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Designing functional filler networks via in
situ silver nanoparticles through barrier
tuning and volume exclusion

Ke Tian1, Jianwei Jing1, Ming Wen1, Liping Zhang2, Qianyang Li1, Minhan Cheng1,
Jie Wen2, Yiming Wen2, Yong Wen2, Qiang Fu 1 & Hua Deng 1

The fabrication of high-performance functional polymer composites requires
delicate balance between functionalities, filler content and overall perfor-
mance, and preparation route is urgently needed. Guided by Simmons theory,
a PDMS-based stretchable conductor with metal-level conductivity is realized
through a strategy by combining silver nanoparticle in-situ formation, opti-
mized barrier height and volume excluding effect. Firstly, a universal matrix-
independent etching-reductionmethodgenerates uniformAgnanoparticles (~
9.7 nm), shortening tunneling distances. Then, tunneling barrier height is
minimized to 0.06 eV by aligning energy levels of surface-treated silver
nanoflakes andPDMS, reducing electron scattering. Finally, silver-platedPDMS
microspheres act as volume-excluding phase, compressing tunneling widths
below the critical threshold (<10 nm). This integrated approach yields excep-
tional electrical conductivity (29429 S/cm) at 50wt% Ag loading. Such tun-
neling networks retain 53% conductivity at 100% strain, while thermal
conductivity increases from 4.3 to 24.3W/m·K. This work demonstrates
rational quantum tunneling barrier control to overcome performance trade-
offs, providing a design framework for advanced conductive composites.

High-performance functional polymer composites require robust
percolating filler networks for electrical/thermal conductivity and
stretchability1–3. Physical connections between fillers critically influ-
ence functionality by reducing interfacial contact resistance4. Mini-
mizing inter-filler distance is quite important. However, increasing
filler concentration beyond the percolation threshold to cut down
electron tunneling distance compromises elasticity and processability
due to aggregation and restricted polymer mobility5,6. A delicate bal-
ance between functionalities, filler content and overall performance is
often needed. Advanced strategies have been proposed to decouple
functionality from mechanical degradation, including filler welding7,
aspect ratios optimization8, spatial alignment9, dispersion control10,
and hierarchical structuring11, and incorporating minor auxiliary fillers
like metallic nanowires12, carbon nanotubes (CNTs)13 or low-aspect-

ratio metallic nanoparticles14–17 to bridge discontinuous domains.
Among them, the generation of uniform silver nanoparticles (Ag NPs)
surrounding silver nanoflakes (AgFs) shows an order-of-magnitude
improvement in electrical conductivity18,19. However, diffusion-
dominated Ag⁺ migration causes uncontrolled Ag NPs concentration,
hindered in viscous polymers18, and requires matrix reducing groups,
failing in silicone elastomers20, despite their wide range of applica-
tions. Thus, a universal Ag NPs in situ synthesis strategy remains a
challenge.

Meanwhile, preparing strain-insensitive conductivity in stretch-
able conductors is equally critical and challenging, which demands
preserved network integrity under tensile strain21. Conventional con-
ductive composites exhibit strain-dependent resistance increases
due to disrupted filler connections22. Strategies accommodate
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deformation via controlled percolation pathways8 or microstructural
modulation11, exemplified by locally bundled Ag nanowires (Ag NWs)
assemblies23, ternary self-organization Ag NWs/AgFs/Ag NPs hybrids8,
and metal nanowires porous architectures11, which allows further
optimization via engineered structural designs24. Meanwhile, largely
kept conductivity under strain and filler self-alignment has been
observed in AgFs20 and Au NPs based high performance stretchable
conductors25 under specific conditions. However, the mechanism is
still unclear, and it lacks reproducibility and general applicability.
Overall, a generalizable, scalable networkmodulation strategy has not
yet been realized.

Furthermore, high-performance conductive elastomers require
understanding electron transport and rational network design.
Transport primarily occurs via quantum tunneling across sub-10-nm
interparticle gaps26,27. Simmons' theory dictates exponential scaling of
tunneling resistance with barrier width (interparticle distance) and is
sensitive to barrier height (energy-level mismatch)17,28. While most
studies modulate barrier width, systematic co-optimization of both
parameters remains unexplored despite being essential for efficient
networks. Herein, we propose a Simmons theory-guided strategy by
combining silver nanoparticle in situ formation, optimized barrier
height and volume excluding effect. Surface-treated AgFs enhance
electron affinity and intrinsic conductance. Kelvin probe force micro-
scopy (KPFM) indicates PDMS as the optimal matrix, aligning work
functions with AgFs for minimal barrier height (0.06 eV). Subse-
quently, a universal chemical etching-reduction method generates
uniform Ag NPs (~9.7 nm) within PDMS, reducing tunneling distances
to ~19.2 nm. Then, incorporating silver-coated PDMS (PAg) micro-
spheres as a volume-excluding phase compresses tunneling widths
below the critical cut-off (9.6 nm). This yields a stretchable composite
with exceptional conductivity (29429 S/cm) at 50wt% Ag loading.
Meanwhile, the thermal conductivity increases from 4.3 to 24.3W/m·K
thanks to efficient carrier transport. Uniform Ag NPs (1.29 vol%) and
optimized tunneling enabled 53% conductivity retention at 100%
strain. This demonstrates that such a strategy can overcome intract-
able performance trade-offs. By elucidating the interplay between filler
architecture, matrix properties, and electron transport physics, our
strategy provides a guideline for high-performance functional nano-
composites containing silver.

