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Preface

The studies presented in this thesis were carried out under the guidance of Professor Dr.
Susumu Kuwabata at Department of Applied Chemistry, Graduate School of Engineering,

Osaka University during 2009-2014.

The object of this thesis is to develop the novel preparation method of metal nanoparticles
being usable as electrocatalyst by ionic liquid-sputtering method. Nanomaterials using ionic
liquid have been gained much attention in the field of not only electrochemical science but
also various scientific and industrial fields. The author hopes sincerely that the findings
obtained in the studies would contribute to progress science and technology in the field of

ionic liquid and nanomaterials.
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General Introduction

Metal nanoparticles with small diameters have received great attention over past few
decades because of their distinctive characteristics including large surface area, specific
catalytic activities, and quantum size effect.'"®  Especially, the catalytic activity of metal
nanoparticles which depends on their particle size and shape has been widely investigated.[’~

"' Au nanoparticles have been studied as an oxidation catalyst for carbon monoxide or

alcohols.[t? 191

It is also well known that Pt nanoparticles have the electrocatalytic activity
toward alcohol oxidation and oxygen reduction reaction.*®2%  Although these are applied
for various organic reactions and energy devices, the efficient utilization of these novel
metals is strongly required due to the exhaustion of resources.

Metal nanoparticles can be prepared by two distinct ways, that is, by chemical synthesis in
solution phase (wet process) or by subdivision of bulk metals with physical techniques (dry
process).'% In the case of the wet process, the reduction of the corresponding metal
precursor is conducted by appropriate reducing agent in the presence of additional stabilizing
agent. As a result, byproducts, unreacted materials and stabilizing agent remain in the
prepared suspension. On the other hand, metal sputtering or gas phase processes are
employed as a dry process for the synthesis of metal nanoparticles. Although the advantage
of the dry process is the production of a large quantity of nanoparticles, the synthesis of
isolated nanoparticles and their size control is very difficult to achieve.

Recently, metal nanoparticle preparations using room-temperature ionic liquids (RTILS)
have been widely investigated as a novel strategy because it works not only as a reaction
medium but also as a stabilizing agent, allowing homogeneous dispersion of the produced

nanoparticles.””>?!  RTIL, which is a liquid salt at room-temperature, has been gained much

attention in the various scientific and industrial fields, such as energy technology, surface



finishing, organic and inorganic synthesis, gas separation and vacuum technologies.*® !

Multiplicity of the RTIL-related science and technology should be due to the RTIL’s peculiar
physicochemical properties including relatively high ionic conductivity, favorable thermal
and chemical stability, wide electrochemical window, flame retardation, and extremely low
vapor pressure. The potential of using RTILs as a solvent as well as a stabilizing agent for

metal nanoparticle preparation is only recognized in the early 2000s.%*]

Ir nanoparticles
were prepared by chemical reduction method®? and Ge nanoparticles were produced by
electrochemical reduction method.[*! Just a few years later, various metal nanoparticles
were prepared using RTILs. Furthermore, the extremely low vapor pressure of RTILs has
made it possible to handle them under high vacuum condition such as X-ray

photoemission* and electron microscope technology.>*"!

As a metal nanoparticle
preparation strategy combined with RTIL and vacuum technology, Torimoto, Kuwabata, and
their coworkers have reported that magnetron sputtering onto RTIL directly can produce
metal nanoparticles highly dispersed in RTIL.*)  This method, which is called ionic
liquid-sputtering method, has enabled the synthesis of a variety of metal or metal oxide
nanoparticles.”**®! It has been also reported that Au and Pt nanoparticles prepared by this

method showed electrocatalytic activity toward oxygen reduction reaction.*>?]

However,
rudimentary knowledge and application of ionic liquid-sputtering method are not enough and

further advancement is expected.



The present work

The author studied the preparation of Pt and Au nanoparticles by ionic liquid-sputtering
method. The effect of RTIL species on the size of the resulting nanoparticles was
demonstrated. In addition, Pt nanoparticles prepared by this method was applied for the
electrocatalyst by immobilizing them onto carbon substrate and their electrocatalytic activity

and durability were investigated.

This thesis consists of three chapters as follows:

Chapter 1 deals with the preparation of Pt and Au nanoparticles by the ionic
liquid-sputtering method. To reveal the effect of RTIL species on the size of the resulting
nanoparticles, more than 20 kinds of RTILs including phosphonium cation-based RTIL were
applied to prepare metal nanoparticles by this method. In the process, the physicochemical
properties of novel tri-n-butylalkylphosphonium cation-based RTILs were also investigated.

Chapter 2 introduces the application of Pt nanoparticles prepared by this method to
electrocatalyst for oxygen reduction reaction. It is found that Pt nanoparticles were easily
immobilized on surfaces of glassy carbon plates and single-walled carbon nanotubes
(SWCNTSs) by heating treatment. The immobilization mechanism of Pt nanoparticles on
SWCNT was revealed by the results of XPS analysis.

In chapter 3, the durability of the Pt-supported carbon material as the electrocatalyst, which
was evaluated by the potential cycle test, is described. The electrocatalyst prepared using
RTIL in this study showed higher durability compared with the commercially available

Pt-supported carbon catalyst.



Chapter 1

Preparation of Pt and Au Nanoparticles by lonic

Liquid-Sputtering Method

1-1. Introduction
Various Kkinds of metal or metal oxide nanoparticles were prepared by ionic

4961 Byt the used RTILs are limited to ammonium,

liquid-sputtering method so fa
pyrrolidinium, and imidazolium cation-based RTILs. The phosphonium cation is well
known as one of the promising cation components in RTIL.[°®%"1 |t should be a significant
issue for improvement in value of this method to investigate whether phosphonium
cation-based RTIL is applicable to the ionic liquid-sputtering method.

The advantage of phosphonium cation-based RTILs is that various phosphorus salts with

671 Once

ordinary anions are commercially available and are produced in large quantity.
phosphorus salts with halide anions such as CI™ and Br showed a melting point above room
temperature,*) but now we can prepare many phosphonium cation-based RTILs by the
combination with phosphonium cations and a wide variety of polyatomic anions, e.g.,
bis(trifluoromethylsulfonyl)amide  ([Tf,N] ), tetrafluoroborate ([BFs] ), dicyanamide
(IN(CN)2]) and fluorohydrogenate ([(FH).F]™ (1 < n < 3)).1°®8 This RTIL system also has
interesting features like other RTIL systems. For example, the combination of
tetra-n-butylphosphonium ([Ps, 4 4 4]°) and amino acid-based anion generates
chirality-induced RTILs,'™ and the mixture of tetra-n-butylphosphonium hydroxide and

benzimidazole can produce both hydroxide ion and proton conductive RTILs by controlling

the mixing ratio." Some phosphonium cation-based RTILs can form an ionic plastic



crystal phase that is expected to be a next generation electrolyte.[>"!

A number of researches about metal nanoparticle preparation in various RTILs by
reduction of metal precursors were conducted, so far.?*?® In those cases, it was
demonstrated that the size of metal nanoparticles are dependent of the volume of anion
volume of RTIL.®2 On the other hand, the factors determining the size of nanoparticles in
ionic liquid-sputtering method was investigated by few research groups.'®¢2%4 Nishikawa
et al. reported that temperature of metal target, applied voltage and temperature of the capture
medium have strong influence to determine the size.®?  Dupont et al. reported that the size
and size distribution of Au nanoparticles depend on various experimental parameters, such as
the RTIL structural organization and in particular on the surface composition.®*

In chapter 1, preparation of Pt and Au nanoparticles by ionic liquid-sputtering method
using more than 20 kinds of RTILs including phosphonium cation-based RTIL has been
demonstrated to unveil the effect of RTIL species on the size of the resulting nanoparticles.
The obtained particle sizes were discussed from the viewpoints of their physicochemical
properties. In the process, the physicochemical properties of novel

tri-n-butylalkylphosphonium cation-based RTILs were also investigated.

1-2. Experimental section
1-2-1. Preparation of RTILs

N,N,N-trimethyl-N-propylammonium bis(trifluoromethanesulfonyl)amide ([N1.113][Tf2N]),
N,N,N-triethyl-N-pentylammonium  bis(trifluoromethanesulfonyl)amide  ([N2.225][Tf2N]),
N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)amide ([Pyr13][TFN]),
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)amide ([Pyr14][TFN]),
1-ethyl-3methylimidazolium bis(trifluoromethanesulfonyl)amide ([C1Colm][TFN]),
1-butyl-3methylimidazolium bis(trifluoromethanesulfonyl)amide ([C1C4lm][TFN]),

1-allyl-3-ethylimidazolium bis(trifluoromethanesulfonyl)amide  ([C.Cayilm][TfN]) and
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1-butyl-3methylimidazolium hexafluorophosphate ([C1CsIm][PFs]) were purchased from
Kanto Chemical Co., Inc. 1-Butyl-3methylimidazolium trifluoromethanesulfonate
([C1C4Im][TFO]) was purchased from loLiTec (lonic Liquid Technologies GmbH & Co.)
N-methyl-N-methoxymethylpyridinium bis(trifluoromethanesulfonyl)amide
([Pyr1,101][TF2N]) was provided by Otsuka Chemical Co., Ltd.
Tri-n-butylmethylphosphonium dimethylphosphate ([P4,441][DMP]),
tri-n-butyloctylphosphonium ~ bis  (trifluoromethylsulfonyl)amide ~ ([P44.48][Tf2N]),
tri-n-butyloctylphosphonium trifluoromethanesulfonate ([P2,4,48][TTO]),
tri-n-butyloctylphosphonium trifluoroacetate ([P4,4,4,8][CF3COQ]), and
tri-n-butyloctylphosphonium tosylate ([Pa448][TS]) were provided by Prof. Katsuhiko
Tsunashima at Department of Material Science, Wakayama National College of Technology.
N,N,N-tributyl-N-methylammonium bis(trifluoromethanesulfonyl)amide ([N44.41][Tf2N]),
N-methyl-N-octylpyrrolidinium bis(trifluoromethanesulfonyl)amide ([Pyr18][Tf2N]),
1-hexyl-3methylimidazolium bis(trifluoromethanesulfonyl)amide ([C1CsIm][TFN]),
1-methyl-3-octyllimidazolium bis(trifluoromethanesulfonyl)amide ([C1CsIM][TFN]),
1-decyl-3methylimidazolium bis(trifluoromethanesulfonyl)amide ([C1C1oIlM][TH,N]),
1-dodecyl-3methylimidazolium bis(trifluoromethanesulfonyl)amide ([Ci:Ci2Im][TF.N])
1-hexyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)amide ([Cedimelm][Tf:N]),
1-butyl-3methylimidazolium bis(perfluoroethanesulfonyl)amide ([C.C4Im][BETI]),
tri-n-butyl(2-hydroxymethyl)phosphonium bis (trifluoromethylsulfonyl)amide
([P24420n][Tf2N]),  tetra-n-butylphosphonium  O,0 ~  -diethylphosphorodithioate
([P4.4.44][DEPDTY]), and tri-n-butyldodecylphosphonium
3,4-bis(methoxycarbonyl)benzenesulfonate  ([P4441.][MCBS]) were prepared by two
common synthetic processes. The first process is a straightforward quaternization between
corresponding pyrrolidine, imidazole or phosphine and alkyl halide to synthesize a quaternary

onium halide. The second process is an anion-exchange reaction between resulting onium
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halide and target anion. To be more specific, for example, [Pa, 4, 4, 20n][Tf2N] was
synthesized Dby the following procedures. The quaternization reaction between
tri-n-butylphosphine  (Nippon Chemical Industrial Co., Ltd., ultrapure grade) and
1-bromoethanol (Tokyo Chemical Industry Co., Ltd.) was carried out at 353 K under nitrogen
atmosphere. Tri-n-butylphosphine  was used as received. The obtained
tri-n-butyl(2-hydroxymethyl)phosphonium bromide ([Ps, 4, 4, 20n]Br) was rinsed with
n-hexane to remove unreacted tri-n-butylphosphine and 1-bromoethanol. The [P4, 4, 4, 201]Br
dried under vacuum and Li[Tf,N] were mixed thoroughly in ultrapure water at ambient
temperature to yield the [P4 4, 4, 20n][Tf2N] by the anion exchange reaction, and then the crude
[Pa4. 4, 4 201][TT2N] was extracted by toluene and purified by rinsing with ultrapure water
several times until no residual bromide anion was detected with the use of 0.1 M AgNO3;
aqueous solution. [CiCglm][TFN], [C1CsIm][TFN], [C1Ciolm][TFN], [C1Ci2lm][T:N]
[Cedimelm][TF.N], [P4444][DEPDT] and [P44.412][MCBS] were also prepared by the similar
way previously described. In the case of [Nss41][Tf2N] and [C,;C4Im][BETI], onium
halides, i.e. N,N,N-tributyl-N-methylammonium chloride (>98.0%, Sigma-Aldrich) and
1-butyl-3methylimidazolium chloride (ultrapure grade, Kanto Chemical Co., Inc), were
purchased and purified by recrystallization prior to use, followed by anion-exchange reaction
as described above. All the RTILs employed in this study were dried at 373 K under
vacuum condition (ca. 0.67 Pa) for 12 hrs and were stored in argon gas-filled glove box prior
to their characterization and experiments. Water content of RTILs except for [Py 4 4
4][DEPDT], determined by Karl-Fischer titration, was below 40 ppm. That of [Py, 4, 4,
4][DEPDT] could not be estimated due to an unexpected reaction with Karl-Fischer solution.

Cation and anion structure used in this chapter is depicted in Figure 1-1.
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Figurel-1. Chemical structures of cation and anion components used in this study.

1-2-2. NMR Characterization and Elemental Analysis Data

NMR characterization and elemental analysis was conducted for four phosphonium
cation-based RTILs as described below.

