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Half-cell reactions and alkaline direct ethylene glycol and glycerol fuel cells (DEGFC
and DGFC) have been studied on Pd-based ternary core—shell (FeCo@Fe@Pd)
nanocatalyst using multi-walled carbon nanotubes bearing carboxylic (MWCNT-COOH)
and sulfonic acid (MWCNT-SO3H) as supporting platforms. The core—shell-shell nature
of this nanocatalyst, obtained via the “microwave-induced top-down nanostructuring and
decoration”, was clearly proven from atomic resolution transmission electron microscopy
(ARTEM). The functional groups of the MWCNTSs show a huge impact on the physico-
chemical properties of the FeCo@Fe@Pd nanocatalyst towards the electrocatalytic
oxidation of EG and GLY in alkaline media. The FeCo@Fe@Pd on —COOH-treated
MWCNTSs showed the small particle size of ca. 7.4 nm, uniform loading of the catalyst
on the support, large electrochemically-active surface area and enhanced electrocatalytic
activity compared to the FeCo@Fe@Pd on —SOzH-bearing MWCNTS. As a preliminary
test, FeCo@Fe@Pd/MWCNT-COOH was used for passive, air-breathing anion-exchange
membrane based fuel cells (AEM-DEGFC and AEM-DGFC). The analysis of the exhaust
products, established using NMR spectroscopy, revealed a high selectivity towards the
complete oxidation of both EG and GLY under benign experimental conditions.

Introduction

Alkaline direct alcohol fuel cells (ADAFCs) are very attractive renewable and clean
energy devices for portable electronics, e-mobility and stationary applications. Ethylene
glycol (EG) is a fairly new type of liquid feed in the development of fuel cells,*® but it is
considered as the most viable alternative to methanol. EG has become very attractive
because of its high theoretical charge capacity (4.8 Ah mL™), high boiling point, and
high efficiency of electric power conversion.*® Interestingly, some recent studies have
revealed that EG can be directly produced from catalytic conversion of biomass-related
cellulose with high yields, which can provide new opportunities for sustainable
widespread commercial applications of direct ethylene glycol fuel (DEGFCs)."®



Another important alternative alcohol to methanol and ethanol based fuel cells is glycerol
(GLY) due to its low-cost, simple purification and storage, non-volatility and
environment-friendliness, non-toxicity, bio-renewability, a charge capacity of 5.13 Ah
mL " and high volumetric energy density of 6.4 kwWh L'.°>*° Unlike the bio-methanol and
bio-ethanol, which are obtained from the fermentation process of biomass, the biomass-
derived GLY is mostly obtained as a waste by-product in the production of biodiesel via
a trans-esterification reaction.'* Today, the realisation of low-cost alkaline direct glycerol
fuel cells (DGFCs) are more promising than ever before as biodiesel-derived GLY can be
obtained at a relatively lower market price compared to methanol and ethanol.

Platinum-based catalysts remain the state-of-the-art anodic materials for DEGFCs and
DGFCs.®*2 But the use of Pt catalysts will limit the widespread commercialization of
these fuel cell devices due to the inherent scarcity and high-cost of Pt. Palladium (Pd)-
based catalysts are attracting major attention as the most viable materials for ADAFCs.
1% The interest in Pd stems from its natural abundance and low-cost compared to Pt (Pd
currently sells at half the price of Pt),Y""% and enhanced electrochemical kinetics in
alkaline media and ADAFCs than Pt catalysts.
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Although both EG and GLY meet the criteria for efficient fuels (such as high boiling
point for use at temperatures (T) > 100 °C at near-ambient pressure, commercially
available and low-cost) they are still fraught with the problem of incomplete electro-
oxidation to CO, (carbonates in alkaline media)®?* due to the strong C—C bond that
cannot be easily cleaved.”® Therefore, in order to increase the efficiency of fuel
utilization, active catalysts, having sufficient ability to break C—C bond in ethylene
glycol, are strongly required. In fact, it is now consensual that glycerol suffers partial
oxidation?®?® generating glyceraldehyde, glycerate, mesoxalate, dihydroxyacetone and
hydroxypyruvate, among other substances, leading to loss of energetic efficiency. It is
difficult for Pd to break the C—C bond,?** hence the need to dilute it with other metals
(alloys) as co-catalysts*'* to promote the scission of C—C bonds. The dilution of Pd with
base metals has the dual advantage of further reducing the cost of catalysts and improving
the electrocatalytic activities. Recently, we introduced Pd-based ternary core—shell with a
bimetallic (FeCo) core supported on commercial Vulcan carbon XC-72 (i.e.,
FeCo@Fe@Pd/C) via “microwave-induced top-down nanostructuring and decoration”
(MITNAD) strategy.** > The MITNAD strategy is simply the adoption of fast
microwave irradiation for a one-step top-down nanosizing of large-sized soft magnetic
FeCo@Fe/C core—shell material (0.21-1.5 microns) to sub-10 nm sized Pd-coated
structure, FeCo@Fe@Pd/C. In the present work, we have interrogated the use of two
differently chemically-functionalized multi-walled carbon nanotubes (MWCNTS) bearing
mainly the -COOH or —SO3H surface groups (abbreviated herein as MWCNT-COOH
and MWCNT-SO3H, respectively), as supporting platforms for the FeCo@Fe@Pd
catalyst. We clearly prove that the functional groups have a huge impact on the physico-
chemical properties of the FeCo@Fe@Pd catalyst towards the electrocatalytic oxidation
of EG and GLY. Preliminary tests for passive, air-breathing anion-exchange membrane
based fuel cells (AEM-DEGFC and AEM-DGFC) with FeCo@Fe@Pd/MWCNT-COOH
revealed a high selectivity towards the complete oxidation of both EG and GLY under
benign experimental conditions.



