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Pt-based nanoparticles on non-covalent
functionalized carbon nanotubes as effective
electrocatalysts for proton exchange membrane
fuel cells

Weiyong Yuan,? Shanfu Lu,® Yan Xiang® and San Ping Jiang*®

Due to their unique electronic and mechanical properties, carbon nanotubes (CNTs) have been attracting
much attention as favourite catalyst supports for energy conversion and storage applications. However,
CNTs require molecular engineering such as solubilization and surface modification or functionalization
to tailor their surface properties for the catalyst support applications. Among various functionalization
methods, non-covalent functionalization is preferred, because it enables the attachment of molecules,
solvents or polyelectrolytes through m=—m, CH-= or hydrophobic interactions, forming effective active
sites for the uniform assembly and dispersion of Pt-based precursor and/or nanoparticles (NPs) and at
the same time preserving the intrinsic electronic and structural integrity of CNTs. Non-covalent
functionalization is also effective to incorporate a multi-component electrocatalyst system with
significant enhanced synergistic effects. Here, the progress in the synthesis and development of highly
dispersed Pt, and Pt-based NPs such as PtRu, PtSn and PtPd on non-covalent functionalized CNTs will
be presented. The significant effect of interactions between CNTs, Pt-based NPs and functionalization
agents on the electrocatalytic activity of Pt-based NPs on non-covalent functionalized CNTs is discussed.

1. Introduction

The proton exchange membrane fuel cell (PEMFC) is an energy
conversion device to electrochemically convert the chemical
energy of fuels such as hydrogen, methanol, ethanol and formic
acid to electricity with high efficiency and low greenhouse gas
emission.”” PEMFC has been identified as a clean energy source
and has the potential to reduce energy dependence on fossil
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fuel."** The development of a highly active, low cost and
durable electrocatalyst is one of the critical challenges for the
commercial viability of PEMFC technologies. Pt and Pt-based
alloy is the most effective and commonly used electrocatalyst
for reactions such as oxidation of hydrogen, methanol and
formic acid and oxygen reduction reactions in PEMFCs.*®
However, a major hindrance to the commercialization of the
PEMFC technologies is the high cost associated with the Pt-
based electrocatalysts due to scarce resources. Thus, much
effort has been spent on enhancing the utilization efficiency of
Pt to reduce its loading and to improve the fuel cell perfor-
mance.*”'® Currently, a number of catalyst systems with
reduced Pt-based catalyst loading and enhanced electrocatalytic
activity have been proposed including Pt alloys,"**® Pt nano-
particles (NPs),’”*® Pt nanotubes and nanowires'>*® core-shell
Pt NPs**>* and Pt-free electrocatalysts.>*>’

The size of nano-structured Pt-based electrocatalysts plays a
key role in their electrocatalytic properties.’ In most cases, NPs
of a small size are favourable to increasing the catalytic activity
of Pt.>*3° However, since Pt NPs are easily aggregated in solution
or during the fuel cell operations, unique surface modifications
and/or a support material with good conductivity, high surface
area, and strong interaction with the NPs are greatly desired.*"**
The most common approach is to use high surface area carbon-
based supports to uniformly distribute and deposit nano-
structured Pt catalysts to increase activity and stability. The
ideal support materials for the fuel cell catalyst system should
have good electrical conductivity, large surface area for elec-
trochemical reaction, adequate hydrophilic properties for fast
water and reactant transportation to and from the active sites,
the strong interaction with metal catalyst precursor or NPs. The
most common supports for Pt-based electrocatalysts are high
surface area carbon, carbon nanotubes (CNTs), graphene and
nano-structured carbon.***® The ordered mesoporous carbons
(OMCs) also show a promising potential as catalyst supports in
fuel cells due to their very high specific surface areas (up to 2000
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m? g ), uniform pore size in the range of 2-10 nm and high
thermal, chemical and mechanical stability.>”*® The structural,
chemical and thermal stability of the carbon-based support is
critical for the activity and stability of Pt-based electrocatalysts
as carbon corrosion is considered to be one of the most
important durability issues for fuel cells.**** Among them, high
surface area carbon or carbon black (CB), especially Vulcan XC-
72 is the most widely used support for Pt-based electrocatalysts
of fuel cells. However, CB suffers from thermochemical insta-
bility and low electrochemical corrosion resistance under fuel
cell operating conditions.*** As carbon corrodes, Pt NPs will
detach from the CB supports and aggregate into large particles,
resulting in the loss of electrocatalytic surface area and subse-
quently reducing the performance of fuel cells.

CNTs are promising supports of Pt-based NPs mainly
because of their excellent conductivity, ultrahigh surface area
and good chemical, thermal and structural stability.*>*¢
Graphitized CNTs are more intrinsically resistance to corro-
sion.”> However, due to their high aspect ratios and strong van
der Waals interactions, pristine CNTs are difficult to disperse in
water and the surface is very inert with few binding sites for
homogeneously attaching metallic NPs and/or their precur-
sors.””*® Therefore, it is necessary to develop surface treatment
methods to exfoliate bundled CNTs and modify the surface of
CNTs to enhance the dispersion of Pt-based NPs.****>> Covalent
modifications based on surface oxidation treatment are perhaps
the most widely used methods.'®**** Various oxidants can be
used including HNO;, H,SO,, H,0, and HF. The strong acid
oxidation treatment introduces hydrophilic groups such as
hydroxyl (-OH), carboxyl (-COOH) and carbonyl (-C=0) groups
to the CNT surface by the modification of the aromatic conju-
gate ring system of CNTs.**® The oxidized CNTs can be
dispersed in water and the surface functionalized groups have
strong attraction forces as the active sites for the synthesis or
deposition of metallic NPs such as Pt'**” and Pd* in the pres-
ence of reducing agents such as NaBH, and ethylene glycol (EG).

Dr San Ping Jiang obtained his
BEng from South China Univer-
sity of Technology and PhD from
The City University, London. He
is a Professor at the Department
of Chemical Engineering and
Deputy Director of Fuels and
Energy Technology Institute,
Curtin University, Australia and
Adjunct Professor of the Univer-
sity of Sunshine Coast Univer-
sity, Australia. Before joining
Curtin University in 2010, Dr
Jiang worked at Essex University in UK, CSIRO Materials Science
and Manufacturing Division, Ceramic Fuel Cells Ltd in Australia
and Nanyang Technological University in Singapore. His research
interests encompass fuel cells, water electrolysis, supercapacitors,
electrocatalysis and nano-structured functional materials.

This journal is © The Royal Society of Chemistry 2014

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

Review

Pt NP catalysts on covalently functionalized CNTs exhibit
enhanced electrocatalytic activity and stability as compared to
Pt NPs supported on high surface area carbon, Pt/C.'*%%%
Unfortunately, the strong acid treatment inevitably generates a
number of defects, alters the electronic structure and therefore
deteriorates the structural stability and corrosion resistance of
CNTs.**** Moreover, these approaches introduce Pt-based NPs
mostly at defects and ends of CNTs, resulting in non-uniform
distribution and agglomeration.*®

In contrast, non-covalent or physical modification approach
is a much more mild process, which preserves the intrinsic sp*
hybrid state and intrinsic properties of CNTs.* There are large
number of molecules including surfactants,** aromatic
compounds,'® polymers or polyelectrolytes,**® which can be
used as non-covalent functionalization agents. The functional
groups or charged sites of the functionalized molecules serve as
the effective active sites for the assembly and anchoring metal
precursors and NPs.>**” For example, Li et al. assembled CdS
and Pt NPs on 1-aminopyrene (1-AP)-functionalized CNTs.*® Ou
et al. deposited gold NPs on CNTs by use of 1-pyrenemethyl-
amine to functionalize the CNTs.* We investigated extensively
the use of a variety of polyelectrolyte and solvents such as poly-
(diallyldimethylammonium chloride) (PDDA),*”7*7>  poly-
ethylenimine (PEI),” 1-AP,' tetrahydrofuran (THF),* and chi-
tosan (CS)™ to functionalize CNTs as Pt-based catalyst supports.
In this paper, we will first review the current progress con-
cerning the effect of Pt NP size on the electrocatalytic perfor-
mance, followed by the main focus of this review on the
progress in the non-covalent functionalization of CNTs, and
their use as a support of Pt and Pt-based alloy NPs for fuel cell
applications. For functionalization of CNTs and carbon-based
materials by chemical, electrochemical, polyol-assisted
methods, readers can refer to specific review articles
(Table 1).3%7%77

2. Electrocatalytic activity of Pt NPs

One of the main driving forces for the development of non-
covalent functionalization methods is to create uniformly
distributed binding/active sites for the deposition of finely
dispersed Pt-based NPs on CNTs as the catalytic property of Pt
NPs is closely related to the particle size. Thus before the
discussion on the functionalization methods and the effect of
interaction between the functionalization agents, Pt NPs and
CNTs, it is helpful to briefly review the effect of Pt NP size and
surface treatment on the activity and stability of Pt-based NPs.

