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Abstract 

We report the use of XAFS (X-ray absorption fine structure) as an in situ method to follow 

the electrochemically driven deposition of palladium nanoparticles at a liquid/liquid interface. 

A novel glass/plastic hybrid electrochemical cell was used to enable control of the potential 

applied to the liquid/liquid interface. In situ measurements indicate that the nucleation of 

metallic nanoparticles can be triggered through chronoamperometry or cyclic voltammetry. 
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In contrast to spontaneous nucleation at the liquid/liquid interface, whereby fluctuations in Pd 

oxidation state and concentration are observed, under a fixed interfacial potential the growth 

process occurs at a steady rate leading to a build-up of palladium at the interface.  Raman 

spectroscopy of the deposit suggests that the organic electrolyte binds directly to the surface 

of the deposited nanoparticles. It was found that the introduction of citric acid results in the 

formation of spherical nanoparticles at the interface.  

 

Keywords (up to 5) 

Palladium, electrodeposition, XANES, nanoparticles 

 

1. Introduction  

The synthesis of metallic nanoparticles has been a focus of researchers in numerous fields 

due to their potential applications in energy conversion, catalysis and therapeutics amongst 

others. Widely developed synthetic strategies to effectively form nanoparticles with precise 

control of the shape and size have been developed, such as the Turkevich or Lee-Meisel 

methods to produce citrate protected nanoparticles (20-50 nm) and the Brust-Schiffrin 

method to form smaller (1-5 nm), thiol protected particles [1-3]. In order to further develop 

the synthetic strategies to form nanoparticles with precisely controlled size, shape and 

composition, a clear understanding of the nucleation and growth processes involved is 

required. As an addendum to this there is also a desire to develop fine control strategies to 

form the target structures as efficiently as possible.  

 

Whilst a variety of approaches to probe solution phase nucleation have been reported in the 

literature over the past decades, many aspects of the process are relatively poorly understood. 

The size domain of the critical first stages of nucleation, which is believed to be on the order 
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of nanometres or sub-nanometres, has proven difficult to verify both experimentally and 

computationally [4-6]. Experimentally, detection of species on this scale is very difficult 

without the high sensitivity (spatial and temporal) instrumentation capable of sampling at the 

right scale and differentiating the nucleation events from the bulk species. Computationally 

the sizes of system required to effectively model the events are quite large, making 

calculations very expensive.  

 

Due to the development of ever more precise experimental techniques however, the size 

domains of interest are now becoming accessible. Techniques such as transmission electron 

microscopy (TEM), X-ray scattering and X-ray absorption spectroscopy may now provide 

incisive information about the phase changes. In particular coupled in situ techniques such as 

UV-Vis absorbance and X-ray scattering can enable clear resolution of the changes occurring 

during a single phase growth process [7, 8]. The complementary benefits of in situ X-ray 

techniques to different sections of the nucleation process have been summarised in the review 

by Sun and Ren [9].  

 

In situ XAFS (X-ray absorption fine structure) can be applied to provide information about 

the earliest stages in the nucleation process such as changes in the oxidation state of the metal 

and coordination environment. The technique has been adapted to follow the Turkevich and 

Brust-Schiffrin methods mentioned above, and other single phase reduction protocols [10-

13].  

 

Alongside the aforementioned size based limitations, the study of nucleation is also 

complicated by a difficulty in defining both the locus and the onset of the reaction. When 

examining a bulk, supersaturated solution the onset of nucleation is stochastic. The first 
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nucleation event often triggers a cascade whereby particle nucleation and growth spread 

rapidly through the whole solution. Pre-nucleation clusters have also been seen to form in 

undersaturated solutions as well as supersaturated solutions [14], but as the time and location 

of the initial event is unknown, detection is extremely challenging.  

 

In this respect, when looking to follow the nucleation process, electrochemical systems offer 

a significant advantage over chemical reactions. By applying an external potential bias to 

drive the reaction the onset of nucleation can be defined in time and confined in space. As a 

surface sensitive technique, electrochemistry also delivers control over the location of the 

reaction whilst enabling direct measurement of the underlying thermodynamics and kinetics. 

In situ microscopic methods such as atomic force microscopy (AFM) or liquid-phase TEM 

can be utilised to follow the growth process [15-18]. The drawback of studying nucleation 

and growth through electrochemistry on a solid electrode is the presence of defects on the 

electrode surface which act as preferential nucleation sites causing heterogeneity within the 

reaction [19]. An alternative is to study the processes occurring at a liquid/liquid interface 

[20], where the interface between the two immiscible fluid phases provides a defect free 

substrate to follow the nucleation. The reaction at the liquid/liquid interface is considered 

analogous to that at a liquid/solid interface, i.e. on a “conventional” electrode surface, in the 

sense that an electron transfer process results in the formation of a zero valent nucleus, which 

must rapidly grow to a certain size to become stable. The electrodeposition of a number of 

metals at the liquid/liquid interface has been reported in the literature including Au, Ag, Pt 

and Pd [21-28], as reviewed elsewhere [29].  In the case of Au nucleation it has been shown 

that the lack of defect sites can completely inhibit the nucleation process under certain 

conditions [30]. So far there has only been limited potential dependent size control reported 

in liquid/liquid deposition reactions [22].  
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The “soft” interface means that a number of techniques which are readily applied to solid 

surface, such as atomic force microscopy, are inapplicable. Liquid-phase TEM, which is far 

from trivial due to the vacuum requirement, has yet to be developed to deal with the 

complication of the two solvents required in liquid/liquid reactions. XAFS however, can be 

applied to study such systems under ambient conditions with relative simplicity [30, 31].  

