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GRAPHICAL ABSTRACT

Oxygen reduction reaction at MWCNT-modified nanoscale
iron(IT)tetrasulfophthalocyanine: Remarkable performance over platinum

and tolerance to methanol in alkaline medium

Omobosede O. Fashedemi and Kenneth I. Ozoemena
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Novel nanoscale iron(Il)tetrasulfophthalocyanine complex catalyzes oxygen reduction

reaction in alkaline medium more efficiently than the expensive state-of-the-art Pt catalyst.
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Abstract

Nanoscale iron(II) tetrasulfophthalocyanine (nanoFeTSPc) catalyst obtained by co-ordinating
with hexadecyltrimethylammonium bromide and subsequently anchored onto multi-walled
carbon nanotubes (MWCNTs) for oxygen reduction reaction (ORR) has been reported. Two
types of MWCNTs, hydroxyl/carboxyl-functionalized (o-MWCNTs) and sulfonate-
functionalized (s-MWCNTs) were used as the supporting platforms for the catalysts
(nanoFeTSPc-o-MWCNT and nanoFeTSPc-s-MWCNT, only 9 wt % loading of the
nanoFeTSPc). The nanoFeTSPc-o-MWCNT gave the best performance towards ORR in
terms of high catalytic current density, more positive onset potential (Eqpset = -0.02 V vs
Ag/AgCl), half-wave potential (£, =-0.32 V vs Ag/AgCl), and high catalytic rate constant
(k~1.6x 107 cm s™) compared to the nanoFeTSPc-s-MWCNT counterpart or the Pt/XC-72
(80% Pt loading). The ORR performance generally follows this trend: nanoFeTSPc-o-
MWCNT > Pt/XC-72 > nanoFeTSPc-s-MWCNT. The MWCNT-modified nanoFeTSPc
complexes are much better than observed at the individual components, nanoFeTSPc, o-
MWCNT and s-MWCNT. In addition, the nanoFeTSPc-o-MWCNT essentially followed a 4-
electron pathway, while the nanoFeTSPc-s-MWCNT followed the 2-electron. The excellent
performance of the nanoFeTSPc-o-MWCNT correlates very well with the more homogenous
dispersion and higher degree of attachment of the nanoFeTSPc on the surface of the o-
MWCNT than on the s-MWCNTSs. Unlike Pt/XC-72, the nanoFeTSPc-o-MWCNT exhibited
excellent tolerance to methanol contamination. The excellent ORR activity of the
nanoFeTSPc-o-MWCNT at a very low catalyst loading, coupled with its excellent methanol
tolerance compared to the commercial platinum, promises to serve as a viable non-noble

alternative to the expensive noble metal catalysts (such as Pt and Pd) for alkaline fuel cells.
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Introduction

In fuel cell technology, especially the alkaline fuel cell (AFC), oxygen reduction reaction
(ORR) with non-noble metal-based catalysts has remained a field of intense research
activities.'” ORR, which is a cathodic process, provides maximum energy only when the
oxygen molecule is completely reduced to water via the 4-electron rather than the 2-electron
pathway.3 4 Platinum, the most effective electrocatalyst for the ORR, is scarce and extremely
expensive thus limiting the widespread large-scale development of AFC for day-to-day
application for electricity generation. Thus, there has been a desperate search in the fuel cell
community for low-cost and efficient non-noble metal catalysts to replace Pt catalyst. M-Ny
macrocyles, notably the iron phthalocyanine (FePc) complexes, have been demonstrated as
efficient catalyst for ORR, first by Jasinki’ and then by other workers.®® Despite efforts for
developing FePc-based catalysts for ORR, there has been no significant progress to develop
FePc-based catalyst that can out-perform Pt in ORR activities. Few reports that have shown
some promise to compete with Pt have done so at extremely high catalyst loadings (between
20 and 75%). For example, Dong et al.® studied FePc (20% wt) on SWCNT for ORR,
Mamuru et al.” investigated Pt-based FePc complex (50% wt) on MWCNT, Jiang et al’
showed that 50% wt of FePc supported on graphene could give the best performance for
ORR compared to Pt, while Cui et al.'’ reported the best ORR in alkaline with 75% wt of
FePc(CP)4 on graphene. Some of the obvious reasons for such high catalyst loading can
easily be attributed to the poor dispersibility and anchorage of the FePc-based catalyst on the
carbon supporting platforms. To solve this problem, there is need to design and prepare an
easily dispersible FePc-based complex that will strongly anchor on the conductive carbon
supports. In addition, there is need for such FePc-based catalyst to be nanostructured with a

view to increasing its surface area for enhanced ORR activity.
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Iron (II) tetrasulfophthalocyanine (FeTSPc) is a member of the FePc family. However, unlike

other members of this family, FeTSPc is well recognised for its high solubility on aqueous

