UNIVERSITY OF LEEDS

This is a repository copy of In situ XAFS Study of Palladium Electrodeposition at the
Liquid/Liquid Interface.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/113615/

Version: Accepted Version

Article:

Booth, SG, Chang, S-Y, Uehara, A et al. (4 more authors) (2017) In situ XAFS Study of
Palladium Electrodeposition at the Liquid/Liquid Interface. Electrochimica Acta, 235. pp.
251-261. ISSN 0013-4686

https://doi.org/10.1016/j.electacta.2017.03.059

© 2017 Elsevier Ltd. This manuscript version is made available under the CC-BY-NC-ND
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Accepted Manuscript

Flectrochimica
Acta

Title: In situ XAFS Study of Palladium Electrodeposition at
the Liquid/Liquid Interface

Author: Samuel G. Booth Sin-Yuen Chang Akihiro Uehara
Camille La Fontaine Giannantonio Cibin Sven L.M.
Schroeder Robert A.W. Dryfe

PII: S0013-4686(17)30526-1

DOI: http://dx.doi.org/doi:10.1016/j.electacta.2017.03.059
Reference: EA 29093

To appear in: Electrochimica Acta

Received date: 12-1-2017

Revised date: 6-3-2017

Accepted date: 7-3-2017

Please cite this article as: S.G. Booth, S.-Y. Chang, A. Uehara, C. La Fontaine,
G. Cibin, S.L.M. Schroeder, R.A.-W. Dryfe, In situ XAFS Study of Palladium
Electrodeposition at the Liquid/Liquid Interface, Electrochimica Acta (2017),
http://dx.doi.org/10.1016/j.electacta.2017.03.059

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/doi:10.1016/j.electacta.2017.03.059
http://dx.doi.org/10.1016/j.electacta.2017.03.059

In situ XAFS Study of Palladium Electrodeposition at the Liquid/Liquid

I nterface

Samuel G. BootASin-Yuen Chang,Akihiro Uehara® Camille La Fontainé Giannantonio

Cibin,” Sven L. M. Schroed&fand Robert A. W. Dryfé

Addresses

& School of Chemistry, University of Manchester, @xff Road, Manchester, M13 9PL, UK
® Diamond Light Source Ltd., Didcot, Oxfordshire QXADE, UK

¢ Division of Nuclear Engineering Science, Resedtehctor Institute, Kyoto

University, Osaka, 590-0494, Japan

4 Synchrotron Soleil, L'Orme des Merisiers, Sainbiw BP48, 91192,

Gif-sur-Yvette, France

® School of Chemical and Process Engineering, Usityeof Leeds, Leeds LS2 9JT,

UK

Corresponding Author Email

robert.dryfe@manchester.ac.uk

Abstract

We report the use of XAFS (X-ray absorption fineisture) as an in situ method to follow
the electrochemically driven deposition of palladinanoparticles at a liquid/liquid interface.
A novel glass/plastic hybrid electrochemical cedisnused to enable control of the potential
applied to the liquid/liquid interface. In situ nse@ements indicate that the nucleation of

metallic nanoparticles can be triggered througloebamperometry or cyclic voltammetry.

Page 1 of 37



In contrast to spontaneous nucleation at the lijgidd interface, whereby fluctuations in Pd
oxidation state and concentration are observeceruadixed interfacial potential the growth
process occurs at a steady rate leading to a bpilof palladium at the interface. Raman
spectroscopy of the deposit suggests that the mrgéectrolyte binds directly to the surface
of the deposited nanoparticles. It was found thatmtroduction of citric acid results in the

formation of spherical nanoparticles at the integfa

Keywords (up to 5)

Palladium, electrodeposition, XANES, nanoparticles

1. Introduction
The synthesis of metallic nanoparticles has befecs of researchers in numerous fields
due to their potential applications in energy cosian, catalysis and therapeutics amongst
others. Widely developed synthetic strategies fiecéi/ely form nanoparticles with precise
control of the shape and size have been develspet,as the Turkevich or Lee-Meisel
methods to produce citrate protected nanopart{@@£50 nm) and the Brust-Schiffrin
method to form smaller (1-5 nm), thiol protectedtioées [1-3]. In order to further develop
the synthetic strategies to form nanoparticles wititisely controlled size, shape and
composition, a clear understanding of the nucleadiod growth processes involved is
required. As an addendum to this there is alscaalto develop fine control strategies to

form the target structures as efficiently as pdssib

Whilst a variety of approaches to probe solutioagghnucleation have been reported in the

literature over the past decades, many aspeckegirbcess are relatively poorly understood.

The size domain of the critical first stages ofleation, which is believed to be on the order
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of nanometres or sub-nanometres, has proven diffcwerify both experimentally and
computationally [4-6]. Experimentally, detectionsgfecies on this scale is very difficult
without the high sensitivity (spatial and temporagtrumentation capable of sampling at the
right scale and differentiating the nucleation ésdrom the bulk species. Computationally
the sizes of system required to effectively mobelévents are quite large, making

calculations very expensive.

