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ABSTRACT
The deposition of POM on chemically reduced graphene oxide sheets was carried out through electron
transfer interaction and electrostatic interaction between POM and graphene sheets to make heterogeneous
catalyst in aqueous media. Well dispersed individual PMo clusters were observed by the electron microscopy
and atomic force microscopy measurements. The interaction between polyoxometalate and the graphene
oxide sheet was confirmed by using various spectroscopic methods such as FT-IR, UV-VIS, and Raman.
The UV-Visible, IR and cyclic voltammetry results revealed the alteration of electronic structure of deposited PMo as a result of strong interaction with the graphene surface. Electrochemical properties of PMo-rGO
catalyst was investigated in an aqueous acidic electrolyte. The hybrid catalyst showed enhanced electrooxidation of nitrite compared with pure homogeneous PMo and rGO.
Further, POMs were investigated for high proton conductive membranes composited with Nafion for
polymer electrolyte membrane fuel cell (PEMFC) under low relative humidity. (The investment of POMs is
performed to contain lots of water molecules through hydrogen bond.) POMs were immobilized by modified
graphene oxide to prevent it from leaching out during operation. A Nafion/PW-mGO composite membrane
provided high amount of bound water so that the proton conductivity was shown higher than Nafion 212
membrane. Fuel cell performance of Nafion/PW-mGO composite membrane exhibited the higher power
density of 841 mW cm -2, operating at a temperature of 80 °C under 18% RH in contrast with Nafion 212
and recast Nafion, operating under identical conditions, a peak power density of 210 mW cm-2 and 208 mW

cm-2 were observed. The composite membrane could be a potential membrane for fuel cell operating under
low relative humidity.

Keywords: polyoxometalate; Keggin type; heterogeneous catalyst; electrochemical activity; composite
membrane
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Ⅰ. INTRODUCTION

1.1

Foreword

Polyoxometalates (POMs) were first reported in the early 19th century[1–3], and studied in earnest in the 1970s. Polyoxometalates are composed of natural d-block transitional metal-oxide naPolyoxometalates (POMs), materials which were first reported in the early 19 th century, were
nosized, anionic cluster structures, prospective candidates for electrocatalysis, and ionic conductors
due
to multiple
and possessing are
properties
of of
countercation[4,5].
Especially,metthe
studied
in earnestredox
in theproperties
1970s. Polyoxometalates
composed
natural d-block transitional
Keggin type POMs ( XM12O40n- , X = P, Si / M = W, Mo, V ), which are favorable for their accessial-oxide
nanosized,
anionic
cluster
structures,
candidates
for electrocatalysis,
ionic
bility of electron
transfer
from
empty
d orbitalsprospective
for metal-oxygen
π bonding[2],
consist of and
encapsulated central XO4 tetrahedral structure and 3 octahedral sharing corners, edges, and terminal site
conductors due to multiple redox properties and possessing properties of countercation. Especially,
made by 12 pieces of MO6 octahedral addenda atoms. The Keggin polyoxometalates can undergo a
stepwise
multi-electron
photochemically
the Keggin
type POMs redox
( XM12process
O40n- , Xby=means
P, Si / of
Melectrochemically,
= W, Mo, V ), which
are favorableand
for radiolyttheir acically, without any structural changes[6–10]. Due to these excellent properties, POMs have been
cessibility
ofaelectron
transfer
from empty d orbitals
for metal-oxygen
π bonding,such
consist
of encapexploited in
wide range
of electrochemical
applications
and ionic conductors
as photoelectrocatalysts[11–14], energy conversion and storage systems (fuel cells[15,16], battery
sulated central XO4 tetrahedral structure and 3 octahedral sharing corners, edges, and terminal site
applications[17,18], pseudocapacitors[19,20]), sensors[21–23], and PEMFC membranes[24] by
high
madeproton
by 12 conductivity.
pieces of MO6 octahedral addenda atoms. The Keggin polyoxometalates can undergo a
However, the degradation of POMs in aqueous media is a drawback for heterogeneous activistepwise
multi-electron
redox process
by meansofofdegradation
electrochemically,
and radiolytties. Vázquez
et al. expressed
the mechanism
of POMsphotochemically
in local pH solution
by following the reaction during impregnation process[25].
ically, without any structural changes. Due to these excellent properties, POMs have been exploited
372+
(1)
12O40 + 3H2O → M11O39 +MO4 +6H
in a M
wide
range of electrochemical applications and ionic conductors such as photoelectrocatalysts,

energy
conversion
anddegradation
storage systems
(fuelof
cells,
battery
applications,
sensors,
They
proved the
reaction
POMs
in water
throughpseudocapacitors),
FT-IR spectroscopy
and
showed the corresponding the splitting of a peak at 1060cm-1 in X-O vibration[25,26]. In other
and PEMFC membranes by high proton conductivity.
words, POMs have a significant influence of pH condition on the solution in which multiple elecHowever, the degradation of POMs in aqueous media is a drawback for heterogeneous activi-1-

ties. Vázquez et al expressed the mechanism of degradation of POMs in local pH solution by fol-

trochemical activities proceeded with protonation in the specific potential area[7,27].
Another obstacle for heterogeneous catalyst application is its low surface area[5,8,25] owing to
its unique cluster structure that requires it to have good dispersion conditions. These significant aspects have prompted researchers to anchor POMs on various support materials such as silica[28–
31], metal cation[32–34] (Cs, Co, Fe etc.), positively charged polymer chain[35], and carbon. Entrapping a positively charged polymer matrix on the electrode surface had a strong interaction via
electrostatic bonding between the cationic polymer and heteropolyanion, but left the problems of
proper uniform dispersion of POMs on the electrode, and insulation effect unsolved. A common
support material is silica, but it is barely suitable for electrochemical studies due to its low conductivity. Many researchers have reported that carbon is an ideal support for anchoring POMs, because
POMs have spontaneous interaction with carbon materials. It has been reported that various carbonbased materials such as activated carbon[36], carbon nanotubes[37,38], the highly ordered pyrolytic
graphite (HOPG)[39], glassy carbon[40], and graphene sheets[26,41–43] have been used as support
to disperse POMs, but accurate determination and principle of interaction with support material are
still a few remaining issues.

1.2 Objectives of the study

1.2.1. Polyoxometalates-reduced graphene oxide immobilized hybrid catalyst

It is the most important issues of the polyoxometalate for the heterogeneous catalyst and ionic
conductor that support materials such as carbon, silica, and polymer are extensively investigated for
strong interaction with metal oxide cluster. Polyoxometalate in aqueous solution can attract positively charged material via electrostatic interaction, which plays the brönsted acid and base. Furthermore, polyoxometalates have a spontaneous reaction with carbon material accompanied with the
electron transfer interaction from p-orbital in the oxygen group to the carbon atom, which was al-
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ready addressed by many researchers. However, it is insufficient to make bulky-like heterogeneous
system to prevent degradation in solution. In our study, in order to improve the strength of interaction, graphene was used as a support material for polyoxometalate. Graphene is a special candidate
for POMs support materials to overcome the problems of both low surface area and high solubility
of POMs. The polyoxometalate and graphene composite has been fabricated using various reduction
methods, such as UV photo reduction, electrochemical reduction, and chemical reduction fabrication methods. However, the strength of the interaction between graphene oxide and POMs has not
been dealt with in detail. We focus on a simple, and well defined fabrication of chemically reduced
graphene oxide and Keggin type POMs (Scheme 1) and optimize the interaction between graphene
oxide and POMs by using spectroscopy measurements and morphology to confirm the alteration of
the original properties of both POMs and graphene sheet. The reduced graphene oxide prepared by
using hydrazine reduction method partially exhibits unreduced oxygen functional groups, such as
hydroxyl and carboxyl group on the graphene oxide surface and these functional groups are important to maximize the electrostatic interaction between POMs and graphene oxide, which is much
stronger than the charge transfer interaction between pristine carbon and POMs, so that it can enhance the binding strength with each other to make an immobilized hybrid catalyst. Furthermore,
we found such strong hybridisation is beneficial for enhancing the electrocatalytic oxidation of nitrite compared to individual bulk POMs or rGO catalysts. The inherent advantage of well dispersed
POMs on the rGO is that a coupling between catalyst activity and stability was achieved. To the
best of our knowledge, there is no report on the electrochemical oxidation of nitrite using POMs or
its hybrid catalyst.

1.2.2. Efficient proton conducting Nafion / polyoxometalates - modified graphene oxide membrane

Heteropolyacids possesses three or four protons entrapped in the individual heteropolyanion, so
it is a prospective material in the field of proton exchange membrane fuel cell for high proton conductive membrane with Nafion. Nafion/heteropolyacid composite membrane can improve the pro-
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ton conductivity, but heteropolyacid can be leached out from the membrane due to its high solubility in water that was produced on the cathode side. To overcome this problem remains, new approaches are needed. We tried to modify reduced graphene oxide surface, which has functional
groups like hydroxyl group, and carboxyl group so as to attach APTES (3-aminopropyltrioxometylsilane) having silane and amine group to improve linker properties between heteropolyacid and graphene sheet. The amine group located at the end of APTES can play the role of strong
base, so that it facilitates a stronger electrostatic interaction with heteropolyacid caused by brönsted
acid and brönsted base states. Further, the silane group attaches with the hydroxyl group and the
carboxyl group on the reduced graphene oxide through condensation reaction, so the linker was successfully created. The amine group attached on the modified graphene oxide (mGO) surface expected that the strength of the electrostatic interaction improved much more than the functional
group on the reduced graphene oxide surface. The purpose of this modification method is to make
graphene oxide as insulating and to prevent heteropolyacid from leaching out by accompanying
with high proton conductivity of the prepared composite membrane. Finally, the Nafion mixed with
POMs-mGO powder in aqueous solution and successfully made a highly ionic conductive composite membrane (Scheme 2). The major expected effects of the Nafion/POMs-mGO composite membrane were i) high proton conductivity at low humidity ii) high power density of proton exchange
membrane fuel cell at low humidity and intermediate temperature over 100 oC and iii) good stability
and constant performance of fuel cell operation.

