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Abstract

Pt nanofibers have been prepared with a redox reaction occurring spacio-selectively at
the liquid-liquid interface between a highly hydrophobic ionic liquid (IL) and water (W),
which has been utilized as two dimensional reaction field. The preparation is conducted based
on the concept of the coupling between ion transfer (IT) and electron transfer (ET) across the
IL|W interface, which previously enabled direct formation of dendritic Au nanofibers at the
IL|W interface (Chem. Commun., 2015, 51, 13638). The successful preparation of Pt
nanofibers has manifested the generality of the IL|W interface method for the formation of
metal nanofibers. Electrochemical measurements at the IL|W interface have confirmed that
IT of PtCl,> from W to IL is actually coupled with ET between PtCl4> initially dissolved in
W and decamethylferrocene in IL, leading to the spontaneous formation of Pt nanofibers at
the IL|W interface. Herein, IT of PtCls%> ions from W to IL not merely neutralizes the excess
charges generated in each liquid phase by ET, but also provides PtCls> into IL as reactants
for the growth of Pt nanofibers that takes place at the IL side of the IL|W interface. The
electrocatalytic activity of the Pt nanofibers in oxygen reduction reaction (ORR) has also

been evaluated.
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1. Introduction

Noble-metal nanostructures have attracted considerable interests for their
particular optical, electronic, magnetic and catalytic propertiesi*#l. One dimensional
(1D) noble-metal nanostructures such as nanowires, nanotubes, and nanofibers®7,
have tremendously large surface area and thus show high activity for catalysis®l. Some
literatures have reported that the network structures formed by nanofibers or
nanowires facilitate the electron transport®, which provides crucial potential on
applications such as catalyst, sensor and bioimaging!*®'3, Several approaches for
synthesis of 1D noble-metal nanostructures have been developed[*?*51. However, most
of these approaches require templates and consequently removal procedure of the
templates*®8l, There still remain great challenges to directly synthesize 1D noble-
metal nanostructures without the use of templates.

In our previous paper, we have reported a novel method to prepare Au
nanofibers!*l. This method is based on the oil (O)-water (W) two-phase system which
has been widely used for preparation of metal nanoparticles over a century°-26l, Wwe
adopted a A highly hydrophobic ionic liquid (IL) was adopted rather than a
conventional organic solvent to prepare Au nanofibers, since the highly hydrophobic
cation and anion constituting such an IL have high Gibbs energy of transfer into W,
resulting in electrochemically polarizable IL|W interface with wide potential
window!?7-28l Therefore, such highly hydrophobic ILs enable us to perform
electrochemical measurements at the IL|W interface by using the same method with
that at the O|W interface!2°-32],

Aside from these electrochemical advantages, ILs have designability of

chemical structure of ions. Such designability could be beneficial for facet-selective



growth of metal crystallites, providing a possibility to control the morphology of metal
nanostructures by designing and adjusting IL-ions. Recently, Yao et al. prepared Ag films at
the IL|W interface and demonstrated that the morphology is greatly affected by the used IL-
ionsB334, This fact was also confirmed by their recent work, where changing the kind of
used IL-ions led Au nanostructures to form diverse morphology™®!. In addition, the particular
physical properties of ILs which distinctly differ from conventional organic solvents could
be favourable for the formation of unique nanostructures. For instance, the high viscosity of
ILs can greatly limit the mass transfer rate of species in ILs and plays an important role for
the formation of 1D nanostructurest®l. Chen et al. reported the preparation of nanostructures
of Co, Pd and Pd-Co alloy at the IL|W interface, where ILs play an important role for
controlling the surface appearance, size and structure of nanomaterialst®’l. Kaminska et al.
prepared Au nanoparticles by electrodeposition at the ITO|IL|W three phase contact line [,
In our previous research™, we prepared Au nanofibers with dendrites at the tip and revealed
the detailed formation mechanism where not only electron transfer (ET) but also ion transfer
(1T) across the IL|W interface plays a critical role[*?l,

Pt is one of the most intriguing elements due to its high catalytic ability and Pt 1D
nanostructures show highly promising applications in the catalysis research field. Song et al.
reported a synthesis method of Pt nanowire networks, using chemical reduction of a Pt
complex with the formed wormlike micelles by cetyltrimethylammonium bromide as a soft
template in the water-chloroform two-phase systemB%. Xia et al. reported a one-pot synthesis
of ultrathin 1D nanowires by a facile solvothermal method[*?. The O-W two-phase system
has been used for the formation of Pt nanoparticlesf?*2% 25-26. 411 'yt has not be explored for
Pt 1D nanostructures. A facile and template-free method to prepare Pt nanofibers would be
valuable, which we expected to be realized by utilizing the IL|W interface as was done for
the preparation of Au nanofibers[*®l. In the present study, we will show that Pt nanofibers

can be successfully prepared via a spontaneous redox reaction at the IL|W interface, and



that these Pt nanofibers exhibit excellent electrocatalytic activity for oxygen reduction

reaction (ORR).