Tri-n-butylmethylphosphonium dimethylphosphate ([Pa4, 4 4, 1][DMPY]),
(C4Hg)3(CH3)P-PO,(OCHs),; *H NMR (599.85 MHz in CDCls), & 0.93-1.01 (t, 9H,
P*CH,(CH.),CH3); 1.47-1.59 (m, 12H, P*CH,(CH,),CHs); 2.04-2.10 (d, 3H, P*CHa);
2.34-2.44 (m, 6H, P*CH,(CH,),CHs); 3.54-3.61 (d, 6H, PO,(OCHs),) ppm. *C NMR
(150.85 MHz in CDCls), & 3.9-4.4 (d, P*CHs); 13.37 (s, P*CH,(CH2);CHs); 19.4-19.9 (d,
P*CH,(CH.),CH3); 23.4-23.9 (various d, P*CHy(CH,),CHz); 52.1-52.3 (d, PO,(OCHs),)
ppm. P NMR (24282 MHz in CDCls), & 2.02 (s, PO,(OCHs);); 31.81 (s,
(C4Ho)3(CH3)P™) ppm. Elemental analysis calcd (%) for CisH3s04P2: C 52.62, H 10.60;
found: C 52.47, H 11.06.

Tri-n-butyl(2-hydroxymethyl)phosphonium  bis(trifluoromethylsulfonyl)amide ([Ps, 4, 4,



201][TF2N]), (C4Hs)3(C2H4OH)P-N(SO.CFs),; *H NMR (599.85 MHz in CDCls), § 0.92-1.00
(t, 9H, P*CH,(CH,),CHs); 1.45-1.57 (m, 12H, P*CH,(CH,),CH3); 2.13-2.19 (m, 6H,
P*CH,(CH,),CHs); 2.39-2.45 (m, 2H, P*CH,CH,OH); 3.27-3.33 (br, 1H, P*CH,CH,0H);
3.97-4.05 (d, 2H, P*CH,CH,0H) ppm. *C NMR (150.85 MHz in CDCls), & 13.14 (s,
P*CH,(CH,),CHs); 19.00-19.50 (various d, P*CH,(CH,),CHs, P*CH,CH,OH); 55.40-55.55
(d, P*CH,CH,0H); 119.74 (g, N(SO,CF3),)) ppm. *°F (564.40 MHz in CDCls), 5 —80.48 (s,
N(SO,CF3),) ppm. *'P NMR (242.82 MHz in CDCls), § 33.02 (s, P*CH,(CH,)>CHs) ppm.
Elemental analysis calcd (%) for C16Hs2FsNOsPS,: C 36.43, H 6.11, N 2.66; found: C 36.63,
H 6.25, N 2.66.

Tetra-n-butylphosphonium  O,0’-diethylphosphorodithioate  ([P4, 4, 4 4][DEPDT]),
(C4Hg)sP-PS,(OCsHs),;; *H NMR  (599.85 MHz in CDCls), & 0.96-1.01 (t, 9H,
P*CH,(CH,),CH3); 1.26-1.31 (t, 6H, PS,(OCH,CHs),); 1.53-1.60 (m, 16H,
P*CH,(CH,),CH3); 2.41-2.48 (m, 8H, P*CHy(CH.),CHs); 4.03-4.09 (m, 4H,
PS,(OCH,CHs), ) ppm.  *C NMR (150.85 MHz in CDCls), § 13.45 (s, P*CH,(CH,),CHs);
16.17-16.30 (d, P*CH,(CH.),CHa); 18.77-19.33 (d, PS,(OCH.CHas),); 23.74-24.03 (m,
P*CH,(CH,),CH3); 60.97-61.14 (d, PS,(OCH,CHs),) ppm. P NMR (242.82 MHz in
CDCl3), § 32.41 (s, (C4Ho)sP™); 112.29 (s, PS(OCH,CHs); ) ppm. Elemental analysis
calcd (%) for CyoH460,P,S;: C 54.02, H 10.43; found: C 53.93, H 10.53.

Tri-n-butyldodecylphosphonium  3,4-bis(methoxycarbonyl)benzenesulfonate ([Ps, 4, 4,
12][MCBS]), (C4Ho)3(C12H25)P-CsHs(COOCH;)2(SOs); *H NMR (599.85 MHz in CDCls), &
0.86-0.90 (t, 3H, P*CH,CH,(CH,)sCH,CHa); 0.92-0.99 (t, 9H, P*CH,(CH,),CHs); 1.21-1.33
(m, 16H, P*CH,CH,(CH2)sCH,CHz); 1.40-1.58 (m, 16H, P*CH,CH,(CH2)sCH,CHs,
P*CHy(CH,),CHz3); 2.25-2.37 (m, 8H, P"CH,CH3(CH,)sCH,CHs, P*CH»(CH,),CHs); 3.92 (s,
6H, CsH3(COOCH3)2(S03)); 8.65 (s, 1H, CgH3(COOCH3)2(SO3)); 8.76 (s, 2H,
CeHs(COOCH3)2(SOs)) ppm.  *C NMR (150.85 MHz in CDCly), & 13.37 (s,

P*CHo(CH,),.CHg); 14.06 (s, P'CH,CH»(CH,)sCH,CHs);  18.43-19.11 (various d,

9



P*CH3(CH,),CHs, P'CH,CH2(CH,)sCH,CHs); 21.65-24.11, 28.82-31.94 (various s, d,
P*CH,(CH,),CHs, P*CH,CH,(CH,)sCH,CHs); 52.17 (s, CeHa(COOCHS3)2(S0s)); 130.34,
131.13, 131.55 148.18 (s, CsH3(COOCHS3),(S03)); 165.86 (s, CsH3(COOCHs),(SOs) ) ppm.
3'p NMR (242.82 MHz in CDCls), & 32.64 (s, (C4Hg)3(C12H25)P) ppm.  Elemental analysis

calcd (%) for C34Hg10O7PS: C 63.32, H 9.53; found: C 63.30, H 9.54.

1-2-3. Measurements of Physicochemical Properties

Thermogravimetry-differential thermal analysis (TG-DTA) was performed by a Bruker
TG-DTA2000SA under nitrogen atmosphere at 10 K min’.  Differential scanning
calorimetry (DSC) was conducted using a Bruker DSC 3100SA at 5 K min™'. These
instruments were controlled with a Bruker MTC1000SA workstation utilizing a Bruker
WS5003 software.  Aluminum pan without and with aluminum top for TG-DTA and DSC,
respectively, were employed, and the specimens for the thermal analysis were prepared in an
argon gas-filled grove box (Vacuum Atmosphere Company NEXUS |1 system, H,0 and O, <
1 ppm). Density measurement was carried out with a 5 mL Pyrex® glass pycnometer that
was calibrated by ultrapure water.  Viscosity was measured with a Brookfield LVDV-I1+ Pro
programmable viscometer. The cone spindle was CPE-42 or CPE-52. Conductivity
measurement was performed by a Horiba DS-51 digital conductivity meter with a glass
conductivity cell after the cell calibration with 0.1 M KCI aqueous solution. All the
analyses were conducted in an argon gas-filled grove box or by using air-tight cell to avoid

contamination derived from the air.

1-2-4. Preparation of Pt and Au Nanoparticles
The soda glass (2.5 cm x 2.5 cm), on which RTIL (0.4 mL) was spread, was put in a
Cressington108 auto SE sputter coater. A polycrystalline Pt or Au plate target (¢ 5.7 cm,

99.98%) was placed on 4.5 cm above the glass plate. Sputter deposition onto RTIL was

10



conducted with sputter current of 40 mA for 900 s in dry Ar (99.999%) atmosphere whose
pressure did not exceed 7 £ 1 Pa. The sputtering was carried out by direct current (DC)

mode at room temperature (298 + 2 K).

1-2-5. Characterization of Pt and Au Nanoparticles

Particle sizes of Pt and Au nanoparticle were estimated by Hitachi H-7650 transmission
electron microscope (TEM) operated at 100 kV. Before the TEM observation, the sample
grid was prepared by dropping 5 ul of sputtered-RTIL onto a TEM grid (83.0 mm, copper,

400 mesh) and washing with acetonitrile.

1-3. Results and discussion
1-3-1. Physicochemical Properties of  Tri-n-butylalkylphosphonium
Cation-Based Room-Temperature lonic Liquids

Four types of novel tri-n-butylalkylphosphonium-based RTILs studied in this section, [Py, 4,
4,1][DMP], [Pa4, 4, 4, 20n][TF2N], [Pa, 4,4, 4][DEPDT] and [P4, 4 4, 12][MCBS], exhibited a liquid
state at room temperature (293 K). | was able to handle them under open-air condition
without any trouble although the RTILs slightly absorbed water derived from the air.  [P4 4.4
201][TF2N], [Pa, 4,4 4][DEPDT] and [Py, 4,4, 12][MCBS] formed biphase with water like most
phosphonium cation-based RTILs reported so far, but [P4 4 4, 1][DMP] had a water-miscible
nature. It is well-known that organic phosphorus salt, which consists of symmetric cation
and halide anion, shows a melting point above room temperature, €.g., [P, 4, 4, 4]Br melts at
375.15 K.l But, the melting point of [P4 4 4 4][DEPDT] was greatly reduced due to the
asymmetric structure and the large ion volume of the [DEPDT] . It suggests that the
[DEPDT] is a useful anion for RTILs with highly symmetric cation species.

Thermogravimetry-differential ~ thermal analysis (TG-DTA) curves for the

tri-n-butylalkylphosphonium-based RTILs under a nitrogen atmosphere are shown in Figure

11



1-2 and their thermal decomposition temperature determined at 5 and 10 % weight loss are
given in Table 1-1 with the data on other phosphonium cation-based RTILs. Each RTIL
investigated in this section showed a desirable thermal stability over 560 K. It is interesting
to note that [Ps 4 4 12][MCBS] exhibited a fairly-high thermal stability among the

phosphonium cation-based RTILs reported to date.[*¢-8%

Usually phosphonium cation-based
RTILs tend to indicate a good thermal stability relative to the ammonium cation-based ones
with similar side chains.’®’® The degradation pathway of phosphonium-based RTILs
seems to be affected by anionic species rather than cationic one. While [Py, 4, 4, 20n][TT2N]
and [P4 4 4 12][MCBS] showed a simple single-step degradation in Figure 1-2, the
degradation for [P4 4 4 1][DMP] and [Pg, 4 4 4][DEPDT] proceeded by two steps. This
two-step degradation behavior is consistent with a previous report on phosphonium
cation-based RTILs with thermally-unstable anions.®  Long-term thermal stability of RTIL
that is an important parameter for high temperature applications is predicable from common
TG data if the measurement condition is the same, i.e., RTIL with higher decomposition

temperature usually shows a better long-term thermal stability.®*#%!
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Figure 1-2. Results of thermogravimetry-differential thermal analysis measurement of the
tri-n-butylalkylphosphonium cation-based RTILs. The samples were (a) [Pa, 4, a4,
1][DMP]; (b) [P4, 4, 4. 20n][TF2N]; (C) [P4, 4, 4, 4][DEPDT]; (d) [Pa, 4, 4, 12][MCBS]. The
measurements were conducted at 10 K min™™.
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Table 1-1. Physical and thermal properties of the tri-n-butylalkylphosphonium cation-based RTILs

RTILs WY TOK T (K Te? K P@em® n9(@cP) o?(mMScm?) Ref
[P4,4,4,1][Tf,N] 4975 193 290 652 1.27 207 0.42 74
[P4.4.4,1][(CN)2N] 2834  *9 279 651 0.96 167 1.2 77
[P4,4,4,1][(FH)25F] 282.3 169 249 #9) 0.97 36 6.0 81

[P4. 4 4,1][DMP] 3424 202 — 583, 562"  1.03" 439 0.18" This work
[P4, 4,4, 200][TF,N] 5275 196 — 668, 646"  1.26" 242 0.48" This work
[P4,4,4,4][(FH)25F] 3244 —— 239,255 9 0.95 47 3.7 81

[P4. 4,4, 4][DEPDT] 4447 206 — 574, 566" 1.01" 1107 0.083" This work
[P4,4,4,8][Tf2N] 595.7 183 — 646 1.18 250 0.27 74
[P4,4,4,8][BF4] 402.3 191 — 672 1.02 1240 0.069 74
[P4,4,4,8][PFe] 4605 %9 293 636 1.12 1720 0.047 74
[P4,4,4,8][OTH] 464.7 193 — 681 1.08 778 0.087 74
[Ps.448][CF3COO] 4286 192 — 467 1.03 453 0.13 74
[P4,4,4,8][SCN] 373.6 184 — 651 0.95 450 0.18 74
[P4,4,4,8][Tosyl] 486.7 209 — 617 1.02 2435 0.021 74
[P4,4,4,8][(CN)2N] 381.6 180 — 653 0.95 245 0.45 77

[P4. 4. 4 s][(FH)2.3F] 380.6 174 — #9) 0.93 74 1.5 81
[P4,4,4,12][T2N] 651.8 187 284 656 1.13 303 0.18 74

[Pa, 4,4, 12][BF4] 4585 190 293 664 0.97 1310 0.047 74

[P4. 4.4 12][MCBS] 6449 210 — 698, 678"  1.05" 16401 0.0042" This work
[P4, 4.4, any][T2N] 5236  *9 302 692 1.26" 138" 0.64 78

a) Formula weight. b) Glass-transition or melting temperature. ¢) Thermal decomposition temperature at 10 % weight loss. d)
Density at 298 K. e) Viscosity at 298 K. f) Conductivity at 298 K. g) No data. h) Thermal decomposition temperature at 10 %
weight loss. i) The data were obtained at 303 K.



