic NPs.
Combined line scan profiles, shown in Figure 2d–f for 1:10, 1:100, and 1:200 Ag:Cu ratios,
respectively, show uniform distributions of Ag and Cu signals along the scan lines for all
concentration ratios, suggesting the formation of homogeneously mixed Ag-Cu NPs at a
0 cm electrode distance.

However, this trend changed at a 1:500 Ag:Cu ratio, as illustrated in Figure 2e. The
overlay of Ag-Cu elemental maps shows the formation of Cu NPs without any indication
of Ag NP production. This suggests that at Ag:Cu ratios larger than 1:200, Cu2+ reduction
will become predominant over Ag+ reduction leading to the preferential nucleation and
growth of Cu NPs rather than the formation of bimetallic or phase-segregated NPs.

3.2. Effects of Plasma Electrode Distance

In previous work, we demonstrated that VUV photon-induced dissociation of glycerol
is the main factor in the Ag+ reduction in our plasma–liquid droplet system [34] and that
electron-driven reduction plays a minor role. Here, we hypothesized that the reduction
of Cu2+ should be much more sensitive to the flux of plasma electrons because it involves
two reaction steps. Furthermore, in previous work we found a rapid axial decay of the
electron density, observed with double Langmuir probe measurements, but simulations
predict a much slower axial decay of VUV fluxes in our reactor configuration [33]. Hence,
we hypothesized that the electrode distance should have a significantly stronger impact on
the reduction of Cu2+ than Ag+.
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To test this hypothesis, we examined the effect of electrode distance by moving the
induction coil 1 cm away from the droplet at the same concentration ratios. This resulted
in noticeably different observations, as illustrated by Figure 3, which shows the BF-STEM
images, overlays of Ag-Cu EDX elemental maps, and the corresponding line scan profiles
of Ag-Cu bimetallic NPs at the 1 cm electrode distance.
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Figure 3. Overlay of Ag-Cu EDS elemental maps and line scan profiles of resultant NPs at 1 cm
electrode distance. (a) Ag NPs at 1:10 precursor ratio (b) phase-segregated Ag and Cu NPs at 1:100
precursor ratio (c,d) homogeneously mixed Ag-Cu NPs and Ag-Cu core–shell NPs at 1:200 and
(e) homogeneously mixed Ag-Cu NPs at 1:500 precursor ratio.

The overlapped Ag-Cu elemental map of 1:10 Ag:Cu (Figure 3a) primarily shows
Ag NPs, with some clusters of Cu NPs also present. This agrees with the combined line
scan profile that predominantly exhibits Ag signal with minimal Cu signal throughout
the NP. As the Ag:Cu concentration ratio increased to 1:100, clear phase segregation of
Ag and Cu NPs was observed, as depicted in Figure 3b, which shows the overlay of the
Ag-Cu elemental maps and the line scan profile. This indicates that, despite Cu2+ reduction
occurring, co-reduction is still not favorable under these conditions.

As the Ag:Cu concentration ratio increased to 1:200, we observed two distinct struc-
tures: homogeneously mixed NPs with an even distribution of Ag and Cu atoms, as
shown in Figure 3c, and nonhomogenous particles, some of which appeared to be Ag-Cu
core–shell NPs, as shown in Figure 3d. At the highest Ag:Cu concentration ratio of 1:500,
co-reduction was predominant, resulting in the formation of homogeneously mixed Ag-Cu
NPs (Figure 3e). These results clearly indicate that plasma electron density and precur-
sor concentration significantly impact Cu2+ reduction, which in turn affects the rate of
co-reduction and the composition of Ag-Cu bimetallic NPs.

Our results are consistent with our hypothesis that Cu2+ reduction might be mainly
influenced by plasma electrons, and not be dominated by VUV photons as in the case
of Ag+. To further test the hypothesis that Cu2+ reduction is electron-dominated, we
performed an experiment by moving the induction coil away by a larger distance of 2 cm
for two concentrations of 1:10 and 1:500. Due to the much more rapid axial decay of the
electron density compared to VUV fluxes, we expected a significant drop in Cu2+ reduction.
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Figure 4 shows Ag-Cu overlay elemental maps and the corresponding line scan
profiles for 1:10 and 1:500 Ag:Cu concentrations at the 2 cm electrode distance. Both
mixed elemental maps, along with line scan profiles, as shown in Figure 4a,b, clearly
show the formation of almost pure Ag NPs, indicating Ag+ reduction is dominant under
these conditions. These findings further corroborate that the electron flux, as controlled by
electrode distance, is a critical parameter for the Cu2+ reduction.
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3.3. Mechanisms of Tuning NP Composition in PDSE

