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Abstract

In this work, we intially aim to find out a novel and simple route to decorate
carbon nanotubes with gold nanoparticles for catalysis/electrocatalysis application. We
first prepared a carbon nanotubes/polyoxometalate suspension by sonicating
mutiwalled-carbon nanotubes, which were synthesized by a template enhanced CVD
method using AAO as a template, in a phosphomolydic acid solution (prepared in a
diluted sulfuric acid solution) for one hour. The resultant was used as a starting material
for gold deposition without any further purification. After adding a commercial gold
sulphite plating solution, ECF-77A, and sulfuric acid, we can obtain a hybrid material of
gold nanoparticles-carbon nanotubes. Thus, this preparative method can be considered
as one-pot simple route for decorating carbon nanotubes with gold nanoparticles without
using any organic solvent, high-cost equipment or heat. Transmission electron
microscopy (TEM) characterization of the obtained samples further indicated that this
synthetic method can generate gold nanoparticles specifically on the surface of the
tubes without any by-product formation when the synthetic condition is well optimized.
However, due to fast dismutation reaction occurring (reaction time can be less than one
minute), this method leads gold nanoparticles with size larger than 10 nm, thus, it finds
difficulty for reaching the catalysis application. Afterward, we investigated experimentally
for first time the thermal stability and electrocatalysis of the ultrathin AUNWSs (diameter
less than 2 nm). These nanowires can be synthesized by a chemical reaction which is
simple as much as dismutation reaction studied in the former case. The study of the

structural stability of the synthesized gold nanowires revealed that the wires exhibited

very low structural stability at the temperature closed to room temperature of 60 °c
when the surface stabilizer was removed. The structure of the wires completely changes
to spherical particle within 24 hours of the heat treatment. This result shows that, in
order to reach practical applications, it is required to prior stabilize the wires surface by
a stabilizer that has potential high enough to retain the wires surface or do chemical
modification of the wires surface or find a suitable supporting material for the wires.
Later, the survey on the electrochemical catalysis of gold nanowires revealed that gold
nanowires (here they can supported on a glassy carbon electrode without using of any
binder e.g. Nafion®) can not catalyze most of important electrochemical reactions, the
methanol oxidation, the ethanol oxidation and the formic acid oxidation, investigated
here while they are electrochemically active for the H,O, oxidation-reduction and the

oxygen reduction (ORR). However, for the H,O, oxidation-reduction, we found that the



potential range corresponding to the reaction is out of range of the electrode potential
window, thus, it can not use suitably for the reaction. In conclusion, the electrode
fabricated by using gold nanowires showed good characteristics only for the ORR
reaction. The ORR reaction detections indicated that gold nanowires can catalyze the
ORR reaction and the reaction occurs so quickly that the reaction rate is the rate of
transport of the reactants through the reaction medium (diffusion-controlled reaction).
The investigation of the electrochemical stability of the electrode showed that the wires
exhibited good stability for the ORR reaction only for 30 first run of the reaction (more
than 95% in current density was retained). After the stability of the wires toward the
reaction was dramatically decreased, only 60% in current desity was reserved after 100
run. Thus, it is expected that the ultrathin AUNWs could be a new candidate electrode
material for other electrochemical reactions and/or detection if they could be stabilized

by an effective stabilizer or a suitable supporting materials.
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ANYF=a1A electrode FnA3IlagnT cycling potential 14529 potential 1¥inAL -0.6 - 1.6 V
lusnsazananiadania 0.5 lums dae scan rate 20 Tafliaddadwfiduna 3 A%s
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window (T9Ang g msuldim) 289 electrode fitaSunld anmIaTEaLm
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electrode (bulk gold electrode) WuMTLANBaINszUaINWA (current) AAneTWANL T2 e
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Kozlowska, 1984) Uazfi -0.35 V wumsiiuwesnszuglnvagnemaisy asis potential
window 284 flat gold electrode aglj'slwﬁ'mﬂizmm -0.35-0.95 V 91NNNIATIARAY activity
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ethanol oxidation ﬂﬁﬁ%m formic acid oxidation Lﬁaamnvl,&iﬁ CV response la 31N
AUNWS/GC electrode @3na1 & wiudfisen H,0, oxidation-reduction Tusening
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289 H,0, Aot uazUATeNIansuued H,0, AIFNNTS (Guo et al., 2009)
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dndluvn 0.2 v Samannsasiuujiisen reduction vasfmaandian assunsealui

Ot 4H gt 46 ————> 2H,05  eeeriennnns (5)
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anwiadhdenaialisun oxygen reduction w83 gold nanoclusters IWIAUIZIN
08 + 1.4 nm usgWui gold nanoclusters sulngiiaslhdamafialfiTen oxygen

reduction
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lusnsazans (LEAIAILLEWL) LLa:"LaJﬁﬁ"ﬁsnaansTiLwSm”aaglumiazms (LEAIALILE
1587) (scan rate NNy 20 dadliaddewnd)

1.0

& 0.04
e
(&) _1.0-

<
E.-2.0-

.%‘_3'0_
S 4.0
2 == AUNW/GC
S -5.01 ,
= 6,04 — AuNW/Nafion/GC
3

-1.0

-8.0 | T T T T T T T T

-05 -04-03-02-01 00 01 020304
E (V vs Ag/AgCl)

AMWN 20 cyclic voltammogram W84 AuNWS/GC electrode (LRANGILLFWALAY) LAz
. ® v v :’ a a >3 a
AuNWSs/Nafion /GC electrode (uaadduiduiiniu) lumazaodianlaslarinsadania
it 05 lumindifweandiandudiaglumiazais (scan rate flgiviiy 20 TG0
€1 A A
Taddaiui)



nnuwiafiilaneIny dynamics va9nITnBnLIzauuT) glassy carbon il
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MM INaadfe Wanuaaslun Wil 21a 1la¥inn1s plot current density 7 b631NANT

A ' o ' a o 1/2 A
NARBINTNIZANI GAINAUABUAL square root LRI (t ) (LEASIAWA 21b)

