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Abstract: Monodispersed near-sphere and flake gold powders were prepared by the direct reduction of

chloroauric acid tetrahydrate (HAuCl,-4H,0) in water. using ascorbic acid (VC) as the reducing agent and

lineal polyethyleneimine (L-PEI) as the surfactant. SEM, XRD and laser particle sizer were used to test the

morphology, size, crystal form and dispersity of obtained gold powders. The molar ratio of VC to

HAuCl, 4H,0, concentration of L-PEI, temperature as well as pH value of the reaction solution were

investigated, and their effects on morphology and size of near-sphere and flake gold particles were discussed.

The conditions for preparing near-sphere and flake gold powders in range of one to several micrometers

were optimized. Possible explanations for the nuclei formation and growth of near- sphere and flake gold

particles were also proposed.

Key words: metal materials; near-sphere gold; flake gold; preparation; characterization

CLC number: TB831

Document Code: A Article ID: 1004-0676(2017)01-0015-07

B Sy BGE KL R0 PR €45 B0 8 R RAE

7 B, Fas, YU, x4k, UK, Fhw, £

=, WEE, K I

SWHEL AR AR 5t R LR AT HoR E R E s s, BW 650106)

@ ZE: vA HAuCl,-4H,0 AHATIRAR, 3R (VC)A &R A,

KM I T B RE(L-PEI) A &R @& M

FAERAR & T B A IR Ao B RAH. RA SEM. XRD Foifl ks B At 9 5%,
Kifd. i fe R MBAT T MXAnRAE, PR T R A Ao 2B IR E Rk, L-PEI JRAE. REA

BRL 7 0 pH 2 L3RI Fo AR 09 T et e Kol 69 %)

. T RSB IRT Ao B KA

WO BOLFA, BIRTALAR S T 3R Ao i RS 0 s A A dh A% 2 K 09 7T BEARAE.
KR &RAA BB hRER #E KIE

The properties and applications of metal powders
are mainly determined by their shape, size,
crystallization, composition and dispersity. Mono-
dispersed near-sphere and flake gold powders have
demonstrated great potential for applications in many

fields especially in forming various kinds of gold
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pastes in thick film technologies' ™. Flake gold
powder can offer features and advantages difficult to
be achieved by spherical gold powder such as rheo-

logical properties, better conductivity and good

[5-8

sintering properties” ™. Gold powders with a diameter

of about one to several micrometers are widely used in
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forming gold pastes suitable for low temperature
co-fired ceramic technologies abroad™ > *'2,

So far, a number of experimental methods have
been developed by researchers for the preparation of
gold nanoparticles with various shapes including
one-dimensional (1D) or 2D morphologies such as
nanocubles, nanowires, nanorods, nanoribbons and

(13-16) However, it is still a

nanosheets and so on
challenge and an important task to produce mono-
dispersed near-sphere and flake gold powders in the
range of a few micrometers in an industrial way

(571013171 11y this work, we developed a

domestically
simple way to obtain monodispersed near-sphere and
flake gold powders by reduction of chloroauric acid
tetrahydrate (HAuCly-4H,0) using ascorbic acid (VC)
as reducing agent and lineal polyethyleneimine (L-PEI)
as surfactant in water under mild stirring and can be
easily realized for massive production.

The reduction of chloroauric acid tetrahydrate
(HAuCly-4H,0) to produce various shapes of nano-
meter scale gold powders by VC is a simple process
which has been studied at detail by many previous

researchers® 823

. The reaction only requires the
mixing of the agents at suitable external conditions. As
we know reaction parameters such as the reactant
concentrations, temperature and pH value of reacting
solution all have an influence on the final morphology
and size of the particles. This study concentrated on
molar ratio between VC and Au, L-PEI concentration,
temperature and pH value of the reacting solution and
their influence on the morphology and size of the final
particles. The selected conditions for preparing
near-sphere and flake gold powders in range of one to

several micrometers were concluded and presented.

1 Experimental

1.1 Chemicals and materials

Chemical purity of ascorbic acid (VC), HCI and
NaOH, were purchased from Sinopharm Chemical
Reagent Co. Ltd.; Lineal polyethyleneimine (L-PEI),
chemical pure, was purchased from Airly Chemistry
Co. Ltd.; Chloroauric acid tetrahydrate (HAuCl,-4H,0)
came from Sino-platinum Ltd.. 0.05 mol/L HCI and
NaOH solution were prepared and used to adjust pH

value of the reaction solution. The water used in the
whole process was ultra-pure deionized water.
1.2 Preparations of monodispersed near-sphere

and flake gold powders

A typical procedure to prepare gold powder was as
follows: 300 mL reducing solution containing VC and
L-PEI was heated to a certain temperature and mildly
stirred by a waterbath magnetic stirrer. Adjust pH
value of the reducing solution by adding drops of 0.05
mol/L HCI or NaOH solution. Then, 25 mL
HAuCl4 4H,0 solution (0.1 mol/L) was added into the
reducing solution dropwise. The mixed solution was
heated and kept at a certain temperature and
magnetically stirred for reaction for at least one hour.
After reaction, gold powder was collected by pouring
out the upper solution and washed with deionized
water several times to remove the remaining reactants.
Finally the purified product was collected and
freeze-dried for further test and characterization.
1.3 Characterization

