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1 Introduction

Optimization of microstructure in high-silver
content conductive inks via solvent volatilization
modulation for application in flexible electronics

Qisong Feng,?® Junjun Ma,?® Yankun Shen,?® Zheng Zhou,?® Shilian Wu,?°
Juan Wang,?® Junpeng Li**®® and Yu Yang (& *@®

Flexible printed electronics represent a swift, efficient, and cost-effective technique for depositing metallic
conductive materials onto flexible substrates, particularly with the pivotal advancement of functional
conductive inks. Metal-organic decomposition conductive inks have garnered substantial interest owing
to their straightforward synthesis, convenient storage, and low processing temperatures. However,
during low-temperature heating, these inks frequently encounter issues such as fast pyrolysis and gas
escape, leading to numerous defects in the microstructure of silver films. Moreover, low silver content
results in a high volumetric shrinkage rate, negatively impacting electrical conductivity. To address these
limitations, this study synthesized four distinct silver precursors and conducted an in-depth analysis of
their chemical compositions, thermal behaviors, and microscopic morphologies. Conductive inks were
developed with a high silver content using silver citrate as the silver source with gradient thermal
volatilization and low-temperature reduction properties. The impact of solvents and complexing agents
on the performance of ink formulations was then examined. Furthermore, the evolution of the inks’
microstructure was investigated during thermal decomposition along with the influence of the
microscopic morphology on electrical conductivity. Finally, the thermal decomposition mechanism was
elucidated in detail. By introducing organic solvents with varying boiling points, the intensity of thermal
decomposition was effectively reduced, thereby minimizing the appearance of surface defects such as
bubble holes and sintering marks. This strategy significantly enhanced the density of the silver film,
reduced its surface roughness, and improved its electrical conductivity.

substrates, including thin films, paper, fabrics,® and rubber.
This approach has been shown to reduce production costs

Flexible printed electronics have demonstrated tremendous
potential in the modern electronics industry due to their unique
deformability, lightweight characteristics, and significant cost
advantages.' They have also become a focal point of multidis-
ciplinary research.”* Compared to traditional methods for
manufacturing electronic devices, such as photolithography,
vacuum deposition, and chemical plating, flexible printed
electronics utilize techniques such as screen printing and inkjet
printing®” to efficiently fabricate metalized patterns on flexible
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whilst simultaneously improving efficiency.” Currently, this
technology has been widely applied to the production of
transparent and flexible components, including sensors,'>"
electronic displays,*>** solar cells,* thin-film transistors,* and
supercapacitors.'®*®

In the domain of flexible printed electronics, the formulation
of conductive inks is a critical issue, as it directly determines the
print quality and electrical conductivity of the resultant
films.?*** Silver is a common constituent in conductive ink
formulations due to its excellent electrical conductivity and
oxidation resistance.”® Silver-based conductive inks can be
classified into particle-based and particle-free inks.** Particle-
based silver conductive inks consist of conductive microparti-
cles, solvents, surfactants, and dispersants.”® However, during
storage, nanoscale silver particles have been observed to
aggregate, resulting in nozzle clogging and compromising film
uniformity and electrical conductivity.>® Additionally, high-
temperature sintering is required to achieve conductivity,
which limits their application on flexible substrates. In contrast,
particle-free conductive inks consist of specific silver precursor
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compounds, complexing agents, and solvents. These inks offer
several advantages, including ease of synthesis, storage, and
processing at low temperatures (<200 °C). Additionally, they
exhibit a reduced risk of nozzle clogging. During low-
temperature sintering, silver-ammonia complexes undergo
reduction to metallic silver, which subsequently deposits on the
substrate surface to achieve conductivity.”’* Consequently,
these inks have become a focal point in research endeavors
within the domain of flexible printed electronics.