2.1. Effect of size of Pt NPs

For large Pt NPs, bulk of the material will not be available for the
electrochemical reaction as the electrocatalytic reaction only
occurs on the surface. With the reduction in size, more Pt atoms
are exposed on the surface, leading to an increased active
surface area and utilization efficiency of the Pt. However,
studies have revealed that the intrinsic catalytic properties of
the material change with particle size due to a combination of

This journal is © The Royal Society of Chemistry 2014
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localized coordination effects, changes in surface site distribu-
tion and surface relaxation.”®*°

The effect of Pt NP size on the catalytic activity for the
methanol and formic acid oxidation reaction was studied on
carbon nanofiber (CNF) supported Pt NPs (see Fig. 1).*® CNF
supported Pt NPs with different sizes were synthesized at
different pH using ethylene glycol (EG) as reducing agent. The
Pt NPs dispersed on platelet CNF are cuboctahedral particles,
with the size spanning from 1.1 to 5.6 nm. The mass specific
activities toward methanol and formic acid oxidation increase
with the decrease of size from 5.6 to 1.8 nm, most likely due to
an increase in electrochemically active surface area per unit
mass. However, the activities of supported Pt NPs decrease
when the particle size is below 1.8 nm. It has been found that
after the electrochemical testing, the 1.5 nm and 1.8 nm Pt NPs
seriously aggregated into large particles with very different
morphology and shapes (Fig. 1(II)). The reduction of the elec-
trocatalytic activity of Pt NPs with size below 1.8 nm is most
likely due to the aggregation of Pt NPs, leading to the signifi-
cantly reduced surface area.”®

The change in the particle size can also affect the crystallinity
of the particles. Leontyev et al. studied the size effect on the
oxygen reduction reaction on carbon-supported Pt NPs within
the particle size range of 1.8-5.4 nm and Pt loading of 20% and
observed a change of the particle shape and increasing fraction
of the (111) crystal facets with the decrease of particle size.** The
mass specific activity of Pt catalysts for the oxygen reduction
reaction first increased and then decreased again with the
decrease in the particle size, with the maximum activity ach-
ieved on Pt NPs with a diameter 2.7 nm. In the case of extremely
small particles, the shape or crystalline facets of Pt NPs might
be dominant over other factors in terms of the catalytic activity.
The effect of Pt particle size on the activities for the oxygen
reduction reaction in HClO, solutions was also studied by Shao
et al.* The surface area specific activity increased by 4-fold when
the particles changed from 1.3 to 2.2 nm and increased slowly
with the further increase in the particle size, while the mass
specific activity increased by 2-fold from 1.3 to 2.2 nm and
decreased again with the further increase in the particle size.
DFT calculations showed that the oxygen binding energy is the
weakest for the 2.2 nm Pt NPs. For particles smaller than 2.2
nm, all the surface sites show a very strong oxygen binding
energy, resulting in a very low electrocatalytic activity for the O,
reduction reaction.®

There is a size limit of Pt NPs in terms of their electrocatalytic
activities for fuel cells. Sun et al. studied the decline of the
electrocatalytic activity of extremely small Pt NPs (~1 nm)
toward hydrogen electrooxidation using both experimental and
simulation approaches.®® Pt NPs with diameter of ~1 nm were
synthesized using a high-surface-area mesoporous carbon black
CMK-3 as a support, which is amorphous. MD simulation
showed that this non-crystalline feature is a natural conse-
quence of substantial reduction in the particle size (Fig. 2(I)).
CO stripping results show that a positive shift in the peak
potential is evident for Pt/CMK-3 (Pt NPs: 1 nm) compared to Pt/
XC-72 (Pt NPs: 2.5 nm) and the peak of CO stripping on Pt/CMK-
3 is wider than that on Pt/XC-72 (Fig. 2(1I)), implying a stronger
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Table 1 List of most common polyelectrolytes/agents used in the non-functionalization of CNTs as support for Pt-based NPs

Review

Polyelectrolyte/agent Metal NPs/size Reducing method Ref.
H R
Polybenzimidazole, PBI <\N:(>N/>_©+ Pt/4.0 nm EG, refluxing at 140 °C for 4 h 65
Poly(diallyldimethyl- " .
N Y(dla. yldimethy EG, pH = 12.5, refluxing
ammonium Pt/1.8 nm at 130 °C 67
. n
chloride), PDDA Ho
Pd/3.5 nm NaBH, 116
PtRu/3.1 nm EG, pH = 6.5, microwave 152
for 2 min
n
Poly(sodium 4- Pt/1.5 nm EG, pH = 12, microwave 114
styrenesulfonate), PSS for 60 s
O=$=O
ONa
Poly(allylamine EG, pH = 12, microwave
. + HCI Pt/1.5 nm ’ ! 114
hydrochloride), PAH NH /1.5n for 60 s
2
S EG, pH = 12, microwave
Poly(acrylic acid), PAA Pt/1.5 nm Y 114
y(acry ) / for 60 s
n
Polyaniline, PANT* *‘{‘F@*N‘@*N#ﬁ%@!\l:@“%ﬁ Pt/3.6 nm HCOOH, stirred for 1 day 118
H H
i Isulf: QL
Sodium dodecylsulfate, o~ o N Pt/2.5-4.1 nm Urea at 80 °C; EG at 120 °C 121
SDS HaC 0"
NH,
. Sodium citrate/H, at
Anil Pt/1.9-2.4 12
niline @ t/1.9-2.4 nm 400 °C for 4 h 0
Polyvinyl pyrrolidone, qxo EG, pH = 12.5, 140 °C
PVP? H Pt/1.8 nm for3 h 66
H
n
(<
. EG, pH = 6.5, microwave
1-A 1-AP PtRu/2.0 ’ . ’ 16
minopyrene, OQQ u/2.0 nm for 2 min
Poly(ethyleneimine), PEI \i\/\m/ PtRu/2.5 nm EG, pH = 6.5, microwave 73
n
4 300 °C under flowing
Tetrahydrofuran, THF PtSn/4.2 nm 49
H, for 2
PtRu/3.3 nm EG, pH = 6.5, microwave 152
for 2 min
OH OH OH
e e} O
Chitosan, CS RN %éﬁjj »ﬁéﬁ;% PtRu/3° nm EG, 140 °C, 4 h 146

O,
Hy
n

“ In situ polymerization on acid-treated CNTs. ” PVP is in situ grafted onto CNTs. ¢ On CS and HPW or HPMo co-functionalized CNTs.

interaction of Pt/CMK-3 with CO, and slower kinetics and/or the
surface nonuniformity. The 1 nm Pt NPs show a decrease in the
reversibility of the electrode reaction and remarkable decline of

4 | RSC Adv., 2014, xx, 1-20

the exchange current density toward hydrogen electrooxidation.
DFT simulation indicates that the amorphous structure would
lead to an enhancement in the interaction between the surface

This journal is © The Royal Society of Chemistry 2014

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

Review

RSC Advances

Fig.1 (I) TEMimages of Pt NPs dispersed on carbon nanofiber (CNF): (a) 5.6 nm, (b) 3.9 nm, (c) 1.8 nm, and (d) 1.1 nm. (Il) TEM images of Pt NPs on

CNF before and after electrochemical treatment for 30 min in H,SO,4 solution: 1.5 nm Pt NPs (a) before and (b) after the electrochemical
treatment and 1.8 nm Pt NPs (c) before and (d) after the electrochemical treatment (after ref. 28 reproduced with permission).