 

When studying reactions at liquid/liquid interfaces it is important to consider the increased 

complexity of the reaction. As discussed by Schiffrin and co-workers, the reaction is 

diffusion limited not only by the metal precursor in the aqueous phase but also by the organic 

reducing agent [28]. As nanoparticles begin to nucleate at the interface there are two factors 

driving the preferential forward reaction: first, the formation of a lower energy interface e.g. 

the total surface energy of the system may be reduced as the sum of the organic|solid and 

aqueous|solid phase interactions are lower in energy than the organic|aqueous interaction [32, 

33]. Second, there is the increased likelihood of reactant interaction – initially the reactants 

must come in to direct contact at the interface for the electron transfer process to occur, but as 

the particle begins to grow there is an increased reaction cross-section, as further electron 

transfer processes can occur between reactants present anywhere on the surface. Therefore 

the particles can be considered as miniature solid bipolar electrodes adsorbed at the interface 

[28]. Whilst these two processes contribute to the driving force for the forward reaction, the 

rate may become restricted by the formation of a reactant depletion zone around the newly 

formed metal structure, which leads to either diffusion limited growth or the dissolution of 

unstable clusters. If nuclei fail to reach a critical size they may be prone to dissolution [34, 

35]. Oscillatory deposition or dissolution processes have previously been observed in 

electrochemical systems where one parameter (potential/current/resistance) is free to vary 
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during the reaction [36, 37]. Likewise in chemical systems, the reversible formation of 

metastable pre-nucleation clusters have been observed previously by XAFS and TEM [38-

40].  

 

In this work we focus on the introduction of electrochemical control to the previously 

reported reduction of Pd2+ by ferrocene (Fc) [40-43]. The reaction required an aqueous phase 

palladium salt ([PdCl4]
2−) brought in to contact with a solution of the reducing agent (Fc) in 

trifluorotoluene (TFT). This resulted in the interfacial reaction forming palladium 

nanoparticles [42]. Equation 1 indicates the process involved, where aq refers to the aqueous 

phase, org the organic phase, and i the liquid/liquid interface. 

 

 [PdCl�]�	
� + 2	Fc��� 	⇌ 	Pd�� + 2	Fc���� + 4	Cl	
� (1) 

   

During deposition, in the absence of potential control, there are significant fluctuations in 

both interfacial concentration and oxidation state of the Pd, suggesting random oscillations 

between reduction and dissolution prior to the formation of stable Pd clusters. These 

oscillations are mimicked by the interfacial potential which is found to vary significantly 

when not controlled [40]. The presence of a common ion to fix the interfacial potential 

appeared to suppress the observed oscillations [43] as predicted in the review by Koper [37]. 

This work uses an external potential bias to exhibit greater control over the growth process in 

order to identify differences between the potentiostatic and spontaneous deposition processes.   

 

2. Experimental 

2.1 Chemicals 



Page 7 of 37

Acc
ep

te
d 

M
an

us
cr

ip
t

(NH4)2PdCl4 (99.995%), trifluorotoluene (TFT, ≥99%), LiCl (≥99.99%), 

bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl, ≥98%) and citric acid 

(≥99.5%) were purchased from Sigma-Aldrich (Dorset, UK). Fc (98%) and sodium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB, ≥ 97%) were purchased from Alfa 

Aesar (Lancashire, UK). Ultrapure filtered water (Milli-Q, 18.2 MΩ resistivity) was used in 

the preparation of all aqueous solutions. The organic electrolyte, BTPPATFPB, was 

synthesised through metathesis reaction of BTPPACl and NaTFPB in 2:1:1 

acetone:ethanol:water mixture as reported previously [44, 45]. All electrochemical cells were 

cleaned in either piranha or aqua regia solutions prior to use.  

 

2.2 Electrochemistry 

Two types of electrochemical cell were used to record the data. The first was a standard 4-

electrode, glass electrochemical cell, Figure 1(a). For this cell the internal volume is ~4 mL. 

