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ABSTRACT: Electrochemical gold nucleation and nanoparticle growth at a
liquid/liquid interface were examined in situ by combined X-ray fluorescence
(XRF) mapping with a microfocus X-ray beam and X-ray absorption fine
structure (XAFS) spectroscopy. Gold deposition was achieved by reduction of
[AuCl4]

− with tri-p-tolylamine at a water/1,2-dichlorobenzene interface using a
windowless liquid/liquid interface system formed from the contact of aqueous
and organic phase droplets. The combination of XRF and XAFS, with a spatial
resolution of approximately 70 μm, provided chemical speciation information
near the interface under gold deposition conditions. Analysis of the X-ray
absorption near-edge structure (XANES) reveals evidence for the presence of
Au(I) species as a reduction intermediate, concomitant with a buildup of metallic
gold at the interface. Cyclic voltammetry indicates the presence of two ion
transfer peaks at the liquid/liquid interface, which are assigned to the transfer of
[AuCl4]

− and [AuCl2]
−. Finally ex situ TEM analysis shows that the resultant nanoparticles have an average size between 3 and 4

nm. In line with this particle size, the XAFS indicates bulk-like structure.

1. INTRODUCTION

A number of efficient, solution-phase strategies for the
preparation of metallic nanoparticles, generally by reduction
of the corresponding metal ion, now exist.1−6 Gold nano-
particles are among the most widely studied of this class of
materials. Current interest has shifted to understanding the
mechanism of these particle growth processes, both to enable
further optimization of particle preparation and because of the
associated scientific insights.7−10 Nanoparticle formation by
spontaneous (i.e., chemical) reduction is possible in single and
two-phase systems.1−4 Similarly, electrochemical control over
deposition is possible on solid surfaces11−14 or in a two-phase
liquid/liquid (water/immiscible organic solvent) system
forming particles at the interface.15 The liquid/liquid interface
offers a defect-free, repairable point for nucleation and growth
which may provide new information about the deposition
process. Various metals have been generated in nanoparticulate
form by growth at the interface between two immiscible
electrolyte solutions (ITIES), including Pt, Pd, Cu, Ag, Au, and
core−shell particles (Au@Cu).15−21 In this case particles can be
formed either under external potential control, i.e., using a four-

electrode potentiostatic setup, or by interfacial potential control
through use of a “common ion”, where the ionic partition
equilibrium determines the potential.
For gold reduction, there has been a substantial discussion

about the mechanism of the process, specifically on whether it
follows a two-electron reduction from Au(III) to Au(I) or
whether a direct three-electron reduction to Au metal occurs
and to what extent the reduction process is influenced by
disproportionation of Au(I) to Au(III) and Au(0) or of the
reverse comproportionation.22 On thermodynamic grounds,
Au(I) should form at room temperature via comproportiona-
tion as a minor component in aqueous solutions with low
(<10−3 M) gold concentrations or high (>1 M) chloride
concentrations;22 otherwise, in aqueous solution at room
temperature, the reverse disproportionation of [AuCl2]

−

dominates.23 The kinetic stability of Au(I) has also been a
subject of discussion: our most recent electrochemical and XAS
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work suggests that [AuCl2]
− is stable in organic solvent.24,25

This insight is consistent with the demonstration that Au(I)
species are an intermediate in the “Brust−Schiffrin” thiol-
mediated reduction of Au(III) to nanoparticulate Au,8−10 a
two-phase process where the initial Au reduction is performed
in the organic (normally toluene) phase.3,4 Although Au(I) is
not usually considered as an intermediate in the electro-
chemical reduction of Au(III) in aqueous solution, vide infra, it
has been proposed as an intermediate species in some aqueous
reduction processes, for example in the pulse radiolytic
reduction of [AuCl4]

−.26 A further complexity with regard to
the speciation of Au(I) and Au(III) in aqueous solutions is the
pH-dependent stability of the halide ligands. In aqueous
solutions above pH 5, [AuCl4]

− undergoes partial hydrolysis,
with [AuCl3(OH)]

− becoming the predominant species in
solution.27 Similar hydrolysis processes exist for [AuCl2]

− at
acidic pHs and/or low chloride concentrations.23

With regard to the electrochemical reduction of Au(III),
cyclic voltammetry (CV) has generally been used as a tool for
mechanistic studies, although peak assignation for the
deposition process can be complicated when multiple processes
occur in the system. In aqueous solutions the three-electron
reduction from Au(III) to Au(0) has been proposed for the
case of boron-doped diamond electrodes in acidic solution.28