11,12 13,14

solutions, and has found applications in several areas of catalysis "~ to sensing " and photo
catalysis.”” "7 The high solubility of FeTSPc has limited its application in heterogenous
catalysis such as the ORR. In this work, we have produced an organo-soluble nanostructured
FeTSPc incorporating long-chain alkane of the CTAB via coordinate covalency with a slight
modification of a similar procedure by Sanchez et al.'® To explore the impact of surface
functional groups on MWOCNT support, this organo-soluble nanostructured FeTSPc
(nanoFeTSPc) was subsequently integrated on sulfonate-functionalised (s-MWCNT) and
carboxyl/hydroxyl-functionalised MWCNTs (o-MWCNT). The choice for MWCNTs as a
support is based on its high conductivity, and functionalising them with carboxylic

(COOH)"* and sulfonic groups (SOsH)*' > will enhance their dispersibility in aqueous

media.

In this study, the nanoFeTSPc loading on MWCNT was 9% of the total weight. To our
knowledge, this is the lowest loading of any MPc catalyst on carbon support ever reported in
the literature for ORR. We clearly demonstrate that the as-prepared nanoFeTSPc-o-MWCNT
exhibits a 4-electron ORR pathway and extraordinary tolerance to possible methanol cross-

over compared with the commercial Pt/XC-72 (80% Pt wt.) for ORR in alkaline medium.

Experimental

Materials and reagent

Iron(IT) Tetrasulfophthalocyanine (FeTSPc) was synthesized following an established
procedure described elsewhere.”* Hexadecyltrimethylammonium bromide

(C16H33N"(CH;3);Br, CTAB) was obtained from Merck. Multi-walled carbon nanotubes
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(MWCNTs, Shenzhen Nanotech Port Co., Ltd., China, 20-40nm in diameter and 1-2 um in
length) were first acid-treated to obtain the oxo-functionalised MWCNTs (o-MWCNTSs)*
and subsequently functionalized with sulfonic acid group using the established procedure®
(abbreviated herein as s-MWCNTs). Commercial Pt/XC-72 (C1 — 80, 80% HP Pt on Vulcan
XC-72, Lot # D0490315) was obtained from the BASF Fuel Cell, Inc., Somerset, NJ, USA.
N, N-Dimethylformamide (DMF, Sigma-Aldrich) was distilled and dried before use. Ultra-
pure water of resistivity 18.2 MQcm was obtained from a Milli-Q Water System (Millipore

Corp. Bedford, MA, USA) and was used throughout for the preparation of solutions.

Synthesis of nanoFeTSPc, nanoFeTSPc-o-MWCNT and nanoFeTSPc-s-MWCNT

The formation of nanoFeTSPc and subsequent integration with MWCNTs follows similar
procedure reported elsewhere,?® and it is schematically represented here for clarity (scheme
1). Briefly stated, a mixture of FeTSPc and CTAB (mole ratio of 1: 4) was dissolved in
deionized water and 1 mM NaOH, ultrasonicated, and then stirred with a magnetic stirrer at
ca. 50 °C for 2 h. The resulting crude product was washed several times with 20 mL warm
water (ca. 40 °C) and finally with pentane. The dark-coloured product was oven-dried at 70
°C. A mixture of nanoFeTSPc (3 mg) and o-MWCNTs (30 mg) was added into 40 mL
ethylene glycol in a 250 ml Erlenmeyer flask, ultrasonically dispersed for 30 min, and then
subjected to microwave irradiation (with a liner-rotor 16 F100 TFM vessel, Multiwave 3000
sample preparation system, 1400 Watts, Anton Paar) and heated at 1 kW, 190 °C for 60 s.
The resulting suspension was separated by filtration and the obtained residue washed with
acetone and deionised water. The final product (nanoFeTSPc-o-MWCNT) was dried at 110
°C overnight in an oven. The same procedure was used for the preparation of nanoFeTSPc-s-

MWCNT but using the s-MWCNTs.
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Scheme 1: Schematic representation of the synthesis of nanoFeTSPc from
pristine FeTSPc
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Equipment and procedure

