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Detection and Characterisation of Sub-Critical 

Nuclei during Reactive Pd Metal Nucleation by 

X-ray Absorption Spectroscopy 

S.-Y. Chang,a  Y. Gründer,a,b,e  S.G. Booth,b L.B. Molleta,a A. Uehara,b,f J.F.W. 
Mosselmans,c G. Cibin,c V.-T. Pham,g, h  L. Nataf,g R.A.W. Dryfe,b S.L.M. 
Schroedera-d 

The interfacial reduction of aqueous [PdCl4]2– at the interface with an organic solution of ferrocene has 

been characterised by X-ray absorption fine structure (XAFS) spectroscopy. Use of a liquid-liquid 

interface as a model for homogeneous nucleation permits control of the thermodyna mic driving force 

for nucleation, through variation of the [PdCl4]2– and ferrocene concentrations in the bulk of the 

adjacent phases. We demonstrate  that this approach permits characterisation of the system under 

conditions of (i) no particle nucleation, (ii) fast spontaneous nucleation of stable nanoparticles and (iii) 

an intermediate state, in which formation of metastable Pd sub-critical nuclei takes place. Analysis of 

the XAFS spectra in the metastable state revealed a stochastically fluctuating equilibrium in which Pd 

nuclei are constantly formed and re-dissolved, as evident from oxidation state fluctuations detected by 

the Pd XAFS. Supersaturation was evidently sufficient to induce nanoparticle formation but insufficient 

for nuclei to grow beyond the critical cluster size. We were able to maintain a system in this metastable 

state for several hours. Such sub-critical clusters are predicted by classical nucleation theory, but have 

not been detected except in liquid-cell TEM imaging and scanning electrochemical microscopy studies. 

1. Introduction  

Insight into the electronic and structural properties of the 

metastable phases formed prior to spontaneous nucleation is 

currently the focus of considerable research activity in 

crystallisation science and crystal engineering.1-4 This work is 

performed with the ultimate aim of controlling the structure of 

the crystalline phases and as well as the size of nanoparticulate 

products. Such control is currently limited by poor knowledge 

of the structural evolution that takes place in supersaturated 

solutions before nucleation and particle growth. 

 In the process of particle formation from homogeneous 

solution a nucleus (or nuclei) must be formed by self-

association of solute molecules and subsequently phase-

separation from the bulk solution must take place.5 Classical 

Nucleation Theory (CNT) is usually applied as a conceptual 

framework for modelling these processes. CNT assumes that 

nucleation occurs from supersaturated solutions, leading to 

nuclei of a critical size whose internal structure matches that of 

the bulk material.6, 7 It is therefore implicit in CNT that through 

dynamic equilibria unstable small clusters (‘sub-critical nuclei’) 

and other aggregates should form transiently in super-saturated 

solutions before the actual onset of nucleation. Likewise, 

supercritical nuclei may re-dissolve again7, 8 and this has been 

in evidence for systems exhibiting oscillatory growth or 

dissolution.9-12 Furthermore, the structure of the nuclei initially 

formed may deviate significantly from the structure of the final 

equilibrium bulk materials.7, 13 Processes such as desolvation 

and interaction between nuclei are also expected to influence 

the nucleation process and may need to be considered 

explicitly.7 

 A central research hypothesis in the field of nucleation from 

solution is that by following the solution structure (including 

solute speciation) from under-saturated to supersaturated 

concentrations and then to spontaneous particle formation may 

allow us to establish relationships between the structure of 

nuclei and the structure of crystallised final products.1-3, 7, 13-15 

However, there are tremendous challenges for such 

experimental work, e.g., because of the complex 

nanoparticulate nature of the nuclei (sub-nm range), their 

unknown composition, low concentration and diffusive or 

convective movement, as well as the stochastic nature of 

nucleation events and the possibility that nuclei may be short-

lived transient species with low concentration.2, 7, 16, 17 These 

factors combine to render the prediction of the time and locus 

of nucleation events a major experimental challenge, especially 
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when aiming to detect critical nuclei right at the onset of 

crystallisation. 

