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ABSTRACT
With the advancement of high-power and fine-feature electronic devices, metallic pastes have emerged as essential conductive
materials, whose performance largely depends on the structure of the organic carrier. Conventional polyamide wax thixotropic
agents, based on amide hydrogen-bonded networks, are often overly rigid, leading to poor leveling after demolding and local
aggregation or porosity under high silver loadings. To overcome these limitations, this study introduces a microphase-separated
styrene-ethylene-propylene-styrene (SEPS) block copolymer as a thixotropic agent. Through the synergy between hard and soft
segments, SEPS forms a reversible microgel network that enhances organic-inorganic interfacial interactions and metal particle
dispersion. The hard segments interact with particle surfaces to improve dispersion, while soft segments enable shear-thinning
and rapid viscoelastic recovery, thereby achieving high-resolution, fine-line printing. Moreover, during thermal treatment, the
stepwise decomposition of the organic phase promotes silver particle necking and grain growth, further densifying the electrode.
Consequently, a low porosity (8.66%) and uniform electrode morphology are achieved, resulting in an extremely low resistivity
(3.03 µΩ⋅cm). Through synergistic control of rheology and particle coalescence, this work provides a strategy for optimizing
metallic functional pastes toward precision-printed electronic devices.
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Introduction

s electronic devices advance toward microstructuring and
arge-scale production, especially in printed electronics and
hotovoltaic cells, high-precision and reliable printed electrodes
ave become critical for device performance and yield [1–3].
he demand for such electrodes highlights the importance of
unctional conductive pastes. Their key properties, including
heology and electrical conductivity, are primarily determined
y multiscale interfacial interactions between the organic carrier
nd conductive fillers [4, 5]. Conductive particles must remain
2026 Wiley-VCH GmbH
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uniformly dispersed during storage and printing, and must
coalesce and grow during drying and thermal treatment to form
a denser conductive network.

As a typical functional conductive paste, silver pastes consist
of inorganic silver powders and organic carriers (including
thixotropic agents, solvents, and rheology modifiers), whose
interplay governs both the microscopic evolution and the macro-
scopic performance during printing and sintering [6–10]. The
organic carrier not only provides a liquid-phase scaffold for dis-
persion stability at high solid content but also modulates particle
1 of 11
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nteractions and interfaces through wetting, adsorption, and
etwork reconstruction. Consequently, to meet the increasing
emands for finer lines, faster printing, and higher throughput,
he paste must exhibit proper flow behavior for screen printing,
ncluding appropriate yield stress, shear-thinning behavior, and
hixotropic recovery [11–13]. These rheological parameters control
he paste’s printability and pattern fidelity, which in turn affect
he resulting microstructure and electrical performance [14, 15].

n recent years, significant progress has focused on tuning the
rganic carrier components to improve the macroscopic perfor-
ance of silver pastes, with particular attention to enhancing
heology, particle dispersion, and printability [16–20]. Notably,
uzina et al. showed that the properties of organic gel structures
an be precisely controlled through compositional adjustments,
ighlighting the potential of carrier design [21]. Although pre-
ious studies have advanced silver paste performance through
ptimization of formulations and processing parameters, system-
tic and mechanistic studies on the interfacial chemistry and
icro-scale interactions between the organic carrier and silver
articles are still lacking.

hixotropic and thickening agents are essential components of
he organic carrier, forming a structural framework through
olymer chain entanglement and physical networks. Within this
ramework, silver particles are dispersed and partially associate
ith network nodes, resulting in a more stable internal structure.
olyamide wax (PW), due to its amide groups, can rapidly
econstruct hydrogen-bonded networks, which enables quick
iscosity recovery and excellent thixotropic behavior, making it
he preferred agent in high-solid-content metal pastes [22, 23].
owever, the hydrogen-bond network formed by PW is generally
verly rigid, leading to poor leveling after de-molding, as well as
ocal aggregation or porosity at high silver loadings, which com-
romises the continuity and densification of the conductive path-
ays. Phase-separating polymers can form reversible microphase
etworks, providing structural support under low shear condi-
ionswhile undergoing network reconstruction under high shear,
hereby exhibiting typical shear-thinning and thixotropic behav-
or. For different types of phase-separating polymers, variations in
icrophase size, chain composition, and hard-soft segment ratio
esult in differences in theirmicrostructural networks,which play
critical role in regulating the rheological performance of the
ystem [24–27]. Block copolymers are one of the representative
hase-separating polymers. They possess flexible chain segments
nd reversible network structures, through which they exhibit
he potential to regulate thixotropic behavior in various highly
ispersed systems [28, 29].

