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Facile Electrochemical Synthesis of Pd Nanoparticles with
Enhanced Electrocatalytic Properties from Surfactant-Free

Electrolyte

Maksudul Hasan,*2®! Worawut Khunsin,! Christos K. Mavrokefalos,® Stefan A. Maier,© James F.

Rohan,™ and John S. Foord®

Abstract: Synthesis of low-dimension metallic nanoparticles of clean
surface with high dispersibility and enhanced atomic surface
distribution is extremely important since these strongly influence the
electrocatalytic properties of the nanoparticles. In this study, the early
stage electrochemical nucleation and growth of palladium
nanoparticles (Pd NPs) under potentiostatic control has been
investigated on a Au(111) textured substrate. The size distribution and
structural characterisation of the ex-situ as-deposited Pd NPs by
means of high resolution Field Emission Gun-Scanning Electron
Microscopy (FEG-SEM) at different stages combined with the
electrochemical measurements revealed that cluster of nuclei grew
independently by the reduction of metal ions. The electrodeposited Pd
NPs were very pure as confirmed by X-ray Photoelectron
Spectroscopy (XPS) due to the surfactant-free green
electrodeposition process and highly dispersed with an average
particle size 2-5 nm. The average nanoparticle size becomes smaller
with higher overpotential for the same deposition time. The
synthesised Pd NPs demonstrated the largest specific surface area
(4 times of commercial Pd-C) and the electrocatalytic activity in
ferrocyanide/ferricyanide redox and ethanol electrooxidation
processes (35 times of commercial Pd-C). This work represents an
important step in achieving the fundamental understanding of
nucleation and growth of nanoparticles correlating the electrocatalytic
performances.

1. Introduction

Noble metal nanoparticles (NPs), usually in the size range of 10
nm and below exhibit superior electrocatalytic and electronic
properties to their bulk counterparts due to unique shape, size and
surface morphology.™! Palladium (Pd) NPs have received
considerable interest in recent years due to their application in
various electrocatalytic processes such as in organic synthesis, @
pharmaceuticals,?! hydrogenation of polyunsaturated
hydrocarbons,™ hydrogen storage, bio/electrochemical
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sensors,® cancer treatment,[”] fuel cells® and co-catalysts in
photocatalysis and carbon dioxide (CO3) reduction.®! A recent
review article has presented different synthetic methods,
dimensional and  morphological effects and related
electrochemical applications of nanostructured Pd and Pd based
materials in electrooxidation of liquid fuels, hydrogen production
and storage and electrochemical sensors.'® Controlling the
shape or surface of metal NPs is crucial to their exploitation in
specific applications from catalysis to chemical sensing to drug
manufacturing.*#¢ 11 To date, various synthetic approaches such
as the reduction of metal salts or the decomposition of
organometallic compounds have been investigated as feasible
routes to the synthesis of noble metal NPs.[*2l Organic functional
reagents such as polymers, surfactants and ionic liquids are
generally used in these wet chemical syntheses to control the
morphology, dispersibility and stabilisation of NPs in the
homogeneous solution phase. The actual size of synthetic NPs
varies from method to method since the final formation is not
controlled by a single parameter, but instead the complex and
combined effects of the surfactant, reducing agent, solvent,
species concentrations, temperature and reaction time.

Another popular approach is known as seed-mediated
growth, in which target NPs are grown from a solution of seeding
NPs of a given crystallite or shape, metal precursor salt and a mild
reducing agent.'¥ The seeding NPs reduce the metal species at
the surface/solution interface with the help of a reducing agent.
Recently, it has been reported that upon deposition ad-atoms may
not remain on the same crystallite planes where deposition
occurred but move to other crystallite planes due to self-surface
diffusion processes.' This phenomenon often disrupts the
growth mode and hence, the final shape or morphology of the
NPs. Although homogeneous dispersion of Pd NPs has been
achieved in the seeding strategies or in some of the wet chemical
synthetic methods referred to above, the capability to synthesise
well-defined shape and highly dispersed Pd NPs of sub 10 nm
dimensions is yet to be achieved. Additionally, advanced
electrocatalysis/electroanalysis based on Pd requires Pd NPs in
the conductive thin film format to miniaturise the overall electrode
and device dimension particularly for handheld and portable
devices. In particular, there has been increasing interest in the
complementary metal-oxide-semiconductor (CMOS) compatible
electrodeposition method that meets the underlined demand of
synthetic Pd NPs with high dispersibility, large surface-to-volume
ratio and enhanced atomic surface distribution. Among these, a
direct electrodeposition method based on a sacrificial anode has
been demonstrated to synthesise size-selective Pd NPs in an
organic electrolyte.*>) Under an applied current or potential, the
bulk metallic Pd at the anode is dissolved as Pd?* ions, which then
migrate/diffuse to the cathode where they are reduced as ad-
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atoms. The size of the NPs can be controlled via a number of
parameters such as solvent polarity, current density, charge flow,
distance between electrodes, etc.['5! This method was then
further improved by the direct electroreduction of metal precursor
salts in aqueous electrolytes i.e., metallic ions are directly
provided by electrolyte rather than the sacrificial anode.[6l
Despite the improvement, there exists an inherent drawback with
the method, i.e. two competitive processes occurring at the
cathode; one is the reduction of metal ions as NPs and other is
the reduction as a metallic film.[”] To shift the balance in favour of
NPs growth a surfactant is typically used to enhance the rate of
NPs formation rather than the metallic thin film deposition. Also,
the use of an ideal surfactant is crucial in stabilising the metal ions
as nanocluster in the solution phase, which prevents precipitation
as solid metal before the ions reach the cathode. The molecular
nature of the surfactant, however, strongly affects the size and
dispersibility of the synthesised metallic NPs. Moreover, it is not
always possible to find a suitable surfactant for the specific size-
selective synthesis of metal NPs.