XRD data were obtained from a PANalytical X’Pert Pro powder diffractometer X’ Celerator
and a variable divergence and receiving slits with Fe filtered Co Ka radiation. The phases
were identified using X’Pert Highscore plus software. Transmission electron microscopy
Fourier transmission infrared spectroscopy (FTIR) analyses were carried out using a Bomem
(Hartmann & Braun), model MB-102 spectrophotometer. The UV-visible spectra were
recorded using a Cary 300 UV-Visible Spectrophotometer, driven by Varian software
version 3.0. Transmission electron microscopy (TEM) images were taken on a JEOL JEM
2000EX microscope at an accelerating voltage of 200kV. Specimens for all of the TEM
analyses were prepared by dispersing the nanoparticles in methanol, sonicating for 1 min to
ensure adequate dispersion of the nanostructures, and evaporating one drop of the solution
onto 300 mesh Cu grid, coated with a lace carbon film. Scanning electron microscopy (SEM)
images were obtained utilizing a field emission scanning electron microscope (FESEM Zeiss-

Leo DSM982).

Electrochemical measurements

All electrochemical experiments were carried out using an Autolab Potentiostat PGSTAT 100
(Eco-Chemie, Utrecht, The Netherlands) driven by version 4.9 of GPES and FRA software.
A glassy carbon electrode (GCE, dia = 3 mm, Autolab) was used as the working electrode for
cyclic and linear voltammetry (CV and LSV) testing, while a rotating disk electrode (RDE,
GCE, diameter = 5 mm, Autolab) was used as the working electrode for the rotating disk
experiments. In all cases, a Pt rod and Ag|AgCl (saturated 3 M KCI) were used as a counter
and reference electrode, respectively. The catalyst ink was prepared by simply dispersing 1
mg of the nanoFeTSPc/MWCNT in 1 mL of ethanol containing 100 pL. of 5 % Nafion. The

mixture was ultrasonicated for 3 min to make a uniform ink. The working electrode was
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prepared by drop-casting ca. 6 uL of the catalyst ink onto the active area of the GCE and
drying in an oven at 60 °C (meaning that the loaded mass of nanoFeTSPc on the electrode
was approximately 5.45 x 10™ mg). The same procedure was used to prepare the Pt/XC-72,
giving an estimated loaded Pt catalyst on the electrode as 4.8 x 10° mg). The
electrochemistry experiments were performed in high purity N, (or O,) saturated 0.1M KOH.
For the ORR activity test, linear scans were conducted using the same voltage from 300-4000
rpm in 0.1 M KOH bubbled with high purity O,. All the electrochemical experiments were
conducted at room temperature (25 = 1°C). Each experiment was performed at least five

times.

Results and discussion

Spectroscopic and Microscopic Characterisation

Figure 1 compares the IR spectra of the pristine FeTSPc and its nanoFeTSPc counterpart.
Both FeTSPc and nanoFeTSPc displayed the main absorption bands for iron(II)
phthalocyanine (FePc) at ca.1000 cm™, this is normally seen at about 994 cm™. The strong
absorption peak at 1107 cm’ is characteristic of the symmetric and anti-symmetric stretching
motions assigned to the O=S=0 group coupled with the absorption band at 1190 cm™. The
peaks observed at 701, 843 and 1171 cm™ are attributed to the out-of-plane C-H deformations
of the aromatic groups.” The typical stretching bands of aromatic C=C groups can be seen at
1637 cm™."®*"*® The nanoFeTSPc displayed additional bands (encircled in broken lines) with

8 intense

the intense peak of the C-H group of alkylammonium chains around 2919 c¢m™,'
peaks around 3100 cm™ and 995 cm™ due to olefinic groups, and peaks of methyl and
methylene groups around 2980-2850 cm™ and 1480 c¢cm™.*® These results confirm the

modification of the structure of the pristine FeTSPc with the hydrophobic long-chain alkane

of the CTAB molecule.
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Figure 1: Comparative IR spectra of nanoFeTSPc and FeTSPc. The arrows show the
additional peaks of the nanoFeTSPc relating to the long alkane chain of the CTAB.

The effect of the long-chain alkane on the hydrophobicity of the nanoFeTSPc was
evident from the UV-Vis measurement performed in DMF (Fig. 2). The FeTSPc and
nanoFeTSPc showed the characteristic absorption B and Q bands at ca. 350 and 685 nm,
respectively. Also, both complexes showed weak band peak around 430 nm, which
confirmed the low-spin six-coordinate Fe(I)Pc species due to the metal-to-ligand charge
transfers (MLCT) for FeTSPc and nanoFeTSPc respectively.” However, unlike the
FeTSPc, the nanoFeTSPc gave a broad shoulder peak in the 710 — 750 nm region. Shoulder
peak in the high energy side of the Q band is usually due to poor solubility and molecular

15,31,32

aggregation and, in this case, most probably must have arisen from the long chain

alkane substituents from the CTAB. The successful grafting of the long alkyl chain onto the
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FeTSPc molecule caused steric hindrance, hence poor dispersion in solvent compared to the

pristine FeTSPc molecule.