Differential scanning calorimetry (DSC) curves for the tri-n-butylalkylphosphonium-based
RTILs are exhibited in Figure 1-3. All the RTILs could keep a liquid state over a wide
range of temperature. [P4 4 4 1][DMP] indicated a peculiar thermal phase transition
behavior(Figure 1-3(a)). The crystallization was observed at 246 K after the glass transition
at 202 K during the heating process from 173 K, and two endothermic peaks appeared at 279
and 290 K. These endothermic peaks should be assigned to solid-solid phase transition (279
K) and to melting (290 K). It is well-known that some RTILs have an ionic plastic crystal
phase if both the cation and the anion in RTIL have spherical three-dimensional structure or

similar Configuration.[72'7330'86*88]

Several phosphonium cation-based RTILs also have such
an ionic plastic crystal phase.’>”*#%  Timmermans proposed that the phase transition to the
plastic crystal phase occurs by a low entropy change of fusion (ASqs < 20 J Kt mol™).B!
In regard to the [P4, 4 4, 1][DMP], the entropy changes (AS) of the endothermic peaks were
11.0 J K™* mol™ (enthalpy change, AH = 3077 Jmol™) and 17.7 J K> mol™* (AH = 5135 J
mol™) at 279 K and 290 K, respectively. These results suggest that the plastic crystal phase
exists within a range of 279 ~ 290 K. Analogous ionic plastic crystal phase in a narrow
temperature range has already been reported.° 2 [P, 4 4 1][DMP] should be considered as
a new example of RTIL with the plastic crystal phase. As to other three RTILS, [Pg, 4, 4,
201][TF2N], [Pa, 4,4, 4][DEPDT] and [P4 4. 4,12][MCBS], only glass transition point appeared at
196, 206 and 210 K, respectively, during the heating process (Figure 1-3(b), (c) and (d)).
Although [P, 4,4, 4][DEPDT] is composed of the cation having more spherical structure than

the [P4 4,4.1]" and the characteristic anion similar to [DMP], ionic plastic crystal phase did

not appear.
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Figure 1-3. Differential scanning calorimetry  curves of  the
tri-n-butylalkylphosphonium cation-based RTILs. The samples were (a) [P4 4, 4,
1][DMP]; (b) [P4, 4 4, 20n][Tf2N]; (C) [Pa, 4,4, 4][DEPDT]; (d) [P4.4 4 12][MCBS]. The
measurements were conducted at 5 K min".

Figure 1-4 shows temperature dependence of the density, p (g cm®), of the
tri-n-butylalkylphosphonium cation-based RTILs. A linear dependence with absolute
temperature was obtained for all the RTILs. The density is expressed as a function of
temperature:

p=a+bT (1)
where a, b and T are a density at 0 K (g cm ), a coefficient of volume expansion (g cm>
K™), and an absolute temperature (K), respectively. The parameters fitted by the method of
least squares are summarized in Table 1-2 along with the correlation coefficient, |R|, for the
fitting. The density decreased in the following order: [Py 4 4. 201][Tf2N], [P4. 4, 4, 12][MCBS],
[Ps 4 4 1][DMP] and [Ps 4 4 4][DEPDT]. Optimized ionic volumes of the
tri-n-butylalkylphosphonium cation-based RTILs calculated with B3LYP/6-31G+(d) level

using Gaussian 09 program were 574.7 A® ([P4. 4.4 20n][TF2N]), 800.5 A3 ([P4 4 4 12][MCBS]),
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607.2 A3 ([P4 4 4 1][DMP]) and 487.1 A® ([P4 4 4 4][DEPDT]).P¥ These values were
estimated from sum of the individually-calculated cation and anion volumes. It is reported
that ionic volume in RTIL has a close relationship with physicochemical properties, which
can be understood by lattice and solvation energies,®***! and provides useful information for
prediction of physical properties, e.g., viscosity, conductivity and density.®®  With regard to
the 1,3-dialkylimidazolium cation-based RTILs, the density ordinarily decreases with
increasing their alkyl chain length. However, [P4 4 4 1][DMP] and [Pa, 4, 4, 4][DEPDT]
showed smaller density values than [Py, 4 4. 12][MCBS] in spite of their smaller ionic volume.
This result implies that the density for the RTILs is determined by both the volume of the
ionic species and the local structure in RTIL that is provoked by electrostatic interaction and

intermolecular electron repulsion.

130+ — : —
125. 0 ® ® o o o o o o
120

1.15 - .

1.10 - .

Density / g cm®

- A - —
A a4 4 a4

095 L 1 I L I 1 L
300 310 320 330 340 350

Temperature / K
Figure 1-4. Temperature dependence of density of the tri-n-butylalkylphosphonium
cation-based RTILs: () [P4,4,4,1][DMP]; (®) [P4,4,4,201][TFN]; (A) [Pa,4,4,4][DEPDT];

(A) [P4, 4,4, 12][MCBS].
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Table 1-2. Fitted parameters for the density of the tri-n-butylalkylphosphonium cation-based
RTILs

RTILs a(gem ) b(gcm K™ IR|

[P4,4,4,1][DMP] 1.14 -3.62x10" 0.9967
[P4, 4.4, 20n][TN] 1.41 474 %107 0.9947
[P4,4,4,4][DEPDT] 1.14 —4.24 x 10 0.9985
[P, 4,4,12][MCBS] 1.21 —5.09x 107 0.9936

Temperature dependence of the absolute viscosity, 7 (cP (= mPa s)), for the four RTILs are
indicated in Figure 1-5. [Py 4 4 12][MCBS] was a very viscous liquid (16401 cP s at 298 K)
compared to other three RTILs. Given that several complexes with anion similar to the
[MCBS] can form three-dimensional framework structure through the hydrogen bonding
among the ions,*"% there is a high possibility that analogous framework structure is
formed in the [P4, 4, 4 12][MCBS]. The structure may cause the drastic increase of the
viscosity.  Arrhenius plots of each viscosity indicated in Figure 1-5 are convex downward
curves. It is a typical behavior of the glass-forming RTIL. In this case, the plots can be
fitted in the Vogel-Tamman-Fulcher (VTF) equation as expressed below and enable further

useful investigation:*

Inp = bl +11T InA 2
nn= oty = nd, (2)

where k, (K) is a constant related to Arrhenius activation energy for the viscous behavior, To

(K) is an ideal glass transition temperature, and A, is a scaling factor. The fitted parameters

are summarized in Table 1-3 along with the correlation coefficient, |R|.
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Figure 1-5. Arrhenius plots of absolute viscosity of the tri-n-butylalkylphosphonium

cation-based RTILS: (©) [P4, 4,4, 1][DMP]; (®) [P4, 4,4, 20r][TF2N]; (2) [Pa, 4, 4 4][DEPDT];
(A) [P4,4,4,12][MCBS].

Figure 1-6 shows temperature dependence of the ionic conductivity, ¢ (mS cm™?), for the
tri-n-butylalkylphosphonium-based RTILs. Generally ionic conductivity of RTIL depends
on its absolute viscosity, because ion mobility is restricted by the viscosity. Arrhenius-type
plots of the ionic conductivity exhibited a usual behavior; that is, the plots in each RTIL are
convex upward curves and the values decreases with decreasing the temperature. As given
in Table 1-1, the [P4 4 4 20n][Tf2N] showed a relatively-high conductivity among the RTILs
consisting of tri-n-butylalkylphosphonium cation and fluoroanion except fluorohydrogenate
anion because of the combination of appropriate cationic volume and flexible [Tf,N] anion.
Interestingly the conductivity of the [P4 4 4 4][DEPDT] was about twice as much as that of
the [Pa. 4. 4. 12][BF4] having similar viscosity and molecular weight.’  The experimental data
of the ionic conductivity were converted to the equivalent conductivity, 4 (S cm? mol™?), by
using a following equation in order to fit the plot by the VTF equation and to discuss the

activation energy of the equivalent conductivity.
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A= oM/p ®3)
where M is a formula weight of phosphonium-based RTILs. The obtained values of 4 were

fitted by Equation (4):

k 1
4 ZInT+ In4, (4)

Ind= —
n T—T, 2

where k, (K) is a constant related to Arrhenius activation energy for the conduction behavior,
To (K) is an ideal glass transition temperature, A, is a scaling factor. The fitted parameters
are summarized in Table 1-3 along with the correlation coefficient. The
temperature-dependence activation energies for the absolute viscosity, E,,, and equivalent
conductivity, E, 4, can be calculated from the equation obtained by the partial differentiation

on Equation (2) and (4) with respect to T as expressed below:1%!

£ — _pr2 (61nn>_ Rk,T? RT .
&n = or /] (T —-Ty? 2 ()
- 2(61nA>_ Rk,T? RT ‘
ah = T )~ (T—-Ty?* 2 (6)

The resulting plots of E,, and E,, versus temperature are given in Figure 1-7. As other
RTIL systems, those activation energies decreased with increasing temperature, and most

e.[1027104 However the

values for the E,, was larger than the E,, at the same temperatur
differences between E,, and E,, were obviously larger than those for common RTILs
especially at lower temperatures.  Of the four tri-n-butylalkylphosphonium-based RTILs, [P4.
4, 4.12][MCBS] exhibited the largest difference, suggesting that it has a unique ion-conductive
mechanism. In fact, the framework structure that can contribute to effective ion conduction
seems to be in the [P4 4 4,12][MCBS] as already described in the discussion on the viscosity.

The ion conduction would be controlled with the viscosity as well as the anomalous local

structure in the tri-n-butylalkylphosphonium-based RTILs.
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Figure 1-6. Arrhenius plots of conductivity of the tri-n-butylalkylphosphonium
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Figure 1-7. Temperature-dependence activation energies for (a) the absolute viscosity and
(b) the equivalent conductivity for the tri-n-butylalkylphosphonium cation-based RTILs:

(0) [P4, 4, 4, 1][DMP]; (®) [P4, 4 4, 20n][T2N]; (&) [Ps, 4, 4, 4][DEPDT]; (A) [Py, 4, 4,
12][MCBS].
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Table 1-3. Fitted parameters for the VTF equation of absolute viscosity and equivalent conductivity for the

tri-n-butylalkylphosphonium cation-based RTILs

RTILs Absolute viscosity (cP (= mPa s)) Equivalent conductivity (S cm?mol™)
To/K  K,/K LnA, IR To/K K,/K LnA, IR
[Ps441][DMP] 171 119x10° 610 09999 96  255x10 6.63  0.9998
[Ps 4,4 204][TEN] 129 171x10° 746 09999 90  218x10 579  0.9999
[P4 4.4 4][DEPDT] 124 2.29 x 103 9.00 0.9999 159 1.51 x 103 4.28 0.9999
[P4 4.4,12][MCBS] 156 211x10 7.98 09999 158  175x10 3.66  0.9999




In order to investigate the correlation between conductivity and viscosity rigorously, 1
examined the dissociation behavior in the RTILs. It is able to be estimated in two ways.
One is a recent analytical technique using a pulsed-field-gradient spin-echo (PGSE)
NMR,®! and another is a classical Walden plot method constructed from fluidic properties
of RTIL, i.e., equivalent conductivity (S cm? mol™) and fluidity (reciprocal of absolute
viscosity (cP™)H%  Here I used the latter approach. In this approach, diluted KCI

(1] From the difference of

aqueous solution is regarded as an ideal dissociation state.
Walden plots between the diluted KCI aqueous solution and RTIL, | can estimate the
dissociation degree and speculate the ion conduction behavior in the RTILs. Also, | may
apply "hole theory" to our physical data in order to discuss them more precisely.'*  But in
this study, |1 employed the ideal KCI line to simplify the estimation and the speculation.
Walden plot of the tri-n-butylalkylphosphonium-based RTILs in this study is shown in Figure
1-8 with that of other RTILs given in Table 1-1. Each plot was below the ideal line. The
RTILs with [(CN),N] and [(FH).3F] exhibited small deviations from the ideal line
compared to other RTILS. The [P4, 4, 4 20u][Tf2N] and [Py 4, 4, 4][DEPDT] showed almost the
same deviation from the ideal line, and it was similar to [Py4 4 4, 1][Tf2N], [P4,4 4, 8][T2N], [Pa4,
4,4,8][SCN], [Pa,4,4,12][Tf2N] and [Pa, 4,4, am][TT2N]. 1 concluded that these RTILS have the
similar dissociation degree and ion-conduction behavior. In other words, it suggests that the
[DEPDT] has a potential to be a useful anion in RTIL as an alternative to [Tf,N] that is one
of the valuable anions. The dissociation degree of [P4 4,4 12][MCBS] seems to be slightly
worse than the aforementioned seven RTILs but was close to [Py, 4, 4, s][CF3COO], [P4 4, 4,
8l[PFsl, [Pa,4,4,8][OTT], [Pa, 4, 4 8][BFa], [Pa, 4,4 8][Tosyl] and [Pa, 4,4 12][BF4]. The [P4, 4,4,
12][MCBS] showed a relatively good dissociation degree while it has a very high-viscosity.
It would be due to the anomalous framework structure in the [Py 4 4 12][MCBS] as stated

already. As for the [Py 4,4 1][DMP], there was a considerable deviation. It is highly likely

that the dissociation is insufficient and/or the associated ions exist in this RTIL system.
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Figure 1-8. Walden plots of the phosphonium cation-based RTILs: (©) [Pa, 4,4, 1][DMP];
(®) [Pa, 4, 4, 200][TF2N]; (A) [Pa, 4, 4, s][DEPDT]; (A) [Pa, 4, 4 12][IMCBS]; (): [P4, 4, 4,
1J[TFN]; (0): [Pa,4,4,1][(CN)2N]; (C): [Pa,4,4,1][(FH)2.3F]; (d): [Pa, 4,4, 4][(FH)23F]; (€): [Pa,
4,4, 8][TEN]; (f): [Pa, 4, 4, 6][BFa]; (9): [Pa, 4, 4, 6][PFel; (h): [Pa, 4, 4, s][OTf]; (i): [Pa, 4,4,
8][CF3COOQY; (j): [Pa,4,4,8][SCNI; (K): [P4,4,4,8][TosYIL; (I): [Pa,4,4,8][(CN)2N]; (M): [Pa 4,
4, 8][(FH)23F]; (n): [Pa, 4,4, 12][T2N]; (0): [Pa, 4,4, 12][BFa]; (p): [Pa, 4,4, aiy][T2N].  The
ideal line was constructed from the data for a diluted KCI aqueous solution.
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1-3-2. The Component Effect of RTIL on the Size of Pt or Au Nanoparticles

Prepared by lonic Liquid-Sputtering Method

Although the structure effect of RTIL in ionic liquid-sputtering method has already

reported in a few research groups, %%

there is no information about the dependence of
cation structure in resulting metal nanoparticles. At first, to examine the effect, | prepared
Pt and Au nanoparticles in RTILs having various onium cations and [Tf,N] as depicted in
Figure 1-1. It is well known that [Tf,N] has relatively high thermal stability and reduces

[30]

the melting point and viscosity for resulting RTIL. The mean particle sizes of obtained Pt

and Au nanoparticles were tabulated in Table 1-4 with the formula weight, viscosity, density,

molar density and cation volume of each RTIL.[P%103108-120]

The presence of Pt and Au
nanoparticles in RTIL could be confirmed by TEM observation except for Pt-sputtered
[CiCoIm][TF,N] and [C1C4Im][TF,N]. Typical TEM pictures of Pt and Au nanoparticles are
shown in Figure 1-9. So far, a wide variety of metal nanoparticles were prepared by
RTIL-sputtering method using ammonium, pyrrolidinium and imidazolium cation-based
RTILs, but | firstly demonstrated applicability of phosphonium cation-based RTIL such as
[P4.4420u][Tf2N] and [P4448][Tf.N] to this method. In the case of [C,C.Im][Tf,N] and
[C1C4Im][TFN], Au nanoparticles were observed clearly in contrast to Pt nanoparticles by
TEM observation. And also, | confirmed the Pt atoms in Pt-sputtered [C,C,Im][Tf,N] and
[C1C4Im][TFN] by inductively-coupled plasma atomic emission spectroscopy (ICP-AES),
suggesting small Pt clusters (< 1 nm) were existed in the RTIL. These results indicate that
the size of metal nanoparticles was determined by not only metal species but also cation
structure of RTIL. The mean particle sizes of Au nanoparticles became lager than that of Pt
nanoparticles for all RTILs listed in Table 1-4. Our research group has already proposed

formation mechanism of metal nanoparticles in the RTIL-sputtering method.*® Metal

nanoparticle grows at gas-liquid interface and diffuses into RTIL with aggregation and
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stabilization at higher metal concentration. On the other hand, it is reported that the
sputtering rate determined by the number of sputtering atoms per one incident ion into metal
target depends on metal species and Au shows the higher sputtering rate compared with
Pt That is, Au target can inject more metal atoms or clusters into RTIL than Pt target at
the same sputtering condition. This invokes the change of metal concentration between Pt
and Au at the gas-liquid interface and triggered the difference of the mean particle size of

resulting metal nanoparticles.

