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Abstract: We clarified the effect of mixing temperature on the synthesis of gold nanoparticles by
a microfluidic device using tannic acid and citric acid as reducing reagents. In this study, gold
nanoparticles were synthesized on the microfluidic device with a flow rate of 0.05 mL/min at the
temperature of room temperature (23 ◦C) and 80 ◦C. The results confirmed that the mean diameter
and coefficient of variation of gold nanoparticles synthesized at 80 ◦C were 13.7 nm and 0.28 and the
coefficient of variation increased by 65% in comparison with that at room temperature.
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1. Introduction

Gold nanoparticles (GNPs) exhibit an absorption peak at a wavelength of approxi-
mately 530 nm in a visible light region. This absorption is applied to catalysis and con-
ductive materials caused by localized plasmon resonance (LSPR) [1]. The GNPs can be
produced by liquid-phase reduction using gold ion, protective reagent, and reducing
reagent. In the liquid-phase reduction using citric acid [2], the GNPs with a diameter of
approximately 10 nm can be synthesized by heating the mixture solution and the size dis-
tribution of GNPs depends on the temperature of the solution [2]. Non-thermal synthesis
in a microfluidic device using sodium citrate and tannic acid as reducing reagents was
reported [3]. This synthesis can be controlled by the size distribution of GNPs by changing
the flow rate of the solution and monodisperse GNPs with a mean diameter of 10 nm can
be synthesized at a specific flow rate. But because the control of the size distribution by a
wide range is required for each application, the synthesis temperature effect on the particle
size distribution must be clarified. In this paper, we proposed thermal reduction synthesis
of GNPs using a microfluidic device.

2. Materials and Methods

In this study, a PDMS/glass microfluidic device was used for synthesis to prevent
glass breakage due to heating. A microfluidic device with a Y-shaped microchannel of
260 µm width and 70 µm depth was fabricated by plasma bonding of a PDMS sheet and
glass substrate with a microchannel processed by micropowder blasting (Figure 1a).

In the synthesis, 5mL of hydrogen tetrachloroaurate (III) tetrahydrate aqueous solution
(solution-A, 0.368 mM) and 5 mL mixture of 4mL sodium citrate (1.69 mM), 0.1 mL tannic
acid (5.82 mM), and 75.9 mL distilled water (solution-B) were simultaneously injected into
Inlet-1 and Inlet-2 by a syringe pump at the flow rate of 0.05 mL/min and the synthesized
GNPs were collected from the outlet in a bottle through the silicone tube (Figure 1b). In this
study, the device was set on a hot plate and the temperature of the device was controlled
at room temperature (23 ◦C) and 80 ◦C (Figure 1b). The synthesized GNP solution was
allowed to stand for seven days.
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Figure 1. (a) Photograph of (a) the fabricated microfluidic device and (b) experimental setup. 

Seven days after the synthesis, the absorbance spectrum of the synthesized GNP so-
lution was recorded and the mean diameter, standard deviation, and coefficient of varia-
tion (standard deviation/mean diameter) were analyzed by TEM observation. 

3. Results and Discussion 
The synthesized GNPs showed a red color at the temperature of 23 °C and a red–

purple color at the temperature of 80 °C (Figure 2a). The absorption spectrum of the syn-
thesized GNPs confirmed that the full width at half maximum at the peak was increased 
by increasing the synthesis temperature (Figure 2b). This expected that the size distribu-
tion of the GNPs synthesized at 80 °C was large in comparison with that at 23 °C. From 
the analysis of TEM images (Figure 2c), it was confirmed that the mean diameter of the 
synthesized GNPs showed 12.1 nm at the temperature of 23 °C and 13.7 nm at the temper-
ature of 23 °C. On the other hand, the coefficient of variation of the synthesized GNPs 
showed 0.17 at the temperature of 23 °C and 0.28 at the temperature of 80 °C. 

These results indicated that the mean diameter of GNPs synthesized at the tempera-
ture of 80 °C increased by 13% and the coefficient of variation increased by 65%. Increasing 
synthesis temperature was attributed to the wide size distribution of GNPs. 
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Figure 2. (a) Photograph and (b) absorbance spectrum of GNPs. (c) TEM images of the synthesized 
GNPs at the flow rate of 0.05 mL/min.  
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Figure 1. (a) Photograph of (a) the fabricated microfluidic device and (b) experimental setup.

Seven days after the synthesis, the absorbance spectrum of the synthesized GNP
solution was recorded and the mean diameter, standard deviation, and coefficient of
variation (standard deviation/mean diameter) were analyzed by TEM observation.

3. Results and Discussion

The synthesized GNPs showed a red color at the temperature of 23 ◦C and a red–
purple color at the temperature of 80 ◦C (Figure 2a). The absorption spectrum of the
synthesized GNPs confirmed that the full width at half maximum at the peak was increased
by increasing the synthesis temperature (Figure 2b). This expected that the size distribution
of the GNPs synthesized at 80 ◦C was large in comparison with that at 23 ◦C. From
the analysis of TEM images (Figure 2c), it was confirmed that the mean diameter of
the synthesized GNPs showed 12.1 nm at the temperature of 23 ◦C and 13.7 nm at the
temperature of 23 ◦C. On the other hand, the coefficient of variation of the synthesized
GNPs showed 0.17 at the temperature of 23 ◦C and 0.28 at the temperature of 80 ◦C.
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Figure 2. (a) Photograph and (b) absorbance spectrum of GNPs. (c) TEM images of the synthesized
GNPs at the flow rate of 0.05 mL/min.

These results indicated that the mean diameter of GNPs synthesized at the temperature
of 80 ◦C increased by 13% and the coefficient of variation increased by 65%. Increasing
synthesis temperature was attributed to the wide size distribution of GNPs.
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