' . 12 a v o ¢ [ ' . A o 2. A
WL current density WLas ¢ FONMURNNWTLD LU T (M regression nla (R) uan
WL 0.996) NHIUAA origin - TIREAARBINLANFNWUTAINTNNNT integrated Cottrell
equation (Bard and Faulkner, 2001)
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¥ Aa 2
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v @ . . .. 2 -1

Co faanuNTwYa9 bulk Waz D Aa diffusion coefficient (cm.s))

] v & ' aaa o ' aaa { . .
Faugadlitinindfasonainadud jiseiiduwuy diffusion control
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Thermal stabilization of thin gold nanowires by surfactant-coating:

a molecular dynamics study
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The thermal stabilization of thin gold nanowires with a diameter of about 2 nm by surfactants is

investigated by means of classical molecular dynamics simulations. While the well-known melting point

depression leads to a much lower melting of gold nanowires compared to bulk gold, coating the
nanowires with surfactants can reverse this, given that the attractive interaction between surfactant
molecules and gold atoms lies beyond a certain threshold. It is found that the melting process of coated
nanowires is dominated by surface instability patterns, whereas the melting behaviour of gold

nanowires in a vacuum is dominated by the greater mobility of atoms with lower coordination numbers

that are located at edges and corners. The suppression of the melting by surfactants is explained by the
isotropic pressure acting on the gold surface (due to the attractive interaction) which successfully

suppresses large-amplitude thermal motions of the gold atoms.

1. Introduction

Interest in metal nanowires (NWs) stems from fields ranging
from fundamental low-dimensional physics to technological
applications in electronic, optoelectronic, nano-electromechan-
ical, and nano-biotechnological systems.'® Various experi-
mental, theoretical and computational investigations with
a variety of techniques have been conducted with the aim of
revealing the special properties as well as possible technological
applications of metal NWs. Examples are studies dealing with
electronic metal-molecule-metal conjunctions”® and nano-elec-
tromechanical sensor systems.” For the purpose of nanoscale
applications, a quantitative understanding of the structural and
thermodynamic properties of such NWs is a prerequisite.
Manipulating these tiny physical systems poses a challenge to
many existing experimental techniques'® and to complement
experiments, a variety of computational studies have focused on
thermal, mechanical, and electrical properties of metal nano-
systems using mostly classical molecular dynamics (MD) simu-
lation''?” and quantum chemical ab initio calculations.?*!
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One substantial difference between metal NWs and their bulk
phase is the fact that the melting of NWs occurs at substantially
lower temperatures than in the corresponding bulk material. This
‘melting point depression’ has been known for a long time from
metal nanoparticles (NPs).3>3* Theoretical, experimental and
simulation expertise has as well been adopted to explain the pre-
melting of thin NWs.3® The temperature dependence of structural
properties of metal NWs and their melting behaviour have been
investigated by various MD studies.!>!¢182425 Tn these studies
a strong dependence of the melting temperature and the melting
behaviour on the size and the geometrical configuration of the
metal NWs has been found. Similar dependences might influence
other properties of metal NWs and might also be related to
technical applications. For example in earlier MD studies,? the
stretching behaviour of gold NWs (AuNWs) subjected to
external stresses was investigated. A solvent effect on the thin-
ning of the wire was found only in the temperature region close to
the melting point. Such findings can be important for technical
applications, especially when the melting is strongly dependent
on the size and configuration of the NW.

In this paper we use an atomistic model to investigate the
melting process of thin AuNWs by means of MD simulations
and some of the underlying physics. We also propose a model of
the physical mechanism responsible for their thermal stabiliza-
tion by coating them with surfactant molecules.

In Sections 2.1-3 we describe our computational model. In
Section 3.1 we discuss the results for the melting of a bare AuNW
in a vacuum and the effects of additional initial defects such as
dislocations. In Section 3.2 we present our results concerning the
effect of surfactants on the location of the melting point as well as
the effect on how the melting proceeds. Section 4 summarizes our
work.

This journal is © The Royal Society of Chemistry 2012
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2. Methodology
2.1 Molecular model

The interactions between gold atoms are modelled by the well-
established quantum-corrected Sutton—Chen (Q-SC) many-body
potential.’’° For this potential, the configuration energy of
a system of atoms can be written as

U:ZU,-:ZS [%ZV(RU)—C p,-} (M

J#FIi

where V(R;) is a pair interaction function defined as

V(R,) - (Ri) , @

accounting for the repulsion between atoms 7 and j, p; is a local
density accounting for cohesion associated with atom i defined
by

p,-:Zcb(Ri,-):Z(i) . 3)
i j#i R;

In eqns (1)-(3), R; is the distance between atoms i and j; a is
a length parameter scaling all spacings such that " and p are
dimensionless; ¢ is a dimensionless parameter scaling the
attractive terms; s sets the overall energy scale; n and m are
integer parameters such that n > m. We used for the Q-SC
potential of gold the following values of the parameters: n = 11,
m=8,s=78052 meV, c = 53.581, and a = 4.0651 A.»*

As a model surfactant n-aminopentane (AP: NH,~CH,-CH,—
CH,-CH,-CHj3) has been chosen. As a simplification, its amino
group was assumed to interact like a methyl group within the AP
subsystem. This avoids any contributions from hydrogen
bonding and electrostatics in the simulation while the conse-
quently poor description of the liquid AP phase is not important
here. The total conformational energy, Viyw, of AP can be
written as

Vtotal = Vintra + Vimer’ (4)

where Vi, contains in the usual way the bonded interactions
arising from bond stretching, Vyong, bond bending, Vyeng, and
tOI'SiOl’l, Vdihedral:

Vintra = Vbond + Vbend + Vdihedral’ (5)
with
1 e
Voona (1) =D 5 (i = ) (©)
ij
1 0 eq 2
Vbend (61‘/1{) = Z Ekjjk (0{/'1( - 0[]/() 5 (7)
ijk
and
Vdinedral (%kl) = Zkf;-k/ [1 + cos (M(pijkl) - 5;'/1(1}7 (3)
il

where r;; is the bond distance between atoms i and j, rj is the
equilibrium bond length, 0, is the angle defined by atoms 7, j and

k, 03 is the equilibrium bond angle, ¢, is the dihedral angle
defined by the four atoms 7, , k&, and /, and k7, kfjk, ki, 0jsand m
are parameters, which have been adopted from the CHARMM
force field.*