Experimental
Materials

Multi-walled carbon nanotubes (>95% as MWCNT, O.D x I.D x length, 7-15 nm x 3-6
nm x 0.5-200 um), absolute ethanol, ethylene glycol (extra pure), glycerol (extra pure),
acetic anhydride (ACS reagent grade), Nafion perfluorinated ion-exchange resin (5 wt%
in mixture of lower aliphatic alcohols), iron(11) chloride tetrahydrate, (FeCl,-4H,0),
cobalt(I) chloride hexahydrate (CoCl,-6H,0), and palladium(l1) chloride (PdCl,) and
polyvinylpyrolidone (PVVP) were obtained from Sigma-Aldrich. Pure nitrogen was
supplied by Air Liquide (Pty) Ltd (South Africa). Ultrapure water (resistivity: 18.2 MQ
cm) was obtained from a Milli-Q water system (Millipore Corp., Bedford, MA, USA).
All other common analytical grade reagents were used as received from the suppliers
without further purification.

The as-received MWCNTSs were purified and subjected surface-functionalized (mainly —
COOH surface groups) using the conventional acid-treatment strategy.>® Briefly, the as-
received MWCNTSs were first treated with 2.6 M HNO3 by refluxing for 24 h, following
by treatment with concentrated H,SO4,/HNO3; mixture (3 : 1 ratio) for 24 h, and
subsequently stirring for about 30 min in a H,SO4/H,0, mixture (4 : 1 ratio) at 70° C.
The acid-functionalised MWCNT was washed with copious amount of ultrapure water,
and finally oven-dried at 110 °C to obtain a solid black product (abbreviated herein as
MWCNT-COOH). IR [(KBr) vmad/cm ']: 3428 (OH)str, 1710 and 1572 (C=0)str, 1210
(OH)bend, 1048 (C=0)str. The MWCNT-COOH was sulfonated using literature-
established method.®"*® Briefly, 120 mg of MWCNT-COOH was mixed with 20 mL
H,SO,4 and 300 mL of acetic anhydride and stirred at 70 °C for 2 h, and allowed to cool
to room temperature under continuous stirring. The material was repeatedly washed with
ultrapure water and oven-dried at 70 °C to yield a black solid product (abbreviated herein
as MWCNT-SOzH). IR [(KBr) vma/cm™']: 2969, 2848 (C—H)str, 1466 and 1377 (O=S=
O)str.

Preparation of FeCo@Fe@Pd/MWCNT nanocatalysts

The Pd-based core—shell nanocatalysts were prepared following our recently reported
procedure that used Vulcan XC-72 carbon support.®* In the present study, MWCNT-
COOH and MWCNT-SO3H are used as supports rather than the Vulcan XC-72. First,
FeCo@Fe/MWCNT-COOH and FeCo@Fe/MWCNT-SO3H core—shell nanoalloys were
obtained by a simple reduction method via hydrogenation. Briefly, a mixture of
FeCl,-4H,0 (0.5302 mg, 2.67 mmol) and CoCl,-6H,0 (0.3650 mg, 1.53 mmol) were
dissolved in 20 mL of deionised water containing 0.15 g of MWCNT-COOH or
MWCNT-SO3H. The suspension was ultrasonicated for about 30 min, and then heated
under continuous magnetic stirring until the solvent was completely evaporated to give
smooth, thick slurry. The slurry was oven-dried at 60 °C, and then ground in an agate
mortar to give a fine dark and free-flowing powder. The FeCo/MWCNT-COOH or
FeCo/MWCNT-SO3H powder was heated in a tube furnace at 300 °C under flowing
H,/Ar for 2 h, and then annealed at 500 °C for 2 h and then cooled to room temperature



under Ar atmosphere to give the core—shell alloy structure (FeCo@Fe/MWCNT-COOH
or FeCo@Fe/MWCNT-SO3H).