Luggin capillaries connect the reference solutions to the main cell. In order to perform in situ 

XAFS measurements we developed a modified plastic cell, Figure 1(b). The main body of 

this cell was a 2 mL polypropylene Eppendorf safe-lock tube. The cells have been previously 

used by us in a variety of synchrotron-based XAFS studies of single phase and two-phase 

systems: no evidence of degradation, due to the presence of the organic solvent, was observed 

[40, 43, 46]. Two holes were drilled into this tube in order to place glass Luggin capillaries 

close to the interface. The capillaries were secured in place using an epoxy adhesive 

(Araldite). For each use the cell had to be acid cleaned removing the epoxy which was then 

reapplied to the cell to use again. The interfacial area of the polypropylene is similar to that of 

the glass cell, although there is a larger distance between the Luggin capillaries and the 

interface, because the glass capillaries would otherwise interfere with the passage of the X-

ray beam. 
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Figure 1 

  
In both cases a 4-electrode set up was applied using Pt gauze electrodes as counter electrodes 

and homemade Ag/AgCl reference electrodes for both the aqueous and organic phases. The 

organic reference required the use of an aqueous reference solution containing 1 mM 

BTPPACl and 10 mM LiCl. For reactions in the home lab and at the synchrotron the 

concentrations used were: x mM PdCl4
2- (x = 1, 5 or 10) and 0.1 M LiCl in the aqueous 

phase, and y mM Fc (y = 4, 5, 10 or 20) and 10 mM BTPPATFPB in the organic phase.  

 

Home-lab electrochemical measurements were conducted on an Autolab PGSTAT100 

(Metrohm, Runcorn, UK). In situ measurements during beamtime experiments were 

performed using an Ivium Compactstat potentiostat (Ivium Technologies, Eindhoven, NL). 

All reported potentials are on an Ag/AgCl scale as recorded. 

 

2.3 XAFS Measurements  

In situ experiments were conducted at the quick EXAFS (QEXAFS) beamlines – B18 [47] at 

the Diamond Light Source and ROCK [48] at Synchrotron SOLEIL, and on the energy 

dispersive EXAFS beamline ODE [49] at Synchrotron SOLEIL. Pd K-edge measurements 

were collected at different heights intersecting the liquid/liquid interface during the course of 

the reaction. In each case we used a beamline script to enable us to repeatedly cycle through a 

series of positions normal to the interface in order to follow the reaction. Due to the meniscus 

of the interface there are several positions at which we can see variations during the course of 

the reaction. The point of greatest interest as far as the reaction is concerned is the point 

closest to the organic bulk phase. However, at this position we have the lowest Pd K-edge 
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step height. On ROCK at SOLEIL the signal was sampled for different periods of time at the 

different heights to counteract this loss of signal. 

The synchrotron at SOLEIL ran with an energy of 2.75 GeV. ROCK provided measurements 

using a Si(220) crystal monochromator oscillating with a frequency of 0.5 Hz over a range of 

0.5° to record the complete Pd EXAFS spectrum. Only the increasing angle spectra were 

considered, resulting in the collection of a complete EXAFS spectrum in 1 s every 2 s. Both 

fluorescence and transmission spectra were collected simultaneously using, respectively, a 

passivated implanted planar silicon detector (PIPS, Canberra) and ionization chambers 

(Oken). The spectra were subsequently averaged to gather data with a suitable signal to noise 

ratio. It was necessary to average over a greater number of scans when sampling closer to the 

bottom of the interfacial meniscus. As such, 86 spectra were averaged at the highest sampling 

position when closer to the aqueous phase, and 144 spectra when at the two positions which 

intersected more of the organic phase. The beam size was 250 µm (height) × 345 µm (width). 

On ODE a bent single crystal silicon (311) crystal provides a polychromatic beam that is 

focused on the sample giving a spot size of 50 µm (height) × 200 µm (width). The 

transmitted beam then diverges on to a position sensitive Princeton Applied Research Pixis 

400 CCD camera. Measurements took 250 ms and were averaged over 100 scans resulting in 

25 s per measurement. The presence of a Pd mirror within the ODE optics set up resulted in a 

minor distortion of the Pd K-edge response.  

At the Diamond Light Source, the storage ring runs with an energy of 3 GeV and a current of 

300 mA. On the B18 beamline, the beam dimensions were 100 µm (height) × 1000 µm 

(width). Fluorescence data was collected using a 9-element Ge solid state detector. In this 

case each measurement took ~3.5 minutes.  The beam sizes specified above define the spatial 

resolution of the experiments: the particles initially formed are on the scale of a few 
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nanometres in diameter (section 3.3), hence each XAFS experiment represents an average of 

spectra over many individual particles.  

 

Data analysis was performed using the Demeter software package [50]. Initially all spectra 

were calibrated to a Pd foil sample collected concurrently with each data point, the peak of 

the first derivative in this spectrum was then calibrated to the known Pd K-edge energy of 24 

350 eV. XANES (X-ray absorption near edge structure) data was normalised and treated 

using the Athena package. Linear combination fitting (LCF) was performed using a standard 

for [PdCl4]
2− which was collected in the bulk aqueous phase in the absence of reducing agent 

and Pd foil as the standard for Pd(0), or the initial and final spectra collected during a 

reaction. The data was fitted between 20 eV below the onset of the K-edge (designated E0) to 

a position 200 eV above the edge. 