-4-

Scheme 1. Schematic representation of the fabrication of PMo-rGO hybrid catalyst.
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Scheme 2. Preparation process of Nafion-212/PW-mGO membrane and graphical representative
of electrostatic interaction between cationic modified graphene oxide and anionic heteropolyacid
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1.3

Theoretical Background

1.3.1 Structure of Keggin type polyoxometalate

The Keggin based POMs are composed of twelve metal atoms (e.g., M = V, Nb, Ta, Mo, W)
around one single heteroatom (e.g., X ¼ P, As, Si, Ge), where X/M ratio is 1/12[2,3,8,27,44,45]. Especially, in the early time of molybdenum chemistry, the chemical synthesis of molybdenum (VI) in
aqueous solution which noted the formation of yellow powder called by heteropolyanion[2,6]. The
systematic procedure of synthesis which followed the equation[2], explained the formation of 12 octahedral addenda atoms based on the tungsten oxide or molybdenum oxide and 1 tetrahedra central
atom based on the phosphate or silicate (Figure 1a), and made an inorganic-oxide cluster compound
in two steps.

8H+ + 7WO42- → W7O246- + 4H2O

(2)

23H+ + HPO42- + 12MoO42- → PMo12O403- +12H2O

(3)

The molybdenum (VI) and tungsten (VI) polyoxometalates are formed to metal-oxide anion clusters
resulting from not only a favorable combination with ionic radius and charge but also an accessibility
of empty d orbitals for metal-oxygen π bonding[2,4,6,10].
Polyoxometalate structures are introduced to two basic principles[2]:
1. Each metal atom occupies an MO6 as a polyhedron like octahedron in which the metal atoms
are displaced, as a result of metal-oxygen π bonding, towards those polyhedral vertices that
form the surface of the structure.
2. Structures of MO6 octahedra that contain three (or more) free vertices are generally unobserved.
In the Keggin structure, following first principle, the heteroatom X is bonded to four oxygen atoms to form a tetrahedron and each metal atom is linked to six oxygen atoms to form octahedral via
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electron accessibility of empty d orbitals for metal-oxygen π bonding. The assembly of three octahedra forms, a tri-metallic group M3O13, which are connected to others and these M3O13 are connected
with the central heteroatom X, where central tetrahedron XO 4 is surrounded by 12 edges, and a corner-sharing metal-oxygen octahedral group[3,4,44,46]. In the second principle, several isomers exist
as various rotations statuses caused by the presence of three axes of symmetry in the Keggin structure[4,10,27]: i) the isomer α, which identified the most stable and common Keggin structure, ii) the
isomer β, which identified the rotation of one of the four M3O13 groups by π/3, iii) the isomer γ, which
identified the rotation of two of the four M3O13 groups by π/3.
At the crystallographic point of view, three types of crystalline structures are distinguished consisting of primary, secondary, and tertiary structure[5,8,9]. Figure 2 shows an example of the solid
state of heteropolyacid. A large polyanion is shown at the primary structure (Figure 2a). The secondary structure is assembly with cations, hydronium ion, and other cation molecules to consist of a three
dimensional cubic crystalline (Figure 2b). The tertiary structure was defined by solid bulky hierarchic structures depending on the particle size, porous structure, and uniformity of composition (Figure 2c). The tertiary structure is very influential on the catalytic function of solid HPAs, and various
salts can be classified by the sort of cation into group A (small metal ions like Na and Cu) and group
B (large metal ions like Cs, NH4, etc.). The catalytic properties can be the arrangement of these counter-cations: i) reduction-oxidation properties ii) acidity.
Commonly, an understanding of the structure is the most important factor for optimization of
electrochemical properties of polyoxometalate, for instance, dispersion state of polyoxometalate on
the support surface (individually, or bulky state) has an influence on the characteristic in accordance
with electrochemical[7,27], spectroscopic[5,8], and energy level cases[4,10]. Especially, in the case
of heterogeneous catalytic activity, electrochemical properties were slightly changed, in which a surface dominant electron transfer reaction takes place[26,44,47,48].

-8-

Figure 1. The structure of Keggin type polyoxometalate. The single octahedral & tetrahedral stru
ctures were shown.

Figure 2. Solid state structures of polyoxometalate. (a) Primary structure which exists heteropoly
anion. (b) Crystalline structure of polyoxometalate which bound with cation to make cubic solid
state (c) Teriary structure composed of particle size, pore structure, and composition[5,9].

-9-

1.3.2 Electrochemical activities of Keggin type polyoxometalate

The electrochemical behavior of POMs has one or two electron reversible reductions to produce
reduced POMs[6,7,27,44], which is the so-called heteropoly blues owing to the changed color, and
further irreversible multi-electron reduction with decomposition in the homogeneous state. The electrons are accepted by the addenda ions (octahedral metal-oxide), as the electrons are delocalized on
the addenda ion framework by rapid electron hopping (intra-molecular electron transfer). The reduction potential of heteropolyacid depends on the pKa value accompanied by protonation[7]. The relationships between the reduction potential and the pH can be addressed so as to shift potential negatively as a high pH value (Figure 3). The Keggin heterepolyanions transfer one-electron movement in
neutral or high pH solution accompanied with no protonation reaction (Figure 3, Line a). The redox
potentials change to positive potential with a slope of almost 59 mV/pH with decreasing pH at two
one-electron redox pairs and two two-electron redox pairs (Figure 3, Line b), and three two-electron
redox pairs as shown in Figure 3, Line c. By decreasing the pH, most of the reduction reaction converted to two electron movement, which is accompanied with the addition of two protons, expressed
in the following equation (4)~(6) for reduction process with protonations[7].

α-XM12O40n- + 2e- + 2H+ → α-H2XM12O40n-

(4)

α-H2XM12O40n- + 2e- + 2H+ → α-H4XM12O40n-

(5)

α-H4XM12O40n- + 2e- + 2H+ → α-H6XM12O40n-

(6)

Once one-electron reduction reaction occurs, no protonation takes place or only one proton is consumed. Two-electron reduction reaction coincides with two protonation in the cathodic process.
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Figure 3. The relationships between the reduction potential and the pH can be addressed so as to
shift potential negatively as a high pH value. Roman numerals show the number of electrons add
ed to the oxidized anion 0: (HPA) n-[7].
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Figure 4. The cyclic voltammetry of 5mM phosphomolybdic acid (PMo) in 1 M H 2SO4 at 200 mVs-1
scan rate, showing three redox potentials at 0.521, 0.350, 0.205V vs SCE)

Table 1. Reduction – oxidation peak potential information of phosphomolybdic acid (PMo) in 1M
H2SO4 at 200 mVs-1 scan rate. All redox peak showed reversible reaction and two electron transfer
reaction.
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1.3.3 Support material of polyoxometalate for heterogeneous catalyst

Numerous methods to deposit the polyoxometalate on the support material to fabricate heterogeneous catalyst have been introduced such as chemical adsorption method on novel metal electrode,
entrapped on the positively charged polymer chain, assembled with silica substrate, and carbon paste.
These accessibilities have prompt researchers to overcome the drawbacks of polyoxometalate, which
have low specific area and degradation state. In other words, the support materials need two special
properties (i) high specific area and (ii) high strength of interaction with polyoxometalate.

I) Chemical adsorption of novel metal electrode

Chemical adsorption method was introduced by deposition on the platinum electrodes[49].

Af-

terwards, different supports such as di-cobalt porphyrins[50], carbon[51], gold[52], mercury[53], and
iron[54] are adopted. This method is based on covalent bondings, having advantages that yield maximum loading amount of polyoxometalates, and good distribution state on the electrode surface. However, it is difficult to form one single monolayer, so that large surfaces are required to increase the
amount of the adsorbed space. Now, in order to solve the problem, nano materials are able to retain
high concentration of polyoxometalate.

II) Entrapped on the positively charged polymer chain

The positively charged polymer matrix has been investigated for the encapsulation of heteropolyanion, depending on the chemically incorporated polyoxometalates via strong electrostatic interaction
based on the brönsted acid and base[3,35,47]. Organic polymers such as quaternized poly (vinylpyridine) or polyaniline[55,56], polypyrrole[57], and poly (vinylchloride)[58] are the most employed polymers to encapsulate polyoxometalate to retain heterogeneous catalyst. Furthermore, immobilization
of polyoxometalate by means of encapsulation is a simple and easy process that requires no particular
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equipment. However, several drawbacks have appeared: (i) their relative solubility in aqueous solvents, (ii) their photochemical reactivity, which leads to degradation as time goes by, (iii) their low
ionic exchange capacities and insulating effect[55,56,59].

III) Assembled with silica substrate

Polyoxometalate can be supported on silica owing to the arrangement of different surface areas
and pore size distributions[28–31,60], affecting the transport of reagents to the catalytic sites and catalyst selectivity. To anchor to the surface with polyoxometalates, the silica surface was functionalized
with an amine ligand silane, and treated with free-acids of polyoxometalate clusters. During protonation, the amines held the polyoxometalates to the surface by electrostatic interactions. However, it is
barely suitable for electrochemical studies due to its low conductivity.

