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Highlights

e Hydrogen terminated boron doped diamond (HBDD) is reported as catalyst support.
e Electrochemical modification of HBDD with palladium-tin nanoparticles is described.
e Synergy between Sn and Pd enhances ethanol electrooxidation and poisoning effects.

Abstract: The modification of hydrogen terminated boron-doped diamond (HBDD) electrode with
pure palladium (Pd) and Pd-Sn (tin) nanoparticles is described in this study. For synthesis of Sn/HBDD
and Pd-Sn/HBDD electrode, a potentiostatic two-step electrochemical method involving the
electrodeposition of Sn followed by Pd was used, respectively. The modification of the HBDD electrode
with Sn and noble metal Pd by forming bimetallic Pd-Sn nanoparticle leads to a higher electrocatalytic
activity. The electrocatalytic activity of the bimetallic Pd-Sn nanoparticles was evaluated towards the
electrooxidation of ethanol in alkaline media and compared with that of the Pd nanoparticles alone.
The bimetallic Pd-Sn nanoparticles modified HBDD electrode exhibits higher current densities and less
poisoning effects during ethanol electrooxidation compared to Pd/HBDD. The proper tuning of the Pd
loading on a foreign metal along with the surface termination effects of the BDD electrode plays a
crucial role in achieving a high mass (4.26 x 10° mA/g) and specific (12.37 mA/cm?) electrocatalytic
activity of Pd towards ethanol electrooxidation. The aforementioned catalysts of this research possess
a high poisoning resistance (l¢/l, = 1.63) and stability towards ethanol electrooxidation in alkaline

media.
Keywords: Diamond; Ethanol; Palladium; Tin; Nanoparticles.

1. Introduction

Metal nanoparticle surface modification of carbon substrates constitute common catalysts and
have a plethora of benefits [1-5]. Of note are the increase of the oxidation efficiency of compounds in
alkaline electrolytes compared to the non-functionalised catalyst, the oxidative removal of some
poisons and consequently more tolerance as well as the durability of electrocatalyst. Boron-doped
diamond (BDD) exhibits unique electrochemical properties in comparison with other carbon materials
including low background current, high mechanical and electrochemical stability. Aside from that,
resistance to fouling and corrosion in a hostile environment are also notable. Furthermore, it has a
relatively low production cost when grown by chemical vapour deposition (CVD) [6-14]. All the
aforementioned properties suggest this material as a promising substrate as a catalyst support.
Moreover, the modification of diamond electrodes through the deposition of metal nanoparticles
and/or metal oxides [10] as well as metal thin films [15] facilitates the sensitivity towards analytes
which cannot be detected on the unmodified surface [16]. In addition, the latter can enhance the
selectivity for various electroanalytical applications [17-19]. BDD electrodes modified with

electrocatalytic metal nanoparticles have been established widely for their electrochemical



applications [6,14,20-26] and increased surface area in the field of adsorptive voltammetry [16,19,27].
An interesting feature of the diamond electrodes is the stable chemical terminations, which can be
altered from oxygen to hydrogen by reacting the electrodes under a microwave plasma of hydrogen
[28,31]. As a result, the hydrogen terminated BDD surface provides improved electrochemical
response and physical stability [19]. It has been proved that a high concentration of hydrogen

functionalities at the surface increases the electrical conductivity of BDD [32].

Diamond as a substrate has become attractive in fuel cell applications on account of its resistance
to electrocorrosion [14,33,34]. Despite the fact that platinum (Pt) is one of the most active
electrocatalyst anodes, it tends to be poisoned by the intermediates of ethanol species such as carbon
monoxide (CO) [35]. Consequently, Pd is being investigated as an alternative catalyst, being more
plentiful [36] than Pt and showing more tolerance to carbon monoxide [37] and promising as an
efficient anode in the field of alkaline fuel cells [36,38,39]. Pd can also be utilised in numerous
electrochemical applications including pharmaceutical applications [40], organic synthesis [41,42],

sensing [43] and hydrogen storage [44,45].

The addition of foreign metals to a noble metal has become a potential approach of tailoring the
catalytic properties in order to improve the poison tolerance and the ability of C-C bond cleavage [46].
The improved electrocatalytic performance of bimetallic catalysts is usually credited to the
bifunctional mechanism and to the change of the electronic properties of the noble metal due to
overlap of the electronic orbitals. In this work, Pd and Pd-Sn modified hydrogen terminated BDD
electrodes have been studied for ethanol oxidation of relevance to the direct alkaline fuel cells (DAFC).
The foreign metal changes the electronic structure of the noble metal that consequently alters its
adsorption and selectivity towards the species e.g., Sn in the presence of Pt facilitates the dissociative

adsorption of the ethanol species [47].