 

2.4 TEM 

TEM micrographs were collected on a Philips CM20 TEM. The samples were collected on 

copper mesh holey carbon grids purchased from Agar Scientific (Agar Scientific Ltd. Essex, 

UK). The holey carbon grid was passed through the liquid/liquid interface in order to collect 

the metal nanoparticles before washing with ethanol and acetone to remove organic salt and 

solvent residues from the surface.  

 

2.5 Raman 

The Raman spectra were recorded on an inVia microscope (Renishaw plc., Wooton-Under-

Edge, UK) using a 532 nm laser excitation. A 90° adapter was attached to the objective lens 

in order to gather spectra in the plane of the liquid/liquid interface. 
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3. Results and Discussion  

 

3.1 Cyclic voltammetry  

The electrochemical deposition of Pd at the liquid/liquid interface is reliant on the application 

of potential in order to drive the heterogeneous electron transfer process between Pd2+
(aq) and 

Fc(org) (Figure 2) [28, 41].  

 
Figure 2 
 
 
The reduction potential for [PdCl4]

2−
 (aq) to Pd0 has been reported as 0.39 V vs Ag/AgCl in 

aqueous solution [51], however the actual potential is also a function of the chloride ion 

concentration [52].  

In our studies no deposition was detected without the application of an overpotential to 

“trigger” the nucleation of Pd metal at the interface. This may be related to the relatively low 

concentrations used in the present work. In previous work the reaction has been found to 

occur spontaneously at higher reactant concentration [40, 43].  

 

In liquid/liquid electrochemical systems, the width of the potential window is limited by the 

transfer of the background electrolyte. Using the very hydrophobic organic electrolyte 

BTPPATFPB the window is limited by the transfer of Li+ at the positive end of the potential 

window and by Cl− transfer at the negative end [53]. Voltammetry indicates that the onset of 

Pd nucleation is detectable within this potential window (Figure 3). During the first cycle 

there is a minor peak visible for the transfer of the ferricenium ion, Fc+ (∆����� �� 0.51 V) 

present prior to the onset of the reduction. The small positive peak that is visible in the first 

scan is due to the photooxidation of a small quantity of ferrocene in the organic phase as 

reported elsewhere [54, 55]. On cycling beyond the Fc+ ion transfer peak to more positive 
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potentials, a hysteresis loop is observed indicative of palladium nucleation [56, 57]. During 

the second cycle there is an increased peak current for the Fc+ that has been generated by the 

reduction of Pd. Repeat cycling indicates further growth as the irreversible peak at the 

positive end of the potential window continues to increase in current as does the Fc+ transfer 

peak until a plateau is observed. The rising current at the right of the CV (0.8 V – 1.0 V) 

could stem from the electron transfer reaction, but there is also the possibility of overlap with 

hydrogen evolution catalysed by the Pd0 already deposited [58].  

 

Figure 3 

 

Current measurements at a fixed potential can provide useful information about the potential 

dependence of the reaction and the onset of nucleation. Figure 4 indicates the variation in the 

response at different applied potentials. An initial drop in current is associated with charging 

of the electrical double layer. In the case of a liquid/liquid system there are two back-to-back 

electrical double layers extending into the two solvent phases. At a potential above the 

nucleation threshold (~0.85 V) this is followed by an increase in current until the particle 

growth becomes limited by mass transport. The results in Figure 4 indicate that the reaction 

requires a minimum potential of approximately 0.85 V, corresponding to an overpotential for 

Pd nucleation of approximately 0.46 V, based on the reduction potentials quoted above. The 

peak in the current response at 0.95 V is probably not observable due to the aforementioned 

onset of hydrogen evolution, which complicates the current response. Cyclic voltammetry 

performed directly after applying the fixed potential (Figure 4b) provides more insight into 

the role of the applied potential. The higher the applied potential, the further the reaction has 

progressed according to the CV response.  
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Figure 4(a and b) 

 

If the growth process is thermodynamically favourable then the application of a sufficient 

overpotential will enable the nucleation clusters to grow through reduction of ions on their 

surface. Under constant potential the nuclei can form and grow, but the process causes 

depletion of reactants near the particle/solution interface and a disruption of the local 

overpotential around the particle. Describing the process involved becomes challenging then 

as the population of nucleation clusters increases and the diffusion zones between particles 

start to overlap. One of the most commonly used models to describe this process is that 

proposed by Scharifker and Hills [18, 59-61]. This model can be used to describe 

instantaneous nucleation in the limit of an infinite nucleation rate, meaning all nuclei are 

formed at the initiation of the reaction as in Equations 2 and 3, 

 

 � = 	 !FD# �⁄ %
π# �⁄ ∋# �⁄ (1 − e(	−./01)3 (2) 

 

 4 = 58π%78 9# �⁄
 (3) 

 

where z is the number of electrons transferred, F is the Faraday constant, D is the diffusion 

coefficient, c is the reactant concentration, N is the nuclei density, M is the molecular weight 

of the deposit, and ρ is the density of the deposit. If instead progressive nucleation takes 

place, whereby nuclei are able to form throughout the process, the model may be adapted as 

in Equations 4 and 5. 
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 � = 	 !FD# �⁄ %
π# �⁄ ∋# �⁄ :1 − e5

	�−;./<01=� 9> (4) 

 

 4? =	43 5
8π%7
8 9# �⁄

 (5) 

  

Here, A describes the nucleation rate constant and N0 is the number of nuclei present initially. 

