Gold nanowire synthesis by semi-immersed nanoporous anodic aluminium oxide
templates in potassium dicyanoaurate-hexacyanoferrate electrolyte
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The synthesis reaction of potassium dicyanoaurate-hexacyanoferrate electrolyte and the pertinence of this electrolyte for gold nanowire
synthesis are reported. Gold nanowires were synthesised in anodic aluminium oxide (AAO) nanopores using an improved design of the
electrochemical cell. AAO templates with thick gold layers were placed on the surface of the electrolyte, thus the ends of the nanopores
were opened, allowing the electrolyte to freely diffuse into the nanopores, extruding gases. The presented procedure simplifies the
preparation before nanowire synthesis: AAO templates before synthesis do not need to degas and isolate themselves from contact with the
electrolyte by a parafilm or a non-conductive adhesive. A considerably faster nanowire growth in the given conditions in the case of a
semi-immersed AAO template when compared with the complete immersion method is reported. For comparison with literature data, gold
nanowires were synthesised by the classical electrochemical cell using potassium dicyanoaurate-citrate electrolyte. Long, smooth and high

purity nanowires were obtained using semi-immersed templates.

1. Introduction: Gold nanowires are of interest to diverse
communities of nanoscience research and nanosensor
development. They have good electrical conductivity and are
chemically inert. Application examples include biosensors [1, 2],
nanoelectronics [3] or plasmonic devices [4]. Several nanowire
synthesis methods exist, for example, lithography, photochemical
synthesis, chemical reduction and electrochemical deposition [5-9].

Until recently, gold nanowires were successfully fabricated from
electrolytes which contain cyanides [10, 11], sulphites [12] and
other corrosive or health-endangering gas-releasing chemicals
[13]. In some cases, nanowires were fabricated from electrolytes
which also consist of heavy metals, for example, Co, Ni and Cu
[10, 11, 13]. Some studies [14—18] show that Au can be deposited
from cyanide-free electrolytes. However, such studies are relatively
few. Gold(I) sulphate and gold(I) thiosulphate electrolytes are
more difficult to use because of insufficient compound stability.
Auro-organic complexes are more stable; however, quality pro-
blems regarding the appearance and thickness of coating have
been reported [15]. Another electrolyte used for gold nanowire
fabrication is potassium dicyanoaurate-hexacyanoferrate electro-
lyte, which is known as a gold-plating electrolyte [19, 20]. In
contradistinction to other cyanide-containing electrolytes, this elec-
trolyte is safer for use because harmful gases are not produced
during the nanowire deposition process. Components of this electro-
lyte are stable in weak acid and neutral solution, which allows the use
of sodium carbonate as a neutralising agent for freed cyanide ions.

Typical electrochemical methods for gold or other metal nano-
wire fabrication include complete immersion of electrodes in the
electrolyte solution [9-14]. To control the direction of metal-ion
flow, the back side of the nanoporous material, for example,
anodic aluminium oxide (AAO), is protected from interaction with
the electrolyte solution by a non-conductive material [21-24].
Such pores are often filled with air or other gases, produced in the
process of water electrolysis or the electrolysis of indifferent electro-
lyte components, which may prevent metal-ion diffusion into pores.
To remove the gases, electrochemical cells can be connected to a
vacuum [24, 25]. Gas removal is particularly important during the
initial stage of nanowire growth.

In this Letter, we demonstrate the successful use of potassium
dicyanoaurate-hexacyanoferrate electrolyte for gold nanowire
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production. We studied reactions of electrolyte synthesis and
adapted the method for nanowire deposition. A further change to
the process was the placement of the porous AAO template onto
the surface of the electrolyte, instead of complete immersion in the
electrolyte solution. Thus, the back side of aluminium oxide with a
thin layer of noble metal was protected from interaction with the
electrolyte without the use of seals, plasters or non-conducting
adhesives which may contaminate the electrolyte and nanowire.
We refer to this as ‘semi-immersed template’ in this Letter.

2. Experimental

2.1. Preparation of potassium dicyanoaurate-hexacyanoferrate
electrolyte: Adjustments of the component ratio, pH value and
mixing sequence were introduced to the methods reported in the
literature [19, 20]. A 0.2 M chloroauric acid solution was added
to a 0.2M potassium hexacyanoferrate(Il) solution until blue
precipitates of iron(Ill) hexacyanoferrate(I) stopped forming (1),
(2). Thereafter the solution was heated to 80°C to decrease the
hydrogen cyanide concentration in the electrolyte and then left to
cool to room temperature. The solution was neutralised by
potassium carbonate to pH 5-7. After stratification, the pale
greenish-yellow  solution  of  potassium  dicyanoaurate-
hexacyanoferrate was separated for experiments. The prepared
solution contained 1-4g Au/l. Ultraviolet (UV) spectra of
reactants and products were obtained by UV/Vis spectrophotometer
Perkin Elmer Lambda 25.