Here, we report a facile synthesis of Pd metallic NPs on Au
substrate by electrodeposition from a surfactant-free green
electrolyte. The growth modes of Pd NPs were analysed in detail
and correlated with their electrocatalytic performance. The
electrolyte consisted of PdCI, as the precursor ion source in an
aqueous and mild acidic environment at room temperature
allowing sufficient time to form a ligand stabilised coordinated
complex [PdCl4)?%, in which Pd?* ions were stabilised by the ligand
effects of ClI"ions, or H,O or both depending on the electrolyte pH.
The effects of the applied overpotential and deposition duration
were systematically investigated for their influence on the
nucleation, growth and size of the Pd NPs, while other parameters
such as precursor concentration and pH of the electrolyte were
kept constant. A large potential window positive of the
underpotential deposited hydrogen (Hupp) was obtained for the
electrodeposition of Pd through the pH dependent ligand
coordination effects of CI- and H,O with Pd?* ions and, therefore,
Pd NPs at a specific pH were deposited with a little influence of
the Hypp ONn growing Pd nuclei.

2. Results and Discussion

2.1. Electrochemical deposition of Pd

The CV of the Au(111) textured substrate was recorded in
deaerated perchlorate (HCIO,) electrolyte containing chloride (CI°)
ions. The behaviour of CV (Figure S3a) is similar to the Au(111)
surface and the peaks in the anodic scan corresponds to the
structural transition of the Au(111) surface as discussed in the
supplementary section. The (111) texture of the substrate was
also confirmed by XRD analysis as discussed in section 3.3. The
CV in Figure 1a shows a wide onset potential region 0.7-0.27 Vrye
for Pd deposition well positive of the underpotential deposited
hydrogen (Huep) region which is found below 0.27 Vgue. A
cathodic current due to the reduction reaction 1 (below) started to
flow around 0.7 Vrue, followed by a substantial current rise to a
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maximum at 0.02 Vgue near the diffusion limited reduction of
[PdCl4]>. No cathodic peaks for the underpotential deposition of
Pd were observed. In another experiment, CV for the Pd
deposition was conducted at slower scan rate of 1 mV s from the
same electrolyte (Figure S3b). The deposition peaks were similar
to that of the higher scan rate and no cathodic peaks due to the
underpotential deposition appeared at the potential more positive
than 0.7 Vgrue. The current of Pd deposition (Figure 1a) decreases
sharply beyond the peak at 0.02 Vgue as the mass transfer
diffusion dominates, and reaches a minimum at -0.002 Vrue
followed by an increase due to the bulk hydrogen evolution. The
potential region of 0.7-0.27 Vren is where the Pd metal deposition
occurs without Hypp and after this point deposition occurs
simultaneously with Hupp on the freshly deposited Pd. As the
cathodic potential limit gradually increases into the Hypp region,
an anodic current due to Pd stripping at 0.98 Ve increases i.e.,
stripping current is linearly proportional to the overpotential
indicating the deposition of Pd within the selected potential
window. A pair of peaks (C1, A;) appears (Figure 1b) as a result
of the H adsorption (Hags) and desorption (Hges), respectively,
when voltammogram (D) was scanned negatively to 0.12 Vgue.
As the cathodic potential was scanned into and beyond the Hypp
region, a sharp anodic peak appears at 0.11 Vgrue (voltammetry B
and C) due to H absorption (Haps) onto the Pd lattice and its re-
oxidation. In this overpotential region i.e. from 0.27 until -0.08
VrHe, Pd deposition occurs simultaneously with Hypp as indicated
by the appearance of a hydrogen desorption peak at 0.11 Vgue
along with a larger Pd stripping peak at 0.98 Vgen in the anodic
scan. The higher anodic peak current for Pd striping indicates that
Pd deposition increases as the overpotential increases and is not
hindered by the Hupp. The higher cathodic current in the reverse
scan for the potential region of 0.48-0.27 Vgue Shown in Figure 1b
supports the fact that the deposition of Pd on Pd surface is faster
than the nucleation on Au electrode surface.

[PACL,]>~ + 2e~ - Pd(0) + 4Cl~ 1)

155a) A g

{/mA
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Figure 1. (a) Cyclic voltammetry of the Au substrate recorded in deaerated 0.1
mol L't HCI electrolyte containing 0.001 mol L* PdCl, scanned negatively from
OCP with a scan rate of 5 mV s™ (initial/conditioning: 0.79 Ve, 10 s), the upper
potential limit was selected at 1.3 Vrue and reverse potential at 0.52 Vrre (F),
0.32 Vree (E) 0.12 Vrre (D), -0.002 Vree (C) and -0.08 Vrwe (B), where A
represents the voltammogram of the substrate in 0.001 mol L'* HCI electrolyte
and (b) Expanded current densities within the selected potential region 0.1 to
0.6 VRrHE.

Three overpotentials were selected for the Pd deposition and
named as small (0.54 Vgue), medium (0.16 Vrue) and large (-
0.002 Vgue) overpotential. The nucleation and growth of Pd at
these selected overpotentials was investigated by potentiostatic
transient measurement, in which Pd was deposited in a short
pulse width of 5 s and stripped at 1.0 Vrue, @ potential sufficiently
positive to ensure that no Pd remain on the surface. The current-
time transients in Figure 2a shows an initial drop in cathodic
current due to the adsorption and multistep charge transfer
reactions and pass through a minimum to obtain the constant
current values at longer deposition times.!*8 The last part of the
current-time transient was used to plot steady-state current vs.
inverse square root of the time in Figure 2b since there is an
important contribution of the adsorption current at the beginning
of the deposition i.e. short time deposition. The resulting current-
time transients recorded for the small, medium and large
deposition potentials, all show the characteristic shape for an
electrochemically driven, mass-transfer diffusion controlled (i.e.,
current is proportional to t*/? at long times), nucleation and growth
process.' The cathodic current is consistent with the Cottrelian
decay indicative of the planar diffusion controlled growth. Thus,
the selected overpotential region (i.e., small, medium and large
overpotential) is large enough to overcome the potential barrier to
nucleate the stable Pd nuclei for further growth.
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Figure 2. (a) Current-time transient recorded at various overpotentials vs. RHE
on a Au substrate in deaerated 0.1 mol L* HCI electrolyte containing 0.001 mol
Lt PdCI; (initial/conditioning: 0.79 Vrwe, 10 s), (b) Plot of current vs. time™?
showing linear characteristic consistent with the Cottrell equation (see
supplementary section). The legend shows the corresponding Pd deposition
potential at small 0.54 Vree (solid line), medium 0.16 Vrre (dash line) and large
-0.002 Vree (dot line).

