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The electroatalytic properties of cubic palladivimdium {Pd(100)Ir} bimetallic nanocomposite and
spherical nanoparticled®d NPg towards the electrochemical oxidation of ammonia were investigated

in sodium hydroxideon platinum electroddnterrogation of their electoatalytic properties through
cyclic and square wave voltammetric techniques (CV and SWV)) revealed that the bimetallic
nanocomposite {Pd(100)Ir} has better conductivity and higher catalytic activityidesneed by the
maximum current density reached for NHxidation at 1.9838 x IbA with a decreased onset
potential. ThePd NPs gave a maximum catalytic current value of 1.45 X 20 This was further
validated by the results from electrochemical impegaspectroscopy (EIS) where the bimetallic
nanocomposite gave charge transfer and sol ut
respectively with the nanoparticl es Theshresulist i n
confirm thatfacile interfacil electron transfer processoccur on thét/Pd(100)Ir electrode during the
electrocatalytic ammonia oxidati@andweremade possible by the synergistic effect of the bimetallic
palladium and iridium in the nanocompositich causs a weakeningf the adsorption strength of
poisonousadsorbed nitroge(Nag9 during theelectrooxidatiorprocess.

Keywords: Bimetallic nanocomposite, electrochemical properties, ammoniaaatatyst, chemical
synthesis, lectrochemical impedance spectroscopy.

1. INTRODUCTION

The electrochemical oxidation of ammariias been expansively studledmany scientist due
to its wide applicabilityin analytical chemistry, energy conversion processes for the production of
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hydrogen in fuel cell; the remediation of amneoontaminated waste waters and indirect ammonia
fuel cell[1-3]. The main advantage of tleéectraxidationof ammonia is that no chemicals or bacteria

are required but only electrical energy is consumed for the elimination of pollj@nt3he
mechamsm of ammoniaelectraxidation involves dehydrogenation of adsorbed ammonia and
formation of nitrogen and hydrogen as final prody6isThe process oélectraxidation of ammonia

Is very sluggish and hence requires the use of catalysts to speed upctioe [6h Researchers are
saddled with the task of designing and developing suitable and efficient catalysts for ammonia
oxidation. Most studies have considered the use of transition metals for the electrochemical oxidation
of ammonia. Principally, in assiation with application in electrochemical fuel cells, environmental
catalysis and electrochemical detection of ammonia, platinum was found to be the most active catalyst
[7]. It is well known that platinum is very expensive @nelasily gets deactivadeby adsorbed nitrogen

(Nag9 thus forcing researchers to focus on developing better and stable catalyst such as bi and mult
metallic catalysts. Many researchers have reported their findings on the study of the electrochemical
behaviarr of ammonia on seval electrodes such as Pt, Ru, Pd, Ir, AiiM& binary alloys and metal
oxides (Ru@, IrO,, and Pb®) in order to find the bestlectrocatalystor ammoniaelectraxidation

[4, 8]. Platinum and its alloys always show good capability to dehydrogenate @nmuidh a
sufficiently low affinity to produce adsorbed nitrogen atoms and therefore it was concluded that
platinum and its alloys are the best active catalyst towalstdro oxidation of ammoniaThey have

the ability to electrochemically convert ammanio nitrogen in comparison with other metgsl1].

In this study, we describe the synthesis and characterization of cubic lfhhetallic nanocomposite

and spherical Pd nanoparticlesand then compare their eleatatalytic activity towards
electramxidationof ammoniaPalladium has been used as a catalyst in many coupling reaBttbhas
properties similar to those of platinum. Therefore, Pd is consideragm@snisingelectrocatalystor
electrochemical applicatiorj&2,13].

2. EXPERIMENTAL

Paladium(ll)chloride (PdGJ), iridium(Il)chloride (IrCk), ethanol, poly(vinyl pyrrolidine)
(PVP), L-ascorbic acid, potassium bromide (KBrpotassium chloride (K€, and ammonium
hydroxide (NHOH) were all purchased from SigrAddrich and used for the ch@cal synthesis of
nanomaterialsAll chemicals are analytical reagent grade and were used without further purification.
Deionized water @ . 2 Mq cpuwjfied watdr with a MilkQTM water purification system
(Millipore) was used throughout the experiments for aqueous solution preparation. Analytical grade
argon gas purchased from Afrox Company, South Africa was used to degas thensddutithe
electrochemical studies