n this study, the microphase-separated styrene-ethylene-
ropylene-styrene block copolymer (SEPS) was introduced as a
hixotropic agent to regulate the microstructure of silver pastes.
EPS forms a reversible and elastic microgel network through
he cooperative interactions between its hard and soft segments,
nabling dynamic interfacial modulation. The hard segments
aintain the structural skeleton while interacting with the
rganic layer on silver particles, reinforcing interfacial adsorption
nd particle dispersion. This interaction mainly relies on van
er Waals forces, electrostatic interactions, and hydrophobic
nteractions, thereby enhancing the connection between the
rganic carrier and the silver particles. Through this mechanism,
of 11
the hard segments effectively isolate the silver particles, reducing
inter-particle attraction and preventing particle aggregation
or clumping. Meanwhile, the soft segments form a flexible
interfacial layer that rearranges under shear to enable shear-
thinning behavior and quickly restores viscoelasticity. In
addition, the microstructure of the organic carrier and its
interactions with silver particles were systematically examined
to understand their role in flow and interface regulation. The
results demonstrate that SEPS forms a reversible microgel
network through the synergy of hard and soft segments, enabling
dynamic modulation of the organic-inorganic interface and
promoting uniform particle dispersion, while simultaneously
enhancing both rheological behavior and post-sintering electrical
performance.

2 Results and Discussion

2.1 Design and Characterization of Thixotropic
Organic Carriers

Printed electronics and power devices advance toward
microstructuring, high precision, and large-scale manufacturing.
In this context, the dispersion, processability, and sintering
densification of high-temperature conductive pastes are critical
factors influencing the electrical performance and reliability
of final devices. In high-solid-content silver pastes, the organic
carrier not only governs the rheological behavior and printability
of the paste but also directly influences the interfacial interactions
of silver particles and the sintering process.

As shown in Figure 1, PW is rich in amide groups and can
form a 3D homogeneous gel network with the thickening agent
ethyl cellulose (EC) through reversible hydrogen bonding. Under
shear, this network can be disrupted and rapidly reconstructed,
exhibiting pronounced thixotropic recovery, making PW awidely
used thixotropic agent. However, in high-solid-content silver
pastes, the dispersion of silver particles is primarily governed by
hydrogen-bond-mediated interparticle bridges, accompanied by
the cooperative influence of van derWaals interactions.Hydrogen
bonds originating from the amide groups in PW form particle
bridges between silver particles, enhancing the structural stability
and dispersion of the system, while the functional contribution
of van der Waals interactions is mainly manifested between
silver particles and the organic carriermolecules. Specifically, van
der Waals interactions induced by instantaneous dipoles provide
the fundamental driving force for the physical adsorption of
organic carrier molecules on the silver particle surfaces, helping
to form molecular layer spacing when particles approach each
other, thereby reducing direct contact between silver particles
and slowing spontaneous aggregation during storage [30–32].
Therefore, van der Waals interactions provide a fundamental
contribution to the dispersion and stability of the silver paste.
These forces become more significant as the silver content
increases. As the performance requirements of silver particles
rise (i.e., higher demands for dispersion and flowability) and
processing conditions become more stringent (e.g., printing at
high shear rates), these interactions cause the network to exhibit
local rigidity. Specifically, at high silver content, the hydrogen
bonds and van der Waals forces strengthen the connections
between particles, making the paste less fluid under shear, thus
Advanced Materials, 2026
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FIGURE 1 Mechanistic illustration of silver paste regulation by two organic carrier systems.Left: The hydrogen-bondedhomogeneous gel network
of PW, formedby rigid amide chains, showing local silver aggregation and flocculation via hydrogen-bond bridging and vanderWaals interactions.Right:
The microphase-separated microgel network of SEPS, consisting of hard polystyrene (PS) segments and soft ethylene-propylene (EP) segments, enables
uniform silver dispersion and stabilization through multiple interfacial interactions.
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xhibiting local rigidity. This can lead to particle aggregation
r flocculation, compromising print uniformity and sintering
ensification.