4H[AuCI,](IIT) + 9K ,[Fe(CN), ](I1) — 4K[Au(CN), |(I)
+ Fe,[Fe(CN)g],J (1) + 2K [Fe(CN), | (I1I)
+ 16KCl 4 10KCN + 4HCN 4 1)

6H[AuCl,] + 7K, [Fe(CN)s] — 6K[Au(CN), | + Fe,[Fe(CN)],
| +22KCI+2HCI+2H, 1 (2)

The quality of the prepared electrolyte was verified using two
methods: by depositing the mass of gold on the plate electrode
and by cyclic voltammetry. For the first method, gold was
deposited a constant voltage of 2 V. The observed current density
was 11-14 mA/em®. An Autolab PGSTAT30 potentiostat was
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used for the cyclic voltammograms obtaining a potential scan
from —1.3V to +1.3 V. The scan step was 0.0024 V and the
speed was 0.09 V/s. A calomel reference electrode was used
during the above measurement.

2.2. Gold nanowire synthesis: In the experiments, 45-60 pm-thick
AAO templates (ANOPORE, SPI Supplies) with 100 nm pore
diameter were used. The AAO templates were treated with 0.5 M
orthophosphoric acid for 70 min at 20-25°C to remove the barrier
layer and to expand the pores. As a result, the pore diameter was
enlarged from 100 to ~150 nm. The back side of the AAO
template was then coated with a 50-100 nm-thick gold layer by
using the etching and coating system Gatan 682. The thickness of
the gold layer was kept 5-50% less than the diameter of
nanopores, which leaves the ends of nanopores open to allow gas
to diffuse. The prepared AAO-gold structure was used as a
cathode. A platinum electrode was used as an anode and an
Ag-AgCl electrode was used as the reference electrode.

Gold nanowires were produced with porous material placed on
the electrolyte surface. Fig. 1 shows the design of the electro-
chemical cell. A platinum wire spring was attached to the gold
layer using conductive glue. The diameter and number of plat-
inum spiral turns depend on the AAO template size. AAO was
placed on the electrolyte for a few seconds and then was lifted
(a fraction of a millimetre at a time) until a concave meniscus
was formed. The meniscus indicates that the electrolyte is
wetting the foil and has entered into the nanopores of the AAO
template by capillary forces. The spring force was kept in
balance with the surface tension of the electrolyte to allow the for-
mation of a concave meniscus between the electrolyte and the
nanoporous material. The experimentally determined optimal
tension of the platinum spring was 5.4-5.6 mN/cm?

For the purposes of comparison, gold nanowires were also pro-
duced by complete immersion of the porous material into the elec-
trolyte in a classical electrochemical cell [9-14] from potassium
dicyanoaurate-citrate electrolyte, which was prepared as described
in [5] from 25 mg potassium dicyanoaurate(I), 730 mg diammo-
nium citrate, 236 mg succinic acid, 45 mg oxalic acid dihydrate
and 384 mg citric acid. Each component was dissolved in 1 ml dis-
tilled water and the solutions were subsequently mixed. Before
nanowire synthesis, the metal parts of the AAO template were iso-
lated from contact with the electrolyte by a parafilm or a non-
conductive adhesive. To remove any air from the AAO pores, the
prepared template was immersed in the electrolyte solution and
evacuated by a vacuum pump. The concentration of gases in the
electrolyte was decreased in the pumping process, so all of the
bubbles from AAO nanopores were dissoloved.

The nanowire deposition process was controlled by a potentiostat
(Autolab PGSTAT 30). The parameters of gold deposition were as
follows: for the first 5-7 s the potential was —0.9 V, the current
was —1 to —2 mA, the work potential —1.2 V, the current flow

reference
electrode cathode anode

gases
back
side h gold
layer
front -
side nanopore
of AAO

electrolyte

Figure 1 Electrochemical cell for AAO template placement on the electro-
Iyte surface (semi-immersed template)
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was —4 to —5 mA/cm?, and the electrolysis time was 3 h. The elec-
trolyte was stirred and heated at 40-50°C.