Figure 1-9. TEM pictures of Pt nanoparticles prepared in (a) [Ny113][Tf2N], (b)
[Pyr14][Tf,N] and (c) [CiCglm][Tf,N] and Au nanoparticles prepared in (d)
[N4,4,4,1][Tf2N], (E) [Pyr13][Tf2N] and (f) [Clclolm][szN]
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Table 1-4. Mean particle sizes of Pt and Au nanoparticles prepared in RTILs with [Tf,N] and physicochemical properties of RTILs

Mean particle size (nm)®  Viscosity® Density®  Molar density®  Cation volume®

RTILs FW?

LC

Pt Au (cP) (gcm®) (mmol cm3) (A%
[N1,11,3][TF2N] 382.3 2.4 33 72 1.44 3.77 159.6
[N2.225][T2N] 4525 1.4 7.5 127 1.31 2.90 265.7
[Nas41][TF2N] 480.5 1.7 8.2 551 1.26 2.62 318.9
[Pyr13][TfoN] 408.4 1.7 3.3 61 1.45 3.55 196.7
[Pyr14][TfoN] 422.4 1.4 3.1 70 1.41 3.34 210.9
[Pyr1g][TfoN] 478.5 1.2 6.6 156 1.19 2.49 319.2
[Pyr101][Tf2N] 410.4 1.6 5.4 40 1.48 3.61 178.3
[CiCoAm][TEN] 3913 # ) 3.6 33 1.52 3.88 160.3
[CiC4m][TEN]  419.4 # ) 3.0 50 1.45 3.41 207.3
[CiCsIm][TEN] 4475 1.2 3.9 70 1.37 3.06 252.7
[CiCelm][TEN]  475.1 1.5 3.9 87 1.38 2.91 286.1
[CiCwIm][TEN]  503.5 1.4 4.7 120 1.27 2.52 351.8
[CiCeIm][TEN]  531.2 1.3 45 151 1.28 2.41 393.6
[CoCanyilm][TFN] 417.0 1.8 6.0 29 1.45 3.48 170.3
[Cedimelm][Tf,N] 461.1 1.9 3.9 131 1.35 2.93 265.8
[P1,448][TN] 595.7 1.9 2.9 250 1.18 1.98 535.5
[Pasa20m][TRN] 5275 3.4 3.9 242 1.26 2.39 375.1

a) Formula weight. b) Estimated by TEM observation. c¢) The value at 298 K or 303 K. d) Calculated from the formula
weight and density listed in this table. e) Calculated at the B3LYP/6-31+G(d) level. ) We couldn’t estimate the values by
TEM observation, but we confirmed the Pt atoms by ICP-AES measurement.



The particle size was influenced by the cation structure of RTIL as described above. The
physicochemical properties of RTIL are easily changed by exchanging cation component
even if it has a same anion.’®  Figure 1-10 shows the mean particle sizes of Pt and Au
nanoparticles with the viscosity of each RTIL. Unfortunately, the mean particle sizes of Pt
nanoparticles were too small to evaluate the relativity with the viscosity. For example, the
mean particle size in [Naa41][Tf2N] which has the highest viscosity listed in Table 1-4 was
1.7 nm. This value was comparable with the particle size prepared in other low-viscosity
RTILs. In contrast, the tendency between their particle size and viscosity was found in Au
nanoparticles for each RTIL. The Au nanoparticles obtained in ammonium, pyrrolidinium,
and imidazolium cation-based RTIL showed the increase of their particle size with increase of
the viscosity. Considering our proposed formation mechanism aforementioned above,
diffusion of atoms and clusters in RTIL is thought to be largely controlled by the viscosity.
Thus, it would appear that “high-viscosity” can delay the diffusion and promote the
aggregation of atoms and clusters. In the case of the ammonium cation-based RTILs,
however, the particle sizes in [N22.25][Tf2N] and [N4441][Tf2N] were almost same regardless
of the big difference in the viscosity. This result indicates that the control factor of particle
size is so much complicated and not just the viscosity but the conformation of RTIL and how
RTIL stabilize metal nanoparticles should be considered. In pyrrolidinium and imidazolium
cation-based RTILs, the particle size increased approximately linearly against the viscosity
except for [CoCaylm][TFHN] and [Pyri101][Tf2N]. It is unclear but | think that the charge
localization at allyl group and oxygen atom in the cation structure of these RTILs affects the
stable state of metal nanoparticle. As seen in the Au nanoparticle prepared in [N2.225][Tf.N]
and [C1C10Ilm][Tf,N], it is obvious that the cation structure strongly affected to the particle
size even if the viscosity is almost same. Another possible control factor to determine the
particle size in this method is the RTIL surface composition at the gas-liquid interface.™??

Results from sum frequency generation (SFG) vibrational spectroscopy studies show that the
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cation chain protrudes into the gas phase and the gauche defect decreases as the number of
methylene group is increased.™!  This report may explain the tendency observed in Figure
1-10. Because of the decrease of the gauche defect, it becomes slightly difficult that the
sputtered atoms and clusters penetrate inside the RTIL. Then, the residence time of those at
the surface is increased and the particle size becomes bigger with the higher concentration of

metal.
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Figure 1-10. Relationship between the mean particle size of Pt (open mark) and Au
(solid mark) nanoparticle and the viscosity of ILs with [Tf;N]". (L], ) ammonium
cation; (<>, ®) pyrrolidinium cation; (O, @) imidazolium cation; (A, A)
phosphonium type cation.

Figure 1-11 shows the plot of the molar density with the obtained particle sizes. As is the
case with the plot against the viscosity, it was difficult to see the tendency for the particle size
of Pt nanoparticles. On the other hand, the mean particle sizes of Au nanoparticles were
decreased with increase of the density in ammonium, pyrrolidinium, and imidazolium

cation-based RTIL. [CoCayilm][TfoN] and [Pyri101][TfoN] also deviated from the line
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significantly. The molar density normally decreases with increasing alkyl chain length as to
the 1,3-dialkylimidazolium cation-based RTILs.'®! | think that the molar density
contributes to the stabilization of metal nanoparticles in RTIL. Since the constituent
molecules exist thickly in the high-density RTILs, the nanoparticles are easily stabilized by
high concentration stabilizing molecules compared to aggregate each other. Moreover, |
tried to examine the correlativity of the particle size with the physicochemical properties such
as conductivity, kinematic viscosity, Walden product, cationic volume and void volume
calculated by cation and anion volume, but I could not obtain the result which is reasonable

to consider the control factor of the particle size.
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Figure 1-11. Relationship between the mean particle size of Pt (open mark) and Au
(solid mark) nanoparticle and the molar density of ILs with [THN]. (CJ, H)
ammonium cation; ({, 4) pyrrolidinium cation; (O, @) imidazolium cation; (Z\, A)

phosphonium type cation.

To investigate the influence of the anion species, Au nanoparticles were prepared in

following RTILs: [CiC4Im][TfN], [C1C4lm][PFg], [C1C4lm][TFO] and [C,C4Im][BETI].
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The TEM images of Au nanoparticles are shown in Figure 1-12 and the mean particle sizes
are listed in Table 1-5 with the viscosity, density, molar density and calculated anion volume
of each RTIL.'®™  The corresponding nanoparticles in these RTILs had spherical shapes.
And their mean particle size did not change drastically compared with changing the alkyl
chain length of imidazolium cation. Dupont et al. reported that the particle size of Au
nanoparticles in this method is affected by the fluorinated moieties on the RTIL surface.
They also reported that imidazolium cation plays a crucial role to stabilize Au nanoparticle
prepared by reduction of precursor in RTIL.'®!  The fluorinated moieties at the surface of
these four RTILs in this study are comparable from the result of the angled-resolved X-ray
photoelectron spectroscopy (ARXPS).?61271 \ith the result and previous reports, the

influence of anion species for the particle size is small using same cation component.

Figure 1-12. TEM pictures of Au nanoparticles prepared in (a) [C;C4Im][Tf,N], (b)
[C1C4lm][PF¢], (c) [C1Calm][TFO] and (d) [C:C4Im][BETI].
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Table 1-5. Mean particle sizes of Au nanoparticles prepared in [C;C4lm]-based RTILs and physicochemical properties

of RTILs

a Mean particle size ™ Viscosity? Density”  Molar density™  Cation volume ®
RTILs Fw? (nm) P (cP) g (gem®)  (mmol cm’?’)y (A%
[C.CAM[TLN] 4194 3.0 50 1.45 3.45 199.6
[C.C4lm][PF] 2842 3.7 261 1.37 4.82 113.5
[C.Cim][TFO]  288.3 3.4 84 1.30 4.51 122.3
[C.C4m][BETI] 5194 35 109 1.50 2.89 285.1

a) Formula weight. b) Estimated by TEM observation. ¢) The value at 298 K or 303 K. d) Calculated from the
formula weight and density listed in this table. e) Calculated at the B3LYP/6-31+G(d) level.

Table 1-6. Mean particle sizes of Pt and Au nanoparticles prepared in phosphonium cation-based RTILs and physicochemical properties of
RTILs

a Mean particle size ("m) ¥ viscosity® Density®  Molar density®  Cationsize® Anjon volume ©

RTILs FW? 5 Al @ Y @emd  (mmolem?)  (AY (A

[P4441][DMP] 3424 42 463 530 1.03 3.01 346.8 140.3
[Pasa20n][TRN]  527.5 3.4 3.9 242 1.26 2.39 375.1 199.6
[Pssss[DEPDT] 4447 4.3 4.4 1078 1.01 2.27 389.9 217.3
[Ps448][TFN] 595.7 1.9 2.9 250 1.18 1.98 535.0 199.6
[Pa445][TFO] 464.6 " %7 778 1.08 2.32 535.0 122.3
[Pssss][CF:COO] 428.6 2.3 1.4 453 1.03 2.40 535.0 100.6
[P2.448][TS] 486.7 1.8 3.0 2435 1.02 2.10 535.0 192.8
[Psssr2][MCBS] 6449 4.1 4.0 16401 1.05 1.63 567.7 265.5

a) Formula weight. b) Estimated by TEM observation. c¢) The value at 298 K or 303 K. d) Calculated from the formula weight and
density listed in this table. e) Calculated at the B3LYP/6-31+G(d) level. f) We couldn’t estimate the values by TEM observation, but we
confirmed the Pt atoms by ICP-AES measurement.



Aforementioned above, | elucidated that phosphonium cation-based RTIL with [Tf;N] can
be applied to produce the metal nanoparticles in this method. To extend the knowledge, |
prepared Au and Pt nanoparticles in wide variety of phosphonium cation-based RTILs. The
obtained particle sizes and the physicochemical properties of RTILs are listed in Table 1-6
with [Ps448][TFN] and [Pas420n][TRN].I'Y The nanoparticles were newly confirmed by
TEM observation in following RTILS: [P4441][DMP], [P4.4.44][DEPDT], [P4448][CFsCOQ],
[P4248][TS]. In [Ps44g][TfO], it was difficult to evaluate the particle size by TEM
observation but the presence of metal atoms in RTIL was confirmed by ICP-AES same as
Pt-sputtered [C,CoIm][Tf,N] and [C,:C4Im][Tf,N]. The correlativity of the particle size with
the physicochemical properties of phosphonium cation-based RTIL was studied. But
unfortunately, any tendency was not found. This reason is unclear but I believe that part of
it is the higher dissociation degree of phosphonium cation-based RTILs compared to other
nitrogen-containing onium cations. | plan to continue the investigation for the key control
factor of particle size in phosphonium cation-based RTILs.  Another interesting
phenomenon was observed when the metal was sputtered onto [P448][MCBS] whose
viscosity is 16401 cP. Au or Pt thin film was formed at the surface and small amount of
metal nanoparticles were confirmed inside RTIL by TEM observation. This result implies
that its high viscosity delays the diffusion of sputtered metal clusters into RTIL enough to
form the film.