The experimental response can be converted to dimensionless variables in order to compare 

with the theoretical responses. To achieve this, the current is converted to I/IMax where IMax is 

the peak in the current transient and t/tImax where tImax is the time at which the current 

maximum occurs. The equations for instantaneous and progressive nucleation can then be 

simplified as shown in Equations 6 and 7, respectively.  

 

 5 �
�ΑΒΧ9

� = 	 1.9542∋ ∋ΓΗΒΧ⁄ Ι1 − e	#.�ϑΚ�11ΛΜΝΟΠ� (6) 

 

 5 �
�ΑΒΧ9

� =	 1.2254∋ ∋ΓΗΒΧ⁄ :1 − e	�.ΘΘΚΡ Σ=
ΣΛΜΝΟ= >

�
 (7) 

 

The current transients measured at 0.85 V and 0.90 V in Figure 4 produced peak maxima in 

the current transients and can therefore be compared to the model using Equations 6 and 7. 

When fitted to the model the data adheres more closely to a progressive nucleation response 

whereby nuclei are able to form throughout the reaction (Figure 5). The fact that the transient 

response in both cases decreases even more rapidly than the response predicted from the 

progressive nucleation model is due to the additional complication of diffusion in both the 

aqueous and the organic phase, as alluded to in the Introduction. Although this problem has 
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been approached through in depth analytical and numerical studies of electrodeposition at the 

liquid-liquid interface, a general interfacial growth law has yet to be determined for 

nucleation at the liquid/liquid interface [28, 62]. As the fit does not closely match the data the 

results were not used to calculate the diffusion coefficient or nuclei density.  

 

Figure 5(a and b) 

 

3.2 In situ XAFS measurement of palladium deposition 

 

3.2.1 Bulk growth of Pd nanoparticles 

Electrochemical measurements were coupled with in situ XAFS in order to obtain 

information on reactant and product concentrations as well as oxidation state information. 

This enables measurements with spatial contrast to follow the nucleation and growth process, 

and to support the mechanistic suggestions made above. In order to perform in situ 

measurements the electrochemical cell described in Figure 1b was used, as the X-ray beam is 

strongly attenuated by glass. The meniscus formed between the aqueous and organic phases 

results in variations in the signal response depending on the vertical sampling position 

(Figure 6a). The variation in Pd K-edge height (Figure 6b) at the three positions is due to the 

different concentrations of Pd within the beam as indicated in the schematic in Figure 6a. Due 

to the interfacial meniscus it is difficult to define the positions relative to the interface, 

however as an approximation Position A can be considered to be close to the bulk aqueous 

phase and Position C is close to the bottom of the meniscus. As expected, no Pd could be 

detected in the organic solution. In this first reaction we depict three positions (vertically 

separated by 500 µm) which were alternately monitored throughout the reaction in order to 

demonstrate the spatial dependence of the reaction. For all subsequent examples we show 
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only the position which gave the clearest response – i.e. the best compromise between signal 

intensity and proximity to the organic bulk phase.  

 

Initially XAFS measurements were performed over a period of 3.5 h with the interfacial 

potential held at 0.3 V and then 0.4 V to verify that no reaction occurred at these potentials. 

As can be seen from the light coloured spectra in Figure 6b, this resulted in minimal variation 

in the composition of Pd, which also demonstrates that there is no beam induced reaction in 

this system. In Figure 3 the reaction had plateaued by the sixth CV cycle so in this XAFS 

experiment, six CV cycles were performed using the same potential window. This resulted in 

the formation of a visible dark deposit of palladium at the liquid/liquid interface. Following 

the reaction there was a clear variation in the XAFS response (Figure 6b – red spectra). As 

would be anticipated, the largest change in Pd concentration is found closest to the organic 

phase (Position C). The rapid increase in Pd concentration corresponded to a build-up of bulk 

Pd species at the interface. Linear combination fitting (LCF) yields a fit suggesting 56.9% 

Pd(II) ([PdCl4]
2−) and 43.1% Pd(0) using [PdCl4]

2− and Pd foil as standards (Figure 6c).  