NanoFeTSPc

W eee-- FeTSPc

Absorbance

300 400 500 600 700 800 900

Wavelength / nm

Figure 2: Typical UV-vis spectra of FeTSPc and nanoFeTSPc in DMF.

Figure 3 compares the FESEM images of the MWCNTs-modified nanoFeTSPc
complexes, nanoFeTSPc-o-MWCNT (Fig. 3A) and nanoFeTSPc-s-MWCNT (Fig. 3C), and
their corresponding TEM images (nanoFeTSPc-o-MWCNT (Fig. 3B) and nanoFeTSPc-s-

MWCNT (Fig. 3D)).

10
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200 nm EHT = 1.00 kv Signal A = InLens Date :1 Jun 2012
WD = 25mm Photo No. = 3499 Time :12:47:03

EHT = 1.00 kV Signal A = InLens Date :1 Jun 2012
WD = 24 mm Photo No. = 3497 Time :12:43:50

Figure 3: FESEM images of the nanoFeTSPc-0-MWCNT (A) and nanoFeTSPc-s-
MWCNT (C), and their corresponding TEM images (B) and (D), respectively.

The TEM images show that the nanoFeTsPc composites are evenly distributed onto the o-
MWCNTs compared to the s-MWCNTs, a property that should favour the electrocatalytic
properties of the nanoFeTSPc-o-MWCNT over the nanoFeTSPc-s-MWCNT counterpart.
Also, the FESEM and TEM images confirm that the pristine FeTSPc is bulky, micron-sized
compared the nano-sized nanoFeTSPc (see Supporting information, Fig. S1). The EDX spot
analysis (see Supporting information, Fig. S2) provided semi-quantitative information on
elemental concentrations of the FeTSPc and nanoFeTSPc at different locations in the film. A

typical atomic percent gave S = 24.95+0.23 % and Fe = 5.85+0.22 %, which is the expected

11
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atomic ratio of Fe:4S for the FeTSPc. The result also suggests less than 7 % of impurities of
surface bromine generated from the unreacted ammonium head groups of the CTAB upon

coordinate covalency bonding with the FeTSPc (see Scheme 1).

Oxygen Reduction Reaction

Fig. 4 compares the cyclic voltammetric evolutions of the nanoFeTSPc-o-MWCNT,
nanoFeTSPc-s-MWCNT and Pt/XC-72 in oxygen-saturated 0.1 M KOH solution. Figure 5
compares the linear sweep RDE plots with current densities calculated as a function of the
geometric area of the electrode (Fig. 5A) and active mass of the electrocatalyst (Fig. 5B). The
second reduction wave potential for both catalysts starts at about -0.2 V. This has been
observed with FePc on MWCNT.> Although two-wave RDE curve is typical for FePc-based
catalysts catalyst for ORR,’ it is rarely seen with Pt. Nevertheless, two-wave curve for ORR
in Pt catalysts have been reported by other workers using Pt as ORR catalysts in alkaline
media, and related to surface structures. For example, Rizo et al.** studied ORR on stepped Pt
surfaces in alkaline media, the Pt (111) surface exhibited a consistent “double waves’’ in all
its ORR spectra. Also, Yue et al®® observed the same phenomenon in a study on the
generation of OH radicals by Pt alloy catalysts in alkaline media.

From the RDE plots (Fig. 5A), the onset ORR potential for the nanoFeTSPc-o-
MWCNT and Pt/XC-72 is at ca. -0.02 V while that of nanoFeTSPc-s-MWCNT is higher (ca.
-0.20 V). The limiting current density for the nanoFeTSPc-o-MWCNT is higher than the
other two catalysts (nanoFeTSPc-o-MWCNT and Pt/XC-72) under the same rotation speed.
In addition to geometric area current density (mA. cm™) we also measured the active mass
current density (mA. mg'l). The cost of the catalyst and the amount of it required for efficient
power generation determine the viability of a new catalyst material for application in fuel cell

application, thus the active mass current density is necessary to understand the best-

12
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performing electrocatalysts. From this work, as evident in Fig. 5B, the nanoFeTSPc catalyst
(9 wt.% on MWCNT) showed much higher mass current density than the Pt (80 wt% on
Vulcan carbon black). Pt is a poor performer as an ORR catalyst in alkaline electrolytes,
which explains why non-Pt catalysts are generally preferred for ORR in alkaline media. Also,
our result is consistent with the recent report of Jiang er al’ where unsubstituted
iron(IT)phthalocyanine supported on graphene (50 wt.% FePc on graphene) gave better ORR
performance over Pt/C (20 wt.% Pt on Vulcan carbon black).