Similarly, the direct three-electron mechanism was concluded
to be the dominant process for Au deposition from
concentrated chloride solutions on carbon (glassy carbon and
pyrolytic graphite) surfaces.22 Other studies of Au deposition
on graphite from concentrated aqueous chloride29 and
perchlorate solutions,30 respectively, have noted that the
process was “complex” but avoided discussion of the operative
deposition mechanism by writing the deposition process as a
“global” three-electron discharge. As with the case of chemical
reduction of Au(III), there appears to be a contrast in the
operative electroreduction mechanisms for Au(III) in non-
aqueous solutions, with the consensus that the Au(I)
intermediate is involved. For example, deposition of [AuCl4]

−

onto a Au electrode from acetonitrile solution was reported to
proceed via [AuCl2]

−, and similarly the oxidation of the Au
electrode in the presence of chloride electrolyte reportedly
formed [AuCl2]

−.31 Comparable behavior has been reported
for Au(I) species in chloride electrolytes in dichloromethane32

and for electrodeposition of [AuCl4]
− from an imidazolium-

based ionic liquid, which again is reported to proceed via an
[AuCl2]

− intermediate.33 The above works on the nonaqueous
electrochemistry of Au(I) rely solely on electrochemical data
for the assignment of reaction mechanisms. An exception to
this approach is work on Au deposition from [AuCl4]

− using
dimethyl sulfoxide and an ammonium-based ionic liquid as
solvent,34 where some microscopic characterization of the
deposited Au was performed. As has been noted previ-
ously,34−36 a significant factor underlying the differences in
Au halide stability seen in aqueous, compared to nonaqueous,
media is the solvation energy of the halide liberated on Au
reduction. Specifically, the more favorable solvation energy of
halides in water means that the reduction potential of the
Au(III)/Au(0) couple is depressed on transfer to nonaqueous
media. This solvent dependence of reduction potential
becomes important if deposition is performed under electro-
chemical control at the liquid/liquid interface, where the
precursor ion can distribute among both phases. This approach
to metal deposition was first applied to Au using organic phase
[AuCl4]

− reduced by aqueous phase ferrocyanide.15

In the present manuscript, we examine the deposition of Au
at the liquid/liquid interface by using a relatively stable electron
donor, tri-p-tolylamine (TPTA) which does not reduce
[AuCl4]

− when the ion is present in the organic phase,
whereas reduction can occur spontaneously when the ion is
transferred to the aqueous phase, due to the reduction
potentials’ sensitivity to solvent.36 Application of a potential
pulse to drive ion transfer thus led to the interfacial nucleation
of Au nanoparticles using TPTA as an organic phase electron
donor. Cyclic voltammetry was carried out to examine the
transfer of the ionic reactants and intermediates across the
liquid/liquid interface. The electrochemical data are combined
with X-ray absorption spectroscopy (XAS), due to the
sensitivity of this technique to metal oxidation states in
solution.
Microfocus X-ray beams permit studies of Au speciation with

high spatial resolution.37 We have recently demonstrated the
viability of this approach in a study of the metal deposition
process at a liquid/liquid interface, combining microfocus X-ray
fluorescence (μXRF) and microfocus X-ray absorption fine
structure (μXAFS) with UV−vis spectroscopy in the home
laboratory.38 In the present work we use the same approach to
examine the interfacial nanoparticle formation process in order
to determine the reduction sequence and also to examine the
spatial variation seen in this system, with the specific aim of
identifying the role of Au(I).

2. RESULTS
2.1. Microfocus X-ray Fluorescence (μXRF) Mapping

of the Liquid/Liquid Interface. The possible reactions for
the reduction of [AuCl4]

− by TPTA are shown in eqs 1−3. In
the equations (aq) is the aqueous phase, (o) the organic, and
(s) a solid.38

→− −[AuCl ] [AuCl ]4 (o) 4 (aq) (1)

+

→ + +

−

+ −

[AuCl ] 3TPTA

Au 3TPTA 4Cl

4 (aq) (o)

0
(s) (o) (aq) (2)

+

→ + +

−

− + −

[AuCl ] 2TPTA

[AuCl ] 2TPTA 2Cl

4 (aq) (o)

2 (aq) (o) (aq) (3a)

+ → + +− + −[AuCl ] TPTA Au TPTA 2Cl2 (aq) (o)
0

(s) (o) (aq)

(3b)

