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Green Synthesis of Silver Nanoparticles with Glucose
for Conductivity Enhancement of Conductive Ink
Qifeng Chen,a,b Guhong Liu,a Guangxue Chen,a,* Ting Mi,a and Jinglei Tai a
This work reported a green method of synthesizing silver nanoparticles
(AgNPs) with glucose acting as reducing agents to improve the
conductivity of conductive ink. Silver nitrate, glucose, and
polyvinylpyrrolidone (PVP), were used as silver precursor, reducing
agent, and capping agent, respectively. The optimal condition of
synthesizing AgNPs was obtained by varying the reactant ratio and
temperature. The AgNPs were characterized by X-ray diffraction (XRD),
UV-visible spectroscopy (UV-Vis), and scanning electron microscope
(SEM). The obtained AgNPs with diameters of 80 to 100 nm were almost
spherical and they were redispersed well in polyurethane acrylate (PUA).
Compared with traditional hydrazine hydrate, the prepared AgNPs were
better with respect to uniform size, dispersion, stability, and the absence
residual solvent. After UV sintering, the conductivity (2.3×105 S/m) and
mechanical properties of prepared conductive ink were good. Therefore,
using glucose as a reducing agent to prepare AgNPs conductive ink is
feasible and noteworthy because it is an extremely common material.
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INTRODUCTION
There is great demand for conductive inks in electrical fields such as mobile
phone or large industrial areas (Krebs 2009). Figure 1 is a prediction of the conductive
ink market made by IDTechEx (RWN 2013), in which it is shown that this market will
continue to grow at a compound annual growth rate of 2.7% in the next 10 years.
The conductive materials and curing technology are very important to conductive
ink (Letzel et al. 2016). In the past, the use of conductive filler (metallic metal micronsized particles (Li et al. 2014) was very common. However, it has been replaced by metal
nanoparticles, which has excellent electrical and thermal properties. Silver nanoparticles
(AgNPs) have been studied widely due to their high conductivity, good stability, and low
cost (Kim and Moon 2005; Xu and Zhu 2012; Yu et al. 2015). There are several methods
of preparation, such as sunlight assisted synthesis (Meenakshi et al. 2016), competent
green chemistry synthesis (Dong et al. 2014; Morales-Luckie et al. 2016; Shen et al.
2016; Kim et al. 2006), electrochemical synthesis (Thuc et al. 2016), and biological
synthesis (Rathod et al. 2016). Among these methods, the chemical method is relatively
simple. There are many advantages of glucose when it is used as a reducing agent, since
it is an inexpensive ingredient widely used in many biomaterials. In addition, no residual
solvent is typically present in AgNPs colloidal solutions, compared to the traditional
hydrazine hydrate (Yang 2015; Dong et al. 2016).
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Fig. 1. Ten-year forecast for the conductive ink and paste market (reprinted from RFID World
Network)

