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Abstract

Well-designed noble metals and ceramic nanoarchitectures are significantly important for the development of high
performance, selective, sensitive and cost effective electrochemical sensors. Here, we report gold (Au) nanoparticles (NPs)
uniformly dispersed on hydroxyapatite (HAp) nanorods forming particles on rods nanoarchitectures for sensitive hydrazine
sensors. The Au/HAp nanocomposites were prepared by a versatile hydrothermal-precipitation method. The precipitated
citrate-stabilized Au NPs were 6-8 nm in size and strongly anchored onto rod-shaped HAp with a diameter of 10 nm and
length of 65 nm. The structural, chemical, electrochemical properties and growth mechanism of the Au nanoparticles onto
the HAp nanorods (NRs) is presented. Progress toward the application of hybrid nanocomposites in electrochemical
oxidation of hydrazine is overviewed. Compared to Au NPs, the incorporation of Au NPs into HAp NRs favored the
adsorption of hydrazine, thus bringing hydrazine very closer to the catalytic sites of Au NPs and then increasing the
efficiency of hydrazine oxidation in neutral solution. The amperometric (i-t) hydrazine sensor, using the as-prepared
Au/HAp as the electrochemical catalyst, shows a wide linear response range of 0.5-1429 uM, a lower detection limit
(0.017 pM) and very high sensitivity of 0.5 wAuM“cm™. Furthermore, the Au/HAp nanocomposites showed an excellent
anti-interference property towards the various organic and inorganic electroactive compounds, and good inter-electrode
and intra-electrode reproducibility. Our present technique shows both qualitative and quantitative measurement of
hydrazine in various water samples with high sensitivity, cost effective and rapid analysis time.

and metal hydroxides (Mg(OH), and MgO) surface show very
1. Introduction high catalytic activity toward carbon monoxide (CO) oxidation
Recently, the current research has been focused on the and it has attracted the highest interest and is the most

. . 3 .
development of efficient heterogeneous electrocatalysts extensively studied on.” Recently, Au supported metaloxides,

possessing higher electrochemical activity towards the sensing polymers, graphene and ceramic nanocomposites have been

of many organic and inorganic compounds with highly used as nanoscale electrocatalysts for constructing the catalytic

selective,  sensitive and  stable sensing  platforms. 1an° interfaces of electronic devices to achieve high-sensitive
and selective electrochemical sensors. Specifically, Au@Fe;0,,
Au@oa-Fe,0;, Au@ZnO, Au@Graphene, Au@molecularly
imprinted  polymers, Au@hydroxyapatite@chitosan and
Au@activated carbon have recently been applied in a high

Nanostructured metal particles (Au, Pd and Pt) play a vital role
in catalytic and electrocatalytic reactions, especially in sensing
platforms." Nanosized gold (Au) particles are of increasing
significance in various fields such as sensors, catalysis,
biomedical, microelectronics and biological recognition.”> For
instance, Au nanoparticles (NPs) supported on an metal oxides

efficient electrodes to detect various organic and inorganic
compounds.*'® Such structures have some inherent drawbacks
such as electrode pulverization, high overpotential, corrosion
and poor electrode sturdy when used as a catalyst substrate.

On the other hand hydroxyapatite (Ca;(POs(OH),, HAp), a
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and electrochemical sensors.''”"® In particular, HAp modified

detection kidney injury molecule 1 (KIM-1), uric acid, 4-
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nitrophenol,
14-19

Ityrosine, hemoglobin (Hb)

electrochemical

and glucose

property
strongly depends on the crystallinity, dimensional anisotropy

molecules. Interestingly, is
and morphology of the HAp nanocrystals for essential
constructive applications.zo’21 HAp nanorods (NRs) exhibit a
small dimensions, good crystallinity and high surface area
which have shown to be an excellent electrochemical activity.
Many researchers have been devoted to the design and
synthesis of 1D HAp using some additives such as phosphorus-
containing biomolecules and organic molecules through
hydrothermal techniques.”*® Adenosine 5’-triphosphate (ATP)
is the most common phosphorus-containing biomolecules and it
was used as a phosphorus source to synthesis 1D HAp by a
hydrothermal method. The obtained 1D HAp has good
crystallinity, high specific surface area (SSA) possesses higher
electrochemical active sites toward the sensing of various
organic compounds.**"’

Despite a growing research effort, however, electrocatalysts
the

electrode

design remains an important challenge to improve
the

pulverization problem and keep the overall electrode sturdy.