Herein, we report the electrochemical modification and surface pre-treatment of BDD electrode
with Pd and bimetallic Pd-Sn nanoparticles. The bimetallic catalyst preparation involves a
potentiostatic two-step electrochemical route with electrodeposition of Sn followed by Pd. The
electrocatalytic activity of the bimetallic Pd-Sn nanoparticles was evaluated towards the
electrooxidation of ethanol in alkaline media and compared with that of the Pd nanoparticles alone.
The bimetallic Pd-Sn nanoparticles modified HBDD electrode exhibits higher current densities and less
poisoning effects during ethanol electrooxidation compared to Pd/HBDD. In order to understand the
correlation between the morphological, particle dispersion and electrocatalytic activities of Pd-Sn
nanoparticles they were characterised by high resolution scanning electron microscopy (SEM) and X-

ray photoelectron spectroscopy (XPS).



2. Experimental section
2.1 Chemical reagents

Chemical reagents Palladium (I1) chloride (PdCl,) and hydrochloric acid (HCI) were purchased from
Sigma-Aldrich and used as received without any further purification.. Tin (Il) methanesulfonate 50%
aqua solution (C2Hs06S,5n), methanesulfonic acid 70% aqua solution (CH3SOsH) were purchased from
Alfa Aesar. All agueous solutions were freshly prepared, using milli-Q water (>18 MQ cm). All the
solutions were deaerated using oxygen-free nitrogen gas for a minimum of 20 minutes prior to

experiments.

2.2 Equipment and experimental set-up

BDD wafers ([B]>10?* cm™) of 10 x 10 x 0.6 mm were obtained from Element Six Co. (UK) and
mounted in a home-built PTFE holder with a circular area of 0.38 cm? exposed to the electrolyte. The
electrochemical measurements were performed with an Autolab PGSTAT 128N
potentiostat/galvanostat. Electrochemical deposition was conducted at room temperature (24 +
1.0°C) using a standard three electrode cell with a Pt counter electrode and Ag/AgCl reference
electrodes. The electrochemical measurements were carried out at room temperature using a three
electrode cell with a Pt and Hg/HgO (1 M KOH) as the counter and reference electrode, respectively.
The electrochemical test data were analysied with OriginPro 8.5 software (OriginLab Ltd.). The
morphology of the deposits was characterised by a FEI Helios Nanolab 600i field emission scanning
electron microscope with an attached Oxford Instruments AZtech X-Max-80 energy dispersive X-ray
spectroscopy unit for elemental mapping. All the images were taken with an acceleration voltage of
20 kV and a working distance (WD) of around 4 mm. The composition of the deposits was measured
by XPS using an Al Ka (1486.6 eV) X-ray source and data were curve fitted using CasaXPS software [48]
using a Shirley background [49]. The C 1s peak was calibrated to 285 eV with the following relative
sensitivity factors: C 1s (1.0), O 1s (2.93), Pd 3d (16.0) and Sn 3d (25.1).

2.3 Modification of BDD electrodes

Prior to deposition, all BDD electrodes were put in MW-CVD at 600 °C, 45 Torr pressure, 1.5 kW
microwave power and H; gas flow at 200 sccm for a duration of 45 minutes. At the end of 45 minutes,
hydrogen plasma etching was achieved and the samples were cooled down in the MW-CVD chamber
by switching off the heating and gradually reducing the microwave power until the plasma
disappeared. The samples were cooled down naturally to room temperature. The electrodes were
taken out from MW-CVD and examined for hydrogen termination by XPS. The O 1s/C 1s ratio within
the XPS sampling depth is estimated at around 3%, which is 4 times less than that of an oxidised BDD
surface [19].



Pd catalyst was then electrodeposited as nanoparticles onto HBDD from a deaerated 0.1M HCI
solution containing 1mM PdCl, by a potentiostatic method. The deposition potential was held at -
0.15V (vs Ag/AgCl) until 2.6, 5.2 and 10.4 mC/cm? charge passed through the surface. The
corresponding metal loading of the aforementioned charges was 1.45, 2.90 and 5.80 pg/cm?
respectively. The electrodepositions potential was chosen after cyclic voltammetry on bare diamond
wafer in the same solution over the potential range (-0.1V to -0.4V) in which Pd reduction is occurred

[50].