The Pd-decorated core—shell structures were obtained by mixing 0.20 g of
FeCo@Fe/MWCNT-COOH or FeCo@Fe/MWCNT-SO3H with 0.35 g (2 mmol) of
PdClI; salt in ethylene glycol solution containing polyvinylpyrolidone and subjecting it to
a rapid microwave irradiation (Anton Parr Synthos 3000 microwave reactor) at 500 W,
80 bars, and ~198 °C for 15 min. The solid product was obtained by centrifugation by
repeatedly washed with acetone and deionised water to remove traces of ethylene glycol
and other impurities, and then dried at 100 °C. Based on the HRTEM (or ARTEM)
results, the final Pd-based product is abbreviated as FeCo@Fe@Pd/MWCNT-COOH or
FeCo@Fe@Pd/MWCNT-SO3zH. For comparison, PA/MWCNT-COOH or PA/MWCNT-
SO3H nanoparticles of same Pd loading as the core—shell were also synthesized using the
same microwave procedure.

Physical characterizations

Powder XRD analysis was performed with PANalytical X'Pert powder diffractometer
with Co Ka radiation. SEM images were obtained with a field emission scanning electron
microscope (FESEM, Zeiss-Leo DSM982). TEM images were taken on a JEOL JEM
2000EX microscope at an accelerating voltage of 200 kV, while atomic resolution TEM
images were acquired from JEOL ARM200F equipped with energy dispersive X-ray
(EDX) spectrometer and highest level high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) resolution of 78 pm with a STEM Cs
corrector incorporated as standard. The morphology and elemental composition of the
materials were analysed using an FEI Helios NanoLab 650 scanning electron microscope
(SEM) and a Jeol JEM-ARMZ200F atomic resolution transmission electron microscope
(ARTEM). Samples for ARTEM analyses were prepared by dispersing the nanoparticles
in methanol, sonicating for about 2 min in order to ensure adequate dispersion of the
nanostructures. A 300 mesh Cu grid, coated with a lacy carbon film was carefully dipped
into each suspension of nanoparticles. This was done to avoid and over agglomeration of
the nanoparticles on the grids. The metal contents of the nanocatalysts were determined
using inductively coupled plasma atomic emission spectroscopy (ICP-AES) with an
Intrepid Iris instrument (Thermo Elemental). Each sample (50 mg) was treated in a
microwave heated digestion bomb in sealed PTFE vessels with concentrated HNO;3 (2.0
mL) and 98% H,SO, (2 mL). The heating program comprised some preheating steps and
a final 10 min digestion step at 220 °C. The resulting residual solutions were diluted with
water to constant volume. The solutions were then analysed for the metal content. Raman
spectroscopy data were collected using a Jobin—Yvon Horiba TX 6400 micro-Raman
spectrometer equipped with a triple monochromatic system to eliminate contributions
from Rayleigh scattering. The samples were analysed with a 514 nm argon excitation
laser (1.5 mW laser power on the sample to avoid thermal effects), using a 509 objective
with acquisition time of 120 s. Fourier transmission infrared spectroscopy (FTIR)
analyses were carried out using a Bomem (Hartmann & Braun), model MB-102
spectrophotometer. X-ray Photoelectron Spectroscopy (XPS) was performed with an Al



monochromatic Ka source (1486.6 eV) using the XPS Peak 4.1 program and a Shirley
function to subtract the background.