(@)

1nm 1.6 nm

Fig. 2 Molecular dynamic simulations using the effective medium theory: (

25""‘.
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39 mVidec

E (mV vs. RHE)
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A PYCMK-3

(=)

a) four Pt cubic particles with different diameters, defined in this

work as the diameter of a sphere with a volume equal to the cubic, were heated in vacuum to 2000 K and then slowly cooled down to 300 K; (b) a
virtual Pt cubic particle of 1 nm diameter was thermostatically kept at 300 K in vacuum for a period of time. (ll) (a) CO stripping profiles for Pt/XC-
72 and Pt/CMK-3, (b) E vs. logll4/(lq — ] plots for H, oxidation reaction on Pt/XC-72 and Pt/CMK-3, where Iy is the diffusion limiting current (after

ref. 80 reproduced with permission).

and adsorbates. Therefore, the Pt-H,qs bond on Pt/CMK-3 is
expected to be stronger than that on Pt/XC-72, adversely
affecting the electrocatalytic activity.

2.2. Effect of surface treatment of Pt NPs

One biggest challenge for the application of Pt-based NPs is the
structural stability associated with aggregation, dissolution and
growth, which will cause a significant loss of electrical, optical
and catalytic properties.”** The agglomeration of Pt NPs during
operation deteriorates the performance rapidly.*>** For
example, Pt NPs would migrate on carbon supports and
subsequently aggregate. They can also grow through Ostwald

This journal is © The Royal Society of Chemistry 2014

ripening; i.e., surface Pt atoms in small Pt NPs are dissolved to
form cationic Pt species and are then deposited on large Pt
particles, which results in the grain growth of Pt NPs."*> Thus,
surface treatment of Pt NPs can effectively enhance their elec-
trocatalytic activity and stability.

Takenaka et al. coated a layer of porous silica on CNT sup-
ported Pt NPs and found that the activity of SiO,/Pt/CNT catalyst
for the oxygen reduction reaction is similar to Pt/CNT.*
However, SiO,/Pt/CNT has a much higher stability during
potential cycling from 0.05 to 1.20 V vs. RHE, as compared to Pt/
CNT electrocatalysts. The crystallite size of Pt NPs in SiO,/Pt/
CNT did not change appreciably during the potential cycling,
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while Pt NPs in Pt/CNT seriously aggregated. Further study on
the effect of SiO, layer thickness on the catalytic activity showed
that the thickness of the silica layer is important for the elec-
trocatalytic activity of Pt NPs as a thick silica layer would
significantly decrease the electrochemical surface area, ECSA.*
A dense silica layer with a thickness of ~6 nm was found to be
optimal for the ECSA with excellent durability.

Modification of Pt NPs with Au clusters also enhances the
stability of Pt NPs for the O, reduction reaction.**> More
importantly, there is little change in the activity and surface
area of Au-modified Pt under the oxidizing conditions of the O,
reduction reaction and potential cycling between 0.6 and 1.1 V
(vs. RHE) over 30 000 cycles, in contrast to the visible losses
observed with the pure Pt NP catalyst tested under the same
conditions. Therefore, Pt electrocatalysts can be stabilized by
the Au clusters against dissolution under potential cycling
conditions. Such stabilization could be due to the increase of Pt
oxidation potential by the Au clusters as demonstrated by in situ
X-ray absorption near-edge spectroscopy and voltammetry data.

Wau et al. used the thermal initiation free radical polymeri-
zation of the ionic liquid (IL) monomer 1-vinyl-3-
ethylimidazolium bromide to from an IL polymer (PIL) film
on the surface of Pt NPs supported on 1-aminopyrene func-
tionalized CNT (AP-CNTs) (Fig. 3(I)).* The PIL film provides
mechanical isolation between Pt NPs, electrostatic and coordi-
native action between Pt NPs and N-heterocyclic cations of ILs.
Similar cyclic voltammograms of methanol oxidation have been
observed for both PIL/Pt NPs/AP-CNTs and Pt NPs/AP-CNTs
electrocatalysts. However, the stability of Pt NPs is greatly
improved by the protection of PIL thin layer (Fig. 3(II)), due to
the inhibiting effect of PIL thin films on the migration and
agglomeration of Pt NPs.

We studied in details the polyelectrolyte-stabilized Pt NPs as
electrocatalysts for PEMFCs.*”*® Polyelectrolyte-stabilized Pt
nanoparticles were synthesized by ethanol reduction of Pt
precursor, H,PtCl in the presence of ionic polyelectrolyes such

I . .... . Long-term operation for ~ “ “
A methanol electrooxidation : ;
0000 00 00
X AP
1.G d with
l\'smrsr“ : /\N\ P /NE)Y\

2. AIBN, methanol
353K 16h

[VEIM|Br ionic liquid monomer

Long-term operation for <
methanol electrooxidation

=

Fig. 3

@ Pt Nanoparticle  ionic-liquid polymer thin film @@ Pt Nanoparticles aggregation

Review

as PDDA, poly(allylamine hydrochloride) (PAH), poly(sodium 4-
styrenesulfonate) (PSS), Nafion, poly(acrylic acid) (PAA), poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) (PAMP) and non-
ionic polymer, poly(vinylpyrrolidone) (PVP). The best electro-
catalytic activities were observed on PDDA-Pt and PSS-Pt NPs,
indicating the significant enhancing effect of the NH," and
SO;~ functional groups of the polyelectrolytes on the electro-
catalytic activities of Pt NPs for the methanol oxidation and O,
reduction reactions. Due to the charged nature of the
polyelectrolyte-stabilized Pt NPs, the polyelectrolyte-stabilized
Pt-based NPs can be self-assembled to the sulfonic acid
group, SO;~ at the Nafion membrane surface by the electro-
static interaction, forming a self-assembled monolayer (SAM).
Further studies show that such SAM reduces the methanol
crossover and enhances the power output of direct methanol
fuel cells.®*°

The surface treatment can also lead to the increase of elec-
trocatalytic activity of Pt-based NPs. Wlodarczyk et al. modified
the Pt NPs with phosphotungstic acid (H;PW;,0,4,, HPW) and
produced highly reactive Pt-based electrocatalysts toward the
oxygen reduction reaction.’* The overall reaction mechanism is
unchanged but kinetic analysis have shown that HPW films on
Pt NPs exhibit some enhancement effect on the oxygen reduc-
tion, which could be due to the ability of HPW to form strong
electroactive adsorbates on solid surfaces, its high reductive
reactivity and fast electron transfer (mediating) capabilities, as
well as its acidic characteristics leading to the increased proton
mobility. Barczuk et al. modified Pt, PtRu, and carbon (Vulcan)-
supported PtSn NPs with ultrathin films of phosphomolybdic
acid (H3PMo,,04, HPMo) and found that their electrocatalytic
activities toward ethanol oxidation are enhanced.”” HPMo is
electroactive itself and may act as mediators of interfacial
electron transfer during ethanol oxidation. It may also
contribute to the bifunctional mechanism to provide oxo
groups that can remove poisoning species from Pt surface.

g

PINPS/AP-CNTs

P
2

@) (b)
> 1000 pILPNPYAP-CNTs
~ sofha

°

0

i (mAmg")
2
2

i
.\ i_(m,\mg")

=200 2 4 6 8 10
E(V)vs SCE

200 2 4 6 810
E(V)vs. SCE

(I) Schematic diagram for stabilization of Pt NPs supported on CNTs by ionic liquid polymer (PIL). (Il) Cyclic voltammograms of PIL/PtNPs/

AP-CNTs (a) and PtNPs/AP-CNTs (b) electrocatalysts in nitrogen-saturated 0.5 M H,SO,4 aqueous solution before (solid line) and after (dashed
line) long-term chronoamperometry experiments (6 h); TEM images of PIL/PtNPs/AP-CNTs (c) and PtNPs/AP-CNTs (d) electrocatalysts after
long-term chronoamperometry experiments (6 h) (after ref. 86 reproduced with permission).
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3. Electrocatalytic activity of Pt NPs
supported on non-covalent
functionalized CNT

As shown early, CNTs are attractive materials as electrocatalyst
supports, due to their high electronic conductivity, large
accessible surface area, and excellent chemical and electro-
chemical stability.*>*® However, one intrinsic disadvantage is
that the surface of pristine CNTs is very inert with few binding
sites for Pt precursors and/or Pt NPs. Therefore, surface modi-
fication or functionalization of CNTs is necessary to introduce
functional groups onto the surface of CNTs to enhance the
dispersion and to provide the active sites for the adsorption and
deposition of Pt precursor and/or Pt NPs. As compared to
covalent functionalization of CNTs, non-covalent functionali-
zation by polyelectrolytes and solvent significantly improves the
distribution and electrocatalytic activity of Pt and Pt based alloy
NPs on CNTs and graphene.'”%*7%% Here, non-covalent
methods for modifying CNTs will be first summarized and the
approaches for the synthesis of Pt and Pt-based alloy NPs on
non-covalent functionalized CNTs will be described.

