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Electrodeposition of Gold Nanostructures at the Interface
of a Pickering Emulsion
Samuel G. Booth,*[a] Rafgah G. Alghamdi,[a] Domagoj Belić,[a, b] and Mathias Brust*[a]

The controlled electrodeposition of nanoparticles at the surface

of an emulsion droplet offers enticing possibilities in regards to

the formation of intricate structures or fine control over the

locus or duration of nanoparticle growth. In this work we

develop electrochemical control over the spontaneous reduc-

tion of aqueous phase Au(III) by heterogeneous electron trans-

fer from decamethylferrocene present in an emulsion droplet –

resulting in the growth of nanoparticles. As gold is a highly

effective conduit for the passage of electrical current, even on

the nanoscale, the deposition significantly enhances the current

response for the single electron transfer of decamethylferrocene

when acting as a redox indicator. The nanostructures formed at

the surface of the emulsion droplets were imaged by cryo-TEM,

providing an insight into the types of structures that may form

when stabilised by the interface alone, and how the structures

are able to conduct electrons.

Liquid/liquid interfaces have numerous applications in phase

separation procedures, sensing, catalysis, and growth or

assembly of nanoscale structures. Due to the high surface

tension between two immiscible liquids there is a significant

energetic benefit to the assembly of nanostructures between

the two fluids to reduce the area in contact. Such systems have

been observed since early work on the spontaneous deposition

of metals or the development of Pickering emulsions.[1] The

thermodynamic factors have been explained in the works of

Binks et al., with informative graphical depictions of the energy

well provided for voltage induced assembly by Flatte et al. and

for spontaneous particle assembly in the recent work of

Smirnov and co-workers.[2] The adsorption of pre-formed

structures and in situ metal deposition has been covered in a

number of comprehensive review articles.[2d,3] Electrochemical

control over the deposition of metallic structures at a liquid/

liquid interface has been an area of high interest following the

development of a 4-electrode system which enables researchers

to apply a potential directly to the interface.[4] In such a system

control over the reduction of a metal precursor may be

provided by an overpotential at the liquid/liquid interface to

drive interfacial electron transfer or alternatively through the

Gibbs free energy of ion transfer DGaq
org between the two

phases.[5]

However, it is also possible to control heterogeneous redox

reactions at the surface of a Pickering emulsion, including metal

reduction protocols.[6] Sachdev et al. have shown that an

organic phase reducing agent is able to drive the deposition of

gold at the surface of well-defined droplets within a micro-

fluidic system.[7] This system interested us in relation to the

work of Mirceski and co-workers on the deposition of gold and

silver at the surface of a thin film electrode.[8] Such work

showed that the spontaneous or controlled metal deposition

blocked the interface to ion transfer and therefore reduced the

current response observed during cyclic voltammetry (CV).[9] In

contrast, the 3-phase boundary with a Pickering emulsion has

shown that nanoparticles have the capacity to transfer

electrons from the electrode surface through an electron

hopping mechanism.[10] In this work we report on the electro-

chemically controlled deposition of gold nanoparticles at an

aqueous/trifluorotoluene (TFT) interface. The growth has been

examined through electrochemistry, with the use of cryo-TEM

to image the structure of the interfacial deposits. The electro-

chemically controlled deposition allows for the regeneration of

the reducing agent therefore establishing the possible develop-

ment of a system for continuous colloidal gold formation.

As shown previously, ferrocene and its derivatives are

effective reducing agents for aqueous [AuCl4]�.[7–8,11] In this case

decamethylferrocene (DMFc) was utilised as it is stable to

photo-degradation and has a very low solubility in the aqueous

phase (Figure S1). Scheme 1 depicts the processes occurring

within an emulsion microdroplet on the electrode surface.

Initially there is a spontaneous electron transfer reaction

between the DMFc within the TFT droplet and aqueous phase

[AuCl4]� (1). If a low DMFc concentration is employed, then the

species is rapidly depleted,forming DMFc+ within the droplet

as the gold is deposited. Under an applied potential, DMFc is

instead replenished at the electrode enabling further gold

deposition (2). Once the Au0 begins to build up at the surface

of the droplet it is able to act as a conduit for the electrons

between the electrode and the reducing agent (3). As this

process increases the effective surface area of the electrode the

current for the DMFc Ð DMFcþ redox reaction is seen to

increase significantly.
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Division of Materials Physics,
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Equation 1 gives the overall reaction for the reduction of

Au(III) by DMFc, where aq, org and i refer to the aqueous phase,

the TFT phase and the interface respectively.

Hþ AuCl4½ ��aq þ 3DMFcorg ! Au0
i þ 3DMFcþorg þ 3 Cl�aq þ HClaq

ð1Þ

The reduction leads to the build-up of negative ions within

the aqueous phase and positive ions within the organic phase.