electrochemical  performance,  solving
HAp and Au based electrocatalysts are well studied and among
the most efficient for electrochemical sensors. In recent years,
Au NPs supported on metal oxides and or carbon materials
have been shown to be attractive electrocatalysts in a number of
selective oxidation of hydrazine, 4-nitrophenol, glucose, uric
and ascorbic acids. More recently, very few researchers were
developed hemoglobin immobilized Auw/HAp, Au-HAp-
chitosan film and Au/FeOx-HAp has been developed for the
detection of hydrogen peroxide (H,0O,), tandem catalysis,
immunosensor and CO oxidation.?”*° Prior to this work, there
have been no examples in the literature of high sensitive and
selective Au/HAp sensor for the detection of hydrazine.
Hydrazine (N,H,) is of practical interest due to its wide
application in fuel for satellites and rockets, photographic
chemicals, insecticides, emulsifiers, plastic blowing agent,
textile dyes, and anticorrosion agent for nuclear and electrical
power plants. Despite its common use, hydrazine is rather toxic,
colorless, and flammable, which can severely injury liver,
lungs, brain, kidneys, and spinal cord. As a result, an accurate
determination of trace level hydrazine through electrochemical
method is of great relevance. Electrochemistry is an important
approach to determine the hydrazine at trace level and it
exhibits high sensitivity and selectivity, simplicity, and low
cost.’'?* However, an electrochemical sensor desires high-
performance electrocatalysts. The Au/HAp is currently of
interest as the electrocatalyst due to its high catalytic activity,
sensitivity, selectivity, and low overpotential toward hydrazine
oxidation, which is the focus of this paper.

Herein, we prepare Au NPs on HAp NRs (particles on rods
nanoarchitectures) as high performance electrode toward the
sensitive detection of hydrazine. A possible nucleation growth
mechanism was proposed for HAp NRs and Au NPs on them.
The glassy carbon electrode (GCE) modified with this Au/HAp
nanocomposites exhibits admirable electrocatalytic activity to
construct sensitive sensor for the electrochemical detection of
hydrazine. The fabricated Au/HAp nanocomposite modified

2| J. Name., 2012, 00, 1-3

GCE detects hydrazine at a lower overpotential (0.15 V) with
high sensitivity than that of Au/GCE, and bare GCE. An
Au/HAp rotating disk electrode (RDE) was fabricated and used
to detect trace level hydrazine in various water source such as
lake, river and tap water. The present high performance
electrode provides high sensitivity, selectivity and lower
detection limit toward the detection of hydrazine.

2. Experimental
2.1 Materials

Adenosine 5'-triphosphate disodium salt
(CioH4NsNa,O3P; xH,0), calcium chloride dihydrate
(CaCl,.2H,0), sodium citrate and HAuCly 3H,O0 were

purchased from Sigma-Aldrich. Ammonium hydroxide

hydrate

(NH4OH), acetone and ethanol were purchased from Himedia,
India. All the reagents and chemicals were used without further
purification.

2.2 Synthesis of 1D hydroxyapatite (HAp) nanorods via
hydrothermal process.

The 1D HAp was prepared by hydrothermal synthesis route by
using ATPNa, as an organic phosphate source. In a typical
synthesis procedure, 44 mg of CaCl,.2H,O dissolved in 10 mL
of water was the solution A, while solution B was formed by 30
mg of ATPNa, dissolved in 10 mL of water. Consequently,
solution B (ATPNa,) was added drop wise to solution A and
pH was adjusted to10.5 by adding an ammonium hydroxide
solution (30%) under vigorous stirring for 30 min. Finally, the
mixed solution was transferred to the Teflon-lined stainless
steel autoclave. The autoclave was put in an oven at 180 °C for
12 h and slowly cooled down to room temperature naturally.
The white color precipitate was washed several times with
ethanol and water. Finally, the resulting product was dried at 70
°C under a vacuum.

2.3 Synthesis of Au NPs / 1D HAp NRs via simple precipitation
process.

In a typical experiment for the preparation of Au NPs grown on
1D HAp NRs, 0.25 g of HAuCl, * 3H,O and 24 mg of sodium
citrate was dissolved in 10 mL deionized water. Afterwards, the
reaction mixture was maintained at the boiling temperature till
a ruby-red color appeared, resulting Au colloidal solution were
obtained. Meanwhile, 100 mg of as-prepared HAp NRs were
dispersed in 30 mL of ethanol to form stable white color
solution. Subsequently, Au colloidal solution was added to the
NRs solution with constant stirring and heated at 80 °C for 15
min. After cooled at room temperature, the samples were
washed with deionized water and dried at 60 °C in vacuum.

2.3 Characterization

The morphology of the HAp and Au/HAp samples were
observed by field emission scanning electron microscopy
(FESEM) (FEI Quanta-250 FEG) coupled with EDX
spectroscopy. The X-ray diffraction (XRD) measurements were
carried out at room temperature using a PAN analytical (X-
Pert-Pro) diffractometer with a Cu Ko, radiation (A= 1.5406 A)

This journal is © The Royal Society of Chemistry 20xx
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over a scanning interval (20) from 10 to 70°. The average
crystallite sizes of HAp and Au/HAp NRs were estimated using
the Scherrer formula by using the X-ray line broadening. The
infrared spectrum of the samples was obtained by using a
Fourier transform infrared (FTIR) spectrometer (Bruker Tensor
27, Germany). The sample was prepared by a KBr pellet by
investigating the peaks within the range of 4000 to 450 cm™.
The specific surface areas and pore sizes were determined by
BET-N, adsorption for the Au/HAp nanocrystals using a
micromeritics ASAP 2020 surface area analyzer.