The non-bonded interaction in eqn (4), Viner, has been
modelled in terms of 12-6 Lennard-Jones (LJ) potentials for all
pair interactions between the various methyl, methylene and
amino groups which are treated as united atom groups as well as
the interaction of Au with NH,, CH, and CHj:

12 6
i i
I/imcr:Z4€[/'|:(r_i]j_) _(V_ljj) :|7 (9)
7

where 7, ¢; and r;; are the atomic or molecular group diameter,
the depth of the potential well and the distance between atoms or
molecular groups i and j, respectively. For computational
reasons the LJ potential is truncated and shifted smoothly to zero
at a cut-off radius r. of about 10 A. The values of the LJ
parameters have again been adopted from the CHARMM force
field for the AP constituents, and have been derived from the
universal force field (UFF)*! for the gold atoms. The parameters
o for the cross-interactions have then been calculated from the
Lorentz-Berthelot combination rules. However, ¢ for the Au—
NH, interaction was initially set to 4 kcal mol~' which corre-
sponds to about 6 x kgT\/2, where Ty, is the melting tempera-
ture of the bare AuNW in a vacuum and kg is Boltzmann’s
constant. Intra- and intermolecular parameters are summarized
in Table 1.

Table 1 Force field parameters**!

Bond stretch

i kj/kcal
Bond /A mol™!
CH;(NH,)-CH, 225 1.54
CH,-CH, 225 1.52
Angle bend

ki /kcal
Angle ik mol™!
CH;(NH,)-CH,— 110° 45
CH,
CH,-CH,-CH, 110° 45
Torsion
k;-‘,’-k,/kcal

Dihedral Okt mol™! m
CH;3(NH,)-CH,— 0° 1.6 3
CHzchz
CH,-CH,-CH»— 0° 1.6 3
CH2
Non-bonded interaction (LJ)
Atom/group olA elkcal mol™!
CH;(NH,) 2.165 0.1811
CH, 2.235 0.1142
Au 2.934 0.039

586 | Nanoscale, 2012, 4, 585-590
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2.2 Simulation details

If not stated otherwise, the MD simulations have been performed
in the canonical ensemble (NVT ensemble). For purposes of
comparison and in order to exclude a certain pressure depen-
dence of the results, several simulations have also been per-
formed in the isothermal-isobaric ensemble (NpT).
Temperatures and/or pressures have been achieved by the
Berendsen as well as the Nosé-Hoover thermo- and
barostats.***

In order to study the melting behaviour of a thin AuNW in
a vacuum as well as in contact with AP surfactants, different
initial NW geometries have been prepared as discussed in the
next subsection. Their initial configurations have then been fully
relaxed and have subsequently been subject to free evolution in
a temperature range of 100-1500 K. Initially, temperature steps
of 100 K were used to roughly determine the melting temperature
and have then been adjusted to 20 K for a more precise deter-
mination. The equations of motion have been integrated with the
velocity Verlet algorithm with a variable time step in the order of
0.1-10 fs. A simulated time of several hundred ps for each
trajectory should ensure proper relaxation of the system at each
temperature.

All simulations have been carried out with the DL_POLY 4
software.*

2.3 Initial configurations

In order to investigate the melting process of a thin AuNW we
first constructed a wire consisting of 200 layers consisting of 18
atoms each (3600 gold atoms in total) arranged in a perfect fcc
lattice where the single layers correspond to the (001) surface.
This model corresponds to a NW of about 40 nm in length and
a cross-section of about 1.2 x 1.2 nm? In addition to this model
we constructed a NW with one dislocation to study the influence
of this defect on the melting process (see the description of Fig. 1
below). It should be mentioned again that our AuN'W models are
finite, i.e. the length of the simulation box is larger than the
length of the simulated wire.

The exposition to surfactants was created by adding 3054 AP
molecules, corresponding to a concentration of about 44 g 17!,
and letting the system evolve freely at 600 K for several hundred
ps. The resulting configuration exhibited a coverage of about 2/3.
For computational purposes the 1406 AP molecules not coating

Fig.1 Three different initial configurations after relaxation at 100 K: (a)
bare wire in a vacuum, (b) bare wire with additional dislocation in
a vacuum, (c) coated NW (only the amino groups of AP molecules are
shown), (d) coated NW (whole AP molecules are shown).

the NW were then removed and only the coated NW has
subsequently been used for the determination of the melting
temperature for different values of the LJ-parameter ¢ describing
the strength of the attractive interaction between gold atoms and
amino groups. ¢ was varied from 1 to 7 kcal mol™' in steps of 1
kcal mol .

The three different initial configurations (perfect bare NW,
bare NW with additional dislocation and coated NW) are shown
in Fig. 1. The initialization procedure described above causes the
AP amino groups to adsorb at the 4-fold hollow position on the
gold (100/010/001) surfaces.

3. Results
3.1 Model verification

Before investigating the melting process of a bare NW in
a vacuum we checked the appropriateness and proper imple-
mentation of the Q-SC potential by investigating the melting of
bulk gold. For ease of comparison with earlier publications® we
simulated a bulk system consisting of 4000 gold atoms using the
NpT-ensemble. The gold atoms were arranged in a perfect fcc
structure in a cell subjected to cubic periodic boundary condi-
tions. The phase transition from solid to liquid state around 1380
K can clearly be seen in the enthalpy-versus-temperature diagram
of Fig. 2. Taking into account that some superheating does
normally occur in surface-free perfect crystals,**” the simulated
melting point should be even closer to the experimental value of
1338 K for pure bulk Au.*® The validity of the Q-SC potential for
the melting behaviour of bulk gold implies also some confidence
that it can also capture qualitative trends in finite systems.