3.1. Non-covalent functionalization of CNT

Non-covalent functionalization or physical modification of
CNTs are achieved by the interaction between the functionali-
zation molecules or agents and CNTs through various interac-
tion modes such as m-m, hydrophobic, CH-® and charge
transfer interaction.®® Since CNTs are a nanotubular structure
composed of seamless single/multiple layered graphene sheets,
many kinds of small molecules/polymers with a - conjugated
structure can complex with CNT via w-7 interaction. Conju-
gated polymers are a type of polymers with extensive -7
conjugated backbone. The hybrids of conjugated polymers and
CNT can exhibit synergistic properties such as good stability,
high mechanical strength, and high electrical conductivity of
CNT and superior optoelectronic properties.’® Therefore several
studies have been reported to use the non-covalent interaction
of conjugated polymer to disperse and functionalize CNT. For
example, polypyridinium salts have been synthesized and
employed to form a strong m-m and cationic-7 interaction with
single-walled CNTs, SWCNT in dimethyl sulfoxide (DMSO).*” A
carboxyl-containing conducting oligomer, poly(pyrenebutyric
acid), has also been synthesized by direct oxidation of pyr-
enebutyric acid in boron trifluoride diethyl etherate containing
SWCNTs for non-covalent functionalization of SWCNTs.?® The
resulting hybrid can be well dispersed in THF, dimethylforma-
mide (DMF), DMSO, and aqueous alkaline solution. Recently, a
general strategy to disperse and functionalize pristine CNTs in a
single-step process has been developed using conjugated block
copolymers, which contain two blocks: a conjugated polymer
block of poly(3-hexylthiophene), and a functional non-
conjugated block with tunable composition.”” When the pris-
tine CNTs are sonicated with the conjugated block copolymers,
the poly(3-hexylthiophene) blocks bind to the surface of de-
bundled CNTs through the w-m interactions, stabilizing the

This journal is © The Royal Society of Chemistry 2014
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CNT dispersion, while the functional blocks locate at the outer
surface of CNTs, rendering the CNTs with desired functionality.
Two novel phenylenevinylenes having cyanobiphenyl termi-
nates have been successfully synthesized and characterized.'®
They have been found to form stable supramolecular complexes
with SWCNTs through strong m-m interactions between the
sidewall of SWCNTs and phenylenevinylene segment and
wrapping around the SWCNTSs, imparting excellent solubility in
organic solvents.

Pyrene is electronically similar to graphite and various pyr-
ene containing polymers have been investigated for dispersion
of CNTs via m—T interaction. Pyrene-functionalized monomers
have been used to construct well-defined block copolymers and
very stable polymer layers on multi-walled CNTs (MWCNTS)
have been found. Pyrene-functionalized polymers have been
prepared from maleic anhydride copolymers.'®* The resulting
polymers are water soluble and can form a strong non-covalent
bonding with the nanotubes. A pyrene containing diblock
copolymers based on poly(methyl methacrylate) have also been
synthesized and their adsorption on CNTs has been investi-
gated.'” The length of the anchor block and the types of anchor
units were optimized for the maximum adsorption and best
dispersion. Pyrene-linked glycosides have been employed to
non-covalently functionalize SWCNTs and MWCNTSs.'® These
molecules can also be dissociated by tuning the solvent polarity.
This reversibility could be useful as CNTs can be modified and
regenerated in a controllable manner.

An amphiphilic molecule oligothiophene-terminated poly-
(ethylene glycol) (TN-PEG) was synthesized by Lee et al. (see
Fig. 4(I) for synthesis procedures),'* and its ability to disperse
and stabilize pristine CNTs in water has been examined. TN-
PEGs can be adsorbed onto the CNT surface via strong m-m
interaction, significantly enhancing the dispersion of CNT and
increasing the long-term stability (Fig. 4(II)). In addition, the
TN-PEG with a longer thiophene unit can effectively disperse
the CNTs in water as compared to that with a shorter one
(Fig. 4(1I)). Yoo et al. described an evaluation method of the
binding affinity of polyaromatic hydrocarbons with the surface
of CNTs using an HPLC column packed with an SWCNT-coated
silica gel.' The results indicate that the shapes of the mole-
cules also play a key role in the binding affinity. For example,
linear-shaped polyacenes show a much higher affinity than the
nonlinear counterparts due to the effective stacking along with
the one-dimensional CNT structure.

CNTs can also be non-covalently functionalized via the CH-7t
interaction. Xu et al. used hyperbranched polyethylene (HBPE)
to functionalize and solubilize MWCNTSs in organic solvents
such as chloroform and THF (see the scheme in Fig. 5(I)).*
TEM results show that the HBPE functionalized MWCNTSs in
both chloroform and THF are well dispersed (Fig. 5(II)), in sharp
contrast to the densely entangled nanotubes found with pris-
tine MWCNTs in heptane and the poorly dispersed MWCNTs
with HBPE in toluene. A high concentration up to 1235 mg L ™!
and 920 mg L~* has been achieved in chloroform and THF,
respectively. The driving force could be the CH-7 interactions
between unique hyperbranched structure of HBPE and MWCNT
sidewalls. The same approach has also been used by Petrie to
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(I) Synthesis route of 3TN-PEG and 5TN-PEG; II. Dispersion state of SWCNTSs in water as a function of sonication time with various

surfactants: (a) 5TN-PEG, (b) 3TN-PEG, (c) Pluronic F127, and (d) SDS. All vials contain the same SWCNT concentration (0.05 mg mL™%) and the
concentration of each dispersant in the dispersion samples is 0.5 mg mL™ (after ref. 104 reproduced with permission).

significantly improve the dispersion of MWCNTS in an ethylene-
octene copolymer matrix.""”

The hydrophobic force has also been used to disperse CNTs.
Typical examples include the use of surfactants for the CNT
dispersion. The hydrophilic parts of surfactants interact with
water or other polar solvents and hydrophobic parts interact
with CNTs.'**'% The nature of surfactant, its concentration, and
type of interaction are known to play a crucial role in the phase
behavior of CNTs. For the ionic surfactants, the dispersion can
be stabilized by electrostatic repulsion, while for the non-ionic
surfactants, the aggregation of CNTs can be prevented by the
steric effect or solvation due to the hydrophilicity.'**** Richard
et al. studied the assembly of surfactants such as sodium
dodecylsulfate (SDS) on CNTs by TEM.'*® SDS formed rolled-up
half-cylinders on nanotube surface. Rings, helices, or double
helices were also observed depending on the symmetry and the
diameter of the CNTs. Permanent assemblies have been
produced from mixed micelles of SDS and different water-
insoluble double-chain lipids after dialysis of the surfactant.
The efficiency of various surfactants in dispersing SWCNT in
water has been systematically studied.’® The length and the
shape of the alkyl chain are very important for the dispersion,
and longer and more branched alkyl chains are better than
linear and straight ones.

Linton et al. investigated the formation of non-covalent
electron donor-acceptor interactions between polymers and
SWCNTs."" Nanocomposites of SWCNTs and three sets of
polymer matrices with varying compositions of electron
donating 2-(dimethylamino)ethyl methacrylate (DMAEMA) or
electron accepting acrylonitrile (AN) and cyanostyrene (CNSt)
were prepared. The copolymers with 30 mol% DMAEMA, 45
mol% AN, 23 mol% CNSt and polyacrylonitrile homopolymer
have the highest extent of intermolecular interaction, which is

8 | RSC Adv., 2014, xx, 1-20

in agreement with quantum density functional theory calcula-
tions. Both experimental and computational results show that a
sufficient distance between interacting functional groups is
needed for the efficient intermolecular contact.

O'Connell et al. studied in detail the wrapping of SWCNT by
hydrophilic linear polymers such as PVP, PSS, poly(1-vinyl pyr-
rolidone-co-vinyl acetate), poly(1-vinyl pyrrolidone-co-acrylic
acid), poly(1-vinyl pyrrolidone-co-dimethylaminoethyl methac-
rylate), polyvinyl sulphate, poly(sodium styrenesulfonic acid-co-
maleic acid), dextran, and dextran sulphate (see Fig. 6 for the
case of PVP)."2 The association between polymer and SWCNT is
robust and independent of the excess polymers in solution.
Such a wrapping by polymers has been explained thermody-
namically and offers an alternative and new strategy for solution
chemistry of pristine CNTs.