2.4 Fabrication of Au/HAp/GCE nanocomposite modified GCE

GCE was polished before each experiment with 1, 0.3 and 0.05
mm alumina powder and then rinsed thoroughly with distilled
water and ultrasonicated in an alcoholic solution. The cleaned
GCE was dried with pure nitrogen atmosphere and treated by
dropping a suspension (6pL) of Au/HAp/GCE nanocomposites
in ethanol (2 mg/L) on it and followed by drying in a hot air
oven at 30 °C for 30 min. Then the Au/HAp/GCE modified
GCE was gently rinsed few times with double distilled water to
remove the loosely bound Auw/HAp/GCE. Similar procedure
was also followed to prepare Au/RGO modified GCE.

3. Results and Discussion
3.1. Nucleation growth mechanism

The formation mechanism of Au NPs dispersed on highly c-
axis oriented one dimensional (1D) HAp NRs are shown in
Scheme 1. The Au/HAp nanocomposites were prepared by two
step hydrothermal crystalization process. Firstly, well dispersed
and high crystallinity HAp NRs prepared via
hydrothermal process at 180 °C for 12 h with adenosine 5’-
triphosphate disodium salt (ATP) as the phosphorus source and
stabilizer. Secondly, Au NPs grown on 1D HAp NRs were
prepared via simple precipitation process at 60 °C for 6 h by

were

addition of certain molar ratio Au>"-citrate solutions.

Step-1

ARTICLE

The formation mechanism of 1D HAp NRs was proposed based
on the present experimental results and already available
literature. The schematic illustration for the hydrothermal
synthesis of HAp NRs is shown in Step-1. ATP was the organic
phosphate (PO,*) sources for preparation of well dispersed
HAp NRs. The growth mechanism is composed of two stages:
during the first step, ATP molecules were hydrolyzed to
gradually release inorganic phosphate ions (PO,>) under a
hydrothermal temperature. Gradually released PO,> ions
reacted with Ca®" ions via electrovalent bonds and pH was
adjusted, resulting in the formation of HAp nuclei. In second
stage, hydrothermal temperature played a vital role to improve
the crystallinity and orientational growth of HAp. On the other
hand, the Au NPs were grown on 1D HAp NRs via simple
precipitation process at 60 °C for 6 h.

Detailly, as-prepared 1D HAp NRs were dispersed in ethanol
and gold colloidal solution was prepared by the citrate
reduction of HAuCl,. A possible reaction mechanism (Step-1I)
in order to describe the reduction of Au(Ill) by sodium citrate.
In a typical citrate reduction process, Au(IIl) turn to Au(I) and
further it was reduces by citrate ions to be formed metallic
Au(0). The reaction mechanism of Au colloids formation,
surface charges and sizes is dependent on the concentration of
the citrate ions (C6H50737) and HAuCl,. The overall chemical
reaction mechanism can be presented as

Au™ + C H 03 +150H" — Au +6CO, +10H,0 m

Moreover, surfaces of Au NPs are covered with the
negatively charged OH’ ions that causes the particles to repel
each other, resulting stable in a colloidal form.

Hydrothermal
ATPNa
? A 180°C ror 12h
§ PH 10-105 : —
‘ O O -
O :l :l
HAp nucleanon Aggreganon Onentanonsl =
seeds Growth of HAp HAp NRs
‘s
Au NPs sl
) Au NPs HAp NRs
. D
®
I e+ ==
Step-11
Al 80°C for 15 min
= e o] m
HAuCl, mp' = s
Reduced by HApE N'Rs:
sodium citrate L
Precipitation wHAp

Scheme. 1 Schematic diagrams: Step-I) formation of HAp NRs

by a hydrothermal method at 180 °C for 12 hrs using ATP as the

phosphorus source, Step-1I) formation of citrate capped Au NPs and Step-III) formation of Au NPs on HAp NRs by simple precipitation

method.

This journal is © The Royal Society of Chemistry 20xx
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Further, the OH™ ions covered Au colloids are adsorbed on Ca®*
sites on the surfaces of HAp via weak electrostatic interaction
and corresponding formation mechanism are shown in Step-III.
Basically, hexagonal apatite structure comprises positivelly
charged Ca®' sites surrounded by the negatively charged
tetrahedral PO,*" units; OH ions occupy columns parallel to the
hexagonal axis. Therfore, positively charged Ca®" sites of HAp
may be responsible for the attraction of negatively charged Au
colloids resulting in Au NPs uniformely dispersed on the
surfaces of HAp NRs.