2.2. Characterisation of Pd deposits by cyclic voltammetry
in agueous acidic electrolyte

Figure 3 shows CVs of the Au (111) electrode recorded in 0.1 M
H,SO, electrolyte at 20 mV s after Pd was deposited
potentiostatically at (a) 0.54 Vrue (small overpotential), (b) 0.16
Vrue (medium overpotential) and (c) -0.002 Vgwe (large
overpotential) for different deposition times. The CVs for all Pd
electrodes show the characteristic peaks (C4, As) for Pd oxide
reduction (PdOeq)/formation (Pd) at around 0.64/0.92 Vgye and
peaks (Ci;, C; and A;, A;) for Hupp i.e., adsorption (Hags),
absorption (Hass) and desorption (Hges), respectively, in the
potential range 0.2-0.06 Vrpe. A pair of peaks (Cs, Asz) represents
the bulk process of hydrogen absorption/evolution and re-
oxidation from the surface of the Pd at potential 0.01 Vrye Or more.
A pair of broader peaks (Cs, As) at around 1.16 Vgue and 1.4 Vgue
corresponds to the Au oxide (Au,Os3) reduction and formation,
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respectively, are suppressed when the deposition time was more
than 0.2 s. The peak corresponding to the reduction of Au,O3; was
no longer detected as the deposition time increased (insets in Fig.
3) suggesting that the Au surface was fully covered by the Pd
deposits and no Au surface remained exposed to the electrolyte.
The shape of the CVs in the Hypp region is similar to those
obtained at pseudomorphic Pd layers deposited on Au(111) and
Au(100) substrates,?? which indicate that Pd was deposited
epitaxially. The peak current due to PdOyed/Pdoxi (Ca, As), Hads/Habs
and Hges (C1, C, and Ai, Ay), bulk hydrogen absorption/re-
oxidation (Cs, Az) and oxygen evolution (at larger than 1.5 Vryg)
from Pd surfaces increases with increase in the deposition time
(see Figure 3 and S4), which indicates that surface roughness of
the Pd deposits increases with the deposition time. However,
deposition was likely to be low at small overpotential (0.54 Vgrye)
for longer deposition duration i.e., current for Hags/Habs @and Hges
and PdO,q increased slightly with increasing the deposition time
as shown in Figure S4.
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Figure 3. Cyclic voltammetry of the Pd deposited on a Au substrate at (a) 0.54
VRhE, (b) 0.16 Vree and (d) -0.002 Vree in deaerated 0.1 M H2SO4 electrolyte
shows Hads/ Hans/Hdes as well as Pd oxide formation/reduction peaks. CVs were
recorded in static conditions with a scan rate of 20 mV s (initial/conditioning:
0.9 Vrhe, 10 s) and inset shows the expanded current for the reduction of AuO.
The legend indicates the corresponding Pd deposition time.

To examine the nature of the halo-aqua Pd?* complex, UV-
visible spectrophotometric analysis was carried out. The UV-
visible absorption spectra (Figure 4a) of the electrolyte (0.1 mol
Lt HCI electrolyte containing 0.01 mol L* PdCl,) are similar to
those reported in the literature, which is a spin-forbidden d-d
transition (*Azg < Ayg) of square-planar Pd?* complexes in the
range between 350-500 nm.?4 The maximum absorption of the
band shifts to shorter wavelengths when the CI- ligands are
exchanged for H,O ligands on going from a highly acidic to a lower
acidic electrolyte, which is in agreement with the spectrochemical
series of the ligands.?Y The maximum absorption peak of the
band at 432 nm is given by the coordinated complex [PdCls][H2O],
in which CI- ligands exchanged for H,O ligands of the complex
[PdCI4]% (assigned absorption peak at 467 nm) and the complex
is stabilised by charge transfer from ligands to the central Pd?*
ions.?*-221 On further hydrolysis of PdCl3][H.O] towards a near
neutral electrolyte, more CI- ligands are displaced by H,O to
produce complexes such as [PdCl,_,][H,0]$? (x = 0-4) [24)].
These complexes show a larger shift of the Pd?* d—d transition
band to shorter wavelengths (420 nm) and a change in colour of
the electrolyte to brown as shown in the inset of Figure 4a. After
10 times dilution to 0.001 mol L PdCl,, the maximum absorption
peak of the band did not show a wavelength shift (Figure 4b),
which confirmed that concentration of the active ions in the
electrolyte doesn'’t affect the coordination nature of the complexes.
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Figure 4. UV-visible absorption spectra of 0.1 mol L'* HCI electrolyte containing
(a) 0.01 mol L PdCI; at pH 0.7, 1.3 and 5; (b) comparison between 0.001 and
0.01 mol L'* concentration of Pd?* ions at pH 1.3. Inset: Colour changes of 0.1
mol L™* HCI containing 0.01 mol L* PdCl. with increase pH.