3.2. Pt-based NPs supported on non-covalent functionalized
CNT

We reported a highly effective polyelectrolyte functionalization
method for MWCNTSs using PDDA.®” PDDA is a water-soluble
quaternary ammonium and strong polyelectrolyte. During the
functionalization process, NaCl salt is added to allow the PDDA
chain to adopt a random configuration, thus leading to a high
functionalization or wrapping of PDDA on MWCNTs, PDDA-
MWCNTs (Fig. 7(I)). The strong adsorption of the positively
charged PDDA on MWCNTs is believed due to the m-m inter-
action between PDDA and the basal plane of graphite of
MWCNTSs."® Pt NPs are then in situ synthesized on the PDDA-
MWCNTS via the self-assembly between negatively charged Pt
precursors and positively charged functional groups of PDDA.
This non-covalent polyelectrolyte functionalization not only
leads to high density and homogeneous surface functional
groups on MWCNTSs, but also preserves the intrinsic properties

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (I) Schematic noncovalent nonspecific functionalization and
solubilization of MWCNTSs with HBPE. (Il) TEM images of (a) MWCNTs
solubilized with HBPE in chloroform; (b) MWCNTSs solubilized with
HBPE in THF; (c) MWCNTs dispersed with HBPE in toluene; (d) pristine
MWCNTs dispersed in heptane. In (a)-(c), the same HBPE/MWCNT
mass ratio of 0.4 was used. Scale bar: 500 nm (after ref. 106 repro-
duced with permission).
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of MWCNTs without damaging their surface structure for high
loading of uniform and small Pt NPs (Fig. 7(II)). The Pt/PDDA-
MWCNT electrocatalyst shows a much higher electrocatalytic
activity for the methanol oxidation than Pt NPs on acid-treated
MWCNT, Pt/AO-MWCNTs electrocatalyst, and the conventional
Pt/C catalysts (Fig. 7(III)). Pt/PDDA-MWCNTs can also be used
as template to assemble Pt NPs on CNTs with wide range Pt NPs
loading of 10-93 wt% with controlled particle size."”

There are other electrolytes which have been used to effec-
tively functionalize the CNTs for the dispersion of Pt-based
electrocatalysts, including PAH, PSS, PAA.*'*'** Zhang et al.
studied the PAH functionalized CNTs as support for the self-
assembly of Pt NPs.* CNTs were first wrapped with PAH, fol-
lowed by the self-assembly of Pt precursor and EG reduction.
PAH modification introduces high density and homogeneous
surface NH, groups, which can combine with the Pt precursor
by electrostatic interaction. This helps to form small, uniform
and stable Pt NPs. The resulting catalysts show high electro-
chemically active surface area, higher onset potential of O,
reduction, and the higher half-wave potential. The oxygen
reduction activity at 0.9 V on Pt/PAH-CNTs (32.4 A g~' Pt) is
much larger than that on Pt/COOH-CNTs (17.5 A g~ Pt) and Pt/
XC-72(17.3 Ag~ ' Pt). Pd NPs can also be deposited uniformly on
PDDA-CNTs in the presence of NaBH as reducing agent."*® In
addition to the role of functionalization of CNTs, PDDA was also
found to serve as reductant in the formation of Pt NPs on
functionalized CNTs.""”

Conducting polymer/monomer modified CNTs provide a
great promise as an electrocatalyst support for Pt NPs. Shi et al.
reported an in situ interfacial polymerization of aniline to form
polyaniline (PANI) on acid-treated CNTs."® Then the amine
group of PANI was used to attach Pt precursors for the synthesis
of Pt NPs in the presence of HCOOH. Consequently, fine and
dispersed Pt NPs with controlled loading density were
uniformly assembled on PANI-CNTs. The electrocatalysts
showed an excellent catalytic activity and good stability toward

Fig. 6

(I) Tapping-mode AFM images of PVP-SWNTSs on a functionalized substrate. 5 pm height (top left) and amplitude image (top right). 1 um

expanded height image (bottom left) and amplitude image (bottom right). (Il) Some possible wrapping arrangements of PVP on an 8, 8 SWNT. A
double helix (top) and a triple helix (middle). Backbone bond rotations can induce switch-backs, allowing multiple parallel wrapping strands to
come from the same polymer chain (bottom) (after ref. 112 reproduced with permission).

This journal is © The Royal Society of Chemistry 2014
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(I) Scheme of PDDA functionalization of MWCNTs and the in situ synthesis of Pt nanoparticles on PDDA-functionalized MWCNTs. (Il) TEM

images of (a) Pt-AO-MWCNTs-20 wt%, (b) Pt-PDDA-MWCNTs-20 wt%, (c) Pt-PDDA-MWCNTs-40 wt%, (d) Pt-PDDA-MWCNTs-60 wt%. (l1) (a)
CVs of Pt catalysts supported on PDDA-MWCNTs and AO-MWCNTs in nitrogen saturated 0.5 M H,SO4 + 1.0 M CH3zOH. (b) CVs of Pt-PDDA-
MWCNTs-50 wt% and E-TEK Pt/C (50 wt%) in nitrogen purged 0.5 M H,SO,4 + 1.0 M CHsOH. The Pt loading was 0.05 mg cm™? (after ref. 67

reproduced with permission).

both methanol oxidation and oxygen reduction in acid condi-
tion. He et al. adopted a one-pot aqueous solution-based
approach to form a Pt NPs on PANI functionalized CNTs.'**
Similarly, the PANI serves as a bridge between Pt NPs and CNT
walls with the presence of platinum-nitride bonding and w7
bonding. Hsu et al. used aniline monomer to functionalize
CNTs for the dispersion and deposition of Pt NPs."*® Aniline is
adsorbed on CNTs via m-m interaction with amino group
exposed to combine the Pt precursor. The interaction still
remains after the reduction of Pt precursor because of the
electron pair of N and the vacant orbital of Pt. The Pt NPs
supported on aniline-functionalized CNTs have a higher oxygen
reduction activity than the conventional Pt/C catalyst.

Fang et al. reported an efficient and reproducible approach
to fabricate a MWCNT supported Pt NPs with high loading,
using an anionic surfactant, SDS as functionalization agent.'*
The SDS-modified MWCNTs were used to synthesize high
loading of Pt NPs through a urea-assisted process, followed by
reduction in the presence of EG (Fig. 8(I)). The urea provides an
environment with an in situ pH adjustment for homogeneous
deposition. The resulting Pt NPs are uniformly dispersed on
SDS-MWCNT. A high loading of 60 wt% Pt was achieved due to
the synergy of SDS, homogeneous deposition of Pt precursors
and reduction of the precursor by EG (Fig. 8(Ila)). The electro-
catalyst with a Pt loading of 60% has a significantly better
performance than commercially available Pt/C catalyst with the
same catalyst loading (Fig. 8(IIb and c)).

10 | RSC Adv., 2014, xx, 1-20

Ionic-liquid polymer (PIL) based on thermal-initiation free
radical polymerization of ionic liquid (IL) monomer (3-ethyl-1-
vinylimidazolium tetrafluoroborate) can be used to effectively
functionalize CNT."* A large number of positively charged
surface functional groups with uniform distribution are intro-
duced, preventing the aggregation of CNTs and providing
anchoring sites for Pt and PtRu NPs. The resulting PtRu/CNTs-
PIL (or Pt/CNTs-PIL) electrocatalysts show better performance
for the methanol oxidation than the PtRu/CNTs (or Pt/CNTs)
electrocatalyst.