IV) Carbon paste method

In order to improve the catalytic activities of immobilized POMs in matrix, carbon based materials such as activated carbon (AC), carbon nanotubes (CNT), HOPG, glassy carbon (GC), and graphene sheets have been used as support to disperse POMs. The electrostatic interaction and covalent
interaction have been arranged at physicochemical allowing POMs to disperse onto carbon
surface[26,36,42,43]. It is expected that oxygen containing surface groups on carbon would play a
role in polyoxometalate adsorption, and the electronic properties of pristine carbon atoms and polyoxometalate as well as the charge transfer effects. Recently, many researchers have reported that graphene is selected for support material[17,26,41–43,61,62]. Up to now, many deposit methods for graphene sheets have been found, especially photocatalytic reduction of graphene oxide (GO) by polyoxometalate is a promising simple and efficient method to obtain pristine graphene surface.
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1.3.4 Properties, and structure of graphene for support material

Graphene has received considerable interest in many research fields due to its exceptional physical and chemical properties. Its unique and extraordinary features like extensive nanostructure, high
surface area, superior thermal conductivity, electronic conductivity, and mechanical strength[63,64].
Graphene is a single nano-sheet of graphite. One layer of graphene can be separated from graphite
using chemical functionalization, thermal exfoliation, and mechanical cleavage. Naturally, carbon has
2s and 2p orbital and each orbital includes two electrons, respectively. These four electrons in carbon
make different kinds of sp-hybridized orbital. Every carbon atom in graphene is bounded with three
neighboring carbon atoms as sp2 hybridization. There are three σ orbitals on the one carbon atom in a
layer of graphene and one π orbital along with vertical direction. When chemical sorption occurs on
graphene, one π bond breaks and it produces another one σ orbital. In other words, change from sp 2 to
sp3 hybridization is the major mechanism of chemical absorption of graphene (Figure 5). Graphene
has unique π-stacked hexagonal structure from graphite with 0.3 nm of interlayer distance[65] (Figure 6), it includes several extraordinary properties. Most of all, the features are advanced more than
the other carbon allotropes.
The thermal properties of graphene have been found near 5,000 W/mK which is higher than the
experimental measured value of both carbon nanotubes and diamonds. It was studied through a suspended graphene nano layer that was obtained by mechanical exfoliation[66].
Graphene has ultrahigh electron mobility. Thermal vibration of atoms in graphene determines
electron mobility and it has been reported that the values of mobility are approximately 200,000
cm2/Vs. In case of Si it was measured at about 1,400 cm2/Vs. In addition, electron mobility decides
the switching speed of electronic devices and graphene can be a superior candidate for transistors
which need fast switching speed. The surface area of one single layer graphene can be measured by
Brunauer-Emmett-Teller (BET) technique and it was 2,630 m2/g, which is almost twice the surface
area compared with multi wall carbon nanotube (MWCNT) (~1,500 m2/g)[67].
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The POMs-graphene oxide composite has been fabricated using various reduction methods, such
as UV photo reduction[11–14], electrochemical reduction[17], and chemical reduction[41] fabrication
methods. However, the strength of the interaction between graphene oxide and POMs has not been
dealt with in detail. Tessonnier et al. modified the thermally reduced graphene oxide with POMs, enhancing the dispersion via alkyl chain functional group on the graphene sheet[26]. However, the reported method is complex and moreover the process needs to functionalize the graphene sheet and the
anchoring strength is not studied in detail.
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Figure 5. Graphics of graphene sheet. (a) Lattice structure of graphene. (b) σ and π orbitals placed on
graphene structure extraordinary properties of graphene. (c) and (d) graphene oxide and reduced gra
phene oxide sheet atomic structure. The oxygen functional groups such as hydroxyl, carboxyl, and
epoxy group was described to red and white spheres.

Figure 6. One layer graphene from graphite and its interlayer distance[65].
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1.3.5 Electrochemical application of polyoxometalates

POMs are candidate for electrochemical application such as batteries, which POMs were found to
act as electron storages for the cathode material[17], fuel cell application[15,16,68], electrochemical
sensor on which can be act as an analytical device, such as hydrogen peroxide[22,69], carbon monoxide[68], iodate[69,70], ascorbic acid (AA) and dopamine (DA)[69] as vital components in the diet of
human beings take, and nitrite ion[22,69,71]. In fuel cell applications, POMs play the role of oxidation reaction of carbon monoxide (CO)[68], which notes that CO is a byproduct that is produced during the electrooxidation of methanol, but it should be removed from the fuel electrode as CO can seriously poison Pt-based electrocatalysts. Usually, POMs can be exploited in electrocatalytic reduction
and oxidation, respectively owing to abundant electron and multiful redox activity. Especially, electrochemical reduction process for ion such as peroxide, iodate, and nitrite have been investigated
from many researchers to apply biosensors.

1.3.6 Nitrite oxidation reaction

Nitrite ion is available for various applications in electrocatalytic fields such as environmental,
food, and biological aspects of the human body[72,73]. Nitrite reduction reaction yields several products depending on the type of electrode and catalyst used, but oxidation reaction makes a simple
straight forward reaction to make nitrate ion as a final product[74,75].

NO2- →NO2∙ + e-

(7)

2NO2∙ + H2O → NO2- + NO3- + 2H+

(8)

Whereas, the electrochemical oxidation of nitrite was carried out using various materials, such as
Al2O3-Pd modified electrode[76], Au nanoparticles[77,78], graphene[79], and glassy carbon[74]. A
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previous report of nitrite oxidation reaction with reduced graphene oxide presented that oxidation
peak appeared at 0.82 V vs. SCE in 0.1 M PBS solution (pH 5)[78].

1.3.7 Proton exchange membrane

Polymer electrolyte membrane fuel cells (PEMFC) are an essential energy conversion technique
to alter fossil energy sources. Researchers have paid efforts to develop the fuel cell for commercialization based on hydrogen energy to reduce the amount of oil being used and to decrease emission of
global warming pollutants. However, it is not widespread commercial used because of requirement of
improvement of their performance and minimization of expensive components[80]. The essential
component of PEMFC is a proton exchange membrane, which has significant characteristics for good
performance including high proton conductivity, water transport ability, and durability under various
operating conditions[81,82]. Nafion (Figure 7a and b), which was a sulfonated perfluoroalkyl chain
membrane, consisting of hydrophilic domain and hydrophobic matrix structure, has characteristics
expressed by following these factors[83–85].
(i)

High proton conductivity

(ii)

Low electronic conductivity

(iii) Low permeability to fuel and oxidant
(iv) Low water transport through diffusion and electro-osmosis
(v)

Oxidative and hydrolytic stability

(vi) Good mechanical properties in both the dry and hydrated states
(vii) Capability for fabrication into membrane electrode assemblies (MEAs).

However, Nafion did exhibit some limitation, so many researchers have been trying to overcome
the following obstacles

(i)

Dehydrates over 80oC and under 100% RH.
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(ii)

Diffusion of other species ion

(iii) Lack of safety during its manufacturing and use because of fluorocarbon
(iv) High cost

A functional water domain is related with the structural domain system of polymer membrane
(Figure 7c) both hydrophilic domain (perflouorinated pendant side chains ending with sulfonic acid
moieties) and hydrophobic polytetrafluoroethylene backbone, such as the number of acid group, domain size, and interanioinic distances[86]. For instance, when membrane contacts with water, the sulfonic acid moieties swell and form hydrophilic domains with a size of ∼ 40Å [87,88], thus needed it
to improve hydrophilic domain size. In order to enhance proton conductivity, many factors have to be
considered from determination of structural effects.
The proton exchange in Nafion membrane relies on bound water and its interaction with acid
groups. Three kinds of water contents models were exhibited, Vehicular model, Grotthuss model, and
Free water domain[89]. Vehicular model explains how a proton moves in the opposite direction corresponding to diffusion of a hydronium ion or a water molecular (proton acceptor). Grutthuss model
introduces that protons move into the network of hydrogen bonds. The process consists of two steps,
the transportation of a proton from an oxonium ion to a water molecule by passing through a hydrogen bond and rotation of the water molecule, finally performed hopping the next proton. These mechanisms are able to explain water transport, such as electro-osmotic drag, back diffusion, and pressure
driven hydraulic permeation.
The proton conductivity of Nafion membrane is very sensitive to water content and is maximal
when fully saturated with water[90,91]. Proton conductivity decreases dramatically by orders of magnitude at low relative humidity (RH) due to membrane dehydration and operation of PEMFCs at low
RH is thus limited. An effective approach to improve the proton conductivity of Nafion membranes at
low humidity is ceramic/inorganic fillers such as SiO2[92,93], TiO2[94], ZrO2[95], etc. Hygroscopic
inorganic fillers narrows the hydrophilic channels in the Nafion matrix, and retains water in the Nafion matrix, facilitating proton conduction[92,93,95]. Another aspect of inorganic fillers is high stabil-
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ity at high temperature over 100 oC owing to the electrostatic attraction within the electrical double
layer (EDL)[93]. Nevertheless, incorporating inorganic materials in Nafion reduce the proton conductivity owing to a decrease in the number of sulfonate groups per unit volume of each domain[96,97].
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Figure 7. Structure of a (a) Polytetrafluoroethylene. (b) Perfluorosulphonic acid (PTFE copolymer)
[98]. (c) Water-channel (inverted-micelle cylinder) model of Naﬁon, size distribution of inverted-

micelle cylinders, schematic image of water channels (squares) and the Naﬁon crystallites (circles) in
the non-crystalline Naﬁon matrix (background)[86].
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1.3.8 Polyoxometalate composite membranes