Results
Characterization of PAg microspheres and AgFs
Micron-sized PDMS microspheres are synthesized via suspension
polymerization and subsequently coatedwith a conductive Ag layer to
form PAg microspheres. Scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) (Fig. 1a) reveal that the PAg
microspheres exhibit a uniform spherical morphology, with each
microsphere uniformly coated with a metallic Ag layer. The particle
size distribution (Fig. S1) indicates an average diameter of ~28μm.
Elemental mapping (Fig. 1b) demonstrates distinct distributions of Si
and Ag, with the surface dominated by Ag, forming a continuous
conductive layer approximately 132 nm thick. X-ray diffraction (XRD)
analysis (Fig. S2) displays prominent characteristic peaks at 2θ values
of 38.1°, 44.3°, 64.5°, 77.4° and 81.5°, corresponding to the (111), (200),
(220), (311) and (222) crystal planes of Ag29, confirming a face-centered
cubic structure. The Ag content is quantified using thermogravimetric
analysis (TGA) (Fig. S3). Based on the residual weight of PAg (44.4wt%)
and that of pure PDMS (13.8wt%), the Ag content is calculated to be
64.5wt%30.

To endow composites with high conductivity, AgFs are employed
as the primary conductive filler due to theirmoderate aspect ratio and
intrinsic high conductivity. However, the as-received AgFs are coated
with a thin layer of surfactant, typically long-chain unsaturated fatty
acids, which can increase inter-flake contact resistance and impair
conductivity31. To address this, the AgFs are subjected to multiple

washing cycles in boiling ethanol to remove the surfactant. X-ray
photoelectron spectroscopy (XPS) analysis (Fig. 1c) reveals distinct C1s
andO1s peaks for the unwashed AgFs (0 cycle). After 4 washing cycles,
the C1s peak intensitymarkedly decreases, while theO1s peak remains.
This is because ethanol dissolves the fatty acids, eliminating the
associated C1s signal, whereas the persistent O1s peak originates from
anative oxide layer onAgFs. The ratios of C1s/Ag3d andO1s/Ag3dpeak
areas, derived from the XPS spectra, are compared in Fig. S4. After
washing, theC1s/Ag3d ratio drops from0.207 to0.043, confirming the
effective removal of physisorbed fatty acids. The residual carbon likely
stems from trace amounts of chemically bonded surfactant31 (Fig. S5a).
In contrast, the O1s/Ag3d ratio decreases less markedly, from 0.097
to 0.074.

The fine surface structure of the untreated AgFs is obscured by
the surfactant coating (Fig. 1d). After surfactant removal, however, the
AgFs display a clear surface morphology with well-defined grain
boundaries and sharp edges. Additional physical and chemical evi-
dence further supports the effective removal of surfactants (Fig. S5).
Consequently, the intrinsic conductivity of AgFs increases from
127540 S/cm to 341438 S/cm, representing a ~ 3-fold enhancement
(Fig. 1e). This substantial improvement in conductivity is highly ben-
eficial for constructing highly conductive composites.

Preparation and electrical properties of PDMS-AgFs-PAg
conductor
The fabrication process of PDMS-AgFs-PAg conductive composite is
illustrated in Fig. 2a. First, a PDMS precursor mixture is prepared by
combining PDMS base, a crosslinking agent (10:1, w/w), and 10wt%
glycerol (Gly). The abundance of electron-donating hydroxyl (-OH)
groups in Gly enables it to act as a reducing agent, facilitating the
reduction of Ag⁺ to elemental Ag through a redox reaction20. Gly also
modifies the mechanical properties of the PDMS matrix (Fig. S6).
Next, AgFs and a specific amount of formic acid are incorporated into
the matrix. The formic acid removes surface oxides from the AgFs
through in situ etching, forming Ag formate (Fig. S7)32. Then, PAg
microspheres are added as a volume-excluding phase. The final step
involves the chemical crosslinking of the PDMS matrix at 160 °C to
form the PDMS-AgFs-PAg conductor. Such high temperature accel-
erates the decomposition of Ag formate and the redox reactions
between Ag+ and the –OH groups of Gly, promoting the formation of
Ag nanoparticles (Ag NPs) (Fig. S8). This method enables flexible
control over Ag NPs concentration with matrix independence, a
capability not yet achieved in other reported systems10,15,20, as dis-
cussed in subsequent sections.

Fig. 2b (insert) presents digital photographs of uncured, grease-
like PDMS-AgFs-PAg mixture. After crosslinking the PDMS matrix, a
stretchable conductor with a smooth surface and a golden hue was
obtained. SEM images reveal that PAg microspheres are uniformly
dispersed within PDMS-AgFs. Magnified view (20k ×) identifies several
largeAgNPs, andhigher-magnification imaging (200k×) further shows
numerous uniformly dispersed Ag NPs throughout the PDMS matrix,
which are expected to enhance conductivity.