The second electrode comprised Pd-Sn/HBDD with Sn being electrodeposited onto HBDD from a
deaerated 0.26M C;Hg06S,Sn in 1M CH3SOsH solution through linear sweep voltammetry (LSV) at a
potential between -0.6V and +0.0V (vs Ag/AgCl) at 0.01V/s for one cycle. Coulombic charge of Sn
electrodeposition within this potential region of the LSV was calculated to be 158 mC/cm? i.e., 97
ug/cm?. The Sn/HBDD electrode then was removed, rinsed with ultrapure water and dried with N,. Pd
nanoparticles were electrodeposited onto Sn/HBDD from a deaerated 0.1M HCl aqueous solution
containing 1mM PdCl,. Again, a potentiostatic method was used in which the potential was held at -
0.15V (vs Ag/AgCl) until 2.6, 5.2 and 10.4 mC/cm? Coulombic charges passed through the electrode
surface giving 1.45, 2.90 and 5.80 pg/cm? palladium loading.

3. Results and Discussions
3.1 Morphology and XPS characterisation of the deposits on HBDD

SEM images of Sn and Pd-Sn after the passage of 158 mC/cm? and 5.2 mC/cm? deposition charge
for Sn and Pd, respectively, are shown in Figs. 1a-b. Sn nanoparticles in a non-uniform manner are
displayed in Fig. 1a. The non-uniform nature of the deposit comes from the lateral conductivity of the
diamond as well as of the non-uniform distribution of the B dopant as described in a previous report
[51]. The non-uniform distribution of B dopant originated from the fact that B atoms are not all
incorporated into the diamond lattice but are partly accumulated with C sp? impurities at the
crystallite boundaries of diamond. According to the literature, a maximum value of B atoms is 10%° cm"
3 but our BDD contains 10?* cm™ due to the adaptation of new CVD method of using the gas mixture
of B precursor, which gives a metallic-like conductivity [52]. Elemental mapping provides information
for the deposition pattern of the Pd on Sn nanoparticles (Fig. 1b). As it can be seen from the Fig. 1b
that Pd nanoparticles are deposited on Sn nanoparticles and another finding, which is obvious from
the elemental mapping investigation is that Sn nanoparticles were preferentially deposited on the
electroactive areas of diamond substrate whereas Pd nanoparticles deposited on Sn nanoparticles as
well as on BDD surface. In other words, the conductive site of the underlying diamond and the active
sites of Sn nanoparticles act as reactive centres for the deposition of Pd nanoparticles. It is of major

importance to point out that the conductivity of diamond depends on the B dopant concentration. It



seems from the elemental mapping that Pd nanoparticles can be deposited on areas with lower B

concentration whilst Sn is less likely to be deposited on such areas.

XPS was performed in order to investigate the elemental composition of Sn, Pd and Pd-Sn at the
diamond interface for the samples in Fig. 2. Fig. 2a shows the survey scans of the Sn, Pd and Pd-Sn
modified HBDDs, respectively. The wide range scans indicate that these electrodes contain C, O and
the photoelectron peaks of the metal peaks. Pd has Pd 3ds;; and Pd 3ds/; peaks at 337.6 and 343 eV,
respectively [53]. The Pd-Sn modified HBDD showed a small negative shift as seen in Fig. 2b where the
Pd 3ds;; and Pd 3ds/; peaks were shifted to 336.9 and 342.2 eV, respectively, which implies some
electronic interaction between the 3d orbitals of two metals which results in this binding energy shift.
The negative binding energy shift (~ 0. 7 eV) of Pd 3ds/, and Pd 3ds, can be attributed to the increase
in interfacial charge of Pd atoms relative to the bulk material, and charge transfer that occurred from

Sn atoms into the Pd contact layer, which increased the electron cloud densities of Pd atoms.

3.2 Voltammetric Characterisation

3.2.1 Electrodeposition of the electrocatalysts

A typical cyclic voltammogram of bare HBDD in a solution containing 0.26M C;Hg0sS2Sn in 1M
CH3SOsH is shown in Fig. 3a. The Sn is deposited on the cathodic scan in the potential range of -0.49V
and - 0.6V and stripped out in the anodic scan with a sharp peak at a potential of -0.35V. A pronounced
nucleation loop in the cathodic scan indicates that Sn deposition on HBDD surface occurred through
the formation of small nuclei followed by further growth. Linear sweep voltammetry technique was
then applied within the potential region of 0.0V and -0.6V for the deposition of Sn as shown in the
inset of Fig. 3a. A typical voltammogram of bare HBDD in a solution containing 1ImM PdCl,/0.1M HCI
is also illustrated in Fig. 3b. The Pd is deposited in the forward scan in the potential range of 0.22V
and -0.37V. The cathodic current peaked initially at 0.15V (peak C;) and ramained steady until a
sufficient overpotential was reached at -0.25V and then increased sharply to a maximum at -0.33V
(peak C3) near the diffusion limited reduction of Pd ions. The cathodic peak C, represents the
adsorption of underpotentially deposited hydrogen on the electrodeposited Pd surface before the
diffusion limited reduction of Pd ions occurs at peak Cs. Beyond this peak the current decreased as the
mass transfer became diffusion dominant, reaching a minimum at -0.34V (peak C,) followed by an
increase due to bulk H; evolution (peak Cs). The potential region of 0.22-0.15V represents the Pd
metal deposition without hydrogen underpotential deposition (Huep), and after this point i.e., in the
cathodic range between -0.15V and -0.37V deposition occurs simultaneously with Hypp onto the
freshly deposited Pd, in which peaks A, A4 As) are due to the H desorption process. The A;/C; peaks