Due to the development of ever more precise exmiat techniques however, the size
domains of interest are now becoming accessiblehligues such as transmission electron
microscopy (TEM), X-ray scattering and X-ray absinp spectroscopy may now provide
incisive information about the phase changes. ttiquéar coupled in situ techniques such as
UV-Vis absorbance and X-ray scattering can enall& cesolution of the changes occurring
during a single phase growth process [7, 8]. Thmptementary benefits of in situ X-ray
techniques to different sections of the nucleapimotess have been summarised in the review

by Sun and Ren [9].

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

the earliest stages in the nucleation processasichanges in the oxidation state of the metal
and coordination environment. The technique has béapted to follow the Turkevich and
Brust-Schiffrin methods mentioned above, and osimegle phase reduction protocols [10-

13].

Alongside the aforementioned size based limitafitms study of nucleation is also

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

examining a bulk, supersaturated solution the ooiseticleation is stochastic. The first
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nucleation event often triggers a cascade wherahycfe nucleation and growth spread
rapidly through the whole solution. Pre-nucleatitusters have also been seen to form in
undersaturated solutions as well as supersatusatations [14], but as the time and location

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

In this respect, when looking to follow the nucieatprocess, electrochemical systems offer
a significant advantage over chemical reactionsa@ylying an external potential bias to
drive the reaction the onset of nucleation candfmédd in time and confined in space. As a
surface sensitive technique, electrochemistry @ddiwers control over the location of the
reaction whilst enabling direct measurement ofuthderlying thermodynamics and kinetics.
In situ microscopic methods such as atomic foraaoscopy (AFM) or liquid-phase TEM
can be utilised to follow the growth process [13-T&e drawback of studying nucleation
and growth through electrochemistry on a solidtetele is the presence of defects on the
electrode surface which act as preferential nuidleattes causing heterogeneity within the
reaction [19]. An alternative is to study the preses occurring at a liquid/liquid interface
[20], where the interface between the two immiseitlid phases provides a defect free
substrate to follow the nucleation. The reactiothatliquid/liquid interface is considered
analogous to that at a liquid/solid interface, @e.a “conventional” electrode surface, in the
sense that an electron transfer process restthe iformation of a zero valent nucleus, which
must rapidly grow to a certain size to become stafihe electrodeposition of a number of
metals at the liquid/liquid interface has been regabin the literature including Au, Ag, Pt
and Pd [21-28], as reviewed elsewhere [29]. Inctme of Au nucleation it has been shown
that the lack of defect sites can completely irttifie nucleation process under certain
conditions [30]. So far there has only been limpedential dependent size control reported

in liquid/liquid deposition reactions [22].
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The “soft” interface means that a number of techegywhich are readily applied to solid
surface, such as atomic force microscopy, are iiegpe. Liquid-phase TEM, which is far
from trivial due to the vacuum requirement, hastgdie developed to deal with the
complication of the two solvents required in ligliguid reactions. XAFS however, can be

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

When studying reactions at liquid/liquid interfadeis important to consider the increased
complexity of the reaction. As discussed by Scimfémd co-workers, the reaction is

diffusion limited not only by the metal precursorthe aqueous phase but also by the organic
reducing agent [28]. As nanoparticles begin to eaid at the interface there are two factors
driving the preferential forward reaction: firdtetformation of a lower energy interface e.g.
the total surface energy of the system may be edtlas the sum of the organic|solid and
aqueousjsolid phase interactions are lower in griban the organic|laqueous interaction [32,
33]. Second, there is the increased likelihoodeattant interaction — initially the reactants
must come in to direct contact at the interfacetierelectron transfer process to occur, but as
the particle begins to grow there is an increasadtion cross-section, as further electron
transfer processes can occur between reactanenpaesywhere on the surface. Therefore
the particles can be considered as miniature bghiolar electrodes adsorbed at the interface
[28]. Whilst these two processes contribute toditieing force for the forward reaction, the
rate may become restricted by the formation ofaatent depletion zone around the newly
formed metal structure, which leads to either difbn limited growth or the dissolution of
unstable clusters. If nuclei fail to reach a calisize they may be prone to dissolution [34,
35]. Oscillatory deposition or dissolution proceskave previously been observed in

electrochemical systems where one parameter (paifentrent/resistance) is free to vary
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during the reaction [36, 37]. Likewise in chemisgstems, the reversible formation of
metastable pre-nucleation clusters have been ax@neviously by XAFS and TEM [38-

40].

In this work we focus on the introduction of electnemical control to the previously
reported reduction of Btiby ferrocene (Fc) [40-43]. The reaction requirachgueous phase
palladium salt ((PdG]%) brought in to contact with a solution of the reithg agent (Fc) in
trifluorotoluene (TFT). This resulted in the int&efal reaction forming palladium
nanoparticles [42]. Equation 1 indicates the predegolved, wheraq refers to the aqueous

phaseprg the organic phase, anthe liquid/liquid interface.