Figure 5 summarizes our findings for the three electrode distances of 0 cm, 1 cm,
and 2 cm with varying Ag:Cu precursor concentration ratios. At the closest distance
(0 cm), where the electron density is the highest, co-reduction of Ag+ and Cu2+ leads to the
formation of homogeneously mixed Ag-Cu bimetallic NPs at most concentration ratios.
As the electron flux drops exponentially with the axial distance, at 1 cm, the rate of Cu2+

reduction varies with the precursor concentration ratio, resulting in phase-segregated NPs,
core–shell Ag-Cu NPs, and homogeneously mixed Ag-Cu NPs. At the farthest electrode
distance of 2 cm, the reduction of Ag+ prevails, resulting in the formation of Ag NPs.

The proposed mechanisms are as follows: when the plasma is in direct contact with the
liquid, various plasma-generated reactive species penetrate the liquid surface. The plasma-
generated electrons become solvated in the liquid phase, while energetic UV photons lead
to the photodissociation of glycerol, forming H· radicals [46]. Both e− and H· are important
reducing agents for metallic precursor ions, for example, via Ag+ + e− → Ag0 and Ag+ + H·
→ Ag0 [47,48]. For Ag NPs, in our previous studies in this reactor [34,35], we demonstrated
that the electron fluxes toward the liquid drop much more drastically than the UV fluxes,
and that the Ag NP yield is not sensitive to the electrode distance. In comparison, for the
reduction of Cu2+, the reaction rate constant k of Cu2+ reduced by solvated electrons is
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~1010 M−1s−1, which is about three orders of magnitude higher than that for other species,
including H radicals (k~107 M−1s−1) [49]. Hence, we proposed that the reduction of Cu2+

is electron-dominated, which is supported by our above results, as summarized in Figure 5.
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Figure 5. Schematic summary of Ag-Cu bimetallic NPs produced by varying electrode distance and
Ag:Cu precursor ratio. Ag NPs denoted by red spheres and Cu NPs denoted by green spheres.

As illustrated in Figure 6, in this bimetallic NP system, before the plasma treatment,
two metallic precursors are dissolved in the solvent, then dissociate to anions and metallic
cations (Ag+ and Cu2+). These cations are then reduced to neutral atoms, followed by
aggregation to clusters and resulting in a mixed configuration. The reduction rates of
Ag+ and Cu2+ may not be comparable, because of their different charges and reduction
potentials. Therefore, to maintain the co-reduction, electrode position and precursor
concentration ratios are adjusted to control the concentrations of reactive species.
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plasma provides tunable reactive species fluxes toward the liquid, another key parameter to control
the reduction rate is the precursor concentration.
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Our results highlight that the composition of Ag-Cu NPs can be controlled, within
bounds, by the “orthogonal” parameters of concentration ratio and droplet distance from
the plasma: Cu2+ reduction is primarily electron-dominated and Ag+ reduction is UV
photon-dominated. These two plasma-generated species, with different spatial distribu-
tions, make the electrode distance an important parameter for tuning the reactive species
fluxes. At the same time, the tradeoff of Ag+ and Cu2+ reduction can be achieved by chang-
ing precursor concentration ratios. Thus, control over NP composition can be achieved by
optimizing electrode distance and precursor ratios, leveraging the distinct roles of plasma
electrons and UV photons in the reduction process.

4. Conclusions

In conclusion, this study illustrates that both electrode distance and precursor con-
centration ratios play crucial roles in determining the composition and structure of Ag-Cu
bimetallic NPs in a PDSE system. When the plasma is closest (0 cm), the high electron
density enables effective co-reduction of Ag+ and Cu2+, leading to uniformly mixed Ag-Cu
NPs for all precursor ratios, with the exception of the lowest Ag concentration, where only
Cu NPs are produced. At the medium electrode distance (1 cm), varying precursor ratios
affect the reduction rate of Cu2+, resulting in phase-segregated, core–shell, or homoge-
neously mixed NPs. At the largest distance (2 cm), Ag+ reduction prevails, resulting in
exclusively Ag NPs. Our findings also reveal that the reduction of Cu2+ is mainly driven
by plasma electrons, whereas Ag+ reduction is dominated by UV photons. Accordingly,
controlling NP composition can be achieved by adjusting electrode distance and precursor
ratios, taking advantage of the different roles played by plasma electrons and UV photons
in the reduction processes. We propose that this scheme may also apply to other bimetal-
lic systems where the reduction of the constituent metal ions is governed by different
reduction mechanisms.
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