2. Experimental
2.1 Preparation of the Pt nanofibers

The preparation of Pt nanofibers was performed as follows. For a typical synthesis, 1.5
mL of water containing HCI (0.1 M) and (NHa4)2PtCl4 (0.01 M, Sigma-Aldrich) was made
contact with 0.5 g of IL trihexyltetradecylphosphoniumtetrakis(3,5-bis(trifluoromethyl)
phenyl)borate ([THTDP*][TFPB], synthesis method is in Supporting Information). 5 mg of
decamethylferrocene (DMFc, Wako) was dissolved into IL as the reducing agent. The IL-W
two-phase system was put into a thermostatic water bath at 70 °C since [THTDP*][TFPB]
is solid at room temperature. The W phase was purged by bubbling N2 to remove O and the
reaction system was sealed because otherwise DMFc would be oxidized by the dissolved Oa.
A thin black layer was spontaneously generated at the IL|W interface after 3 days. The W
phase was removed by pipette and then methanol was added to dissolve IL. After the washing
processes by methanol dispersion and centrifugation repeated 10 times, the black platinum

nanofibers was kept in a vacuum dryer.

2.2 Electrochemical measurements

A potentiostat (HECS972 with the headbox 972-1,Fuso) was used for ET and IT
measurements, and the temperature was controlled at 70 °C by a thermostatic water bath.
(1) IT of PtCls>

This measurement was carried out by using two-electrode system, as shown in Fig. 1
(Cell 1). A micropipette with tip outer diameter of 10 um was filled with W phase (Fig. S1),
and a platinum electrode was inserted into the micropipette. A glass tube with inner diameter

of 0.5 mm was filled with W (Fig. S1), and a Ag/AgCI electrode was inserted into the

5



glass pipette. The micropipette and glass tube were inserted into [THTDP*][TFPB] so that a
micro-1L|W interface was formed at the tip of micropipette, in order to minimize the effect
of ohmic drop in IL bulk,

(2) ET between DMFc and PtCls*

The electron conductor separating oil-water (ECSOW) system was employed for this
measurement, in which the O- and W-phases are separated by an electron conductor so that
no IT process can take place. As shown in Fig. 1 (cell 1), 5 mg DMFc was added into 0.5 g
IL phase as the reducing agent. A Platinum wire and a platinum microelectrode with diameter
of 10 um were immersed into water and IL respectively and connected by a conductive wire
(Fig. S2). The use of Pt microelectrode greatly reduces the area of the Pt|IL interface to
several orders of magnitude smaller than that of the Pt|W interface. The recorded current is
limited by processes for the ET at the Pt|IL interface (mass transfer and redox reaction of
DMFc/DMFc™).

2.3 SEM and EDX measurements

Methanol suspension of the prepared Pt nanofibers was dropped onto a carbon tape
adhering on a substrate, and the Pt nanofibers were observed by scanning electron
microscope (SEM, ultra-55, Zeiss) equipped with energy dispersive Xx-ray spectrometer
(EDX).

2.4 Electrocatalytic activity measurements of Pt nanofibers for ORR
(1) Preparation of catalyst films on glassy carbon electrode (GCE).

A GCE surface with a diameter of 6 mm and a geometric area of 0.283 cm? was polished
with Al>Oz particle suspension on a moistened polishing cloth for 5 minutes to a mirror finish.
The polished surface is rinsed with Milli-Q water, and then dried at room temperature in air.
Pt nanofiber catalyst films were obtained by casting Pt nanofibers dispersed in 1-hexanol on
the GCE surface. The loading amount for Pt nanofibers, or Pt black (Pt-354011, Nilaco) as a

control, on the GCE surface was 14 pg/cm?. 15 uL of 0.05 wt% Nafion/ethanol solution was
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dropped onto the GCE surface in order to protect the Pt nanofiber catalysts.
(2) Electrochemical measurements
(O Measurement for electrochemical surface area (ECSA) of Pt nanofiber catalysts