The electroneutrality of the interface is maintained during the

reduction procedure through the transfer of background

electrolyte, ClO4
� ions, between the phases (Equation 2).

3 ClO4½ ��aq ! 3 ClO4½ ��org ð2Þ

The system can be evaluated through cyclic voltammetry. In

order to see the initial depletion of the organic phase DMFc

through the spontaneous reduction of aqueous [AuCl4]� an

emulsion was formed and allowed to stand for 10 minutes.

Subsequently, the CV was conducted with an onset potential

above that required to reduce DMFc+. The E1/2 for the reversible

single electron transfer of DMFc occurs at ca �0.005 V vs Ag/

AgCl. When the CV was performed with an initial potential of

0.0 V it shows that on the forward scan there was no signal for

the oxidation of DMFc as the species has undergone complete

conversion. On reversing the scan direction, the peak corre-

sponding to the reduction of DMFc+ is clearly present.

Subsequent scans were conducted, again with a 10 minute wait

time (open circuit potential) between measurements. The inset

of Figure 1 shows the 2nd, 3rd and 4th scan. On each scan the

positive peak current increases. As [AuCl4]� is depleted in the

aqueous phase, less DMFc is consumed through reduction

leading to a more symmetrical CV.

As discussed with reference to the overall reaction scheme

the gold, once present at the droplet interface, should be able

to act as a source and sink of electrons enabling transfer

between the electrode surface and DMFc+ species. This is in

marked contrast to a thin film system where there is no direct

contact between the electrode and the growing nanostruc-

tures. CV analysis makes it possible to see clear differences in

the behaviour in the emulsion system compared with that of a

thin film (Figure 2). In these systems the samples were

assembled and measured without any initial wait time in order

to follow the complete reduction process.

In the presence of [AuCl4]� in the emulsion system (Fig-

ure 2a) the growth of Au nanoparticles results in a dramatic

enhancement of the DMFc current response. The figure inset

shows that the current rises slowly at first, followed by a more

rapid increase before reaching a plateau. This increase in

current is due to electron transfer through the Au species to

the electrode surface via an electron hopping mechanism,

comparable to that proposed by Marken and co-workers.[10a]

Therefore the growth of gold over the droplet surface, in direct

contact with the electrode, causes an increase in the electrode

surface area and accordingly, an increase in the current

response. This response is significantly different to deposition

on a thin organic film (Figure 2b).[8] When a thin film is formed

there is no direct contact between the electrode and the

interface between the two phases and therefore as the metal

grows it only acts to reduce the organic/aqueous interfacial

area.

Therefore, if instead of an emulsion, we form a thin film of

the organic phase on the electrode the current decreases

dramatically with time until it is almost completely suppressed

by blocking of the background electrolyte transfer (CVs and a

schematic of the mechanism are shown in Figure S3). In

comparison, the response in the absence of [AuCl4]� (Figure S4)

shows that the signal remains largely unaltered with time.

There is a slight decrease in the current which would be linked

to the concentration gradient of DMFc+ leading to diffusion

away from the electrode.[12] The active surface area of the

electrode can be examined by comparing the emulsion droplet

and thin film configurations. For a thin film in the absence of

gold, the current peak maximum for the oxidation of DMFc (Ip)

is ~360 mA (data not shown). This value indicates that when the

electrode is immersed in the emulsion, the droplets attach to

Scheme 1. Illustration of the reactions occurring within the emulsion droplet.
(1) Organic phase DMFc reduces aqueous Au(III) [AuCl4]�, forming nano-
particles. The charge is compensated by transfer of background electrolyte.
(2) DMFc+ is regenerated into DMFc at the electrode surface. (3) As Au0

grows on the surface of the droplet DMFc+ can be reduced through electron
hopping.

Figure 1. Cyclic voltammogram for emulsion droplets formed when 250 mL
of TFT containing 20 mM DMFc and 0.1 M TBAClO4 were added to 4 mL of
1.45 mM HAuCl4 solution with 0.1 M LiClO4. CV scans were performed at
200 mV s�1. The inset shows multiple scans, the delay between each scan
was 10 minutes.
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the electrode with a coverage of ca 30 % of the electrode area.

Examining the gold growth over time, there is ~175 % increase

in current. This suggests a significant amount of nanoparticle

formation creating structures which have a sufficiently short

inter-particle spacing to allow electron tunnelling between

particles.