Techniques applied to detect the early stages of nucleation 

should ideally be able to provide real time, in situ information, 

have high sensitivity and introduce minimal disturbance during 

measurements. Laboratory analytical techniques such as infra-

red, Raman, NMR and UV-Visible spectroscopy (especially 

when coupled with analytical ultracentrifugation) can in 

principle probe relevant molecular level information in 

supersaturated solutions,2 but the information provided is often 

too indirect to offer sufficiently incisive structural information. 

Bulk solution measurements also have low sensitivity to 

minority species present in low concentration. Nevertheless, 

recent studies  using coupled solid and liquid state NMR,18 

liquid cell TEM,9, 19, 20 analytical ultracentrifugation with UV-

Visible spectroscopy,21 small angle X-ray scattering (SAXS), 

and X-ray absorption fine-structure (XAFS)13, 22-26 have made 

encouraging advances. Aside from experimental techniques, 

molecular dynamics simulation27, 28 may also provide a 

promising means of studying the stability and structure of 

aggregates involved in the early stages of nucleation, although 

it is essential to correlate insights from simulation with 

experiment. 

 Here we describe an alternative approach to studying 

nucleation that is complementary to the experimental 

techniques mentioned above. Using XAFS spectroscopy we 

monitor nucleation at a liquid-liquid interface (the experiment 

is schematically illustrated in fig. 1), thereby providing 

simultaneously chemical and structural information about the 

species present as a function of interfacial supersaturation. The 

interface between two immiscible liquids provides an elegant 

avenue to confining homogeneous nanoparticle nucleation and 

growth to a defined spatial region while permitting control of 

the thermodynamic driving force for nucleation.29-35 

Spontaneous nucleation processes at the interface result in high 

local concentrations of particles, providing spectroscopic 

contrast29-35 and thereby a possibility to capture transient 

species involved in the early stages of nucleation. 

 XAFS is an excellent tool for in situ studies of local 

structure and speciation of transition metals in solution phases 

because the technique provides information on both the 

oxidation state of the X-ray absorbers as well as their chemical 

environment. For example, the number, elemental identities and 

distances of nearest neighbour atoms can be determined without 

the need for long-range order. XAFS has thus been widely 

applied to the study of metallic nanoparticles formed from 

solution and supported on solid supports, including Au, Ag, Pd, 

Pt, Rh and Cu, offering characterisation of the nanoparticulate 

products as well as mechanistic insights into particle formation 

in these systems.22  

 The XAFS study of interfacial Pd nucleation and 

nanoparticle formation at a liquid-liquid interface was 

performed by bringing an aqueous phase containing [PdCl4]
2–

into contact with an organic (ααα-trifluorotoluene, TFT) 

solution containing ferrocene, Fe(cp)2, which acts as the 

reducing agent:36 

[PdCl4]
2– (aq) + 2 Fe(cp)2 (org)  ⇌   Pd (interface) + 2 [Fe(cp)2]

+ (org) 

+ 4 Cl– (aq) 

[PdCl4]
2– is interfacially reduced by Fe(cp)2, leading to the 

nucleation of Pd metal nanoparticles. Since the nucleated 

particles are not soluble in the aqueous or organic phase, they 

remain concentrated at or near the interface due to adsorption.33 

Our interest in this system arose from the fact that the rate of 

nanoparticle formation in this system was known to be slow 

enough33, 37 to enable resolution of the transition from [PdCl4]
2– 

to metallic Pd in situ by XAFS. Furthermore, the nucleation 

driving force can be controlled by changing the reactant 

concentrations, allowing control over the rate of nanoparticle 

formation from too slow to observe (no nanoparticles detected 

even after several days) to rapid (Pd nanoparticles visible 

within minutes). We can then follow the build-up of metallic Pd 

nanoparticles from the variation of the Pd K-edge absorption 

coefficient in the aqueous, interfacial and organic phases. As 

schematically summarised in fig. 1, the accumulation of Pd at 
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the interface is expected to become detectable through a strong 

Pd K post-edge absorption that is visible as a peak near the 

interface in a plot of the Pd edge step as a function of vertical 

distance z from the interface. 