[PdCl4]2‘aq + 2Fcorg & Pd®% +2Fct g +4Cl g, (1)

During deposition, in the absence of potential mnthere are significant fluctuations in
both interfacial concentration and oxidation staftéhe Pd, suggesting random oscillations
between reduction and dissolution prior to the fation of stable Pd clusters. These
oscillations are mimicked by the interfacial potehivhich is found to vary significantly
when not controlled [40]. The presence of a comimarto fix the interfacial potential
appeared to suppress the observed oscillationsaBiftedicted in the review by Koper [37].
This work uses an external potential bias to exigigater control over the growth process in

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

2. Experimental

2.1 Chemicals
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(NH4)2PdCl (99.995%), trifluorotoluene (TFB99%), LiCl £99.99%),
bis(triphenylphosphoranylidene)ammonium chlorid@RPBACI,>98%) and citric acid
(>99.5%) were purchased from Sigma-Aldrich (Dorsé€).UFc (98%) and sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NBFB,> 97%) were purchased from Alfa
Aesar (Lancashire, UK). Ultrapure filtered waternl{MQ, 18.2 MQ resistivity) was used in
the preparation of all aqueous solutions. The dcgelectrolyte, BTPPATFPB, was
synthesised through metathesis reaction of BTPR&GINaTFPB in 2:1:1
acetone:ethanol:water mixture as reported prewddgl, 45]. All electrochemical cells were

cleaned in either piranha or aqua regia solutioims o use.

2.2 Electrochemistry
Two types of electrochemical cell were used to r@¢be data. The first was a standard 4-
electrode, glass electrochemical cell, Figure Kaj.this cell the internal volume is ~4 mL.
Luggin capillaries connect the reference solutinhe main cell. In order to perform in situ
XAFS measurements we developed a modified plastickigure 1(b). The main body of
this cell was a 2 mL polypropylene Eppendorf safekltube. The cells have been previously
used by us in a variety of synchrotron-based XAfediss of single phase and two-phase
systems: no evidence of degradation, due to theepoe of the organic solvent, was observed
[40, 43, 46]. Two holes were drilled into this tubeorder to place glass Luggin capillaries
close to the interface. The capillaries were saturglace using an epoxy adhesive
(Araldite). For each use the cell had to be aadwéd removing the epoxy which was then
reapplied to the cell to use again. The interfagiab of the polypropylene is similar to that of
the glass cell, although there is a larger distdeteeen the Luggin capillaries and the
interface, because the glass capillaries wouldraike interfere with the passage of the X-

ray beam.
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Figurel

In both cases a 4-electrode set up was applied iigauze electrodes as counter electrodes
and homemade Ag/AgCl reference electrodes for thelaqueous and organic phases. The
organic reference required the use of an aguedeienee solution containing 1 mM

BTPPACI and 10 mM LiCl. For reactions in the horab &nd at the synchrotron the
concentrations used wesemM PdCk (x = 1, 5 or 10) and 0.1 M LiCl in the aqueous

phase, angt mM Fc {y = 4, 5, 10 or 20) and 10 mM BTPPATFPB in the oigquinase.

Home-lab electrochemical measurements were condloci@n Autolab PGSTAT100
(Metrohm, Runcorn, UK). In situ measurements dubegmtime experiments were
performed using an Ivium Compactstat potentio$t@irfh Technologies, Eindhoven, NL).

All reported potentials are on an Ag/AgCl scaleexorded.

2.3 XAFS Measurements
In situ experiments were conducted at the quick ERAQEXAFS) beamlines — B18 [47] at
the Diamond Light Source and ROCK [48] at SynctmotBOLEIL, and on the energy
dispersive EXAFS beamline ODE [49] at Synchrotr@LEIL. Pd K-edge measurements
were collected at different heights intersecting liquid/liquid interface during the course of
the reaction. In each case we used a beamling sz@mable us to repeatedly cycle through a
series of positions normal to the interface in otdgollow the reaction. Due to the meniscus
of the interface there are several positions atlwhie can see variations during the course of
the reaction. The point of greatest interest aadahe reaction is concerned is the point

closest to the organic bulk phase. However, atgbstion we have the lowest Pd K-edge
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step height. On ROCK at SOLEIL the signal was saahfbr different periods of time at the
different heights to counteract this loss of signal

The synchrotron at SOLEIL ran with an energy o625eV. ROCK provided measurements
using a Si(220) crystal monochromator oscillatirithva frequency of 0.5 Hz over a range of
0.5° to record the complete Pd EXAFS spectrum. @myincreasing angle spectra were
considered, resulting in the collection of a conEXAFS spectrum in 1 s every 2 s. Both
fluorescence and transmission spectra were cotlestteultaneously using, respectively, a
passivated implanted planar silicon detector (P{P&berra) and ionization chambers
(Oken). The spectra were subsequently averagedtieigdata with a suitable signal to noise
ratio. It was necessary to average over a greatabar of scans when sampling closer to the
bottom of the interfacial meniscus. As such, 8&tpewnere averaged at the highest sampling
position when closer to the aqueous phase, andgddetra when at the two positions which
intersected more of the organic phase. The beaanwsiz 25Qm (height) x 345um (width).