n contrast, SEPS block elastomers provide a new route for
tructural and functional control. SEPS consists of styrene (S)
nd ethylene-propylene (EP) segments, forming a microphase-
eparated structure with distinct hard (S) and soft (EP) domains.
he hard segments aggregate to form a rigid skeletonmaintaining
tructural integrity, while the soft segments provide flexible
hains capable of stress absorption and reversible rearrangement.
ased on this dual structure, SEPS can self-assemble into a
icrogel network in solvent. The polymer chains can reversibly
isentangle and slide under external force, achieving stable and
ontrollable thixotropic behavior. This allows SEPS to serve as
core thixotropic agent. More importantly, the hard segments
einforce the network skeleton and partially interact with the
ilver particles, providing local structural support, while the
onpolar soft segments interact with the particle surface via
ydrophobic and van der Waals interactions. This enables uni-
orm and long-term stable dispersion of silver particles within
he microphase-separated microgel network, thereby enhancing
aste printability and sintering densification.

o further elucidate the origins of their distinct thixotropic
ehaviors, the molecular structure and condensed states of
he two thixotropic agents were characterized by differential
dvanced Materials, 2026
scanning calorimetry (DSC) and Fourier transform infrared
spectroscopy (FTIR). As shown in Figure S1, SEPS exhibits a
glass transition at -57.4◦C, indicating segmental relaxation of the
ethylene-butylene soft blocks. A weak thermal event at 122.4◦C
suggests only limited microphase separation of the polystyrene
hard blocks, consistent with its low hard-block fraction [33].
By contrast, the melting peaks observed at 48.2◦C and 103.8◦C
in the PW indicate the presence of crystalline regions in the
polyamide chains. To investigate the origin of these crystallization
phenomena, we performed FTIR spectral analysis (Figure S2).
The N-H stretching vibration peak near 3301 cm−1 in the FTIR
spectrum indicates the presence of amide bonds, supporting the
formation of a hydrogen-bonded network. By combining the DSC
and FTIR data, we further speculate that they may facilitate
the formation of crystalline structures, providing strong evidence
for hydrogen-bond-mediated physical crosslinking. Additionally,
gel permeation chromatography (GPC, Figure S3) measures the
number-average molecular weight of the SEPS used here as Mn
= 125,004.

2.2 Structural andMolecular Features of Organic
Carriers

The thixotropic agent, thickener, and other auxiliary additives
were preciselyweighed according to the designed proportions and
mixed with the organic solvents. The mixture was then processed
3 of 11
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FIGURE 2 Multiscale structural characterization of organic carriers with different thixotropic agents. (a) 1H NMR spectra of the O-PW and O-
SEPS; b) Variable-temperature FTIR spectra of the O-PW and O-SEPS; (c) Synchronous 2D correlation FTIR spectra corresponding to (b); (d) 1D SAXS
profiles and calculated D values of the organic carriers with different thixotropic agents; (e) 2D SAXS patterns and (f) AFM height images of the organic
carriers with different thixotropic agents (scale bar is 200 nm).
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n a nanoscale dispersing machine to obtain a homogeneous
rganic carrier system. Based on the type of thixotropic agent, the
esulting carrier systems were designated as O-X, corresponding
o no thixotropic agent, PW, and SEPS, respectively. Detailed
ompositions are provided in Table S1. Subsequently, proton
uclear magnetic resonance (1H NMR) and Raman spectroscopy
ere performed to clarify the chemical functionalities and
olecular structural differences of the thixotropic agents. As
hown in Figure 2a and Figure S4, the O-PW system displays
haracteristic N-H proton signals, while the O-SEPS system
hows chemical shifts corresponding to aromatic protons. This
eflects the distinct molecular heterogeneity of the carriers.
aman spectra (Figure S5) further reveal that SEPShard segments
ggregate in an ordered manner (1582, 1602, and 1666 cm−1). The
road methylene band at 2852 cm−1 indicates the amorphous
obility of soft segments, enabling the formation of a dynamic
of 11
microphase-separated network with hard-segment interacting
and soft-segment plasticizing. By contrast, the O-PW system
exhibits an amide peak at 1638 cm−1 and red-shifted, narrowed
alkyl chain peaks (2873.8 and 2937.4 cm−1). These features
indicate a well-ordered hydrogen-bonded network.