 

Figure 6 (a, b and c) 

 

3.2.2 Progressive Pd growth by restricted CV cycling 

In order to follow the process systematically, voltammetry was conducted in a restricted 

potential window (0.2 – 0.7 V). The positive limit of the potential window was then 

progressively increased after XAFS measurements at each position (Figure 7a). Between CV 

cycles the potential was fixed at 0.4 V whilst XAFS spectra were collected. The inset in 

Figure 7a shows that hysteresis loops, indicative of nucleation, could be observed in three of 

the CVs collected. The distortion of the CVs at the most positive potentials, compared to 
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Figure 3, relates to an increase in hydrogen evolution when the reaction is performed over a 

longer timespan as has been seen in other metal deposition systems [58]. There is also, 

however, a higher Ohmic drop in the CV shown in Figure 7a, manifest in the wider peak-to-

peak separation of the Fc+ ion transfer discussed earlier. No Ohmic compensation was 

applied to the experimental voltammograms: the higher distortion seen with the in situ XAFS 

cell reflects the different cell geometry (Figure 1), where the Luggin capillaries are further 

from the interface (see section 2.2).  After CV cycling reached the limit of the potential 

window a fixed potential bias was applied (0.85 V, 120 s) to drive bulk growth of Pd (Figure 

7b).  

 

Figure 7 a-d 

 

When examining the XANES response, LCF using Pd foil indicated a slight mismatch 

between the standard and the nanoparticle product formed at the liquid/liquid interface 

(Figure S2). With the reaction proceeding directly from Pd(II) to Pd(0) without the formation 

of any intermediate species (raw spectra in Figure S3) it was possible to use the initial and 

final spectra from the reaction to examine the deposition process (Figure 7c). Previous reports 

indicate the rapid formation of poly-nuclear Pd species (n[Pd(OH)4]
2−) in aqueous solution 

which may form precipitates [8]. This reaction can be mitigated at low pH however, in this 

system this species was not observed suggesting that a high Cl- content also stabilises the 

[PdCl4]
2− species as has been confirmed for [AuCl4]

− [63].  

 

Figure 7d shows example linear combination fits for the data points marked as A and B. 

Whilst Component 2, the spectrum collected following bulk deposition, still contains some 

[PdCl4]
2− from the aqueous phase, there is clear variation between the response and that of Pd 
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foil. The two peaks directly above the edge correspond to transitions to the 5p and 4f states 

[64]. The reduction in intensity of the second peak in Component 2 relative to the foil 

indicates a reduction in the density of states as small clusters have been formed rather than 

bulk metal [65]. The shift to lower energies would appear to suggest the presence of surface 

groups on the Pd rather than forming bare metal (section 3.4) [66, 67].  

 

The variations seen in the XAFS can be isolated into 3 distinct regions during the reaction 

(Figure 7c). During the initial stages of the reaction (region I) there is a very slow increase in 

Pd(0) content however, as the onset potential has not yet been reached there is little distinct 

variation. The first CV performed in region II goes as high as 0.85 V which appears to 

indicate the onset of the reduction process from the hysteresis loop in Figure 3. Following on 

from this, there is a change in the gradient of the slope indicating an increase in the rate of Pd 

deposition, however further increases in the positive end of the potential window (up to 1.05 

V) appears to have little further effect. Region III indicates the point at which bulk deposition 

was caused by the fixed potential indicated in Figure 7b. This produces a sharp increase in 

Pd(0) content where little further variation occurred.  

 

3.2.3 Effect of interfacial potential on the deposition of Pd 

The observations under potential control are in stark contrast to our previous work on the 

spontaneous deposition of [PdCl4]
2− measured using dispersive EXAFS. In the absence of an 

applied potential, the Pd concentration and oxidation state were seen to fluctuate over a 

number of hours [40, 43]. By introducing a fixed potential we have removed one of the 

possible degrees of freedom from the reaction therefore suppressing the oscillatory process. 

When the reactions are compared side by side (Figures 8) the fluctuations in edge step height 

in the presence (Figure 8a) and absence (Figure 8b) of potential control can be observed. The 
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reaction in Figure 8a was initiated by CV (Figure S4) before applying a fixed potential bias 

(0.40 V). Short potential pulses (0.85 V for 2, 5 or 10 s) were not found to influence the rate 

of growth. In contrast, in Figure 8b the reactant concentrations were higher (10 mM PdCl4 | 

20 mM Fc) and there was no control of the interfacial potential leading to dramatic 

fluctuations in concentration. (The variation in the edge shape in Figure 8b is due to the 

presence of Pd within the transmission detector on the ODE beamline at SOLEIL which lead 

to a non-linear transmission function, causing a slight distortion of the K-edge.) The 

potentiostatic system is able to exhibit global coupling across the interface which maintains 

electroneutrality within the electrolyte, stabilising the growth process [37]. Whereas the 

spontaneous system has no such constraint therefore enabling localised fluctuations in 

potential, disrupting the mass transport and leading to complex oscillations in the Pd 

deposition[43]. Whilst the effect of interfacial potential plays a pivotal role in the growth 

model both responses indicate a transition from Pd(II) to Pd(0) which, based on the 

chronoamperometric data discussed above, suggests the operation of a progressive nucleation 

model.   

 

For the externally controlled reduction, the EXAFS response (Figure S5) showed a 

progression from Pd(II) to Pd(0) but did not indicate any clear variation in the bond lengths 

suggesting that the particles are formed by the coalescence of Pd(0) rather than the formation 

of intermediate species which contain both Pd-Pd and Pd-Cl bonds. 