To analyse the resulting filling quality and determine the nano-
wire density, the AAO was dissolved in 0.5 M orthophosphoric
acid for 10-15 min [26, 27] from the template front side. To clear
the nanowires from deposited Au on the AAO surface and membrane
residues, the surface was subsequently etched by Arions at an energy
of 9.5 keV and at a current of 600-614 pA for 4-6 min at an etching
angle from 22.5° to 45°, with sample rotation using a Gatan precision
etching coating system. The resulting gold nanowires were
characterised by field emission scanning electron microscope
(SEM) Hitachi S-4800 with EDX analyser B-QANTAX, Energy
Dispersive Spectrometer Quanta (detector type XFlash 5010).

3. Results and discussion
3.1. Analysis of potassium dicyanoaurate-hexacyanoferrate
electrolyte: Fig. 2a shows the UV spectra obtained for the
reactants and products of the chemical reaction of potassium
dicyanoaurate-hexacyanoferrate synthesis. The reactants absorb
UV-light: H[AuCly] reaches absorbance maximum at 287 nm and
K4[Fe(CN)g] — at 325 nm. During the synthesis reactions (1) and
(2), by mixing these components, gold(Ill) in the H[AuCly]
molecule reduces to gold(I) and forms the K[Au(CN),] molecule,
which has an absorbance maximum plateau from 200 to 250 nm.
At the same time, iron(II) in K4[Fe(CN)4] oxidises to iron(III)
and forms the K5[Fe(CN)4] molecule with absorbance maximums
at 260 and 306 nm. The obtained absorbance spectra of the
compounds used in electrolyte preparation were in agreement
with the UV-spectra from the literature [28-31] and confirm that
electrolyte synthesis followed according to reactions (1) and (2).

Fig. 2b shows the changes in UV-light absorbance of the potas-
sium dicyanoaurate-hexacyanoferrate electrolyte during gold nano-
wire synthesis. Initially, the absorbance maximum at 306 nm and
absorbance maximum plateau from 200 to 250 nm were observed,
which correspond to the absorbance of K;[Fe(CN)¢] and
K[Au(CN),], respectively. After nanowire synthesis, the absorbance
maximum plateau changed from 200-250 to 200-260 nm and
absorbance maximum was observed at 325 nm, which coincides
with the UV-spectrum of K4[Fe(CN)g]. This means that K;[Fe
(CN)¢] (Fe — III) was changed into K4[Fe(CN)g] (Fe — II) during
the gold deposition process.

Figs. 3a and b show cyclic voltammograms of potassium
dicyanoaurate-hexacyanoferrate electrolyte. Gold was deposited
on the cathode at potential £e=—-0.61 V as (3) [19, 32]

[Au(CN),] + e — Au’ +2 CN™ 3)

The decomposition potential was —U,=—1.75 V and the overpo-
tential of oxygen discharging on the anode was only 7,,0=0.09 V.
Both maximums at —0.37 and +0.37V were related to the

8 Lo, [ 1 8
% 4 ==-K[Au(CN);] g 4 -=-after
Qs ~—K4[Fe(CN)s]| 2 3

8 ) ---K3[Fe(CN)g] g 5
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Figure 2 UV-spectra of potassium dicyanoaurate-hexacyanoferrate
electrolyte

a Components of synthesis reaction

b Electrolyte before and after gold nanowires synthesis
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Figure 3 Cyclic voltammograms of potassium  dicyanoaurate-
hexacyanoferrate electrolyte for gold deposition

a Full electrochemical window

b Electrochemical window for negative part of potentials, 1 shows cyclogram
of potential of cathode, 2 shows cyclogram of decomposition potential

change of oxidation state of iron in the hexacyanoferrate molecule
as shown by (4) [19, 33]

[Fe(CN)s ]+ ¢ — [Fe(CN)]*™ )

3.2. Comparison of gold nanowires obtained by different filling
methods: For the purpose of comparison of the classical
electrochemical cell and the cell for the semi-immersed template,
gold nanowires were synthesised from potassium dicyanoaurate-
citrate electrolyte. The cross-section of the AAO template with
gold nanowires obtained by the semi-immersed AAO template is
shown in Figs. 4a and b. In the semi-immersed template case,
gold nanowires grew up to 60 um long, extending through the
whole template thickness in less than 3 h. In contrast, after 3 h the
deposition length of the gold nanowire obtained by complete AAO
immersion in the electrolyte solution was limited to approximately
3 um (Figs. 4¢ and d). The experiment conditions for synthesis of
the above samples were the same, except for the immersion of
the template. In both cases, the obtained gold nanowires were
100-150 nm in diameter as governed by the template geometry.
The shorter length of the nanowires obtained by immersion in the
electrolyte can be explained by the sealing the back side of the
membrane. As a result, accumulated gases partly block the pores
and hamper the gold ion flow into the membrane.