show the Pd stripping from the electrode surface having a peak maximum at 0.58V and the reduction



peak at 0.14V in the anodic and cathodic scan, respectively. Pd was then deposited on the Sn surface
of HBDD electrode by potentiostatic chronoamperometry method held at -0.15 V as shown in the inset

of Fig. 3b.
3.2.2 Electrochemical activity of the electrocatalysts

The electrochemical activity of the electrocatalysts was characterised by cyclic voltammetry in
0.5M KOH. The behaviour of Pd nanoparticles (Pd loading is 5.80 pg/cm? on each electrode) on an
oxygen terminated BDD (OBDD) surface and on a hydrogen terminated BDD (HBDD) surface was
compared initially (Fig. 4a). In Fig. 4a, the following features are observed: (i) Pd oxidation and
reduction peaks (A1/C1) at 0.03V and -0.23V, respectively; It can be attributed to the formation of a
palladium oxide layer on the surface of the catalyst. However, the exact mechanism of the Pd
oxidation remains unclear [54]. It has been generally accepted that OH" ions are chemisorbed in the
initial stage of the oxide formation and then are transformed into higher valence oxides at higher
potentials [55-57]. (ii) Hydrogen adsorption occurred on the Pd surface in the cathodic scan at -0.7V
and -0.9V (peaks C,/Cs) and the corresponded desorption occurred in the anodic scan at -0.73V and -
53V, respectively (peaks As/A;). (iii) a prepeak (A'1) appeared at -0.22V in the anodic scan before the
main Pd surface oxidation process commenced, which corresponds to oxidation at favourable sites on
the palladium surface [58]. The corresponding oxide reduction peak for A; may appear during limited
potential scanning towards incomplete oxidation and reduction (peak A:/C;) of the Pd surface as
described elsewhere [58]. However, the hydrogen terminated Pd/HBDD electrode showed higher
current densities and the more ability to adsorb hydrogen ions than that of the oxygen terminated
Pd/OBDD electrode. This is likely to arise from the fact that there is a high concentration of hydrogen
functionalities on the surface and the conductivity is increased according to previous report [32].
Hence, our interest was focused on the hydrogen terminated BDD surfaces as electrode and
modification of the electrode by electrochemically deposited shell-core Pd-Sn nanoparticles towards
electrooxidation of ethanol. A proposed mechanism for the oxidation and reduction on the Pd catalyst
in alkaline aqueous solution is described by the equations below. The peaks C;, C3 and As;, A; that
appear at the potential region -0.6V and -0.9V in the cathodic and anodic scan, respectively, are

associated with the adsorption/absorption and oxidation of the hydrogen [54]:
Pd+ H,0+ e~ © Pd — Hygsjaps + OH™ (1)
Pd — Hags/aps + OH™ © Pd+ H,0 +e” (2)

The A; peak occurs at potentials of around 0.03V in the anodic scan is related to the adsorption of

hydroxyl groups:



Pd+ OH™ & Pd — OHyys + €~ (3)

The chemisorbed OH"ions are then transformed into higher-valence oxides at potentials between 0.1V

and 0.5V in the anodic scan:
Pd —0OH,3s +OH™ & Pd—0+ H,0+ e~ (4)
Pd — OH,4s + Pd — OHyys < Pd— 0+ H,0 (5)

A cathodic peak (C1) at approximately -0.23V in the cathodic scan is associated with the reduction of

Pd(Il) oxide:
Pd—0+ H,0+2e” & Pd+20H (6)