3.2 Physico-chemical properties

To obtain more detailed information about the nanoparticle
morphology, composition and crystallinity of the HAp NRs we
acquired FESEM, TEM, EDS and SAED pattern. Figure 2 a-d
the FESEM of HAp
nanostructures. Both analyses reveal that the samples have

show and TEM micrographs
rods-like morphology and the size of the NRs is approximately
10 nm in width, while the length is ~65 nm. Figure 2 is also
reveals well-dispersed and dimensionally monodisperse NRs.
The finer morphology of HAp NRs was obtained thanks to the
slow release of PO4> ions from ATPNa, and the reaction with
Ca”" ions via electrovalent bonds to form HAp nuclei. The slow
addition of PO,> ions prevents the agglomeration of HAp
nuclei, resulting in finer rods-like morphology. Whereas,
inorganic phosphate ions are used as the phosphorus source in
the preparation of HAp, the supersaturation of Ca®" ions and
PO*
growth and a disordered growth of HAp, and the morphology

ions in the precursor solution leads to rapid nucleation

and size of the samples are difficult to control. The selected
area electron diffraction (SAED) pattern of the HAp NRs is
shown in Figure 2e.

" Energy (keV)

Fig. 2 FESEM (a and b) and TEM (c and d) micrographs with
different magnification, SAED pattern (e¢), EDX (f) analysis of
HAp NRs prepared by using ATPNa, as a phosphorus source at
180 °C for 12 h, FESEM (g and h) with EDS spectrum (i), TEM
(G and k), HRTEM (I) micrographs with different
magnifications for Au in the Au/HAp nanocomposites.

4| J. Name., 2012, 00, 1-3
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The diffraction rings of (002), (221), (112) and (300)
correspond to HAp hexagonal phases. Further, the elemental
composition and quantitative analysis of HAp crystallite were
analysed from EDS spectrum (Figure 2f). It can be seen that the
presence of strong O, Ca and P signals is clearly detected in the
EDS spectrum indicating the formation of HAp and no other
impurities were detected. A quantitative analysis of the HAp
nanocrystallites was carried out from the ratio between Ca and
P signals in the EDS spectrum and yielded a Ca:P ratio of 1.64 :
1. This results is in good agreement with the stoichiometry
based on the hexagonal structure of HAp [Ca;(PO4(OH),].

Au colloidal NPs were dispersed on the HAp NRs and their
morphology, crystalline nature and chemical composition were
conformed through FESEM, HR-TEM and EDS. Figure 2gh
show the FESEM images of Au NPs dispersed on HAp NRs;
however the presence of small Au NPs cannot be observable,
considering the FESEM resolution. The FESEM-EDS in Figure
2¢ provides the clearer information about distribution of
elements in the Au/HAp nanocomposites. It indicates that the
samples are composed of calcium (Ca), phosphorus (P), oxygen
(O) for the HAp template phase and the Au elements for Au
NPs on the surface of HAp NRs. Evidence for the presence of
Au NPs on HAp NRs were clearly observed from TEM and
HR-TEM analysis. The Au NPs with sizes of 8 nm are highly
dispersed on the surfaces of HAp NRs as shown in Figure 2j,k.
HRTEM images with lattice fringes (Figure 2l) revealed
interdistances corresponding to the (111) plane of fcc Au.

The X-ray diffraction (XRD) patterns were used to analyze
the crystalline nature and phases of as-prepared HAp NRs and
Au/HAp The XRD pattern of the
nanocomposites indicates the presence of both crystalline HAp
(JCPDS card: No. 09-0432) and Au (JCPDS no. 4-0784), as
shown in Figure 3. The average crystallite size can be

nanocomposites.

calculated via the Scherrer formula, using the full width at half-
maximum (fwhm) of the major peaks belonging to HAp and is
estimated to be 25 and 27 nm corresponding to HAp NRs and
Au/HAp nanocomposites, respectively.

Intensity (a.u.)

2 Theta (Degree)

Fig. 3 XRD patterns of the pure HAp and AuwHAp
nanocomposite.

This journal is © The Royal Society of Chemistry 20xx
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Importantly, these results clearly indicate that the
biocompatible ATPNa, can be used as a new organic phosphate
source and stabilizing agent for the synthesis of hexagonal
HAp. Furthermore, the presence of structural peaks of cubic Au
in XRD patterns and average crystalline size around 8 nm
clearly illustrates that Au NPs were synthesized by using
sodium citrate with well crystalline nature. As shown in XRD
patterns, the addition of Au NPs notably no significant shifting
of HAp peak positions, thus signifying that the incorporation of
Au NPs does not affect the crystalline nature and phase purity
of HAp. These results suggests, the appearance of a well
crystallized hexagonal phase of HAp and cubic Au crystal

structures were obtained and no other impurity were detected.