The observed current density of gold deposition in a semi-
immersed AAO template was higher than the current density of

40 pm I 5um

Figure 4 SEM images of gold nanowires produced from dicyanoaurate-
citrate electrolyte

a and b By semi-immersed AAO template

¢ and d By complete immersion of AAO template in electrolyte

Micro & Nano Letters, 2014, Vol. 9, Iss. 11, pp. 761-765
doi: 10.1049/mnl.2014.0489

e -=-fully immersed template
Yy p
t —semi-immersed template
o 20
<
E
2 15
7]
c
3
= o]
c
g
1=
3 5
\ IRt
.-"“--------"--—----ﬂ---u
0 T r x x r r r r ]
0 20 40 60 80 100 120 140 160 180

time, min

Figure 5 Change in current density during potentiostatic electrodeposition
of gold nanowires at —1.2 V

gold deposition using a classical electrochemical cell (Fig. 5).
The initial current during the first few seconds of electrolysis is
higher than the observed steady current during optimal nanowire
growth, because a higher charge is accumulated on transitional sur-
faces of the system. For the process with the semi-immersed tem-
plate, it was important not to block the ends of the nanopores
with the gold layer. In this case, the electrolyte wets the surface
of the AAO and quickly soaks through the nanopores into the
gold cover, extruding gas from the nanopores. Thus, the contact
between the electrolyte, the gold layer and the metal wire is estab-
lished. In the case of blocked pore ends, the above processes
hamper metal-ion diffusion into the nanopores and local regions
with a high field gradient arise in the system. As a result, the
process of electrolysis may change the preferred direction. If the
ends of the nanopores are not blocked by gold or another sealing
material, gases diffuse freely into the atmosphere, and nanopore
blocking is less probable. In this case, metal ion deposition stabi-
lises faster and anion diffusion from the nanopores to the outside
bulk solution remains steady.

Fig. 6 shows the SEM image of gold nanowires produced
by the semi-immersed template after AAO dissolution. The nanowire
arrangement is dense and all pores are filled. Although the nanowire
ends appear to have irregular shapes (triangles or polygons), the wires
are cylindrical, with little diameter variation throughout the sample.
The same arrangement was observed for gold nanowires fabricated
by immersion of the sample in the electrolyte.

LN
» ¥
n'l...ﬁ
pi g

Figure 6 SEM image of gold nanowires produced by semi-immersed tem-
plate after AAO removal
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Figure 7 Gold nanowires produced from dicyanoaurate-hexacyanoferrate
electrolyte by semi-immersed AAO template

a SEM image

b EDX spectrum

Fig. 7a shows a cross-section of the AAO template with gold
nanowires produced  from  potassium dicyanoaurate-
hexacyanoferrate electrolyte by the semi-immersed AAO template.
The produced nanowires were 60 um long and 100-150 nm in
diameter as compared to the size of used AAO nanopores. Gold
nanowires formed from dicyanoaurate-hexacyanoferrate electrolyte
were smoother and more uniform in comparison to nanowires from
dicyanoaurate-citrate electrolyte.

Chemical elemental analysis by EDX showed that gold (Au)
nanowires, deposited in the pores of a semi-immersed AAO tem-
plate, were of high purity (Fig. 7b). Aluminium and oxygen were
detected, the presence of which is to be expected from the
remains of the AAO template. No other elements (for example,
iron and potassium) from the electrolyte or silver residues from
the conductive glue could be detected.

4. Conclusion: =~ We have demonstrated an improved
electrochemical cell, in which AAO was placed on the electrolyte
surface. The key feature of the new design is the free flow of
residual gases through the top opening of the pores. The average
achieved nanowire length is 30 to 60 um, which is 10-20 times
longer than the gold nanowires produced by immersion of the
sample in the electrolyte with the same conditions of electrolysis.
Using this method, the isolation of the back side of the AAO
template from interaction with the electrolyte was not needed.
This reduces the risk of electrolyte and nanowire contamination
from isolation material. Gold nanowires produced from prepared
potassium dicyanoaurate-hexacyanoferrate electrolyte are of high
purity and are smoother and more uniform in comparison to
nanowires produced from dicyanoaurate-citrate electrolyte. The
obtained nanowires can be used in various applications, for
example, as electrodes for three-dimensional nanoelectronic
devices or as miniature electric contacts for studies of biological
samples, where processes involving vacuum (e.g. electron
lithography) are not permitted.

5. Acknowledgment: This work was done within the ERAF
project 2010/0251/2DP/2.1.1.1.0/10/APIA/VIAA/096.
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