From RDE data, it is also observed that the diffusion-limited current densities for the
different materials are slightly different, although they should always be the same. This

3638 and was related to

behaviour has been observed by others for MWCNT-based electrodes,
the morphology of the electrode materials which leads to a change in the diffusion regime
(i.e., semi-infinite linear diffusion and / or thin layer diffusion processes).’®*° We attribute

this behaviour to mainly the thin layer diffusion process; oxidation of electroactive

species/electrolytes trapped in pockets in between the high surface area porous nanotubes.

13
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0.5 -

nanoFeTSPc-o-MWCNT
0.3 - — —nanoFeTSPc-s-MWCNT
=== Pt/XC-72
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E/V (vs Ag/AgCl sat'd KCl)

Figure 4: Cyclic voltammograms at 25 mVs' of the nanoFeTSPc-o-MWCNT,
nanoFeTSPc-s-MWCNT and Pt/XC-72 in oxygen-saturated 0.1 M KOH solution.

14
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Figure 5: RDE curves (at 1500 rpm, LSV at 10 mVs™) for the nanoFeTSPc-0-MWCNT,
nanoFeTSPc-s-MWCNT and Pt/XC-72 in oxygen-saturated 0.1 M KOH solution with current
densities calculated as a function of the (A) geometric area of the electrode, and (B) active
mass of the electrocatalyst.
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In general, the ORR data of the CV and RDE are comparable and, as summarised in Table 1
using the RDE data, the nanoFeTSPc-o-MWCNT catalyst gave the best electrocatalytic
performance (in terms of current density (j,), onset potential (Eqnset), and half-wave potential
(E1pp) decreasing as follows: nanoFeTSPc-o-MWCNT > Pt/XC-72 > nanoFeTSPc-s-
MWCNT. The ORR data of the individual components, nanoFeTSPc, o-MWCNT and s-
MWCNT are very poor compared to the nanocomposites or Pt/XC-72 (see Supporting
information, Fig. S3). In addition to its well-defined ORR peak, it is evident that the CV of
the nanoFeTSPc-o-MWCNT for the ORR showed a pair of weak but broad peaks due to the

40-42

quinolic and/or carbonyl groups (> C=0) of the acid-functionalised MWCNTs (see the

two peaks shown with arrows in Fig. 4).

Table 1: Summary of the ORR activities of the electrocatalysts studied using RDE (1500
rpm, at a linear sweep rate of 10 mVs™! in oxygen-saturated 0.1M KOH solution). All
potential recorded versus Ag/AgCl, saturated KCIl. Each experiment was performed five

times with the mean and standard deviation reported in the table.

Catalysts Eonsei! V En/V Jore/ mA em? | J,../ mA mg'1
nanoFeTSPc-o-MWCNT -0.020£0.001 | -0.32+0.01 3.43+0.17 1248463
nanoFeTSPc-s-MWCNT -0.200£0.007 | -0.40+0.01 2.91+0.15 1028+£52
Pt/XC-72 -0.020£0.001 | -0.37£0.02 2.9140.15 131437

To gain an insight into the ORR, RDE experiments were performed at different
rotation speeds in oxygen-saturated 0.1 M KOH solution for the three different
electrocatalysts, nanoFeTSPc-o-MWCNT (Fig. 6A), nanoFeTSPc-s-MWCNT (Fig. 6C) and
Pt/XC-72 (Fig. 6E). The polarization curves display a steady increase in limiting current as

the rotation speed increases and there is a clear pre-wave present at low overpotentials for

16
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nanoFeTSPc-o-MWCNT and Pt/XC-72. Also, while the polarization curves for nanoFeTSPc-
o-MWCNT gave very steady plateaux in the high potential range for all the rotation speeds
studied, nanoFeTSPc-s-MWCNT and Pt/XC-72 did not display such features; instead one
observes a more inclined plateau as rotation speed increases. At every rotation speed, the
ORR data (Eonset, E12 and Eqy) still follows the values reported in Table 1; nanoFeTSPc-o-
MWCNT (Fig. 6A) and Pt/XC-72 (Fig 6E) started at ca. -0.02 V while that of nanoFeTSPc-s-
MWCNT (Fig. 6C) began at ca. -0.20 V. The limiting current densities for nanoFeTSPc-o-
MWCNT are higher than the other two under the same rotation rates (100 — 4000 rpm). The
number of electrons involved in the ORR was obtained from the conventional Koutecky-
Levich (K-L) equation (Equation 1):4