At present, due to the sensitivity of flexible substrates to
sintering temperatures, research on particle-free conductive
inks is primarily focused on the development and design of
silver precursors and the reduction of ink decomposition
temperatures. Zhang et al.** employed silver oxalate as the silver
source which enhanced the uniformity of silver nanoparticles in
the films through the synergistic effect of short-chain and long-
chain amines, reducing defects such as pores and cracks. Sin-
tering at 170 °C for 20 minutes yielded a resistivity of 6.71
uQ cm; nevertheless, the utilization of mixed amines resulted in
ligand decomposition, thereby reducing the storage time of the
ink. In contrast, Yang et al* pioneered a multifaceted
approach, utilizing a combination of silver malonate (AgMa)
and silver oxalate (AgOx). This strategy enabled the reduction in
decomposition temperature, enhancement of conductivity, and
improvement in structural uniformity. However, sintering at
180 °C for 1 hour resulted in a resistivity of 20.88 pQ cm. This is
due to the high sintering temperature, which limits its appli-
cation to more temperature-sensitive flexible substrates. In
a subsequent study, Zhou et al** used silver acetate as the
precursor and, for the first time, applied 1-amino-2-propanol as
the complexing agent. This approach resulted in a significant
improvement in its binding capacity with silver ions compared
to 2-aminoethanol. Utilizing a spray-coating method, silver
films were formed on thermosensitive silk/epoxy composite
substrates, achieving a conductivity greater than 10° S m ™" after
sintering at 150 °C. Nevertheless, due to inherent temperature
limitations, further optimization is required to meet the
demands of industrial applications. Sun et al* Utilized
multiple silver sources to develop a pore-filling mechanism
during decomposition at various temperatures, enhancing the
density and conductivity of the silver films. The preparation of
the silver films on PI substrates was accomplished through the
Utilization of spin-coating, followed by sintering at 100 °C for
a duration of 40 minutes. This process resulted in a resistivity of
16.8 pQ cm. In a related study, Chen et al’®* synthesized
conductive ink using silver malonate, diethanolamine, and
ethylene glycol. XRD and SEM analyses revealed a synergistic
effect between pyrolysis and silver reduction, forming high-
quality silver films with a face-centered cubic (FCC) crystal
structure. The fabrication of the silver films was accomplished
via screen printing on polyimide (PI) substrates. It was found
that a heat treatment at 150 °C for one hour achieved
a conductivity of 1 x 10° S m™ . Jahn et al.* used silver nitrate
as the silver source, triethylamine as the complexing agent, and
2-[2-(2-methoxyethoxy)ethoxy] acetic acid as the solvent. By
employing inkjet printing and UV curing, silver films with
a conductivity of 1.1 x 10’ S m ™" were achieved on PET films. In
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addition, the interaction between the ink and the substrate
directly affects the microscopic morphology and electrical
conductivity of the sintered metal film, which is closely related
to the organic decomposition ink composition. The molecular
structure of the precursor silver determines the thermal
decomposition temperature of the coordination complex. Dong
et al.*® used silver tartrate as the precursor for their study and
found that when the ratio of silver content to silver amine is
reduced, the sintered silver film will form larger line widths and
pores. This study also emphasized that the thermal decompo-
sition of the complexes needs to be matched with the simulta-
neous volatilization of the organic components, which is a key
factor in the formation of dense films. The complexing agent
has a significant effect on the solubility, thermal decomposition
temperature, and sintering densification of the precursor, and
the nitrogen atoms in different amine compounds form coor-
dination complexes with silver with significantly different
thermal decomposition temperatures and coordination
modes.** When the thermal decomposition temperature is too
low, the violent decomposition will lead to the rough surface
structure of the silver film, while when the temperature is too
high, the slow decomposition will cause organic impurities to
remain. At the same time, the solvent plays a key role in regu-
lating the dispersion, spreading, and low-temperature volatili-
zation characteristics of the ink.* However, during low-
temperature heating, conductive inks often encounter chal-
lenges such as intense thermal decomposition reactions and
gas release, leading to a multitude of defects in the micro-
structure of silver films. Additionally, the low silver content
results in a high volumetric shrinkage rate. These issues remain
insufficiently studied and require further research.

Therefore, this study synthesized four silver precursors and
conducted a detailed investigation of their chemical composi-
tion, thermal decomposition process, and phase structures.
Utilizing silver citrate as the silver source and monohydrated
ethylenediamine as the complexing agent, the solubility of
silver citrate in organic solvents was enhanced, leading to
a reduction in the amount of organic solvent required and,
consequently, an increase in the amount of silver loaded into
the ink. The evolution of the ink's microstructure during
thermal decomposition and the influence of microscopic
morphology on electrical conductivity were systematically
studied, and the thermal decomposition process of the ink was
described in detail. Furthermore, gradient-evaporating organic
solvents were formulated to allow the ink to volatilize gradually
during low-temperature sintering. This approach led to
a substantial mitigation of the reaction intensity, a reduction in
the surface roughness and the bubble pore size of the silver
film, an improvement in the film's density, and an enhance-
ment in its electrical conductivity.

2 Experimental section
2.1 Experimental materials

All chemical reagents used in this study were of analytical grade
(AR) or higher purity and did not require further purification.
Silver nitrate (98%, YunNan LiYan Technology Co., Ltd),

RSC Adv, 2025, 15, 40478-40490 | 40479
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(a) The synthesis process of silver citrate; (b) the preparation process of silver citrate conductive ink; (c) the improved preparation process

of silver citrate conductive ink; (d) the deposition and sintering process of the ink.

sodium citrate (98%), sodium tartrate (98%), sodium oxalate
(analytical grade, AR), anhydrous potassium carbonate (analyt-
ical grade, AR), methanol (98%), isopropanol (98%), ethanol-
amine (98%), ethylene glycol (98%), glycerol (99%), formic acid
(99%), acetic acid (98%), phenolic resin (BR), poly-
vinylpyrrolidone (PVP), and monohydrated ethylenediamine
(98%) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Ethanol was supplied by Tianjin Zhiyuan
Chemical Reagent Co., Ltd PI, and PET substrates were
provided by Zhongshan ChenXi Technology Co., Ltd; glass
slides with specifications of 25 x 75 x 1 mm were supplied by
Jiangsu Shitai Experimental Instrument Co., Ltd. The deionized
water used in the experiments was prepared in the laboratory.
Synthesis of silver precursors, formulation, and sintering of ink.