Maximizing electrical conductivity requires the complete
removal of the Ag₂O surface layer from AgFs. XRD spectra (Fig. S9a)
confirm the presence of an oxide layer, in situ etching and conver-
sion to silver formate (Ag(HCOO)), and the subsequent reduction to
metallic Ag33. To investigate its effect on AgFs microstructure and
conductor properties, the formic acid content is systematically var-
ied from 10 to 40 μL/g. At 40 μL/g, the complete disappearance of
Ag2O peaks (Fig. S9b) indicates thorough etching and reduction.
TEM images and derived O/Ag signal ratio (Fig. S10) reveal that the O
signal decreases from 3.6% in untreated AgFs to 0.2% at 40μL/g.
Furthermore, numerous Ag NPs are observed around the treated
AgFs. The crystal structure of the etched AgFs (Fig. S11) further
validates the complete removal and conversion of the Ag2O layer.
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SEM images (Fig. 2c) show Ag NPs populated among adjacent AgFs,
which serve as electron bridges to enhance electron hopping within
the matrix.

The formic acid concentration critically modulates the chemical
etching and in situ reduction process, directly determining the ulti-
mate electrical conductivity. The control composite without formic
acid treatment (0μL/g) contains only AgFs (Fig. S12a). In contrast,
treated composites exhibit secondary conductive Ag NPs between
AgFs, with their abundance increasing with formic acid concentration.
Dynamic light scattering (DLS) (Fig. S12b) results further show two
distinct peaks corresponding to AgFs and in situ formed Ag NPs,
respectively. Figure 2d compares the conductivity of PDMS-AgFs-PAg
composites (45wt% AgFs, 10wt% PAg) at different formic acid con-
centrations. Without etching, conductivity is merely 3.6 S/cm, esca-
lating to 1483 S/cm at 40μL/g. Beyond this concentration,
conductivity declines due to over-etching-induced defects in AgFs
(Fig. S13). Therefore, 40μL/g is selected as the optimal content for
subsequent analyses. The proposed strategy uniquely leverages Ag₂O
layers-eliminating their insulating barriers while converting them into
functional Ag NPs (Fig. 2e). Moreover, this dual optimization allows

controllable Ag NPs synthesis, distinguishing it from methods that
consume pristine AgFs to generate Ag NPs17,34,35.

Percolation modulation based on the simmons theory
Electron transport in conductive composites occurs via the quantum
tunneling effect, whereby electrons tunnel through a thin insulating
layer between adjacent conductive fillers36. As illustrated in Fig. 3a, in
the PDMS-AgFs-PAg composite, neighboring AgFs serve as electrodes
separated by PDMS. The tunneling barrier width (d) equates to inter-
filler distance, while the barrier height (λB) is governed by the differ-
ence between the work function of AgFs (φAg) and the electron affinity
of PDMS matrix (χP)

28. Simmons theory quantifies the electron tun-
neling current density (J) at low applied voltages (V) as a function of d
and λB:

J =
3ð2meλBÞ

1
2

2d
e
h

� �
V exp �4πd

h
ð2meλBÞ

1
2

� �
ð1Þ

where me is the electron mass, h is Planck’s constant, and e is the
electronic charge. Adjusting the distance between conductive fillers

Fig. 1 | Structural characterization of PAg and purified AgFs. a SEM image and
EDS mappings of PAg microspheres; b Cross-sectional SEM image and EDS map-
ping of bisected PAg microsphere; c XPS spectrum and d SEM images of AgFs

treated by alcohol with varying cycles (scale bar: 2μm); e Conductivity of as-
obtained AgFs, alcohol treated AgFs (4 cycles) and intrinsic Ag. Five parallel sam-
ples were measured, and error bars represent the standard deviation.
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varies the tunneling barrier width, while selecting polymer matrices
with different electron affinities tunes the barrier height.

The distribution of conductive fillers within PDMS-AgFs-PAg
composite is systematically analyzed (Fig. 3b). Compared to the
untreated composite, a substantial number of Ag NPs are synthesized
and uniformly dispersed within the PDMS matrix, effectively reducing
the inter-particle tunneling distance. As depicted in Fig. 3c, the Ag NPs
exhibit a size distribution ranging from 1.8 to 12 nm, with an average
size (s) of 9.8 nm and an estimated concentration of 1.29 vol%
(Fig. S14). The resulting tunneling distance distribution in PDMS-AgFs-
PAg composite ranges from 2.1 to 47.6 nm, with an average value of
19.2 nm. In contrast, the composite without Ag NPs shows a much
larger tunneling distance (> 500nm). This effective percolation mod-
ulation strongly promotes high conductance, as predicted by Sim-
mons' theory. Moreover, the tunneling distance overlaps with the
tunneling cut-off distance (10 nm), which facilitates efficient electron
transport.