Electrochemical measurements

Electrochemical experiments were carried out at room temperature with a conventional
three-electrode configuration using an Autolab potentiostat PGSTAT 100 (Eco Chemie,
Utrecht, Netherlands) driven by the General Purpose Electrochemical Systems data
processing software (GPES software version 4.9). The working electrode was a modified
glassy carbon disk electrode (GCE, Bioanalytical systems, diameter = 3.0 mm). A Pt rod
and Ag|AgClI (3 M KCI) were used as a counter and reference electrode, respectively. All
solutions were de-aerated by bubbling pure nitrogen prior to each electrochemical
experiment. Before each measurement the GCE was polished to a mirror finish using
alumina slurry (nanopowder Aldrich) and then cleaned by ultrasonic stirring in ethanol
and acetone for 3 min, respectively. To prepare the catalyst ink, 10.0 mg of the catalyst
were dispersed in 10.0 mL of ethanol containing 1 mL of 5% Nafion solution (DuPont).
The mixture was ultrasonicated for about 3 min to make a uniform ink. The GCE was
modified by dropping 6 pL of the catalyst ink on its surface and allowing it to dry in an
oven at about 60 °C. The Pd loading was estimated by weight and was approx. 1.37 pg
for each electrode. Every electrochemical experiment on the oxidation of glycerol and
ethylene glycol in 1.0 M KOH was performed after degassing with high purity nitrogen.
The membrane electrode assemblies (MEAS) for the passive monoplanar cells were
carried out to provide some preliminary insights into the real-time fuel cell performance
for anion-exchange membrane direct ethylene glycol fuel cell (AEM-DEGFC) and direct
glycerol fuel cell (AEM-DGFC) using a commercial Tokuyama A-201 AEM and
cathodes containing a proprietary Fe—Co/C electrocatalyst on carbon cloth.*® The cell
hardware has been described previously.** The membrane was conditioned in a saturated
KOH solution for 1 min before assembling the MEA. The volume of the anode
compartment was ca. 25 mL for actual 10.5 mL of fuel solution (5 wt% alcohol and 2 M
KOH). The anode electrode was constructed with a 5.13 cm? nickel foam plate, onto
which the appropriate amount of dense catalytic ink was deposited. This was prepared by
introducing the catalyst (100 mg) into a 5 mL polyethylene container together with water
(50 mg). The metal loading on each electrode was determined by weighing the amount of
ink deposited (~5 mg cm2). The MEA was obtained by mechanically pressing anode,
cathode, and membrane. For a reliable evaluation of the oxidation products, the anode
compartment was sealed under a nitrogen atmosphere, whereas the cathode was exposed
to either air or oxygen with no significant variation of the cell performance. This was
evaluated using an ARBIN BT-2000 5A four-channel instrument. The operating
temperatures were in the range of 15-18 °C. The fuel oxidation products were
qualitatively and quantitatively determined by means of **C{*H} NMR spectroscopy
using appropriate calibration curves. Galvanostatic experiments were carried out at room
temperature on the passive cells where the anode compartment was filled with 10.5 mL
of 5wt% EG or G in 2 M KOH solution (8.47 and 5.70 mmol, respectively). After a
conditioning time of 1 h at the OCV, the circuit of the DEGFC or DGFC was closed and
a constant current of 102 mA (20 mA cm ) was allowed to flow until the cell voltage
reached zero. The solution was not refuelled during the experiment.



Results and discussion
Spectroscopy and microscopic characterization

The main aim of the study is to use literature-established techniques to functionalise
MWCNTs with —-COOH or —SO3H and subsequently use them as support for the Pd-
based core—shell catalysts for ADAFCs. FTIR data (see ESI, Fig. S11) confirmed the
successful functionalization of the MWCNTSs a with -COOH or —-SOsH functional
groups. The MWCNT-COOH showed intense band at 3428 cm ™' due to the stretching
vibrational modes of the O—H group, and 1719 and 1587 cm ™' due to the C=0 stretching
vibrations from carboxylic and carbonyl groups. Interestingly, upon sulphonation of the
MWCNT-COOH, the intense bands due to the OH (3428 cm™') and C=0 (1719 and 1587
cm ') groups disappeared leading to two strong bands at 1467 and 1380 cm™' which are
the characteristic absorption bands of organic sulfonate groups; the O=S=0 asymmetric
and O=S=0 symmetric stretching motions respectively. The Raman spectra (see ESI, Fig.
S27) confirmed the degree of functionalization of the pristine MWCNTSs with the —
COOH or —SO3H. The vales of the intensity ratios (Ip/lg) of the D-band of the MWCNTSs
(sp® C) and graphitic band (sp® C) for the MWCNT-COOH, MWCNT-SO3H and pristine
MWCNTSs were calculated as 0.90 £ 0.14, 0.88 £ 0.12 and 0.72 £ 0.10, respectively,
indicating that the degree of functionalization of MWCNT-COOH and MWCNT-SO3H is
essentially the same.