Pd(100)Ir nanomaterial was synthesized through a modified aqueous phase appépach
sequentially, the nanomaterials were prepared by mixing two solutions, one containing 8 mL of an
agueous solution of 0.1 M PVP anelkcorbic acid, another one containing 20 mL solution of 0.1 M
KBr and KCI. The solution containing PVP and ascorbic acid was used as a selective reducing and
capping agent for the Ad shell. The solution containing KBr and KCI was used for controllireg th
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size and shape of the nanomaterial. The mixture was then placed on a magnetic stirrehaategre
at 80 AC for 5 min. To this mixture, ,&8dICk of
(1:1) was added drewise using a drop pipette. Stirgreontinuecat 80 AC for 1.5 h,
precipitation of Pd(100)Ir was formed from the reaction ve§de. nanomaterial was removed from
the heating surface and cooled to room temperature. The product was centrifuged and washed witt
deionized weer to remove all excess PVP. Palladium nanoparticles were synthesized using sodium
citrate as the selective capping agent to control the growth of the nanoparticles while hydrazine and
KOH were used as reducing agent$][1Precisely, 50 mM Pdglwas disslved in a cold 0.1 M
sodium citrate solution which was purged with argon gas for 20 min. The solution was stirred with a
magnetic stirrer at a mixing rate of 11g@nfor 30 minat r oom t emper ature. T
of hydrazine and 200 eL of 9 M KOH wslyseredfa ded.
another 15 miruntil dark brown precipitates of thed NPs were formed. The nanoparticles were
centrifuged angubsequently washed with deionized water.

BAS 100W integrated automated electrochemical workstation from Bio Analytical Systems
(BAS, West Lafayette, IN) was used to perform all electrochemical experiments controlled by a
computer and a conventional threlectrode system consisting of a 0.071%qtatinum (Pt) disk
electrode as the working electrode, a platinum wire as the auxiliary electrode and Ag/AgCI reference
electrode with a 3 M NaCl salt bridge solution. Cyclic voltammetry (CV) measurements waed ca
out at a potential window 6fL000 mV (initial potential) to + 600 mV at various scan rates. For square
wave voltammetry (SWV), the experimental conditions were; amplitude of 25 mV, a frequency of 15
Hz and various scan rates were applied. All expental solutions were e@xygenated by bubbling
with high purity argon gas for 15 min and blanketed with argon during all measurements and at room
temperature (25 UC). El ectrochemical i mpedanc
Zahner IM6ex Genany from Bio Analytical systems, BAS, US in thi&ectrode electrochemical
cell.

Alumina micraepolish (1.0, 0.3 and 0.05 mm alumina slurries) and polishing pads (Buehler, IL,
USA) were used for polishing the electrode surfaces before and after meagareme

High transmission electron microscope (HRTEM) images were acquired using a Philips
Technai TEM instrument operated at an accelerating voltage of 120 kV. HRTEM samples were
prepared by dispersing the synthesized nanomaterials in ethanol anchstiog on carbon coated
copper grid The solvent was allowed to dry at room temperature for about 30 min prior to
measurementd he elemental compositions of the samplese determinedising Energy Dispersive
X-ray Spectroscopy (EXK). UV/vis experiments were prmed on a Nicolette Evolution 100
Spectrometer (Thermo Electron -@peration UK) with the samples dissolved in ethanol and placed in
3cnT quartz cuvettes. The spectra were recorded in the region of 381D nm.Atomic force
microscopy (AFM) was usedd study the surface morphology of the nanomaterials

2.1. Electrodegpreparation

10 eL of each of the nanomaterials solutior
eL of 5 % n a bindsthre nandntfateriat® the surima®f the plathum electrodeCleaned
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Pt electrode was dried with nitrogen bekedrade e d
surface The modified platinum electrode was dried at room temperature for 2 h before being
immersed into ammoniftee 0.1 M NaOH ad 0.1 M NaOH solution containing ammonia.
Electrochemicakxperimersg were performed in a threeell assembly under nitrogen bubblifay 15

min and scanned at $0V/s.

3. RESULTS AND DISCUSSION
3.1 Characterization dPd NPsand Pd(100)Ir

3.1.1 HRT®M andEDX analysis of Pd(100)Ir bimetallic nanocomposite
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Figure 1. HRTEM image and EDX spectra Bl NPSA) Pd(100)IrnanocompositeB).