2.3. Growth mode and structural characterisation of Pd NPs

Following the deposition of Pd from the aforementioned
electrolyte by the potentiostatic pulse at various overpotentials,
Pd NPs were observed in an ex-situ examination of the electrode
surface using a high resolution FEG-SEM. Figure 5 shows ex-situ
FEG-SEM of the different sizes of Pd NPs grown on Au surface
where the deposition charge was controlled to 433 uC cm? ( 1
monolayer Pd = 440 pC cm?)®™! for each potential. The
nanoparticles are grown by direct electrochemical reduction of
[PdCl4)? ions from the electrolyte on the Au surface according to
equation 1. The nanoparticles are randomly dispersed and
spherical in shape, in which a large fraction of the substrate is
unoccupied. The unoccupied space accounts for the planar
diffusion controlled growth of the nuclei as the deposition
progresses. The mean particle diameter and distribution were
determined by measuring the sizes of at least 1500 particles. The

10.1002/celc.201701132

WILEY-VCH

mean diameter of particles deposited at small, medium and large
overpotential are 3.8 nm (o = 1.8), 2.8 nm (o = 1.2), and 3.5 nm
(o = 1.7), respectively. The average particles size were
determined as described in the experimental section 2.3 (also,
see the related description in Figure 6 and S5 for more details). It
is observed from those measurement that particle sizes vary
slightly at each overpotential i.e., dependent on the applied
overpotential. The obtained result implies that the average cluster
size becomes smaller with higher overpotential for the same
deposition time i.e., higher density of nuclei at higher overpotential
leads to a smaller average size.

Figure 5. Ex-situ FEG-SEM images for Pd nucleation and growth on a Au
substrate electrodeposited potentiostatically at (a) 0.54 Vrre, (b) 0.16 Vrye and
(d) -0.002 Vree for a 433 pC cm2 deposition charge (0.98 monolayer equivalent).
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Inset corresponds to a high magnification FEG-SEM image. Scale bars in the
big panel and in the inset are 100 nm and 20 nm, respectively. The electrolyte
was made up with deaerated 0.1 mol L'* HCI electrolyte containing 0.001 mol L
1 PdCla.

The growth of Pd NPs was further examined by increasing the
amount of Pd deposition charge. A higher amount of Pd
deposition charge 3183 yC cm2, which is 7.3 times larger than
that of Figure 5, was controlled potentiostatically on each
electrode and representative FEG-SEM images are shown in
Figure 6. Pd NPs gradually cover the whole Au surface with a high
degree of monodispersity as the deposition progressed. There
seems to be a general tendency to increase in size and broaden
the size distribution of the nanoparticles as the deposition
continues based on the inset profile in Figure 6. The mean
diameter of the particles are also increased as the deposition
progressed from 3.8 nm to 5.5 nm (0 =3.1), 28 nrmto 4.8 nm (o
=2.4)and 3.5 nm to 5.0 nm (o = 2.9) for small, medium, and large
overpotential, respectively. Hence, the particles size is relatively
big at small overpotential compared to that of the large
overpotential deposition. According to the particles density figure
(Figure S6), the count for the maximum mean diameter particles
at small (0.54 Vgue) and medium (0.16 Vgue) overpontential
increased by two and three times, respectively, with increasing
deposition charge whereas the density of these particles
decreased by half in the case of large (-0.002 Vgrye) Overpotential
deposition. In accordance with the particles density character
(Figure S6) and inset profile (Figure 6), this phenomena endorses
the fact that particles size distribution became more
homogeneous with increasing the deposition charge i.e., small
clusters of nuclei or particles grew faster than their larger
counterpart to attain a comparatively homogeneous distribution of
particles during large overpotential deposition. According to the
FEG-SEM images discussed above firstly, nuclei and clusters of
nuclei are formed randomly on the Au surface; secondly, new
clusters are also formed all over the surface as the deposition
proceeded; and thirdly, stable clusters are grown by the direct
reduction of [PdCl4]? ions towards a full coverage of the substrate
as the deposition continued. A schematic model for the
electrochemical nucleation and growth of Pd deposition at small,
medium and large overpotential based on the FEG-SEM results
discussed above is shown in Figure 7. The monodispersed Pd
nanoparticle are formed without and with a little or large
interaction of Hupp on the growing nuclei of Pd and seemingly,
Huep didn’t obstruct the growth of the deposits.
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Figure 6. Ex-situ FEG-SEM images of the Pd NPs on a Au substrate
electrodeposited potentiostatically at (a) 0.54 Vree, (b) 0.16 Vree and (d) -0.002
Vree for a 3183 uC cm2 deposition charge. The electrolyte was made up with
deaerated 0.1 mol L* HCI electrolyte containing 0.001 mol L PdCl.. Insets
show the higher magnification images of the areas within the red rectangles, in
which examples of profile plots are shown. Dashed black lines represent the
cuts where the profiles were analysed. To illustrate the variation in particle sizes,
Gaussian fits were performed, the FWHM values of which are noted next to the
profiles. Scale bars in the big panel and in the inset are 100 nm and 20 nm,
respectively.

This article is protected by copyright. All rights reserved.



ChemElectroChem

Pd NPs
- [PACI,

Graphical Symbaols

(i) Small overpotential

(1) Substrate

A (LTS0S

(3} Grewth by reduction
of [PACL,]% ions

(2) Stable nanocluster farmation at
small overpotential under ne Hypp

(i} Medium overpotential

ATy I

{1) Substrate (2) Stable nanocluster formation at
medium overpotential under little Hyjpp,

(3} Growth by reduction
of [PdCL,]% ions

(iil) Large overpotential

A LLTYS050 ;

{1} Substrate (2) Stable nanacluster formation at
large overpotential under large Hjpp

A [LLLVTI/SI0,/51

(3) Growth by reduction
of [PACL* ions

Figure 7. Schematic illustration of the electrochemical growth mechanism of the
Pd deposition on a Au substrate when the overpotential is (i) small with no
interaction of Hurp, (if) medium with a little interaction of Hurp, and (iii) large with
a significant interaction of Hurp, on the growing nuclei.