40480 | RSC Adv, 2025, 15, 40478-40490

Fig. 1(a) illustrates the technical steps involved in the prep-
aration of silver citrate powder. The detailed steps are as
follows: Weigh 2.58 g of sodium citrate and dissolve it in 50 mL
of deionized water. Stir for 10 minutes until fully dissolved, then
add 30 mL of 1 mol L ™" silver nitrate solution. Continue stirring
under light-protected conditions for 2 hours to form white silver
citrate precipitates. The resulting precipitate was washed with
deionized water by centrifugation at 8000 rpm for 5 minutes,
repeated 3 times, and then washed once with anhydrous
ethanol. Subsequently, the precipitate was dried in an oven at
40 °C for 10 hours. After drying, it was ground and passed
through a 100-mesh sieve to obtain light yellow silver citrate
powder (see Fig. S1 for the synthesis steps and reaction equa-
tions of silver tartrate, silver oxalate, and silver carbonate). The
reaction equation is as follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1(b) illustrates the preparation process of the conductive
ink. Weight 0.5126 g of synthesized silver citrate powder and
add it to 1 mL of ethanol. Stir for 10 minutes to ensure it is fully
mixed and uniform. Then, slowly add 0.4 mL of monohydrated
ethylenediamine dropwise, followed by 0.005 g of PVP and
0.005 g of phenolic resin. Continue stirring under light-
protected and ice-bath conditions for 30 minutes until no
visible particles remain in the liquid. The resulting particle-free
solution is filtered using a 0.22 pum filter to obtain a transparent
conductive ink. The prepared ink should be stored at a low
temperature of 5-10 °C for future use. The synthesis reaction
equation is as follows:

H,0
H N/\/NH2 ——
2

AgO OAg

OH

Fig. 1(c) illustrates the preparation process of the improved
conductive ink. Equal volumes of methanol, ethanol, and iso-
propanol were mixed uniformly to prepare solution A. Then,
0.5126 g of silver citrate was weighed and added to 1 mL of
solution A. Stir until a uniform solution (solution B) was ob-
tained. Next, 0.4 mL of monohydrated ethylenediamine was
slowly added dropwise to solution B, followed by the addition of
0.005 g of PVP and 0.005 g of phenolic resin. Stirring continued
under light-protected and ice-bath conditions for 30 minutes
until no visible particles remained in the liquid. The resulting
solution was filtered using a 0.22 um filter to obtain the trans-
parent improved ink. The improved ink should be stored at
a low temperature of 5-10 °C for future use.

To ensure the ink's good spreadability and printability on
flexible substrates, PET, PI, and glass slides were treated with
UV-ozone in the experiment. The synergistic effect of UV light
and ozone can deeply clean the substrate surface, remove
organic substances, and significantly improve the hydrophi-
licity of the material. After treatment, ink was dropped onto

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different substrates, and the contact angles were measured to
evaluate wettability (see Fig. S2). Fig. 1(d) illustrates the process
of blade-coating and thermal sintering of ink on a glass slide.
The procedure is as follows: first, place the slide on a slide rack
and ultrasonically clean it with ethanol solution and deionized
water for 5 minutes, then dry it in an oven at 40 °C and wash it
with a UV washer for 20 minutes to ensure that the surface is
clean, and then set it aside for use. The cleaned slides were
placed on the scratch pad substrates, and the appropriate
amount of ink was accurately pipetted onto the slides using
a pipette gun. Then, adjust the scraper to a fixed height and
scrape the ink evenly at a certain speed to cover the entire

H NH,
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HZN/\/ . //
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surface of the slide. After scraping, the slide was carefully
picked up with tweezers and placed on a sintering stage for
thermal sintering at a set temperature.

2.2 Characterization

The sheet resistance of silver films was measured using a four-
point probe tester (FT-330) to evaluate electrical conductivity.
Fourier-transform infrared spectroscopy (Nicolet iS10) analyzed
functional group structures in silver precursors and inks. A
simultaneous thermal analyzer (STA449F3) examined the
thermal decomposition of silver precursor powders and inks.
Scanning electron microscopy (Quanta-200) and field emission
scanning electron microscopy (Nova NanoSEM 450) assessed
the morphology, structural uniformity, and density of sintered
silver films. Metallographic microscopy (E1-G) characterized
macroscopic uniformity, while atomic force microscopy (Bruker
MultiMode 8) quantified three-dimensional surface
morphology and roughness. X-ray diffraction (SmartLab SE)
determined the crystalline structure of silver precursors, inks,

RSC Adv, 2025, 15, 40478-40490 | 40481
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and films. UV-visible spectrometry (Lambda 650S) evaluated ink
transparency, and a contact angle tester (SDC-200S) measured
ink spreading and wetting properties.

3 Results and discussion
3.1 Characterization of precursor silver

The selection of silver precursors is critical for determining the
sintering temperature and electrical performance of conductive
inks, as they serve as the metallic source. Although various
silver precursors have been synthesized in prior studies, their
thermal decomposition mechanisms remain insufficiently
elucidated. In this study, EDS, XRD, DSC-TG, and scanning
electron microscopy were used to analyze the morphology,
elemental composition, crystal structure, and thermal decom-
position behavior of synthesized silver precursors to select the
appropriate precursor.