The primary structure of polyoxometalate anions are connected with hydrogen bonding with water molecules, for instance, secondary structure of polyoxometalate exists in crystalline structure
bonded by several water molecules. This interaction with water molecules are access to protonation as
to possess an ability of high proton conductivity[44,46], thus polyoxometalates are able to expect the
increased amount of bound water molecules to transfer protons through a solid electrolyte matrix[24].
However, the application of polyoxometalates membrane is limited by the solubility in water in the
condition of the relative humidity during fuel cell operating condition regardless of good proton conductivity. In order to overcome the problem and to enhance the durability during operation, various
synthetic strategies methods have been investigated and adapted such as organic or inorganic compound linker for immobilization[99,100].
Graphene oxide is a prospective support material for immobilization of poloxometalate. Interestingly, graphene oxide can be hydrated easily because it contains several kinds of oxygen functional
groups, such as carboxylic, hydroxyl and epoxy groups. One of the synergetic strategies is to composite between graphene oxide and polyoxometalate by incorporating with a Nafion membrane[101–
103], expected enhancement of the water retention properties and tunable of the extent of hydrophilic
domains for a better network for proton transport owing to polyoxometalates. Moreover, in order to
enhance the immobilization properties, organic linker was investigated with polyoxometalate[104–
106]. APTES (3-aminopropyltrioxometylsilane), consists of amine functional group and oxosilane
based linkage (Figure 8a), can enable not only strong electrostatic interaction with heteropolyanion
but also polymerization with oxygen functional group in graphene oxide through the condensation
reaction[107] (Figure 8b).
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Figure 8. (a) The structure of APTES (3-aminopropyltrioxometylsilane), and properties. (b) Polymerization with oxygen functional group in graphene oxide through the condensation reaction[108].
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II. EXPERIMENTAL SECTION

2.1

Polyoxometalates – reduced graphene oxide hybrid catalyst

2.1.1 Preparation of graphene oxide

Graphene oxide (GO) was oxidized from graphite powder by a modified Hummer method[109].
One gram of graphite power (Sigma Aldrich) was ground with 50 g of sodium chloride (Daejung,
Seoul, Korea) and washed by DI water and ethanol 5~10 times to remove sodium chloride. After
drying, 4 mL of H2SO4 (Sigma Aldrich, 99%) was added and mixed with 0.84 g of K2S2O8 (Kanto,
Tokyo, Japan) and P2O5 (Kanto, Tokyo, Japan) at 80 °C (375 rpm) for 4.5 h. After the mixture
cooled for 10~20 minutes, 167 mL of DI water was added and stirred overnight at room temperature. Afterward, the mixture was filtered and washed using DI water and ethanol, and dried for 1 h.
The collected powder was added to 40 mL of H2SO4 with 5 g of KMnO4 (Aldrich) in a two-neck
flask placed in an ice bath and stirred slowly until the contents were completely dissolved. Then, 84
mL of DI water was added into the mixture, and stirred for 2 h at 35 °C. Finally, more DI water (167
mL) was added along with 10 mL of H2O2 (Samchun, Korea) and the reaction was terminated via
stirring for 30 minutes in an ice bath. The resulting mixture was centrifuged until pH 7, and then
brown powder was collected after drying in a vacuum oven.

2.1.2 Preparation of reduced graphene oxide

Graphene oxide (GO) 1 g was dispersed in 250 mL DI water for 30 minutes. Five mL of hydrazine hydrate (Aldrich) was added into the mixture and stirred for 4 h at 100 °C under nitrogen atmosphere. Finally, the resulting mixture was filtered and washed by pH 7, then dried at 40 °C for 24
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h in a vacuum oven.

2.1.3 Preparation of PMo-rGO catalysts

The reduced graphene oxide (rGO, 100 mg) was dispersed and sonicated in DI water for 30
minutes by using an ultrasonicator. In this step, 1 wt% of ethylene glycol (Aldrich) was added to the
graphene solution to disperse POM on the graphene sheet, because POM and graphene solution can
play the role of brӧnsted acid and base, which react with each other by electrostatic interaction.
Therefore, ethylene glycol, diol solvent contributed the appropriate and mild pH condition to interact. Aqueous solutions of 20 mgmL-1 of phosphomolybdic acid n-hydrate (Kanto, Tokyo, Japan)
was added to the rGO solution and mixed for 24 h. Finally, the resulting contents were filtered and
washed 3 times with DI water to remove residual physically absorbed POMs on the rGO, and dried
at 60 °C for overnight in a vacuum oven.

2.1.4 Characterization

Fourier-transform infrared (FT-IR) spectra was performed on the Agilent Cary 600 FT-IR spectroscopy equipped with an auto-sampler (over 6000 scans) with a resolution of 4 cm-1 in the range
from 4000 to 400 cm-1. Ultraviolet-visible (UV-VIS) spectroscopy was performed with an Agilent
Cary-5000 with UV quartz cells. The scanning speed was 400 nm∙min-1 in the range of 200 to 800
nm. Raman spectroscopy was carried out using the Almega XR (Thermo scientific) with incident
laser light. Atomic force microscopy (AFM) was performed with a NX10 (Park systems) in the noncontact mode. The sample was coated on the glass plate treated with ozone by using a spin coater.
Transmission electron microscopy (TEM) was performed with a HF-3300 (Hitachi) with an acceleration voltage of 300 kV. Cyclic voltammetric (CV) measurements were performed with a Biologic
potentiostat/galvanic with a three-electrode cell configuration using Pt wire, Ag/AgCl saturated
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electrode, and glassy carbon (3 mm, ϕ) as counter, reference and working electrodes, respectively in
1 M H2SO4. The electrode ink was prepared by dispersing 5mg of sample in 125 μL of isopropyl
alcohol and 125 μL of DI water adding 10 μL of 5 wt% Nafion solution (Aldrich) was added finally.
A glassy carbon (GCE) working electrode was polished in diamond solution and 0.05 μM of Al2O3
pastes before coating ink on the surface of GCE. Then, 3 μL of well dispersed ink was dropped on
the surface of glassy carbon, and dried at room temperature in order to form a uniform thin film of
catalyst. All CV measurements were recorded using a potential window between -0.2 and 0.8 V at
different scan rates. A nitrite oxidation reaction was carried out using different concentrations from
100 μM to 600 μM of NaNO2 at a 10 mVs-1 scan rate. A long-term electrochemical stability test was
performed up to 100 cycles at a 50 mVs -1 scan rate under same conditions.
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2.2

Nafion / Phosphomolybdic acid – modified graphene oxide composite membrane

2.2.1 Preparation of modified graphene oxide

Reduced graphene oxide (rGO) 0.1 g was dispersed in 50 mL toluene (Aldrich) for 30 min. APTES (3-aminopropyl-trioxometylsilane, Gelest) 0.1 g was added into the mixture and stirred for 3 h at
30 °C and for 3 h at 100 °C under nitrogen atmosphere for condensation reaction. Finally, the resulting mixture was filtered and dried at 40 °C for 24 h in a vacuum oven after washing residual APTES
by toluene.

2.2.2 Preparation of PW-mGO hybrid material

Modified graphene oxide (mGO, 100 mg) was dispersed and sonicated in DI water for 30 min. by
using an ultrasonicator. Aqueous solutions of 20 mgmL-1 of phosphotungstic acid n-hydrate (Kanto,
Tokyo, Japan) was added to the mGO solution and mixed for 24 h. Finally, the resulting contents
were filtered and washed 3 times with DI water to remove residual physically absorbed POMs on the
mGO, and dried at 60 °C for overnight in a vacuum oven.

2.2.3 Fabrication of Nafion / PW-mGO composite membrane

PW-mGO powder was impregnated in Nafion ionomer. The mixtures was ultra-sonicated for 30
min. and were subsequently mechanical stirred for 12 h. The composite membranes were prepared by
casting the solutions on a glass petri dish and allowed to dry overnight at 80 oC using vacuum oven.
The dried composite membranes were peeled off by immersing in DI water for 6 h. The dry membrane thicknesses of all the composite membranes were measured at 5 random points over the surface
using a digital micrometer and the average thickness was found to be around 40 nm. Finally, the
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membranes were pre-treated by boiling in 1 M H2SO4 and H2O in sequence for 1 h in each case. At
the same method, Nafion 212 recast membrane, Nafion/GO membrane, and Nafion/mGO membranes
were made.

2.2.4 PW-mGO characterization

Fourier-transform infrared (FT-IR) spectra was performed on the Agilent Cary 600 FT-IR spectroscopy equipped with an auto-sampler (over 6000 scans) with a resolution of 4 cm-1 in the range
from 4000 to 400 cm-1. Ultraviolet-visible (UV-VIS) spectroscopy was performed with an Agilent
Cary-5000 with UV quartz cells. The scanning speed was 400 nm∙min-1 in the range of 200 to 800 nm.
Cyclic voltammetric (CV) measurements were performed with a Biologic potentiostat/galvanic with a
three-electrode cell configuration using Pt wire, Ag/AgCl saturated electrode, and glassy carbon (3
mm, ϕ) as counter, reference and working electrodes, respectively in 1 M H 2SO4. The electrode ink
was prepared by dispersing 5mg of sample in 125 μL of isopropyl alcohol and 125 μL of DI water
adding 10 μL of 5 wt% Nafion solution (Aldrich) was added finally. A glassy carbon (GC) working
electrode was polished in diamond solution and 0.05 μM of Al 2O3 pastes before coating ink on the
surface of GCE. Then, 3 μL of well dispersed ink was dropped on the surface of glassy carbon, and
dried at room temperature in order to form a uniform thin film of catalyst. All CV measurements were
recorded using a potential window between -0.75 and -0.25 V at different scan rates.

2.2.5 Membrane characterization

Water uptake (WU) of samples was determined by drying membranes in the oven at 80 oC and the
membranes were then soaked in DI water for 24 h at room temperature. WU was calculated by the
following Equation (9).