→ + +− − −3[AuCl ] [AuCl ] 2Au 2Cl2 (aq) 4 (aq)
0

(s) (aq) (3c)

The reaction may either proceed via a direct reduction from
Au(III) to Au(0) (eqs 1 and 2) or via a Au(I) intermediate (eqs
1 and 3). TPTA has been shown to form a very stable cation;
therefore, a single electron transfer is assumed for each
molecule.39 It is this likelihood of stepwise one-electron
reductions that raises the possibility that Au(I) species may
be formed alongside Au(0). Au(I) may then be reduced to
Au(0) by TPTA or undergo disproportionation (eq 3c). As
noted in the Introduction, the deposition process is driven by
the transfer of the Au(III) species into the aqueous phase, due
to the higher reduction potential of the tetrachloroaurate
species on transfer to water.36

μXRF maps of the liquid/liquid interface and the adjacent
solution phases were acquired to determine the distribution of
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Au. Figure 1 shows a map acquired after the interfacial
formation of Au nanoparticles was initiated by application of a

potential pulse to the interface, defined in the Experimental
Section, to induce the transfer of the tetrachloroaurate ions.38

The μXRF maps were acquired by measuring the fluorescence
intensity using an incident X-ray photon energy of 12600 eV
for a 1 s scan with a spatial resolution of 70 μm. The photon
energy corresponds to absorption above the Au L3 excitation
threshold and should be independent of any change in white
line intensity due to oxidation state variation (see below). The
intensity of emission is therefore proportional to the
concentration of Au in the region of each pixel.
The yellow regions indicate high concentrations of Au, while

the intermediate orange and red regions indicate lower
concentrations. To determine the distribution of gold oxidation
states within this heterogeneous system it is necessary to
perform X-ray absorption near-edge structure (XANES)
analysis. The μXRF mapping of the interface enables targeted
μXANES in order to examine the regions of greater interest.
For this study the focus was on the composition at the liquid/
liquid interface, as this was the location of the reduction
reaction.
2.2. Au Speciation Analysis by μXANES. In order to

quantify the relative concentrations of Au species in the system
the spectra were described by a fit generated from a linear
combination of the reference spectra for the Au species
involved. The analysis of the spectroscopic data is based on the
intensity of transitions to unoccupied 5d states in the XANES
at the Au L3-edge (excitation of Au 2p3/2 electrons), which
reflects the 5d occupancy and hence the oxidation state of the
metal.40 For Au(III) species a very intense absorption band is
observed, which is often referred to as a “white line”, whereas
with Au(0) barely any 5d states are unoccupied, resulting in
weak absorption in this region. We have recently reported a
reference spectrum for the [AuCl2]

− species in chlorinated
organic solvents,25 which demonstrated that the XANES of
[AuCl2]

− has absorption features that distinguish it from

metallic Au and Au(III) species. The presence of metallic Au is
usually distinguishable due to the presence of a large Au−Au
multiple scattering peak at 11 946 eV.41

The reference spectra for [AuCl4]
−, [AuCl2]

−, and metallic
Au are shown in Figure 2. In the following presentation of

XANES data a linear combination fit (LCF) (red) will be
provided along with the normalized experimental XANES
(blue). The contributions from the reference spectra will be
included as scaled components to indicate the size of their
contribution to the fit, where the three contributions sum to a
total of 1. The reference spectra have the following colors
assigned: Au(III) (green), Au(I) (purple), Au(0) (cyan).
Full XANES scans were then taken from (i) points with very

high fluorescence intensity, indicating a high Au concentration,
and (ii) from positions close to the liquid/liquid interface
where Au nanoparticle formation is expected to occur. Typical
results are indicated in Figure 3. As anticipated from the μXRF
maps (Figure 3a and 3c), when the μXANES is directed at a
region with very high fluorescence the LCF indicates a major
Au(III) contribution (83%) (Figure 3b). In the organic phase
this is anticipated as a high concentration of TOAAuCl4 was
initially present. The fit also indicates the presence of fully
reduced Au(0) as 17% of the gold concentration in the organic
phase. The presence of a small quantity of metallic Au in the
organic phase following reduction is reasonable for nano-
particles. Particle assembly at the liquid/liquid interface has
been shown to reduce the overall surface energy of the system
by separating the two liquid phases and forming a more stable
organic/solid/aqueous interface.42,43 However, for nanometer-
scale particles, the adsorption energy is close to kBT
(Boltzmann constant and temperature, respectively), and
therefore, at room temperature, some reversible particle
desorption into the bulk phase would be expected.43,44

The μXANES probe was directed at the liquid/liquid
interface to examine the reduction reaction, as described in
the Introduction. The specific aim was to determine whether
[AuCl2]

− was detectable as an intermediate during the
deposition process, as seen in similar reduction reactions.24

Figure 3d shows a typical spectrum obtained from the interface.
LCF at this position reveals a large metallic Au component
(82%) demonstrating the focus of the deposition products
between the liquid phases. [AuCl4]

− (2%) and [AuCl2]
− (16%)

are also shown to be present at the interface in the best fit.