The elemental composition, chemical and electronic states of
Pd NPs at the Au (111) interface were investigated by XPS as
shown in Figure 8a for a deposition charge of 3183 uC cm?,
similar to the deposition charge for which FEG-SEM is shown in
Figure 6. Survey scans were carried out initially on a contaminant
free Au (111) surface. The survey showed that all the samples
contain O, C and Pd photoelectron peak consistent with the
modification of the Au surface with Pd NPs. Pd NPs on the gold
surface were prepared by applying various potentials while
maintaining the same deposition charge. Hence, Au substrate
modified with Pd nanoparticles has spin orbit doublets with Pd
3ds;; and Pd 3ds, peaks at 335.8 eV and 341.3 eV, respectively.
The latter observation seems to be the same for all the electrodes
regardless of the applied potential during Pd deposition. That
means that there was not any binding energy shift, a fact which
indicates that the deposited metallic Pd NPs are pure or
contaminant-free. To investigate the crystal structure of Pd NPs,
XRD measurements were performed as shown in Figure 8b. A
strong diffraction peak was observed, which can be assigned to
the (111) face-centred cubic (fcc) structure of metallic Pd along
with a tiny peak for the (200) facet.
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Figure 8. (a) XPS and (b) XRD of Pd NPs on a Au substrate for a total deposition
charge of 3183 uC cm. The legend shows the corresponding Pd deposition
potential at small 0.54 Vrxe, medium 0.16 Vree and large -0.002 Vgrhe.

2.4. Electrocatalytic performance measurement of Pd NPs

CVs for the Pd NPs based electrode (corresponding ex-situ FEG-
SEM images were shown in Figure 5 and 6) were recorded for the
ferrocyanide ([Fe(CN)g]*")/ferricyanide ([(Fe(CN)g]*") system. The
peak-to-peak separation (AEp) between the redox couple of the
ferrocyanide/ferrocyanide CVs complies with that of the standard
curve as discussed in the supporting information section (Figure
S7) and demonstrates a quasi-reversible one-electron redox
behaviour at the Pd NPs as shown in Figure 9. Before examining
the redox behaviour in the above electrolyte, the deposited Pd
NPs were electrochemically cleaned in 0.5 mol L? KOH
electrolyte by CV technique. Because it is a surfactant-free Pd
NPs surface (as confirmed by XPS in Figure 8a), steady-state
CVs were achieved after a few cycles. The redox current of Pd
NPs deposited at medium (0.16 Vgrue) and large (-0.002 Vgue)
overpotential as shown in Figure 9a, is similar to that of the Au
substrate (Ipa = 0.67 MA and lpe= 0.76 mA) with an anodic (Epa)-
cathodic (Epc) peak potential separation (AE, = Epa - Epc) of 0.09
V, which indicates faster electron transfer kinetics. However, peak
separation of Pd NPs deposited at small (0.54 Vgrwe) increased to
0.13 V with a slight decrease in the corresponding redox current
(Ipa = 0.56 MA and l,c= 0.62 mA). This behaviour is due to the
partial hindrance of ([Fe(CN)s]*")/ ([(Fe(CN)e]*") redox reaction on
the Pd NPs surface and slower electron transfer kinetics that
leads to a lower current and higher peak separation. However, Pd
NPs deposited at small overpotential, whose particles size are
quite large by comparison with those deposited at medium and
large overpotential might have less activated surface area for
redox reaction. As the deposition proceeds, nanoparticles or
clusters grew further through the fresh reduction of ions into
nanoparticles of the homogenous active sites and surface area.
As can be seen from the Figure 9b, the redox peak potentials of
the ferrocyanide/ferricyanide system are similar for all Pd NPs
electrodes irrespective of the overpotential applied when
deposited for longer period of time (corresponding FEG-SEM
image is shown in Figure 6). The anodic and cathodic peak
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potential for all Pd NPs are observed at 0.95 Vgye and 0.86 Vg,
respectively, and the corresponding anodic-cathodic peak
potential separation (AEp = Epa - Epc) is 0.09 V. The obtained AE,
value for Pd NPs is similar with the value of the Au substrate (AE,
=0.09 V), but it should be borne in mind that the Au particles were
deposited under vacuum by a sputtering technique, which affords
high purity blanket deposits but is more expensive by comparison
with the electrodeposition method. A small AE, value obtained for
Pd NPs indicates that a good reversibility and electrochemical
activity are maintained on the Pd nanoparticles surface.*% The
redox current of Pd NPs varies slightly with each overpotential
applied for their deposition, which are I, = 0.80 mA and I, = 0.85
mA (small overpotential), lpa = 0.75 mA and I,c = 0.80 mA (medium
overpotential), and lpa = 0.77 mA and I, = 0.85 mA (large
overpotential). The ratio of the cathodic to anodic current is close
to 1, suggesting that the reaction undergoes a quasi-reversible
redox process. The redox currents for Pd nanoparticles are 1.1 to
1.2 times higher than that of the Au substrates i.e., a larger
electrochemically activated surface area of the electrodeposited
Pd NPs and faster electron transfer kinetics by comparison with
the sputtered Au. The redox current for Pd NPs complied with the
theoretically calculated value (0.825 mA) from Randles-Sevcik
equation, in which a lower value for the Au substrate can be
interpreted in terms of the lower activated surface area for the
redox reaction.
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Figure 9. Cyclic voltammetry of Pd NPs on a Au substrate (a) 433 uC cm
(corresponded SEM is shown Figure 4) and (b) 3183 uC cm (corresponded
SEM is shown in Figure 5 ) recorded in deaerated 0.005 mol L* Ks[FeCN]s and
1 mol Lt KCl electrolyte. CV's were recorded in static conditions with a scan rate
of 50 mV s (initial/conditioning: 0.9 Vrye, 10 S).