Hitachi scanning electron microscope X-650 was
used to analyze the morphology and measure particle
size of prepared gold powders. The XRD pattern of
prepared gold powders were conducted on a
diffractometer (Ultima-III, Rigaku) with Cu K,
radiation. Characterization of size distribution of gold
powders were dispersed in deionized water and taken
on a Malvern 3000 Master Sizer.

2 Results and discussions

2.1 Preparation of near-sphere gold powder

Sphere is the lowest-energy shape, simple
reduction generally results in the formation of spherical
particles. Each one of these parameters (reducing agent
to gold ratio, concentration of surfactant, temperature
and pH value of reducing solution the way of adding
and so on) has a substantial influence on the final shape
of the particle!® * 2", Although the exact role of these
parameters in determining the morphologies is not yet
fully understood, it is not difficult to get sphere or
near-sphere shaped particles by controlling the
experiment parameters.

Fig.1 showed the gold powders prepared with 0.4

g/L L-PEI concentration at 20°C, pH=4.0 were near-
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sphere in shape, the average particle size (Tab.l)
gradually decreased from 1.2~1.4 pum to 0.7~1.0 um
with increasing molar ratio (n(VC)/n(Au)) from 4:1,

6:1 to 8:1, and remained about the same when
n(VC)/n(Au) ratio was 10:1.

(a). S-1: n(VC)/n(Au)=4:1; (b). S-2: n(VC)/n(Au)=6:1; (c). S-3: n(VC)/n(Au)=8:1; (d). S-4: n(VC)/n(Au)=10:1

Fig.1 SEM images of near-sphere gold powders prepared with different n(VC)/n(Au) ratios
B 1 ASF n(VCY/n(Au) L] 6 BT ERTE Sp 131 1 L B 4R

Tab.1 Experiment parameters and size of prepared gold
powders
1A e A SR S HORNTR AR
No. n(VC)/n(Au)

Average sphere particle size/um

S-1 4:1 1.2~14
S-2 6:1 0.9~1.2
S-3 8:1 0.7~1.0
S-4 10:1 0.7~1.0

2.2 Preparation of flake gold powder

Generally, preferential and directional growth of
particles result in anisotropic growth which finally
leads to flake or other anisotropic morphologies
although the exact mechanisms for the formation of
these morphologies has not been fully understood yet.
Researches pointed out that referential adsorption of
some molecules to specific facets can hinder or
enhance the crystal growth in some directions'” "',
however reacting conditions such as temperature, pH

value of reacting solution and other parameters may

also contribute to anisotropic growth of crystals. By
continuously increasing concentration of L-PEI,
anisotropic growth of gold particle was observed. By
increasing L-PEI concentration from 0.6 to 1.5 g/L, the
prepared gold powders were a mixture of near-sphere
and flake with about the same diameter. However, the
ratio of gold flake tend to rise as L-PEI concentration
increased from 0.4 to 1.0 g/L. Although the exact
mechanisms for the formation and increase of these
flake was not clear, we could conclude that the
increasing concentration of L-PEI enhanced the
anisotropic growth of gold into flake. When L-PEI
concentration was 1.5 g/L the ratio of flake did not
show obvious increase. Fig.2 indicated that with an
increasing concentration of L-PEI, the average particle
size of near-sphere gold decreased slightly from
0.7~1.0 um to 0.5~0.6 um, but the diameter of gold
flake L-PEI
concentration 1.0 g/L was chosen and fixed for further

remained unchanged. Therefore

experiments.
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SPM-S3400N 15.0kV.9.9mm x10.0k SE 4

(a). $-5: p(L-PED)=0.6 g/L; (b). S-6: p(L-PEN=0.8 g/L; (c). S-7: p(L-PEN=1.0 g/L; (d). S-8: p(L-PED)=1.2 g/L

Fig.2 SEM images of gold powder prepared with different L-PEI concentrations
Kl 2 AN L-PEL ¥R FZ T 4 ) o 1 4 rEL 5 TR

Our target was to reduce the percentage of

near-sphere particles and prepare gold powder with
over 90% flake. Fig.3 showed the gold powders

) g
- - ) [ A
SPMES3400N 150K\, 9.8mih X100k Sk _

prepared at lower pH values, 3.0 and 2.0, while L-PEI
concentration=1.0 g/L, n(VC)/n(Au)=8:1 and the
temperature remained 20°C.