The cyclic voltammogram of Sn/HBDD (Fig. 4b) does not show electrochemical activity in the
potential range of -0.9V to 0.1V and thus, pure Sn is inactive within the electrochemical window where
Pd is electrocatalytically active. However, a cathodic peak at potentials more negative than -1.1V and
an anodic peak at -1.02V in the reverse scan are seen, which is due to deposition and dissolution of
unknown electroactive species onto the Sn surface. The cyclic voltammograms of HBDD, Pd/HBDD and
Pd-Sn/HBDD electrodes corresponding to 5.2 mC/cm? of Pd deposition charge (equivalent to 2.90
ug/cm?) in alkaline aqueous solution are shown in Fig. 4c. Similar features to those observed for the
Pd/OBDD and Pd/HBDD catalysts are distinguished over the same potential range. However, of note
is the prepeak feature (A1) at -0.22V in the reverse (anodic) scan which only occurs at the Pd-Sn
modified HBDD and is not seen at its Pd, bare HBDD or Sn modified counterparts [59-61] (see also Fig.
4b). Although a small prepeak (A’1) of the Pd/HBDD is seen in Fig. 4a it is not detected in Fig. 4c for
which the Pd loading was reduced by half. Therefore, the appearance of an intense prepeak (A'1) in
the Sn modified Pd-Sn/HBDD electrode in Fig. 4c with lower Pd content explains the synergy of the
electronicinteraction between two metals which resulted into a higher oxidation of the favorable sites
of Pd-Sn bimetallic nanoparticles compared to that of Pd alone. The aforementioned features are
consistent with the Sn nanoparticles serving as reactive centres for the subsequent deposition of Pd
to forming a core-shell structure. The hydrogen functionalities increase the conductivity of the HBDD
and reinforce the active sites for Sn deposition at the higher concentrated B dopant electrode surface,
which in turn acts as reactive centres for the subsequent deposition of Pd nanoparticles. The
modification of the HBBD electrode with transition metal Sn and noble metal Pd by forming bimetallic
nanoparticles leads to higher currents and more hydrogen adsorption. Regarding the hydrogen
evolution, more evidence is provided from the linear sweep voltammogram in Fig. 4d. The hydrogen

evolution on the Pd-Sn/HBDD surface occurs on the cathodic scan at a potential of -1.0V, the onset



potential is much lower when Pd interacts with the underlying Sn compare to Pd/HBDD electrode

alone in which hydrogen evolution occurs at -1.07V.

The metal coverage of Pd can be estimated from the charge obtained from the area under the
voltammogram applying Faraday’s Law. Determining the ratio of the charge required for desorption
of an oxygen monolayer on the Pd (111) surface (0.424 mC cm™) [62] to that of Q, which is the
coulombic charge of the oxygen desorption on the Pd surface, the electroactive surface area (EAS) of
the pure Pd electrocatalyst can be also estimated. In addition, the specific surface area (SSA) can be
defined as the electroactive surface area divided by the metal loading. All the above information is

included in Table 1.

3.3 Electrocatalytic performance of Pd-Sn nanoparticles on ethanol electrooxidation

The electrocatalytic activity of the Pd/HBDD and Pd-Sn/HBDD towards the oxidation of ethanol
was evaluated in solutions containing 0.5M KOH and 1M EtOH and cyclic voltammograms were
obtained. The results are shown in Figs. 5a-c. The onset potential for electrooxidation of ethanol is
observed at -0.5V, which implies that the electrode is inactive before this overpotential. The current
increases as the potential is scanned positively (anodic) of the onset electrooxidation potential and
the peak current at around -0.1V, -0.12V and -0.02V were due to the ethanol oxidation on Pd/HBDD
(1.45pg/cm?), Pd-Sn/HBDD (2.90 pug/cm?), and Pd-Sn/HBBD (5.80 pg/cm?) electrodes, respectively, as
shown in Fig. 5. However, the peak position is slightly shifted as the Pd loading increased, which is due
to the electronic interaction of the Pd in the outer surface of the nanoparticles of metallic Sn. The
peak in the forward scan refers to the oxidation of the fresh ethanol species accumulated on the
surface. All electrodes are deactivated at the same potential around 0.1V and reactivated again in the
reverse scan (cathodic) at -0.18V giving a second oxidation wave at around -0.24V [59,61]. The second
peak implies the oxidation of the incomplete carbonaceous species of the ethanol. Previous studies
suggested that the reduced current at more positive potentials was related to the formation of a Pd
oxide layer on the surface of the electrode at higher potentials [55,63-65]. The formation of the oxide
layer can block the adsorption of the reactive species onto the Pd surface and lead to a decrease in
the electrocatalytic activity. As long as the positive going sweep proceeds more Pd oxide covers the
surface of the electrode and therefore the current of the oxidation of ethanol is further decresaed
[54]. The overall electrode resistance to poisoning by the incomplete oxidation of the adsorbed
carbonaceous species (CH;CO.qs) of the ethanol is correlated to the ratio of the forward oxidation
current peak (lf) and the backward oxidation current peak (l,) [66,67]. In Fig. 5a, Pd-Sn modified HBDD
with the lowest amount of Pd (2.6 mC/cm? charge i.e., 1.45 ug/cm?,) gives a higher current responses
by comparison with the Pd/HBBD electrode but the resistance to poisoning is relatively low (see also