Nakashima's group studied in details the polybenzimidazole
(PBI)-functionalized CNTs as catalyst supports for fuel cells.®*'>*
The attraction of PBI as the functionalization agent is that PBIs
are known to have excellent proton conductivity after acid
doping.*** The functionalization of PBIs on CNTs is primarily
through m-m interaction.'” The loading of PBIs wrapped on
CNTs was as high as 23 wt%, forming a 2.1 nm thick layer on the
surface of MWCNTSs. Pt NPs with average particle size of 4.0 nm
were uniformly dispersed on the outer wall surface of CNTs and
showed a peak current density of 480 mA mgp ' for the
methanol oxidation reaction in acid solution. The proton
conductivity of Pt supported on PBIs-CNTs electrocatalysts can
be increased by acid doping, enhancing the power output of the
fuel cells."® An interesting extension of the PBI-functionalized
CNTs is the application of KOH doped Pt/PBIs-CNTs as elec-
trocatalysts for anion exchange membrane fuel cells.”” The
KOH doping was carried out by immersing the Pt/PBIs-CNTs
catalysts in a 6 M KOH solution. The KOH doped PBI-

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 (I) A schematic diagram for the synthesis of a SDS-MWCNT supported Pt catalyst using a urea-assisted HD-EG strategy. II. (a) Repre-

sentative TEM images for the SDS-MWCNT supported Pt (60 wt%) catalyst synthesized by the urea assisted HD-EG strategy. (b) Fuel cell
polarization plots at 60 °C for the SDS-MWCNT-supported Pt (60 wt%) catalyst prepared by the HD-EG strategy and VC-supported Pt (60 wt%).
(c) Chronoamperograms obtained at 0.75 V for the SDS-MWCNT-supported Pt (60 wt%) catalyst prepared by the HD-EG strategy and VC-

supported Pt (60 wt%) (after ref. 121 reproduced with permission).

wrapping layers around the CNT surfaces function as a
hydroxide-conducting path (Fig. 9a). The membrane-electrode-
assembly (MEA) cells based on KOH doped Pt/PBIs-CNTs
anode and cathode catalysts and an anion exchange
membrane showed a maximum power density of 256 mW cm ™2,
significantly better than that of standard MEA (Fig. 9c). It is

considered that the high hydroxide conduction of the KOH-

(a)
KOH-PyPBI MWNT
MWNT/KOH-PyPBI/Pt A2012 MWNT/KOH-PyPBI/Pt
(anode) (anion-exchange (cathode)
membrane)
(b) | (©)_ 300
_ & ceq § 250 |
‘g
g 0 E 200}
g . 2 50|
s 0 <. non-doped g 130
8 e \ p 0 100}
3 108/ KOH-doped X 7 5
[ Z 50
20| a o
02 04 06 08 1 0 200 400 600 800 1000
Potential / V vs. RHE Current Density / mA cm™
Fig. 9 (a) Schematic illustration of the KOH doped PyPBI cell. Mass

transfer in the cell is also shown. (b) In situ CVs of cathode in the KOH-
doped MEA (circles) and non-doped MEA (squares) at a scan rate of 50
mV s~ (c) Power density curves of the KOH-doped MEA (circles) and
standard MEA (black line) (after ref. 127 reproduced with permission).

This journal is © The Royal Society of Chemistry 2014

doped PBIs functionalized on CNTs plays a key role in the
high fuel cell performance.**”

Hsin et al. reported in situ polymerization of non-ionic PVP
whose main chains are linked with MWCNTs through breaking
the double bonds of MWCNTSs, and then used this PVP-
functionalized MWCNTs as supports to deposit Pt and PtRu
NPs.%® CNTs were treated in concentrated HNO;-H,SO, solution
at 90 °C for 30 s. During the polymerization process, oligomeric
vinylpyrrolidone radicals, because of their high reactivity,
nonselectively attach to the unsaturated C=C double bonds of
carbon nanomaterials, leading to homogeneous surface func-
tionalization. Strictly speaking, due to the PVP-grafting on the
side walls of MWCNTSs, this is not a non-covalent functionali-
zation process. However, the Pt NPs supported on PVP modified
carbon nanostructures showed a much better activity toward
methanol oxidation as compared to Pt supported on acid
oxidized MWCNTs. The conductivity results showed that PVP
modified carbons have a much better conductivity than acid
oxidized ones.

Non-covalent functionalization is also an effective way to
synthesize multi-component electrocatalyst systems with
significantly enhanced synergistic effect. A good example is the
superior electrocatalytic activity of Pd NPs on HPW and PDDA
co-functionalized CNTs though both Keggin-type HPW and Pd
are not a prominent catalyst toward oxygen reduction reaction
(ORR).”"* The new multi-component catalyst was synthesized
by self-assembly of HPW on CNTs via the electrostatic attraction
between negatively charged HPW and positively charged PDDA-
wrapped CNTs, followed by dispersion of Pd NPs onto the HPW-
PDDA-CNT assembly (see Fig. 10(I)).**® The Pd catalysts are
characterized by uniformly distributed Pd NPs on HPW and
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(I) A scheme for the self-assembly and synthesis of Pd NPs on HPW assembled PDDA-CNTs. (ll) Polarization curves for the ORR on (a)

pristine-CNT; (b) HPW-PDDA-CNTs; (c) Pd/acid treated-CNTs; (d) Pd/HPW-PDDA-CNTs and (e) E-TEK Pt/C electrodes in a 0.5 M O,-saturated
H,SO4 solutions with a scan rate of 5 mV s~* and a rotation speed of 2500 rpm:. (Ill) TEM images and histograms of Pd/HPW-PDDA-MWCNTs at
different magnifications with 20 wt% Pd loadings (after ref. 128 reproduced with permission).

PDDA co-functionalized CNTs (Fig. 10(III)). HPW in the
composite catalysts can act as an effective electron mediator
and source of mobile protons at the electrocatalytic interface as
has been reported elsewhere.'”**** A rich source of protons at
the electrode surface makes the porous electrode extremely
hydrophilic, facilitating the mass transfer process. The inter-
action of HPW molecules assembled on CNTs within a hybrid
support may also change the interfacial electronic structure of
Pd, as indicated by the negative shift in Pd3d binding energies
for PA/HPW-PDDA-CNTs relative to a Pd/acid treated-CNTs
system. The existence of HPW in Pd/HPW-PDDA-CNTs results
in a downward shift in the binding energy of the Pd3d level,
possibly caused by a weakening of adsorption, substantially
enhancing the electrocatalytic activity of Pd NPs for ORR
(Fig. 10(IT)).***

3.3. Other Pt alloy NPs supported on non-covalent
functionalized CNT

Pt NPs based electrocatalysts are prone to the poisoning or
deactivation of intermediate species such as CO formed during
the oxidation of fuels such as methanol and ethanol, causing
serious deterioration of their electrocatalytic activity."*> Pt-based
alloyed NPs such as PtRu, PtSn, PtPd, Pt-W and Pt-Mo are the
most effective for the enhancement of the electrocatalytic
properties of Pt with increased tolerance towards the CO
poisoning and thus the catalyst durability.”*****> Therefore,
there are extensive studies on the use of non-covalent func-
tionalized CNTs as a support to Pt-based alloy NPs for fuel cell

12 | RSC Adv., 2014, xx, 1-20

applications. Here we will only focus on the well-studied binary
alloy NPs supported on non-covalent functionalized CNTs. For
other complex NPs such as ternary alloy NPs and core-shell
nanoarchitectures, readers are recommended to refer to reviews
on metal nanostructures/nanoarchitectures.”***%”

Among the Pt-based binary NPs, PtRu alloy NPs are the most
widely studied electrocatalysts for the methanol oxidation
reaction due to the combination of bifunctional and electronic
mechanism of Ru for enhancing electrocatalytic perfor-
mance."**** Kuang et al. modified CNTs with 1-pyrenecarbox-
aldehyde (PCA) via -7 interaction between CNTs and PCA as
supports for the deposition of PtRu NPs.'** PCA not only serves
as the reductant for the in situ formation of PtRu NPs, but also
stabilizes the PtRu NPs on CNTs by the oxidation product of
PCA. The PtRu/PCA-CNT catalysts exhibit higher electrocatalytic
activities and better stability towards the methanol oxidation as
compared to PtRu NPs supported on pristine CNTs. The same
group has also functionalized CNTs with a perylene derivative,
3,4,9,10-perylene tetracarboxylic acid.*** The PtRu NPs sup-
ported on functionalized CNTs have a much better catalytic
activity and stability toward the methanol oxidation than that
supported on acid oxidized CNTs. Wu et al. functionalized CNTs
with chitosan, which is a polycation with a high film-forming
ability and good proton conductivity."** Chitosan functionali-
zation not only disperses CNT, but also introduces functional
groups such as NH, and OH groups for the attachment of metal
NPs. Very fine PtRu NPs were grown uniformly on the modified

This journal is © The Royal Society of Chemistry 2014
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CNTs and showed significantly enhanced activity toward the
methanol oxidation reaction.