2. Experimental 

Chemicals 

The chemicals used were ammonium tetrachloropalladate(II)  

([NH4]2PdCl4, Alfa Aesar, Premion grade, 99.998%), ααα-

trifluorotoluene (TFT, Sigma Aldrich, ≥99%), ferrocene 

(Lancaster Synthesis [Alfa Aesar], 98%), bis(triphenyl-

phosphoranylidene) ammonium chloride ([BTPPA]Cl, Sigma-

Aldrich, ≥ 98%) and sodium tetrakis[3,5-bis(trifluoromethyl)-

phenyl]borate (Na[TFPB], Alfa Aesar, ≥ 97%). The electrolyte 

[BTPPA][TFPB] was synthesised by salt metathesis of 

[BTPPA]Cl and Na[TFPB].38 Briefly, equimolar quantities of 

[BTPPA]Cl and Na[TFPB] were dissolved in a 2:1:1 

acetone:ethanol:water solution. The product was filtered under 

atmospheric conditions and recrystallized from 1:1 

acetone:ethanol solution. Deionised water was used throughout 

the experiments.   

Experimental Set-up 

We prepared the liquid-liquid system in 2 mL Eppendorf safe-

lock tubes, as schematically shown in fig. 1 by contacting equal 

volumes of aqueous [PdCl4]
2– (with concentrations of either 1 

or 5 mM) and organic TFT containing the reducing agent (4 

mM Fe(cp)2). The nucleation rates were controlled by changing 

the [PdCl4]
2– to Fe(cp)2 concentration ratio. The aqueous phase 

also contained 0.1 M LiCl and in the organic phase, 15 mM 

[BTPPA][TFPB] as background electrolytes. The open circuit 

potential (OCP) fluctuated over a range of ~30 mV during the 

reaction due to ion transfer (Supporting Information A). The 

effect of interfacial potential on nucleation is currently under 

further investigation.  

XAFS Spectra Measurements and Analysis 

The data was obtained in fluorescence-yield mode at the quick 

XAFS beamline, B18,39 at Diamond Light Source, UK, and in 

transmission mode at the dispersive XAFS beamline, ODE40 at 

Synchrotron SOLEIL, Gif-sur-Yvette, France. The synchrotron 

electron storage rings were operating with an energy of 3 GeV 

and a current of 300 mA at DIAMOND, and with 2.75 GeV and 

430 mA at SOLEIL. Both B18 and ODE are bending magnet 

beamlines and use silicon (311) crystals to provide the photon 

source. B18 has a flat Si(311) monochromator which scans 

through the energy range whereas ODE has a bent Si(311) 

polychromator which enables collection of the full energy range 

by a position sensitive CCD detector. 

 At DIAMOND, a gas ion chamber was used to monitor the 

intensity I0 of the incoming monochromated X-ray beam. X-ray 

absorption spectra were monitored via fluorescence-yield, using 

a 9-element Ge solid state detector. Each spectrum was 

acquired over a period of approximately 3 minutes. The beam 

size was approximately 100 µm (height) × 250 µm (width). 

Using the Demeter software package41 the photon energy scale 

of each spectrum was calibrated to a simultaneously measured 

transmission spectrum of a Pd foil sample placed downstream 

of the liquid-liquid cell. The first derivative of the Pd K-edge 

metal absorption spectrum is known to have a maximum (E0) at 

24,360 eV. 

 It should be noted that for a given sample, the fluorescence-

yield/I0 spatial profiles (e.g. those shown in fig. 2) are 

proportional to the Pd absorption and hence the concentration 

profile of Pd as a function of position above and below the 

liquid-liquid interface. Between separate systems, however, the 

absolute fluorescence yield/I0 values can vary by an order of 

magnitude due to changes in the amplifier gain used to monitor 

I0 and due to variations in the position of the fluorescence-yield 

detector relative to the sample. 