Table 1). The tolerance ratio towards the ethanol is improved when the amount of Pd is increased as



shown in Figs. 5b-c. Conversely, the Pd-Sn/HBDD with the higher Pd loading in Fig. 6b (2.90 pg/cm?)
not only showed higher current densities in comparison with Pd/HBDD itself but also the resistance of
the electrode to poisoning by the absorbed ethanol species was higher. The tolerance ratio of the Pd-
Sn/HBDD with 2.90 pg/cm? loading seems to have its highest value (I¢/1,=1.63) at this specific loading.
However, this value which is not only higher than the Pd/HBDD of the same metal loading (l¢/1,=0.89)
but also of the one which has the double the amount of palladium loading (I¢/I,=1.35). Furthermore,
there was a slight shift in the potential from -0.1V to -0.12V for the Pd modified HBDD and the Pd-
Sn/HBDD, respectively. A proposed mechanism of the ethanol oxidation in alkaline aqueous solution

at low-potential region (-0.9-0.4V) is described by the following equations [54]:
Pd+ CH3;CH,0H < Pd — (CH3;CH,0H) 445 (7)
Pd — (CH3;CH,0H) 445 + 30H™ & Pd — (CH3CO0) 445 + 3H,0 + e~ (8)

The oxidation of the adsorbed acyl [(CH3CO).q4s] intermediate by the adsorbed hydroxyl [(OH)ags]
occurs at potentials above -0.4V during the anodic scanning by cyclic voltammogram ( Figs. 5a-c) as

expressed by the following equations [54]:
Pd — (CH;C0) 445 + Pd — OH, 35 <> Pd — CH3;COOH + Pd (9)
Pd — CH3CO0OH + OH™ & (CH3C007 )40 + Pd + H,0 (10)

On the other hand, when the loading of the catalyst was doubled the current responses of both
Pd/HBDD and Pd-Sn/HBDD were almost the same (Fig. 5c). That means that the electronic interaction
between the two metals decresaed as thicker overlayers of Pd nanoparticles formed on the initial Pd
in more intimate contact with the Sn metal nanoparticles. Consequently, the threshold of Pd loading
and therefore the better ratio of resistance to poisoning by the adsorbed ethanol species was 2.90
ug/cm? (5.2 mC/cm? passage of Pd deposition charge). Stability tests up to 1 hour and 40 minutes
voltammetry in the ethanol solution showed good stability. Despite a small initial current drop during
the first scans, Pd and Pd-Sn nanoparticles are bonded in a stable fashion on the hydrogen terminated

surface.

Experiments were conducted also on Sn electrodes with 15 times more Pd on it and the result
showed that there is no advantage for the interaction between the two metals. Clearly, a large over-
layer of Pd was created on the surface of Sn nanoparticles and therefore, the current was increased
but it was not higher than that of the Pd alone. In addition the tolerance towards the ethanol oxidation
was reduced due to that of higher amount of Pd loading, hiding the electronic properties of the two

metals as well as the properties and extra conductivity from the hydrogen termination. An overall

10



picture of the mechanism of ethanol electrooxidation reaction and at the same time the role of various

amount of Pd loading towards the latter oxidation reaction is illustrated in Fig. 6.