Fig. 2(a-d) shows the Fourier-transform infrared spectra
(FTIR) of four synthesized silver precursors. For silver carbox-
ylates, the hydroxyl characteristic peaks are in the 3000-
3750 cm™ ' range, the asymmetric stretching vibration of
carboxylate carbonyls appears at 1650-1550 cm ', and the
symmetric stretching vibration is at 1440-1350 cm™"'. These
characteristic peaks are observed in Fig. 2(a-c), indicating that
these samples have carboxylate structures. For instance, the
FTIR spectrum of silver citrate as an example (Fig. 2(a)), the
absorption peak at 3338.4 cm ' corresponds to the O-H

~
&
-

(b)
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hydroxyl group, 1589.4 cm ' to the asymmetric stretching
vibration of the C=O carbonyl, and 1396.8 cm ' to its
symmetric stretching vibration, while 1322.9 cm™" corresponds
to the stretching vibration of the C-O bond in carboxylates.
Furthermore, the sharp peaks at 912.2 cm ™ and 848.6 cm ™" are
caused by the bending vibrations of the Ag-O groups.** Fig. 2(d)
shows the FTIR spectrum of silver carbonate. The peak at
1634.4 cm™ ' corresponds to the asymmetric stretching vibra-
tion of the C=0 group, while the peak at 1380.4 cm ' corre-
sponds to its symmetric stretching vibration, both of which are
characteristic absorption peaks of carbonates. Additionally, the
peaks at 881.3 cm™ ' and 705.2 cm ™' correspond to the out-of-
plane bending vibration of the C-O group and the bending
vibration of the O-C-O group, respectively, indicating
a carbonate structure.

The thermal decomposition behavior was analyzed using
DSC-TG. Fig. 2(e-h) shows the DSC-TG curves of the four
synthesized silver precursors. Fig. 2(e) shows the thermogravi-
metric analysis (DSC-TG) curve of silver citrate. Thermal
decomposition mainly occurs between 156 °C and 200 °C, with
rapid decomposition peaking at 175 °C, accompanied by
a significant endothermic peak. This process is attributed to the
thermal decomposition of silver citrate into silver aconitate or
itaconate, which further decomposes into metallic silver.
According to Robert et al.,* the first stage of citric acid's thermal
decomposition involves intramolecular dehydration, followed
by the formation of intermediate aconitic acid or itaconic acid,
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Fig. 2 Characterization of synthesized silver precursors: (a—d) Fourier-transform infrared spectra (FTIR) of silver citrate, silver tartrate, silver
oxalate, and silver carbonate; (e—h) DSC-TG curves of silver citrate, silver tartrate, silver oxalate, and silver carbonate; (i—1) XRD patterns of silver

citrate, silver tartrate, silver oxalate, and silver carbonate.
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Table 1 Theoretical and actual silver content of precursors

Theoretical silver Determination

Sample content (%) of silver content (%)
Silver citrate 63.2 65.4

Silver tartrate 59.3 65.05

Silver oxalate 71.1 75.72

Silver carbonate 78.3 78.6

which further converts into anhydride. Fig. 2(f) shows the
thermogravimetric analysis (DSC-TG) curve of silver tartrate.
The initial thermal decomposition of silver tartrate occurs
around 192 °C, releasing water and carbon dioxide. A strong
exothermic peak appears between 192 °C and 220 °C, corre-
sponding to the complete decomposition of organic compo-
nents and the formation of silver oxide. Subsequently, at higher
temperatures, silver oxide further decomposes into metallic
silver and oxygen. Fig. 2(g) shows the DSC-TG curve of silver
oxalate. The thermal decomposition of silver oxalate occurs
between 130 °C and 200 °C, with the peak centered at 170 °C. No
phase transitions occur within this temperature range; the
primary decomposition mechanism involves the cleavage of the
C-C bond in oxalate ions, directly forming Ag and CO,.*®
Fig. 2(h) shows that the thermal decomposition of silver
carbonate involves two stages. The first stage occurs between
173 °C and 233 °C, where silver carbonate decomposes into
silver oxide. The second stage of thermal decomposition occurs
between 251 °C and 400 °C, where silver oxide decomposes into
Ag and O,.* Table 1 compares the theoretical and experimen-
tally measured silver content of the precursors. The results
show that the experimentally measured silver content is
generally higher than the theoretical value, which may be
attributed to the presence of trace residual impurity elements
after sintering.

The microstructure and elemental composition of the
synthesized silver precursors were analyzed using scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS). As shown in Fig. S3, aside from the platinum
coating, the precursors were composed primarily of C, O, and
Ag. SEM images revealed distinct microstructural features:
silver citrate exhibited irregular aggregates with densely
distributed particles; silver tartrate displayed a flake-like struc-
ture with clear crystalline boundaries; silver oxalate featured
needle-shaped crystals with uniform alignment, reflecting
pronounced crystallinity; and silver carbonate showed blocky,
granular morphology with smooth surfaces, indicative of stable
crystal growth. These structural characteristics aligned with
their respective thermal decomposition behaviors observed in
DSC analysis.