(a)

(=

-

¥

o

N HAp
~
E
&
g
wv
=
e
=
=

T 1 L) L) ¥
1000 800 600 400 200 0
Binding Energy (eV)

Journal of Materials Chemistry A

The FTIR spectra of HAp NRs and Au/HAp nanocomposites
were shown in Figure 4. The characteristic adsorption bands at
566 and 603 cm™ corresponds to the bending vibration (v4) of
phosphate groups. The (v;) vibration of phosphate was
observed as a peak at 962 cm™'. The intense bands at 1044 and
1086 cm™ are attributed to the stretching vibration (vs) of
phosphate groups.'> The sharp absorption peaks at 3572 and
634 cm™ correspond to the stretching of -OH bands which is
confirms that the incorporation of citrate capped Au could not
be affect OH site of the HAp. The broad absorption bands
around 3447 and 1639 cm™ assigned to OH groups of phenols,
alcohols, carboxyl groups and of H,O of crystallization present
in the as-prepared samples. This suggests that there was a no
minimal amount of organic residue in the HAp NRs by using
ATPNa, as a phosphorus source under hydrothermal process.
Further, the FTIR results confirm, no significant peaks shift
was observed by addition of Au in Au/HAp nanocomposite and
incorporation of Au NPs does not affect any significant
structural changes in HAp.

XPS analysis was used to examine the surface composition
of the as-prepared HAp and Au-HAp nanocomposites and the
core level spectra (high-resolution XPS spectra of the Ca 2p, P
2p, O 1s, and Au 4f region) are depicted in Figure 5a-e. Besides
the expected Ca, P, and O peaks, a small carbon (C 1s) peak
was observed at 284.6 eV in all the as-prepared samples. This
carbon impurity had atomic percentages changing from 10 to
15 % for HAp and Au-HAp samples and was due to
adventitious carbon. The high-resolution XPS scan of the Au 4f
region (Figure 5 b) of Au-HAp nanocomposites was separated
in two predetermined peaks at 83.7 and 87.0 eV associated to
the Au 4f;, and Au 4fs,, respectively, typical of metallic
Au.*** Figure 5c shows the high-resolution XPS scan of the Ca
2p region represents two peaks for Ca 2p;, and Ca 2p;, at
binding energies of 347.5 and 350.4 eV, respectively, which are
assigned to calcium phase on HAp.

(b) (©) &
a2
Avir, P32
-~ Audf,, K -~
3 ’ 3
g 2 ]
= z Cazpy
@ =
5 )
= =
T v v v T 354 352 350 348 346 344 342
92 9% 88 8 84 8 8 .
Binding Energy (eV) Binding Energy (eV)
d
@) P2p © 015(530 eV)
- o
5 5 W
s 2, " OH
& f O
= & d
H 2
= =
i L
T T T T VI - T T - l'
138 13 134 132 130 128 536 534 532 530 528 526

Binding Energy (eV) Binding Energy (eV)

Fig. 5 XPS survey spectra of HAp and Au/HAp nanocomposites (a), high resolution spectra of Au 4f (b), Ca 2p (c), P 2p (d)

and O 1s (e).
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Fig. 6 BET N, adsorption/desorption isotherms of (a) HAp NRs
and (b) Au/HAp nanocomposites. Inset Figure BJH pore size
distributions for (¢) HAp NRs and (d) Au/HAp nanocomposites

The high resolution XPS spectrum in Figure 5d shows the
peak at 133 eV corresponding to phosphate group (P 2p) in the
HAp. The O 1s XPS spectrum (Figure Se) can be deconvoluted
into three distinct peaks due to OH, P-O and P-O-P and having
binding energy of 529.8, 531.5 and 533.7 eV, respectively.'**°
The textural properties of the HAp and Au/HAp
nanocomposites were investigated through BET (Brunauer-
Emmett-Teller) surface area analysis and the corresponding N,
physisorption curves are shown in Figure 6a,b. The N, sorption
isotherms for both samples exhibit hysteresis loops, which are
typical of mesoporous type IV isotherms. The BET specific
surface area (SSA) of the as-prepared HAp and AU/HAp
nanocomposites was about 125.5 and 117.3 m g, respectively.
The pore size distributions estimated from the desorption
branch of  the isotherms  based on a BJH
(Barret—Joyner—Halenda) model are shown in inset Figure 6.
The BJH desorption curves of both samples indicates a broad
pore distribution width with an average size centered on 9 &+ 1.5
and 8 = 1.3 nm are corresponds to HAp and Au/HAp
nanocomposites, respectively. These results clearly suggest that
the higher SSA and pores are generated through the ATPNa,
used as an organic phosphorus source to obtain HAp NRs. In
our typical synthesis, ATPNa, molecules hydrolyze to release
phosphate (PO,*) ions and it was slowly react with Ca®>" ions
via electrovalent bonds to be formed HAp nuclei with smaller
aggregation. This smaller aggregation of HAp nuclei causes to
prevent the agglomeration of the HAp NRs, resulting finer and
uniform rods like morphology with higher SSA. The high
encouraged for increasing the available electrochemical
reactive sites.