On ODE a bent single crystal silicon (311) crystavides a polychromatic beam that is
focused on the sample giving a spot size of 50 lperght) x 200 pum (width). The

transmitted beam then diverges on to a positiositea Princeton Applied Research Pixis
400 CCD camera. Measurements took 250 ms and weraged over 100 scans resulting in
25 s per measurement. The presence of a Pd miittuinwihe ODE optics set up resulted in a
minor distortion of the Pd K-edge response.

At the Diamond Light Source, the storage ring nwith an energy of 3 GeV and a current of
300 mA. On the B18 beamline, the beam dimensions w@0um (height) x 100@m

(width). Fluorescence data was collected usingeieent Ge solid state detector. In this
case each measurement took ~3.5 minutes. The $ieamspecified above define the spatial

resolution of the experiments: the particles illititormed are on the scale of a few
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nanometres in diametesettion 3.3), hence each XAFS experiment represents an avefage

spectra over many individual particles.

Data analysis was performed using the Demeter aoétywackage [50]. Initially all spectra
were calibrated to a Pd foil sample collected comnily with each data point, the peak of
the first derivative in this spectrum was thenlnalied to the known Pd K-edge energy of 24
350 eV. XANES (X-ray absorption near edge strugtdega was normalised and treated
using the Athena package. Linear combination fit(ioCF) was performed using a standard
for [PACL]%>” which was collected in the bulk aqueous phashérabsence of reducing agent
and Pd foil as the standard for Pd(0), or theahand final spectra collected during a
reaction. The data was fitted between 20 eV belenonset of the K-edge (designakjito

a position 200 eV above the edge.

24TEM
TEM micrographs were collected on a Philips CM2MMI Hhe samples were collected on
copper mesh holey carbon grids purchased from &gamntific (Agar Scientific Ltd. Essex,
UK). The holey carbon grid was passed throughithed/liquid interface in order to collect
the metal nanoparticles before washing with ethandlacetone to remove organic salt and

solvent residues from the surface.

2.5 Raman
The Raman spectra were recorded on an inVia miepes(Renishaw plc., Wooton-Under-
Edge, UK) using a 532 nm laser excitation. A 908 @dr was attached to the objective lens

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

3.1 Cyclic voltammetry

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

of potential in order to drive the heterogeneoestebn transfer process betweeﬁBg; and

FC(org)(Figure 2) [28, 41].
Figure2

The reduction potential for [Pdgi (aq) tO Pd has been reported as 0.39 V vs Ag/AgCl in
agueous solution [51], however the actual potergialso a function of the chloride ion
concentration [52].

In our studies no deposition was detected withioaitaipplication of an overpotential to

“trigger” the nucleation of Pd metal at the integaThis may be related to the relatively low

concentrations used in the present work. In pres/igark the reaction has been found to

occur spontaneously at higher reactant concentrfdio, 43].

In liquid/liquid electrochemical systems, the widththe potential window is limited by the
transfer of the background electrolyte. Using the/\hydrophobic organic electrolyte
BTPPATFPB the window is limited by the transfer.of at the positive end of the potential
window and by Cltransfer at the negative end [53]. Voltammetryidates that the onset of
Pd nucleation is detectable within this potentialdow (Figure 3). During the first cycle
there is a minor peak visible for the transferhaf terricenium ion, F*c(A‘}‘,‘lT¢° 0.51V)
present prior to the onset of the reduction. Thalkpositive peak that is visible in the first
scan is due to the photooxidation of a small gtyaofiferrocene in the organic phase as

reported elsewhere [54, 55]. On cycling beyondRtieion transfer peak to more positive
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potentials, a hysteresis loop is observed indieativpalladium nucleation [56, 57]. During
the second cycle there is an increased peak cdmetite FC that has been generated by the
reduction of Pd. Repeat cycling indicates furth@wgh as the irreversible peak at the
positive end of the potential window continuesrtorease in current as does thé fansfer
peak until a plateau is observed. The rising curaethe right of the CV (0.8 V- 1.0 V)
could stem from the electron transfer reaction,tbete is also the possibility of overlap with

hydrogen evolution catalysed by theé’Rtteady deposited [58].