Fig. 2(i-1) presents the X-ray diffraction (XRD) spectra of the
four silver precursors. For silver citrate, the diffraction peaks at
11.48°, 14.92°, 22.14°, 29.82°, and 39.96° matched the standard
pattern (JCPDS No. 01-0030), and the combination of the above
FIRTs and EDS proves that it is a target substance. Similarly, the
XRD spectra of silver tartrate, oxalate, and carbonate in Fig. 2(j-
1) aligned with their respective standard diffraction patterns,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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verifying the structural integrity and purity of the synthesized
materials. Laboratory-synthesized samples (Fig. 2(i-1)) also
exhibited colors and appearances consistent with standard ref.
40-43, further supporting their reliability as target compounds.

Among the four precursor species, silver citrate has a lower
thermal decomposition temperature and is more storage stable.
After preliminary experiments, the complexation reaction of
silver citrate was rapid, and the synthesis was stable. Therefore,
silver citrate was chosen as the main research object.

3.2 Synthesis and characterization of primitive ink

The composition of particle-free conductive ink were system-
atically investigated with a focus on solvents and complexing
agents. The wettability of the ink on the substrate is one of the
key factors affecting its performance in the study of the prepa-
ration and application of organic decomposition conductive
inks. The wettability determines the spreading ability of the ink
on the substrate, which in turn affects the film-forming quality
of the ink as well as the final conductive properties. Among
them, the performance of solvents plays a crucial role in the
wettability of inks. Therefore, this study experimentally
compares the wettability of different solvents on different
substrates in order to provide a theoretical basis for the opti-
mization of the formulation of organic decomposition
conductive inks. As shown in Table 2, the experimental results
show that among the five solvents tested, the contact angles of
methanol, ethanol, and isopropanol on the substrate are rela-
tively small, and the specific test results are shown in Fig. S5.
The smaller contact angles mean that the solvents have a better
spreading ability on the substrate, and they can be distributed
more uniformly on the surface of the substrate, which can
provide favorable conditions for the good film formation of the
conductive ink. Therefore, these three solvents are more suit-
able for flexible substrates such as PET and PI films. Further,
experiments compared the solubility of silver citrate in different
solvents and its complexation ability with various complexing
agents (summarized in Table S1). The results showed that
ethanolamine reacts with silver citrate to form a complex,
turning the solution dark brown. Due to their high viscosity,
ethylene glycol and propylene glycerol were unsuitable as
solvents because they could not fully dissolve or disperse silver
citrate. In contrast, methanol, ethanol, and isopropanol effec-
tively dispersed silver citrate, with ethanol being the most
suitable due to its solubility and spreadability.

Table 2 Contact angle size of different solvents on different
substrates

Solvent Glass (CA°) PET (CA°) PI (CA°)
Methanol 7.006 7.880 13.788
Ethanol 5.525 7.827 12.529
Isopropanol 6.789 8.984 11.709
Ethanolamine 10.305 37.711 28.354
Ethylene glycol 11.536 49.225 54.554
Glycerine 22.780 66.373 99.926
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Table S2 summarizes the reactions between silver citrate and
various complexing agents. Ethanamine and monohydrated
ethylenediamine rapidly completed complexation, while n-pro-
pylamine and isobutylamine formed complexes more slowly
due to spatial potential resistance from longer carbon chains,
which reduced nitrogen reactivity. Diamines demonstrated
stronger complexation ability than monoamines due to their
multi-coordination properties, enhancing silver citrate disper-
sion and promoting bound water desorption, thereby
increasing silver content in the ink. Thereforce, monohydrated
ethylenediamine was identified as the preferred complexing
agent for silver citrate. Fig. S6(a) shows the reaction results
under different silver-to-amine molar ratios. As the silver-to-
amine ratio gradually increases from 1:1 to 1:6 (see formula-
tions in Table S3), the system transitions from dispersion to
complete complexation, forming a deep black homogeneous
solution. Fig. S6(b) displays the filtered ink images. When the
silver-to-amine ratio reaches 1: 3, the complexation reaction of
silver citrate is nearly complete, resulting in an orange-yellow
ink. When the ratio is further increased to 1:4 or higher, the
transparency of the system increases, likely due to the residual
excess of monohydrated ethylenediamine. Therefore, the solu-
bility of silver citrate is optimal at a silver-to-amine ratio of 1: 3.

The stability of conductive ink is essential for its printing
performance and electrical conductivity. Silver nanoparticles

()

View Article Online

Paper

typically exhibit surface plasmon resonance (SPR) transitions,
generating characteristic absorption peaks in the visible light
range of 380-450 nm, and appear yellowish-brown.
However, as shown in Fig. 3(a), the UV-visible absorption
spectrum of the ink lacks these characteristic peaks. The ink
appears as a yellow-orange transparent liquid, indicating the
absence of residual silver citrate or decomposed silver-amine
complexes, thereby confirming its excellent storage stability.
The complexation process was confirmed using Fourier-
transform infrared (FTIR) spectroscopy. Fig. 3(b) presents the
FTIR spectra of monohydrated ethylenediamine and the reacted
ink. Monohydrated ethylenediamine exhibits a broad O-H
absorption peak at 3200-3600 cm ', an N-H absorption peak at
3349 cm ™', and C-H peaks at 2947 cm ™' and 2877 cm ™. In the
ink spectrum, the N-H peaks redshifted to 3309 cm™ ' and
3257 em ™, while the C-H peaks shifted slightly to 2943 cm ™"
and 2871 em™". The redshift of N-H indicates the formation of
coordination complexes between the amino groups and silver