Next, it was necessary to establish the core—shell nature of the precursor material
(FeCo@Fe) and its palladium-decorated core—shell material (FeCo@Fe@Pd), and to do
this we used atomic resolution TEM. Fig. 1 shows typical high-angle annular dark-field
(HAADF)- and bright-field (BF)-STEM images simultaneously acquired for the
FeCo@Fe@Pd/MWCNT-COOH to get complete information of the nanostructures. It is
common knowledge that in the HAADF-STEM mode, the metal particle with high
atomic numbers appears as bright contrast, while those with low atomic numbers appear
as dark contrast.***2 The HAADF-STEM image shows brighter contrast in the shell and
darker contrast in the core, which is a clear indication that the core contains lighter
elements (Fe and Co) than the shell. In the BF-STEM image, however, the particles with
heavy atoms should appear as dark contrast since they are the heaviest scatterers in this
system. Our BF-STEM image clearly corroborates the HAADF-STEM image. From the
STEM images, there are some free Pd nanoparticles that co-exist with the core—shell
nanoparticles. Also, during the acquisition of the STEM data, we observed the co-
existence of oxides of palladium (PdyOy) and iron (Fe,Oy).
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Fig. 1 (A) High-angle annular dark-field (HAADF)- and (B) bright-field (BF)-STEM images
simultaneously acquired for the FeCo@Fe@Pd/MWCNT-COOH.

Electron energy loss spectral (EELS) images of core at different MWCNT supports (see
ESI, Fig. S3t) show clear contrasts between the inner FeCo alloy and the segregated
Fe/FexOy shell around the edges of the core—shell, irrespective of the type of MWCNTSs
used as support. Since the materials were synthesised under inert atmosphere, and the
HRTEM experiments performed in ultrahigh vacuum, the most plausible source of the
metal oxides could be during transportation or sample-handling. XPS data (see ESI, Fig.
S4+) proves the existence of the PdO species. In fact, the presence of the PdO species is
not surprising as Pd is well known to easily oxidize to PdO in air. The presence of the
oxides is an advantage for the electrocatalysis.®**** The intense dark portions of the
HAADF-STEM (Fig. 1A, red arrow) or the intense bright portions of the BF-STEM
images (Fig. 1B, red arrow) showed that few of the nanosized FeCo@Fe were not
completely decorated with the Pd nanoskin. Further experiments are necessary to
interrogate this observation with a view to rectifying and optimising the MITNAD
strategy process.

Fig. 2 compares the FESEM images of the precursor core—shell materials,
FeCo@Fe/MWCNT-COOH (Fig. 2A) and FeCo@Fe/MWCNT-SO3H (Fig. 2C) and their
corresponding Pd-decorated catalysts FeCo@Fe@Pd/MWCNT-COOH (Fig. 2B) and
FeCo@Fe@Pd/MWCNT-SO3H (Fig. 2D), respectively. The precursor materials,
irrespective of the type of MWCNT support used, are large particle sizes (between 140
and 600 nm) while the Pd-decorated counterparts are sub-10 nm in sizes, with the Pd skin
or thickness being ca. 3 nm. We observed the same phenomenon with Vulcan XC-72
support,®® meaning that the microwave-induced top-down nanostructuring of FeCo@Fe
and simultaneous decoration with Pd (MITNAD strategy) occurs irrespective of the
carbon support. However, it is interesting to observe in this present work that Pd catalyst
prepared using the same microwave strategy, PA/MWCNT-COOH and Pd/MWCNT-
SOs3H (Fig. 3), gave large-sized Pd catalysts (up to >200 nm). This result suggests that the
formation of the sub-10 nm FeCo@Fe@Pd via our microwave-assisted solvothermal



process must have been made possible by the magnetic nature of the FeCo@Fe core—
shell alloy. In other words, the interaction of the magnetic FeCo@Fe with the microwave
irradiation (magneto—microwave interaction) led to the immediate breakdown (nano-
sizing) of the FeCo@Fe that only permitted the formation of a thin-skin rather than a
thick-skin Pd coverage of the FeCo@Fe core—shell.

Fig. 2 FESEM images of (A) FeCo@Fe/MWCNT-COOH, (B) FeCo@Fe@Pd/MWCNT-COOH, (C)
FeCo@Fe/MWCNT-SO3H and (D) FeCo@Fe@Pd/MWCNT-SOsH.

Fig. 3 FESEM images of (A) Pd/MWCNT-COOH and (B) Pd/MWCNT-SO;H.



Another important observation of the FESEM images is that the MWCNT-COOH
support (weak acidic character) allowed for a more uniform dispersion and higher loading
of the FeCo@Fe@Pd nanocatalyts compared to the MWCNT-SO3H support (strong
acidic character). It is probable that the Pd reduction was not fully performed at the
MWCNTSs with the highest acidic character (-SO3H). This perhaps should not be totally
surprising considering that a similar observation has been reported by Kim and Park* for
Pt catalysts where carbon black treated with acid showed poor catalyst loading compared
to the base-treated or neutral carbon blacks.