This was further checked against available simulation data by
simulating small gold nanoparticles (NPs) of 256 gold atoms
arranged in a cuboid with an aspect ratio of 2 : 4 : 16 in a perfect
fcc lattice. The melting temperature of this model was found at
about 550-575 K (inset in Fig. 2), virtually the same as reported
in previous studies*®*® with the—in principle more sophisti-
cated—TB-SMA potential®* for modelling the Au-Au
interaction.

|
w
»
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&
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Fig. 2 Calorimetric curves exhibiting the solid-liquid phase transition
for bulk gold (solid line), the bare AuNW (dashed line) and AuNPs (inset,
dotted line).

This journal is © The Royal Society of Chemistry 2012
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3.2 Melting of AuNWs in a vacuum

After these checks we determined the melting temperature of
the perfect bare NW described in Section 2.3. The result of
Tm = 750 K is again best seen in the enthalpy-versus-
temperature curve (Fig. 2). The enthalpy curve exhibits a drop
at the temperature of the phase transition. This is an artefact
due to the specific simulation details (size of the simulation
cell, choice of the NpT ensemble, efc.). Since we are only
interested in the temperature at which the melting of the NW
begins, and since the qualitative reproduction of the melting
point depression is not affected,® no remedy of this behaviour
was attempted. The simulated melting point depression
resembles the finding in recent experiments® on gold NWs of
similar size, although the instability of AuNWs observed there
at much lower temperatures may not be associated with
melting. Quantitative discrepancies are, however, most likely
grounded in shortcomings of the analytic interaction poten-
tials. They have been optimized to accurately describe bulk
properties®® and cannot be expected to handle systems outside
the original realm in more than a qualitative fashion. This in
itself is, of course, not surprising, given that, for example, not
even a potential for water exists that spans larger regions of its
phase diagram.

Snapshots from the melting process of the bare NW in
a vacuum at 800 K are shown in Fig. 3. As stated in Section 2.2,
these simulations were carried out in the NVT ensemble. At first
a thickening at both ends of the NW occurs. The ends move then
towards each other until the system assumes a nugget-like and,
finally, spherical shape. Concurrently, the middle region of the
NW becomes unstable and wavy at the surface, thereby
enhancing the melting procedure. However, the process that
dominates the melting is the greater mobility of the gold atoms at
the edges and corners with lower coordination numbers, i.e. on
the two ends of the finite NW.

Fig.3 Melting process of the bare NW in a vacuum: (a) 25, (b) 50, (c) 75,
(d) 100, (e) 150 and (f) 300 ps after initialization at 800 K.

A simulation of a NW with an initial dislocation (Fig. 1b) at
750 K lends credibility to this. The effect of the defect at various
temperatures is depicted in Fig. 4. The enhanced mobility of the
gold atoms in the region of the initial dislocation leads, after 30—
50 ps at 750 K, to a ‘shoulder’ which develops into a kink (see
also ESIT). Also here the melting appears to be enhanced by
instability patterns at the surface of the NW, but as in the case of
the perfect wire, the dominant process for the melting of the NWs
in a vacuum remains the greater mobility of atoms at edges and
corners, i.e. the two ends as well as the defect region of the NW in
this case. It should be mentioned that our simulations do not
allow us to decide if there is a temperature region where solid and
liquid phases coexist in a thermodynamically stable equilibrium.

3.3 Surfactant effects

The effect of adding surfactant molecules (AP) is best observed
by plotting estimates (only a single time origin is taken into
account) of the normalized root mean square displacement
(NRMSD in A per ps) as well as the diffusion coefficient
(approximately corresponding to the derivative of the RMSD) of
the gold atoms versus the temperature (Fig. 5). For an Au—-NH,
potential parameter ¢ < 4.5 kcal mol~! an abrupt change in the
NRMSD, accompanied by the corresponding peak of the
diffusion coefficient, can be observed in the temperature region
around 750 K. However, for values of ¢ larger than 4.5 kcal mol ™!
the jump in the NRMSD (peak in the diffusion coefficient) is
shifted to substantially higher temperatures, indicating a corre-
sponding increase of the melting temperature.

The threshold value for ¢ of about 4.5 kcal mol™' equals
approximately 6 x kgT\/2, where T is the melting temperature
of the bare AuNW in a vacuum and kg is Boltzmann’s constant.
This corresponds nicely to the surfactant model which effectively
gives rise to a behaviour of AP resembling a near-linear string
with six degrees of freedom (three translational, two rotational
and one vibrational). Equipartition of the energy leads then
straightforwardly to the smallest necessary depth of the well of
the LJ potential. The melting of the NW is suppressed until the
AP molecules are no longer permanently absorbed and only
a dynamical exchange of them on the surface remains. At

Fig. 4 Effect of the additional initial dislocation at (a) 600, (b) 700 and (c)
750 K after several hundred ps. Although melting occurs only beyond 750
K the additional defect clearly affects the thermal behaviour of the NW.
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Fig.5 (Normalized) root mean square displacement (top) and diffusion
coefficient (bottom) of the gold atoms at various temperatures and
different values of .

temperatures 7 < ¢/3kg for ¢ > 4.5 kcal mol™' the isotropic
pressure due to the attractive interaction between AP molecules
and surface atoms suppresses the thermal motion of the gold
atoms and thus, the melting of the NW.

This has consequences also for the structural evolution of
a coated NW as can be seen from two further exemplary simu-
lations at 800 and 1500 K with ¢ set to 6 kcal mol~'. Figs. 6 and 7
show snapshots from their evolution. Although the coated
AuNW substantially changes its overall shape at 800 K, it
remains elongated and no real melting occurs in contrast to the
bare wire at the same temperature. While in the two-dimensional
pictures of Fig. 6 it might appear that the wire gets shorter,
a simulation movie which we provide as additional materialf
shows that this effect is caused by the wiggling of the wire in
space. At 1500 K the NW melts but differences compared to the
bare NW can be observed: whereas for the bare NW the greater
mobility of the gold atoms at corners and edges has been the
main melting mechanism, here dynamically evolving local
imperfections in the coating of the NW with AP, which subse-
quently give rise to instability patterns at the NW surface, appear
more important in bringing forward the melting procedure. A

{b) T=800K,t=.100.ps g

{c) T =801

Fig. 6 Surfactant-coated AuNW at 800 K at (a) 5, (b) 100, (c) 250 and
(d) 1000 ps after initialization (AP molecules in blue).