44-46

ions, attributed to the interaction of the lone electron pairs on
amino groups with the vacant orbitals of silver ions. In contrast,
the C-H groups showed negligible changes. The thermal
decomposition behavior of the ink was analyzed using DSC-TG.
Fig. 3(c) presents the thermogravimetric analysis results,
showing an initial mass loss around 79 °C due to solvent
evaporation, followed by major thermal decomposition between
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Fig. 3 Characterization and reaction diagram of silver citrate ink: (a) UV absorption spectrum of the ink; (b) Fourier-transform infrared (FTIR)
spectra of the ink and monohydrated ethylenediamine; (c) thermogravimetric (TG) curve of the ink; (d) coordination process of monohydrated

ethylenediamine with silver citrate.
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130 °C and 160 °C. The decomposition rate increases signifi-
cantly after 130 °C. Notably, the ink's decomposition tempera-
ture is lower than the initial decomposition temperature of
silver citrate (156 °C, see Fig. 2(c)), confirming the successful
formation of coordination complexes between monohydrated
ethylenediamine and silver citrate. Fig. 3(d) illustrates the
proposed coordination mechanism of silver citrate with
monohydrated ethylenediamine.

3.3 Morphological characterization of sintered films from
primitive ink

The thermal sintering process of organic conductive ink directly
affects the conductivity of the silver film. Fig. S7 shows the
square resistance value of the conductive ink at different heat-
ing rates in 140 °C sintering after holding 10 min. It can be
found when the heating rate is 5 °C min~" when the square
resistance value is larger, while at 10 °C min~ " and 20 °C min ™"
heating rates, the resistance value does not change much. This
is because the organic conductive ink, to reach a certain
temperature, began to thermally decompose and reduce to
silver atoms. In the lower rate of heating, the thermal decom-
position rate of the ink is slow, and the formation of the upper
layer of silver particles prevents the internal thermal decom-
position of impurities from escaping, so that the conductivity of
the lower layer and the rate of heating to reach a certain
condition of the conductivity of the ink have less impact.
Fig. 4(i) shows a schematic diagram of the sintering and film-
forming process of the ink spread on a glass slide. Fig. 4(a-d)

View Article Online
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presents low-magnification SEM images of silver films formed
after sintering the conductive ink at 150 °C, 160 °C, 170 °C, and
180 °C for 10 minutes. The images reveal small pores and sin-
tering marks on the surface of the silver film, distributed in
a blocky manner. This is caused by the evaporation of organic
solvents and ammonia gas during the thermal sintering of the
ink. As the temperature further increases, the silver-amine
complexes decompose thermally into silver atoms. The bubbles
gradually escape from the interior and burst on the surface,
resulting in the formation of sintering marks. The silver nano-
cluster sizes in the sintering mark areas are smaller compared
to the surrounding regions. Fig. 4(e-h) shows SEM images of the
ink sintered at 160 °C for different durations, revealing the
evolution of the microstructure of the silver film. At 10 minutes
of sintering (Fig. 4(e)), the silver atoms have just completed
thermal decomposition and reduction, forming small nano-
clusters with visible cracks and bubble pores between the
clusters, mainly caused by the evaporation of organic solvents
and thermal decomposition. At 20 minutes of sintering
(Fig. 4(f)), the silver nanoclusters gradually connect, and some
regions form larger silver microclusters, which are closely
related to grain boundary movement and sintering neck
formation. With extended sintering times of 40 and 60 minutes
(Fig. 4(g and h)), the silver film surface is gradually covered by
a large area of silver nanoclusters, whose sizes increase while
cracks narrow. This indicates a denser structure and signifi-
cantly improved conductive pathways. However, some loose
areas remain in the silver film, which may have a certain impact
on electron transport.

ink spread Solvent evaporation

.Oxygen J @ Carbon . Nitrogen

thermal decomposition Silver film

Glass slide #E Silver film

Ink & 5 bubble

Fig. 4 SEM Images and sintering process diagram of the ink: (a—d) SEM images of the ink blade-coated on glass slides and sintered at 150 °C,
160 °C, 170 °C, and 180 °C for 10 minutes; (e—h) SEM images of the ink blade-coated on glass slides and sintered at 160 °C for 10 minutes, 20
minutes, 30 minutes, and 40 minutes; (i) schematic diagram of the sintering process of the silver film at 160 °C for different sintering durations.
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3.4 Low-temperature sintering performance and
microstructural characterization of improved ink

The rapid evaporation of the solvent and the intense thermal
decomposition of the ink lead to numerous sintering marks and
bubble pores on the surface of the silver film. Therefore,
selecting solvents with different boiling points that evaporate at
different temperatures is expected to reduce the size of bubble
pores and the intensity of the reactions. This mechanism helps
to form dense conductive pathways, improves the compactness
of the silver film, and ultimately enhances its conductivity.