Electrochemical cell was filled with 0.1 M HCIO4 solution and de-oxygenated with a
steady stream of Ar for 30 minutes. The temperature of water bath was 30 °C. The catalyst
coated GCE (the working electrode) was attached to the shaft of the electrode rotator and
inserted into the electrolyte solution. The reference electrode was reversible H electrode
(RHE). Cyclic voltammograms (CVs) were recorded at a sweep rate of 50 mV/s. The
electrochemical active surface area (ECSA) of Pt nanofiber catalysts was evaluated by the
integration of the current at the hydrogen adsorption/desorption region in the CVs after the
double layer correction.

2 Measurement for Pt mass-specific activity (jmass) and Pt area-specific activity (jx)

After CV measurements for ECSA, the saturation gas was switched from Ar to Oz, and
the electrolyte was saturated with O, for 30 minutes. ORR polarization curves were obtained
with the sweep rate of 50 mV/s and the rotation rate of GCE at 1600 rpm.

The mass-specific activities (jmass, Knietic current normalized by the loading amount of
catalyst) and the area-specific activities (jk, kinetic current normalized by the ECSA of
catalyst) were obtained from the kinetic current which was calculated from the ORR
polarization curve at E = 0.9 V, and the detailed calculation method is in Supporting

Information.

3. Results and discussion

The synthesis method of Pt nanofibers is derived from the preparation of Au
nanofibers in our previous study*®l, where Au nanofibers were deposited with the
redox reaction spontaneously taking place at the IL|W interface. Nevertheless, we

found that for Pt precursor, no interfacial reaction occurred at the IL|W interface in



the case of using the IL trioctylmethylammoniumbis(nonafluorobutanesulfonyl)
amide ([TOMA™][C4CsN7]) and the reducing agent tri-p-tolylamine (TPTA), which
have been verified to be valid for preparation of Au nanofibers already. Spontaneous
deposition of metal nanofibers at the IL|W interface results from the coupling of IT of
metal precursor with ET between metal precursor and reducing agent!*®l. Therefore,
for the Pt case with the same combination, the standard potentials for IT and ET are
different from those for the Au case and seem to deviate from the conditions for the
spontaneous reaction. Pt nanofibers were successfully prepared after two essential
improvements were carried out. One is the replacement of [TOMA™][C4CsN7] by
[THTDP*][TFPB], which has even higher hydrophobicity, and thus can provide
broader potential window at the IL|W interfacel*)l. The other is the replacement of
mild reducing agent (TPTA) to a stronger one DMFc, since the stronger reducing agent
leads the reduction reaction of Pt easier to take place and to be coupled with IT of Pt
precursor ion from W to IL. Discussion of the standard Gibbs energies of four redox
reactions taking place between two metal complexes (PtCls> and AuCls) and two
reducing agents (TPTA, DMFc) is in Supporting Information. For the improved
approaches we used here, DMFc as the reducing agent was dissolved in
[THTDP*][TFPB] and (NH4)2PtCls was dissolved in an aqueous solution of HCI to
form PtCls% in W as the metal precursor. Pt nanofibers were spontaneously formed at
the IL|W interface, demonstrating that the IL|W interface method can be utilized as a
general strategy for the synthesis of 1D noble-metal nanofibers, and the accuracy of
the proposed mechanism was also verified. The revealed mechanism can be utilized as a
guideline for the synthesis of other metal nanostructures in the IL-W system.

To understand the formation mechanism of Pt nanofibers, electrochemical
measurements of IT and ET across the IL|W interface were carried out. CVs at the IL|W

interface for IT measurements were performed by using Cell I (Supporting Information) in
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the absence of reducing agent DMFc. Figure 2a shows the IT behaviour of PtCls> across the

IL|W interface from W to IL and IL to W, respectively, as described in egn (1):

PtCls> (W) 2 PtCl.> (IL) (1)

The midpoint potential (approximately equal to half-wave potential) of IT of PtCls* is
shown as the black dashed line in Fig. 2a, which is around 30 mV. TFPB-, a highly
hydrophobic anion, which constitutes [THTDP*][TFPB-] adopted in the present study,
provides a significantly broad potential window in positive potential region with width of
800 mV. In contrast, the anion C4CsN" constituting [TOMA*][C4C4N"] that was used in the
synthesis of Au nanofibers!*®l, is not as hydrophobic as TFPB, resulting in a narrower
potential window, and thereby, limiting IT of PtCl,> that cannot spontaneously take place at
the [TOMA™][C4CsN|W interface.