Next, thermogravimetric (TG) and derivative thermogravimetric
(DTG) analyses, together with temperature-dependent FTIR,
were used to examine how the chemical functionalities influence
the thermal stability and decomposition behavior of the carriers.
As shown in Figure S6, mass loss below 250◦C corresponds to the
gradual evaporation of residual solvents, while the subsequent
high-temperature region reflects decomposition of the carrier
frameworks. The O-PW system exhibits a pronounced degrada-
tion peak at approximately 379◦C, corresponding to the cleavage
of amide backbones (C─N bonds) and associated structural units.
Advanced Materials, 2026
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nd the O-SEPS system shows a characteristic peak around
33◦C, attributable to the decomposition of the polystyrene hard
egments. This comparison indicates that the block copolymer
rchitecture of SEPS confers enhanced thermal stability rel-
tive to PW. Despite differences in degradation mechanisms
nd temperature ranges, both carriers are fully oxidized upon
intering above 500◦C in air. This ensures that no residual
rganicmatter remains to compromise the electrical performance
f the silver films. Temperature-dependent FTIR (25◦C–85◦C)
urther reveals their thermal response (Figure 2b). In the O-
EPS system, the O─H stretching band at 3400 cm−1 shows a
light blue shift, decreased intensity, and peak narrowing. This
ndicates only minor relaxation of the hydroxyl hydrogen-bond
etwork. The microgel network formed by the hard and soft
egments maintains structural integrity, without observable bond
leavage or molecular rearrangement. In contrast, in the O-PW
ystem, the -NH band gradually increases above 60◦C, with a
light red shift and peak broadening. This reflects local relaxation
r reorganization of the amide-amide hydrogen-bond network.
he 2D-COS analysis further reveals that the thermal response
f the O-SEPS functional groups is more synergistic, with a
ore gradual rearrangement of the hydrogen-bond network,
ndicating better thermal tolerance and structural integrity of
he hydrogen-bond network (synchronous and asynchronous
pectra, Figure 2c; Figure S7).

o further elucidate how the molecular structure of thixotropic
gents governs the nanoscale organization of the carriers, small-
ngle X-ray scattering (SAXS) was employed to analyze the
icrostructure of the organic carriers (Figure 2d). The O-NT
ystem exhibited a smooth scattering profile without distinct
eaks, indicating a uniformmolecular chain distribution and the
bsence of aggregation. The O-PW system showed a scattering
eak at q = 1.204 nm−1, indicating ≈ 5 nm clustered aggre-
ates, consistent with hydrogen-bond-driven local ordering. The
-SEPS system displayed a broad peak at q = 0.175 nm−1, corre-
ponding to microgel-like aggregates of approximately 36 nm. In
hese aggregates, hard segmentswere orderedwhile soft segments
emained amorphous and mobile. These observations are further
upported by the 2D SAXS images (Figure 2e), with O-SEPS and
-PW showing distinct scattering rings, whereas O-NT showed
o distinct features. Overall, the aggregation patterns of the
arriers are governed by their molecular structural units, such
s amide bonds or hard/soft segment combinations. This results
n uniform chain distribution for O-NT, hydrogen-bonded small-
luster networks for O-PW, and microgel structures with hard-
egment interacting and soft-segment plasticizing in O-SEPS.
tomic force microscopy (AFM) characterization of spin-coated
nd vacuum-dried films offered complementary insights into
urface morphology. The AFM height images (Figure 2f) showed
hat the O-NT filmwas smoothwith an RMS roughness of 1.3 nm.
his indicates a near-uniform distribution of polymer chains and
he absence of noticeable microphase separation or crystalline
omains. The O-PW film exhibited pronounced island-like and
etwork-like roughness with an RMS of 14.7 nm. This suggests
hat hydrogen-bond-driven local clusters or networks aggregated
n the surface and may have undergone stacking or coalescence
uring drying. The O-SEPS film mainly displayed a microgel-
ike distribution with an RMS of 2.8 nm, accompanied by several
ark regions, which likely correspond to SEPS molecular self-
ggregation [28]. Overall, the surface morphology of SEPS is con-
dvanced Materials, 2026
sistent with a microphase-separated model. In this model, hard
segments form ordered interacting cores, while soft segments
create flexible coronas, maintaining local order and relatively
low overall roughness. In addition, the three-interval thixotropy
test (3ITT) of the O-SEPS indicates that it exhibits pronounced
thixotropic behavior due to its distinctive microphase-separated
structure (Figure S8).