1 1 1 1
=4 —=

+
Ji i 02InFC,,D7y "5’ nFKCy,

§ (1)

where j is the measured current, j4 is the diffusion-limiting current, ji is the kinetic current, n
is the number of electrons transferred, F is the Faraday constant, D is the diffusion coefficient
(1.95 x 10®° cm® s™), y is the kinematic viscosity (8.98 x 10° cm” s™), Co, is the oxygen
concentration (1.15 x 10~ mol dm™), @is the rotation speed, and £ is the kinetic rate constant.
The linearity of the K-L plots (' vs o'?, Figs. 6B,D,F) is indicative that the reaction is first
order, and controlled by kinetics at the electrode surface as well as mass transport of oxygen
species. As exemplified in Figs. 6B,D&F, the voltages used for our calculations were picked
from within the mixed kinetic-diffusion region which encompasses the “two-wave’’ region (—
0.32 to —0.6 V) . Typical values obtained at —0.32 V (for five trials) are summarised in Table
1. From the K-L plot of the nanoFeTSPc-o-MWCNT (Fig. 6B) the number of transferred
electrons (n) was calculated as 3.7£0.2 (ca. 4), which is in good agreement with values
obtained by others for the FePc and FeTSPc which are known to undergo ORR with

production of water through the 4-electron reduction pathway in alkaline media."*

17
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Figure 6: RDE plots of nanoFeTSPc-0-MWCNT (A), nanoFeTSPc-s-MWCNT (C) and
Pt/XC-72 (E) and their corresponding Koutecky—Levich plots (B), (D) and (F) respectively.
All data obtained in oxygen-saturated 0.1 M KOH solution at different rotation speeds (LSV
at 10 mVs™).
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For the Pt/XC-72 (Fig.6F), the n value 3.940.1 (ca. 4) in agreement with several reports.”

However, for the nanoFeTSPc-s-MWCNT (Fig. 6D) the n value was obtained as 2.1+0.1,
indicating a 2-electron pathway reduction for oxygen. This result is unexpected and could be
due to the effect of the sulfonate-functionalised MWCNTs. Some Fe-based Ny-macrocylic
catalysts have been known to undergo ORR pathways different from the usual 4-electron path
due to the effect of substituents or ligands attached to the macrocycle.48_50 For example,
Baker et al.*’ also observed a 2-clectron pathway for the FeTSPc. Detailed studies are
required to understand the higher performance of the o-MWCNT over the s-MWCNTs.

. 48-50
However, according to several authors,

the FeTSPc complex forms adducts with oxygen
(nucleophilic [SO3;H] groups form adducts with carbonyls [C=0] of aldehydes, methyl
ketones and cyclohexanones) thus the large onset potential for the ORR could be the result of
the reduction of the adduct with the peripheral sulfonate group before the FePc catalyst can
participate in the ORR. This interpretation may also be the reasoning behind the activity of
our nanoFeTSPc-s-MWCNT. Considering that the nanoFeTSPc and s-MWCNTs contain
sulfonate group, there is an excessive amount of surface (-SO;H) groups bound to the
catalysts which can readily lead to the formation of adducts with oxygen or hydroxide anions
or other free carbonyls on the functionalised carbon nanotubes.

The kinetic rate constants (k), obtained from the K-L analysis using the same
potentials for all the catalysts, were estimated as 1.57 x 102, 1.38 x 10 and 1.48 x 10% cm 5™
for the nanoFeTSPc-oMWCNT, nanoFeTSPc-s-MWCNT and Pt/XC-72, respectively. When
considered the low percentage loading of the nanoFeTSPc, these values are better and
comparable to those reported for other substituted FePc including some with incorporation of
noble metals like Pt.”** The Tafel slope (b) is obtained by correcting the polarization curve
for mass diffusion for the first order reaction, wherein:*!