Pd NPs were characterised by CV in deaerated 0.5 mol L*?
KOH aqueous electrolyte as shown in Figure 10. These CVs show
similar characteristic features to those reported in the literature for
hydrogen adsorption (C,, C3) and desorption (Az, As), oxide
formation (A;) and reduction (C;).?4 The pre-peak (A'1) and (C'1)
are associated with the oxidation and reduction of the Pd NPs
surface, respectively, before the main process occurs. The
electroactive surface area (EASA) was calculated from Pd oxide
reduction (PdOrq) peak at 0.63 Vgue after subtraction of the
charge for a double layer charging capacitance. A conversion
factor of 424 yC cm2 was used corresponding to the removal of
a full monolayer of Pd oxide. The specific surface area (SSA) of
the Pd NPs in m?/g was defined as the EASA of the Pd NPs
(cm?/cm? Au substrate) divided by the amount Pd loading. These
data are summarised in Table 1 along with the electrocatalytic
activity for ethanol electrooxidation in aqueous alkaline
electrolytes.
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Figure 10. Cyclic voltammetry of Pd NPs deposited on a Au substrate recorded
in deaerated 0.5 mol L** KOH aqueous electrolyte. CVs were recorded in static
conditions with a scan rate of 20 mV s (initial/conditioning: 1.0 Vrue, 10 S).
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Each electrode contains a total Pd deposition charge of 3183 uC cm (i.e., 1.75
x 106 g cm?).

10.1002/celc.201701132

WILEY-VCH

Table 1. Overpotential dependent electroactive surface area (EASA), specific surface area (SSA), ethanol electrooxidation and mass activity of Pd NPs at
293K. The specific activity was normalised to the EASA of Pd. The activities were measured at the forward peak potential.

Vrue for Pd NPs  Pd loading g EASA SSA m2gi(Pd) Ethanol electrooxidation Mass  activity  I/ly
deposition cm2x 106 cm?(Pd) cm2 (subs) current specific activity mA g*(Pd) x 108
mA cm?(subs) mA cm-2(Pd)
0.54 1.73 1.58 91.32 17.33 10.96 10.02 0.86
0.16 1.67 1.62 97.00 18.70 11.54 11.20 0.95
-0.002 1.64 1.64 100.00 19.79 12.07 12.07 1.05

The specific surface area (SSA) of Pd NPs deposited at all
overpotentials at a nearly similar mass loading varies only slightly
for each deposit. However, this difference can be attributed to the
particle size and counts of the smallest particles as shown in
particles density character (Figure S6). The lowest SSA value
(91.32 m? g?) for Pd NPs deposited at 0.54 Vgue is due to
comparatively larger particle size (i.e., 5-8 nm with maximum
counts for 5.5 nm NPs) effect while the highest values 97.00 m?
g* and 100.00 m? g* for the Pd NPs deposited at 0.16 Vrye and
-0.002 Vgye, respectively, is due to the combined effects of
smaller particles size (2-8 nm) with the maximum counts for only
5 nm Pd NPs. The SSA values of our electrochemically deposited
Pd NPs are remarkably higher than the values for
electrodeposited nonporous Pd (60 m? g*),”% Pd coated CNT
(25.8 m? g*1),”8 Pd nanowires synthesised by electron beam
irradiation of a precursor mixture (12 m? g*)?” and Pd black (17-
23 m? g1).?% However, of note is the deposition charge of Pd at -
0.002 Vgrye may include small amount of Hypp charge which is in
the range of Hypp and thus, measured SSA value for Pd NPs is
an indicative, which was expected to be higher if Hypp charges
were subtracted. On the other hand, small and medium
overpotential both are positive of Hypp and thus, calculated SSA
values for Pd NPs deposited at those overpotential are accurate.

The electrocatalytic performance of Pd NPs as anode
catalysts for alkaline direct alcohol fuel cells (ADAFCs) was
evaluated by electrooxidation of ethanol, one of the highest
energy density and largely scalable production fuels from the
fermentation of biomass. Typical CVs for electrooxidation of
ethanol on Pd NPs and the Au substrate electrode in alkaline
electrolyte are shown in Figure 1la. Ethanol electrooxidation
exhibited two well-defined current peaks, the first at 0.8 Vrue On
the forward scan under anodic conditions and the second at 0.68
Vrue ON the reverse scan under cathodic conditions. It is clearly
seen that the forward and reverse peaks for all Pd NPs electrode
are sharper with a higher electrooxidation current by comparison
with the substrate Au electrode. The peak on the forward scan is
attributed to the electrooxidation of the freshly chemisorbed
ethanol species on the Pd NPs and the peak on the reverse scan

is caused by the oxidation of the incompletely oxidised
carbonaceous species e.g., (CH3CO)aas, formed during the
dissociative adsorption of ethanol on the Pd during the forward
scan.?? The formation of the oxide layer can block the
adsorption of the new reactive species on the Pd surface and
eventually lead to the decrease in the electrocatalytic activity. As
the anodic scan continues more Pd oxide covers the surface of
the Pd NPs and therefore, the current for the electrooxidation of
ethanol is decreased at 0.9 Vgue and no current flows thereafter
as the scan is continued. The electrode reactivates again in the
reverse scan once the oxide is removed from the Pd NPs surface
giving a second oxidation peak at 0.68 Vrue.f%Y The forward
scan onset potential refers to the overpotential required for the
electrooxidation of ethanol and it is seen that current started to
flow for all Pd NPs electrodes at an overpotential ca. 0.32 Vg,
which is about 0.33 V more negative than the Au substrate (0.65
Vrug). This fact indicates that the stripping reaction of the
dissociative adsorbed intermediates (HsCO)ags Of ethanol on the
Pd NPs commences at a more negative potential than that of Au.
The stripping reaction is known to be the rate determining step for
the electrooxidation of ethanol on Pd electrocatalyst in alkaline
electrolyte as reported in our previous work.B Therefore,
electrooxidation of ethanol in alkaline electrolyte is kinetically
more favourable on Pd NPs than on Au.
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Figure 11. Cyclic voltammetry of Pd NPs deposited on a Au substrate for the
electrooxidation of ethanol in deaerated 1 mol L ethanol and 0.5 mol L't KOH
electrolyte. CVs were recorded in static conditions with a scan rate of 25 mV s
! (initial/conditioning: 0.4 Vrhe, 10 s). Each electrode contains total Pd
deposition charge of 3183 uC cm (i.e., 1.75 x 10 g cm).