6 | J. Name., 2012, 00, 1-3

3.3 Electrochemical properties
3.3.1 Electrochemical behaviour of Au/HAp nanocomposite
modified GCE for hydrazine oxidation

The of Au and Au/HAp
nanocomposites were investigated towards the oxidation of

electrocatalytic  activities
hydrazine. This was performed with cyclic voltammetry (CVs)
and amperometric (i-f) responses of rotating disc electrode
(RDE)-based experiments, where a typical three electrode
system consisting of a GCE modified with Au and Au/HAp
nanocomposites was used as the working electrode. Scheme 2
illustrates the fabrication strategy of the Au/HAp/GCE toward
the ultrasensitive hydrazine detection. The first step was the
drop casting of Au/HAp nanocomposites on the bare GCE. The
second step consists of two processes: (i) effective adsorption
of hydrazine onto the catalytic surfaces due to electrostatic
interaction between HAp and hydrazine and (ii) hydrazine can
then be effectively dissociated/oxidized by Au NPs. Mechanism
for the hydrazine oxidation in aqueous solutions can be
established to be a four-electron transfer process to form N, and
H" which can then react with OH™ to form water as shown in
Eq.2.

N,H,” >N, +4H" +4e” (2)

In order to investigate the electrocatalytic hydrazine
oxidation, the CVs response were studied in the presence or
absence of 2 pM of hydrazine with Au/HAp/GCE, Au/GCE,
blank measurement at Au/HAp/GCE, blank measurement at
Au/GCE and bare GCE as shown in Figure 8a-e. Curves a and
b show the CVs response for the oxidation of hydrazine at
Au/HAp/GCE and Au/GCE, respectively, with the presence of
2 uM of hydrazine. The oxidation current of hydrazine at
Au/HAp/GCE is larger with a peak potential of 0.32 V. The
Au/GCE exhibits a significantly higher over potential of 0.47 V
for the hydrazine oxidation with smaller peak current.
Therefore, the oxidation peak current of hydrazine at
Au/HAp/GCE was much higher than that of Au/GCE with a
peak to peak separation of 270 mV.

NH,
\d\l)l']"liull

///

b‘ Hydrazine oxidation

AuwHAp/GCE  HAp NRs

de+4H +N,

N,H,

Scheme. 2 A schematic view of the AuwHAp/GCE toward
ultrasensitive hydrazine detection.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 CVs of 2 uM hydrazine in 0.1 M PBS on the

Au/HAp/GCE (curve a), Au/GCE (curve b), blank

measurement at Au/HAp/GCE (curve c), blank measurement at

Au/GCE (curve d) and (curve e) bare GCE. Scan rate: 50 mV/s.
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As can be seen the results that the electrochemical oxidation
of hydrazine by Au/GCE is kinetically slow and a quite high
overpotential is required at electrodes, which is not suited for
quantification via conventional electrochemical methods. The
Au/HAp/GCE exhibits a well-defined oxidation peak of
hydrazine at 0.32 V, accompanied by a much lower oxidation
onset potential and higher oxidation current. The lower onset
that the
Au/HAp/GCE nanocomposites is much stronger than that of

potential specified electrocatalytic activity of
Au/GCE. The increase in the oxidation current increases the
rate of electron transfer to enhance electrocatalytic activity.
Moreover, no oxidation peak current was observed with
Au/HAp/GCE (curve c¢) and Au/GCE (curve d) with the
absence of hydrazine. Curve e shows the oxidation of hydrazine
at bare GCE. It requires a higher over potential and there was

no observed obvious oxidation peak as shown in Figure 8.
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Fig. 9 (a) The CVs obtained at Au/HAp modified GCE in PBS
(pH 7) containing 5 uM hydrazine at different scan rates (50—
500 mV s ). Inset: The corresponding linear plot for the
square root of scan rates vs I, of hydrazine.

This journal is © The Royal Society of Chemistry 20xx
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3.3.2 Effect of scan rate on hydrazine oxidation

The influence of scan rates on the anodic peak current was also
studied in the range of 50-500 mV s ' using 5 uM hydrazine in
PBS (pH 7). The CVs responses of Au/HAp/GCE in Figure 9
clearly show the oxidation peak current (I,,) increases with the
increasing scan rates and the peak potentials were shifted
towards a positive direction. This result indicates that the
oxidation of hydrazine on the modified electrodes is an
irreversible process. The inset in Figure 9 shows the linear
relationship between the anodic peak current (I,,) and the
square root of scan rate (v'?) demonstrates the oxidation of
hydrazine on Auw/HAp/GCE is a diffusion-limited process.
Furthermore, a linear relationship is also obtained between E,
and natural logarithm of scan rate (log v) for the electrode. The

irreversible diffusive process, I

, Ipa can be expressed as follows,

I,m :3'01X105"[(1—a)na]l/zACDl/zvl/z 3)

Where o is the electron transfer coefficient, 7, is the electron
number in the rate determining step, # is the total number of
electrons involved in the oxidation of hydrazine, and other
symbols have their usual meanings. The calculated slope of 7,
vs. v is 0.8510, considering (1-a)n, = 0.45, D =1.2x10%cm?/s
and 4 = 0.10 cm?, (estimated using Randles-Sevcik equation
from the slope of peak currents of soluble 1 mM ferrocyanide
in 0.1 M KCI vs. v'"?). The estimated number of electrons
involved in the anodic oxidation of hydrazine is about four-
electron (n=4) on Aw/HAp/GCE.