The work function of AgFs (φAg) and the electron affinity of PDMS
matrix (χPDMS) are measured using KPFM (Fig. S15a). The values ofφAg

and χPDMS areextracted fromthe surfacepotential distribution images.
Surfacepotential can be influenced by factors such as surface chemical

adsorption, surface roughness, and chemical purity37,38, leading to a
broad potential distribution (Fig. S15b). Based on these results, the
energy level distributions of PDMS and AgFs are calculated (Fig. 3d).
The surface potential of PDMS corresponds to an electron affinity of
4.76 eV, showing significant overlap with the work function of AgFs
(4.70 eV). This close alignment yields a negligible barrier height
(λB = 0.06 eV), which greatly facilitates charge transport and con-
tributes to the composite’s high conductance.

Using AgFs as conductive filler, the barrier height (λB) can be
modulated by selecting polymer matrices with varying electron
affinities39. To validate the rationale for choosing PDMS, several elas-
tomers, including styrene-butadiene-styrene copolymer (SBS), ther-
moplastic polyurethane elastomer (TPU), and thermoplastic polyester
elastomer (TPAE), are investigated (Fig. 3e). Their electron affinities
differ significantly from φAg, resulting in increased barrier heights of
0.13 eV (SBS), 0.51 eV (TPU), and 0.86 eV (TPAE). This increase corre-
lates with a clear decline in conductivity (Fig. 3f). At a fixed Ag loading
(45wt%, 10wt% PAg), conductivity drops from 1483 S/cm (PDMS) to
1037 S/cm (SBS), 829 S/cm (TPU), and 472 S/cm (TPAE). Since barrier
widths, Ag NP sizes and conductive fillers (AgFs, PAg) dispersion state
remain identical across systems (Figs. S16, S17), the reduced

Fig. 2 | Fabrication process and microscopic morphology of PDMS-AgFs-PAg
conductor. a Schematicof the elaboration of PDMS-AgFs-PAgconductor;bOptical
images (insert: uncuredmixture) and SEM images of crosslinked conductor; c SEM
images of retrieved conductive filler from PDMS-AgFs-PAg conductor (scale bar:

100nm); Conductivity of conductors (d) treated by varying concentrations of
formic acid and (e) filled with untreated AgFs (W/ Ag2O), AgFs with removed Ag2O
layer (W/OAg2O) andAgFswith in situ synthesizedAgNPs (W/AgNPs). Five parallel
samples weremeasured, and error bars represent the standard deviation for (d, e).
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Fig. 3 | Percolation modulation of PDMS-AgFs-PAg stretchable conductor.
a Schematic illustration of the Ag-polymer-Ag tunneling junction; b TEM
images of PDMS-AgFs-PAg without (0 μL/g) and with (40 μL/g) formic acid
treatment (scale bar: 100 nm) and (c) statistical distributions of Ag NPs size
and tunneling distances; d Energy level distributions of PDMS and AgFs

obtained by KPFM; e The energy band alignment diagram of AgFs, PDMS,
SBS, TPU and TPAE; Comparisons of (f) electrical conductivities and (g)
electrical-mechanical behaviors of conductors with varying elastomer
matrices. Five parallel samples were measured, and error bars represent the
standard deviation for (f).
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conductivity is primarily attributed to the increased barrier heights.
These findings confirm the universality of the proposed in situ Ag NPs
generation strategy, which is independent of the type of polymer
matrix, providing a versatile and effective method for optimizing the
electrical performance of conductive composites.

According to Simmons' theory, large barrier height amplifies the
resistance change under strain, resulting in high strain sensitivity14. As
shown in Fig. 3g, the PDMS-AgFs-PAg composite (45wt%, 10wt% PAg)
exhibits the lowest strain sensitivity. This behavior stems from a neg-
ligible barrier height (λB ~ 0.06 eV), which permits electrons to tunnel
efficiently through the PDMS conduction band. Moreover, the short
travel distance (19.2 nm) between Ag NPs minimizes stretch-induced
electron scattering. In summary, by precisely modulating the tunnel
distance andmatching the energy levels of polymer-filler, we realized a
highly conductive PDMS-AgFs-PAg conductor thatmaintains excellent
conductivity retention under strain.

Volume-excluding-induced network formation
Subsequently, the tunneling distance is further minimized by tailoring
the PAg content. Owing to the volume excluding effect, a higher PAg
content confines the conductive fillers (AgFs, Ag NPs) into a smaller
matrix volume, promoting the formation of localized, efficient con-
ductive pathways. As shown in Fig. 4a, the incorporation of 10wt% PAg
microspheres boosts the conductivity by ~4 orders of magnitude
compared to the PAg-free composite (total Ag content: 45wt%). Such

dramatic enhancement stems from the localized densification of the
conductive network, as schematized in Fig. 4b. Although the PAg-free
composite (PDMS-AgFs) generates numerous Ag NPs, the interparticle
distance remains insufficient for efficient conduction. In contrast, the
PAg microspheres act as a passive filler that compresses the available
space, effectively ‘squeezing’ the AgFs and Ag NPs phases. This selec-
tive distribution increases their local concentration and drastically
reduces the tunneling distance, thereby accounting for the substantial
conductivity increase.