SPM-=S3400N"15.0kV" 5.2mm,x10.0k SE

(a). S-9: pH=3.0; (b). S-10: pH=2.0

Fig.3 SEM images of gold powder prepared at low pH values
P 3 iR pH R o et i R e B MR

The SEM showed that when pH value of reaction
solution reached 2.0 although the ratio of near-sphere
gold in prepared gold reduced, deformed flakes and
agglomeration was observed, the results indicated
decreased particle size of near-sphere and diameter of
gold flake as well (Tab.2). So pH=3.0 is appropriate for
the reaction solution.

Tab.2 Morphologies and diameter of gold powder prepared
at low pH values
2 A% pH P A 0 ok R SRR R A

Average size/um

No. pH

Morphology
Sphere particle Flake diameter

0.5~0.6 2~3

S-9 3.0 near-sphere and flake

near-sphere and

S-102.0 deformed flake

0.2~0.4 0.9~1.5
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Tab.3 showed experiment parameters, average
particle size and morphologies of gold powder
prepared at different temperatures. Average particle
size and diameter of flake increased with rising
temperature, the percentage of flake increased as well
which could be seen from Fig.4. However, when
temperature of reaction solution reached 50°C the flake
stacked together due to rapid nuclei formation and
crystal growth which could be observed from
experiment (Fig.4(c) and (d)). So the appropriate
temperature for preparing gold flake powder was
30~40°C.

i

SPM-S3400N 15.0kV 10.0mm x1a Ok SE

SPM=S3400N 15.0kV 10.2mm x10.0k SE

Tab.3 Morphology of gold powder prepared at different
temperatures
R 3 ANIRHELFER T 4% 1 ok T 30
T/ Average size/pm

No. Morphology
C Sphere particle Flake diameter

near-sphere

S-11 30 0.5~0.8 2~4

and flake
S-12 40 0.5~0.8 4~6 flake
. N near-sphere and
S-13 50 0.6~1.0 4~8 stacked flake
S-14 60 0.6~1.0 7~10 stacked flake

5.00Um | SPM-S3400N 15.0kV 10,6mix10.0

(a). S-11: T=30°C; (b). S-12: T=40°C; (c). S-13: T=50C; (d). S-14: T=60C

Fig.4 SEM images of gold powder prepared at different temperatures

Fig.5 showed powders prepared under the selected
condition as: n(VC)/n(Au)=8:1, L-PEI concentration
=1.0 g/L, pH=3.0, temperature 40°C. It can be seen the

SPM-83400N 15.0kV 9:.9mm x2,00k SE

4 ARGV ] 45 1 ok B H L B R

powder was over 90% gold flake with a few
near-sphere particles, and the thickness was about 290
nm.

SPM-S3400N 15.0kV 10.0mm x30.0k SE

Fig.5 Different magnification SEM images of powder samples (S-12) prepared under the selected condition
5 IR ZAE T i % (0 IR SR i (S-12) A RECK A8 S B 1R
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2.3 Size distribution of the prepared powders
Both of the XRD patterns (omitted in this article)
of near-sphere gold powder and flake gold powder are
the same, and showed strong diffraction peak at 38.9°,
which is ascribed to the {111} facet of face-centered
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cubic metal gold structure. It means that the existing
status of gold powder is crystal.

Characterization of size distribution of two gold
powders was conducted and shown in Fig.6.
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(a). S-1; (b). S-12
Fig.6 Size distributions of (a) near-sphere gold powders and (b) flake gold powder
Kl 6 BRI M (a) B2 P R <G8 (b) FRDRE RE 73 A ]

The results indicated that both the near-sphere
gold powder and flake gold were monodispersed, Dy,
of each powder is 3.99 and 6.24 um, respectively.

3 Conclusions

1) Gold powders prepared at a relatively low
L-PEI concentration (0.4 g/L) were near-sphere in
shape, and the average particle size can be adjusted by
n(VC)/n(Au) under these reduction conditions.

2) Gold powders prepared at different L-PEI
concentration (0.4, 0.6, 0.8 and 1.0 g/L) were a
mixture of near-sphere and flake in shape, the
increasing concentration of L-PEI enhanced the
anisotropic growth of gold into flake. The percentage
of flake increased with L-PEI
concentration as well.

and diameter

3) pH value and temperature of the reduction
solution also have an influence on the formation and
percentage of gold flake. The flake deformed and
agglomerated when pH=2.0 and stacked together at
high temperature due to rapid nuclei formation and
crystal growth.

4) The selected condition of preparing near-
sphere gold powder was n(VC)/n(Au)=4:1, L-PEI

concentration=0.4 g/L, pH=4.0 and temperature=20C,
the powder was monodispersed and good crystal-
lization of pure gold with a diameter of 1.2~1.4 pm.

5) The selected condition of preparing gold flake
was n(VC)/n(Au)=8:1, L-PEI concentration 1.0 g/L,
pH=3.0 and temperature 40°C, the prepared gold flake
was monodispersed and good crystallization of pure
gold with a diameter of 4~6 pm and 290 nm in
thickness.
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