Fig. 4 compares the powder XRD patterns of the four Pd-based catalysts;
FeCo@Fe@Pd/MWCNT-COOH, FeCo@Fe@Pd/MWCNT-SO3H, PA/MWCNT-COOH
and Pd/MWCNT-SO3zH. They can be indexed to the face centred cubic (fcc) structure
(SP-group Fm3m, JCPDS card: 03-065-6174). They displayed diffraction peaks at 20
(hKI) values of 46.9° (111), 54.7° (200), 81.1° (220), 99.4° (311) and 105.7° (222)
corresponding to a typical face centred structure of Pd. The shifts in the diffraction peaks
to the higher 26 positions of the two core—shell nanocatalysts are indicative of lattice
contraction upon introduction of the FeCo@Fe alloy in the Pd lattice. From the Vergard's
law, our calculation indicates the Pd lattice contracted from 3.8898 A in Pd to 3.8735 and
3.8767 A for FeCo@Fe@Pd/MWCNT-COOH and FeCo@Fe@Pd/MWCNT-SOzH,
respectively. This lattice strain effect has already been observed on Pd alloys with Pd-rich
surface incorporated with other atoms.*®* The intense peaks of the Pd/MWCNT-COOH
and PA/MWCNT-SOsH indicate high crystallinity and large-sized particles. Interestingly,
the full width of half maximum (FWHM) of the diffraction peaks of the catalysts are
broader when they are supported on the MWCNT-COOH than when they are on the
MWCNT-SO3H support, meaning that the particle sizes of the Pd and FeCo@Fe@Pd are
smaller on MWCNT-COOH than on the MWCNT-SO3H support. This was further
confirmed from the Scherrer equation, using the Gaussian fitted (220) peak, where the
core—shell particle sizes decreased as follows: FeCo@Fe@Pd/MWCNT-SO3H (10.8 nm)
> FeCo@Fe@Pd/MWCNT-COOH (7.4 nm).
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Fig. 4 XRD patterns of FeCo@Fe@Pd/MWCNT-SOzH, FeCo@Fe@Pd/MWCNT-COOH, PA/MWCNT-

COOH and Pd/MWCNT-SO3H. Inset shows the expanded portion of the Pd (220) diffraction peaks.

Electrocatalytic oxidation of ethylene glycol and glycerol

Fig. 5 shows the cyclic voltammograms (CVs) of the catalysts including the precursor
FeCo@Fe obtained in a nitrogen-saturated 1.0 M KOH solution at a scan rate of 50 mV
s~'. The CVs of the four Pd-based electrodes gave the expected signature peaks of the Pd
in alkaline electrolytes. On the other hands, the two electrodes without Pd (i.e., the
precursor FeCo@Fe) did not show any detectable peaks in the potential window. The
four Pd-based catalysts exhibit a common Pd surface reduction peak at ca. —0.35 V vs.
Ag|AgCI (for PA/IMWCNT-COOH and PA/MWCNT-SO3H) and —0.38 V vs. Ag|AgCl
(for FeCo@Fe@Pd/MWCNT-SO3H and FeCo@Fe@Pd/MWCNT-COOH). Using the
established method of determining the electrochemically-active surface area (EASA)
from the PdO reduction peak*® with our Pd loading on the GCE of 1.37 g (ca. 20 pug
cm %), the EASA values were estimated as 74.63, 42.26, 8.10, and 9.98 m? g ' for the
FeCo@Fe@Pd/MWCNT-COOH, FeCo@Fe@Pd/MWCNT-SOzH, PA/IMWCNT-COOH,

and Pd/MWCNT-SO3H, respectively.
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Fig. 5 Comparative cyclic voltammograms of FeCo@Fe@Pd/MWCNT-COOH,
FeCo@Fe@Pd/MWCNT-SO3H, PA/MWCNT-COOH, Pd/IMWCNT-SO3H, FeCo@Fe/MWCNT-COOH
and FeCo@Fe/MWCNT-SO;H in nitrogen-saturated 1 M KOH scan rate =50 mV/ s .