J=—1— )
Ja—J
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E,, =E,—blogj, 3)
RT .
Eupp :Eeq _%log]k (4)

where E,,, is the applied potential, E.q is the equilibrium potential, ji is the kinetic current
density, jqis the diffusion-limiting current density at a given potential. The plot of Ey,p vs log
Jx yielded Tafel slope values for nanoFeTSPc-o-MWCNT, nanoFeTSPc-s-MWCNT and
Pt/XC-72 were obtained as 216, 371 and 53 mVdec™, respectively. The high Tafel values for
the MWCNT-based catalysts are related to the porosity of the modified electrodes. Table 2
compares the ORR kinetic parameters obtained from this work with those reported recently in
the literature. It is interesting to note that this is the lowest loading of any MPc catalyst on
carbon support ever reported in the literature exhibiting an extra-ordinary performance for
ORR over commercial platinum catalyst in alkaline media. The high-performance of the
nanoTeTSPc over the other FePc complexes in the literature (Table 2) may be related to the
CTAB. The negatively charged FeTSPc are adsorbed on positively charged CTAB surface
via co-ordinate covalency. The CTAB-treated catalysts have been known to exert positive
influence on ORR; higher oxygen reduction reaction activity, electrochemical active surface
area, and long-term durability compared to commercial catalysts.”>> CTAB is an
amphiphilic molecule with a quaternary cationic ammonium head group and a long alkyl
chain as tail. The hydrophobic interaction of the alkyl chains of CTAB molecules on the
FeTSPc peripheral positions could prevent the restacking and aggregation of the FeTSPc.
Indeed, the CTAB-treatment plays some important roles at improving the performance of the
FeTSPc: CTAB functionalizes the FeTSPc, thus minimizing aggregation between the
neighbouring FeTSPc molecules. Also, the UV-Vis spectra suggest that the CTAB-treatment

preserves intrinsic electronic properties of FeTSPc.
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Table 2: Comparison of the kinetic parameters for the ORR activities obtained in this work
and literature. The number of transferred electrons () reported was calculated from RDE in
accordance with equation 1 at —0.32 V. Each experiment was performed five times with the

mean and standard deviation reported in the table.

Page 22 of 28

Catalysts Catalyst loading | n 10°k/cms” | b/ mVdec' | Ref
nanoFeTSPc-o-MWCNT | 9% 3.740.2 1.57+0.04 216110 This work
nanoFeTSPc-s-MWCNT | 9% 2.110.1 1.38%0.05 371£16 This work
Pt/XC-72 80 % 3.940.1 1.48+0.05 1537 This work
FePc/SWCNT 20 % 39 - - 6
PtFeOCPc-MWCNT 50 % 3.9 2.78 180 7
FePc(CP),/Gr 75 % 3.8 - 387 10
g-FePc 50% ~4.0 - - 9
FeOBSPc-MWCNT* 50% ~4.0 37.17£1.46 | 124 38

Key: PtFeOcPc: Iron (IT) tetrakis(diaquaplatinum)octacarboxyphthalocyanine
FePc(CP)4/Gr : Iron (III) tetracumylphenoxyphthalocyanine / Graphene
g-FePc: Iron phthalocyanine (FePc) supported on chemically reduced graphene

*FeOBSPc: Octabutylsulphonylphthalocyanine complexes of iron. The rate constant was

obtained from the electrochemical impedance data.

It may be necessary to emphasize here that the nanoFeTSPc reported in this work is
physico-chemically quite different from the iron (II) octabutylsulphonylphthalocyanine
complex (FeOBSPc) studied by Mamuru et al.*® for ORR. For example, although both are
hydrophobic in nature, the FeOBSPc contains eight “-SO,-C4Ho” group at the peripheral
positions of the FePc, while the nanoFeTSPc only contains four new functional groups “[-
SO3'N+(CH3)3-C16H33]” at the peripheral positions. The nanoFeTSPc is an easy-to-make
compound compared to the more synthetically-challenging FeOBSPc complex. In the

previous study, the FeOBSPc was studied using the high-performing edge-plane pyrolytic
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graphite compared to the relatively poor-performing glassy carbon substrate used in the
present study. Importantly, the loading of the FeOBSPc on o-MWCNT was quite high (50%)

compared to the mere 9% loading of the nanoFeTSPc on o-MWCNT.

Methanol Tolerance

One of the serious problems in methanol fuel cells is the methanol cross-over effect that leads
to high overvoltage, impacting negatively on the ORR activities.”*>® The methanol cross-over
effect on nanoFeTSPc-o-MWCNT and Pt/XC-72 was evaluated in oxygen-saturated 0.1 M

KOH solution with sequential additions of 0.1 ml of 1 M methanol (Fig. 7).