Curing technology has also attracted intensive attention. Commonly there are two
methods: high temperature sintering technology and UV curing technology. High
temperature leads to the small metal particles dissolving in the large particles. As a result,
metal particles become connected and a sintering pattern results in conductivity.
According to this principle, metal particles that are more poorly dispersed may tend to
give higher conductivity of conductive ink. On the other hand, UV curing technology is
carried out with the crosslinking reaction under UV light; thus the better the
monodispersity metal particles is, the higher will be the conductivity. Traditionally, high
temperature sintering technology has been used commonly. But there are many
disadvantages such as high energy consumption, volatile organic compounds (VOCs),
and environmental damage. UV curing technology can be a good solution to the problems
mentioned above (Wei et al. 2004; Zhai et al. 2013). Damage to base materials can be
avoided when conductive ink is used in plastic films (Hicks et al. 1980), electronic
products, and paper, and the emissions of harmful substances are limited because it uses
an active diluent instead of VOCs for curing.
In this paper, a green synthesis method for AgNPs is proposed. Glucose was used
as a reducing agent to prepare AgNPs at low temperature. Glucose will not gelatinize or
become adhesive at low temperatures; thus it can play an effective role as a reducing
agent. Low temperature processing is reasonable strategy to minimize energy usage, and
the AgNPs obtained are difficult to connect together. The protective role of PVP can be
preserved under low temperature conditions. Glucose is environmental friendly and easy
to obtain. Compared with the traditional hydrazine hydrate, the particle size of nanosilver
prepared by glucose is more uniform and has good dispersion, which is important to the
conductivity of conductive ink. Based on these previous analyses, the optimal method for
the preparation of nanosilver conductive ink is summarized.
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EXPERIMENTAL
Materials and Equipment
Glucose (C6H12O6) and polyvinylpyrrolidone (PVP, K50) were purchased from
Boao Biotechnology Co., Ltd. (Shanghai, China). Silver nitrate was supplied by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium hydroxide (NaOH)
was purchased from Chemical Reagent Co., Ltd. (Nanjing, China). Anhydrous alcohol
was supplied by Chemical Reagent Co., Ltd. (Nanjing, China). Hyperbranched
polyurethane acrylate (PUA) was purchased from Zhiyuan Chemical Reagent Co., Ltd,
(Tianjin, China). Isophorone diisocyanate (IPDI), hydroxyethyl methylacrylate (HEPA),
and pentaerythritol were purchased from Zhiyuan Chemical Reagent Co., Ltd. (Tianjin,
China). The above reagents were of analytical purity and were used without further
purification. Double distilled water was used in this experiment. 250g double coated
white cardboard used to be basic material, which purchased from Hongta Renheng Paper
Co., Ltd. (Zhuhai, China).
Synthesis of AgNPs using Glucose
A green method of synthesizing AgNPs (Shen et al. 2015) used glucose as the
reducing agent, PVP (Pang et al. 2014) as a protective agent (dispersant) (Niu and Jiang
2007), silver nitrate as the source of silver, and NaOH to provide an alkaline
environment. The oxygen reduction reaction is shown below.
2AgNO3+2NaOH→Ag2O↓+2H2O+2NaNO3
Ag2O+CH2OH-(CHOH)4-CHO→CH2OH-(CHOH)4-COOH+2Ag↓
In this paper, the molar ratio of silver nitrate, glucose, and protective reagent was
1:2:1.5. The experimental steps were as follows. Solid glucose (0.7206 g) and PVP
(0.3300 g) were added into a 250 mL round bottom flask with distilled water (50 mL).
The reaction was stirred (1500 RPM) at 80 °C for 60 min to obtain solution A. Next,
AgNO3 (0.3398 g) and NaOH (0.0810 g) were placed in a 100 mL beaker. Distilled water
(20 mL) was added to obtain solution B. Solution B was added to the round bottom flask
containing solution A. Under the previous condition for 120 min, the color of the solution
slowly changed from yellow to yellowish brown to grey, creating solution C. After
cooling to room temperature, solution C was added to a 5 mL centrifugal tube and
processed at 10000 RPM for 10 min in a centrifuge. The resulting supernatant was
decanted, and anhydrous ethanol was added. After dispersion by ultrasonic cleaner, the
nanometer silver solution was cleaned three times at 10000 RPM for 10 min. After three
washes, a small amount of nanometer silver was used for SEM analysis, and most of the
product was dried at 70 °C in a vacuum drying oven. After drying and milling, the
nanometer silver particles were generated.
Characterization of Nanometer Silver Particles
UV-Vis spectra of AgNPs were collected on a spectrophotometer (UV-2201,
SHIMADZU, Japan), within a spectral scanning range of 600 to 300 nm under the fastspeed mode, and the scan interval was 0.5 nm. The particle size distributions of AgNPs
Chen et al. (2017). “Nanometer Ag conductive ink,” BioResources 12(1), 608-621.
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were obtained using a Malvern laser particle size analyzer (3000 HAS, Malvern,
England), and ultrasonic treatment was required before measuring. The shape and
distribution of AgNPs were observed by a laser scanning microcopy (LSM710, ZEISS,
Germany), which worked with an accelerating voltage of 3KV; a few drops of the
suspended AgNPs/anhydrous alcohol were placed on a copper grid coated with ultrathin
carbon film. The crystal structure of AgNPs with dialysis was investigated by a D8
ADVANCE X-ray diffractometer (XRD; Bruker, Germany).
The Preparation of Conductive Ink
In this work, PUA was used as the bonding agent of a new type of water-based
UV conductive ink. It contains acrylic acid functional groups that can give ink excellent
optical performance and amino formic ester bonds in the molecule. At the same time,
amino formic ester bonds equipped the ink with flexibility, adhesion, and high peel
strength. In this experiment, IPDI was used to provide the isocyanate group (-NCO).
Polyethylene glycol (PEG6000), IPDI, and 1,4-butylene glycol (the molar ratio
respectively is 2:1:1) were placed in flasks and mixed evenly to obtain polyurethane
prepolymer which equipped with -NCO. PETA and HEMA (the molar ratio is 1:1) were
added in the flask to obtain the hyperbranched polyurethane acrylate solution. The
synthesis is shown in Fig. 2 (Yang et al. 2011). It was necessary to add some photoinitiator in the hyperbranched polyurethane acrylate solution. AgNPs powder (0.5 g) was
blended with the connecting material in accordance with the proportion of silver
accounting for the conductive ink of 30%, 40%, 50%, 60%, 70%, and 80%. Next, ethyl
acetate was added into the nanosilver powder. The mixture was dispersed by ultrasonic
cleaner. Finally, a new type of UV conductive ink was generated.
Mechanical Property Measurement of Conductive ink
The conductive ink, with 66.7 wt% nanosilver content, was printed on white
cardboard by means of screen printing technology. The relationship between the number
of surface tearing and ink layer resistivity is obtained when pulling on the surface of the
conductive ink with 3M adhesive tape. Conductive ink is mainly used in flexible printed
circuit, thus there must be a good resistance to bending strength and able to maintain
stable under the condition of repeated bending in the conductive ink. In order to test the
change of the conductivity of the ink layer under multiple bending, a simple test device
was assembled, as shown in Fig. 3.
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Fig. 2. The synthesis of PUA