Fig.7 Coated NW at 1500 K at (a) 5, (b) 50, (c) 100, (d) 150, (e) 200, (f)
250, (g) 300 and (h) 400 ps after initialization. Only the amino groups of
AP molecules (violet) are shown for convenience.

possible underlying physical mechanism in terms of a surface
instability could be a Plateau—Rayleigh instability. However, this
would have to be tested by more demanding simulations. We also
provide a simulation movie as additional material for this
elevated temperature.f

4. Conclusions

We have investigated the melting behaviour of a thin AuNW in
a vacuum and in contact with a surfactant by means of a large
number of MD simulations. For the bare NW the well-known
melting point depression for metal nanosystems® leads to
a lowering of T, from 1380 K for bulk gold to about 750 K in
good agreement with other simulations. We found that the
melting progress of the NW is dominated by the mobility of
atoms located at the edges and corners of the finite NW rather
than, for example, spontaneously formed defects. Initially
present defects like a dislocation enhance the melting in their
vicinity in the same way. A possible option to thermally stabilize
thin AuNWs, i.e. to increase the depressed melting point, is the
coating by surfactants. This has been investigated by submerging
the NW into aminopentane as a model for larger surfactants. The
attractive interaction between the amino groups of AP and the
gold atoms is tuned to investigate the dependence of the melting
temperature on that parameter. We observe an increase of the
melting point depending on the strength of this attractive inter-
action. If the Lennard-Jones parameter ¢ exceeds 6 x kpTy/2,
the melting point increases by 200-300 K. Inspection of the
RMSD and diffusion coefficient of Au ensures that this is indeed

This journal is © The Royal Society of Chemistry 2012
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the case and the system is not molten Au inside an AP micelle.
Furthermore, we found a substantial difference between the
melting kinetics of the bare NW and the NW in contact with the
surfactant models. The latter is not dominated by the mobility of
atoms at edges, corners and structural defects because the
coating suppresses them. This in turn enhances the importance of
spontaneously formed imperfections in the coating layer and
related surface instabilities.

We conclude that the coating of metal NWs with surfactant
molecules could be a method for the thermal stabilization of the
NW in temperature regions where they would melt otherwise.
Additionally, one might envisage that instead of classical
surfactants, for certain applications, solid support materials e.g.
carbon nanotubes®>* could be used to prevent premelting of
AuNWs embedded into them and to provide mutual mechanical
stabilisation.
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Abstract

In this work, we investigated for first time the electrocatalysis of the ultrathin
AuNWs (diameter less than 2 nm), here adsorbed on a glassy carbon (GC) electrode.
Electrochemical reactions investigated were oxygen reduction reaction (ORR), methanol
oxidation reaction (MOR), ethanol oxidation, formic acid oxidation and hydrogen
peroxide (H,O,) oxidation-reduction. The present study reveals that the AuNWs/GC
electrode have wider potential window range than that of the normal flat gold electrode.
The fabricated electrode can catalyze the ORR while it does not exhibit the

electrocatalytic activity for the MOR, ethanol oxidation, formic acid oxidation, and H,O,
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oxidation-reduction in its potential window. In addition, the AuNWs exhibited good
stability during catalyzing the ORR in the initial stage (about 30 CV runs). After that,
their stability dramatically decreased. After 100 CV runs, only less than 60% of the
electrocatalytic activity remained. Due to the high surface area and compatibility with
biomolecules of the AuNWs, the ease for fabricating the AuNWs onto the GC electrode
without any previous surface modification or using any binder substance, and the wide
potential window of the fabricated electrode, thus, it is expected that the ultrathin
AuNWSs could be a new candidate electrode material for other electrochemical reactions
and/or detection if they could be stabilized by an effective stabilizer or a suitable
supporting materials.
1. Introduction

Over the past decade, gold nanostructures have attracted enormous interest due to
their unique properties, which depend on their shape and size.! Among gold
nanostructures, gold nanowires (AuNWSs) are of particular interest because of their
potential applications for interconnecting nano-scale devices or sensors, directing
templates, electrochemical sensor and so on.” Due to the high aspect ratio of the ultrathin
gold nanowires (diameter less than 2 nm) (compared to other gold nanostructures)
referring to high amount of surface atoms (with high surface energy) compared to the
total numbers of atoms in the structures, it is interesting to investigate catalytic and
electrocatalytic activities of such wires. Up to recently, the catalytic activity of such
AuNWs has been investigated only rarely. Only the catalytic activity for the ethylbenzene
oxidation has been reported.” To the best of our knowledge, the electrocatalytic activity

of the ultrathin AuNWs has not yet been examined.
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Au has many interesting properties, which makes it one of the most attractive

electrode materials. These properties are commonly known as its high electrical

conductivity and high affinity with molecules containing thiol, carboxylic acid, and
amine functional groups®, which are usually contained in the biomolecules as free groups.
These lead the capability of gold for surface immobilization of biomolecules, especially
redox enzymes’, which are important for applications in the field of electrochemical
biosensors.

The electrode with metal nanostructured materials has gained much attention. The
advantage of use of metal nanostructures originates from their high accessible surface,
high number of edge and corner atoms area leading unique catalytic characteristics.” For
example, the gold nanostructured electrode show unique electrocatalytic properties being
as enzyme-free sensor.” The electrode composed of gold nanoparticles has been used for
electrochemical detections of a wide range of biological molecules and molecules which
play a crucial role in various biological systems e.g. glucose’, nitric oxide (NO)’,
NADH®, ascorbic acid’ and uric acid’. The electrodes composed of other gold
nanostructures e.g. pyramidal’, rodlike’, star-shaped'®, thorn-shaped'’, nanobelts'’,
nanoplates“, nanodiskg, nanopillar array electrodelz, nanoclusters”, nanotubesM, and
nanowire (with diameter of about 70 nm) array electrode® have been recently investigated.