WU (%) 

Wswollen  Wdry
Wdry

 100

(9)
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Where, Wswollen is the weight of the membrane that was soaked in water for 24 h and Wdry is the weight
of dry membrane.
Ion exchange capacity (IEC) was investigated by an acid-base titration using phenolphthalein as
indicator. The samples were dried in the oven at 80 oC and the membranes were then immersed in 2M
NaCl solution for 24 h so that the H + of membrane could be exchanged with Na +. The solution was
finally titrated with 0.001 M NaOH. IEC value was calculated according to Equation (10)

IEC 

VNaOH  C NaOH
Wdry

.

(10)

Where, IEC was the ion exchange capacity (mmol g-1), VNaOH was the added volume of NaOH at the
equivalent point (mL), CNaOH was the concentration of NaOH (M) and Wdry is the weight of dry membrane[110].
The number of water molecule per sulfonic acid group, λ, was calculated by following Equation
11[110].



WU (%)  10
18  IEC (mmol g 1 )

(11)

The state of water in membranes was estimated using differential scanning colorimeter (DSC, TA
instrument)[111]. In DSC experiment, the swollen membranes were frozen at -80 oC and hold for 5
min. After that, the membranes were heated to 80 oC with a heating rate of 1 oC min-1. The amount of
non-freezing bound water in the hydrated membrane was determined following Equation (12).
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(12)

Where, Wb was the amount of non-freezing bound water (%), and WU was the water uptake, Wf and
Wfb were the amounts of free water and freezable loosely bound water, respectively. Qendo was the endothermic fusion enthalpy of fully hydrated membrane (freezable loosely bound water and free water)
calculated by DSC (J g-1) and Qpure was the enthalpy of deionized water (334 J g-1)[111].
The ionic aggregation of membranes was determined using DSC. The DSC was performed on wet
membrane at scan rate of 10 oC min-1 under nitrogen flow[112].
The proton conductivity of the membranes was measured in the longitudinal direction with a fourprobe method using membrane conductivity cell (Bekktech) with gas flowing options. Membrane
sample with area of 1 cm x 3 cm was assembled in the cell, in contact with two platinum electrodes
placed at a fixed position. The potentiostat is set to apply specific voltages between two Pt electrodes
and resulting currents were measured. The resistance (R) is derived from the slope of the line that
connects the data points. The membrane conductivity as a function of relative humidity percentages
(RH %) at 80 oC was determined according to the Equation (13).

(13)

Where, L = 0.425 cm is the fixed distance between two Pt electrodes; R is the membrane resistance in
Ω; W is the width of the sample in cm and T is the thickness of the membrane in cm.

2.2.6 Fabrication of membrane electrode assembly and fuel cell performance evaluation

- 31 -

The PEMFCs performance of composite membranes was evaluated by making membrane electrode assemblies (MEAs). Gas diffusion layers (GDL, SGL, thickness = 0.27mm) were used as the
backing layers. For the cathode catalyst layers, 40 wt% Pt/C catalysts (Johnson Matthey) were mixed
with 30 wt % Nafion ionomer and isopropyl alcohol. The slurry was then ultrasonicated for 60 min
and subsequently the slurries were coated onto GDL. For anode catalyst layer, 40 wt % Pt/C was dispersed in isopropyl alcohol and 7 wt % of Nafion and the slurry was coated in a similar manner. Catalyst loading on both the anode and cathode was kept at 0.5 mg cm-2. The active area for the PEMFCs
was 5 cm2. A thin layer of Nafion ionomer was applied to the catalyst surface of both the electrodes.
MEAs were obtained by sandwiching the membrane between the cathode and anode followed by its
hot-compaction under a pressure of 30 kg cm-2 at 130 °C for 2 min. MEAs were coupled with teflon
gas-sealing gaskets and placed in single-cell test fixtures with parallel serpentine flow-field machined
on graphite plates. The PEMFCs was maintained at ca.100% RH by passing hot and wet hydrogen
and oxygen gases to its anode and cathode sides, respectively, at a flow rate of 300 sccm through a
mass flow controller. After establishing and equilibrating the desired humidity level, measurements of
cell potential as a function of current density were conducted galvanostatically. The polarization data
are collected point by point and 1 min is given to the system to come to steady state. The reproducibility of the data was ascertained by repeating the experiments at least twice. All the MEAs were
evaluated in PEMFCs under atmospheric pressure.
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III. RESULTS

3.1

Polyoxometalates – reduced graphene oxide hybrid catalyst

3.1.1 Morphology analysis of PMo-rGO

The TEM image of graphene oxide showed morphology of crumpled, paper-like structure (Figure
9a). TEM studies of PMo-rGO reveal that particles with a size range of 1-6 nm were observed on the
graphene sheet. The well dispersed state of individual PMo clusters (Figure 9b), suggests that the
POMs strongly interacted with the carbon framework of graphene oxide. Especially, larger particles at
some region or edges were observed, resulting from aggregation of POMs through strong interaction
with oxygen containing functional group on the graphene sheet like hydroxyl, and carboxyl group.
The POMs can form three types of crystalline structures such as primary, secondary, and tertiary
structures. The tertiary structure contains hydronium ion (H3O+), which connects neighboring polyoxometalate clusters[5,26], whose size is greater than ~2 nm. Schwegler et al. reported that POMs cluster interact with oxygen containing functional groups of activated carbon such as hydroxyls, carbonyls, and ether groups[36]. Especially, the carboxyl group is a weak acidic in aqueous media, but when
it is mixed with POMs that have a lower pH value, it plays the role of a weak base by changing positive charge. As a result, POMs and surface functional groups of graphene can easily interact via the
electrostatic bond between positively charged carboxyl groups and negatively charged POMs anion in
aqueous solvents. Therefore, particle size was attributed to the degree of interaction between functional groups and cluster molecules. Moreover, HR-TEM images (Figure 9c) informed the size of
single molecules of PMo around 2~3 nm. The dark spots marked with arrows in Figure 9C are Mo
atoms (Z=42) based individual cluster, which has high atomic number rather than carbon atoms (Z=6),
corresponding individual Mo atoms in a single MoO6 octahedral structure.
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(a)

100 nm

(b)

(c)

Figure 9. TEM images of (a) rGO and (b, c) PMo-rGO. The arrows indicate invidiual PMo cluster on
the graphene oxide surface.
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In order to support our observation, PMo-rGO sample was further characterized by AFM. The
PMo-rGO was coated on the glass plate to perform AFM. The glass plate was pre-treated in ozone to
induce the hydrophilicity of the glass plate. The PMo-rGO dispersion was spin-coated on a pretreated glass plate at 1000 rpm for 30 s and evaporated residual solvent at 60 °C. Figure 10 shows the
AFM image of PMo-rGO image exhibited the height information around 1~2 nm of individual particles on the graphene sheet. The particle size observed from the AFM results is in good agreement
with the results observed by TEM observations.

Figure 10. Non-contact AFM image and height profile of PMo-rGO and 3-dimensional image. The
dispersed solution of PMo-rGO (0.1 mgmL-1) were coated on the ozone pretreated glass
using spin-coating.
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plate by