Fig. 3. Equipment for bending test
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The left side of the specimen was fixed by a clamp. The right side of the specimen
was moved back and forth in the frame. R is the radius of curvature. The bending radius
represented the bending degree of controlling of specimen. The bending radius was 5 mm.

RESULTS AND DISCUSSION
Synthesis of AgNPs
Figure 4 illustrates the XRD pattern of AgNPs. The five peaks at 38.27°,44.29°,
64.48°, 77.51°, and 81.56° were assigned to diffraction from the (111), (200), (220), (311)
and (222) planes of face centered cubic (fcc) silver, which is in good agreement with
reference to the unit cell of the fcc structure (JCPDS File No.04-0783).

Fig. 4. XRD pattern of nanometer silver

The peak intensity of the (111) planes was very high due to the preferential
adsorption of Ag atom on that plane during the growth process. Moreover, there were no
impurities evident, which indicated that the nanosilver generated by this method had a
cubic crystal structure (Xu and Zhang 2002; Li et al. 2007).
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(a)

(b)
Fig. 5. The UV-vis pattern of AgNPs with different ratios of PVP to AgNO3; (b) different
temperatures from 40 °C to 90 °C

Figure 5a illustrates the UV-vis spectra of obtained AgNPs with different ratios of
PVP to AgNO3. The results were obtained with a 2:1 molar ratio of glucose to silver
nitrate, 1.5:1 molar ratio of PVP to silver nitrate, and the pH 11. A strong SPR in the
spectrum was centrum was centered at 410 nm, revealing the presence of AgNPs (Sun
and Xia 2003). The position of the plasma resonance absorption peak, half height width,
Chen et al. (2017). “Nanometer Ag conductive ink,” BioResources 12(1), 608-621.
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and peak intensity of metal nanoparticles are correlated with the particle size, size
distribution, and concentration of metal nanoparticles. In general, smaller particles result
in more blueshift of the absorption peak position (He and Si 2008). The absorption peak
half width is greater with more extensive particle size distribution. In this paper, a UVvisible spectrometer was used to analyze the UV-visible absorption spectra of AgNPs
(Voicescu et al. 2017). The position of the absorption peak basically determines the size
of the particle. Thus, the molar ratio of PVP to AgNO3 (1.5:1) was considered as the
optimum ratio in this experiment.
Figure 5b shows the UV-vis spectra of AgNPs with different reaction
temperatures from 40 °C to 90 °C. The amount of AgNPs was maximized when the
temperature was 50 °C. Therefore, 50 °C was considered as the optimal temperature in
this experiment.
Comparison of Nanoparticle Size Prepared by Two Reducing Agents
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Glucose
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Fig. 6. SEM analysis of AgNPs prepared with glucose and hydrazine hydrate; the insets show the
AgNPs size distribution of nanometer silver; (a) SEM analysis and size distribution for AgNPs with
silver reduced by hydrazine hydrate (Chen et al. 2015); (b) SEM analysis and size distribution for
AgNPs with silver reduced by glucose.

Smaller AgNPs resulted in larger specific surface area. When surface contact
between particles is more comprehensive, the conductive performance of the ink is better.
However, nanoparticles must not be too small, because the agglomeration of
nanoparticles has a bad effect on the conductivity of ink. Therefore, the use of AgNPs is
limited by their size. Another important factor affecting the electrical conductivity of
conductive ink is the size distribution of silver nanoparticles. When the particle size
distribution is more concentrated, the particle size is more uniform. As a result, the
nanoparticles do not easily agglomerate, and the conductive ink has good dispersion and
conductivity.
The shape and size of AgNPs are shown in Fig. 6. The inset shows the range of
nanoparticle size when two different reducing agents were used. According to the SEM
images, the particles of Fig.6b were almost spherical and the AgNPS were well dispersed,
which was much better than those AgNPs prepared by hydrazine hydrate. Although the
average size of nanoparticles prepared by glucose (88 nm) was larger than those formed
by hydrazine hydrate (38 nm), the latter had a wide particle size distribution, and the
former was good for uniformity and dispersion, with particle size ranging primarily from
80 to 100 nm. Nano silver particles with high uniformity are favorable for the mutual
contact between the particles, which is needed to improve the conductivity of the ink
after curing.
Chen et al. (2017). “Nanometer Ag conductive ink,” BioResources 12(1), 608-621.
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Conductivity of Conductive Ink
Table 1. Resistance, Resistivity, and Conductivity of Ink with Different Silver
Contents
Nanosilver content
(wt%)
30
40
50
60
70
80