Xt 3 A S & 3 89
Hole Diameter (pm)

In!ensli)’ (a.u.)

b 5 6 011
Hole Diameter (um)

Fig. 5
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Fig. 5 shows the metallographic morphology and atomic force
microscopy (AFM) surface morphology analysis of silver films
formed from inks with different composite solvents after sin-
tering (formulations are listed in Table S4). The metallographic
images show that the silver films retain some organic impurities
and have bubbles of varying sizes on the surface caused by gas
evaporation. These impurities and bubbles directly affect the
conductivity of the silver film. Fig. 5(a-1, d-1, g-1 and j-1) shows
the bubble pore size distribution of silver films formed from
inks with different composite solvents after sintering. For
formulation A (single solvent), the bubble pore sizes mainly

RMS=32.28nm

0.22 pm

RMS=23.09nm

RMS=32.04nm

0.21ym

0.00 ym

(a, d, gandj) Correspond to the metallographic images of the films formed after sintering of the conductive inks in schemes A, C, D, and E

in Table S4 at 500x magnification, respectively; (b, e, h and k) correspond to the AFM 2D images of the films formed after sintering of the
conductive inks of schemes A, C, D, and E in Table S4, respectively; (c, f, i and |) correspond to the AFM 3D images of the films formed after
sintering of the conductive inks of schemes A, C, D, and E in Table S4, respectively.
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range from 4-6 nm, while formulations C and D are concen-
trated at 4-5 nm and 3-4 nm, respectively. The results indicate
that the gradient evaporating solvents in formulations C and D
significantly reduced bubble pore sizes through stepwise evap-
oration, thereby reducing the intensity of thermal decomposi-
tion. The decline in conductivity observed in formula E can be
attributed to the incorporation of a modest quantity of deion-
ised water. Following the volatilisation of methanol, ethanol
and isopropanol, the organic ink exhibits an inability to main-
tain a uniform spread, consequently leading to a reduction in
the uniformity of the ink post-scraping and film formation.
This, in turn, results in a decline in film quality. Fig. 5(b, e, h, k)
and (c, f, i, ) respectively show the 2D and 3D morphology of the
silver film surfaces. The 2D images reveal surface undulations
with distinct cracks, where the silver nanoclusters within the
cracks are larger in size, while the smooth regions form dense
silver films. After sintering, formulation A shows distinct
bubble marks on the surface, while formulations C, D, and E
show progressively reduced bubble marks. The roughness
(RMS) values of the 3D surface morphology measured by AFM
further confirm these results: the RMS for formulation A is
32.28 nm, while those for formulations C and D are 23.09 nm
and 23.35 nm, respectively. The gradient boiling point solvents
significantly reduced the surface roughness of the silver film,
resulting in a denser microstructure conducive to electron
transport. This is consistent with the sheet resistance results
from the four-point probe test, demonstrating the crucial role of
composite gradient solvents in improving the conductivity of
silver films.
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The silver films sintered at 120 °C to 200 °C were analyzed
using X-ray diffraction (XRD). Fig. 6(a) presents the XRD
patterns of silver films formed from silver citrate conductive ink
at different sintering temperatures. The main diffraction peaks,
located at 38.11°, 44.29°, 64.44°, 77.39°, and 81.53°, correspond
to the (111), (200), (220), (311), and (222) crystal planes of the
face-centered cubic (FCC) structure of metallic silver. These
peaks align with the standard XRD pattern (JCPDS No. 87-0597),
confirming that the sintered silver films are primarily composed
of high-purity metallic silver. The silver loading and sintering
temperature of particle-free conductive inks play a crucial role
in the conductivity of silver films. Fig. 6(b) shows the DSC-TG
curves of the scheme D ink formulation (Table S4), revealing
stepwise decomposition associated with the boiling points of
composite solvents. Methanol, ethanol, and isopropanol evap-
orate near their respective boiling points at lower temperatures.
After complete thermal decomposition, the remaining solid
mass is 28.47 wt%, indicating a silver loading of approximately
24%. The elemental composition of the sintered silver films was
confirmed by energy-dispersive spectroscopy (EDS), as shown in
Fig. 6(c), identifying silver as the primary component. Fig. 6(d)
shows the average sheet resistance values of inks with different
composite solvents tested after sintering at 160 °C for 10
minutes. The sheet resistance values of formulations A to E are
0.63 Q/[1, 0.62 Q/[1, 0.55 Q/[1, 0.54 Q/[], and 0.71 Q/1,
respectively. When deionized water is introduced in formula-
tion E, the sheet resistance instead increases to 0.71 Q/[]. The
high boiling point of deionized water causes slow evaporation,
forming larger bubble pores, reducing the compactness of the
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Fig. 6 (a) XRD patterns of conductive inks formed into films at different sintering temperatures; (b) thermogravimetric (TG) curve of the ink; (c)