The ECSOW!3l system was employed to investigate the ET between PtCls> and
DMFc. IT process are absolutely prevented since IL and W are separated but
electrically connected by a metal. Figure 2b shows the CV of ET whose current is
limited by redox reaction process of DMFc*/DMFc. The midpoint potential for the ET is
around -180 mV shown as the red dashed line, which indicates that the redox reaction
between PtCls?>* and DMFc is significantly easier to take place, compared with the redox
reaction between PtCls®> and TPTA (the midpoint potential is 210 mV, data is not shown).
The net ET reaction between DMFc and PtCl4> is

2DMFc (IL) +PtCls® (W) — 2DMFc* (IL) + Pt + 4CI' (W)  (2)

The eqgn (2) is not charge-balanced for each IL and W phase, indicating that

actually eqn (2) can never take place individually without electrochemical systems or
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other charge transfer reactions coupling with it, both of which keep the charge balance
of the two phases. In the present case, the ET can spontaneously occur by coupling
with the IT of PtCl,2 from W to IL to balance the electron neutrality of the two phases.

180 mV), the IT (1) and the ET (2) can couple and simultaneously proceed as
described in eqn (3):

2DMFc (IL) +2PtCls?> (W) — 2DMFc* (IL) +Pt + 4CI- (W) + PtCls> (IL) (3)

In order to verify the occurring of this spontaneous reaction, CV using Cell | with
the presence of DMFc (50 mM) in IL was performed, and thus the both ET and IT can
be recorded simultaneously. As shown in Fig. 2c, the CV shows non-polarized
behavior, where ET (IT) is dominated at positive (negative) current region, and at even
zero current potential, ET and IT spontaneously takes place.

Fig. 3a shows the scanning electron microscope (SEM) images of the obtained
deposit by a typical synthesis. The deposit consists of nanofibers with a diameter of
30~100 nm and a length of 10~20 pum, showing highly flexible and uniform 1D
nanostructures. Surprisingly, these long and slender nanostructures have good stability
in nano scale, against agglomeration. The EDX analysis (Fig. S6) was performed
simultaneously with SEM measurements and detected only X-ray fluorescence of Pt,
indicating that nanofibers are fully made of Pt metal.

To investigate the growth situation of the Pt nanofibers, the Pt nanofibers formed
at the IL|W interface were immobilized by solidification of either of IL or W (the
preparation method is in Supporting Information) and measured by SEM from the IL
or W side. Figs. 3b and 3c show the W side and IL side of the Pt nanofibers,
respectively. In Fig. 3b, for the Pt nanofibers at the W side, particles were observed at

the ends of the nanofibers. The other side of the nanofibers are buried into the
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solidified IL and gradually fade away, indicating that these particles are exposed
outside the solidified IL, in other words, formed at the W side of the interface and that
these nanofibers are inside the solidified IL, which means that they are formed in IL.
This result is reinforced by the observation of the IL side. No particle but only
nanofibers can be observed at the IL side in Fig. 3¢, demonstrating that the nanofibers
are formed in IL, while the particles at the ends of nanofibers are formed in W. It is
implied that the reduction of Pt were primarily completed inside IL, albeit the strong
hydrophobicity of IL is likely to hinder the release of CI" ions from PtCls*. However,
the redox reaction taking place at IL|W interface is accompanied by the transfer of
liberated CI- ions from IL to W, eventually promoting the reduction of PtCls> on the
IL side of the interface, as CI" ions scarcely accumulated in the IL phase. The above
results and our recent study!! have revealed that metal nanofibers are actually formed
on the IL side of the IL|W interface, suggesting the occurrence of reduction of the
metal complexes in the IL.The growth situation of the Pt nanofibers in both W and IL
is schematically shown as Fig. 3d, the Pt nanostructures grow towards W as particles
and towards IL as nanofibers. Moreover, Pt can deliver electrons as a conductor, and
thereby, PtCls* can be reduced without directly contacting with DMFc, the reducing
agentin IL.