 Dispersive XAFS measurements at SOLEIL were 

performed using a fluorescent scintillator screen and a 

Princeton Applied Research Pixis 400 CCD camera.40 The 

dispersive optics were set up to result in a beam size of 

approximately 50 µm (height) × 200 µm (width).  Each 

measured spectrum was acquired over 100 frames with 250 ms 

time resolution resulting in a total collection time of 25 s. The 

same type of Eppendorf tube as in the DIAMOND experiments 

was used for these transmission experiments, but to achieve 

sufficiently high Pd K-edge absorption for transmission 

measurements the aqueous solution contained 10 mM [PdCl4]
2– 

and 0.1 M LiCl in contact with a TFT solution containing 20 

mM Fe(cp)2 and 10 mM [BTPPA][TFPB]. We note that the use 

of a Pd-coated mirror in the ODE beamline optics resulted in a 

complicated, non-linear transmission function of the 

spectrometer, which led to a distortion of the absorption 

spectrum in the X-ray absorption near-edge structure (XANES) 

region of the spectra.  

 Linear combination fitting analysis was performed to 

determine the Pd(0) and Pd(II) contributions to each XAFS 

spectrum, using Pd foil as the Pd(0) reference and aqueous 

[PdCl4]
2– as the Pd(II) reference. The absorption edge-step 

heights in all spectra were determined using a script written in 

MATLAB2013a42 (Supporting Information D). The data were 

first smoothed using a Savitzky-Golay filtering algorithm. 

Using the smoothed data, the position of the edge-step was 

determined from the first maximum in the derivative of the 

spectrum (E0). The pre-edge background of the spectrum was 

fitted with a first order polynomial function while a second 

order polynomial was used to model the post-edge background. 

The pre-edge function was extrapolated into the post-edge 

region and subtracted from the experimental spectrum at E0 to 

quantify the edge-step height.  

3. Results 

Fluorescence-yield Pd K-edge X-ray absorption profiles 

measured at E0 as a function of vertical position relative to the 

liquid-liquid interface are presented in figs. 2a, 2c and 2e. For 

all presented experimental results 4 mM of Fe(cp)2 was present 
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in the organic TFT phase. It should be noted that the measured 

decrease in absorption across the interface is not as abrupt as 

one would expect because of the influence of the superimposed 

absorption in the meniscus, which had a curvature covering a 

length of ~2 mm. Hence, for this paper, we loosely define 

‘interface’ as the position of steepest change in the absorption 

coefficient, while ‘aqueous’ refers to the region adjacent to the 

bulk aqueous phase (but still influenced by the absorption in the 

meniscus region) and ‘organic’ refers to the region adjacent to 

the bulk organic phase (and also influenced by the meniscus). 

 We note that all results presented below were independently 

reproduced using energy dispersive EXAFS transmission 

measurements. A selection of the transmission XAFS results 

obtained in dispersive mode are given in Supporting 

Information B. The discussion in this paper will focus on the 

fluorescence-yield quick XAFS data because they do not 

exhibit XANES distortions encountered with the dispersive 

XAFS beamline as mentioned in Section 2. 

No Nucleation 

In the absence of an interfacial reaction one expects a step-

change in Pd absorption across the interface, reflecting the 

transition from absorption due to dissolved [PdCl4]
2– in the 

aqueous phase to weak absorption in the Pd-free TFT phase. 

 The case of a non-reacting interface is illustrated through 

the data in fig. 2a, which were obtained with a 1 mM [PdCl4]
2– 

aqueous solution in contact with the TFT phase. The time-

dependent plots of the absorption Pd K-edge heights in fig. 2b 

show that the Pd signal from the aqueous phase remains 

broadly constant at about 0.08, while a value of 0.01 

characterises the organic phase. As one would expect in the 

absence of an interfacial reaction, the Pd absorption at the 

interface remains steady, at an intermediate value of about 

0.045. No evidence for accumulation of Pd nucleation was 

detected even after 12 h of continuous XAFS monitoring (fig. 

2b).  