. . 1 13. 1 . . . . 1
The electrochemical reaction of H,O, 5, 0, 3 6, ascorbic ac1d9, uric a01d9, methanol'®

6, 11-12
and glucose™

via have been investigated for the gold nanostructures electrode system.
In this work, we propose to study primarily the electrocatalysis of the ultrathin

AuNWs with the aim to investigate the viability of such wires as novel electrocatalysts.

Four of main electrochemical reactions, which have been comprised involving metal
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nanostructures and their composites, were utilized in this work. These reactions are the
oxygen reduction reaction (ORR), the methanol oxidation reaction (MOR), the formic
acid oxidation and the hydrogen peroxide (H,O,) oxidation-reduction. The ORR is an
important electrochemical process for fuel cells, sensors and metal-air batteries.'> '
The MOR and formic acid oxidation is important in the research field of fuel cells for
portable devices and sensors.'® The H,0, detection utilized H,O, oxidation-reduction is
important in the field of food, pharmaceutical, chemical, biochemical, industrial, and
environmental analyses'* . In addition, we also investigated the viability of the wires to
catalyze the ethanol oxidation. Ethanol has been considered as an alternative fuel in the
fuel cell of methanol oxidation.”
2. Experimental
2.1 Materials

For the synthesis of AuNWs, oleylamine (OA), hexane, HAuCls-3H,0, and
triisopropylsilane (TIPS). For the electrode preparation and electrochemical measurement,
nitric acid (HNOs), sulfuric acid (H,SOs), nitrogen gas (N3), oxygen gas (O,), methanol
(CH30H), ethanol (C;HsOH), formic acid (HCOOH), hydrogen peroxide (H,O,) were
used. All chemicals used were of analytical grade. The purity of oxygen gas (O,, Praxair,
Thailand) and nitrogen gas (N,, Praxair, Thailand) were 99.999%. All chemicals were
used as received without further purification.
2.2 Synthesis of AUNWSs

AuNWs were synthesized by Feng’s method”' by slightly modifying the amounts
of the reagents. 1.10 mL of OA (the wire structural directing agent) was added to a

hexane solution (21.8 mL) of the gold source, HAuCls-3H,O (30.45 mg). The mixture
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was stirred until a homogeneous yellow solution of [(OA)AuCl] polymers was obtained.
After that, 2.40 mL of triisopropylsilane, a mild reducing agent, was added to the solution
under stirring. The resultant was then allowed to stand for more than 6 h at room
temperature without stirring. The dark brown solution was finally obtained, indicating the
formation of AuNWs. The structure of the AuNWs was investigated by transmission
electron microcopy (TEM). For the TEM characterization, the obtained solution of
AuNWSs was drop casted onto a carbon grid. The grid was then soaked with a few drops
ethanol in order to remove the stabilized excess OA from the surface of the wires. After
airing of the grid, the TEM observation was performed on a JEM 2100F (JEOL) operated
at 200 kV.
2.3 Electrode preparation

Prior to surface deposition with AuNWs, a glassy carbon (GC) electrode (3.0 +
0.1 mm in diameter) was polished with aqueous slurries of alumina powder (0.05 pm) to
a mirror finish. The electrode was then ultrasonically cleaned in 0.1 M HNOs, 0.1 M
H,SO4, and deionized water for 10 min. The cleaned electrode was further cleaned by
cycling potential in the potential range of -0.6 - 1.6 V in 0.5 M H,SO4 at a scan rate 20
mV/s for three cycles. After that, the GC electrode was allowed to dry at room
temperature under nitrogen ambient. Then, one drop of the prepared solution of AuNWs
was casted onto the electrode surface. The electrode was allowed to dry at room
temperature in air. This drop casting process was repeated for three times. After the airing,
the electrode was then dipped into ethanol in order to remove the OA stabilizer. After that,
the electrode was then let to dry again under nitrogen ambient. The obtained electrode is

called as the AuNWs/GC electrode.
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2.4 Electrochemical measurements

Cyclic voltammetry (CV) was carried out by an Autolab PGSTAT302N
potentiostat instrument. A three-electrode-system was used. The prepared AuNWs/GC
electrode, a Ag/AgCl electrode and a Pt-sheet were used as the working electrode, the
reference electrode, and the auxiliary electrode, respectively. Prior to electrocatalysis
investigation, the potential window of the AuNWs/GC electrode was characterized and
compared to the bare GC electrode, bare gold electrode (flat gold electrode), and the gold
electrode casted by AuNWs with the similar procedure used to fabricate the AuNWs/GC
electrode, so called the AuNWs/Au electrode. The electrocatalysis investigation of the
AuNWSs/GC electrode was then performed in the range close to that of the electrode
potential window. For the ORR investigation, the electrolyte solution, 0.5 M H,SO., was
bubbled with 99.999% O, for at least 15 min before the measurement and then blanketed
with an oxygen atmosphere during the measurement. For the MOR, ethanol oxidation,
formic acid oxidation and H,O, oxidation-reduction, 99.999% N, was used to deaerate
the electrolyte solutions. The MOR, ethanol oxidation, formic acid oxidation and H,0,
oxidation-reduction were investigated in a 0.5 M H,SO, solution containing methanol,
formic acid and H,O, with the same concentration of 50 mM, respectively. All
measurements were carried out at room temperature with a scan rate of 20 mV/s. To
investigate dynamics of charge transport on the catalyst electrode, a series of CV
experiments for the ORR reaction with varied scan rate of 5, 10, 20, 40, 60, 80, 100 and
120 mV/s were additional performed. To test the stability of the electrode toward the
ORR, the CV measurement was performed for 100 runs. Before each run, the electrolyte

solution was re-bubbled with 99.999% O, for at least 15 min before the measurement and
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then blanketed with oxygen atmosphere. The obtained electrolyte was left to be static

then the measurement was performed.