2.3 Dispersibility and Rheological Properties of
Silver Pastes

To evaluate the role of different thixotropic organic carriers in
high-solid-content silver pastes, these carriers were incorporated
into the paste to prepare SP-NT, SP-PW, and SP-SEPS. To optimize
packing density and sintering performance, two silver powders
with different particle sizes were blended. Their size distributions
and morphologies are shown in Figure S9. TEM observations
(Figure S10) and Raman spectra (Figure S11) further confirmed
the presence of organic coatings on the silver particle surfaces
[34–39]. This indicates that interactions between the organic
binders and silver are mainly confined to the surface layer, rather
than directly involving the metallic silver.

Systematic tests were conducted to assess the dispersibility and
stability of silver particles in the various thixotropic organic
carriers. First, the wetting and dispersibility of silver powders
with different organic carriers were assessed via contact angle
measurements on pressed silver substrates, where the silver
particles served solely as the substrate (Figure 3a). The contact
angle decreased rapidly at the initial stage and gradually stabi-
lized over time. With the addition of O-PW, the contact angle
increased from 48.8◦ to 78.2◦, indicating a decrease in wettability.
Additionally, the slower decrease in contact angle suggests a
strong interaction between the silver particles and the organic
carrier, allowing for the rapid establishment of a stable dispersion
state. In the O-SEPS system, the reduction in contact angle and
the rate of decrease are similar to those of O-PW, indicating
that the system can quickly establish a stable dispersion state.
However, the final contact angle of O-SEPS is lower (64.3◦),
further indicating betterwettability. Significantly, although theO-
NT system exhibits the best wettability among the three systems,
it is prone to silver particle aggregation due to the lack of a
network support structure formed by thixotropic agents. This
phenomenon has been confirmed through subsequent particle
size distribution experiments. The temporal evolution of the
contact angle is presented in Figure S12. Subsequently, to further
evaluate dispersion stability, the particle size distribution of silver
dispersed in diluted carriers was analyzed (Figure 3b,c). The
incorporation of both thixotropic agents significantly enhanced
silver particle dispersibility and suppressed aggregation. The SP-
SEPS system exhibited the smallest average particle size, 2.15 µm,
indicating superior dispersibility and stability. In addition, dis-
persed silver was drop-coated onto silicon substrates and dried
at 200◦C to remove solvents. The samples were then scanned to
examine internal particle distribution and aggregation (Figure 3d;
Figure S13). Silver powders in the SP-SEPS system exhibited
the least aggregation, followed by the SP-PW system. Excessive
aggregation can increase porosity and weaken internal connec-
tivity. Porosity measurements corroborate these observations,
with the SP-SEPS system showing the lowest porosity of 8.31%.
5 of 11
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FIGURE 3 Characterization of silver powder dispersion and silver paste rheology in organic carrier systems with different thixotropic agents.
(a) Time-dependent contact angle curves of silver powders with each carrier system; (b) Particle size distribution curves and (c) Average particle size
of silver powders dispersed in each carrier system; (d) SEM binary images of dried silver powders dispersed in each carrier system, showing post-
drying aggregation; (e) Shear-thinning curves of silver pastes; (f) Oscillatory temperature-dependent storage modulus (G′) curves of silver pastes;
(g) Relationship between storage modulus (G′), loss modulus (G″), and shear stress obtained by oscillation amplitude sweep tests for silver pastes.
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n summary, the SP-SEPS system achieved the best balance of
ilverwetting and dispersibility, as its flexible segments uniformly
overed silver surfaces, promoting orderly particle arrangement
nd suppressing aggregation.

ext, rheological tests were conducted to evaluate how the
icrostructures induced by the carriers affect the flowbehavior of
he silver pastes. Flow curves were analyzed using the power-law
odel (Equation 1), yielding two key parameters: the consistency
oefficient K (reflecting viscosity at low shear rates) and the flow
ndex n (indicating deviation from Newtonian behavior) [40, 41].

𝜂 = 𝐾 ⋅ 𝛾̇𝑛−1 (1)

he shear-thinning curves of the three silver paste samples
re shown in Figure 3e. Fitting results from the power-law
odel are listed in Table S2. The fitting coefficients R2 are
ll close to 1, indicating that the power-law model adequately
escribes the rheological behavior of the silver pastes. All samples
xhibited n<1, demonstrating pronounced shear-thinning, which
s critical for screen-printing applications. Among them, the SP-
of 11
SEPS system displayed the highest K, ensuring stronger static
support. It also exhibited amoderate n, facilitating dynamic shear
response and structural recovery. Figure S14 presents the viscosity
variation across different shear rates and further corroborates
these performance features.