Spontaneous Nucleation and Growth  

Spontaneous nucleation was observed when the aqueous phase 

concentration of [PdCl4]
2– was raised to 5 mM (figs. 2c and 2d). 

Initially, before undergoing reaction, the absorption profile (fig. 

2c) had the same overall step function shape as the profile for 

the non-reacting system in fig. 2a. There is significant 

absorption in the aqueous phase, an abrupt drop in absorption at 

the interface and weak absorption in the organic phase. As the 

reaction proceeds accumulation of Pd nanoparticles at the 

interface takes place, resulting in an intense interfacial Pd metal 

absorption peak at the end of the experiment. The quick build-

up of stable metallic Pd nanoparticles due to spontaneous 

nucleation and growth is evident in the time-dependent plot of 

the absorption edge-step height at several locations along the 

meniscus (fig. 2d). 

Metastable State: Density Fluctuations 

The data in figs. 2e and 2f were obtained with 1 mM aqueous 

[PdCl4]
2–, the same experimental conditions that resulted in no 

nucleation in figs. 2a and 2b. As shown in fig. 2f, the Pd edge-

step heights in the aqueous phase 0.4 mm, 0.2 mm and 0.1 mm 

away from the interface (labelled ‘deep aqueous’, ‘aqueous’, 

and ‘near interface‘, respectively) were practically constant. 

The corresponding full XAFS spectra are shown in figs. 3a and 

3b. Superimposing all spectra reveals that no significant change 

 
Figure 2. The different nucleating states. (a, b) No nucleation. (c, d) Spontaneous nucleation and growth. (e, f) The metastable state with fluctuating Pd density at 

the interface. Fluorescence-yield/I0 is proportional to the absorption coefficient. The height profiles in (a, c and e) were measured at E0.  
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is taking place as a function of time, showing that the overall 

Pd concentration in these regions of the aqueous phase remains 

essentially unchanged. However, at the interface, we observed 

that the Pd absorption fluctuated strongly and stochastically, 

with signal intensities between 0.20 and 0.83 for several hours 

(fig. 2f).  

 We determined the ratio between Pd(II) and Pd(0) 

contributions in these rapidly changing interfacial spectra by 

linear combination analysis of XANES (fig. 3c). Two examples 

of analysed spectra are shown in figs. 3e and 3f. This 

examination of the balance between Pd(0) and Pd(II) revealed 

that the Pd intensity fluctuations (fig. 2f) were accompanied by 

similarly strong variations of the oxidation state balance 

between Pd(II) and Pd(0) (fig. 3c). These results show that 

Pd(0) metal is formed and re-dissolved in a stochastic manner, 

just as expected for a pre-nucleation equilibrium, and no 

formation of stable Pd metal particles is taking place. The latter 

becomes evident from the vertical absorption profile (fig. 2e) 

measured at the end of the experiment; no significant 

accumulation of Pd particles at the interface is evident from the 

absorption profile. Moreover, in the deep aqueous, aqueous, 

and near-interfacial regions the trend is as expected; Pd metal 

contributions to the signal increase as the interface is 

approached (fig. 3d). The Pd concentration was highest at the 

interface, confirming that the formation of transient metal 

particles is only taking place near the interface (fig. 3c). 

 Through the data in fig. 3e and 3f we can see that linear 

combination fitting using a reference spectrum of Pd foil 

reproduces the XANES and EXAFS regions of the 

experimental spectra very well, suggesting that the bulk Pd 

metal structure is a good model for the internal structure of 

transient metal species. This would imply that the size of the 

transiently formed Pd metal nuclei must be quite substantial. 

Although XAFS does not permit us to determine the actual size 

of these nanoparticles we can estimate the minimum size as the 

nanoparticles must grow to diameters beyond 3-5 nm in order 

to produce EXAFS amplitudes that resemble bulk Pd (fig. S3). 