Figure3

Current measurements at a fixed potential can geouseful information about the potential
dependence of the reaction and the onset of nimbedtigure 4 indicates the variation in the
response at different applied potentials. An ihdi@p in current is associated with charging
of the electrical double layer. In the case ofaitil/liquid system there are two back-to-back
electrical double layers extending into the tworent phases. At a potential above the
nucleation threshold (~0.85 V) this is followeddny increase in current until the particle
growth becomes limited by mass transport. The tesulFigure 4 indicate that the reaction
requires a minimum potential of approximately O\ orresponding to an overpotential for
Pd nucleation of approximately 0.46 V, based orrdiaeiction potentials quoted above. The
peak in the current response at 0.95 V is probablyobservable due to the aforementioned
onset of hydrogen evolution, which complicatesaheent response. Cyclic voltammetry
performed directly after applying the fixed potah{iFigure 4b) provides more insight into
the role of the applied potential. The higher thplied potential, the further the reaction has

progressed according to the CV response.
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Figure4(a and b)

If the growth process is thermodynamically favoleahen the application of a sufficient
overpotential will enable the nucleation clustergtow through reduction of ions on their
surface. Under constant potential the nuclei cam fand grow, but the process causes
depletion of reactants near the particle/solutidarface and a disruption of the local
overpotential around the particle. Describing thecpss involved becomes challenging then
as the population of nucleation clusters increaseisthe diffusion zones between particles
start to overlap. One of the most commonly usedeatsoitd describe this process is that
proposed by Scharifker and Hills [18, 59-61]. Timedel can be used to describe
instantaneous nucleation in the limit of an infnitucleation rate, meaning all nuclei are

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

1/2
_ zFD C[l_e(—Nnth)] )
i/2¢1/2
8ntcM 1/2
Kk :( ) (3)
p

wherez is the number of electrons transferreds the Faraday constai,is the diffusion
coefficient,c is the reactant concentratidtjs the nuclei density is the molecular weight

of the deposit, ang is the density of the deposit. If instead progkesaucleation takes

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

in Equations 4 and 5.
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ZFDY/2¢ —ANgmk'Dt?
= W[ el )] ()
4 /8mcM\?
k' = _( ) 5)
3\ p

Here,A describes the nucleation rate constantMgid the number of nuclei present initially.
The experimental response can be converted to dio@ass variables in order to compare
with the theoretical responses. To achieve thesctirrent is converted tdyax Wherelyaxis
the peak in the current transient dfigh.x Wheretmax is the time at which the current
maximum occurs. The equations for instantaneougpesgtessive nucleation can then be

simplified as shown in Equations 6 and 7, respebtiv

2 ¢ 2
< I ) _ 1.9542 [1 _ e_1'2564flmax:| (6)
IMax t/tlmax
2 _ 2 72
( I ) _ 1.2254 [1 e 2'3367f12max] 7)
IMax t/tlmax

The current transients measured at 0.85 V and\0i80Figure 4 produced peak maxima in
the current transients and can therefore be cordparthe model using Equations 6 and 7.
When fitted to the model the data adheres moreslylds a progressive nucleation response
whereby nuclei are able to form throughout the titeaqFigure 5). The fact that the transient
response in both cases decreases even more rdgdlyhe response predicted from the
progressive nucleation model is due to the additicomplication of diffusion in both the

agueous and the organic phase, as alluded to intieeluction. Although this problem has
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been approached through in depth analytical ancenioal studies of electrodeposition at the
liquid-liquid interface, a general interfacial griwlaw has yet to be determined for
nucleation at the liquid/liquid interface [28, 62s the fit does not closely match the data the

results were not used to calculate the diffusicgffa@ent or nuclei density.

Figure5(a and b)

3.2 In situ XAFS measurement of palladium deposition

3.2.1 Bulk growth of Pd nanoparticles
Electrochemical measurements were coupled wititunXAFS in order to obtain
information on reactant and product concentratase/ell as oxidation state information.
This enables measurements with spatial contrdstltav the nucleation and growth process,
and to support the mechanistic suggestions madesaboorder to perform in situ
measurements the electrochemical cell describ&tjure 1b was used, as the X-ray beam is
strongly attenuated by glass. The meniscus forneédden the aqueous and organic phases
results in variations in the signal response dejpgnoh the vertical sampling position
(Figure 6a). The variation in Pd K-edge height (irgg6b) at the three positions is due to the
different concentrations of Pd within the beamraidated in the schematic in Figure 6a. Due
to the interfacial meniscus it is difficult to dedi the positions relative to the interface,
however as an approximation Position A can be demsd to be close to the bulk agueous
phase and Position C is close to the bottom ofrteriscus. As expected, no Pd could be
detected in the organic solution. In this firstat@n we depict three positions (vertically
separated by 500 pum) which were alternately mogatdnroughout the reaction in order to

demonstrate the spatial dependence of the reaétwrall subsequent examples we show
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only the position which gave the clearest respenise. the best compromise between signal

intensity and proximity to the organic bulk phase.