3.3.3 Effect of concentration on hydrazine oxidation

Figure 10 shows the CVs responses of Au/HAp/GCE in the
presence of various concentrations of hydrazine (0.5 to 185
uM) in PBS (pH 7) at a fixed potential with the scan rate of 50
mV s It shows the oxidation peak current increases linearly
with increasing the hydrazine concentration.
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Fig. 10 CV responses of Au/HAp/GCE at 0.5-185 uM of
hydrazine and Inset: The corresponding calibration plot for
hydrazine concentration vs I,,.
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The linear regression equation was I, (WA) =0.4948x — 0.0792
with correlation coefficient of R? = 0.9996, where x is
concentration of hydrazine as shown in the inset of Figure 10.
The sensitivity was calculated from the slope of the calibration
curve. The lower limit of detection and sensitivity was found to
be 0.03 uM and 0.2177 pA pM'em™. The obtained sensitivity
can be attributed to the low charge transfer resistance of the
Au/HAp/GCE and also the efficiency of the electron-transfer
between hydrazine due to the -catalytic effect and
Au/HAp/GCE. The lower detection limit can be calculated by
the following equation (3)

35,

(€)

LOD =

Where Sj is the standard deviation of the blank signal and b is
the sensitivity. The obtained limits of quantification and
detection for hydrazine sensing are much lower than that of the
previously reported values for the other nanomaterials modified

carbon-based electrodes!?31434

as show in Table 1. Significance
of this study provided a clear evidence for the higher
electrocatalytic activity of Au/HAp/GCE. Basically, HAp as a
good adsorbent to adsorb all quantities of hydrazine and then
the adsorbed hydrazine was effectively oxidized by Au NPs
which leads to offer the enormous best electrocatalytic ability
toward the sensing of hydrazine. Therefore, we found that the
Au/HAp/GCE is more suitable high performance electrode for
the electrochemical oxidation of hydrazine sensor.

3.3.4 Amperometric determination of hydrazine

In order to estimate the linear response range, sensitivity and
detection limit for the amperometric (i-f) detection of ultratrace
levels of hydrazine were recorded for Au/HAp nanocomposite
modified electrode at various concentrations of hydrazine. The
amperometric hydrazine detection was performed with a
rotating disc electrode (RDE) at an applied potential of 0.2 V
and the rotation speed was 900 rpm. Figure 1la shows the
typical i-¢ responses of Au/HAp-based hydrazine sensor, the
oxidation current increases linearly and then quickly with the
successive addition of 0.5 puM hydrazine into the PBS,
signifying a rapid and sensitive response upon the hydrazine
concentration variation (0.5 to 1500 uM). When an aliquot of
hydrazine was added into the stirred 0.1 M PBS (pH 7)
solution, the amperometric responses achieved steady state
within 2 seconds, which is fast amperometric behavior. A sharp
and fast amperometric response was observed for each addition
of 0.5 uM hydrazine, indicating the rapid diffusion of hydrazine
on the Au/HAp modified rotating disc electrode surface. As a
comparison, current response obtained at the Au/HAp electrode
was much smaller than that obtained at the various electrodes,
such as AwWAC,'"® Au/NH2-MIL-125 (Ti),>> ZnO nanorods,’’
TiO,NFs/GCE and TiO2-Pt,*® which indicates the superb
catalytic ability of Au/HAp nanocomposites. The rod-like HAp
not only provided a suitable platform for the dispersion of Au
NPs and enlarged specific surface area, but also favored the
adsorption of hydrazine, thus bringing hydrazine closer to the
catalytic sites of Au NPs and then increasing the efficiency of

8 | J. Name., 2012, 00, 1-3

hydrazine oxidation. The analytical characteristics of Au/HAp
electrode such as the linear range, sensitivity, and the limit of
detection were calculated. The inset in Figure 11a shows that
the oxidation linear with the hydrazine
concentration in the range of 0.5-1429 puM. The linear
regression value for the responses as I (nA) = 0.0321x + 0.128
with the correlation coefficient of R>=0.9979, where x is the
concentration of the hydrazine. The sensitivity of the proposed
modified electrode was 0.05 uA pmM'. The limit of detection
(LOD) was evaluated to be 0.017 uM by using Eqn (3) and the
analytical performances of already reported hydrazine sensors
are summarized in Table 1.

current was

3.3.5 Selectivity, stability, repeatability and reproducibility
studies

In order to evaluate the selectivity of Au/HAp/GCE for the
sensing of hydrazine, we also investigated the influences of

several potential interfering ions in the electrochemical
experiments.
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Fig. 11 (a) Amperometric i-t responses of Au/HAp modified
rotating disc electrode at different concentrations of hydrazine
in PBS (pH 7) at the rotation speed of 900 rpm. E,,,= + 0.2 V.
Inset: calibration plot for hydrazine [uM] vs. I,. (b)
Amperometric i-t response at Au/HAp modified rotating disc
electrode at different concentrations of 5 uM hydrazine (a), in
the presence of 50 fold excess concentration of ascorbic acid
(b), dopamine (c), uric acid (d), and in presence of 500 folds
excess concentrations of ZnCl, (e), CoNO; (f), NiCl,, (g) CaCl,
(h), Na,SO; (i) and KCI (j).