With respect to the reason why nanofibers are formed only in IL, it can be
explained by high viscosity of IL, which is regarded as an important factor for the
formation of 1D structure. This viewpoint was firstly proposed by Scholz and Hassel®®],
who suggested that the high viscosity of oil phase can cause great imbalance of mass
transfer rates for metal precursor ions for W phase and reducing agent species for O
phase. In the case of the present study, the viscosity of IL is thousands of times higher
than W, which leads to Pt nanofibers growing towards IL phase so that they can

enlarge the surface area and reduce the imbalance of mass transfer rates. Additionally,
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control experiments in our previous report“?l have supported the model proposed by
Scholz and Hassel®®l. The high viscosity is one of the factors for giving rise to
nanofibers. Another factor is IL itself, which was found to induce the formation of
nanofibers as well. Consequently, the formation of nanofibers is likely to arise from
synergistic effect of high viscosity and IL itself (see Supporting Information for the
details).

The application performance of Pt nanofibers for proton exchange membrane
fuel cells (PEMFCs) was evaluated by measuring the electrocatalytic activity of Pt
nanofibers toward ORR. As a comparison, commercial Pt black catalysts were also
tested. Fig. S7 shows CVs for Pt nanofibers and Pt black loaded on a GCE in an Ar-
purged 0.1M HCIO4 solution. The ECSA was estimated from hydrogen adsorption
current appeared in the CVs. ECSA of Pt nanofibers was found to be 6.2 m?/g, which
is 51% of Pt black catalyst (12.1 m?/g). The relatively low ECSA for Pt nanofibers is
most likely due to the intrinsic 1D morphology of nanofibers compared with 0D
morphology of nanoparticles.

The ORR polarization curves for Pt nanofibers were recorded in an O»-saturated 0.1M
HCIO4 solution, as shown in Fig. S8. The Pt nanofibers exhibited a comparable mass-specific
activity (jmass) with Pt black catalysts at 0.9 V (0.027 mA/pg for Pt nanofibers, 0.030 mA/ug
for Pt black), and improved area specific activity jk, (Kinetic current per unit surface area
of catalyst, 0.43 mA/cm? for Pt nanofibers, 0.25 mA/cm? for Pt black), which is 1.7
times higher than Pt black. The high area-specific activity is related to the network
structures that formed by Pt nanofibers. For a nanoscale structures, the agglomeration
and self-assembled behavior is inevitable more or less. Nevertheless, 1D nanofibers
with high flexibility twined and crossed to each other by self-assembling and
consequently formed an extremely dense and complicated network structures to

facilitate electron transport in nanoscale. This is distinguishable from the
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agglomeration of 0D particles which just form a bigger block of Pt, hence lowering

the number of active sites of Pt surface.

4. Conclusion

In conclusion, we successfully prepared Pt nanofibers by improving the IL|W
two-phase method, demonstrating that this is a general strategy for the synthesis of 1D
metal nanofibers. By employing IT and ET voltammetry at the IL|W interface, the
mechanism for the formation of Pt nanofibers was revealed from an electrochemical
perspective: the spontaneous reaction can be decomposed to the IT of PtCls?> and the
ET between DMFc and PtCls® across the IL|W interface, and the precondition for
spontaneous deposition at IL|W depends on whether IT and ET can be coupled. The
electrocatalytic measurements of the Pt nanofibers for ORR revealed that the Pt

nanofibers shows good prospect on PEMFCs field.
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Figure 1. The cell configuration of (cell 1) ion transfer measurement of PtCl,> and

(cell 1) electron transfer measurement between DMFc and PtCl4%.
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Figure 2. Cyclic voltammograms at the IL|W interface (a) for the ion transfer
recorded using Cell | (b) for the electron transfer recorded using Cell Il and (c)
for both of them using Cell I in the presence of DMFc (50 mM) in IL. Scan rate:
100 mV/s.
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Figure 3. SEM images for (a) the Pt nanofibers formed at the IL|W interface; (b)
growth situation of Pt nanofibers towards W; (c) growth situation of Pt nanofibers

towards IL. (d) Schematic diagram for growth situation of Pt nanofibers in both W
and IL.
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Highlights

-Pt nanofibers were prepared by IL|W interfacial method.

-The successful preparation not only demonstrated the generality of the IL|W interface

method, but also validated the reliability of our proposed mechanism.
-Electrochemical measurements revealed the mechanism where the spontaneous
interfacial reaction can be decomposed to the IT of metal precursor and the ET between

reducing agent and metal precursor across the IL|W interface.

-Electrocatalytic measurements of the Pt nanofibers for ORR manifested that the Pt

nanofibers shows good prospect on PEMFCs field.
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