Fig. 6A and B compare the CVs of the catalysts including the precursor FeCo@Fe
obtained in 1.0 M KOH solution containing 0.5 M EG (Fig. 6A) or 0.5 M GLY (Fig. 6B)
at a scan rate of 50 mV s '. As expected, the precursor FeCo@Fe materials did not give
any detectable peaks for the alcohol oxidation in the selected potential window, thus
proving that the observed catalysis was due to the presence of Pd.
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Fig. 6 Cyclic voltammetric evolutions of the oxidation of (A) 0.5 M EG and (B) 0.5 M GLY in1 M KOH
using the various catalyst platforms. Scan rate =50 mV's ™.
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Scan rate studies for the EG and GLY (up to 800 mV s™", not shown) showed linear
relationships between peak current density versus square root of the scan rate, confirming
diffusion-controlled electrocatalytic processes for the catalysts. The CV parameters for
the electrocatalytic performance for each catalysts are summarised in Table 1. The ratio
of the forward anodic peak to the backward peak current density (Ji/Jp) relates to the
ability of the catalyst to tolerate carbonaceous species,*”***! thus it should generally be a
higher value for the best-performing catalyst. The onset potential (Eonser) and peak
potential for the forward reaction (Epeax) describe the ease at which electro-oxidation
occurs at the catalyst, thus they should be less positive for the best-performing
electrocatalysts. Despite the large literature on this argument, it is believed that the ratio
between the forward peak and the backward should be only associated with the upper
inverted potential. Indeed, at high potential, are formed surface palladium oxides that are
inactive for the electrooxidation of alcohols.*>*? The backward scan peak can be
associated with the oxidation of freshly chemisorbed EG or GLY. In fact, previous CV
studies of ethanol oxidation on Pd showed that the decrease in current at high voltages
was mainly due to the formation of a PdO layer, which blocked the adsorption of the
substrate.> The electrocatalytic activity was restored in the negative-going sweep once
the potential reached the value at which PdO was reduced to Pd. On the other hand, one
cannot rule out that a contribution to the current fade may be due to mass transfer
phenomena as well as to the instantaneous shortage of OH ™ groups in the thin layer. In
fact, according to literature, adsorbed hydroxyl species are required to release the
carboxylic acid upon coupling with Pd-acyl species.®**®

Table 1 Comparison of voltammetric data of Pd-based catalysts in this work, all potentials obtained at 50
mV s ' and measured versus Ag|/AgCl (3 M KCl), Pd loading of ca. 20 pg cm . Each experiment was run
five times

EASA/m?
Pd-based catalyst Alcohol solution g E onset! V E pea/V JJy
FeCo@Fe@Pd/MWCNT- 0.5 M EG/1.0 M KOH |[74.63 + -0.58 -0.16 £ 2.05+
COOH 3.61 0.03 0.01 0.10
FeCo@Fe@Pd/MWCNT-SO;H 42.26 + -0.52 + -0.17 £ 3.01+
2.10 0.03 0.01 0.14
Pd/MWCNT-COOH 8.10+0.38 ||-0.44 + -0.16 £ 2.50 +
0.02 0.01 0.13
Pd/MWCNT-SO;H 9.98 +0.41 ||-0.43 + -0.16 £ 2.60
0.02 0.01 0.13
FeCo@Fe@Pd/MWCNT- 0.5M (GLY)/1.0M 74.63 + -0.57 + -0.13 £ 3.05+
COOH KOH 3.61 0.03 0.01 0.15
FeCo@Fe@Pd/MWCNT-SO3H 42.26 + -0.54 + -0.16 £ 4.09 +
2.10 0.03 0.01 0.20
Pd/MWCNT-COOH 8.10+0.38 ||0.51 +0.03|[-0.14 + 3.36+
0.01 0.17
Pd/MWCNT-SO;H 9.98 +0.41 ||0.47 +£0.02][0.14 £ 0.01|3.96 +
0.20
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For the EG oxidation, FeCo@Fe@Pd/MWCNT-COOH showed high current density,
which is approximately twice that of the FeCo@Fe@Pd/MWCNT-SO3H. In addition, the
FeCo@Fe@Pd/MWCNT-COOH gave an Egnset of —0.58 V which is lower than that of
FeCo@Fe@MWCNT/SOzH at 0.52 V. This value is ca. 140 mV earlier than the Egnset
value of PA/MWCNT-COOH (—0.44 V) and ca. 150 mV earlier than that of the
Pd/MWCNT-SOzH (-0.43 V). FeCo@Fe@Pd/MWCNT-COOH gave a current response
of 17.80 mA cm 2 current density to EG oxidation, which is ca. 2 times higher than that
of both FeCo@Fe@Pd/MWCNT-SO3zH (9.67 mA cm 2) and Pd/MWCNT-COOH (8.53
mA cm ). It is also 3.3 times higher than that of Pd/MWCNT-SOsH with 5.37 mA cm 2.
For the GLY, the Egnset of GLY is situated at —0.57 V for FeCo@Fe@Pd/MWCNT-
COOH which is earlier than —0.54 V at FeCo@Fe@Pd/MWCNT-SO3H, —0.512 V at
Pd/MWCNT-COOH and —0.468 V at PA/MWCNT-SOzH. Both
FeCo@Fe@Pd/MWCNT-COOH and FeCo@Fe@Pd/MWCNT-SO3H exhibited high
oxidation peak current density of about 11.00 mA cm > which is 1.3 times higher than
Pd/MWCNT-COOH (8.03 mA cm ) and 2.7 times higher than Pd/MWCNT-SO3H. The
JilJp values for the four catalysts are above 2 for EG but above 3 for the GLY. This
indicates excellent tolerance of the catalysts to the presence of the carbonaceous products
from alcohol oxidation. In every case, the Pd core—shell catalysts exhibit better oxidative
electrocatalytic properties compared to the monometallic Pd catalysts. In general, the CV
data (Table 1) clearly indicate that the catalysts on the MWCNT-COOH supports exhibit
the best catalytic activity for both EG and GLY compared those on the MWCNT-SO3H
supports. These results are consistent with the inherent properties of the MWCNT-COOH
support, which include the more efficient and uniform dispersion of the catalysts (Pd and
FeCo@Fe@Pd), smaller nanoparticulate sizes, and higher EASA.