To further demonstrate the superiority of PAg in enhancing
electrical percolation, the percolation curves of PDMS-AgFs-PAg
composites without and with PAg, as well as AgFs-filled PDMS with-
out Ag NPs, are presented (Fig. S18). The PAg-containing composite
exhibits markedly higher conductivity, particularly within the critical
35–55wt% filler range. To gain deeper insights into the conductive
mechanisms, we analyzed the data using the power-law equation
from percolation theory40, which describes the conductivity as fol-
lows:

σ=σ0ðV � V cÞt ð2Þ

where σ is the composite conductivity, σ0 is a proportionality factor
related to the filler conductivity, V and Vc represent the filler volume
fraction and percolation threshold, respectively, and t is the critical
exponent.

Fig. 4 | Conductive network structure and electrical percolation behavior of
PDMS-AgFs-PAg conductors. a Electrical conductivity and (b) schematic illustra-
tion of themicrostructureof PDMS-AgFswithout andwith PAg (10wt%); c Electrical
percolation and (d) fitted results according to the power-law equation of PDMS-
AgFs conductors without and with PAg (10wt%), as well as AgFs-filled PDMS

without Ag NPs; e Electrical conductivity, f TEM images and (g) tunneling distance
distributions of PDMS-AgFs-PAg conductors with different PAg contents. Five
parallel samples were measured, and error bars represent the standard deviation
for (a, c, E).
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The weight fraction of Ag from Fig. S18 is converted to volume
fraction for analysis (Fig. 4c). According to the best-fit results (Fig. 4d),
a percolation threshold (Vc) of 5.1 vol% is determined for PDMS-AgFs-
PAg composite, which is 1.1 vol% lower than that of PDMS-AgFs (6.2 vol
%). This reduction is attributed to the volume-excluding effect of PAg
microspheres. Furthermore, the conductivity-filler content relation-
ship for PDMS composites filled solely with AgFs is calculated. As
shown in Fig. 4c, d (blue curves), these composites exhibit a higher Vc

of 9.4 vol%, indicating that the in situ growth of Ag NPs effectively
reducesVc from9.4 vol% to6.2 vol%. Together, thesefindings highlight
the synergistic effect of in situ AgNPs formation andvolume-excluding
effect in regulating the percolation behavior of composites, enabling
high conductivity at low filler contents.

The conductivity of PDMS-AgFs-PAg composite is further opti-
mized by increasing the PAgmicrosphere content (Fig. 4e). Across the
30–60wt% filler range, a higher PAg content substantially enhances
conductivity. For instance, at a fixed 40wt% total Ag loading, the
conductivity escalates from 2.8 × 10−4S/cm (0wt% PAg) to 0.3 S/cm
(10wt% PAg) and ultimately 6544 S/cm (50wt% PAg), representing an
increase of ~7 orders of magnitude. Notably, at 50wt% Ag content, the
composite with 50wt% PAg achieves a metal-like conductivity of
29429 S/cm. Once a dense conductive network forms, further increa-
ses in Ag content yield diminishing returns. To visualize this volume-
exclusion effect, we examined the composite’s microstructure
(Figs. 4f, S19). The introduction of PAg continuously increases the local
concentration of AgFs and Ag NPs, drastically reducing the inter-
particle distance. With 10wt% PAg, the composite shows a broad
tunneling distance distribution (1.2–48.3 nm) and an average of
20.7 nm (Fig. 4g). This distance is effectively reduced to 15.5 nm and
9.6 nm at 30wt% and 50wt% PAg, respectively. The shortened tun-
neling distance facilitates efficient electron transport, underpinning
the dramatic conductivity enhancement.

Generally, enhancing composite conductivity often compromises
stretchability41. Interestingly, our PDMS-AgFs-PAg composite simulta-
neously improves both properties at PAg contents between 0 and

30wt% (Fig. 5a). The conductivity increases monotonically with PAg
content, reaching 29429 S/cm at 50wt%. Conversely, stretchability
first increases, peaks at 30wt% PAg, and then decreases, defining an
optimal balance. Thus, application-specific selection of PAg content is
essential to effectively harness the resultant conductivity-
stretchability trade-off. This optimal PAg content also enables robust
conductivity retention under strain (Fig. 5b). In contrast to the PAg-
free composite, which fails mechanically below 150% strain, PAg-
containing counterpartsmaintain high conductivity within the 0–150%
strain range. Notably, the composite with 30wt% PAg retains high
conductivity even at 222% strain. The diminished strain tolerance
beyond this optimal content is likely due to crack formation induced
by the heavily loaded rigid filler.

For practical applications, maintaining effective conductivity
under various external perturbations is as crucial as achieving high
conductivity over a wide strain range. The mechanical robustness of
the conductor was evaluated through cyclic stretching (Fig. S20).
Remarkably, it shows negligible fatigue, with minimal degradation in
conductivity after 1000 cycles. Furthermore, the temperature depen-
dence of conductivity was investigated (Fig. 5c). As the temperature
increases from 25 °C to 200 °C, the conductivity of the composite
displays a unique V-shaped trend. The initial decrease is attributable to
the thermal expansion of the PDMS matrix, which dilutes the filler
concentration, while the subsequent increase at higher temperatures
is likely due to thermal welding between adjacent AgFs35. The com-
posite also exhibits efficient thermal stability, demonstrated by a
minimal resistance deviation of only 0.8% over 20 heating-cooling
cycles (Fig. 5d). Finally, a two-week reliability test was conducted
(Fig. S21). After the damp heat aging process, the internal Ag NPs
showed unobservable migration or aggregation, which effectively
preserved the electrical conductivity.