Thixotropic recovery was further assessed by a 3ITT test (Figure
S15). Under simulated printing shear (100 s−1 for 3 s), both SP-PW
and SP-SEPS systems exhibited superior structural recovery com-
pared to the base system. This recovery ensures printability and
stability during operation. Furthermore, oscillatory temperature
sweep experiments were conducted to investigate the structural
integrity of the pastes within a temperature range of 20◦C–
80◦C (Figure 3f; Figure S16). The tests were performed under
constant frequency (1 Hz) and small-amplitude strain conditions
to ensure measurements within the linear viscoelastic region
(LVR). Both the storage modulus (G′) and the viscosity decreased
with increasing temperature. However, the SP-SEPS system
exhibited the smallest reduction and the highest inflection point
in the modulus-temperature curve, indicating enhanced network
stability under thermal perturbation. This stability supports uni-
form dispersion and microstructural integrity during processing.
Advanced Materials, 2026
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inally, oscillatory stress sweeps (Figure 3g; Figure S17) were
onducted to determine the LVR and gel point (G′ = G″). This
est is a critical approach for evaluating the structural stability
nd viscoelasticity of silver pastes. The LVR defines the stress
ange within which the sample retains its structural integrity
nder deformation. The results indicate that the introduction of
hixotropic agents effectively extends the LVR, thereby enhancing
he shear stability of the paste. The gel points of the modified
ystems were also shifted to higher stresses, with the SP-SEPS
ystem exhibiting the most pronounced improvement. A higher
el point suggests that the paste can better maintain its shape
nd microstructure under high-stress conditions. This prevents
ollapse and ensures printed features with high aspect ratios.
ith increasing printing speed, the system may require gel point
atching at higher frequencies to preserve excellent process
daptability.

.4 Thermal Stability and Interfacial Electronic
tates

uilding on the rheological results, both in situ and ex situ
echniques were employed to further elucidate the thermal
volution and sintering behavior of silver pastes containing
ifferent thixotropic agents. TG-DTG was performed to inves-
igate the thermal weight loss behavior of pastes containing
ifferent thixotropic agents (Figure 4a). The TG-DTG curves can
e divided into two main stages. In the first stage (<200◦C),
10 % mass loss occurred due to evaporation of volatile sol-
ents. The second stage (200◦C–400◦C) involves decomposition
f polymeric components, including the thixotropic agents.
ithin this range, the SP-SEPS exhibited higher onset and
eak decomposition temperatures than the SP-PW, along with
lightly greater mass loss. At 480◦C, residual mass approached
he theoretical silver content, indicating nearly complete removal
f organic components. In situ FTIR spectra measurements
ere performed over the same temperature range to identify
olatile species and elucidate the decomposition pathways of
he organic components. Major characteristic peaks and their
emperature-dependent evolution were assigned and annotated
Figure 4b,c; Figure S18). The results are consistent with the two-
tage weight-loss behavior observed in the TG-DTG curves. In the
ow-temperature region (<200◦C), the spectra were dominated by
bsorption bands associated with solvent evaporation. Between
00 and 480◦C, multiple characteristic signals corresponding
o organic decomposition products appeared. Specifically, the
P-PW exhibited an enhanced N─H absorption at 1549 cm−1

n the mid-temperature range. This indicates rearrangement of
mide groups and the release of nitrogen-containing volatiles,
ccompanied by crosslinking or carbonization tendencies. In
ontrast, SP-SEPS showed pronounced aromatic ring fingerprints
671 cm−1) and CO2 signals (2358/2317 cm−1) at higher temper-
tures, reflecting the cleavage of the polystyrene hard segments
nto aromatic fragments and small oxidized molecules. Common
eatures for both systems included 1763 cm−1 (C═O), 1233 cm−1

C─O), 1127/1065 cm−1 (C─O─C, ether/ester), and 1376 cm−1 (-
H3) and 1450 cm−1 (-CH2). These peaks can be used to track the
ecomposition sequence of various chemical bonds.

hus, these chemical differences are expected to significantly
ffect silver particle sintering kinetics and densification pathways
dvanced Materials, 2026
during sintering. In SP-PW, the rearrangement of amide groups
and partial carbonization form crosslinked structures that restrict
surface diffusion, resulting in smaller and unevenly distributed
grains. In contrast, during the decomposition of SP-SEPS, low-
molecular-weight aromatic fragments are generated, while the
residual polymer matrix provides moderate support, promoting
uniform particle necking and the formation of larger, more
continuous grains.