3. Results and discussion
3.1 Characterization of as-prepared AuUNWSs

The structural features of the as-prepared AuNWSs are consistent with those
reported in the literature.*” Low-magnification TEM observations reveal a high yield of
AuNWs with an average diameter (d,y) of 1.4 £ 0.2 nm (see Figure 1a). In addition, it can
be observed from the TEM image that the product was typically composed of bundles of
the AuNWs. Beside the formation of the wires, the formation of gold nanoparticles
(AuNPs) with d,, = 1.6 = 0.5 nm was also observed by close inspection of the TEM
image (see Figure 1b). However, because the amount of such AuNPs is very low
compared to the amount of nanowires produced. Then, the activity of the wires dominates
in our CV measurement. A high-resolution TEM image of the AuNWs (Figure 1c¢) shows
lattice fringes with a distance of 0.23 nm matching with the d-spacing of Au (111). This

synthetic results is in good agreement with the previous report®'.
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Figure 1. (a-b) Low and (b) high magnification TEM images of as-prepared AuNWs.
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3.2 Fabrication of the AUNWSs/GC electrode

The presence of the AuNWs on the fabricated electrode was investigated by
cycling the potential in a potential range of -0.6 - 1.6 V. The CV response of the
AuNWs/GC and AuNWs/Au electrodes compared to that of the bare GC electrode and
flat gold electrode are shown in Figure 2. In the observed potential range, it is found that
the bare GC electrode exhibited no CV response in the studied potential range indicating
the capability to use the GC electrode for electrochemical detections in such potential
range. In the other word, the potential window of the GC electrode is wider than the
examined potential range. For the flat gold electrode, during the positive sweep, the
current increased at around 1.0 V corresponding to the formation of Au oxide. In a
reverse scan, there is an increase in current at around 0.25 V. This corresponds to the
reduction of the previously formed Au oxide””. The similar CV patterns were found in
both AuNW/GC and AuNWs/Au electrodes showing the AuNWs were adsorbed well on
the GC and gold electrode surface and in the ohmic contact with the electrodes. This
result verifies the presence of AuNWSs on the electrodes indicating the good ability of
AuNWSs to bind to the electrodes without using of any binder or modification of the
surface of the wires. This is in contrast to the other gold nanostructures, which usually
require the binder such as Nafion™ or a modification of the surface of the nanostructures
or the electrode surface before attaching them to the surface of the electrodes. The
AuNW/GC electrode has slightly more extended potential window in the range of -0.35 -
1.20 V compared to that of the AuNW/Au electrode (-0.25 - 1.20 V). For this reason, the
AuNW/GC electrode (-0.25 - 1.20 V) was chosen to be utilized in this work. In addition,

the GC electrode is priceless than the Au electrode.
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Figure 2. Cyclic voltammogram of the bare Au electrode (green line), the bare GC
electrode (purple line), the AuNWs/GC electrode (red line), and the AuNWs/Au
electrode (blue line) at scan rate 20 mV/s in 0.5 M H,SOs.
3.3 Electrocatalytic Activity of AUNWSs

The CV response of the electrode for the ORR, the MOR, the ethanol oxidation,
the H,O, oxidation-reduction, and the formic oxidation reactions in a potential range of -
0.6 - 1.2 V are shown in figure 3. The AuNW/GC electrode exhibited no CV response in
the electrolytes containing methanol, ethanol, and formic acid (see green, purple and
brown lines in figure 3) suggesting that the AuNWs could not catalyze the oxidation of
methanol, ethanol and formic acid. In the electrolyte containing H,O, (see blue line in
figure 2) during the forward scan, the current was rapidly increased at around 1.0 V
indicating the oxidation of H,0," that corresponds to the following equation.

HyO2ag — 2H'a+ 26+ O2ag  ceeeeeenne (1)
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During a reverse scan, the current was rapidly increased at around 0.2 V indicating the
reduction of oxygen, which is previously produced by the H,O, oxidation, and reduction
H20215 as follows.

Osaq+ 2H ag+ 26— HiOsug ~ eeeeeeeenn, 2)

HyOnuq + 2H a9+ 267 ——— 2H0p oo, 3)
The results show that the AuNWs could catalyze the H,O, oxidation-reduction but the
occurred reactions were out of the potential window of its own electrode of -0.35 - 1.20
V. Thus, the AuNWs electrode are not suitable to examine the H,O; oxidation-reduction.

For the ORR, the AuNW/GC electrode exhibited no response in 0.5 M H,SO4

saturated with oxygen in a forward scan (see red line in figure 2). On the other hand, in a
reverse scan, a peak at about 0.2 V was found indicating the reduction of oxygen as
follow™.

Oyt 4H gt 46 ——— 2H,0qp e 4)
The obtained result indicates that the AuNWs are active for the oxygen reduction. This
result is in well agreement with that obtained in the case of the gold clusters with average
particle size of 6.8 + 1.4 nm studied by Lu et al.”® showing that gold clusters are most

active for the reduction of oxygen.
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Figure 3. Cyclic voltammogram of the AuNWs/GC electrode recorded in an oxygen-
saturated 0.5 M H,SO4(red line), 0.5 M H,SO4containing 50 mM methanol (green line),
ethanol (purple line), hydrogen peroxide (blue line), and formic acid (brown line) at a

scan rate of 20 mV/s
Conclusively, among the reactions examined here, we found that the AuNWs
could be suitable electrocatalyst only for the oxygen reduction. Thus, the electrocatalytic

activity of AuNWs for oxygen reduction was investigated in details as follows.

3.4 Reduction of oxygen catalyzed by AUNWSs
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Figure 4. Cyclic voltammogram of the bare GC electrode and the AuNW/GC electrode in

0.5 M H,SO4 and an oxygen-saturated 0.5 M H,SO4 performed at a scan rate of 20 mV/s

Figure 4 shows CV of bare GC electrode and the AuNWs/GC electrode in 0.5 M
H,SO,4 and in an oxygen-saturated 0.5 M H,SOj in a potential range of -0.6 - 0.4 V. In
that potential range, the bare GC electrode showed almost no CV response to the
electrolyte and the oxygen-saturated electrolyte (see purple and green lines). This
indicates that the GC electrode cannot itself catalyze the electrochemical O, reduction. In
contrast to the bare GC electrode, the AuNW/GC electrode exhibited remarkable CV
response in the presence of O, (see red line in figure 4) indicating the electrochemical
catalytic activity of AuNWs for the reduction of oxygen under the experimental condition
used. The cathodic peak potential, E,, for the ORR was about -0.15 V. The cathodic
peak current density, jp., was about 1.9 mA.cm™. The voltammogram of the AuNW/GC

electrode incorporated with Nafion® (so called the AuNW/Nafion®/GC electrode) is also
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included in the supporting information (see figure S1) compare to that of the electrode in
the absence of Nafion®. The Eyc and jp of the AUNW/N afion®/GC electrode were -0.11 V
and 1.3 mA.cm™, respectively. This result demonstrates that the addition of Nafion® into
the electrode system could not improve the catalytic activity of the electrode evidencing
that, without the presence of Nafion® binder, the AuUNWs have already attached well onto
the surface of GC electrode.