resistance
(Ω)
1.3×109
3.3×108
682.3
184.6
1.08
0.17

resistivity
(Ω·m)
32258
8333
0.017
4.6×10-4
2.7×10-5
4.3×10-6

conductivity
(S/m)
3.1×10-5
2.4×10-4
60
2180
36781
2.3×105

Table 1 lists the resistance, resistivity, and conductivity of ink with different silver
content under a certain depth of ink layer (20 µm) and UV light (365 nm and 10
MW/cm2) for 3 min. The conductivity of the new ink was measured by four-point probe.
The performance was best with 70% silver solid content. The maximum conductivity was
2.3 × 105 S/m, which is bigger than the conductivity when using hydrazine hydrate as
reducing agents (3.34 × 104 S/m) (Yang 2015).
Mechanical Property of Conductive Ink
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Fig. 7. Conductivity varied with tearing times

Figure 7 shows the relationship between the number of surface tearing times and
ink layer resistivity. This result is divided into two stages. The first stage exhibits a sharp
decline. To account for the decline, it was speculated that the tape make have removed
some of the AgNPs from the surface of the ink, leading to a decrease in the conductivity.
The second stage was stable, which is consistent with the smooth nature of the surface of
the resin. Thus, the tape was no longer able to bring out AgNPs. This result indicated that
the AgNPs conductive ink prepared by glucose had good tear resistance.
Chen et al. (2017). “Nanometer Ag conductive ink,” BioResources 12(1), 608-621.

617

bioresources.com

PEER-REVIEWED ARTICLE

0.9

Conductivity (105s /m)

0.8

0.82

0.8

0.78

0.76

0.7

0.75

0.75

0.74

0.73

0.72

0.7

850

950

0.67

0.6
0.5
0.4
0.3
0.2
0.1
0
0

150

250

350

450

550

650

750

1050

Bending Times

Fig. 8. Relationship between ink conductivity and bending times

Figure 8 shows the relationship between the number of bending tearing and ink
layer resistivity. The conductivity of the conductive ink was slightly decreased at first
because AgNPs on the surface of ink layer were stuck and fell off. Afterward, the
conductivity was stable. Due to the presence of the resin, the relative position of the
nanoparticles is still relatively stable even under the action of external forces. With the
ink layer continuously bending, the distance between silver nanoparticles was bigger, so
the conductivity showed a slight decrease. This result did not affect the overall electrical
conductivity. The AgNPs conductive ink prepared by glucose had good bending
resistance.

CONCLUSIONS
Although the amount of hydrazine hydrate used is less in preparation and the size
of silver nanoparticles is smaller, hydrazine is combustible and produces toxic nitrogen
oxide smoke, and it reacts with an oxidant so fiercely that its stability is poor and is
difficult to preserve. In addition, hydrazine hydrate has a special smell that is not
convenient for electronic devices. In contrast, there are many sources of glucose. Its
efficiency of conversion is high, and it is harmless to humans. The nanometer silver
prepared by glucose was slightly larger, but its dispersion was good. The conductivity of
the conductive ink was also improved. The conductivity of the conductive ink prepared
by hydrazine hydrate was poor because the hydrazine hydrate is difficult to completely
remove from the nanometer silver colloidal solution. There are many advantages to
preparing nanometer silver using glucose. It is necessary to make further study.
A high-value utilization pathway of glucose to synthesis AgNPs for conductive
ink preparation was obtained. The well-dispersed AgNPs were synthesized with glucose
as reducing agents, and different reaction conditions were considered. The results reveal
that the ratio of glucose to AgNPs had a great influence on the amount of AgNPs, while
Chen et al. (2017). “Nanometer Ag conductive ink,” BioResources 12(1), 608-621.
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the effect of temperature was little. The spherical AgNPs were redispersed well in PUA
after centrifugation. Moreover, the obtained conductive ink showed good conductivity
(2.3 × 105 S/m), which is bigger than the conductivity when using hydrazine hydrate as
reducing agents (3.34 × 104 S/m). The obtained conductive ink showed good mechanical
property. Therefore, this study provided not only a direction for the valuable utilization
of glucose, but also a novel method for synthesis of noble metal nanoparticles, which can
conveniently applied in conductive ink.
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