 

Figure 8 a and b 

 

3.3 Size control of nanoparticle species 



Page 20 of 37

Acc
ep

te
d 

M
an

us
cr

ip
t

In the system described above, the products of the reaction are nanoparticulate, although 

there is little to control the shape and size of the products. To examine the shape of the 

clusters formed we performed a brief deposition sequence under potentiostatic conditions. 

The potentials applied were: 0.85 V (nucleation pulse for 0.5 s), followed by 0.4 V (slow 

growth for 20 s). TEM micrographs of the resultant nanoparticles are shown in Figure 9a. 

The absence of protecting groups has resulted in uneven particle shapes and sizes. The 

particles can be seen to be predominantly sub 10 nm, and lattice fringes can be seen 

indicating that the particles are crystalline rather than amorphous in nature, a full size 

distribution was not performed due to the non-spherical shape of the particles and the extent 

of aggregation observed. The liquid/liquid interface acts to partially stabilise the 

nanoparticles and it was observed that the deposits always remained at the interface rather 

than dropping to the bottom of the cell, in agreement with previous observations for the 

deposition of Pd [27].  

 

Figures 9  

 

To refine the deposition protocol we introduced 1 mM of citric acid to the aqueous phase to 

act as a stabilising ligand for the particle deposit. As the citric acid also acts as a weak 

reducing agent it was found that in conjunction with ferrocene the spontaneous reduction of 

Pd(II) to form nanoparticles was possible. There is no reaction between citric acid and Pd(II) 

in a single phase solution. In order to try and provide a good comparison with the particles 

formed in Figure 9a, the contact between the two phases prior to the application of potential 

was therefore kept to a minimum (~5 minutes). The same deposition protocol was used as for 

the deposition in the absence of citric acid (0.85 V, 0.5 s; 0.40 V, 20 s). In this case the 
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deposition results in the formation of smaller nanoparticles that are more uniform in shape 

and size (Figure 9b). The size of the nanoparticles formed was found to be 4.23 ± 0.88 nm.  

 

3.4 Composition of the nanoparticle deposit examined by surface enhanced Raman 

spectroscopy (SERS) 

The deposition reaction was also followed by in situ SERS spectroscopy. As with the XAFS 

measurements, a horizontal detector enabled measurement through the meniscus of the 

liquid/liquid interface to see any variations in species environment. Figure 10a indicates the 

Raman response recorded before and after deposition of the palladium nanoparticles. The 

increase in intensity seen in some of the Raman vibrational modes indicates that the bare 

nanoparticles assembled at the interface are able to provide some SERS enhancement. There 

have been previous reports in the literature that the presence of electrolyte in both solution 

phases is important when it comes to stabilising solid particles at the interface [68-70] and the 

response obtained here suggests that the organic electrolyte has assembled either on the 

surface of the nanoparticles or in close proximity. Figure 10b includes the Raman response 

for the TFT solvent and the organic electrolyte for comparison. As can be seen the blank 

sample matches well with that of the TFT solvent and the Pd deposition indicates the 

presence of peaks from the organic electrolyte BTPPATFPB, although there is some overlap 

with the solvent due to the similarity of the structures. Prior to the deposition of Pd, 

BTPPATFPB cannot be detected by Raman at a concentration of 10 mM. The spectra for 

BTPPACl and NaTFPB are shown if Figure S6 to identify the individual contributions from 

the anion and cation. Once the Pd has been deposited at the interface there is some 

enhancement of the solvent close to the nanoparticles and a significant enhancement of the 

organic electrolyte. Based on the work of Bell and co-workers [70] this would suggest that 

the electrolyte is acting as a modifier on the Pd nanoparticle surface following deposition. 
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This observation appears to match the variation between the nanoparticles and foil samples 

indicated in the XANES data (Figure 7d). 

 

Figure 11 

 

4. Conclusions 

This work demonstrates the controlled electrodeposition of Pd nanoparticles at the 

liquid/liquid interface. Potentiostatic and potentiodynamic deposition is followed for the first 

time by in situ XAFS to give some idea of the distribution of Pd speciation, the oxidation 

state of the metal and the bonding of the reactants and products. LCF analysis suggests that 

there are no detectable stable intermediate species indicating the direct two electron reduction 

of [PdCl4]
2− to Pd0 followed by the coalescence of Pd0 atoms to form stable clusters. Potential 

control appears to eliminate the formation of long-lived pre-nucleation clusters involved in 

the oscillatory growth observed when the potential is not constrained. Applied potentials 

above or below (0.30 V or 0.40 V) the reduction potential (0.39 V) did not show any 

significant variation in growth rate suggesting that the reaction relies on the application of a 

significant overpotential (~0.46 V) for initiation. Although it is possible to initiate the 

nucleation process electrochemically, subsequent control of the rate of reaction by applied 

potential is limited within the accessible potential window. Following the initial nucleation 

the reaction may be autocatalytic, i.e. progressive, proceeding at a slow rate unless the 

reaction is held at 0.85 V to drive rapid deposition. Once formed, the particles undergo 

surface modification to enable their stability at the liquid/liquid interface either through the 

adsorption of the organic cation or citric acid molecules.  
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Figures 

 

Figure 1 

 

 

 

Figure 1. Schematic illustration of the 4-electrode electrochemical cells used in this study. 