Initially XAFS measurements were performed oveeaqa of 3.5 h with the interfacial
potential held at 0.3 V and then 0.4 V to verifgttho reaction occurred at these potentials.
As can be seen from the light coloured spectragarg 6b, this resulted in minimal variation
in the composition of Pd, which also demonstrates there is no beam induced reaction in
this system. In Figure 3 the reaction had platednyetthe sixth CV cycle so in this XAFS
experiment, six CV cycles were performed usingsiu@e potential window. This resulted in
the formation of a visible dark deposit of palladiat the liquid/liquid interface. Following
the reaction there was a clear variation in the 84€sponse (Figure 6b — red spectra). As
would be anticipated, the largest change in Pd@atnation is found closest to the organic
phase (Position C). The rapid increase in Pd cdrasgon corresponded to a build-up of bulk
Pd species at the interface. Linear combinatiaim@t(LCF) yields a fit suggesting 56.9%

Pd(ll) ([PACK]*) and 43.1% Pd(0) using [Pd and Pd foil as standards (Figure 6c).

Figure6 (a, b and c)

3.2.2 Progressive Pd growth by restricted CV cycling
In order to follow the process systematically, animetry was conducted in a restricted
potential window (0.2 — 0.7 V). The positive linoit the potential window was then
progressively increased after XAFS measuremerdadt position (Figure 7a). Between CV
cycles the potential was fixed at 0.4 V whilst XAB{Sectra were collected. The inset in
Figure 7a shows that hysteresis loops, indicativeuoleation, could be observed in three of

the CVs collected. The distortion of the CVs atniest positive potentials, compared to
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Figure 3, relates to an increase in hydrogen enolwrhen the reaction is performed over a
longer timespan as has been seen in other metasitiep systems [58]. There is also,
however, a higher Ohmic drop in the CV shown inurég7a, manifest in the wider peak-to-
peak separation of the Fion transfer discussed earlier. No Ohmic compémsatas

applied to the experimental voltammograms: the driglistortion seen with the situ XAFS
cell reflects the different cell geometry (Figune Where the Luggin capillaries are further
from the interfacesee section 2.2). After CV cycling reached the limit of the poteh
window a fixed potential bias was applied (0.85120 s) to drive bulk growth of Pd (Figure

7h).

Figure7 a-d

When examining the XANES response, LCF using Pdridicated a slight mismatch
between the standard and the nanoparticle produwield at the liquid/liquid interface

(Figure S2). With the reaction proceeding dire@thyn Pd(ll) to Pd(0) without the formation
of any intermediate species (raw spectra in Fi@8git was possible to use the initial and
final spectra from the reaction to examine the déjmm process (Figure 7c). Previous reports
indicate the rapid formation of poly-nuclear Pdags [Pd(OH)]?) in aqueous solution
which may form precipitates [8]. This reaction ¢dsnmitigated at low pH however, in this
system this species was not observed suggestihg tiigh Clcontent also stabilises the

[PACL]?* species as has been confirmed for [AJid63].
Figure 7d shows example linear combination fitstha&r data points marked as A and B.

Whilst Component 2, the spectrum collected follayvioulk deposition, still contains some

[PACL]? from the aqueous phase, there is clear variagtwden the response and that of Pd
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foil. The two peaks directly above the edge comespto transitions to the 5p and 4f states
[64]. The reduction in intensity of the second pgakomponent 2 relative to the foll
indicates a reduction in the density of stateswelIclusters have been formed rather than
bulk metal [65]. The shift to lower energies woalgpear to suggest the presence of surface

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

The variations seen in the XAFS can be isolateal 3ndistinct regions during the reaction
(Figure 7c). During the initial stages of the réati(regionl) there is a very slow increase in
Pd(0) content however, as the onset potential bagat been reached there is little distinct
variation. The first CV performed in regidhgoes as high as 0.85 V which appears to
indicate the onset of the reduction process fragnysteresis loop in Figure 3. Following on
from this, there is a change in the gradient ofslbee indicating an increase in the rate of Pd
deposition, however further increases in the pasiind of the potential window (up to 1.05
V) appears to have little further effect. Regldohindicates the point at which bulk deposition
was caused by the fixed potential indicated in Fégib. This produces a sharp increase in

Pd(0) content where little further variation ocaatr

3.2.3 Effect of interfacial potential on the deposition of Pd
The observations under potential control are irkstantrast to our previous work on the
spontaneous deposition of [PET measured using dispersive EXAFS. In the absenee of
applied potential, the Pd concentration and oxulasitate were seen to fluctuate over a
number of hours [40, 43]. By introducing a fixedgmatial we have removed one of the
possible degrees of freedom from the reaction tbhe¥esuppressing the oscillatory process.
When the reactions are compared side by side @sg8)y the fluctuations in edge step height

in the presence (Figure 8a) and absence (Figurefgimtential control can be observed. The
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reaction in Figure 8a was initiated by CV (Figud Before applying a fixed potential bias
(0.40 V). Short potential pulses (0.85 V for 2,r510 s) were not found to influence the rate
of growth. In contrast, in Figure 8b the reactamiaentrations were higher (10 mM Pg (I
20 mM Fc) and there was no control of the intedbpbtential leading to dramatic
fluctuations in concentration. (The variation ie #dge shape in Figure 8b is due to the
presence of Pd within the transmission detectaherODE beamline at SOLEIL which lead
to a non-linear transmission function, causingghsidistortion of the K-edge.) The
potentiostatic system is able to exhibit globalgog across the interface which maintains
electroneutrality within the electrolyte, stabifigithe growth process [37]. Whereas the
spontaneous system has no such constraint theeziat#ing localised fluctuations in
potential, disrupting the mass transport and leatbrcomplex oscillations in the Pd
deposition[43]. Whilst the effect of interfacialtpatial plays a pivotal role in the growth
model both responses indicate a transition frontl P Pd(0) which, based on the
chronoamperometric data discussed above, sug@iesteperation of a progressive nucleation

model.