Figure 1. XRF map of the droplet cell liquid/liquid interface showing
the contact made between the aqueous and organic droplets at 0.3 V
following the potential pulse sequence (0.1 V for 10 s, 0.45 V for 15 s).
Yellow areas show the highest L3 fluorescence, while the black
indicates low fluorescence. The darkest region to the left of the image
is the vapor-saturated air adjacent to the droplet. The XRF map is
annotated with lines indicating the approximate position of the phase
locations.

Figure 2. Au(III), Au(I), and metallic Au standards collected for linear
combination analysis of the reduction process. TOAAuCl4 was
prepared as a 5 mM solution in 1,2-dichlorobenzene (DCB), and
the spectrum of pure [AuCl2]

− was extracted from a 6 mM solution of
tetrabutylammonium gold(I) chloride (TBAAuCl2), as detailed
previously.25
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[AuCl2]
− was present as a small contribution (7−16%) in each

of the interfacial samples analyzed. Inclusion of [AuCl2]
−

improved the fit, as expressed by an R factor decrease from
0.0011 to 0.0010. The mismatch in the fit (R-factor) for the
LCF with and without the inclusion of [AuCl2]

− is included in
the Supporting Information (Table S1).
There is some variation between samples due to the

heterogeneous nature of the system, arising from the spatial
and temporal dependence of the Au speciation; however, as the
LCF for each of the interfacial samples was improved by the
inclusion of [AuCl2]

−, the differences between fits are
considered small enough to enable meaningful conclusions to
be drawn. If the [AuCl2]

−
fitted to the interfacial spectra was

merely an artifact of the fit, rather than a physical feature, its
presence would improve the bulk phase spectral fits, as well as
those at the interface. However, the bulk phase LCF indicated
that [AuCl2]

− was not a component of the data in the organic

phaseall LCFs of the bulk organic phase XANES showed a
mixture of Au(III) and Au(0) without the presence of Au(I).
XANES fits of the organic bulk phase and the liquid/liquid
interface from the same μXRF map are included in the
Supporting Information (Figure S1). Au(I) has been detected
in similar proportions against Au(III) and Au(0) by XANES
during the X-ray-induced reduction of [AuCl4]

− in an aqueous
solution.45

In the liquid/liquid system it is not possible to generate
EXAFS data with reliable signal-to-noise ratio when using the
microfocused spot size. This is due to inhomogeneity in the
sample due to clustering and aggregation of the nanoparticles. If
this occurs on a length scale similar to the beam size (micron
scale) then the nonlinear absorption, alongside the inhomoge-
neity in the beam itself, results in very noisy spectral responses
which do not provide any reliable information.

Figure 3. μXRF maps of the L3 edge at the liquid/liquid interface following the application of potential used to target XANES scans (a) in the
organic bulk phase and (c) at the liquid/liquid interface. The positions of the XANES scans are marked by crosses. The XANES scans from the
organic bulk (b) and the liquid/liquid interface (d) include a LCF and the weighted components.

Figure 4. (a) CV of the droplet cell system showing the [AuCl4]
− and [AuCl2]

− ion transfer peaks. (b) CVs showing the ion transfer for [AuCl4]
−

and [AuCl2]
− in the absence of reducing reagent. 5 mV s−1 scan rate. The lower currents observed in (b) are due to the lower concentrations used to

measure the standards. Cell composition is defined in Table 1.
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2.3. Cyclic Voltammetry. In the beamline experiment the
potential was fixed in order to manipulate the position of the
Au species enabling detection. For comparison, the system was
also examined directly using cyclic voltammetry (CV). For the
CV a standard liquid/liquid four-electrode cell (see Exper-
imental Section) was used to reduce the volume of electrolyte
solution required. A slightly acidic aqueous electrolyte (0.09 M
LiCl + 10 mM HCl) was used in order to avoid the hydrolysis
of the aqueous phase forming [AuCl3(OH)]