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Analytical parameters of the Au/HAp modified
towards nitrite sensor comparison with previously reported
similar modified electrodes

Limit
Glassy of Linear Sensiti
carbon . detect | response vity
modified Techniques ion range(n (nApM Ref.
electrode (uM) M) Tem?
Au/Hap i-t 0.017 | 0.5-14293 0.05 our
NRs (O\% 0.03 120 0.2177 work
. 100 -
Auw/AC i-t - 12000 0.16 10
Aw/ ng/ Ge cv 02 1-500 0.126 35
All/NHz—
MIL- i-t 0.05 0.10-100 - 36
125(Ti)
ZnO NRs i-t 59.175 0.1 -60 0.386 37
Nano-
Au/porous- (0)% 0.5 2.5-500 -~ 38
TiO,
TIOZCI\E:S/G i-t 0.16 0.1-103 4.62 39

Table 2. Determination of hydrazine in various real samples

Samples Analyte Added Found Recovery
(uM) (nM) (%)
Lake hydrazine 50 494 98.8
water 100 100 100
River hydrazine 50 48.8 97.6
water 100 100 100
Tap water | hydrazine 50 50 100
100 100 100

In the case of 0.5 uM hydrazine in PBS (pH 7.4) shows an
insignificant interference for the 50-fold excess concentration
of ascorbic acid, dopamine, uric acid, and in the presence of
500-folds excess concentrations of ZnCl,, CoNOj, NiCl,,
CaCl,, Na,SO; and KCI as shown in Figure 11b. This result
indicates the proposed Au/HAp/GCE exhibit good anti-
interference capability toward the detection of hydrazine. The
storage stability of the reported hydrazine sensor was
investigated in 0.5 uM hydrazine in N, saturated PBS (pH 7),
and its oxidation peak current response was observed
periodically. The proposed hydrazine sensor retains 91.17 % of
its initial oxidation peak current response after 10 days in

This journal is © The Royal Society of Chemistry 20xx

atmospheric air at room temperature indicates the good storage
stability of the sensor. In order to observe the repeatability and
reproducibility, we have prepared 5 different electrodes
separately for the determination of 0.5 uM hydrazine and all the
electrodes shows a high reproducibility. The relative standard
deviation (RSD) of 1.7 % is observed from measurement of
anodic peak currents. In addition, the repeatability for 10
successive measurements with the RSD of 2.6 % for the
determination of 0.5 pM hydrazine indicates a good
repeatability of the proposed sensor. Thus, the Au/HAp/GCE
modified GCE shows good reproducibility throughout the
detection of hydrazine.

3.3.6 Real sample analysis

In order to explore the real time applications of the sensor

towards the determination of hydrazine, water samples
collected from tap, lake and river have been employed for the
real sample analysis. The results are shown in Table 2 and the
recoveries ranged between 97.6 and 100%. The significant
for the

determination of trace level hydrazine reveals the practicality of

recoveries achieved in various water samples

the sensor towards hydrazine.

4. Conclusions

In summary, we have developed well-designed Au particles

on HAp rods nanoarchitectures as a high performance
electrocatalysts toward the oxidation of hydrazine from various
water sources. Adenosine 5’-triphosphate disodium salt

(Na,ATP) as the phosphorus source was used to prepare HAp
NRs through hydrothermal method at 180 °C for 12 h and
negatively charged gold NPs solution was prepared by the
citrate reduction of HAuCl,. The precipitated citrate-stabilized
Au NPs of 6-8 nm size were strongly anchored onto rod-shaped
HAp with a diameter of ~ 10 nm and length of 60-65 nm. The
physico-chemical properties, SSA and pore size distribution of
Au/HAp nanocomposites were studied by using various
analytical techniques. Based on the experimental results, we
proposed the
nanoarchitectures. shows

nucleation  growth  mechanism  for
The AuwHAp
excellent sensitive and selective determination of hydrazine
by using (CVs) and

amperometric (i-f) technique. Significant improvement in the

nanocomposite

sensors cyclic voltammograms
hydrazine electrooxidation was achieved with the incorporation
of Au NPs into HAp NRs, demonstrated by a wider linear
range, a higher sensitivity and a lower limit of detection. The
amperometric (i-f) responses reached steady state signals within
2 seconds, which is fast amperometric behavior. Furthermore,
the present hydrazine sensor could be used repeatedly for the
consecutive detection of hydrazine with high selectivity, good
reusability and storage stability. The practical usefulness of the
present hydrazine sensor was also proved in various real
samples such as tap, lake and river water.
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