We note in this context that a recent observation of Au 

nanoparticle9 formation by density fluctuations during the 

reduction of [AuCl4]
− indicated a critical size of 25 ± 4 nm, 

which would be in line with our observations for Pd. However, 

the critical nucleus size is likely dependent on the chemical 

system as well as reaction conditions such as the temperature, 

concentration and reducing agent. 

4. Discussion 

Stochastic Density Fluctuation  

As pointed out in the Introduction, CNT predicts a metastable 

pre-nucleation state with sub-critical nuclei or clusters in a 

dynamic equilibrium with solute monomers. Sub-critical nuclei 

should form stochastically, so fluctuation on microscopic length 

scales3 should take place as these sub-critical nuclei are not 

large enough to grow spontaneously. The existence of sub-

critical clusters remained speculative until they were observed 

experimentally using scanning electrochemical microscopy 

(SECM) and in situ TEM (vide infra). A metastable pre-

nucleation state has also previously been inferred for metal 

electrodeposition at a liquid-liquid interface. The initial growth 

rate of Pt at the liquid-liquid interface varied significantly 

leading to inconsistent responses which, it was proposed, were 

caused by the random nature of nuclei formation.43 Hindered 

 
Figure 3. Further analysis of the metastable state. (a, b) Pd K-edge fluorescence-yield XAFS spectra as functions of vertical position and duration. (c) Time profile 

of Pd(0) ratio obtained from linear combination fitting. Solution closer to the interface has higher Pd(0) ratio showing that reaction happened at the interface. 

Pd(0) ratio fluctuated between 20.1% and 85.8% at the interface. (d) Edge-step height as a function of Pd(0) ratio. (e, f) Linear combination fitting of two selected 

XAFS spectra at the interface using Pd(0) and Pd(II) reference spectra. Fluorescence-yield/I0 is proportional to the absorption coefficient. 
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nucleation of Au in the absence of heterogeneous sites also 

suggest that a metastable state was stabilised at a liquid-liquid 

interface.29 

 In fact, the most interesting feature of our results is that we 

are able to detect the presence of Pd metal even before a stable 

metal product is actually formed. The liquid-liquid interface 

appears to have permitted us to capture and characterise the 

metastable state where the density of the subcritical nuclei 

fluctuates stochastically in a chemically driven nucleation 

process. This fluctuating state could be maintained for several 

hours without ever entering the growth stage to stable Pd 

nanoparticles.  

 The linear combination fitting analysis with a Pd foil 

reference spectrum suggests that relatively large Pd particles, 

practically bulk-like on the length scale probed by XAFS, were 

formed and re-dissolved to consume and re-form aqueous 

Pd(II) on a timescale of minutes. We note that the detection of 

remarkably bulk-like transient Pd(0) even without the 

occurrence of spontaneous nucleation (for example fig. 3e and 

3f) rules out the existence of significant concentrations of more 

complex pre-nucleation aggregates, clusters or other pre-

nucleation phases involving Pd(0) species in this system. 

Reduction of [PdCl4]
2– seems to result very quickly in the 

formation of substantial metal aggregates. We can of course not 

rule out that the [PdCl4]
2– reduction to Pd(0) involves 

intermediates, but if these exist then their life-time is shorter 

than the timescales involved in forming the larger metal 

aggregates. 

 

Sub-Critical Nuclei  

Our XAFS observations of sub-critical nuclei are reminiscent of 

recent liquid-cell TEM results for the chemically very similar 

Au nanoparticle nucleation process from aqueous HAuCl4 

solution.9 We detected evidence for a collective formation and 

re-dissolution equilibrium for Pd particles using XAS edge-step 

height analysis, while liquid-cell TEM visualised this 

equilibrium for Au nanoparticles. For the liquid-liquid system 

used in this study, the reduction happened only at the liquid-

liquid interface while liquid-cell TEM monitors reactions in the 

bulk phases, confined to a liquid film thickness of 200-500 nm. 

In both TEM and XAS studies the particle formation and re-

dissolution process occurred on a time scale of minutes.  