Previous stretchable conductors typically require conductivefiller
contents exceeding 80wt% to achieve conductivities above 10000S/
cm29,42,43. In contrast, the present work achieves a high conductivity of
29429 S/cm at amarkedly lower Ag content (Fig. 5e). Additionally, due

Fig. 5 | Electrical performance of PDMS-AgFs-PAg conductor. a Electrical con-
ductivities and stretchability, and (b) electrical-mechanical behavior of conductors
at different PAg contents; Normalized conductivity changes (σ/σ0) of conductors
under (c) elevated temperatures and (d) cyclic heating-cooling (25–200–25 °C per

cycle) for 20 times; Comparisons of (e) conductivity-filler content (Table S1) and (f)
electrical retention (σ/σ0 at 100%)-conductivity (Table S2) with recently reported
results based on Ag nanomaterials. Five parallel samples were measured, and error
bars represent the standard deviation for (a, c, d).
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to the narrow barrier width and negligible barrier height, the compo-
sites exhibit exceptional conductivity retention under large strains. As
shown in Fig. 5f, which compares the normalized conductivity (σ/σ₀) at
100% strain, the PDMS-AgFs-PAg composite simultaneously delivers
high conductivity and superior electromechanical stability.

Thermal conductivity of PDMS-AgFs-PAg composites
According to theWiedemann-Franz law, the electrical conductivity (σ)
and thermal conductivity (k) of a composite are related as follows44:

L =
k
σT

=
π2

3
ðκB
e
Þ
2 ð3Þ

where κB is the Boltzmann constant, e is the electronic charge, T is the
temperature in Kelvin (K), and L is the Lorenz number (2.44 × 10−8WΩ/
K for free electrons). Since the ratio k/σ is constant, the high electrical
conductivity of PDMS-AgFs-PAg suggests that the composite may also
exhibit satisfactory thermal conductivity.

At a fixed total Ag loading (50wt%), the thermal conductivity of
composites with varying PAg content (10–50wt%) is investigated
(Fig. 6a, Table S3). Both in-plane and out-of-plane thermal conductivity
increased monotonically with PAg content, rising from 9.7 to 24.3W/
(m·K) and from 7.7 to 11.9W/(m·K), respectively. This monotonic
increase is attributed to the formation of additional thermally con-
ductive pathways45–47, while the observed anisotropy stems from the
preferential in-plane orientation of AgFs48,49. To elucidate the con-
tributing factors, three systems at identical Ag content are compared
(Fig. 6b): (i) AgFs only, (ii) AgFs with in situ Ag NPs, and (iii) the
synergistic combination of Ag NPs and volume-excluding effect from
PAg. The in situ formation of Ag NPs enhanced the in-plane (out-of-
plane) thermal conductivity from4.8 (4.3) to 9.7 (7.7)W/(m·K). Amore
substantial improvement is induced by the volume-excluding effect,

elevating conductivity to 24.3 (11.9) W/(m·K). Meanwhile, the
enhancement in thermal conductivity is accompanied by a progressive
intensification of anisotropic behavior, which arises from the increas-
ingly aligned orientation of AgFs (Fig. S22). Using Eq. (3), the electron-
contributed thermal conductivity (ke) is quantified (Fig. 6c). Due to the
significant enhancement in electrical conductivity, ke increases sharply
with PAg content, surging from 4.16 (10wt% PAg) to 21.4W/(m·K)
(50wt% PAg). Consequently, the relative contribution of electrons to
the total thermal conductivity increased from 42.9% to 86.3%.

To evaluate the efficacy of the proposed percolation modulation
strategy, the thermal conductivity enhancement (TCE) of PDMS-AgFs-
PAg is compared with recently reported metal-polymer composites.
TCE is defined as49:

TCE= ðkc � kpÞ=kp × 100% ð4Þ

where kc and kp represent the thermal conductivity of PDMS-AgFs-PAg
andPDMS, respectively. As shown in Fig. 6d, theTCEvalues achieved in
this work significantly outperform those in the literature. This
exceptional performance primarily stems from two mechanistic
factors: (i) optimized energy-level alignment between the AgFs and
PDMS matrix, which minimizes electron scattering, and (ii) a
modulated tunneling barrier width that enhances the probability of
electron hopping between adjacent conductive particles. The advan-
tage of our strategy is further underscored in Fig. S23, where the TCE
per 1 vol% filler content for PDMS-AgFs-PAg (8.7 vol% Ag) is compared
against other metal-filled composites, demonstrating the superior
efficiency in enhancing the thermal conductivity of PDMS.