In situ XRD measurements were further used to track the phase
evolution and grain growth of SP-PWand SP-SEPS during heating
from 25◦C to 480◦C (Figure 4d), confirming that the previously
observed chemical behavior influences silver particle sintering.
Characteristic metallic silver peaks were observed throughout,
with no oxides or other crystalline phases detected. As temper-
ature increased, the Ag (111) peak intensity rose while FWHM
decreased, reflecting continuous grain growth and densification
(Figure 4e). Scherrer-derived grain sizes reveal three stages:
Stage I (<260◦C) shows slow growth; Stage II (260◦C–340◦C)
exhibits accelerated growth or minor fluctuations; Stage III
(>340◦C) shows continued growth approaching stabilization.
The SP-PW reached an average grain size of 46.63 nm at Stage III,
exhibiting minor fluctuations during Stage II. In contrast, the
SP-SEPS showed rapid growth in Stage II followed by slower
increase in Stage III, ultimately attaining 77.63 nm (Figure 4f,
inset SEM images before and after heating). Figure S19 shows
SEM images at different temperatures, further confirming the
disparity in grain growth and densification between the two
systems. SP-SEPS promotes more efficient sintering, resulting in
larger andmore uniform silver grains. In contrast, SP-PWrestricts
particle diffusion, slowing early-stage grain growth and affecting
the densification pathway. Additionally, XPS depth profiling
was performed to analyze the chemical states and electronic
interactions between the silver particles and the polymer. The
results show increasing Cδ− (283.7 eV) andAgδ+ (369.0 eV) signals
with sputtering depth, with the strongest interactions observed
in SP-SEPS, intermediate in SP-PW, and weakest in SP-NT
(Figures S20–S22) [42].

2.5 Microstructure and Electrical Performance
of Printed Electrodes

Conductivity is a critical performance indicator for printed silver
pastes, as it directly determines their applicability in power
devices, photovoltaic modules, and microelectronic intercon-
nects. After infrared sintering at high temperature, the electrical
resistance of the silver paste samples was measured with a micro-
ohmmeter, and the volume resistivity was calculated from the
measured cross-sectional area obtained by 3D optical microscopy.
Each sample was tested multiple times to ensure reproducibility.
Two representative test patterns were designed to reflect dif-
ferent application scenarios. The first pattern consists of wide
lines (2 mm), representing high-power conductive applications
(Figure 5a). In this case, high electrical conductivity is cru-
cial for efficient current transport, while the relatively large
line thickness allows some tolerance for porosity. The second
pattern consists of fine lines (100 µm), corresponding to high-
precisionmicro structured circuits (Figure 5b).Here, conductivity
is more sensitive to sintering densification, as microvoids or
uneven particle dispersion can significantly increase resistivity.
7 of 11
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FIGURE 4 Thermal and microstructural characterization of silver pastes prepared with organic carrier systems with different thixotropic agents.
(a) TG-DTG curves of silver pastes prepared with each carrier system; (b,c) In situ FTIR spectra of silver pastes prepared with each carrier system; (d) In
situ high-temperature XRD patterns and (e) XRD profiles of silver pastes with each carrier system; (f) Grain growth curves of silver powders at different
temperatures, with SEM images before and after heating shown as insets (scale bar is 1 µm).
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rea
he detailed test results are summarized in Tables S3 and
4. Under the fine-line conditions, the SP-SEPS exhibited a
arkedly lower resistivity of 3.03 µΩ⋅cm, outperforming the
ther systems. The wide-line pattern further confirms this
dvantage.

urthermore, to elucidate the origin of the improved electrical
erformance in the sintered electrodes, cross-sectional charac-
erization was conducted to assess porosity (Figure 5c,d; Figure
23). 3D imaging was first employed to reveal variations in grid
ine height. Subsequently, multiple positions were selected at
qual intervals along a 1 mm electrode, and cross-sections were
repared using FIB. The porosity was then quantified by ImageJ
nalysis to enable direct comparison. The results show that the
P-SEPS sample exhibited a porosity of 8.66%. This value is sig-
ificantly lower than the 9.12% measured for the SP-PW sample,
orresponding to a 5.1% relative reduction. Notably, the SP-
EPS sample displayed smaller and more uniformly distributed
ores, and its printed line morphology was more continuous
nd uniform. In contrast, the SP-PW sample contained larger,
rregular pores with a broader size distribution. The SP-SEPS
icrostructure was denser and more homogeneous, with fewer
oids and enhanced silver particle connectivity. These structural
of 11
features effectively improve the electrical conductivity of the
printed electrode.