 In fact, Au nanoparticle formation from supersaturated 

solutions was found to fit classical nucleation and growth 

theory as reported in a simultaneous SAXS/WAXS/UV-Vis 

study.23 The dynamic equilibria in the liquid-cell TEM study 

are similar to those underlying oscillatory crystal growth or 

dissolution, which have been observed for bismuth, sodium 

chlorate and copper systems using liquid-cell TEM and 

SECM.10-12 The growing level of data in this area obtained by 

different techniques is reassuring, as it suggests reliability. The 

interfacial XAFS technique used here is another alternative 

means of studying metastable systems and has the flexibility to 

be applied to other systems aside from metallic systems as 

discussed below. 

 Information on how monomers associate and assemble 

during nucleation and whether the pre-crystalline structures 

relate to those in the crystalline products are essential in crystal 

engineering.1-4 A comprehensive fundamental understanding of 

these phenomena could enhance the predictive power of models 

for the physical and chemical properties of the products, such 

as morphology, reactivity, stability, solubility and melting 

temperature. These physical properties are related to the 

functionality of the crystals including in organic, metallic and 

biological systems.44  

 Interestingly, the existence of sub-critical nuclei in the 

metastable zone implies that the commonly used additives for 

permitting size-selective synthesis of nanoparticles influence 

the structure formation in the pre-nucleation region. For 

instance, cluster capping ligands may specifically interact with 

transiently formed nanoparticles of a certain size, or their action 

may take place through formation of co-aggregates with 

nascent metal particles, or perhaps even with the monomeric 

reactants. Understanding the structure variations in the pre-

nucleation state and the interaction with additives in more depth 

may therefore enable the design of novel processes to control 

particle size and electronic structure. 

Possible Heterogeneous Nucleation  

Although we cannot state for certain that heterogeneous 

nucleation did not take place at all in our system, the long 

duration of observable metastability which per se includes a 

high concentration of the transient heterogeneous metal 

particles, suggests that nucleation of Pd on solid structures 

already assembled at the interface is negligible. As for the 

influence of the vessel walls, even under conditions where 

aggregated metal deposits were formed due to spontaneous 

nucleation, these deposits did not grow from the vessel walls 

but at the liquid-liquid interface. 

 

Possibility of X-ray Induced Artefacts  

It is possible, as has been shown in other systems, for Pd to 

undergo variations in speciation when irradiated by an X-ray 

beam. Although it is difficult to quantify the magnitude of the 

effect of the X-ray beam on the reduction of Pd(II) alongside 

the contribution from ferrocene, there are a number of 

observations which we believe point to a minimal contribution 

from the beam in this study: 

(i) The aqueous Pd(II) concentrations remained stable even 

after several hours of measurements (for instance at the 

‘aqueous’ and ‘deep aqueous’ positions in figs. 2b and 2f).  

(ii) As with the aqueous phase samples in the non-nucleating 

system (figs. 2a and 2b) the edge-step heights were stable 

throughout the duration of the measurement.  

Mechanical force such as stirring or shaking was not 

introduced during the measurements as the integrity of the 

liquid-liquid interface may be disrupted, which in turn would 

affect XAFS measurements. We would expect any Pd(0) 

formed by irradiation to accumulate along the beam path. In 

other words, if artefacts introduced by the X-ray beam were to 

be significant, we would expect a steady increase in Pd(0) and 
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therefore edge step-height to increase in all of these systems 

independent of positions and concentrations which was not the 

case in the systems studied in this paper. X-ray beam artefacts 

seem to be insignificant compared to the actual physical and 

chemical effects at the liquid-liquid interfaces. It is worth 

mentioning though that [PdCl4]
2– solution appears to be more 

stable under the X-ray beam than [AuCl4]
– and [AuCl2]

– where 

radiation-induced reduction has been reported previously.45, 46  

 