Considering results described above, I discuss the control factor of the particle size in ionic
liquid-sputtering method. The particle size is not dominated by one physicochemical
property and is affected by various factors. The proposed formation mechanism can divide
into three phase as shown in Figure 1-13.  As the first phase, the amount of sputtered metal
atoms and clusters are dependent of the kind of metal target with different sputtering rate,
resulting the metal concentration at RTIL surface are changed. Therefore, the difference of

the particle size between Pt and Au is provoked at same sputtering condition. Indeed, this
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was regulated by controlling the sputtering conditions and the effects of sputtering condition
in ionic liquid-sputtering method have already reported by Nishikawa et al. The second
phase is growth at gas-liquid surface. At this phase, the population of alkyl chains is the key
factor to determine the particle size. As increasing alkyl chains of cationic component, it
exists densely at the RTIL surface and makes difficult for the sputtered metal atoms and
clusters to penetrate inside RTIL. The last phase is the diffusion and the stabilization inside
RTIL. The viscosity has an implication for the diffusion inevitably, which is evidenced by
the thin metal film formed using very high-viscous RTIL. The stabilization process is
affected by the molar density and the structure of cationic component. At present, this
proposed mechanism is applicable to imidazolium, pyrrolidinium and ammonium
cation-based RTILs. For the phosphonium cation-based RTIL, | have many unknowns

about the control factor and have the plan to continue the investigation.

E Metal target j

0 O First phase
8 @) The amount of metal atoms and
o oo © ’ clusters are dependent of metal
o 8 0008 st species of the target.
oo ©o0 O Second phase
C%) C%) ond Composition of RTIL at gas-liquid

surface is an important factor for
nanoparticle growth.

RTIL cee XD

C%j Viscosity and density of RTIL are an
important factor for diffusion and
stabilization of metal nanoparticles.

Figure 1-13. Schematic illustration of proposed formation mechanism of nanoaprticles
by RTIL-sputtering method.
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1-4. Conclusions

In this study, at first, 1 examined the physicochemical properties of the distinctive
tri-n-butylalkylphosphonium-based RTILs. All the RTILs prepared in this investigation
indicated a favorable thermal decomposition temperature exceeding 560 K. The [P4 4, 4,
12][MCBS] had a fairly-high thermal stability, and several unique physicochemical behaviors
in the RTIL were revealed. The physicochemical behavior would be caused by the
anomalous framework structure in the RTIL. The [P4,4 4, 1][DMP] formed an ionic plastic
crystal phase, but the [Py 4 4 4][DEPDT] with the ion structures similar to [Py 4 4, 1]" and
[DMP] was not the case. The [Pq4, 4, 4 20u][Tf2N] showed a relatively-high conductivity
among the tri-n-butylalkylphosphonium-based RTILs with usual fluoroanion. There is no
doubt that the anion structure in the phosphonium cation-based RTILs strongly affect the
thermal stability and the phase transition properties. These results will be useful
information if novel functional phosphonium-based RTIL system is designed.

Furthermore, focusing on the RTIL species, | investigated the control factors that affect the
size of metal nanoparticle prepared by ionic liquid-sputtering method. | prepared Pt and Au
nanoparticles in wide variety of RTIL and firstly demonstrated applicability of phosphonium
cation-based RTIL to this method. The mean particle sizes of obtained Pt and Au
nanoparticles were compared with their physicochemical properties. Although the particle
size was too small to evaluate the correlativity in Pt-sputtered RTIL, the tendency with the
viscosity and density was found at Au nanoparticle prepared in imidazolium, pyrrolidinium
and ammonium cation-based RTILs with [Tf,N] . And also, we examined the anion effect
for the particle size using [C1C4lm]™ and found that it is smaller than the cation effect. In
the phosphonium cation-based RTILs, no tendency with the physicochemical properties was
observed. There is no doubt that the control factor of the particle size is so complicated and
affected by various factors. These results will be helpful information to prepare metal

nanoparticles by ionic liquid-sputtering method.
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Chapter 2

Preparation of Pt Nanoparticle-Supported Carbon
Composite  Materials and Their Application to

Electrocatalyst

2-1. Introduction

Platinum possesses inherently a high catalytic activity for electrochemical oxygen
reduction reaction (ORR). Further enhancement of Pt catalytic ability is one of the keys for
practical application of polymer electrolyte fuel cell (PEFC) systems because abundance of Pt
on the planet is finite. Various preparation processes on novel Pt catalysts have been

reported.[¢-%

There are some interesting articles reporting that RTIL-modified Pt or Au
nanoparticles show a good catalytic activity toward O, reduction.?®*?  As already
mentioned in the general introduction, our research group have succeeded to synthesize Pt
nanoparticles having ca. 2 ~ 4 nm in diameter by the ionic liquid—sputtering method and to
immobilize the prepared Pt nanoparticles on the surface of glassy carbon (GC) electrode for
ORR.P® Unfortunately, however, it did not include important information such as surface
condition and detailed electrocatalytic activity of Pt-embedded GC electrode.

There is also no report about immobilization of metal nanoparticles prepared by this
method on carbon nanotube (CNT) that is a promising supporting material for catalytically
active nanoparticles due to favourable physicochemical properties and large surface area to
volume ratio.™*)  Regardless of metal nanoparticle preparation method, it is very difficult

for us to immobilize metal nanoparticles on the CNT possessing a chemical inertness surface.

Nevertheless, a couple of successful approaches to immobilize metal nanoparticle onto the
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CNT surface have already been proposed. A commonly-used approach is a CNT oxidation
method with a strong acid.?*! By this approach, aromatic rings on CNT are partially
wrecked, and it offers active sites for metal nanoparticle immobilization, e.g., -COOH and —
OSO3H groups.  Another popular approach is a wrapping method: CNT is covered with a

(1321351 These conventional

functionalized polymer that works as an organic linker.
approaches often have an adverse impact on original electrical property and chemical stability
of CNT owing to partial breakup of the @ conjugation skeleton and reduction of contact
points among the CNTSs.

The aim of this chapter is, using the Pt nanoparticle-dispersed RTILs prepared by the ionic
liquid—sputtering method, to examine the catalytic activity of Pt-embedded GC electrode and

to establish a facile approach for fabrication of the Pt nanoparticle-immobilized SWCNT (Pt—

IL-SWCNT) composite without any special pretreatment of the SWCNT.

2-2. Experimental section
2-2-1. Preparation of RTILs

N,N,N-trimethyl-N-propylammonium  bis(trifluoromethanesulfonyl)amide  ([N;, 1 1,
3][Tf2N]), N,N,N-triethyl-N-octylammonium bis(trifluoromethanesulfonyl)amide ([N, 2 »,
s][Tf2N]), N-methyl-N-propylpyridinium bis(trifluoromethanesulfonyl)amide ([Pyr1, s][Tf2N]),
N-butyl-N-methylpyridinium bis(trifluoromethanesulfonyl)amide ([Pyr1,  4][TFN]),
1-ethyl-3methylimidazolium bis(trifluoromethanesulfonyl)amide ([C1CaIm][TT,N]),
1-allyl-3-ethylimidazolium bis(trifluoromethanesulfonyl)amide ([CoCanylm][Tf2N]) were
purchased from Kanto Chemical Co., Inc. N-methyl-N-methoxymethylpyridinium
bis(trifluoromethanesulfonyl)amide ([Pyr1101][Tf2N]) was provided by Otsuka Chemical Co.,
Ltd. These RTILs were purified with the method described in previous reports before use.?
N,N,N-tributyl-N-methylammonium bis(trifluoromethanesulfonyl)amide ([Na, 4, 4, 1][Tf2N])

and 1-hexyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)amide
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([Cedimelm][T,N]) were prepared by mixing exactly equal molar amounts of the purified
organic chloride salts, N,N,N-tributyl-N-methylammonium chloride and
1-hexyl-2,3-dimethylimidazolium chloride, and Li[Tf;,N] in ultrapure water with
dichloromethane. The solution was agitated at room temperature for 12 hrs. The
dichloromethane phase containing RTIL was washed repeatedly with reverse osmosis (RO)
water until the water phase was found to contain no chloride as determined by the addition of

a few drops of a silver nitrate solution.

2-2-2. Preparation of Pt nanoparticles

A soda glass plate (2.5 x 2.5 cm), on which RTIL (0.4 mL) was spread, was set in a
Cressington108 auto SE sputter coater. A Pt foil target (5.7 cm, 99.98 %) was placed on
4.5 cm above the glass plate. Sputter deposition onto RTIL was conducted with sputter
current of 40 mA in dry Ar (99.999 %) atmosphere whose pressure did not exceed 7 £ 1 Pa.

The sputtering was conducted by direct current (DC) mode at room temperature (298 + 2 K).

2-2-3. Preparation of Pt nanoparticles-supported carbon materials

The Pt nanoparticle-embedded glassy carbon electrode (Pt-GCE) was prepared by the
following procedures; (i) heat treatment of the Pt-sputtered RTIL on a glassy carbon (GC)
plate (2.5 x 2.5 cm) at various temperatures under atmospheric conditions; (ii) immersing the
glassy carbon plate with 1.67 M KOH iso-propanolic solution for 12 hrs or rinsing the plate
with dry acetonitrile; (iii) drying the resulting electrode under vacuum for 30 minutes prior to
use. The heat treatment was conducted with a Koyo Thermo Systems REX-C900. If
iso-propanolic solution was employed for the (ii), the glassy carbon plate was rinsed with
nitric acid solution and ultrapure water before the drying process.

The Pt nanoparticle-immobilized SWCNT (Pt-IL-SWCNT) was prepared by the following

procedures; The SWCNT was purchased from Meijo Nano Carbon Co., Inc. SWCNT (1
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mg) without further treatment was mixed with a 0.4 mL Pt-sputtered RTIL by pestling in a
mortar, followed by ultrasonication for 30 min and agitation for 10 hrs. Further treatment
was conducted with heating the mixture at 573 K for 5 hrs.  The final product, Pt-modified
SWCNT (Pt-IL-SWCNT), was obtained after washing the resultant composite by acetonitrile

several times and drying it for 2 hrs in vacuo.

2-2-4. Characterization

Morphology of the obtained Pt nanoparticle and Pt-IL-SWCNT composite material was
observed by a HITACHI H-7650 transmission electron microscope (TEM) with an
acceleration voltage of 100 kV. Before the TEM observation, the sample grids were
prepared by dropping the Pt sputtered-RTIL and the Pt—-SWCNT dispersed isopropanol
solution onto a TEM grid (3.0 mm, copper, 400 mesh) and a TEM microgrid (23.0 mm,
copper, 167 mesh), respectively. The original TEM grids were coated with an amorphous
carbon thin layer. Elemental analysis of the specimens was performed with an EDAX
Genesis-XM2 energy dispersive X-ray spectrometer (EDX) mounted on the TEM.
Morphology of Pt-GCE was observed by a Keyence VE-8800 scanning electron microscope
(SEM). Surface condition analysis of the Pt-GCE was carried out by using a PerkinElmer
Spectrum 100 FT-IR spectrometer with an attenuated total reflectance unit. The Pt content
in the Pt-SWCNT was measured by a Shimadzu ICPS-7510 inductively coupled plasma
atomic emission spectrometer (ICP-AES). The chemical state of the elements contained in
the Pt-SWCNT was examined by a KRATOS AXIS-ULYRA HSA X-ray photoelectron

spectroscopy.

2-2-5. Electrochemical experiments
Electrocatalytic activities for Pt-GCE toward O, reduction were examined with an ALS

Model 660A potentiostat/galvanostat controlled with a desktop computer and a
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three-electrode cell. A Pt mesh was used as the counter electrode. The Ag/AgClI electrode
immersed in a KCl-saturated solution was employed as the reference electrode. Active
surface area of the Pt-GCE was determined with amount of adsorbed carbon monoxide (GL
Sciences, 99.9 %) that was electrochemically estimated by reference to previous

reports. 13137

The resulting Pt-GCE was pretreated with multiple potential scans between
0.5 and +1.25 V (vs. RHE) under dry N, condition before oxygen reduction experiments in
0.5 M H,SO, aqueous solution. The 0.5 M H,SO, solution was deaerated with oxygen gas
(99.999 %) for more than 30 minutes.

Electrocatalytic activities for a Pt-IL-SWCNT toward oxygen reduction were examined
with a Hokuto Denko HZ-5000 potentiostat/galvanostat controlled with a desktop computer.
The electrochemical experiments were conducted by using a three-electrode cell. A glassy
carbon (GC) rotating ring-disk electrode (RRDE) (Pt ring: 0.1866 cm?; GC disk: 0.2475 cm?
(Pine Instruments)) was used as the working electrode.  After preparation of Pt-IL-SWCNT
(1 mg) dispersed in i-propanol solution (0.2 mL), the solution of 5 uLL was applied to the GC
disk of the RRDE, and the i-propanol solution was evaporated in air. Finally the GC disk
was covered with a Nafion® i-propanolic solution of 5 pL to robustly fix the Pt-IL-SWCNT
on the GC. A Pt mesh was used as the counter electrode. The Ag/AgCl double-junction
electrode immersed in a KCl-saturated solution was employed as the reference electrode.
All potential values are reported with respect to reverse hydrogen electrode (RHE). The
prepared Pt-SWCNT working electrode was pretreated with multiple potential scans between
0.5 and +1.25 V (vs. RHE) in 0.1 M HCIO, aqueous solution under dry N, condition before
oxygen reduction experiments. Cyclic voltammograms were recorded at the Pt-IL-SWCNT
modified RRDE electrode in 0.1 M HCIO, agueous solution saturated with N, or O, gas.
Prior to the measurements, the solution was aerated with N, or O, more than 30 min.
Hydrodynamic voltammetry was carried out under O, atmosphere. The scan rate was 10

mV s™ and the rotating rate was 1200 rpm. The potential at the ring was maintained at 1.20
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V (vs. RHE) so as to entirely oxidize hydrogen peroxide (H,O;) generated by an undesirable
two-electron O, reduction reaction. H,O, generation rate, Xp0. (%), on the GC disk was

calculated from the following formulal**®!