Next, we evaluated the practical applicability of the silver pastes
by testing the printing fidelity of formulations containing dif-
ferent thixotropic agents. The 3D morphology of screen-printed
electrodes under high-speed printing conditions was analyzed
using laser confocal microscopy (Figure S24). This technique
provides high-resolution 3D images of the electrode surface,
allowing for precise measurement of surface roughness and high
aspect ratio features, offering a clearer understanding of the
morphology. Due to varying rheological properties, the printed
electrode’s line geometry and surface morphology also exhibited
differences. All formulations displayed a certain degree of ink
spreading (electrodewidths> 20 µm). The results showed that the
paste without a thixotropic agent exhibited severe morphological
collapse and uneven surfaces due to low yield stress and poor
network stability. With PW addition, the morphology became
smoother and more stable. SP-SEPS achieved the best uniformity
and surface smoothness, as its excellent dispersion and thixotropy
maintained structural elasticity and minimized spreading. The
printed characteristic dimensions were a line width of 26.61 µm,
a height of 13.77 µm, and an aspect ratio of 0.517. As shown in
Advanced Materials, 2026
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FIGURE 5 Printed electrodes and microstructural characterization of silver pastes prepared with organic carrier systems with different
thixotropic agents. (a) Wide-line electrodes and corresponding resistivity, representing high-power conductor applications; (b) Fine-line electrodes and
corresponding resistivity, representing high-precision microcircuit applications; (c) 3D optical top-view and SEM cross-sectional images of sintered
electrodes prepared with each system; (d) Porosity of sintered electrodes, averaged frommultiple random locations; (e) Comparison of printed electrode
height, width, and aspect ratio with reported literature values.
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rea
igure 5e, these printed characteristics also demonstrate certain
dvantages when compared to results reported in related studies
5, 7, 16, 18, 43–47]. Overall, the SP-SEPS effectively maintains
he balance between shear-thinning flowability and structural
ecovery, a crucial characteristic for achieving high-resolution
rinting.

n addition, the shrinkage rate of the electrodes before and
fter sintering was measured using a laser confocal microscope
Figure S25). The results show that electrodes from different
hixotropic agent systems exhibit similar shrinkage behaviors,
ith a shrinkage rate of approximately 11%, with no significant
ifferences observed. This indicates that the thixotropic agents
ave a minimal impact on the shrinkage of the silver paste and
o not negatively affect the structural stability or functional per-
ormance of the electrodes. Furthermore, to evaluate the impact
f different thixotropic agent systems on the adhesion between
he electrode and substrate, we used the cross-cut adhesion test
ethod to measure the adhesion of the electrodes after sintering
Figure S26). The results indicate that the electrodes prepared
ith all systems exhibited good adhesion, with no issues of poor
dhesion observed.

Conclusion

n this work, we introduce a microphase-separated SEPS elas-
omer as a thixotropic agent for printable conductive pastes.
nlike the conventional PW system, which relies on hydrogen-
dvanced Materials, 2026
bond clusters that promote particle bridging and flocculation, the
SEPS elastomer integrates rigid segments for surface interacting
with flexible segments that enhance interfacial contact and
dispersion. This hard-soft segment synergy forms a microphase-
separated microgel network that combines structural support
with dynamic responsiveness. The resulting network modifies
organic-inorganic interfacial interactions, thereby improving
paste printability and enhancing post-sintering conductivity.
Consequently, the paste exhibits improved rheological charac-
teristics, enabling high-speed, fine-line printing with excellent
shape fidelity. Furthermore, the specific thermal behavior of SEPS
segments and the staged removal of the organic phase during
heating facilitate gradual particle necking and grain growth dur-
ing sintering, ultimately reducing porosity. Thesemicrostructural
improvements are directly translated into enhanced electrical
performance, with the sintered electrodes achieving a low resis-
tivity of 3.03 µΩ⋅cm. In summary, this strategy enables the syner-
gistic enhancement of paste printability and post-sintering elec-
trical performance. The incorporation of microphase-separated
SEPS elastomers establishes a rational carrier design paradigm for
high-performance electrodes in precision printed electronics and
photovoltaic gridlines.
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