−.27,46 The CV
(Figure 4a) clearly shows the presence of a large ion transfer
peak corresponding to the transfer of [AuCl4]

− (peak I). The
midpoint potential was found to be 0.49 V vs Ag/AgCl, and in
the absence of TPTA it was 0.51 V. A second smaller peak is
also visible (peak II) which is assigned to the ion transfer of
[AuCl2]

− following the reduction of [AuCl4]
− by TPTA, the

midpoint potential of this second peak cannot be obtained due
to overlap with the transfer of Au(III). The electron transfer
process was not detected in the region of the CV. The ion
transfer potentials appear to agree with those for [AuCl4]

− and
[AuCl2]

− in the absence of reducing reagent (Figure 4b). The
intensity of the [AuCl2]

− ion transfer is much smaller than the
[AuCl4]

− ion transfer which is in agreement with the 7−16%
Au(I) concentration indicated by XANES analysis. There is a
slight widening of the CV in the TOAAuCl2 system at ∼0.5 V
due to the disproportionation of Au(I) in aqueous solution
reforming a small quantity of Au(III).
2.4. Ex Situ Particle Analysis by TEM. The nanoparticles

formed through the deposition protocol were extracted and
examined using TEM (Figure 5). The images show that the
particles formed are spherical (Figure 5a and 5b), with a
tendency to form larger aggregates (Figure 5c). This
aggregation of the particles occurs because the particles interact
weakly with TOA+, acting as a stabilizing ligand.47 The particle
stability generated by the reduction in interfacial energy is
better achieved by the aggregation of small nanoparticles than
the growth of larger crystal structures. Particle growth may be
halted at the most efficient point for reduction of the aqueous/
organic interaction or possibly by the formation of “magic
number” clusters which have a closed shell electronic

configuration aiding stability.43,48 The particle size distribution
(Figure 5d) indicates an average particle diameter 3.9 ± 1.5 nm.
Similar results have been achieved with other metal deposition
studies at the liquid/liquid interface,49 as reviewed by Rao and
Kalyanikutty.50 The TEM agrees well with the XAFS data
showing a multiscattering peak at 11 946 eV which is indicative
of particles >1 nm.41,51

■ CONCLUSIONS
Gold deposition at the liquid/liquid interface has been
examined by in situ μXRF and μXANES analysis. These data
point to the isolation of the majority of the deposited gold at
the liquid/liquid interface with some nanoparticles desorbing
into the bulk phase. By probing the interface and the bulk
phase, linear combination fitting of μXANES spectra reveals the
formation of Au(I) as an intermediate species in the reduction
of [AuCl4]

−, by the organic electron donor TPTA, at the
liquid/liquid interface. The observation of the presence of
Au(I) is corroborated by cyclic voltammetry. This indicates that
the reaction proceeds as shown in eq 3. The Au(0) detected
spectroscopically, as determined by the large Au−Au multi-
scattering peak, corresponded to the formation of aggregate
structures composed of spherical nanoparticles, as shown by
TEM, which are predominantly present at the liquid/liquid
interface.

■ EXPERIMENTAL METHODS
Chemicals. Bis(triphenylphosphoranylidene)ammonium

chloride (BTPPACl, ≥98%), hydrogen tetrachloroaurate(III)
hydrate (HAuCl4, 99.999%), lithium chloride (≥99.99%), tri-p-
tolylamine (TPTA, 97%), and 1,2-dichlorobenzene (1,2-DCB,
≥99%) were purchased from Sigma-Aldrich (Dorset, UK).
Sodium tetrakis(trifluorophenyl)borate (NaTFPB, ≥97%) was
supplied by Alfa Aesar (Lancashire, UK), hydrochloric acid
(37%) by Fisher Scientific (Leicestershire, UK), and
tetrabutylammonium dichloroaurate (TBAAuCl2) by Tokyo
Chemical Industries Co. (Japan). The chemicals were used
without further purification. The organic electrolyte
BTPPATFPB was synthesized by metathesis of BTPPACl

Figure 5. TEM images of the particles formed by potential-dependent deposition at the liquid/liquid interface: (a) isolated individual particles
formed during the deposition, (b) higher magnification of an individual nanoparticle, (c) aggregated cluster of small particles, and (d) particle size
distribution for isolated particles.
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and NaTFPB as described previously.52,53 Tetraoctylammo-
nium tetrachloroaurate (TOAAuCl4) was synthesized by
mixing TOACl and HAuCl4 in ethanol then recrystallizing as
detailed in ref 25. TOAAuCl2 was produced by dissolving
equimolar quantities of TBAAuCl2 and TOACl in DCB and
shaking with pure water, and the organic phase containing
TOAAuCl2 was then extracted. Ultrapure filtered water (Milli-
Q, 18.2 MΩ cm resistivity) was used in the preparation of all
aqueous solutions.
Electrochemistry. The reaction was conducted in a

windowless liquid/liquid cell by making a contact between
aqueous and organic phase droplets (Figure 6a and 6b).38