The forward peak potential and corresponding peak current
density for electrooxidation of ethanol do not vary significantly
between the three Pd NPs electrodes. Although, the EASA value
for the three Pd NPs electrodes does not differ much, it is
generally accepted that a higher EASA would have more active
sites for the electrooxidation of ethanol. The highest
electrooxidation current obtained for Pd NPs deposited at -0.002
Vrue corresponded to a specific activity of 12.07 mA (Pd) followed
by 11.54 mA (Pd) and 10.96 mA (Pd) for Pd NPs deposited at
0.16 Vrue and 0.54 Vgug, respectively, as the former electrode
has a slightly higher EASA value than the latter. This
phenomenon is related with the presence of defect sites on Pd
NPs surface as described by Ustarroz et. al.’d

It is known that the electrocatalytic properties of the Pd NPs
are influenced by their crystalline structure, particle size and
distribution as well as the surface morphology. The normalised
specific activities corresponding to the amount of Pd loading is
also remarkably high as presented in Table. The enhanced
electrocatalytic performance of ethanol electrooxidation mass
activity (= 10,000 mA mg™?) of our electrochemically deposited Pd
NPs is about 13, 10.5, 10.8 and 35 times higher than the
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corresponding activity reported for Pd nanoflowers/Ni nanowires
electrode (765 mA mg),[% Pd,sPtss nanowires on glassy carbon
electrode (950 mA mg™),3 Pd/rGO/carbon fibre paper (925 mA
mgH)B4  and commercial Pd-C/CFP(286.. mA mg™),4,
respectively. As the ethanol electrooxidation on the forward scan
occurs under diffusion control, the mass transport behaviour on
Pd NPs catalysts has been investigated. Figure 11b shows the
correlation between the peak current density (in the forward scan)
and the square root of the scan rate during the electrooxidation
process of ethanol at different scan rates. The electrooxidation
current of ethanol has a linear relationship at different scan rates
with two slope values; the first at lower scan rate with a larger
value and the second at higher scan rate with a smaller value.
This observation indicates that the electrooxidation process of
ethanol on Pd NPs was controlled by concentration polarisation
or diffusion processes at higher scan rates of above 25 mV s™. At
lower than 25 mV s! scan rate, the electrooxidation was
dominated by the activation polarisation of the Pd NPs over the
diffusion electrochemistry. The ratio of the forward anodic peak
current density (If) to the backward anodic peak current density
() is an important index to measure the tolerance to
carbonaceous oxidative intermediates accumulated on the
catalyst surface during the electrooxidation of ethanol. A high I/,
ratio implies the effective oxidation of ethanol to the end products
and low accumulation and/or effective elimination of
carbonaceous oxidative intermediates on/from the electrocatalyst
surface.?®l The I¢l, ratio of Pd NPs in this work is between 0.86 to
1.05, comparable with the commercial Pd-C catalyst and other
reported values.¥ However, the method developed in this work
for electrochemical deposition of highly dispersed Pd NPs could
be transferred to alternative substrates, which provide faster
electron transfer and mass transport by comparison with the Au
substrate of this work enabling catalysts that are more tolerant to
oxidative intermediates. After 50 potential cycles, the
electrooxidation current for ethanol on the anodic scan had
decreased by only = 3.5%, which means that our
electrochemically deposited Pd NPs are active and stable
catalysts.

3. Conclusions

This work investigated the electrochemical deposition of Pd
metallic NPs on Au(111) substrate in a deaerated 0.1 mol L HCI
electrolyte containing 0.001 mol L PdCl, without surfactant and
additive effects at small, medium and large overpotential. The
effects of the applied overpotential and deposition duration on
nucleation, growth, size and morphology of Pd NPs were
systematically investigated while other parameters such as
precursor concentration and electrolyte pH were kept constant. A
large potential window positive of underpotential deposited
hydrogen (Hupp) was obtained for the electrodeposition of Pd
through the pH dependent ligand coordination effects of Cl- and
H,O with Pd?* ions and, therefore, Pd NPs at a specific pH were
deposited with a little influence of the Hypp 0N growing Pd nuclei.
The structural characterisation by means of high resolution FEG-
SEM revealed that the electrochemical nucleation occurred
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randomly on Au substrate when the applied overpotential was
small (0.54 Vgrue), medium (0.16 Vrye) and large (-0.002 Vgrue). At
these overpotentials, the randomly nucleated and highly
dispersed small nuclei or nanoclusters throughout the surface
grew independently by the direct reduction of [PdCl,]* ions
towards the complete coverage of the substrate. The synthesised
Pd NPs were monodispersed with a hemispherical shape of an
average particle size 2-5 nm and highly pure as examined by
XPS, thanks to the surfactant-free electrochemical deposition
process. The high dispersibility, lack of organic contaminants and
small particle size of the Pd NPs resulted in the largest specific
surface area (4 times of commercial Pd-C) and demonstrated high
electrocatalytic activity in ferrocyanide/ferricyanide redox and
ethanol electrooxidation processes. The mass activity (= 10,000
mA mg?) for ethanol electrooxidation on our electrochemically
deposited Pd NPs is about 35 times higher than the
corresponding activity on commercial Pd-C (286 mA mg?)
reported to date.®4