EDS of silver films sintered from the ink at 160 °C; (d) sheet resistance values of inks with different composite solvents sintered at 160 °C for 10
minutes; (e) sheet resistance values of inks with different silver contents sintered at 160 °C for 60 minutes; (f) electrical performance of inks
sintered at different temperatures for 30 minutes and SEM cross-sections of the silver films.
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silver film, and failing to improve conductivity. In contrast,
formulations B to D use composite gradient solvents, signifi-
cantly reducing the sheet resistance, with the lowest value
reaching 0.54 Q/[J. This indicates that composite solvents
effectively improve the conductivity of the silver film. Fig. 6(e)
illustrates the sheet resistance of inks with varying silver
contents sintered at 160 °C for 1 hour (formulations in Table
S5). The results demonstrate that reducing the solvent amount
and increasing the silver content significantly decrease the
sheet resistance, thereby improving conductivity. Fig. 6(f)
presents the sheet resistance and average resistivity of inks
sintered at different temperatures. Fig. 6(f-1) demonstrates the
average film thickness of the inked films to be 453 nm. High-
silver-content inks sintered at 140 °C, 150 °C, 160 °C, 170 °C,
and 180 °C for 30 minutes achieved resistivities of 26.7 pQ cm,
19.9 uQ cm, 159 pQ cm, 11.8 pQ cm, and 9.94 uQ cm,
respectively.

In order to further explore the application of organically
decomposed conductive inks on flexible substrates, Fig. 7(a and
b) shows the conductive properties of conductive inks after
sintering in different atmospheres on PI and PET substrates. As
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in Fig. S9 (a; and bs), the average thicknesses of silver films on
PI and PET substrates are 545 nm and 695 nm, respectively. The
lower conductivity of the inks after sintering on PET substrates
compared to PI substrates is due to the fact that the softening
temperature of PET is lower than that of PI films, and during the
heating process, the deformation of PET films is greater after
heating, which, on the one hand, makes the thermal decom-
position of the silver film non-uniform and leads to a more
sparse connection between the reduced silver nanoclusters (see
Fig. $9). In addition, after sintering in inert gas, the conductivity
of the silver film was better compared to direct sintering in air,
which was attributed to the fact that some of the silver nano-
particles prevented from being oxidized during the reduction
process in the inert atmosphere, and the surface elemental
content of the silver film was tested after sintering in different
atmospheres (see Fig. $10). Moreover, the resistivities were 29.5
pQ cm, 15.6 pQ cm, and 9.79 pQ cm after sintering on PI
substrates at 140 °C, 150 °C, and 160 °C for 30 min under inert
gas, and the films were tested to achieve an adhesion grade of
up to 5B by using the 100-gauge test method (see Fig. S11).
Fig. 7(c) shows the silver conductive patterns and films sintered
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(a) Organic decomposition inks sintered in air on PET and Pl substrates; (b) organic decomposition inks sintered in nitrogen on PET and PI

substrates; (c) photos of conductive ink coated on glass slides and PET films, and schematic of its application in conductive circuits.
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on glass slides and PET films. The inks, after sintering at 150 °C
for 30 min, showed a silvery-white metallic luster of pure silver,
indicating that the formed silver films have high purity and
metallic properties. In addition, experiments show that the
prepared silver film has good flexibility and maintains excellent
electrical conductivity even under simple bending. To verify the
conductivity, two small 1.5 V light bulbs connected in series
were successfully lit by connecting a No. 5 battery to the silver
conductive line. This result shows that the prepared silver
conductive inks have good potential for application in the field
of flexible printed electronics and can meet the functional
requirements of real circuits.

4 Conclusions

This study successfully synthesized four silver precursors, and
the chemical composition, thermal behavior and physical phase
structure of these precursors were also analyzed in detail.
Among these precursors, silver citrate, which has the lowest
thermal decomposition temperature (~175 °C) and excellent
storage stability, was identified as the ideal precursor for
conductive inks. A comprehensive investigation into the effects
of solvents, complexing agents, and the molar ratio of silver to
amine revealed that monohydrated ethylenediamine, through
its multidentate coordination and dispersion effect following
water desorption, facilitated the dissolution of silver citrate and
increased the solid content in conductive inks to 28.47 wt%. It
was determined that optimal ink performance was achieved at
a molar ratio of 1 : 3 between silver and amine. Furthermore, the
study elucidated the micro- and macro-scale evolution of
particle-free conductive inks during thermal sintering, thereby
clarifying the critical roles of solvent evaporation and nano-
particle clustering in forming dense silver films. A gradient
solvent strategy, comprising methanol, ethanol, and iso-
propanol, was proposed, enabling stepwise solvent evaporation.
This approach led to a substantial reduction in thermal
decomposition intensity, minimized bubble pore sizes and
cracks on the silver film surface, and enhanced the compact-
ness and smoothness of the film. After being sintered in an inert
gas atmosphere at a temperature of 150 °C for 30 minutes, the
resistivity of the silver film was measured to be 15.6 uQ cm. This
study provides a theoretical and practical foundation for the
development of flexible electronic devices and low-temperature
printable conductive materials. The results of this study suggest
that conductive ink silver has a wide range of potential appli-
cations in flexible electronics, wearable devices and low-
temperature manufacturing processes.
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