Discussion
Guided by Simmons' theory, we present a high-performance PDMS-
AgFs-PAg composite with exceptional electrical and thermal

Fig. 6 | Thermal conductive performance of PDMS-AgFs-PAg composites.
a Thermal conductivity and thermal diffusivity of PDMS-AgFs-PAg composites with
altered PAg content; b Thermal conductivity comparison of AgFs-filled PDMS,
PDMS-AgFs composite and PDMS-AgFs-PAg composite (50wt% PAg) at consistent

Ag content (50wt%); c Electron contributed thermal conductivity and contribution
ratio of composites with different PAg contents; d Comparison of TCE of PDMS-
AgFs-PAg with reported composites (Table S4). Five parallel samples were mea-
sured, and error bars represent the standard deviation for (a, b, c).
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properties. The design involves a multi-faceted strategy. First, purified
AgFs are incorporated into the PDMS matrix, followed by a con-
trollable chemical etching and in situ reductionprocess to generate Ag
NPs, which shortens the tunneling distance to ~19.2 nm. Concurrently,
matrices with varying electron affinities are screened to achieve an
optimized energy level alignment, yielding a negligible barrier height
of 0.06 eV that minimizes electron scattering. Furthermore, the
introduction of conductive PAg microspheres as a volume-excluding
phase further compresses the tunneling width to 9.6 nm. The synergy
of a narrow tunneling distance and negligible barrier height enables
the composite to achieve an ultrahigh conductivity of 29429 S/cm at a
low Ag content of 50wt%, while retaining > 50% of initial conductivity
under 100% strain. This synergistic percolation modulation also yields
a notable in-plane thermal conductivity of 24.3W/(m·K), correspond-
ing to a remarkable TCE of 12050% that significantly surpasses state-of-
the-art values. In summary, this work provides a universal strategy for
designing high-performance conductive elastomers by rationally
modulating the conductive network based on electron tunneling
principles.

Methods
Raw materials
Sylgard 184 PDMS elastomer kit was produced by Dow Corning Cor-
poration. Silver nanoflakes (AgFs) was kindly provided by Bohuas
Nanotechnology (Ningbo, China) Co., Ltd. Glycerol (AR, ≥ 99.7%) was
purchased from Titan Technology (Shanghai, China) Co., Ltd. Anhy-
drous ethanol (AR, ≥ 99%), formic acid (AR, ≥ 99%), tin chloride
dehydrate (SnCl2·2H2O, AR, ≥ 99%), silver nitrate (AgNO3, 1M),
ammonia (NH₃·H₂O, 7M) and potassium sodium tartrate (AR, ≥ 99%)
were obtained from Sigma-Aldrich.

Synthesis of PAg microspheres
The synthesis procedure for PAg microspheres is as follows: PDMS
crosslinker and matrix in a volume ratio of 1:10 were mixed in a pla-
netary mixer (AR 100, Thinky) for 5min to obtain 22mL PDMS pre-
cursormixture. Then, the PDMSmixturewas loaded in a syringe (10G)
and slowly injected into 300mL DI water. Simultaneously, an emulsi-
fication disperser (IKA Magic Lab) was utilized to apply high-speed
shear (15000 rpm) at 80 °C. After 1 h, a crosslinked PDMSmicrosphere
suspension was synthesized. Further, PDMS microspheres were sepa-
rated fromwater by vacuum filtration, whichwas followed by drying at
60 °C for collection. Meanwhile, a 500mL SnCl2 aqueous solution at a
concentration of 5mg/mL was formulated. Then, 10 g dried PDMS
microspheres, 100mL silver ammonia solution (14mg/mL), and
100mL potassium sodium tartrate aqueous solution (20mg/mL) were
uniformly dispersed in the above solution. This Ag-plating ink was
stirred at room temperature for 2 h (500 rpm). Finally, the obtained
Ag-coated PDMS (PAg) microspheres were collected by vacuum fil-
tration and dried thoroughly at 60 °C for further use.

Surface pretreatment of AgFs
First, AgFs (20 g)were added to a flask containing 200mL ethanol, and
the dispersion was stirred at 70 °C for 10min (500 rpm). Then, the
dispersion was allowed to stand for 1 h, and the settled AgFs at the
bottom were collected. Next, the collected AgFs were redispersed in
fresh ethanol, and the above operation was cycled 4 times. Finally, the
treatedAgFswere separated anddried under vacuum for 12 h to obtain
surface-treated AgFs.

Preparation of PDMS-AgFs-PAg composites
First, PDMS matrix and crosslinker in a volume ratio of 10:1 were uni-
formly mixed. Then, 10wt% glycerol (Gly), an appropriate amount of
AgFs, and formic acid were added to the PDMSmixture (Note that for
composites without removing the Ag oxide layer, formic acid was not
introduced, while other experimental parameters maintain

unchanged). After homogeneously mixing, themixture was allowed to
stand at room temperature for 24 h to ensure thoroughly reaction
between formic acid and the surface oxide layer of AgFs. The volume
fraction of AgFs is 25–60wt%, and the content of formic acid is
0–40μL (per gram of AgFs). Further, PAg microspheres were homo-
geneously blended into the above composite. Themass fraction of PAg
is 0–50wt%, and the amount of AgFs was adjusted appropriately
according to the content changes of each component, ensuring the
total Ag content remains constant (the mass fraction of Ag in PAg is
64.5wt%). Finally, the obtained blends were cast onto a PDMS sub-
strate and thermally crosslinked at 160 °C for 2 h to obtain a stretch-
able PDMS-AgFs-PAg conductor.