3.4 Tafel analysis

The electrochemical activity of Pd and Pd-Sn modified HBDD electrodes was investigated further
by measuring the anodic polarisation curve and calculating kinetic parameters from Tafel plots as
shown in Fig. 7. The Tafel plots are calculated from the steady state cyclic voltammograms shown in
Fig. 5. The quasi-steady-state cyclic voltammograms were achieved on Pd and Pd-Sn modified HBDD
electrodes at a scan rates of 0.02 V/s after 20 cycles that was consistent with the recent work
published by our group, in which HBDD or OBDD electrodes showed a good reversibility even at faster
scan rates (0.02 to 0.1 V/s) [19]. In Fig. 7a, slopes in the lower onset potential region, namely charge
transfer control region, are approximately the same for the both electrodes, which are 120 and 125
mV dec? for Pd/HBDD and Pd-Sn/HBDD, respectively, with the lower amount of Pd loading (1.45
ug/cm?). The Tafel slope indicates that the kinetics of ethanol oxidation reaction in the lower potential
region of -0.55V to -0.35V is dominated by the adsorption of hydroxyl ions on the Pd surface [54].
Nevertheless, the small deviation in the Tafel slope between the Pd/HBDD and Pd-Sn/HBDD shows
that the kinetics of the ethanol oxidation reaction is not only controlled by the adsorption of hydroxyl
by it also altered by other surface reactions e.g. oxide layer that is formed on the surface of the Pd as
reported in section 3.2. The same description can be attributed for the Fig. 7b with 2.90 pg/cm? Pd
loading catalysts. Each plot has been fitted to one linear region. The Tafel slope for Pd/HBDD (201 mV
dec?) is higher than that of Pd-Sn/HBDD (126 mV dec?) in the potential region -0.55V to -0.35V
indicating the adsorption of higher hydroxyl (OH.q) ions on the surface of the shell-core Pd-Sn
nanoparticles. The lowest value indicates the higher charge transfer during the ethanol
electrooxidation on Pd-Sn/HBDD electrode compare to the counterpart Pd/HBDD. This is lileky due to
the Sn core structure, which suppress the formation of the inactive oxide layer in the potential range
higher than -0.35V. In Fig. 7c, the Tafel plot of the Pd/HBDD and Pd-Sn/HBDD with further increased
Pd loading (5.80 pg/cm?) is illustrated. The slopes differ slightly from each other in the charge transfer
control region, which are 166 mV dec? and 152 mV dec™ for the former and the latter, respectively.
The Tafel slopes are similar for all electrodes and good agreement with the Temkin-type adsorption
for hydroxyl (OH.4s) and acyl (CHsCOa.gs) ions at lower potential region (-0.55V to -0.35V) indicating the

similarity of reaction mechanism for ethanol electrooxidation [54].

3.5 Amperometric response of the catalysts in ethanol
Chronoamperometry was performed to investigate the stability of Pd-Sn/HBDD electrocatalysts
towards ethanol oxidation and the obtained result is compared with that of Pd/HBDD as demonstrated

in Fig. 8. The electrodes were held at a fixed potential -0.15V and run for 7200 seconds. The current
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density decayed sharply for the Pd/HBDD but is more gradual for the Pd-Sn/HBDD electrocatalyst.
Current densities remain stable for much of this period and finally the results are consistent with the
performance of the cyclic voltammetry as described in the previous section (section 3.3). To be more
precise, the bimetallic Pd-Sn/HBDD showed the highest current response in relationship with the
Pd/HBDD alone. The decreased current with the increase in time is attributed to the combined effects
of electrocatalyst poisoning by the chemisorbed carbonaceous oxidative intermediates and the

concentration polarisation with time (i.e., limited mass transport with increasing reaction time).

4. Conclusions

The hydrogen terminated boron doped diamond (HBDD) electrode was modified with Pd and Pd-
Sn nanoparticles by an electrochemical technique. A potentiostatic electrochemical deposition
method was used to deposit noble metal Pd and transition metal Sn as nanoparticles onto HBDD
towards investigation of the electrocatalytic properties in ethanol oxidation. XPS and electrochemical
experiments suggested that Pd deposited on the Sn surface. The scanning electron microscopic image
and elemental mapping showed that Pd nanoparticles are deposited both on the surface of Sn
nanoparticles and BDD substrate. The modification of the HBDD electrode with Sn and Pd by forming
Pd-Sn nanoparticles leads to higher electrochemical activity. Ethanol oxidation on Pd-Sn/HBDD
electrode surface occurs at higher current densities and with less electrode poisoning than Pd/HBDD
alone. This phenomenon is attributed to the dispersion of the Sn nanoparticles on the HBDD electrode
surface followed by the deposition of mono-dispersed Pd nanoparticles on their surface and
consequently, electronic properties are altered in the metallic interfaces as well as in the reaction
interfaces owing to electronic interaction between Pd and Sn nanoparticles. Hence, Pd loading is found
to be the most important factor. Lower amounts of palladium form a thin over layer on top of the Sn
nanoparticles and allows the electronic interaction between them while the higher amounts of Pd
loading do not facilitate such interface interaction between the two metals. Finally, Pd-Sn/HBDD
catalyst shows higher stability towards ethanol oxidation in comparison with the Pd/HBDD alone. The
proper tuning of the Pd on a transition metal along with the surface termination effects of the boron
doped diamond electrode plays a crucial role in achieving the high mass and specific electrocatlytic

activity of Pd towards ethanol electrooxidation.
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Figure Captions:

Fig. 1. SEM image of (a) Sn deposited on HBDD (158 mC /cm?) through linear sweep voltammetry
between the potentials of -0.6V and 0.0V at a sweep rate of 0.01 V/s and (b) elemental mapping of
Pd-Sn on HBDD, in which Pd deposited (5.2 mC/cm?) on Sn nanoparticles by a potentiostatic method
at-0.15V.