02 A) === Oxygen-saturated KOH B) = ===Oxygen-saturated KOH

— O -saturated KOH + Methanol
w— O xygen-saturated KOH + Methanol Xygen-saturate ethano

0.1 1

j/ mA cm?
j/ mA cm?

-0.6 T T T T T ] -3 T T r T r )
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

E/V (vs Ag/AgCl sat'd KCl) E/V (vs Ag/AgCl sat'd KCl)

Figure 7: Cyclic voltammetric evolutions of nanoFeTSPc-o-MWCNT (A) and Pt/XC-72

(B) in oxygen-saturated 0.1 M KOH without (broken lines) and with (straight lines)
methanol, scan rate = 25 mVs.

Fig. 7A shows the cyclic voltammetric (CV) evolutions for the ORR at nanoFeTSPc-
oMWCNT modified electrode in the absence and presence of methanol. There was no
noticeable change in the CVs obtained either in the presence or absence of methanol in the

oxygen-saturated KOH solution, clearly proving that the nanoFeTSPc-o-MWCNT -catalyst
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has a very high selectivity for ORR even upon contamination with methanol. However, the
performances of Pt/XC-72 modified electrode (Fig. 7B) under the same experimental
conditions as for the nanoFeTSPc-o-MWCNT modified electrode (Fig. 7A) showed the
opposite behaviour. Upon contamination of the oxygen-saturated 0.1 M KOH solution with
methanol, there is an increased oxidation activity of methanol (oxidation peak at ca. -0.24 V)
by the Pt/XC-72 with a steady deterioration of the ORR peak at ca. -0.2 V. The ORR peak is
almost non-existent after the addition of 0.4 ml of the 1 M methanol. The results indicate a
very strong methanol cross-over effect on the Pt/XC-72 catalyst during ORR. Our results
compare with other Pt-free ORR catalysts that have been reported to give better performance
than Pt/C in alkaline electrolytes.”®> For example, Li e al.>® reported a strong tolerance to
methanol with cobalt oxide based nitrogen-doped graphene/carbon nanotube
(NG/CNT/Co304) paper catalyst. Sevilla et al.>® proved that, unlike Pt/C, polypyrrole-derived
mesoporous nitrogen-doped carbons showed no sensitivity towards the presence of methanol
during ORR. Li er al.”® showed that, unlike Pt/C, metal-free phosphorus-doped graphene
nanosheets exhibits high immunity to methanol, and thus has much higher fuel selectivity
towards the ORR than the Pt/C catalysts. Indeed, the strong methanol tolerance shown by our
nanoFeTSPc-based catalyst compared to the commercial Pt/C is quite promising as it
indicates it can potentially be used to design and fabricate highly durable alkaline direct

methanol fuel cells for practical applications such as in portable electronics.

Conclusion

This work describes the use of nanostructured, organo-soluble iron(II)
tetrasulfophthalocyanine (nanoFeTSPc) catalysts supported on MWCNTs for ORR. The
nanoFeTSPc supported on carboxylated MWCNTs (nanoFeTSPc-o-MWCNT) exhibited the

best performance towards ORR in terms of high catalytic current density, more positive onset
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potential, half-wave potential and peak potential, and high catalytic rate constant (k ~ 1.6 x
107 cm s'l) compared to the catalyst on sulfonated MWCNT (nanoFeTSPc-s-MWCNT)
counterpart or the Pt/XC-72 (80 wt.%, Pt loading). The half-wave potential (£;,) on
nanoFeTSPc-o-MWCNT is more positive (~ 50 mV) than that from the commercial Pt/XC-
72 catalyst. In general, the ORR performance followed this trend: nanoFeTSPc-o-MWCNT >
Pt/XC-72 > nanoFeTSPc-s-MWCNT. The nanoFeTSPc-o-MWCNT gave a 4-electron
pathway, while the nanoFeTSPc-s-MWCNT followed the 2-electron which we related to the
possible competition of the catalyst and the sulfonate groups for adduct formation with
surface oxygen molecules. The excellent performance of the nanoFeTSPc-o-MWCNT
correlates very well with the more homogenous dispersion and higher degree of attachment
of the nanoFeTSPc on the surface of the o-MWCNT than on the s-MWCNTs. The
nanoFeTSPc-o-MWCNT exhibited excellent tolerance to methanol contamination compared
to the commercial Pt catalyst. The low loading of the nanoFeTSPc catalyst on the MWCNT,
coupled with its high selectivity for ORR in the presence of methanol compared to the Pt/XC-

72 catalyst makes it a promising non-noble catalyst for alkaline fuel cells.
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