The HRTEM images in Fig. 1 reveal the morphology of Ba NPs(A) and bimetallic
nanocomposite {Pd(100)Ir}B). Indicated here are well dispersed, uniformly distriblRedNPsand
Pd(100)Ir with particle sizes of about 2 and > 10 nm, respectively. The images revealed less
agglomeration which is a fair indication that they have promising propertiegldotrochenical
applicationsas they would render their high electrochemical active surface areas for better electronic
and ionic transport. Energlispersive Xray (EDX) analysis performed during the HRTEM
observation gave evidence of the constituent elementseirsyththesized nanomaterials. The EDX
spectra in Fig. 1 (A and B) showed the optical absorption peaks close to 3; 11 and 13 keV which were
due to the presence of Pd and Ir respectively. Carbon and oxygen peaks observed in Fig. 1 (B) near
keV, were due tahe capping agent (PVP and ascorbic acid) while the Br peaks located near 2, 11.5
and 13 ekV were due to the reducing agent (KBr) used during the synthesis of the nhanocomposites
The copper peaks shown close to 1.5, 8 and 9 keV were from the copper tgrivtooh the
nanocomposites were drgpated for HRTEM analyses.
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3.2. Atomic force microscopy (AFM) analysis of monometallic nanopartieg®Nf$ and bimetallic
nanocomposit¢®d(100)Ir}

Atomic force microscopy (AFM) as also performed to characterthe surface morphology
and chemical composition of nanomateridfsl{NPsand Pd(100)Ir}. Fig. 2 (A and B) shows the AFM
images. It can be seen that for th® 2mage for each case, there is a uniform distribution of the
nanomaterials. The-B images gavelear indications of the rough nature of the surfaces of the Pt
electrodes illustrating that indeed these materials were attached. The surface $bawesthe Pd
NPsto have a height distribution d-1 . 02 & m (while ghe Pd@00)k showed a hglt
distributionof@G1 . 46 em (Fig. 3.3 B).
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Figure 2. AFM images of P®d NP9A) and Pt/Pd(100)Ir (B)

3.3 UMtvis analysis of monometallic nanoparticléd{NP$ and bimetallic nanocomposites
{Pd(100)Ir}

UV-vis measurements were used to identify teduction of Pd(Il) ions to Pd nanoparticles.
The UV-vis spectra oPdCl (starting material)Pd NPsand Pd(100)Ir in ethanol are shownFig. 3.
The UV vis spectra of the reference sample BdEig. 3 C) showed two absorption bands at 323 and
423 nmwhich correspond to metal transitions of Pidns in PdG] [16,17]. However, br the reduced
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samplesigs. 3 (A and B))the absorption peaks around 323 and 423 nm were entirely removed thus
indicating the complete reduction of Pd(ll) ions to Pd{8].
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Figure 3. UV-vis spectrum of Pdgla), Pd NPgb) and Pd(100)Ir (c)

3.4. Electrochemical study of Pd(100)Ir nanocomposites by voltammetric techniques

Voltammetric techniques (CV and SWWereextensivéy used to evaluate the eleatedalytic
properties ofPd NPsand Pd(1000)Ir films on platinum electrode surface by studying the reversibility
of electron transfer. Typical voltammograms of Pd(100)Ir nanocomposite catalysts on Pt electrode are
shown in Fig.4 (A and B), which were acquired at roompteanr at ur e {1@06to 0CMV vs.r o m
Ag/AgCI at a scan rate of 50 mV/s in arg@aturated 0.1 M NaOH solutiofihree potential peaks
were observedduring the positivegoing sweep which correspond to different electrochemical
processesnamely, theabsrption and adsorption of hydrogethe double layer charging and the
surface oxide formation / reductiph9, 2Q. These voltammograms revealed the vkelbwn hydrogen
adsorptord e sor pti on peak (Peald. Bp -@aad Vdor theochttodia anda | |
anodic peak§l19, 2Q.

Pd(100)- H, .- Ir +OH - Pd(100Ir +H,0+e (3.1a)

Peak Il observedta 0. 4 V i nd ioa af Pi190)HO lorethe fplatinumalecirode.
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Pd(100)- OH- Ir - Pd(10Q)Ir - O+H" +e& (3.1 b)

In the positivegoing sweep, a strong reduction peak, (Peak Ill) observed at agowhd0 V
can be attributed tthe reduction of Pdl() oxide into elemental Pd during the cathodic swe2éjp

Pd(100)Ir - O+2H" +2e - Pd(100)Ir +H,0 (3.1¢)

Further characterization was carried out using SWV as shown in Kig) d4nd the results
compare well with those from the CVhis showsthat the nanomaterials have good electrochemical
activity and are considered as promising electrocasdiyselectrochemical applications.
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Figure 4. Electrochemical characterizatid€V (A) and SWV (B)} of modified Pt electrode with
Pd(100)Ir in0.1 M NaOH at acan rate 50 mV/s

3.5. Comparison ahonometallidc®d NPsand Pd(100)Ir nanocomposites

The bimetallic nanocomposiie Fig. 5 (A and B) showed a higher affinity for oxygermhte
species comparetb the monometallic nanoparticless evidenced by the peak potential shift on the
PdO reduction and increase in peak current density (peak Ill) towards more negative potiemsials
indicating an enhanced electrochemical activ&yj[ The higher peak current density suggests higher
electrochemically active surface area for the bimetallic nanocomp®sigeresults confirm that the
Pd100)Ir has much higher electatalytic activity than th€®d NPsdue to the synergistic effect tfe
two transition metalsThe electrochemically active surface areas (EASAs) of the electrodes were
calculated by determining the charg&olvedin the reduction of palladium (Il) oxide into palladium
metal. The EASA of the electrode was estimated using Eqoai2.