_ 200lg/N
X200 = VI /N

where I is the ring current, Ip is the disk current and N is the collection efficiency, here, the
N value was 0.40. By this electrochemical analysis, | can estimate the percentage for the
two-electron reaction involved in the electrochemical O, reduction reaction at each potential

as X202

2-3. Results and discussion
2-3-1. Preparation of Pt nanoparticles

Pt nanoparticles can be produced by ionic liquid-sputtering method onto
trimethyl-n-propylammonium bis((trifluoromethyl)sulfonyl)amide, [Ni113][Tf:N], without
any stabilizing agents. This simple process can reproducibly yield Pt nanoparticles.
Figure 2-1 depicts TEM images of Pt nanoparticles obtained by the Pt sputtering onto
[N1113][TFN] at different sputtering times and their size distribution diagrams constructed
from the TEM images. All the Pt nanoparticles have mean particle size of ca. 2.3 ~ 2.4 nm,
and the particle size was of little relevance to the sputtering time. But the Pt concentration
in the sputtered RTILs linearly increased with increasing the sputtering time. It is known
that these Pt nanoparticles become slightly large after heat treatment exceeding 423 K.I°*
The mean particle size (ca. 3.7 £ 0.1 nm) is substantially constant value independently of the
heat temperature if the heat temperature is 423 ~ 573 K. 573 K was chosen as the maximum
heat temperature to avoid pyrolysis of the RTIL. In this investigation, based on the report,

heat treatment was carried out at 473 ~ 573 K so as to prepare a Pt nanoparticle-embedded
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glassy carbon electrode (Pt-GCE) because catalyst efficiency of Pt nanoparticle reaches the

maximum at 4.0 nm in diameter.[*3%
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Figure 2-1. TEM images and their size distribution diagrams at different sputtering
time. (a) 300 sec; (b) 900 sec; (c) 1800 sec.

2-3-2. ORR on Pt-GCEs

In our research group, it has been reported that Pt-GCE shows a favorable catalytic activity
for ORR in 0.5 M H,SO, aqueous solution.®¥ But unfortunately it did not include
important information on the surface condition of Pt nanoparticles on the Pt-GCE and on the
catalytic ability of the Pt nanoparticles per unit area. The former was examined with
infrared reflection absorption spectroscopy, and the latter was determined by a common
electrochemical method. Figure 2-2a and b indicate infrared reflection spectra for pure
[N1113][Tf2N] and Pt-GCE rinsed with 1.67 M KOH iso-propanolic solution.  After rinsing

the Pt-GCE, there was no peak related to the RTIL, i.e., bare Pt surface appeared.
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Figure 2-2. Reflective FT-IR spectra of Pt-GCE prepared at 573 K. () [N11,13][TfN]
on GC without heat treatment; (b) Pt-GCE rinsed with KOH iso-propanolic solution and
nitric acid; (c) Pt-GCE rinsed with acetonitrile.

In order to determine active surface area of the Pt nanoparticles on the Pt-GCE, carbon
monoxide, CO, stripping voltammetry was conducted. Steady state cyclic voltammograms
recorded at CO-absorbed Pt-GCEs are shown in Fig. 2-3a~c. These Pt-GCEs were prepared
at 473, 523, and 573 K. At first cycle, in all figures, an obvious oxidation wave
corresponding to CO stripping appears at 0.8 ~ 0.9 V, and the wave completely disappears at
second cycle. The CO stripping wave becomes large with increasing the heat temperature
for the Pt-embedded process. The Pt areas at the heat temperature of 473, 523, and 573 K
were 0.031, 0.100, and 0.200 cm?-Pt, respectively. At second cycle, typical hydrogen
adsorption and desorption peaks for Pt nanoparticle were observed in each cyclic
voltammogram.™%  Catalytic activity of these Pt-GCEs was examined by cyclic
voltammetry in O,-saturated H,SO,4 aqueous solution. In each case, a distinct reduction
wave for ORR appeared (Fig. 2-4). What is interesting is that the catalytic activity per unit

area was enhanced at lower heat treatment temperature. In fact, | expected an opposite
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result; that is, the catalytic activity per unit area increases as the Pt-embedded temperature
increases because our previous result was that the reduction current for ORR increased at
higher heat treatment temperature. To understand this unexpected result precisely, surface
morphology of these electrodes was observed by SEM. Figure 2-5 exhibits typical SEM
images at various Pt-embedded temperatures. Here, white color moiety should be Pt since
Pt can release more secondary electrons than glassy carbon. SEM images obviously whiten
as the Pt-embedded temperature increases, i.e., amount of embedded Pt nanoparticles
increases with the temperature. Therefore, increment in apparent reduction current for ORR
should be caused by increase in Pt nanoparticles embedded on the GC. However, as shown
in Fig. 2-4, the catalytic activity per unit area for the ORR becomes small at higher
Pt-embedded temperature. It is highly likely that effective Pt surface area decreases if the
Pt-embedded temperature increases because a dense Pt nanoparticle layer is formed on GC at
higher temperature (Fig. 2-5). At this moment, | cannot give the data on optimization of
Pt-embedded condition to meet both higher current for the ORR and higher catalytic activity

of the Pt nanoparticles per unit area.
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Figure 2-3. Cyclic voltammograms recorded at Pt-GCEs, on which CO monolayer
was absorbed. The heat temperatures for the Pt-GCE preparation were (a) 473 K, (b)
523 K, and (c) 573 K. The electrolyte was 0.5 M H,SO, aqueous solution at 298 K.
The scan rate was 10 mV s™.
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Figure 2-4. Cyclic voltammograms recorded at Pt-GCEs in O-saturated 0.5 M H,SO4
aqueous solution at 298 K. The heat temperatures for the Pt-GCE preparation were (a)
473 K, (b) 523 K, and (c) 573 K.  The scan rate was 10 mV s™.

Figure 2-5. SEM images of Pt-GCEs prepared at (a) 473 K, (b) 523 K, and (c) 573 K.
The Pt-GCEs were rinsed with KOH iso-propanolic solution and nitric acid.

2-3-3. ORR on RTIL-modified Pt-GCEs

Several research groups point out that RTIL improves a catalytic ability for ORR.!28132]
| have investigated ORR using a RTIL-modified Pt-GCE. The RTIL-modified Pt-GCE was
prepared by rinsing Pt-GCE with dry acetonitrile, not 1.67 M KOH iso-propanolic solution.
The surface state of the Pt-GCE was examined with infrared reflection absorption
spectroscopy. As shown in Fig. 2-2(c), the Pt-GCE rinsed with dry acetonitrile indicated
weak absorption related to the [N;113][Tf2N]. | named it RTIL-modified Pt-GCE in this

article. The surface area of the RTIL-modified Pt-GCE was estimated by using CO

stripping voltammetry, like original Pt-GCE described above. Figure 2-6a indicates cyclic
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voltammograms recorded at the RTIL-modified Pt-GCE on which CO was absorbed. There
is a no CO stripping wave, but is a reduction wave for hydrogen evolution. It implies that
the RTIL-modified Pt-GCE is electrochemically active without CO poisoning. As expected,
RTIL-modified Pt-GCE with CO poisoning reduced oxygen electrochemically (Fig. 2-6b).
In fact, a number of groups report an effective interaction between RTIL and metal
nanoparticles.?* %1 Probably the interaction prevents CO adsorption onto the Pt
nanoparticles. Catalytic activity of the RTIL-modified Pt-GCE without CO poisoning
toward ORR was investigated by cyclic voltammetry (Fig. 2-6¢). This RTIL-modified
electrode showed better catalytic ability than an original RTIL-modified Pt-GCE. The
reason is not clear but the high activity would be due to the high oxygen solubility in the
RTIL.A  Using [N1113][Tf2N] as a solvent and a material, | succeeded to fabricate a novel

electrode, which has both O, reduction catalytic ability and anti-CO poisoning nature.
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Figure 2-6. Cyclic voltammograms recorded at (a) a RTIL-modified Pt-GCE, on which
CO monolayer was absorbed, (b). a RTIL-modified Pt-GCE with CO poisoning and (c)
(—) a RTIL-modified Pt-GCE and (- - -) an original Pt-GCE under O,-saturated
atmosphere. The heat temperature for the Pt-GCE preparation was 573 K. The
electrolyte was 0.5 M H,SO,4 aqueous solution at 298 K.  The scan rate was 10 mV s™.
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2-3-3. Pt nanoparticle Immobilization onto SWCNT

The Pt nanoparticle-dispersed RTILs prepared by the ionic liquid—sputtering method were
exploited for fabrication of Pt nanoparticle-immobilized SWCNT composite material. The
fabrication process is depicted in Scheme 2-1. This approach never needs a laborious
pretreatment of the SWCNT and any chemical reagents. One thing that we have to do is to
agitate the mixture of the Pt nanoparticle-dispersed RTIL and SWCNT with heating. After
completing the agitation process, the resulting mixture was rinsed in a dry acetonitrile several
times to remove excess RTIL. Eventually I collected the target Pt-IL-SWCNT composite by
a centrifuge separation method. The Pt-IL-SWCNT was dried in vacuum before use. As
discussed below, I revealed that minuscule amounts of RTIL remains in the Pt-IL-SWCNT by
XPS analysis.  Fig. 2-7 represents TEM images of Pt-IL-SWCNT fabricated under different
Pt-nanoparticle preparation conditions. If the Pt nanoparticles were prepared in [Ny 1 1,
3][Tf2N], many of them were readily immobilized on SWCNT by approach developed in this
thesis. The amount of the Pt nanoparticles supported on the composite could be controlled
by the sputtering time for the Pt nanoparticle preparation (Fig. 2-7a—c and Table 2-1). The
mean particle size was ca. 3.2-3.5 nm independent of the sputtering time although it became
larger than original Pt nanoparticle size during the agitating process at 573 K in the Scheme
2-1. EDX data and size distribution diagram of the Pt nanoparticles supported on the
SWCNT are presented in Fig. 2-8. As given in Table 2-2, mean particle size of the Pt
nanoparticles on the Pt-IL-SWCNT composite varied with RTIL species used for the Pt
sputtering process (Fig. 2-8, 2-9, and 2-10). The value was ca. 2.3-3.5 nm except
[CiCoIm][TF,N]. The amount of Pt nanoparticles was up to 32.0 wt%, but it was difficult to
support Pt nanoparticles dispersed in imidazolium-based RTILs onto the SWCNT. The Pt
content in the Pt-IL-SWCNT was quite low compared with other RTIL systems having
alkylammonium cation and saturated heterocyclic cation. For example, there is no

measureable Pt nanoparticle on the Pt-IL-SWCNT fabricated by using [C,C.Im][Tf,N] (Fig.
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2-7), and the Pt content was 1.30 wt %. Considering that imidazolium cation-based RTILs
can form an ordered layer-by-layer liquid structure on a solid interface,*****! this unexpected
result may be caused by the ordered layer structure onto both Pt nanoparticle and SWCNT.
Under such condition, a thick RTIL layer between Pt nanoparticle and SWCNT is likely
formed, and then it seems to be hard to immobilize the Pt nanoparticle on the SWCNT
because fluidity of RTIL inevitably increases with increasing the layer thickness. | believe
this is the reason why the unexpected result was obtained in the imidazolium-based RTILs.
However, as shown in Table 2-2, the Pt content in the Pt-IL-SWCNT composites produced by
imidazolium-based RTILs tended to increase when the alkyl chain on the imidazolium cation
became longer. It would be caused by increase in the molecular fluctuation in the cation
leading to the destruction of the stable RTIL layer structure on the Pt nanoparticle and the
SWCNT. These results support the discussion reported by Endres, et al.'*®!  What is
interesting is that our procedure can readily change the amount of the Pt nanoparticle
supported on the SWCNT composite and the particle size by just controlling the Pt sputtering

condition and/or the RTIL species. The feature is a great advantage for this approach.

Pt-sputtered agitating !
: at RT

RTIL 0.4 mL + ‘

g SWCNT

1.0 mg
agitating
at 573 K rinsing
>
5 hrs acetonitrile

Pt nanoparticle-immobilized SWCNT

Scheme 2-1. Fabrication method for Pt nanoparticle-immobilized SWCNT composite
material used in this investigation.
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Figure 2-7. TEM images of Pt nanoparticle-SWCNT composite fabricated by Scheme
2-1. The RTIL was (a—) [Ny, 1,1, 3][Tf2N] and (d) [C,:C.Im][Tf,N]. The sputtering time
was (a) 300 sec, (b) 600 sec, and (c. d) 900 sec.

Table 2-1. Summary of Pt nanoparticle prepared in [Ny 1 1 3][Tf2N] by RTIL—magnetron
sputtering method and the Pt—SWCNT fabricated from the Pt-dispersed RTILs

Sputtering time  Mean particle Pt concentration in  Mean particle size Pt content in

(sec) size in sputtered  sputtered RTIL on SWCNT Pt-SWCNT
RTIL (mmol L-1)° (nm)? (Wt %)P
(nm)*

300 2.3 8.2 3.5 11.8

600 2.3 16.3 3.2 28.4

900 2.4 21.6 3.5 32.0

2 Estimated by TEM observation.  Calculated from ICP-AES measurement.
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Figure 2-8. (a) EDX spectra of Pt-IL-SWCNT prepared by using Pt-sputtered [Ny 1,
1,3][TzN]. The Cu intensity is derived from a Cu grid used for TEM observation.
(b-d) Size distribution diagrams of Pt nanoparticles on Pt-IL-SWCNT composite.
The Pt-sputtered RTIL was [N1 1 1,3][Tf2N].  The sputtering time was (b) 300 sec, (c)
600 sec, and (d) 900 sec.