Metal Deposition at the Liquid-Liquid Interfaces  

The interfacial XAFS data presented in figs. 2 and 3 show that 

the use of a liquid-liquid system facilitates control over 

supersaturation and enables observation of a metastable 

supersaturated state and the detection of sub-critical nuclei 

involved in the nucleation of Pd. Although various XAFS 

studies have previously attempted to elucidate mechanistic 

scenarios for metal nucleation,13, 23-26, 29-31 this metastable state 

with density fluctuations has never been structurally 

characterised. The likely reason is that typically a chemically 

driven reactive nucleation in bulk solution takes place very 

rapidly due to extremely high supersaturation, causing 

invariably rapid spontaneous nucleation. The liquid-liquid 

interface employed in our study achieves low supersaturation at 

the interface through the mass transport limitations caused by 

insolubility of the reaction partners in the other solvent. In other 

words, the system employed in this work relies on diffusion 

limited chemical control of the interfacial process through the 

variation in reactant concentrations.  

 We have previously applied a potential bias to the liquid-

liquid interface,29-31 examining reactant intermediates and 

behaviour in the spontaneous growth region.29-31 It is well 

known that the liquid-liquid interface may be polarised either 

internally through the use of a common ion or by external 

potential control applied using a potentiostat.35, 47 

Electrodeposition is more extensively used to study 

morphology and formation kinetics of metal formation in the 

spontaneous growth region.35, 47 This paper focuses on the use 

of a non-electrified, chemically controlled interface as 

explained above, emphasising the metastable region which can 

be observed using time resolved XAFS, i.e. ~3 min using 

QEXAFS instead of ~30 min using conventional XAFS in our 

previous studies.29-31 We emphasise that this paper is the first 

time we have been able to observe the formation of sub-critical 

nuclei. Now that we are able to observe this metastable state, 

the combination of QEXAFS and electrochemical control at a 

liquid-liquid interface, whereby reactions may be “triggered” 

and the thermodynamic driving force for deposition varied in 

situ, promises to be a powerful combination for future study. 

 

Applicability to Other Liquid-Liquid Interfaces  

The technique described in this paper, i.e. using XAFS to probe 

the liquid-liquid interface, is by no means limited to nucleation 

studies or metallic systems. The technique has also been used to 

study solvation and orientation of bromide ions and zinc 

porphyrin at interfaces.48-51 

We have previously developed a windowless liquid-liquid 

droplet cell. Although initially used to study Au 

electrodeposition,24, 25, 46 the cell is also compatible with soft 

X-rays and could therefore be  useful for a wide range of 

systems including organic and biological systems. Specifically, 

the liquid-liquid interfacial region can be used to study mass 

transfer, adsorption and heterogeneous reaction in thin layer 

material synthesis, biomembrane and solvent extraction.49, 51-53  

Aside from the interfacial region between two layers of 

immiscible solutions, liquid-liquid interfaces are also present in 

droplets/emulsion systems relevant for food, cosmetics, 

consumer products and pharmaceutical industries; thus 

widening the possible applications of XAFS on liquid-liquid 

systems. For instance, microbubbles which are potentially 

useful for site targeted drug carriers, can be selectively probed 

using scanning transmission X-ray microscopy (STXM), a 

simultaneous XAFS and microscopy technique.54  

Conclusions  

Our results show that use of the liquid-liquid interface and 

variation of the aqueous [PdCl4]
2‾ concentration permits control 

of the thermodynamic driving force for the nucleation of stable 

Pd metal particles. With XAFS we were able to characterise the 

Pd speciation in systems that did not nucleate (low 

supersaturation), spontaneously nucleated (high 

supersaturation) and moderately supersaturated systems that 

remained in a pre-nucleation dynamic equilibrium state of 

density fluctuations. XAFS analysis clearly revealed a dynamic 

equilibrium involving Pd(II) and ordered bulk-like Pd(0). The 

growth and re-dissolution of such metastable metallic Pd 

particles takes place on a timescale of minutes. We have thus 

provided evidence of the presence of sub-critical nuclei of Pd 

metal before a stable metal product is actually formed, as 

predicted by CNT. Following reactions at a liquid-liquid 

interface is a promising method for mechanistic studies of 

nucleation, especially for chemically driven nucleation 

processes where control of the supersaturation is otherwise 

difficult to achieve. 
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