For the externally controlled reduction, the EXAESponse (Figure S5) showed a
progression from Pd(ll) to Pd(0) but did not indecany clear variation in the bond lengths
suggesting that the particles are formed by théesoance of Pd(0) rather than the formation

of intermediate species which contain both Pd-RtRahCl bonds.

Figure8aand b

3.3 Sze control of nanoparticle species

Page 19 of 37



In the system described above, the products afethetion are nanoparticulate, although
there is little to control the shape and size efglhoducts. To examine the shape of the
clusters formed we performed a brief depositiorusege under potentiostatic conditions.
The potentials applied were: 0.85 V (nucleatiorspubr 0.5 s), followed by 0.4 V (slow
growth for 20 s). TEM micrographs of the resultaahoparticles are shown in Figure 9a.
The absence of protecting groups has resultedemamparticle shapes and sizes. The
particles can be seen to be predominantly sub JGndhlattice fringes can be seen
indicating that the particles are crystalline ratiivan amorphous in nature, a full size
distribution was not performed due to the non-sighéshape of the particles and the extent
of aggregation observed. The liquid/liquid intedacts to partially stabilise the
nanoparticles and it was observed that the depaisitsys remained at the interface rather
than dropping to the bottom of the cell, in agreetwath previous observations for the

deposition of Pd [27].

Figures9

To refine the deposition protocol we introduced M wf citric acid to the aqueous phase to
act as a stabilising ligand for the particle depdss the citric acid also acts as a weak
reducing agent it was found that in conjunctiorhviérrocene the spontaneous reduction of
Pd(Il) to form nanoparticles was possible. Themnedaseaction between citric acid and Pd(ll)
in a single phase solution. In order to try and/jgte a good comparison with the particles

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

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

the deposition in the absence of citric acid (0/89.5 s; 0.40 V, 20 s). In this case the
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deposition results in the formation of smaller raamticles that are more uniform in shape

and size (Figure 9b). The size of the nanopartidesed 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 SERS spectroscopy. As with the XAFS
measurements, a horizontal detector enabled measntéhrough the meniscus of the
liquid/liquid interface to see any variations iresjies environment. Figure 10a indicates the
Raman response recorded before and after depostititie palladium nanoparticles. The
increase in intensity seen in some of the Ramamatidmal modes indicates that the bare
nanoparticles assembled at the interface are alpeovide some SERS enhancement. There
have been previous reports in the literature tapresence of electrolyte in both solution
phases is important when it comes to stabilisinigl garticles at the interface [68-70] and the
response obtained here suggests that the orgacitayte has assembled either on the
surface of the nanoparticles or in close proxinfiigure 10b includes the Raman response
for the TFT solvent and the organic electrolytedomparison. As can be seen the blank
sample matches well with that of the TFT solvertt tve Pd deposition indicates the
presence of peaks from the organic electrolyte BYHHPB, although there is some overlap
with the solvent due to the similarity of the stures. Prior to the deposition of Pd,
BTPPATFPB cannot be detected by Raman at a comtiemiof 10 mM. The spectra for
BTPPACI and NaTFPB are shown if Figure S6 to idgritie individual contributions from
the anion and cation. Once the Pd has been degpagithe interface there is some
enhancement of the solvent close to the nanopestaohd a significant enhancement of the
organic electrolyte. Based on the work of Bell andwvorkers [70] this would suggest that

the electrolyte is acting as a modifier on the Bdaparticle surface following deposition.
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This observation appears to match the variatiowéen the nanoparticles and foil samples

indicated in the XANES data (Figure 7d).

Figure1l

4. Conclusions
This work demonstrates the controlled electrodejmrsof Pd nanoparticles at the
liquid/liquid interface. Potentiostatic and potedtynamic deposition is followed for the first
time by in situ XAFS to give some idea of the disition of Pd speciation, the oxidation
state of the metal and the bonding of the reactamdsproducts. LCF analysis suggests that
there are no detectable stable intermediate spedi&siting the direct two electron reduction
of [PACL]? to Pd followed by the coalescence of"Rifoms to form stable clusters. Potential
control appears to eliminate the formation of |diwgd pre-nucleation clusters involved in
the oscillatory growth observed when the potengialot constrained. Applied potentials
above or below (0.30 V or 0.40 V) the reductiongmtial (0.39 V) did not show any
significant variation in growth rate suggestingtttiee reaction relies on the application of a
significant overpotential (~0.46 V) for initiatioAlthough it is possible to initiate the
nucleation process electrochemically, subsequentamof the rate of reaction by applied
potential is limited within the accessible potentvindow. Following the initial nucleation
the reaction may be autocatalytic, i.e. progresgiveceeding at a slow rate unless the
reaction is held at 0.85 V to drive rapid depositi@nce formed, the particles undergo
surface modification to enable their stabilitylze tiquid/liquid interface either through the