3.1.2 Characterization of PMo-rGO

Keggin type POM was immobilized onto several support materials such as positively charged
polymer, silica, and carbon material. Especially, interaction between pristine graphene and polyoxometalate has spontaneous reaction which was strongly adsorbed owing to electron transfer from electron-abundant polyoxometalate to graphene sheet[17,26,62]. Therefore, in order to understand this
interaction, FT-IR spectroscopy was usually used to analyze the characteristic vibrational peak shift of
metal-oxide on polyoxometalate. PMo has four types of metal-oxide bonds, such as three metaloxygen sharing structure of MoO 6 octahedra by edge-sharing oxygen atoms (Mo-Ob-Mo), cornersharing oxygen (Mo-Oc-Mo), central atom-oxygen sharing (P-O) to make a cage, and a terminal metal
oxygen (Mo=Ot), which are formed by double bonds[26].
The FT-IR spectra of GO, rGO, PMo-rGO showed characteristic individual functional group vibration peaks (Figure 11a). When GO reduction reaction was occurred, -OH group (3421 cm-1) and
C=O (1728 cm-1) symmetry vibration peaks were disappeared, even though C=C sp 2 species (1580
cm-1) and C-O (1043 cm-1) vibration peaks still remained, which indicates that the partial reduction
process occurred by using hydrazine hydrate, which is a mild reducing agent and thus the reduced
graphene oxide obtained by this process exhibits hydrophilic behavior (Scheme 1). This resulted in
further strong interaction between rGO and PMo through electrostatic bonding owing to the remaining oxygen functional group on the graphene sheet. Comparing between rGO and PMo spectra, C=C
sp2 species still remained and clearly displayed or M-O stretching at 1035, 948, 861, and 786 cm-1
peaks, which implied that PMo successfully deposited on the graphene sheet through a simple synthesis method without employing additional procedure.
In order to understand the interaction between rGO and PMo, IR spectrum of pure PMo and PMorGO was acquired and the corresponding results are presented in Figure 11b. The characteristic peak
of pure PMo appeared at 1051 cm-1 (νas of P-O), 955 cm-1(νas of Mo=Ot), 868 cm-1(νas of Mo-Ob-Mo),
and 733 cm-1(νas of Mo-Oc-Mo). However, the hybrid composite showed a peak at 1035, 950, 866,
and 764 cm-1 (Figure 11b). A detailed inspection of the peak due to Mo=Ot of PMo-rGo shows that it
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is red shifted from 955 to 950 cm-1 and the band of Mo-Oc-Mo has a blue shift from 733 cm-1 to 764
cm-1. This may can be ascribed to the interaction between graphene and PMo due to strong adsorption
via electron transfer binding and electrostatic binding with each other. Especially, corner-sharing oxygen (νas Mo-Oc-Mo) vibration show a much higher peak shift than other octahedral oxygen sharing
like terminal and bridge sharing (around 30 cm-1 wavenumber shifted). In the literature, when a POM
anion has an effect on the counter-cation, Mo-Oc-Mo vibration shifts almost 20 cm-1, depending on
the kind of cations[26], which means partial protonation was occurred, resulting in electrostatic interaction between the POM cluster and the graphene sheet. This observation indicates the electrostatic
interaction contributes more than the electron transfer interaction because of high oxygen containing
functional groups on the graphene surface.
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Figure 11. (a) FT-IR spectrum of GO, rGO, PMo-rGO, Each functional group peak and vibration was
marked by an arrow, and star indicated the metal-oxygen vibration peak in the PMo. (b) Peak shift
informaion between pure PMo and PMo-rGO composite. The significant peak shift was occurred in
the Mo-Oc-Mo, which is marked with red arrow.
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UV-Vis spectroscopy was used to measure the ligand-to-metal charge transfer (LMCT) band of
original POMs in the 300-400 nm regions. The rGO and PMo-rGO samples were dispersed in ethanol
solvent with different concentration from 0.05 mgmL-1 to 0.5 mgmL-1. The pure PMo exhibited a
LMCT band at 309.5 nm as shown in Figure 12a, and this observed absorption band value is in
agreement with the value reported in the literature. Moreover, subtraction spectra between rGO and
PMo-rGO (Figure 12b) were acquired in order to calculate the band gap more accurately of PMorGO for comparison between pure PMo and PMo-rGO, which interact with the graphene sheet by
transferring an electron from POMs to graphene. The absorption edge wavelength was determined
accurately using the first derivative curve of subtraction spectra between rGO and PMo-rGO as
shown in Figure 12c. Pure PMo has a band gap of 2.59 eV[4,26] (edge wavelength 480 nm), and the
PMo-rGO exhibited a band gap of 2.75 eV (edge wavelength 451 nm). The shift in the band gap of
PMo-rGO hybrid is clearly indicating the change the energy levels of PMo due to the electron transfer
from PMo to reduced graphene oxide. The electron transfer and electrostatic interaction between PMo
and rGO was observed based on UV-Vis and FT-IR results.
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Figure 12. UV-VIS spectrum of PMo-rGO. (a) at different concentration of PMo-rGO dispersion. (b)
rGO and PMo-rGO absorbance information and the subtraction spectrum between rGO and PMo-rGO.
(c) The first derivative curve of substracted spectrum of PMo-rGO. The edge energy was determined
from the first derivative of the difference spectrum.
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The significance of the interaction between rGO and PMo-rGO can be analyzed by the changes of
the carbon framework using a Raman spectroscopy. UV-Vis spectra showed electron transfer interaction between PMo and rGO from the value of edge wavenumber. In order to further confirm this interaction, the structural information of graphene including defect or disorder properties were examined by using Raman spectroscopy. The band at 1396 cm-1 (D) is attributed to the amount of defects
or disorder that exists on the carbon framework, and 1675 cm-1 (G) band corresponding to the E2g
mode of hexagonal sp2 carbon domains, representing a degree of graphitization (Figure 13). The intensity ratio between D and G band (Id/Ig ratio) indicates the degree of defect, disorder, ripples, edge,
and the average size of sp2 domain. Compared with these spectra, the I d/Ig ratio gradually increased
from GO to PMo-rGO, especially, after PMO deposition on the rGO, Id/Ig ratio was 1.02. The result
indicated that deposition of POMs had influences of increasing defect, disorder, and sp 2 domain sites
on the graphene sheet[113] owing to electron movement from POMs oxide to pristine graphene.
Based on IR, UV-Vis, and Raman data, it is clear that the interaction between PMo and the graphene
sheet was observed and there could be existence of two kinds of interactions both electron transfer
interaction and electrostatic interaction via oxygen functional group on the graphene sheet.

Figure 13. Raman spectra of GO, rGO, and PMo-rGO, inset shows the expanded region from 1100 to
2000 cm-1.
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3.1.3 Electrochemical activities

The electrochemical properties of bulk PMo dissolved in 1 M H2SO4 using a glassy carbon electrode was carried out by a cyclic voltammetry. The parent PMo exhibits three reversible redox potentials (0.521, 0.350, 0.205 V vs. SCE) in acidic media (Figure 4), each redox potentials are attributed
to two electron transfer reactions. Figure 14a shows the cyclic voltammogram of PMo-rGO hybrid
electrode in a potential range of -0.2 to 0.8 V at 10 mV/s scan rate. The CV showed three distinctive
reversible redox potentials of 0.354, 0.187, and 0.041 V vs. SCE, each peak separation between the
anodic and cathodic peaks (ΔEp) from first redox peak to third redox peak are 13, 41, 17 mV, respectively, indicating that each redox reaction corresponded two electrons process, which was described
by previous equations (4)~(6).
All peak potentials were shifted to more negative values when PMo is dispersed on rGO as compared to the potential of the parent PMo. A 200 mV negative shift was observed for all the three peaks
compared with pure PMo. This shift might be due to the stabilization of energy levels of PMo upon
dispersing on rGO, which can be attributed to a strong interaction with graphene oxide surface. A
large negative shift of peak potentials of PMo in PMo-rGO implies that the charge transfer interaction
between carbon framework of graphene and polyoxometalate takes place, which decreases the electron density on the heteropolyanion[26]. This result was further corroborated by UV-Vis data, which
showed shift in the band gap of PMO-rGO. Thus, PMo-rGO hybrid catalyst has a strong interaction
by charge transfer with graphene accompanied with highly dispersion of individual cluster molecules
resulting by negative shift in electrochemical activity. Moreover, it was observed that there is a PMosupport interaction that resulted in broadening the second reduction peak, which was highlighted with
red dotted circles in Figure 14a. This observed phenomenon can be attributed from the reduced graphene oxide electrochemical activity, which had one reversible redox peak and one irreversible reduction peak in point of 0.324, 0.02 V vs. SCE (black arrows in Figure 14a).
Figure 14b presents the CVs of PMo-rGO at different scan rates (from 5 to 100 mV/s). The anodic and cathodic peak currents increased with the increasing the scan rate. The peak separation poten-
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tial values were gradually increased with increasing scan rates. Figure 14c shows a plot of cathodic
and anodic current is proportional to the square root of scan rate, as the scan rate increases, both anodic and cathodic peak currents were increased linearly and this indicated that the electrochemical
redox process is surface dominate electron transfer phenomenon of PMo-rGO hybrid catalyst. This is
further corroborated by rotating disc experiments, where increasing the rotation speed (400, 625, 900,
1225, 1600, 2025 rpm) has no effect on the peak currents (not shown). From these results, clearly
demonstrate that the charge transfer process in PMo-rGO is truly a surface phenomenon.
Usually, the POMs modified electrode films were unstable operating in an aqueous media during
electrochemical activity because the POMs can be easily leached out from the support into the electrolyte, resulting in the decay of current. In order to evaluate the electrochemical stability of the PMorGO hybrid electrode, a continuous cycling test was performed with a scan rate of 50mV s -1 for 100
cycles (Figure 15a and b). However, PMo-rGO showed no leaching out and observed very stable
current during CV measurement. The reduction of the first peak current was found to decrease by
85.5%, indicating a reasonable electrochemical stability of hybrid composite due to a strong interaction between the surface functional groups of rGO and PMo.

3.1.4 Electrochemical oxidation of nitrite ion

PMo is well known as an electrochemical reduction activity of nitrite ion to ammonia involved
with six electron and eight proton changes in an acid electrolyte[22,71]. However, it has not been explored in the investigation of electrochemical oxidation of nitrite ion by using POMs or its composite
materials. In this work, we found new electrochemical oxidation properties of PMo-rGO catalyst;
when the PMo is hybridized with rGO, an improved electrochemical oxidation of nitrite was observed.
Previous reports of nitrite oxidation reaction with reduced graphene oxide presented that oxidation
peak appeared at 0.82 V vs. SCE in 0.1 M PBS solution (pH 5). However, all previous studies used
high concentrations of nitrite ion over 1 mM and, no competitive investigation was carried out using a
very low concentration of nitrite ion.
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Figure 14. Cyclic voltammetry of PMo-rGO. (a) The comparison CV between rGO and PMo-rGO at
10 mVs-1 scan rate in the 1 M H2SO4 electrolyte, the arrows indicate reversible and irreversible redox
peak informaion of rGO, and red dotted circle indicates the 2 nd reduction peak shift and broadening of
PMo-rGO. (b) The different scan rate information of PMo-rGO from 5 mVs -1 to 100 mVs-1, and (c)
redox peak current versus the scan rate plot.
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Figure 15. (a) The CV stability test of PMo-rGO for 100 cycles at 50 mVs -1 scan rate in the 1 M
H2SO4 electrolyte, (b) The current decay of the 1st reduction peak with the cycle number.
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Figure 16a shows the nitrite oxidation reaction of rGO in the 1 M H2SO4 electrolyte in the range
from -0.2 to 0.8 V under 10 mVs -1 scan rate in the presence of a different concentration of NaNO2
from 100 to 600 μΜ. The oxidation peak potential was found at 0.61 V vs. SCE of rGO electrode and
the rGO electrode showed a increased peak current of 4.6 μA for the addition of 600 μM of NO2-,
whereas, PMo-rGO electrode presented a much higher peak current of around 45 μA (Figure 16b),
which can be clearly seen in Figure 16c. For comparison, the nitrite oxidation reaction was carried
out on glassy carbon and pure PMo electrodes with the same concentration of nitrite and the results
are shown in Figure 17a and b. No obvious oxidation peak was observed on GC and PMo electrodes
in the same potential window, which indicate that these two electrodes are inactive for nitrite oxidation. In order to evaluate the catalytic behavior more quantitatively, the electrochemical catalytic efficiency of electro-oxidation was expressed as[114] :