To investigate dynamics of charge transport on the AuNWs/GC electrode, a series
of CV experiments for the ORR reaction with varied scan rate of 5, 10, 20, 40, 60, 80,
100 and 120 mV/s were additional performed. The obtained voltammograms are shown
in figure 5a. When the plots of cathodic peak current density (jpc) versus square root of

2y was drawn as shown in figure 5b. The plot of Jpe versus t"?is a straight line

time (t

passing through the origin. The linear regression (R?) was found to be 0.996. The results
corresponds well with the relation based on integrated Cottrell equation®*

| =nFAD" (co/(z'*t") (5)

where n is the number of electrons transferred, F is the Faraday constant (96484

C.mol™), A is the electrode surface area (cm”), C, is the bulk concentration, D is the

diffusion coefficient (cm*.s™). Thus, the ORR reaction happened on the AuNWs/GC

electrode is diffusion-controlled.
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Figure 5. Cyclic voltammogram of the AuNW/GC electrode in an oxygen-saturated 0.5
M H,S0O;4 performed at different scan rate, 10, 20, 40, 60, 80, 100 and 120 mV/s and (b)
112y

dependence of cathodic peak current density (jpc) on square root of time (t

current (I) on t1/2
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To investigate the electrochemical stability of the AuNWs/GC electrode toward
the ORR, 100 CV runs were performed in the potential range of -0.5 - 0.4 V. The CV
response upon first, tenth, twentieth, thirtieth, fortieth, fiftieth and hundredth runs are
shown in figure 6. The shift in the j,. during the runs was used to probe the extent of
degradation of catalytic activities caused by extended CV runs. As shown in figure 6, the
electrode resulted in slightly decrease in the j,. at the 30™ CV run comparable to the 1*
CV run. The j,. change was calculated to be less than 4.6%. This small change suggested
that the stability of the AuNWs/GC electrode was good toward the ORR reaction at the
initial stage (the 1 to 30™ CV run). For instance, after 100 potential cycles, the j. was
changed more than 60% showing dramatical lost in stability of the electrode toward the
ORR reaction. When we looked at the used electrode, it is found that the surface of the
electrode was shiny indicated the structural transformation of the AuNWs deposited on
the electrode to bulk gold. We proposed that teh reason of this structural change is due to
high amount of surface atoms (owing to high surface energy) compared to total numbers
of atoms of wires. We expect that the ultrathin AuNWSs could be a new candidate
electrode material for other electrochemical reactions and/or detection if they could be

stabilized by an effective stabilizer or a suitable supporting materials.
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Figure 6. Cyclic voltammograms of the AuNWs/GC electrode in the oxygen-saturated
0.5 M H,SOy4 collected for 100 cycles of CV runs at scan rate 20 mV/s.
4. Conclusion

We synthesized AuNWs (d,y = 1.4 nm) by slowly reducing a gold salt in the
presence of OA, which functions as a growth directing agent, and studied their
electrocatalytic behavior. The ORR, MOR and H,0, reduction and oxidation reaction
were investigated. The AuNWs were thermally stable for 24 h at 60°C in hexane with
excess OA. However, the AuNWs spontaneously transformed into spherical AuNPs at
60°C when excess OA was removed. This morphological instability of AuNWs was
ascribed to the Rayleigh instability induced by diffusion of surface atoms. Observations
revealed that OA plays an important role in preserving the wire morphology of AuNWs.
These findings on the intrinsic instability of AuNWs and the role of surfactants are of

critical importance for practical application of AuNWs.
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Figure S1. Cyclic voltammogram of the AuNW/GC electrode and the
AuNW/Nafion”/GC electrode (blue line) in an oxygen-saturated 0.5 M H,SO; at a scan

rate of 20 mV/s
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Abstract

Controlled Purification, Dispersion, Water-solubilisation and Cutting
of Carbon Nanotubes using Phosphomolybdic Acid
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We have described a straightforward procedure that allows an easy purification,
an efficient dispersion and water-solubilisation and, if desired, a controlled cutting of
carbon nanotubes. The method uses aqueous solutions of phosphomolybdic acid
combined with ultrasound, leading to the adsorption of phosphomolybdate on the
Nanotubes. This generates a negative surface charge allowing the formation of very
stable suspensions through electrostatic repulsion. Besides the ability of
phosphomolybdate in dispersing and water-solubilising of the carbon nanotubes, the
affinity of phosphomolybdate at the CNT also leads a controlled shortening of the tubes
during prolonged exposure. Single- as well as multiwall carbon nanotubes can be
treated this way, which facilitates their further processing. In addition, we provide here a
practical example revealing a significant advance with respect to the use of the treated
carbon nanotubes. The acid-catalyzed dismutation of gold (I) ion in mixtures of a
commercial gold plating solution in the presence of the stable suspension was carried
out succesfully. Influence of the reactant concentrations on the obtained hybrid material
was clearly observed by TEM characterization (see Figure 1). As a result, this
represents a simple route to synthesize carbon nanotube supported gold nanoparticles
in one single step.
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(a)
Fig. 1. TEM images of gold decorated carbon nanotubes prepared by dismutation of
gold (I) ions in mixtures of a commercial gold plating solution and the polyoxometalate
stabilized carbon nanotubes (a) 2 mM, (b) 10 mM and (c) 50 mM H3PMo01,040 /0.1M
H,SO,.
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