Preparation of PDMS-AgFs-PAg composites without Ag NPs
First, purified AgFswere uniformlymixedwith formic acid (40μL/g) to
etch the surface Ag2O layer. The etching process lasted for 12 h at 25 °C
and then repeatedly rinsed with ethanol to completely remove the
exfoliated Ag formate particles, which is followed by drying in a
vacuumoven (60 °C, 8 h). Next, the etched AgFswere uniformlymixed
with PDMS (containing 10wt% Gly) matrix and PAg to elaborate a
composite mixture (for the cases of AgFs-filled PDMS composites
without Ag NPs, PAg was not introduced). Finally, themixture was cast
onto the PDMS substrate and cured at 160 °C for 2 h to obtain PDMS-
AgFs-PAg composites without Ag NPs.

Characterization
The morphologies of PAg microspheres, AgFs, and PDMS-AgFs-PAg
composites were characterized using a Field Emission Scanning Elec-
tronMicroscope (FEI-SEM,Quanta 650ESEM,ThermoFisher Scientific,
Inc.) equippedwith an Energy Dispersive Spectrometer (EDS, OXFORD
Xplore 30). The surface potentials of PDMS and AgFs were measured
using Kelvin Probe ForceMicroscopy (KPFM, Bruker, Icon, USA) with a
gold-coated silicon AFM tip. Prior to measurement, KPFM was cali-
brated based on the contact potential difference between the tip and
highlyorientedpyrolytic graphitewith a knownwork function (4.6 eV).
Themicrostructure of AgFs and composites, as well as the thickness of
AgFs, were characterized using an Atomic Force Microscope (AFM,
Bruker, Icon, USA). The lattice structure and surface elements of AgFs
were analyzed using a Scanning Transmission Electron Microscope
(STEM, Talos F200i, Thermo Scientific). When analyzing the con-
ductive network in PDMS-AgFs-PAg composites, the composites were
sliced using Focused Ion Beam (FIB) technology before characteriza-
tion. The chemical composition and bonding type analysis of surfac-
tant on AgFs were conducted on an FTIR (Nicolet 6700, Thermo
Scientific, USA) within a scanning wavenumber range of
400–4000 cm−1, with 32 scans performed. X-ray Photoelectron Spec-
troscopy (XPS) tests were conducted on a Thermo ESCALAB 250 XPS
spectrometer under a pressure of 2.0 × 10−7Pa, using Al Kα (hv =
1486.6 eV) as theX-ray source. Thermal gravimetric analysis (TGA)was
conducted using a TGA instrument (Q500, TA, USA). The test was
performed under a nitrogen (N2) atmosphere within a temperature
range of 25–800 °C, with a heating rate of 10 °C/min. Differential
Scanning Calorimetry (DSC) of AgFs was collected using a DSC 8000
(PerkinElmer), heated from room temperature to 800 °C at a rate of
10 °C/min under an N2 atmosphere. The thermal diffusivity (α) and
specific heat capacity (Cp) of the composites were determined using
the laser flashmethod with an LFA 467 analyzer (NETZSCH, Germany).
Thermal conductivity (k) was further calculated according to: k =α ×
Cp × ρ, where the composite density (ρ) was measured using Archi-
medes’ Law method. For each sample, the final reported value repre-
sents the average of at least five independent measurements. The
mechanical properties of PDMS film were tested on a universal tensile
testing machine (SANS CMT 40000) at a temperature of 25 °C and a
relative humidity of approximately 60%, using a sensor with a load of
100N. The conductivities of PDMS-AgFs-PAg composites and AgFs
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were measured using the four-probe method (JCY3100, Xi’an
Hechuang Electronic Technology Co., Ltd.), with the average of five
measurements taken as the result. Resistance changes under strain
were obtained using the two-point method with a JK2512B DC low
resistance tester (Jinko, China), equipped with a universal tensile
testingmachine (SANSCMT40000) to apply synchronous strain. Prior
to testing, both ends of the specimenwere coatedwith a uniform layer
of conductive silver paint to minimize contact resistance. The com-
position and crystal structure of PAg, AgFs, and PDMS-AgFs-PAg
composites were characterized using XRD (Bruker D8). The Cu-Kα X-
ray source was used with a voltage of 40 kV, a current of 40mA, a
scanning range of 10–90°, and a scanning speed of 10 °/min. Particle
size and particle size distribution were obtained using Dynamic Light
Scattering (DLS, Zeta PALS 190 Plus, Brookhaven). The intrinsic con-
ductivity of AgFswasmeasuredusing a four-point probemethod. Prior
to the measurement, an appropriate mass of AgFs was pressed into a
pellet with a thickness of 100μm under a pressure of 100MPa.

Data availability
The authors declare that the data supporting the findings of this study
are available within the article and Supplementary Information. Addi-
tional datasets related to this study are available from the corre-
sponding author upon request.
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