A four-electrode cell setup was used with platinum flag
counter electrodes and silver/silver chloride reference electro-
des, which were made in house. The cell composition is
indicated in Table 1.
To form the liquid/liquid interface in the droplet cell, the

organic and aqueous phase droplets were brought into contact
by pumping solution from the syringe in each phase as
described previously.38 The capillaries depicted in Figure 6(a)
have an internal diameter of 4 mm. Following formation of the
liquid/liquid interface a chronoamperometric pulse sequence
initiated the deposition process. A conditioning potential of 0.1
V was applied (10 s), then 0.45 V was applied (15 s) in order to
drive Au(III) ion transfer into the aqueous phase.35 Finally the
cell potential was fixed at 0.30 V (>200 s) to halt Au transfer
while holding the Au(III) in the aqueous phase close to the
interface, by stopping diffusion into the bulk phase, in order to
enhance heterogeneous electron transfer between Au(III)(aq)
and TPTA(org).
Cyclic voltammetry was conducted using the standard liquid/

liquid electrochemical cell (Figure 6c), in this instance the
acidified aqueous electrolyte was used. The scan rate was 5 mV
s−1, and iR compensation was applied during CV measure-
ments.
Microfocus X-ray Fluorescence (μXRF) and X-ray

Absorption Fine Structure (μXAFS). Experiments were
conducted on the I18 microfocus beamline at the Diamond
Light Source (Harwell Science and Innovation Campus, UK).54

XRF maps were taken of the liquid/liquid interface, scanning
each position for 1 s. The maps were always taken to the left of
the droplet center in order to show the edge of the droplet. The
response at this position is presumed to be identical to what

would be seen in the right-hand half of the droplet. Along with
the variation in fluorescence intensity between the phases, the
shape of the droplet helps to indicate the position of the
interface. From the XRF map, the X-ray beam could be targeted
for XANES analysis. The beam size was approximately 45 × 50
μm. The pixel size on the XRF maps was defined by the
movement of the stage and was 70 × 70 μm. Data were
collected on the Au L3 edge using an Ortec multielement solid-
state Ge detector and a Si(111) double-crystal monochromator.
2D maps of the liquid/liquid interface were collected by XRF,
and then coordinates were chosen for XANES measurement.
The XRF data were collected using an incident photon energy
of 12 600 eV corresponding to absorption above the Au L3
edge. The XANES data were treated and analyzed using the
Athena program.55 The standards for Au(III) (TOAAuCl4 5
mM in 1,2-DCB) and Au(0) (Au Foil) were collected at the
beamtime. The Au(I) spectrum ([AuCl2]

−) was extracted from
a number of TBAAuCl2 spectra as described previously.25

Transmission Electron Microscopy (TEM). Samples were
collected on copper mesh holey carbon grids purchased from
Agar Scientific (Agar Scientific Ltd. Essex, UK). Images were
produced on a Philips CM200 TEM. Particle size distribution
was determined using ImageJ software to analyze 94 nano-
particles. When calculating the particle size distribution only
stand-alone particles were measured, and the aggregate clusters
were not accounted for.
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The Supporting Information contains a table showing the error
in the XANES LFC in the presence and absence of Au(I), an
example of XANES spectra taken from different positions on a
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Figure 6. (a) Schematic of the windowless droplet cell; the aqueous phase is denoted as blue and the organic phase as yellow in the diagram. (b)
Photograph of the windowless droplet cell in situ at the Diamond Light Source facility. (c) Schematic of the standard liquid/liquid cell used to
conduct cyclic voltammetry.

Table 1. Liquid/Liquid Cell Composition

reference electrodes aqueous phase organic phase organic reference reference electrodes

Ag(s) AgCl(s) 0.1 M LiCl or 0.09 M LiCl + 10
mM HCl(aq)

4 mM TPTA, 4 mM TOAAuCl4, 15 mM BTPPATFPB
(1,2-dichlorobenzene)

10 mM LiCl, 1 mM
BTPPACl(aq)

AgCl(s) Ag(s)
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