Water soluble heteropolyacids (HPAs) such as HPMo and
HPW can be self-assembled on the chitosan (CS) functionalized
CNTs to enhance the electrocatalytic activity and stability of
supported PtRu NPs.**® The onset and peak potential for CO,q
oxidation on PtRu/HPAs-CS-CNTs catalysts are more negative
than that on PtRu/AO-CNTs, indicating that HPAs facilitate the
electro-oxidation of CO. The PtRu/HPMo-CS-CNTs catalyst has a
higher electrocatalytic activity for methanol oxidation and
higher tolerance toward CO poisoning than that of PtRu/HPW-
CS-CNTs. The better electrocatalytic enhancement of HPMo on
PtRu/HPAs-CS-CNTs catalyst is most likely related to the fact
that molybdenum-containing HPAs such as HPMo have more
labile terminal oxygen to provide additional active oxygen sites
while accelerating the CO and methanol oxidation in a similar
way to that of Ru in the PtRu binary alloy system. HPMo self-
assembled on CNTs followed by decomposition has been used
to synthesize highly dispersed MoO,/CNTs as an effective
support for Pt NP electrocatalysts for the methanol oxidation
reaction with significantly enhanced activity and stability."*”

PtSn alloys have been demonstrated to enhance the ethanol
oxidation reaction.*® Our group developed a facile method to
functionalize MWCNT with THF, a commonly used solvent.*
THF may interact with CNT through CH-m interaction.
Furthermore, the oxygen atoms in THF are accessible to attract

Fig. 11
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PtCly>~ and Sn** (Fig. 11(I)). This concept has been demon-
strated by uniform growth of Pt and PtSn on THF functionalized
MWCNT (Fig. 11(II)). The formation of PtSn binary NPs has
been demonstrated by the increase of lattice parameter of PtSn/
MWCNTs with increasing in the Sn content. The catalyst shows
a high and tunable electrocatalytic activity for the ethanol
oxidation with excellent stability for fuel cells (Fig. 11(III)).

We also explored the non-covalent functionalization method
to immobilize water soluble HPW on Pt/C NPs via the electro-
static interaction between the negatively charged HPW and the
positively charged functional groups of CS which has been
attached to Pt/C NPs to provide positively charged sites for the
self-assembly of HPW.” The results indicate that HPW assem-
bled on CS-functionalized Pt/C is very stable and Pt/C-CS-HPW
catalyst has a higher utilization efficiency as compared to that of
pristine Pt/C catalyst. Electrochemical activity of Pt/C-CS-HPW
catalysts for methanol oxidation and oxygen reduction reac-
tion (ORR) is significantly higher than that of Pt/C catalysts
without assembled HPW. The enhanced electrocatalytic activi-
ties of HPW assembled Pt/C catalysts are most likely due to the
synergistic effect between assembled HPW and Pt/C NPs and
the presence of HPW leads to a downward shift in the d-band
center of Pt catalyst and facilitates the oxidative removal of
CO,qs poisoning species for methanol oxidation and desorption
of O,45 species for ORR on Pt catalysts.
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(I) Scheme of the synthesis of PtSn nanoparticle catalysts on THF-functionalized MWCNTs. (Il) TEM micrographs of the PtSn/MWCNTs

with different Pt/Sn atomic ratios; (a) Pt/MWCNTSs, (b) Pt10Sn/MWCNTS, (c) Pt6Sn/MWCNTSs, (d) Pt4Sn/MWCNTSs, (e) Pt2Sn/MWCNTSs and (f)
Pt1Sn/MWCNTSs. (Ill) (a) Linear sweep voltammetry and (b) chronoamperometry curves for the ethanol oxidation on Pt/MWCNTs and PtSn/
MWCNTSs with different Pt/Sn atomic ratios in a Ny-saturated 0.5 M H,SO4 + 1.0 M ethanol solution at room temperature. LSV was measured at a
scan rate of 1 mV s~* and CA was measured at 0.5V (RHE). Inset in (b) is the plots of current measured at 0.5V (RHE) after 500 s test versus the Sn/
Pt atomic ratios of PtSn/MWCNT catalysts (after ref. 49 reproduced with permission).
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Both Pt and Pd have a face centered cubic structure with
almost the same unit cell length, and therefore they can easily
form an alloy."***** Ghosh et al. have explored the decoration of
MWCNT with Pt-Pd alloy using the non-covalent polymer
assisted impregnation.** The composition of the catalyst can be
controlled by tuning the molar ratio of the precursors during
impregnation. The Pt,sPds, catalyst has a superior electro-
catalytic activity and durability toward the ORR with a very high
tolerance toward methanol contamination.

4. Interaction between
functionalization agents, Pt NPs and
CNTs

4.1. Effect of functionalization agents

The electrocatalytic activity of Pt NPs is also affected by the
nature of functionalization agents. We investigated the effect of
polyelectrolytes on the electronic structure of Pt NPs on poly-
electrolyte functionalized on CNTs."™* The spectroscopic and
electrochemical characterization as well as DFT calculation
revealed that polyanions such as PSS and PAA with electron-rich
functional groups would donate electrons to Pt atoms which
cause an increase in the electron density around Pt atoms and
downshift d-band center of Pt (see Fig. 12)."** Based on the d-
band theory,” the downshift of the d-band center would
result in a weaker chemisorptions of oxygen-containing species
(e.g., CO), thus enhancing the electrocatalytic activity of Pt NPs.
The nature of the functional groups in the interlinkers that are
introduced via surface functionalization can alter the electronic
and catalytic activities of Pt NPs.

It is of significant importance to understand the influence of
the polyelectrolyte and/or solvent on the morphology, distri-
bution and electrocatalytic activity of the Pt-based NPs sup-
ported on CNTs in order to develop better and more efficient
catalysts for fuel cells. Most recently, the effect of nitrogen-
containing polyelectrolyte-functionalized CNTs was studied on
the supported PtRu NPs using PDDA, PEI, 1-AP and THF as
functioning agents.'*> PtRu NPs uniformly dispersed on func-
tionalized CNTs with average size of ~3.0 nm. Most important,
the results demonstrate that nitrogen-containing functional

PDDA 43

N\ .
Y
Oxygen Adsorption Energy m

&
0,
o
F
o/ -eV

Pt+PAA

z
o

38
219 216 213 210 207 204
E (d+band center) / eV

PAH

Fig. 12 (A) The possible effect of the charged functional groups of
polyanions (PSS and PAA) and polycations (PDDA and PAH) on the
electron donor—acceptor behaviour of Pt NP; and (B) correlation
between the adsorption energy of O and the d-band center of Pt slabs
(after ref. 114 reproduced with permission).
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groups of the functionalization agents play a critical role in the
electrocatalytic activity of PtRu NPs supported on CNTs. PtRu
NPs supported on PEI, AP and in less extent PDDA functional-
ized CNTs exhibited significantly higher electrocatalytic activity
and stability for the methanol oxidation reaction as compared
with PtRu supported on THF-CNTs and conventional acid-
treated CNTs. PEI is a cationic polymer with repeating unit
composed of the amine group and two carbon aliphatic CH,CH,
spacers. 1-AP contains amino groups while PDDA is a water-
soluble quaternary ammonium polyelectrolyte. THF is an
oxygen-containing heterocycle with five-membered rings and no
nitrogen-containing groups. The assembly of the PEI on CNTs
would be strong due to the high molecular weight and the
electrostatic attraction between the positively charged PEI and
negatively charge CNTs, resulting in the attachment of large
amount of N-containing amine group on the outer surface of
CNTs. PDDA is also a cationic polymer with N-containing
repeating unit, but the -7 interaction with the CNTs surface
primarily occurs through the 2-3% of unsaturated contaminant
in the PDDA chain.”®**** This may limit the attachment of N-
containing functional groups to the surface of CNTs. In the
case of 1-AP, the interaction with CNTs is via -7 stacking.
However, due to the bulk size of benzene rings, the attached
nitrogen functional groups on the surface of CNTs would be
expected to be smaller than that of PEI but higher than that of
PDDA. Fig. 13 shows schematically the assembly of PEI, 1-AP
and PDDA on the outer wall surface of CNTs.*** The high density
of N-containing functional groups assembled on CNTs in the
case of PEI and 1-AP is consistent with the +0.23 eV positive shift
of Ptaf binding energy of PtRu NPs supported on PEI and 1-AP
functionalized CNTs as compared to that supported on PDDA-
CNTs. The nitrogen in the amino functional groups of the
attached functionalization agents can activate the m electrons of
CNTs supports and promotes the methanol oxidation reaction,
similar to that observed for the N-doped carbon materials like
CNTs and grapheme."*®*® The superior activity of PtRu NPs
supported on functionalized CNTs is most likely due to the
strong interaction of the electron rich nitrogen-containing
functional groups of the functionalization agents such as PEI,
1-AP and in less extend PDDA and the PtRu NPs assembled on
CNTs.