{(I(PMo-rGO+NO2-) – Id(PMo-rGO)) / Id(PMo-rGO)} * 100

(14)

Where, I PMo-rGO +NO2- is the current response of nitrite ion oxidation peak, in which we chose 300 μM
of NO2- concentration, Id (PMo-rGO) is the diffusion current response without nitrite ion. From this equation, PMo-rGO catalyst nitrite oxidation activity percentage was 75%, whereas pure rGO activity was
obtained at 3.7%, thus over 20 times improvement of oxidation activity was observed. The sensitivity
of PMo-rGO electrode response for nitrite species within the concentration range is 7.3ⅹ10-2 A∙M-1,
while rGO sensitivity is 7.6ⅹ10-3 A∙M-1, respectively, more than tenfold enhancement of electrocatalytic sensitivity resulting from the hybridisation between rGO and PMo. The possible interferences
for the detection of nitrite ion on PMo-rGO electrode was carried out by adding excess amount of
NO3- or H2O2 containing 600 μM nitrite. The results indicated that NO3- and H2O2 had no effect on the
NO2- oxidation current (Figure 18a and b). The oxidation reaction of nitrite followed by a two-step
reaction expressed as equation (7) and (8). The preceding equations show that an oxidation reaction
occurs when one electron transfers and reacts with water molecules to make a nitrate ion and two pro-

- 46 -

tons. PMo assisted the oxidation reaction of the graphene sheet by the high electronegativity of metaloxygen and the production of defect sites on the graphene sheet from well dispersed fabrication with
an aqueous solution.
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Figure 16. Cyclic voltammetry of (a) rGO, and (b) PMo-rGO for nitrite ion oxidation at 10 mVs -1
can rate in 1 M H2SO4 containing different concentration of NaNO2 (0, 100, 200, 300, 400, 500, 600
μM of NaNO2 for a to g), (c) The effect of concentration of NO2- on the oxidation peak current of
various catalysts.
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Figure 17. Cyclic voltammetry of (a) glassy carbon electrode, and (b) pure PMo for nitrite ion
oxidation at 10 mVs -1 scan rate in 1 M H2SO4 containing different concentration of NaNO2 (100, 200,
300, 500, 600 μM of NaNO2).
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Figure 18. Nitrite ion oxidation over PMo-rGO electrode in presence of (a) NO3-, and (b) H2O2 at 10
mVs-1 scan rate in 1 M H2SO4.
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3.2 Nafion / Phosphomolybdic acid – modified graphene oxide composite membrane

3.2.1 Characterization of PW-mGO

The FT-IR spectra of GO, rGO, mGO, and PMo-mGO showed characteristic individual functional
group vibration peaks (Figure 19a). The evidence on the successful coating of the APTES onto the
reduced graphene oxide can be demonstrated by particular stretching such as –NH2 bond and Si-O
bond in range of 2000 to 700 cm-1. According to Stuart[115], the absorption peaks at 3275 cm-1, 1574
cm-1, and 774 cm-1 represented –NH2 bonding. The Si–O–C bond (1045 cm-1) and Si–O–Si bond
(1119 cm-1), which were united to one broad peak, indicated the successful coating of the APTES onto the reduced graphene oxide through the condensation reaction. The spectra of pure PW clearly displayed M-O stretching at four characteristic bands at 1080 cm-1 (P–O), 983 cm-1 (W=Ot), 891 cm-1
(W–Ob–W) and 803 cm-1 (W–Oc–W). Compared with pure PW, the four bonds of hybrid composite
(Figure 19b) which were shown at 1036 cm-1 (P–O), 972 cm-1 (W=Ot), 884 cm-1 (W–Ob–W) and 806
cm-1 (W–Oc–W) reveal red shift, that may be ascribed to the strong interaction between amine group
on the modified graphene oxide and heteropolyanion (PW) due to strong adsorption via electrostatic
binding between them, those in presence of silane group have a significant influence of red shift.
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Figure 19. (a) FT-IR spectrum of GO, rGO, mGO, PW-mGO, the red circle marked –NH2, and Si-OSi bond. (b) Metal-oxide stretching peak informaion of PW-mGO.
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UV-Vis spectroscopy was used to measure the ligand-to-metal charge transfer (LMCT) band.
mGO and PW-mGO samples were dispersed in ethanol solvent with a concentrations of 0.2 mgmL -1.
The spectra of mGO and PW-mGO (Figure 20) observed same absorption band at 270 nm, even
though LMCT region of PW reveals such higher absorption intensity in 270nm. This result was able
to deduce mGO absorbed UV in the same region with PW owing to silane group in APTES.

Figure 20. UV-VIS spectrum of mGO and PW-mGO absorbance information.
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The electrochemical properties of bulk PMo dissolved in 1 M H2SO4 using a glassy carbon was
carried out by a cyclic voltammetry. The parent PMo exhibits three reversible redox potentials (0.521,
0.350, 0.205 V vs. SCE) in acidic media (Figure 4), each redox potentials are attributed to two electron transfer reactions. Figure 21a shows the cyclic voltammogram of pure PW and PW-mGO hybrid
electrode in a potential range of -0.75 to -0.25 V at 25 mV/s scan rate. Each redox peak showed significant peak shift between pure PW and PW-mGO electrode, following peak information in Table 2.
This phenomenon was seen as same reason from FT-IR and UV-vis data, which described red shift
caused by coating APTES on the rGO surface. The silane might enable electrode to insulate, such as
to reduce electrical double layer, and shift peak to negative potential.
Figure 21b presents the CVs of PW-mGO at different scan rates (from 10 to 100 mV/s). The anodic and cathodic peak currents increased with the increasing the scan rate. The peak separation potential values were gradually increased with increasing scan rate, indicated that the electrochemical
redox process is surface dominate electron transfer phenomenon.

Table 2. Peak information of mGO and PW-mGO in 1 M H2SO4 at 50 mVs-1 scan rate.
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Figure 21. (a) The comparison CV between pure PW and PW-mGO at 25 mVs-1 scan rate in the 1 M
H2SO4 electrolyte. (b) The different scan rate information of PW-mGO from 10 mVs-1 to 100 mVs-1
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3.2.2 Membrane characterization

After successful fabrication of PW-mGO, the sample is incorporated in the Nafion ionomer and
cast composite membranes. Proton conductivity of the membrane depends to a large extent on the
amount of water uptake and ion exchange capacity. It is observed that the Nafion/PW-mGO composite membranes absorb various water contents in the membrane (Table 3). Generally, the water contents in membrane is the most important factor for proton transport properties of membrane such as
free water, freezable loosely bound water, and non-freezable bound water[111,116]. Freezable loosely
bound water is demonstrated to weekly placed in polymer chain, so that the reduction of phase transition shows in lower than 0 oC. Free water is explained by bulk water, which is not bound to polymer
chain. Non-freezable bound water is strongly bound to the sulfonic acid group of the polymer chain.
Among them, two kinds of bound water were responsible for the Grotthuss mechanism by establishing hydrogen bonds between captured water molecules and water content in the composite membrane[111,116]. Difference scanning calorimeter (DSC) can be understood the contents of free water,
freezable loosely bound water and non-freezable bound water[111]. Actually, it is impossible to perfectly distinguish between the freezable loosely bound water and free water by using DSC analysis.
Thus, free water were denoted as freezable water as well as freezable loosely bound water. The
amount of bound water in Nafion/PW-mGO, Nafion/mGO and Nafion 212 was 13.65, 7.54 and 7.84
wt%, respectively. Nafion/PW-mGO exhibited 1.74 times higher than Nafion 212 or recast Nafion
membranes while Nafion/mGO exhibited lower than Nafion 212. These results showed that Nafion/PW-mGO possesses a high bound water on the polymer-inorganic composite channel. Especially,
polyoxomeatales are accompanied with water molecules through hydrogen bond with counter cations
so that the number of bound water increased much higher than Nafion 212 and Nafion/mGO composite membranes. However, in contrast, the number of free water and freezable bound water was almost same amount, assumed that hydrophobic site in membrane was increased owing to investment
of modified graphene oxide. Additionally, IEC of Nafion/PW-mGO membrane was shown lower than
others, resulting from prohibition of titration of sodium ion owing to decreasing of the number of ion- 56 -

ic channel why these bound each other via electrostatic interaction between polyoxometalates and
amine functional group on modified graphene oxide.
Figure 22 shows the proton conductivity of Nafion 212 membrane, Nafion/mGO, and Nafion/PW-mGO composite membrane at a different RH conditions. The proton conductivity of Nafion
212 membrane under a 100% RH of humidified condition was 98 mS cm-1 at 80 °C. The proton conductivity of the Nafion 212 membrane decreases as the RH value decreases; at 20% RH, the conductivity of the Nafion membrane was 6.5 mS cm-1. However, Nafion/mGO composite membrane
showed the enhanced the proton conductivity at all relative humidity, under a 100% RH of humidified
condition was 117 mS cm-1 at 80 °C, and at 20% RH, the conductivity of the Nafion membrane was
9.2 mS cm-1, expected end functional group of graphene oxide, which adhered APTES containing
amine group was attracted to water via hydrogen interaction. In the literature, Nafion-graphene oxide
composited membrane performed high proton conductivity rather than pristine Nafion membrane owing to hydrogen bond with water led to functional group on the graphene oxide such as hydroxyl, carboxyl, and epoxy group[101,102]. The modified graphene oxide was performed to hydrogen bond
resulted from nitrogen atom in amine group, that the high proton conductivity of the composite membrane is attributed to a Grotthus type mechanism, wherein reorganization of hydrogen bonds plays a
vital role in hydrated graphene[101]. The proton conductivity of the Nafion/PW-mGO composite
membranes is the highest among these membrane at all RH values. Under a fully humidified condition, a maximum proton conductivity of 159 mS cm-1, and at 20% RH, the conductivity was 10.4 mS
cm-1, is exhibited by the Nafion/PW-mGO composite membrane. The presence of polyoxometalates
provides more facile hopping of protons, thereby increasing proton transport. In other words, Nafion/PW-mGO composite membrane has enhanced water-holding capacity due to stronger absorption
of water on heteropolyanions what possess hydronium ion or proton for the counter cation, so that it
serves to retain proton conductivity.
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Table 3. The distribution of water state in Nafion/mGO-PW composite membranes

a - The endothermic fusion enthalpy of fully hydrated membrane (freezable loosely bound water and free water). b-The theoretical value of water enthalpy. c-The number of total water molecules per sulfonic acid group. d-The number of freezable
loosely bound water and free water molecules per sulfonic acid group. e-The number of non-freezing bound water molecules
per sulfonic acid group.