The aqueous phase is coloured blue and the organic phase is coloured in yellow. The 

abbreviations CE and RE refer to the counter electrodes and reference electrodes, 

respectively. Cell A is constructed out of glass whilst cell B consists of a polypropylene 

Eppendorf tube connected to glass capillaries by epoxy adhesive. 

 

Figure 2 

 

 

Figure 2. Schematic illustration of the electron transfer process occurring at the liquid/liquid 

interface 
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Figure 3 

 

 

 

Figure 3. Cyclic voltammograms at a water|TFT interface using a standard glass 4-electrode 

electrochemical cell. The aqueous phase contained 1 mM [PdCl4]
2− and the organic phase 

contained 4 mM Fc. The scan rate was 50 mV s-1 
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Figure 4 

 

 

 

 

Figure 4. (a) Current transients at a freshly prepared water|TFT interface, 1 mM [PdCl4]
2−

 

(aq)|10 mM Fc(org). (b) Cyclic voltammogram of the water|TFT interface directly following the 

application of a fixed potential for 180 s (Figure 4a). Scan rate is 100 mV s-1. 
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Figure 5 

 

 

 

 

 

Figure 5. Comparison between experimental responses at the liquid/liquid interface and the 

Scharifker-Hills models for instantaneous and progressive nucleation showing a similar 

response at both (a) 0.85 V and (b) 0.90 V 
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Figure 6 

 

 

 

Figure 6. (a) Schematic indicating how the variation in sample position relates to variation in 

the XAFS response. (b) XAFS fluorescence data collected at the Diamond Light Source over 

a period of 3.5 hours at a fixed potential of 0.3 V and then 0.4 V (coloured scans) and 

following cyclic voltammetry (red scans). Positions A, B and C correspond to different 

heights through the liquid/liquid interface, separated by 500 µm. (c) LCF to standards of the 

XANES region of the red spectrum at position C (Figure 6b) i.e. following deposition. The 

plot contains the data and fit alongside the residual signal, and offset fitting components. 
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Figure 7 

 

 

 

Figure 7. (a) Cyclic voltammograms recorded at the water|TFT interface. The aqueous phase 

contained 5 mM [PdCl4]
2− and the organic phase contained 5 mM Fc. Starting at 0.7 V the 

positive limit of the potential window was extended by 0.05 V with each scan up to 1.05 V. 

The positive region of the potential window is enhanced in the figure inset showing that scans 

6, 7 and 8 all produced a hysteresis loop at positive potentials. Scan 9 appears to have 

reached bulk growth as there is no hysteresis loop. The scan rate was 25 mV s-1. (b) Constant 

potential current response for an applied potential of 0.85 V (120 s). The chronoamperometry 

was performed on the same cell shortly after CV scan 9 (a). (c) Concentration profile 

determined by LCF analysis of the Pd K-edge XANES data, collected on the ROCK 

beamline at SOLEIL, during cycling as indicated in (a). The region marked by I corresponds 
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to the scans collected prior to the application of potential and during scans 1-3. Region II 

corresponds to the variation seen during scans 4-9. Region III indicates the reactant 

composition following the chronoamperometric pulse shown in (b). (d) Example data and 

corresponding LCF for positions A and B marked in (c). Component 2 (Pd deposit) is 

compared directly to Pd foil and the initial [PdCl4]
2− spectrum is provided for comparison.  
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Figure 8 

 

 

 

Figure 8. (a) Pd K-edge XANES data (QEXAFS on the ROCK beamline at SOLEIL) 

following the electrochemically driven onset of nucleation. The shape of the K-edge can be 

seen to change on increasing scan number as the reaction proceeds from Pd(II) to Pd(0). The 

aqueous phase contained 5 mM [PdCl4]
2− and the organic phase contained 5 mM Fc. (b) Pd 

K-edge XANES data (dispersive EXAFS on the ODE beamline at SOLEIL) of the 

spontaneous nucleation at the liquid/liquid interface in the absence of any external control of 

the interfacial potential. The aqueous phase contained 10 mM [PdCl4]
2− and the organic phase 

contained 20 mM Fc. 
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Figure 9  

 

 

 

Figure 9. TEM micrographs of the Pd deposition products. These nanoparticles were formed 

following the deposition sequence: 0.85 V, 0.5 s; 0.40 V, 20 s. (a) In the absence of citric acid 

(b) in the presence of citric acid. The inset in (b) shows the particle size distribution 

histogram.  
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Figure 10 

 

 

 

Figure 10. (a) Variation in Raman response at the liquid/liquid interface before and after the 

deposition of Pd nanoparticles. (b) The Raman responses from (a) alongside measurements of 

TFT and solid BTPPATFPB. Each spectrum was normalized to the response at 1000 cm-1 to 

enable clear comparison of the wavebands. 

 