4.2. Interaction between Pt NPs and CNTs

The interaction or bonding between the Pt NPs and CNTs also
play an important role in the electrocatalytic activity of sup-
ported Pt-based NPs. Zhou et al. investigated the interaction
between Pt NPs and CNTs using X-ray absorption near edge
structures (XAENES)."*® They showed that the crystalline Pt NPs
interact with CNTs through synergic binding involving charge
redistribution between C 2p-derived states and Pt 5d bands due
to the presence of unsaturation in the graphene sheets (delo-
calized 7 orbitals). Such bonding scheme would facilitate the
uniform dispersion and immobilization of Pt NPs on the CNT
surface, which would prevent lateral diffusion of Pt NPs under
fuel cell operating conditions.

This journal is © The Royal Society of Chemistry 2014
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a) PEI-CNTs

b) AP-CNTs

¢) PDDA-CNTs

Fig. 13 Schematic of the assembly and functionalization of PEIl, 1-AP and PDDA on the surface of CNTs (after ref. 152 reproduced with

permission).

The inner tubes of CNT support could also play an important
role in the electrocatalytic activity of supported Pt-based NPs.
We reported recently that pristine CNTs show a distinctive
volcano-type dependence of electrocatalytic activity for the O,
evolution reaction (OER) in alkaline solutions as a function of
number of concentric tubes or walls and the highest activities
are observed on CNTs composed of between 2-7 concentric
tubes or walls.*®® Further studies showed that the Pd NPs sup-
ported on THF-functionalized CNTs for the ethanol oxidation
reaction in alkaline solutions also show distinctive volcano-
shaped dependence on the number of walls of CNTs (see
Fig. 14).*! In this study, Pd NPs with diameter of 2.1 to 2.8 nm
were deposited uniformly on THF-functionalized CNTs via self-
assembly route with no agglomeration.* The best activity was

observed on Pd NPs supported on triple-walled CNTs
(TWCNTSs), similar to that observed for the OER on pristine
CNTs in alkaline solution.*® Similar to OER on pristine CNTs,
the adsorption and migration or diffusion of oxygen-containing
species, OH,qs, on the outer wall surface of CNTs would lead to
the fast stripping of ethoxy and CO species via the interaction
with OH,4, releasing acetate as final product.’®® The charge
transfer could occur on the inner tubes through the electron
tunnelling between the outer wall and inner tubes under the
electrochemical polarization potential driving force. Such
effective charge transfer process can effectively reduce the PdO/
Pd-OH and release the active sites on Pd NPs for the EOR. Such
charge transfer through electron tunnelling would not be
possible with SWCNTs and diminishes when the number of
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(A) Cyclic voltammetry curves of Pd-CNTs catalysts for ethanol oxidation reaction (EOR), measured in a 1.0 M ethanol + 1.0 M KOH
, (B) plots of peak current density and onset potential of EOR against wall numbers of CNTs, (C) chro-

noamperometry curves of Pd-CNTs catalysts for EOR, measured at 0.67 V in a 1.0 M ethanol + 1.0 M KOH solution, (D) plots of current density
measured at t = 1000 s for EOR. Pd loading was 0.05 mg cm™? (after ref. 161 reproduced with permission).
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walls exceeds 12 for typical MWCNTSs due to the reduced driving
force (ie., dc bias). This preliminary result indicates the
possible activation effect of the inner tubes of CNT supports on
the electrocatalytic activity of supported metal catalysts.

In addition to the positive role of the interaction between Pt
NPs and CNTs on the durability of the Pt-based NP catalysts, the
interaction or interconnectivity of Pt NPs on CNTs is another
fundamental reason for the observed much better electro-
chemical performance of Pt-based NPs supported on CNTs for
the methanol oxidation and oxygen reduction reaction as
compared to that on the Pt NPs supported on high surface area
carbon.'®%>1637168 We studied in details the relationship between
the interconnectivity of Pt NPs and the electrocatalytic activity
for fuel cells.” Pt NPs were assembled on PDDA-functionalized
CNTs with loading of Pt NPs in the range from 10 to 93 wt% and
controlled size (1.5 to 3 nm). The results show that the catalytic
activity of Pt/CNTs for methanol oxidation, ORR and CO
oxidation reactions increases with the Pt loading, following a
characteristic S-shaped profile. Based on the concept of inter-
connectivity of Pt NPs defined as the ratio of the total number of
interconnections between particles divided by the total number
of particles involved (Fig. 15(1)), the electrocatalytic activities of
Pt/CNTs catalysts show the linear dependence on the inter-
connectivity (Fig. 15(II)). The magnitude of the interconnectivity
of Pt NPs is a critical factor influencing their electrocatalytic
activity, and the interconnected Pt NPs are more active than the
isolated Pt NPs. The high electrocatalytic activity of
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interconnected Pt NPs is related to the increased active inter-
grain boundaries. These grain boundaries provide large
number of defect sites and generate discontinuities in the
crystal planes of interconnected Pt NPs in Pt/CNTs, providing
active sites for CO removal, methanol oxidation and O, reduc-
tion reactions.

5. Summary

Non-covalent functionalization is one of the most effective
methods to surface modification of CNTs without detrimental
effect on the characteristic w-electron system, the physical and
structural integrity of CNTs. Non-covalent functionalization or
wrapping by polyelectrolytes or solvents introduces large
number of active sites uniformly on the surface of outer walls of
CNTs without generating oxygenated functional groups or
breaking the C=C bonds of the graphene sheets of the CNTs.
Pt-based NPs can then be uniformly dispersed on CNTs via self-
assembly principle with significantly reduced agglomerates.
Non-covalent functionalized CNTs are particularly attractive as
effective supports for Pt-based NP catalysts for fuel cells due to
the fact that (1) non-covalent functionalization method is
versatile and there are large number of materials including
solvents, surfactants, aromatic compounds, polymers or poly-
electrolytes, which can be utilized as functionalization agents.
(2) The electrocatalytic activity of Pt-based NPs can be manip-
ulated or promoted by the nature of the functionalization

300 v 0.64
250+ 0.60
&
E: 200 a Lo.56
< m
= 150 s
> 1 <
2 F052 3
@ @
g 100 [7,)
o 048 O
< m
e 504 .
5 ~-u- - Mass Activity l0.44
© 0 - -@- - CO Stripping Peak
T T T T T T 0.40
0 1 2 3 4 5 6 7
Interconnectivity
(b)
0.51 N
& 048 _
7]
%
> 045 4
>
w
0.42 g
ORR |
Half-wave potential
0.39 p E
0.36 T T T

0 2 4 6
Interconnectivity

(1) (@) A calculation example of the interconnectivity for 14 spherical particles. The number on the spherical particle represents the

number of interconnected particles with the particle concerned; and (b) dependence of interconnectivity and size of Pt NPs of Pt/MWCNTs
catalysts on Pt loadings. (ll) (a) Plots of the mass specific activity for the methanol oxidation reaction and the peak CO stripping potential as a
function of the interconnectivity of Pt NPs on MWCNTS; (b) plots of the half-wave potential for ORR as a function of the interconnectivity of Pt

NPs on CNTs (after ref. 17 reproduced with permission).
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agents as shown by Cheng et aql*** and Fujigaya and Naka-
shima.'® (3) The well-define geometry of outer wall surface of
CNTs substantially promotes interconnectivity between Pt NPs,
which leads to the significant increase in the grain boundaries
between the NPs and thus active sites for fuel cell reactions,'” in
addition to the synergistic interaction between Pt NPs and
CNTs.**

Nevertheless, there are still challenges to further enhance
their electrocatalytic performance. Since NP shapes also
significantly affect the electrocatalytic activities of Pt-based
catalysts, it would be desirable to control the shape or crystal
facets of Pt NPs via non-covalent functionalization process. It is
of technological and scientific importance to explore the effect
of the structural parameters of CNTs such as diameter, length
and in particularly number of walls on the electrocatalytic
performance of CNT supported Pt-based NPs, as shown recently
on the effect of inner tubes of CNT support on the electro-
catalytic activity of Pd NPs for EOR.*** Fundamental mechanism
for the performance enhancement of Pt NPs supported on non-
covalent CNT has not been fully understood. Thus, substantial
efforts are needed in the understanding of the underlying
mechanism of the electrocatalytic activity of Pt-based NPs on
non-covalent functionalized CNTs, particularly at the atomic
scale, from both experimental and theoretical point of view.
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