Whilst not under electrochemical control, we have been able

to image the particles on the surface of an emulsion in situ by

cryo-TEM (Figure 3 and SI). There have been some recent reports

into the use of cryo-TEM to image particles in emulsion droplets

and vesicles as the technique does not require any drying steps

and therefore offers a better representation of such systems than

traditional EM.[13] The emulsion was formed using sonication in

order to form droplets that were small enough to provide

sufficient contrast to image under TEM. As the DMFc species could

not be replenished in the absence of electrodes, a higher initial

concentration was used (100 mM instead of 20 mM). Figure S6

shows the electrochemical response for this system indicating an

enhancement of the current in the presence of [AuCl4]�, verifying

the applicability to the electrochemical system. Microscope images

of the droplets under electrochemical conditions are provided for

comparison (Figure S7).

When imaging, it was found that the oil droplets would

preferentially sit on the carbon film itself, adjacent to the holes in

the grid. The arrows in Figure 3a indicates the significant features

within the micrographs:- the holes in the carbon film (orange), the

regions where glass-like ice had formed from the aqueous phase

(blue), the oil droplets (red) and the gold nanoparticles (yellow).

Some nanoparticles were found closely associated with oil

droplets although not directly attached as in Figure 3b. We

suggest that this is due to the blotting step to remove excess

liquid which may have lifted some particles from the surface of

the droplets. No nanoparticles were visible in the regions between

emulsion droplets confirming the strong affinity between the

particles and the emulsion interface. Figure 3c, d and e show the

different types of particle visible on the surface. Primarily

individual or partially aggregated spherical particles (c), fractal

growths (d), and dense multilayer regions (e). The fractal growths

suggest diffusion limited growth as the [AuCl4]� is consumed from

the aqueous phase.[14] We propose that electron transfer to the

surface of the electrode would occur readily through regions of

dense multilayer structure as identified in (e).

In conclusion, this work demonstrates the possible introduc-

tion of electrochemical control to the growth of gold nano-

particles by inhibiting the spontaneous chemical reaction and

driving the redox process sequestered within organic droplets

attached to an electrode surface. The organic species DMFc acts

as both a reducing agent and redox species. A significant increase

in current is observed following the deposition of Au which is able

to conduct electrons, therefore extending the electrode surface

area. If instead there is no direct contact between the 3 phases

then the current is reduced through blocking of the interface. The

observed increase in electron transfer current is supported by

cryo-TEM which shows extended Au nanostructures on the surface

of the droplets. With incisive application of ligands which remove

the particles from the surface of the droplets this system may be

developed to drive the continuous growth of nanoparticles under

electrochemical control.

Experimental Section

To form the emulsion, DMFc (x mM DMFc where x = 20 or 100 mM)
and background electrolyte (TBAClO4, 0.1 M) in trifluorotoluene
(TFT) was added to an aqueous electrolyte (0.1 M LiClO4) containing
y mM HAuCl4 (y was 1.1 mM for 0.3 mL of organic or scaled with
volume to keep the same proportions). The phases were shaken for
30 s and the electrodes added. Electrochemical measurements
were performed on an Autolab PGSTAT20, using a 3-electrode set
up with a glassy carbon working electrode, coiled Pt counter
electrode and Ag/AgCl reference electrode in 1 M KCl. Cryo-TEM
was performed on a FEI Tecnai Spirit G2 BioTWIN TEM using a
Gatan 626 cryogenic sample holder at �179 8C. Complete exper-
imental details are provided within the SI.

Figure 2. Cyclic voltammetry in (a) emulsion droplets formed by 300 mL of
TFT in 6 mL aqueous solution or (b) an organic TFT thin film on the electrode
surface. In both cases TFT contained 20 mM DMFc and 0.1 M TBAClO4 and
the aqueous phase contained 1.1 mM H+[AuCl4]� and 0.1 M LiClO4. CVs were
performed at 200 mV s�1. The CVs started at �0.6 V, each time plotting the
second of 2 scans. The samples were left at open circuit potential between
measurements.
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Figure 3. Cryo-TEM images of a droplet of oil in water emulsion. The aqueous phase contains 0.9 mM HAuCl4 and 0.1 M LiClO4. The TFT phase contains
100 mM DMFc and 0.1 M TBAClO4. The phases were emulsified by sonication prior to the addition of HAuCl4. The sample was allowed to react for 5 minutes
and then dropped onto a TEM grid for flash freezing. (a) The orange arrow points to a hole in the carbon TEM grid, the blue arrow points to the start of the
ice phase indicating that the oil droplet is still contained within a bulk aqueous solution, the red arrow indicates the TFT droplet, and the yellow arrow
identifies gold nanoparticles at the emulsion surface. (b) An emulsion droplet showing different types of gold growth found on the droplet surfaces: (c)
individual particles, (d) fractal structures, and (e) dense multilayer species. (f) Shows a larger droplet where the density of the organic phase reduces electron
penetration, the presence of gold can still be seen around the edges of the droplet.
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