Figure 22. Proton conductivity of Nafion 212, Nafion/mGO, and Nafion/PW-mGO composite membranes measured under different relative humidity at 80 oC.
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3.2.3 Fabrication of membrane electrode assembly and fuel cell performance evaluation

The Nafion/PW-mGO composite membrane was evaluated PEMFCs performance with recast
Nafion, Nafion 212, and Nafion/mGO composite membranes. The catalyst loading on gas diffusion
layers was kept identical for all MEAs studies. Figure 23a showed the polarization and performance
plots of recast Nafion, Nafion 212, Nafion/GO, Nafion/mGO and Nafion/PW-mGO composite membranes at 80 oC under ~100% RH and ambient pressure. The open circuit voltage (OCV) was roughly
0.99 - 1.03 V for all membranes, indicating no H 2 gas permeability from the anode to the cathode
through the membrane. Nafion/GO, Nafion/mGO, Nafion/PW-mGO composite membranes delivered
maximum power density of 508, 537, and 826 mW cm-2, respectively. The Nafion 212 and recast
Nafion membranes delivered power density of 599 and 598 mW cm-2, respectively, at the same potential. The power density of Nafion/PW-mGO was 1.38 times higher, respectively, than that of the
Nafion 212 membrane, and the recast Nafion membrane. Furthermore, the Nafion/PW-mGO composite membranes also provided higher current density than the Nafion 212 and recast Nafion membranes. However, Nafion/GO and Nafion/mGO membrane was lower performance than Nafion 212
and recast Nafion, even though they performed higher proton conductivity than Nafion 212 and recast
Nafion. This phenomenon presented a question what the main reason is during operation. We made a
assumption that those both composite membrane caused the decrease of ohmic resistance of the cell.
Generally, it is obvious that the fuel cell performance is closely related to the issue of water management. Nafion/GO and Nafion/mGO composite membranes limited availability of water at the anode,
electro-osmotic drag of water from the anode to the cathode and insufficient water back-diffusion
from the cathode to the anode cause the MEA to dehydrate owing to not smooth and homogeneous
state of membranes. .
In order to investigate the effect of polyoxometalate on the fuel cells performance at low RH, all
membranes evaluated the performance at 80 oC under 18%RH. Figuer 23b compared the fuel cell
performance of Nafion/GO, Nafion/mGO and Nafion/PW-mGO composite membranes with that of
Nafion 212 and recast Nafion membranes. Each Nafion/GO, Nafion/mGO and Nafion/PW-mGO
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composite membranes provided the maximum power density of 435, 488, and 841 mW cm-2, respectively. The Nafion 212 and recast Nafion membranes delivered power density of 210 and 208 mW
cm-2, respectively, at the same potential. The maximum power density Nafion/GO, Nafion/mGO and
Nafion/PW-mGO composite membranes were approximately 2.07, 2.32 and 4.0 times higher than that
of Nafion 212 membrane, respectively. The results of PEMFCs performance of Nafion/GO, Nafion/mGO and Nafion/PW-mGO composite membranes showed clearly are improved the performance
at low humidity, especially, Nafion/PW-mGO composite membranes greatly enhanced of the fuel cell
performance operated at low RH compared to Nafion 212 and recast Nafion membranes. Even though
Nafion/GO and Nafion/mGO composite membrane showed lower maximum power density at fully
RH condition, they improved the current density and power density under water holding through
functional group on the graphene sheet. Furthermore, Nafion/mGO composite membrane demonstrated that polyoxometalate contained high amount of water molecules through the data of low RH conditions.
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Figure 23. Polarization and power density plots of (a) Nafion 212, recast Nafion, Nafion/GO, Nafion
/mGO and Nafion/PW-mGO under 100%RH at 80 oC (b) operated under 18%RH at 80 oC. The H2
and O2 gases flow rate were fixed at 300 SCCM.
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IV. CONCLUSION

We have successfully fabricated hybrid composite of rGO and PMo through a simple fabrication
method in an aqueous solution. Two kinds of interactions were proposed, which are the electron transfer and electrostatic interaction between rGO and POMs, allowed high dispersion by individual cluster of POMs and strong absorption prevents leaching out into the solvent, as confirmed via FT-IR,
UV-VIS, and Raman spectroscopy. FT-IR spectra showed electrostatic interaction between corner
shared metal oxygen site of POMs and oxygen functional group on the graphene sheet. The UV-VIS
and Raman spectra revealed a strong interaction between the graphene sheet and POMs via electron
transfer interaction induced at the defect site on the graphene sheet was observed and altered the band
gap energy. The electrochemical results of PMo-rGO hybrid exhibit reversible redox properties and
high stability on the aqueous solution. These results implied that PMo-rGO hybrid catalyst can perform the heterogeneous catalytic applications, and we investigated and observed a high electrocatalytic nitrite oxidation activity over the composite. Based on our results, a wide range of hybrid materials
can be prepared using different types of polyoxometalates and such hybrid materials that would find
potential applications in catalysis, sensors and related fields.
Further, we successfully created additional proton transport channels in a Nafion membrane by
incorporating immobilized polyoxometalate hybrid material based on the modified graphene, which
serve as water resources at low relative humidity. Modified graphene oxide was synthesized by condensation reaction with APTES and reduced graphene oxide. PW-mGO hybrid materials interacted
strong electrostatic bond both counter-cations on mGO and heteropolyanions. The mGO based on the
graphene provided high surface area, which led to improved proton conductivity of the composite
membrane. Also, polyoxometalates possess high amount of water molecules with their acidic properties and water bound condition. Compared to Nafion 212 and Nafion/PW-mGO composite membranes, the Nafion/PW-mGO composite membranes exhibited remarkably better PEMFC performance with operation under low RH.
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요 약 문

폴리옥소메탈레이트 – 그라핀옥사이드 하이브리드의 합성, 구조
및 전기화학 분야의 적용
화학적으로 환원된 그라핀 옥사이드 기반의 폴리옥소메탈레이트 화합물은 전정기적 결합
및 전하 이동 결합에 의해 하이브리드 촉매 형태로 존재한다. 높은 분산도의 Mo 기반의
폴리옥소메탈레이트 클러스터는 전자 현미경 및 원자간력 현미경을 통해 관찰 하였다. 또한
폴리옥소메탈레이트와 그라핀과의 결합을 증명하기 위해 FT-IR, UV-vis, Raman 등 다양한
분광학적 방법을 적용시켜 관찰하였다. FT-IR, UV-vis, Cyclic voltammetry 장비를 통해 얻게
된 shift 현상을 통해 그라핀과 폴리옥소메탈레이트 간의 강한 결합이 존재한다는 것을 확인
하였다. 폴리옥소메탈레이트-그라핀 촉매의 전기화학적 특성을 위해 수용액 상태에서 다양한
방법을 측정하여 표면상태에서의 전자 이동 현상과 가역적인 산화 환원 반응을 확인 하였다.
이

하이브리드

촉매는

순수한

폴리옥소메탈레이트와

그라핀과의

아질산염

산화

현상

비교에서도 절대적인 우위를 보이고 있어 두 물질의 결합으로 인해 향상된 전기화학적 특성을
보인다.
또한, 폴리옥소메탈레이트와 나피온과 혼합하여 높은 수소이온전도성을 지닌 낮은
상대습도에서 작동하는 수소연료전지 복합 전해질막을 제조하였다. 폴리옥소메탈레이트의
투입으로 인해 많은 물 분자를 수소결합을 통해 복합 전해질막에 함유시킬 수 있다.
폴리옥소메탈레이트는

아민

말단기로

치환된

그라핀옥사이드와의

정전기적

결합을

통해

고정시켜, 수소연료전지 작동시에도 침출 현상이 발생되지 않는다. 나피온-폴리옥소메탈레이트
복합 전해질막은 많은 양의 물 분자량을 갖고 있어 나피온 212 과의 수소이온전도도에서도
높은 성능을 나타내었다. 연료전지 성능 테스트에서도 80 도, 18%의 상대습도에서 841 mW cm
2

-

로 가장 높은 성능을 나타내었는데 이는 나피온 212 전해질막과의 비교에서도 약 4 배 가까운

차이를 보이고 있어, 기존의 나피온을 대체할 수 있는 차세대 복합 전해질 막 제조에
성공하였다.

핵심어: polyoxometalate; Keggin type; heterogeneous catalyst; 전기화학 특성; 복합
전해질막
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