Table 2-2. Mean particle size of the Pt nanoparticles and the Pt loading amount on
SWCNT?®

RTILs Particle  size irg Particle sizgz on Pt loading amount .
sputtered RTIL (nm)” SWCNT (nm) on SWCNT (wt%)
[N1,113][Tf2N] 2.4 35 32.0
[N2225][Tf2N] 1.4 2.6 23.6
[Naaa1][TN] 1.7 3.1 21.1
[Pyr13][Tf2N] 1.7 3.4 29.7
[Pyr14][Tf2N] 1.4 3.0 16.0
[Pyr1,101][TF2N] 1.6 2.8 17.7
[CiCoIm][TH,N] - A 1.30
[CoCanplm][TFN] 1.8 2.3 2.89
[Cedimelm][TF,N] 1.9 3.1 5.01

& Sputtering time was 900 sec. ” Estimated by TEM observation. © Calculated from ICP-AES
measurement. ¢ We could not estimate these values precisely, because they were very fine
particles not exceeding 1.00 nm in diameter.
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Figure 2-9. TEM images of Pt-IL-SWCNT composite prepared by using various RTILs.
The RTILs were (a) [N, 2, 2, 5][Tf2N], (b) [N, 4 4, 1][TF2N], (c) [Pyr1, s][TfN], (d) [Pyr:,
4][TEN], (e) [Pyr1, 101][TF2N], (f) [Co2Canylm][THN], and (g) [CedimIm][THN].
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Figure 2-10. Size distribution diagrams of Pt nanoparticles on Pt-IL-SWCNT composite
prepared by using various Pt-sputtered RTILs. The RTILs were The RTILs were (a) [N2,2 2,
s][Tf2N], (D) [N4,4,4,][TEN], () [Pyre,s][Tf2N], (d) [Pyrs, ][Tf2N], (€) [Pyrs, 101][TEN], (f)
[CoCanylm][TF2N], and (g) [CedimIm][THN].
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Because a facile approach to immobilize metal nanoparticles onto sp” carbon
nanomaterials including CNT and graphene is strongly required in various fields, it is
considerably important to clarify the driving force for the Pt-IL-SWCNT composite material
fabrication reported in this article, in terms of design for future functional materials
composed of metal nanoparticle and sp? carbon nanomaterials. | utilized X-ray
photoelectron spectroscopy to reveal the driving force and investigated the interactions in the
Pt-IL-SWCNT composite material. Fig. 2-11 exhibits XPS spectra of neat [Ny, 1,1, 3][T2N],
Pt nanoparticle-dispersed [N, 1,1, 3][Tf.N] prepared by the magnetron sputtering method, and
Pt-IL-SWCNT fabricated from the Pt-dispersed RTIL. In the case of neat RTIL, there is no
XPS valence band for Pt (Fig. 2-11a). As to the Pt nanoparticle-dispersed RTIL, XPS peaks
related to platinum appeared at 73.3 (Pt 4f;;;) and 76.4 eV (Pt 4f5,). These values were well
accorded with the binding energies for Pt(ll), not Pt(0). In fact, several research groups
have already reported that Pt nanoparticles prepared in RTIL have a minimal positive charge
on the nanoparticle surface and the charged Pt nanoparticle is stabilized with anions in the
RTIL.[*4822471 " The anomalous spectrum obtained by our XPS analysis supports it. After
fabrication of the Pt-1L-SWCNT, the peaks shifted to lower binding energy, 71.1 (Pt 4f;,) and
74.4 eV (Pt 4fs;p). These peaks were attributed to Pt(0), suggesting that Pt nanoparticle
exists on the SWCNT as a metal state. Fig. 2-11b and 2-11c show XPS spectra associated
with N 1s and F 1s, respectively. The XPS spectra for N 1s and F 1s observed in neat
[MesPrN][Tf,N] is confusingly similar to those in the Pt nanoparticle-dispersed RTIL.
However, with regard to the Pt-IL-SWCNT composite, XPS peak for N 1s spectrum at 403

eV, which is due to cationic species in RTIL,*®

shifted to higher binding energy, and that for
F 1s spectrum moved to lower binding energy relative to other two samples. It indicates
that there is a strong interaction between N atom in [Ny 1 1 3]" and F atom in [Tf,N] " although

the Pt-IL-SWCNT was rinsed in dry acetonitrile thoroughly to remove RTIL. These results

imply that the remaining RTIL plays a key role to immobilize Pt nanoparticle on SWCNT
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surface.9%%  Gijven both the XPS results obtained in this study and the fact that cationic
species in RTIL interact with 7 electron cloud on the SWCNT surface, | can give a plausible
model on the Pt-IL-SWCNT fabrication as shown in Fig. 2-12. | believe that RTIL exists as
nanoglue in between Pt nanoparticle and SWCNT. Thus, the Pt-IL-SWCNT composite

would be fabricated without any pretreatment process for SWCNT.
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4f, 4f cation anion Fls
5/2 l *7/2 * * ‘

Intensity / a.u.
Intensity / a.u.
Intensity / a.u.

)
]

80 78 76 74 72 70 415 410 405 400 395 390 700 695 690 685 680 675 670
Binding Energy / eV Binding Energy / eV Binding Energy / eV

Figure 2-11. XPS spectra of (a) Pt 4f, (b) N 1s, (c) F 1s of (——) neat [Ny 1,1, 3][TF2N],
(——-) Pt-sputtered [n1,1,1,3][Tf2N] and (e¢) Pt-1L-SWCNT.

RTIL works as nanoglue.
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Figure 2-12. Schematic illustration of Pt-IL-SWCNT composite material fabricated
in this study.
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Metal nanoparticle—-CNT composite material is expected to be a next-generation electrode
catalyst for polymer electrolyte fuel cell (PEFC). There are many papers on electrocatalytic
characteristics of metal nanoparticle—SWCNT composite.?® | examined electrocatalytic
activities of the Pt-IL-SWCNT prepared by the method depicted in Scheme 2-1 to oxygen
reduction reaction (ORR). The loading amounts of Pt-SWCNT were 7.1 wt%, 16.0 wt%,
241 wt% and 32.9 wt%, respectively. The Pt-SWCNT modified GC disk
(Pt-IL-SWCNT/GC) electrode was prepared by the method described in Experimental Details.
The prepared Pt-IL-SWCNT working electrode was pretreated with multiple potential scans
between 0.10 and +1.25 V (vs. RHE) in 0.1 M HCIO, aqueous solution under dry N
condition before the electrochemical experiments. Fig. 2-13 shows cyclic voltammograms
recorded at the Pt-IL-SWCNT (32.9 wt%)/GC electrode in 0.1 M HCIO,4 aqueous solution
saturated with N, or O, gas. Under N, atmosphere, several characteristic waves appeared at
065 to 1.25 V (vs. RHE) and 0.10 to 0.35 V. The former is attributable to
oxidation/reduction of Pt atoms on the surface of Pt nanoparticle, and the latter is due to
adsorption/desorption of hydrogen atoms onto the Pt nanoparticle. When the voltammetry
was conducted in the O, atmosphere, a distinctive O, reduction wave appeared at negative
potential than ca. 0.95 V. Other samples showed almost same electrochemical behavior.
Further investigation was carried out by means of hydrodynamic voltammetry using a
rotating ring-disk electrode in order to elucidate whether the O, reduction proceeds by a
useful four-electron reduction process.**?  From the voltammograms shown in Fig. 2-14,
the onset potential of ORR became positive with increasing the Pt loading amount on
SWCNT. And also, the reaction is determined precisely by an appropriate electroanalytical
chemistry technique. Fig. 2-15 presents a generation rate of H,O, that was yielded by a
two-electron ORR. Lower H,0O, generation rate means that the ORR predominantly
proceeds via a four-electron O, reduction reaction. In the case of 24.1 wt% and 32.9 wt% Pt

loading SWCNT, the estimated H,O, generation rate was close to 0 % at ca. 0.68 to 0.85 V.
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At potentials where O, reduction current was reached to the diffusion-limited current, H,O,
production was recognized, but the H,O, generation rates maintained low values that were
below 7% even at 0.15 V. This result shows that the Pt-SWCNT with high Pt loading

amount has a favorable electrocatalytic activity for ORR.
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Figure 2-13. Cyclic voltammograms recorded at a Pt-IL-SWCNT modified GC
electrode in 0.1 M HCIO,4 aqueous solution under (- - - ) N2 and (—) O, atmosphere.
The RTIL used for the Pt nanoparticle preparation was [Ny 1 1, 3][Tf2N]. The scan rate
was 10 mV sec™.
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Figure 2-14. Hydrodynamic voltammograms for ORR recorded at a PtIL-SWCNT
modified rotating ring-disk electrode in O,-saturated 0.1 M HCIO, aqueous solution at
298 K. The electrodes were (top) Pt ring and (bottom) Pt-IL-SWCNT modified GC disk.
The RTIL used for Pt nanoparticle preparation was [Ny 1 1 3][Tf2N]. The potential for
the ring electrode was 1.20 V.  The scan rate was 10 mV s™.  The rotation rate was 1200
rpom. Pt loading amount was (—)7.1 wt%, (-~ )16.0 wt%, (—)24.1 wt% and (—)32.9
wt%.
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Figure 2-15. Hydrogen peroxide generation rate determined by hydrodynamic
voltammetric method at different applied potentials. The data was constructed from Fig.
S7. Pt loading amount was (@)7.1 wt%, (©)16.0 wt%, (@)24.1 wt% and (@)32.9
wt%.
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2-4. Conclusions

The Pt nanoparticles obtained by the ionic liquid-sputtering method using [Ny, 11, 3][TfN]
had mean particle size of ca. 2.3 ~ 2.4 nm independently of the sputtering time. The
Pt-GCE prepared with the Pt-sputtered RTIL and a glassy carbon plate showed oxygen
reduction activity but the activity varied with the preparation condition for the Pt-GCE. The
[Ny, 1, 1, 3][Tf2N] modified Pt-GCE had better catalytic ability to ORR than the original
Pt-GCE and never showed CO poisoning behavior.

| also succeeded in the establishment of the facile Pt nanoparticle—-SWCNT composite
fabrication method. | found that RTIL can work as nanoglue for sticking Pt nanoparticle
against SWCNT. Interestingly this approach enabled variations in the amount of Pt
nanoparticle and Pt particle size supported on the Pt-IL-SWCNT composite by changing the
sputtering time and/or RTIL species in the Pt sputtering process. These features are a great
advantage for this approach. In addition, the Pt-IL-SWCNT composite had a promising

catalytic activity for electrochemical ORR.
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Chapter 3

Electrocatalytic Durability of Pt Nanoparticle-supported
Carbon Composite Materials Prepared by lonic

Liquid-Sputtering Method

3-1. Introduction

Polymer electrolyte fuel cells (PEFCs) are attractive energy source for mobile and
stationary applications because of their higher energy conversion efficiency and
environmental friendliness.™***°  Nevertheless, the cost and durability are big hurdles for
practical applications and further improvement. In the PEFCs, fine Pt nanoparticles
supported carbon black such as Ketjen Black EC and Vulcan XC-72 is used as the catalyst of

the cathode layer due to their low cost and higher electronic conductivity.[**®

Among
various factors of PEFC degradation, the degradation of Pt catalysts due to the
electrochemical corrosion of carbon support at the positive electrode is one of the most
serious problems for continual operation.™*” % The corrosion of carbon support is in
particular accelerated during the start-up and shut-down operations because the local cathode
potential can reach to as high as 1.5 V.***  When the carbon is oxidized to carbon dioxide
and carbon monoxide under the high voltage, it provokes the aggregation and migration of Pt
nanoparticles as well as detachment from the carbon support.

To improve the durability of Pt catalyst, there has been considerable research in the past
few decades.'61591621891  Among  them, novel carbon materials such as carbon

nanotubes*®31%1 carbon nanocages,*®® graphene,*****"! and so on.[**1%% have been studied

as the catalyst support. These are considered as attractive candidates because of the high
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surface area, corrosion resistance, and special electronic and mechanical properties. But it is
difficult to support Pt nanoparticles onto them due to the inertness of their surface. In cases
where adsorption of Pt nanoparticles are capable, the employed methods lose a part of the
origin property of the carbon materials during their pretreatments.™*3*!

It was described that Pt nanoparticles prepared by ionic liquid-sputtering method are easily
immobilized onto single-walled carbon nanotube (SWCNT) without laborious pretreatment
or any chemical reagents, and that obtained Pt nanoparticle-supported SWCNT is
electrochemically active. In this chapter, results obtained by the durability test of the Pt

nanoparticle-supported carbon materials prepared ionic liquid-sputtering method are shown.

The durability was mainly examined by accelerated potential cycling tests.

3-2. Experimental section
3-2-1. Materials

The RTIL, N,N,N-trimethyl-N-propylammonium bis(trifluoromethanesulfonyl)amide
([N1,1,13][TF2N]), was in ultrapure grade purchased from Kanto Chemical Co., Inc. This
RTIL was purified by washing with water several times and dried under vacuum condition
prior to use. Single-walled carbon nanotube (SWCNT) and carbon black (CB) (Vulcan®
XC-72) were purchased from Meijo Nano Carbon Co., Inc. and Cabot Co., respectively.
Ethylene glycol (99.5 +%) and NaBH, (95.0 +%) were purchased from Wako Pure Chemical
Industries, Ltd. NayPtCls-6H,0 (98.0%) and Nafion® solution (5 wt%) were purchased
from Sigma-Aldrich Co. LLC. TEC10V30E, which is commercially available Pt
nanoparticle-supported carbon catalyst, was purchased from Tanaka Kikinzoku Kogyo K. K.

Except the RTIL, all chemicals were used as received.

3-2-2. Preparation of Pt nanoparticles-supported carbon materials

The soda glass (2.5 cm x 2.5 cm), on which [N1113][Tf2N] (0.4 mL) was spread, was put in
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a Cressington108 auto SE sputter coater. A polycrystalline Pt plate target (¢ 5.7 cm,
99.98%) was placed on 4.5 cm above the glass plate.  Sputter deposition onto [Ny113][Tf2N]
was conducted with sputter current of 40 mA in dry Ar (99.999%) atmosphere whose
pressure did not exceed 7 £ 1 Pa. The sputtering was carried out by direct current (DC)
mode at room temperature (298 + 2 K).

Appropriate quantities of SWCNT or CB were mixed with 0.4 mL of Pt-sputtered
[N1113][TF2N] in a vial and agitated for 10 hrs to make homogeneous dispersion state. The
resulting mixture was heated at 573 K for 5 hrs. Obtained products, Pt-IL-SWCNT and
Pt-IL-CB, were washed with acetonitrile several times, followed by vacuum drying for a few
hours in vacuo.