EASA=Q/S (3.2)

whereQi s the coul ombi 86i chahgep(omortC)ormafdi ty
[20A t heoretical ¢ h a'r’ig mnsidesel forethe cetluctién0oba PLI@ manatayer.
The EASA of Pd(100)Ir andPd NPswere calculated to be 80.20 and 50.54 cawmpectively. The
enhanced electoatalytic ability of the bimetallic nanocomposite {Pd(100)Ir} was proved by the
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increased peak current density at peaks |, 1l and Ill when companednmmetallic nanoparticles?d
NPg. The high electrochemically actvsurface area and high electtalytic activity of bimetallic

nanocomposite {Pd(100)Ir} indicate superior electrochemical performance over the monometallic
palladium nanopatrticles.
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Figure 5. Electrochemical characterization {CV (A) and SWV (B)} of modifiedelectrode withPd
NPsand Pd(100)Imn. 01 M NaOH at a scan rate 50 mV/s.

3.6 The effect of scan raté) on CV and SWV of Pd(100)Ir.

The effect of scan rat@) on the edctrochemistry of Pd(100)Ir nanocomposite was studied in
0.1M NaOHsolution as observed in Figvehere the chosen scan rates were 10, 20, 30, 40,50, 60, 70,
80, 90, and 100 mV/s. The electrochemical performance of the material can be evaluated by observinc
the peak current density ithe cathodic and anodic scan. The reduction peak current density of
Pd(100)Ir showed an increase with increase in scan rate, whereas the potential revealed a slight shift t
more negative values. The increase in peak currerdit§eas scan rate increases showed the stability
of Pd(100)Ir nanocomposite on the electrode. It also illustrates that Pd(100)Ir nanocomposite is
electreactive and diffusion takes place through the metal ca@B}. The RandleSev | i k pl
exhibited an excell ent |l i near graph with a co
diffusion controlled process at the Pt/Pd(100)Ir electrode and electrolyte inteflaeediffusion
coefficient, D was calculatagsingRandlesS e v Equadion {Equation (3.3)}

I, = (2692 10°)n* AD*n%C (3.3)

Where,l, = current in amps) = number of electrons transferréd= Area of electrode in ¢
D = diffusion coefficient in crffs, F = Faraday constant in C migIC = concentration in mol/ciav =
scan rate in V/s.
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The diffusion oefficient of the Pd(100)Ir (B64€° cn/s) bimetallic nanocomposite material is
higher than that oPd NPg(4.254¢e”).

Figure 6. CV (A) and SWV(B) of modified Pt electrode with Pd(100)Ir in 0.1 M NaOH at different
scan rates; and thikandlesSe v | i.k pl ot

3.7 Electrochemical study &d NPsand Pd(100)Ir by electrochemical impedance spectroscopy (EIS)
technique

EIS was used to investigate the interfacial properties of tHedRA¥Psand Pt/Pd(100)Ir
electrodes and the results obtaivesle analyzed using Nyquist and Bode gldthe Nyquist plot in
Fig. 7 (A) demonstrated a sewircle and a Warburg diffusion line which is an indication that the
electrochemical process on the electrode surface is kinetically controlled at higher dres|werd
diffusion controlled at lower frequencieR2-24]. These results revealed that the bimetallic
nanocomposite {Pd(100)Ir} has smaller charge transfer resistdRge v@lues compared to the
monometallic nanoparticlesPd NP$ These findings are du® the combination of two different
metals within the composite wiihcreased kinetics of charge transfer reaction at the metal interface
when compared to the monometallic nanoparticlé® charge transfer resistance is a measure of the
resistance ass@ted with the electron transfer process and is inversely related to the exchange current
density.A low R indicates a facile interfacial electron transfer process and hence a higher specific
pseudeFaradaic capacitan¢23-25]. TheEIS results are in aogpd agreement with the results obtained
from CV (Fig. 5) where the bimetallic nanocomposite {Pd(100)Ir} illustrated high peak current density
values which are seen as lower charge transfer resistance values in EIS. The parameters determine
from EIS resub wereRt= 8 8 0. 9 Q= q2 Bh%hidh RRgresent the charge transfer resistance
and solution resistance resulting from modified Pt electrodethvitPd NPs whereas the Pt electrode
modified withthe bimetallic nanocomposite {Pd(100)Ir} (red curve) showececardase in the charge