Fig. 2. XPS spectra of (a) wide range scans of the Sn/HBDD, Pd/HBDD and Pd-Sn/HBDD, respectively
and (b) typical Pd 3d peaks of the Pd and Pd-Sn modified HBDD catalysts.

Fig. 3. (a) Cyclic voltammogram of bare HBDD in a solution containing 0.26M C3Hg0sS,Sn in 1M
CH3SOsH at scan rate of 0.01V/s (inset: linear sweep voltammogram of Sn deposition in 0.26M
C,He06S,Sn in 1M CHsSOsH on bare HBDD). (b) Cyclic voltammogram of bare HBDD in a solution
containing 0.1M HCl and 1mM PdCl,/0.1M HCI respectively at scan rate of 0.01 V/s (inset:
chronoamperogram of Pd deposition in 1ImM PdCl,/0.1M HCl on bare HBDD at constant potential of -
0.15V).

Fig. 4. Cyclic voltammogram of (a) Pd/OBDD and Pd/HBDD (5.80 pg/cm?), (b) Sn/HBDD (97 pg/cm?),
(c) Pd and Pd-Sn modified HBDD (2.90 pg/cm?), and (d) Linear sweep voltammograms of the Pd and
Pd-Sn modified HBDD (2.90 ug/cm?), respectively in 0.5M KOH solution at scan rate of 0.02 V/s (all CVs

were started from open circuit potential).

Fig. 5. (a, b) Cyclic voltammograms of Pd and Pd-Sn modified HBDD with 1.45 pg/cm? (i.e., 2.6 mC/cm?
charge) and 2.90 pg/cm? (i.e., 5.2 mC/cm? charge) Pd loading, respectively in 0.5M KOH and 1M EtOH
at scan rate of 0.02 V/s. (c) Cyclic voltammograms of Pd and Pd-Sn modified HBDD (with 5.80 pg/cm?:
Pd loading) in 0.5M KOH and 1M EtOH at scan rate of 0.02 V/s. (All CVs were started from open circuit

potential). Cyclic voltammograms shown here are steady state taken after 10 cycles.

Fig. 6. Fig. 6. (a) Pd-Sn atomic arrangement with mechanistic pathways of EtOH electrooxidation, in
which Sn atoms donate electron cloud to the Pd interfacial contact layer thus facilitating the
adsorption of the hydroxyl and ethanol species (b) representation of the Pd loadings of shell-core Pd-

Sn nanostructures and their ability to enhance the ethanol oxidation reaction (EOR).

Fig. 7. Tafel plots of anodic polarisation curve for ethanol oxidation in 0.5M KOH and 1M EtOH: (a, b)
of Pd and Pd-Sn modified HBDD with 1.45 pg/cm? (i.e., 2.6 mC/cm?) and 2.90 pg/cm? (i.e., 5.2 mC/cm?)
Pd loading, respectively. (c) of Pd and Pd-Sn modified HBDD with 5.80 pg/cm? (i.e., 10.5 mC/cm?) Pd

loading.
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Fig. 8. (a, b) Chronoamperometric response of Pd and Pd-Sn modified HBDD in 0.5M KOH and 1M
EtOH at potential -0.15 V, in which Pd deposition charge corresponded to 2.6 mC/cm? and 5.2 mC/cm?,

respectively.
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Fig.6.
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Table 1 Pd features after electrodeposition through chronoamperometry.

Electroactive Specific Mass Forward
Pd O des. surface L . peak current
Charge . surface area, activity  Particles oo
Electrodes (mClem?) loading charge EAS area, (MAJG)  size (nm) (19), specific  Idlp
(ng/cm?)  (mC/cm?) (cmPlem?) SSA « 102 activity
(m?/g) (mA/cm?)
Pd/HBDD 0.71 1.67 115.17 2.48 4.33 3.60 0.81
Pd- 2.6 1.45
Sn/HBDD 0.81 1.92 132.41 4.56 3.77 6.61 0.86
Pd/HBDD 0.71 1.67 57.59 2.55 8.66 7.39 0.89
Pd- 5.2 2.90
Sn/HBDD 0.74 1.74 60.00 4.26 8.32 12.37 1.63
Pd/HBDD 1.81 4.28 73.79 3.45 6.76 20.02 1.35
Pd- 10.5 5.8
Sn/HBDD 1.66 3.91 67.41 3.58 7.40 20.78 1.49
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