Chemical oxidation of SWCNT was conducted by immersing SWCNT in H,SO4/HNO;
mixture (3:1 volumetric ratio) for 10 hrs at 338 K. The oxidized SWCNT was filtered,
washed with deionized water several times, and dried. Ethylene glycol was used as a
stabilizer for Pt nanoparticle. All reactions described below in this section were carried out
under nitrogen atmosphere. Ethylene glycol (25 g) was mixed with NaBH, (0.6 g) slowly,
followed by agitating for 2 hrs at room temperature. The mixed solution was gradually
added to the suspension containing ethylene glycol (25 mL), NayPtCls-6H,0 (0.205 g), and
the oxidized SWCNT (0.1 g), followed by agitating for 4 h at 338 K. To neutralize the
solution, 0.2 M HCI aqueous solution (15 mL) was added slowly and agitated for 3 h. The
obtained Pt nanoparticle-adsorbed oxidized SWCNT (Pt-SWCNT) was washed with
ultrapure water and collected by centrifuge. After vacuum-freeze drying, Pt-SWCNT was

used for measurements. The Pt loading was 30.3 wt%.

3-2-3. Characterization
Information of size distribution of Pt nanoparticles and the morphology of carbon support

were obtained by observation of the prepared samples with a Hitachi H-7650 transmission
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electron microscope (TEM) operated at 100 kV. The sample grids for the TEM observation
were prepared by placing one drop of i-propanol solution involving the sample onto a cupper
grid coated with an amorphous carbon thin layer. Pt amount of the carbon composite was
identified by a Shimadzu ICPS-7510 induced coupled plasma spectrometer (ICP-AES). The
carbon composites were dissolved in a hot aqua regia and the obtained solution was used for

the ICP-AES measurement.

3-2-4. Electrochemical experiments

Electrocatalytic activities of Pt nanoparticle-supported carbon materials prepared in this
study was examined with a Hokuto Denko HZ-7000 potentiostat/galvanostat controlled with
a laptop computer. The electrochemical experiments were conducted by a three-electrode
cell at room temperature. A glassy carbon (GC) rotating disk electrode (surface area: 0.196
cm?, Pine Instruments) was used as the working electrode. The GC electrode was polished
to a mirror gloss with 0.06 um alumina suspension before each measurement. The ink was
produced by ultrasonically dispersing 1.0 mg of Pt-carbon (Pt-IL-SWCNT, Pt-IL-CB,
Pt-SWCNT, and TEC10V30E) in i-propanol (0.2 mL) for 30 min. 5 uL of the ink was
spread onto GC and the i-propanol in the ink was slowly evaporated in the air. Then, the
GC disk was covered with 5 pL of Nafion® solution (0.2 wt%) diluted with i-propanol to fix
the catalyst on GC robustly. The obtained working electrode was set in a Pine Instruments
AFMSRCE electrode rotator for the measurements. A Pt mesh was used for counter
electrode. The Ag/AgCl double-junction electrode immersed in saturated-KCI aqueous
solution was used as a reference electrode. All potential values in this chapter are referred
to reverse hydrogen electrode (RHE). 0.1 M HCIO, aqueous solution was used as
electrolyte.  Before the measurement of their electrocatalytic activities, the working
electrode was subjected to 50 cycles of potential sweep at 50 mV s * between 0.05 and 1.2 V

vs. RHE under nitrogen atmosphere to get the stable and reproducible voltammogram. The
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electrochemical surface area (ECSA) of Pt was determined by hydrogen adsorption or
desorption coulombic charge in the cyclic voltammogram under nitrogen atmosphere after
subtracting double layer charge current,. The value of ECSA was calculated from the

equation given by

Qy X 102

ECSA = 4 —
CSA =270 x M,

where Qy (1C) is the charge of hydrogen adsorption/desorption.  The value of 210 (uCcm )
is an average value for the charge associated with monolayer surface formation of hydrogen
on a smooth polycrystalline platinum. Mg (ug) is the Pt amount on GC working electrode.
The degradation behavior of Pt nanoparticle-supported carbon materials was evaluated by
employing the standard degradation test recommended by FCCJ."™  The method simulates
overload condition at start and stop of a fuel cell by applying potential sweep between 1.0
and 1.5 V vs. RHE at 500 mVs™* and defined 2 s of operation as a 1 cycle. All the

measurements were conducted under nitrogen atmosphere at room temperature.

3-3. Results and discussion

The morphologies of the prepared Pt-supported carbon and commercial catalyst were
observed by TEM, as shown in Figure 3-1. Adsorption of lots of Pt nanoparticles was
confirmed on the surface of the carbon support at each sample. The mean particle sizes of
Pt nanoparticles adsorbed on the carbon support given in Figure 3-1(a) to (d) are, respectively,

3.4 nm, 2.8 nm, 3.6 nmand 2.6 nm.
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50 n%’ N
Figure 3-1. TEM images of (a) Pt-IL-SWCNT, (b) Pt-SWCNT, (c) Pt-IL-CB and (d)
TEC10C30E freshly prepared.

Durability of Pt nanoparticle-supported carbon catalyst was examined by the potential
cycle test between 1.0 and 1.5 V (vs. RHE). Figure 3-2 shows the changes in cyclic
voltammograms (CVs) for four different catalysts taken in 0.1 M HCIO, solution deaerated
with N, at room temperature. All the catalysts showed the hydrogen adsorption and
desorption peaks at potentials ranging between 0.10 and 0.35 V and Pt-oxide formation and
reduction peaks at potentials ranging between 0.80 and 1.2 V. As well known, a couple of
peaks appeared at around 0.6 V in CV for carbon materials is assignable to redox reaction of
quinone and hydroquinone moiety, indicating generation of oxidized carbon on the carbon

support during the potential cycling tests.*"!]

Although the peak derived from oxidized
carbon were increased after the potential cycle test for each catalyst, significant decrease of
the hydrogen adsorption and desorption peaks was not recognized for Pt-IL-SWCNT and

Pt-IL-CB (Figure 3-2 (a) and (c)), which were contrast to the results obtained from
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Pt-SWCNT and TEC10V30E (Figure 3-2 (b) and (d)) indicating large decrease of the peaks

due to the hydrogen adsorption and desorption.
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Figure 3-2. Cyclic voltammograms of (a) Pt-IL-SWCNT, (b) Pt-SWCNT, (c) Pt-IL-CB
and (d) TEC10V30E during the potential cycle test. The cyclic voltammograms were
recorded in N saturated in 0.1 M HCIO, solution at room temperature with the scan rate of
10mvVs™

The changes in electrochemical surface areas (ECSAs) of different catalysts as a function
of cycle number during the potential cycle test are shown in Figure 3-3(a). Pt-IL-SWCNT
and Pt-IL-CB showed increase in ECSAs in initial several thousand cycles. Such the
behavior is more obvious from Figure 3-3(b) which plots ECSAs that are normalized to each
maximum value. This is probably due to the crystallization of Pt nanoparticles with
ordering by sintering during the potential cycle test. Initial and maximum ECSA, ECSA
after potential cycle test, and retention ratio were calculated for each catalyst and are
summarized in Table 3-1. Retention ratio at after 15000 cycles decreased in the following

order; Pt-IL-SWCNT > Pt-IL-CB > Pt-SWCNT > TEC10V30E. Pt-IL-SWCNT showed the

64



highest maximum ECSA and better durability than Pt-SWCNT, suggesting that the oxidative
treatment influences their property. As a matter of fact, the pristine SWCNT surface
composed of only sp? carbon is known to be more chemically stable than the surface of the
oxidized SWCNT. What makes the result even more interesting is that Pt-1L-CB showed
the higher retention ratio compared with Pt-SWCNT. In general, the corrosion of CB is
thought to take place easily during potential cycle test as seen in TEC10V30E because of the
presence of functional groups at the carbon surfaces. It is then strongly suggested that
RTILs existed at the catalyst prevent or delay the corrosion of carbon support. In
comparison with the retention ratio after 30000 cycles, Pt-IL-SWCNT exhibits better value

than Pt-IL-CB. This outcome is derived from the difference of origin nature between

SWCNT and CB.
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Figure 3-3. Change in (a) ECSA and (b) normalized ECSA during the potential cycle test
for (e) Pt-IL-SWCNT, (A) Pt-SWCNT, (m) Pt-1L-CB and () TEC10V30E.

65



Table 3-1. The variation of electrochemical surface area (ECSA)

Catalyst Initial ECSA Max. ECSA  ECSA after Retention ratio of
(m?g™) (m?g™Y) durability test ECSA?
(m’g™)
Pt-IL-SWCNT  48.7 66.3 39.2" 74.4 %9, 51.6% "
Pt-SWCNT 26.8 27.4 13.39 48.6%°
Pt-IL-CB 39.7 45.3 16.8" 71.1%°, 37.2%"
TEC10V30E 47.5 47.5 6.1% 12.8%°

a) The value was calculated using maximum ECSA listed in this table. b) The value after
30000 cycles and c) after 15000 cycles.

It is essential to analyze the changes in morphology of catalysts after the potential cycle
test. Figure 3-4 shows TEM images for Pt-IL-SWCNT, Pt-SWCNT, Pt-IL-CB and
TEC10V30E after the potential cycle test, indicating a big difference of morphology between
the samples using RTILs or not. In TEM images of Pt-IL-SWCNT and Pt-IL-CB, it is
clearly seen that Pt nanoparticles remain on the carbon support with small quantity of
aggregation. The large aggregate of Pt nanoparticles is confirmed for Pt-SWCNT.
Furthermore, the corrosion of carbon support and detachment of Pt nanoparticles are seen for
TEC10V30E. Based on these results, it is considerable that RTILs exist at the catalyst play
an important role for maintaining Pt nanoparticles onto carbon support during potential

cycling test.
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Figure 3-4. TEM images of (a) Pt-IL-SWCNT, (b) Pt-SWCNT, (c) Pt-IL-CB and (d)
TEC10C30E after the potential cycle test.

To clarify the effect of RTILs on the carbon support, [N1 1 1 3][Tf2N]-modified
TEC10V30E (TEC10V30E-IL) was prepared by mixing the carbon catalyst and the RTIL
with heating at 573 K, the way of which was similar to the preparation of Pt-IL-CB
mentioned in the experimental section. The changes in CVs during the potential cycle test
for TEC10V30E-IL and the changes in the normalized ECSA with that of TEC10V30E are
shown in Figure 3-5(a) and (b), respectively. The hydrogen adsorption and desorption peaks
decreased with an increase in the potential cycles. In comparison with TEC10V30E about
the change of ECSA, the apparent difference of decrease rate is seen at initial hundred cycles
but it showed almost the same tendency in the decrease of ECSA with TEC10V30E. This
result indicates that mixing of RTIL with as-prepared Pt supported catalyst is ineffective to
prevent the degradation of the catalyst. This result also supports the desirable effect of RTIL
existed between Pt nanoparticles and carbon support in the catalyst prepared by ionic

liquid-sputtering method.
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Figure 3-5. (a) Cyclic voltammograms of TEC10V30E-IL and (b) change in normalized
ECSA during the potential cycle test for () TEC10V30E-IL and (4) TEC10V30E.
The cyclic voltammograms were recorded in N, saturated in 0.1 M HCIO, solution at
room temperature with the scan rate of 10 mV s .

3-4. Conclusion

| investigated the durability of Pt nanoparticle-supported carbon materials prepared by
ionic liquid-sputtering method using the potential cycle test between 1.0 V and 1.5 V vs. RHE.
Pt nanoparticle-supported single-walled carbon nanotube (Pt-IL-SWCNT) and carbon black
(Pt-1L-CB) prepared using ionic liquid showed higher electrochemical durability as compared
with catalyst prepared by chemical reduction method. TEM observations revealed that lots
of Pt nanoparticles were retained on the carbon support after 30000 cycles of potential cycle
test for Pt-IL-SWCNT and Pt-IL-CB. The reason for the high durability is attributable to
existence of the RTILs between the carbon support and Pt nanoparticles, which prevents
oxidation of the carbon support due to Pt nanoparticles as catalyst. Accordingly the RTIL
plays an important role for preventing the corrosion of carbon support and the detachment of

Pt nanoparticles.
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Summary

In this dissertation, preparation of Pt and Au nanoparticles by ionic liquid-sputtering
method and the application of Pt nanoparticles to electrocatalyst were investigated. The
effect of room temperature ionic liquid (RTIL) component on the size of metal nanoparticles,
electrocatalytic activity and durability of Pt nanoparticles supported carbon materials were
discussed in each chapter of this thesis. The main results and conclusions obtained in this

study are summarized as follows:

In chapter 1, the physicochemical properties of novel four n-tributylalkylphosphonium
cation based RTIL and the effect of RTIL component on the size of Pt and Au metal
nanoparticles prepared ionic liquid-sputtering method were described. Pt and Au
nanoparticles were prepared in more than 20 types of RTIL including phosphonium
cation-based RTILs. It is firstly demonstrated that phosphonium cation-based RTIL can
apply for preparation of metal nanoparticles by ionic liquid-sputtering method. Although
the particle size was too small to evaluate the correlativity in Pt-sputtered RTIL, the tendency
with the viscosity and density was found at Au nanoparticle prepared in imidazolium,
pyrrolidinium and ammonium cation-based RTILs with bis(trifluoromethylsulfonyl)amide

anion. The formation mechanism of metal nanoparticles was discussed.

In chapter 2, preparation of Pt nanoparticle-supported glassy carbon (GC) and
single-walled carbon nanotube (SWCNT) and their electrocatalytic activities in acidic
solution have been discussed. Pt nanoparticles prepared by ionic liquid-sputtering method
were easily immobilized on GC by heating process. Electrocatalytic activity toward oxygen

reduction reaction (ORR) was changed by the temperature for immobilization. Pt
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nanoparticle was also immobilized on SWCNT. It is found that RTIL can work as nanoglue
for sticking Pt nanoparticle against SWCNT. The amount of Pt nanoparticles and particle
size supported on SWCNT were changed by the sputtering time and/or RTIL species.
Obtained Pt nanoparticle-supported SWCNT showed a favourable electrocatalytic activity

toward ORR.

In chapter 3, the electrochemical durability of Pt nanoparticle-supported carbon catalysts
prepared by ionic liquid-sputtering method were described. The durability was examined by
potential cycle test between 1.0 V and 1.5 V vs. RHE. Pt nanoparticle-supported
single-walled carbon nanotube and carbon black prepared using ionic liquid exhibited higher
electrochemical durability as compared with the catalyst prepared by chemical deposition of
Pt and commercially available one. TEM observations have clearly revealed that RTIL

existed on the catalysts plays an important role for significant improvement of the durability.
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