Experimental Section

Materials

Au(111) textured substrates of 10 nm thickness was formed by a sputtering
process on a Ti/SiO2/Si wafer. The underlying layers of Ti (10 nm) and
SiO2 (500 nm) were deposited by a similar physical method on Si wafer to
improve the adhesion of Au and to create an electrical conductivity barrier
with the semiconducting Si, respectively. For discussion purposes, we
refer to the electrode as a Au substrate only. The wafer was diced into 15
mm x 5 mm pieces and a diced coupon with the area of 0.6 cm? (12 mm x
5 mm) was immersed in the electrolyte for deposition. The remaining 3 mm
at the top of the coupon was left for electrical connection to the
potentiostat. Diced Au electrodes were cleaned in isopropyl alcohol by
sonication for 1 hour and dried with N2 gun prior to each of the Pd
deposition experiments. The reagent grade palladium chloride (PdCl),
potassium hexacyanoferrate (Ks[FeCNJ]s) and potassium chloride (KCI)
were purchased from Sigma Aldrich and used as received. The
hydrochloric acid (HCI) of 37% was purchased from Fisher Scientific and
used as received without further purification.

Electrochemical Characterisation

Cyclic voltammetry (CV) at 5 mV s was employed to study the reduction
kinetics of [PdCl4]? from an aqueous electrolyte consisting of 0.01 mol L*
PdCl2 and 0.001 mol Lt HCI. Pt wire and Ag/AgCl/saturated KCl were used
as the counter and reference electrode, respectively. The potential
measured against the Ag/AgCl/saturated KCI were converted to the
reversible hydrogen electrode (RHE) scale using the equation Erne =
Eagiagel + 0.059 x pH + 0.197 V. A potentiostatic method was applied to
grow Pd NPs from the same electrolyte at pH 1.3. The electrode potential
was conditioned and equilibrated at an open-circuit potential (OCP) of ca.
0.79 vs. Vrue for 10 s for each step and then held at the potentials 0.54
VRrHE, 0.16 VrHe, 0.06 VrHE and -0.002 Vrue for a chosen period until a
certain amount of charge passed through the electrode surface. All
electrolytes were prepared in milli-Q water (>18 MQ cm) and deaerated by
nitrogen gas flow for at least 30 minutes in a closed Pyrex electrochemical
cell. Followed the electrodeposition, the deposits were promptly rinsed
with 18 MQ deionised (DI) water and dried in flowing N2. The adsorbed

10.1002/celc.201701132

WILEY-VCH

[PdCl4)% ions on the Pd NPs surface were removed during CV scans,
recorded in a 0.1 mol L* H2SO4 by cycling the potentials negatively from
OCP to 0 Vrue with a scan rate of 20 mV s until a steady-state
voltammogram was recorded (see Figure S1). The mass of the Pd NPs
deposited on the Au electrode surface was estimated from the cathodic
charges passed during the electrodeposition obtained from Fig. S2b after
subtraction the ions absorption contribution (see Figure S2c and related
discussion). The electrocatalytic performance of the Pd NPs for ethanol
oxidation was determined in a mixture of 0.5 mol L KOH and 1 mol L*
ethanol electrolyte by CV scanning negatively from OCP (of ca. 0.4 VrrEg)
with a scan rate of 25 mV s™. In this case, Pt wire and Hg/HgO/1 mol L*
KOH were used as the counter and reference electrodes, respectively, and
the measured potential was converted to RHE using the following equation
ErHe = EngHgo + 0.059 x pH + 0.115 V (calibrated standard potential of
Hg/HgOH/1 mol L' KOH vs. SCE is -0.129 V i.e., 0.244 V - 0.129 V =
0.115 V vs. RHE). The current (mA) was measured in per cm? of the
electrode surface until otherwise specified.

Physical Characterisation

Scanning Electron Microscopy images were obtained using a high
resolution Field Emission Gun-Scanning Electron Microscope (FEG-
SEM), LEO Gemini 1525. The images were taken at 400K magnification
with an extraction voltage of 15 kV, a working distance (WD) of 5 mm.
According to the specification of the system, the resolution achievable is
about 2 nm. Size determination of NPs size analysis were made using
freely available software ImageJ.® To improve the particle detection, the
original FEG-SEM image was convolved with a matrix that is sensitive to
the edge of the particle. The convoluted image was then converted to a
binary format and analysed by the software using the Particle Analysis
function (see Fig. S7 for more details). The composition of the deposits
was measured by X-ray Photoelectron Spectroscopy (XPS) using an Al Ka
(1486.6 eV) X-ray source. XPS data were curve fitted using CasaxPS
software using a Shirley background.[®¢ The C 1s peak was calibrated to
285 eV with the following relative sensitivity factors (R.S.F.): C 1s (1.0), O
1s (2.93) and Pd 3d (16.0). The UV-visible absorption spectra of the
electrolyte were measured on Cary 4000 UV-Vis spectrophotometer
(Agilent Technologies) in the range of 300 nm to 800 nm equipped with a
1 cm path length plastic cuvette.
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Scalable electrochemical synthesis
of low dimension Pd nanoparticles
(Pd NPs) of below 5 nm with clean
surface and high dispersity from a
surfactant-free green electrolyte is
demonsatrted. The synthesised Pd
NPs demonstrated the largest
specific surface area (4 times of
commercial Pd-C) and the
electrocatalytic activity in
ferrocyanide/ferricyanide redox and
ethanol electrooxidation processes
(35 times of Pd-C).
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