adsorption of the organic cation or citric acid ewulles.
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Figure 1. Schematic illustration of the 4-electretlectrochemical cells used in this study.
The aqueous phase is coloured blue and the orghage is coloured in yellow. The
abbreviations CE and RE refer to the counter eldes and reference electrodes,
respectively. Cell A is constructed out of glasslstitell B consists of a polypropylene

Eppendorf tube connected to glass capillaries loxepdhesive.

Figure2
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Figure 2. Schematic illustration of the electraansfer process occurring at the liquid/liquid

interface
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Figure3
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Figure 3. Cyclic voltammograms at a water|TFT ifi@teg using a standard glass 4-electrode

electrochemical cell. The aqueous phase contaimet! JPdCL]*>” and the organic phase

contained 4 mM Fc. The scan rate was 50 MV s
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Figure4
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Figure 4. (a) Current transients at a freshly preghavater|TFT interface, 1 mM [PAET
(ag)10 MM Fegorg). (b) Cyclic voltammogram of the water|TFT intedatirectly following the

application of a fixed potential for 180 s (Fig4ta). Scan rate is 100 mV:.s
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Figure5
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Figure 5. Comparison between experimental respatshe liquid/liquid interface and the
Scharifker-Hills models for instantaneous and pesgive nucleation showing a similar

response at both (a) 0.85 V and (b) 0.90 V
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Figure6
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Figure 6. (a) Schematic indicating how the variaiio sample position relates to variation in
the XAFS response. (b) XAFS fluorescence data cigtkat the Diamond Light Source over
a period of 3.5 hours at a fixed potential of 0.8and then 0.4 V (coloured scans) and
following cyclic voltammetry (red scans). PositiohsB and C correspond to different
heights through the liquid/liquid interface, sepadaby 50Qum. (c) LCF to standards of the
XANES region of the red spectrum at position C (ffggéb) i.e. following deposition. The

plot contains the data and fit alongside the redidignal, and offset fitting components.
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Figure7
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Figure 7. (a) Cyclic voltammograms recorded atwhager|TFT interface. The aqueous phase
contained 5 mM [PdGJ?>” and the organic phase contained 5 mM Fc. Staatifly7 \V the
positive limit of the potential window was extendad0.05 V with each scan up to 1.05 V.
The positive region of the potential window is emted in the figure inset showing that scans
6, 7 and 8 all produced a hysteresis loop at pesgidtentials. Scan 9 appears to have
reached bulk growth as there is no hysteresis [Bbp.scan rate was 25 mV.gb) Constant
potential current response for an applied potenfi@l.85 V (120 s). The chronoamperometry
was performed on the same cell shortly after C\h&éa). (c) Concentration profile
determined by LCF analysis of the Pd K-edge XANEB&dcollected on the ROCK

beamline at SOLEIL, during cycling as indicatedai The region marked HBycorresponds
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to the scans collected prior to the applicatiopatential and during scans 1-3. Regibn
corresponds to the variation seen during scansRe@§ionl 11 indicates the reactant
composition following the chronoamperometric pudkewn in (b). (d) Example data and

corresponding LCF for positions A and B markedan Component 2 (Pd deposit) is

compared directly to Pd foil and the initial [PdIET spectrum is provided for comparison.
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Figure 8. (a) Pd K-edge XANES data (QEXAFS on ti@dK beamline at SOLEIL)

following the electrochemically driven onset of feation. The shape of the K-edge can be
seen to change on increasing scan number as tt@reproceeds from Pd(ll) to Pd(0). The

aqueous phase contained 5 mM [R#fCland the organic phase contained 5 mM Fc. (b) Pd

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

spontaneous nucleation at the liquid/liquid integfin the absence of any external control of

the interfacial potential. The aqueous phase coetel0 mM [PdG]*>” and the organic phase

contained 20 mM Fc.
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Figure9

Diameter / nm

Figure 9. TEM micrographs of the Pd deposition pigis. These nanoparticles were formed
following the deposition sequence: 0.85 V, 0.5.400/, 20 s. (a) In the absence of citric acid
(b) in the presence of citric acid. The inset ihglhows the particle size distribution

histogram.
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Figure 10
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Figure 10. (a) Variation in Raman response atithed/liquid interface before and after the
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—— BTPPATFPB

deposition of Pd nanopatrticles. (b) The Raman mspofrom (a) alongside measurements of

TFT and solid BTPPATFPB. Each spectrum was norredltp the response at 1000t

enable clear comparison of the wavebands.
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