Stability is another important factor for the potential application of a catalyst in fuel cells.
The stability of the four catalysts was studied using a conventional chronoamperometric
technique. Fig. 7 compares the chronoamperometric evolutions in KOH solutions of EG
(Fig. 7A) and GLY (Fig. 7B) at a fixed potential of 0.16 V vs. Ag|AgCl. After the initial
current decay, probably due to the deactivation of the Pd catalytic sites arising from
chemisorbed carbonaceous species during alcohol oxidation, the chronoamperograms
gradually attained a pseudo-steady state. As seen in the current densities for both EG and
GLY, FeCo@Fe@Pd/MWCNT-COOH exhibited the highest initial current and the
slowest decay rate amongst the catalysts. The FeCo@Fe@Pd/MWCNT-COOH also
maintained the highest oxidation current density at the pseudo-steady state, thus giving
the best electrocatalytic activity and stability. In addition, the pseudo-steady state current
for the FeCo@Fe@Pd/MWCNT-COOH was higher for the EG compared to that for the
GLY.

14



7 1 (A) e FeCof@ Fe@ PUMWCNT-COOH
6 - ———FeCof@Fe@PdMWCNT-SO3H
e PUMWONT-COOH
5 4
e PA/MWONT-SO3H

o
g 4-
v
7 s
~
-~

2

1 \§:

0 T 1] ] ' Ll v T Ll )

0 200 400 600 800 1000 1200 1400 1600 1800
time/s
3 -
(B) ———FeCo/d Fe@ PA/MWCNT-COOH
25 - e FeCofa Fef PAIMWONT-SO3H
— PAMWOCNT-COOH
2 - e PA/MWONT-SO3H

j/mAcm -2
&

0 1] ' ' 1 1 J ] | L
0 200 400 600 800 1000 1200 1400 1600 1800

time /s
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FeCo@Fe@Pd/MWCNT-COOH and PA/MWCNT-COOH anodes and fuelled with 2 M KOH and 5 wt%
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Real-time alkaline direct alcohol fuel cell performance

In view of the excellent performance of the MWCNT-COOH support for the Pd and
FeCo@Fe@Pd nanoelectrocatalysts, the real-time fuel cell performance for alkaline
direct EG and GLY fuel cells (DEGFC and DGFC) was investigated using the anion-
exchange membrane (AEM) Tokuyama A-201. The AEM-DEGFC and AEM-DGFC
oxidation processes were investigated using passive oxygen-breathing direct alcohol fuel
cells as described in the experimental section. Fig. 8 shows the galvanostatic curves for
the AEM-DEGFC (Fig. 8A) and AEM-DGFC (Fig. 8B). For a reliable evaluation of the
oxidation products, the anode compartment was sealed under a nitrogen atmosphere,
while the cathode was exposed to air or oxygen with no significant variation in the cell
performance. The fuel oxidation products were qualitatively and quantitatively
determined by *C{*H} NMR spectroscopy using appropriate calibration curves.
Galvanostatic experiments were carried out at room temperature on the passive cells
where the anode compartment was filled with 5 wt% of EG or GLY in 2 M KOH
solution. After a conditioning time of 1 h at the OCV, the circuit of the cells was closed
and a constant current of 102 mA (20 mA cm ) was allowed to flow until the cell
voltage reached zero. The solution was not refuelled during the experiment since the aim
was simply to establish the oxidation products and their selectivity.

The oxidation products of the two polyhydric alcohols were established using the
BC{"H} NMR spectroscopy. Fig. 9 shows typical *C{"H} NMR spectra of the oxidation
products of glycerol, (also see ESI, Fig. S5+ for the *C{*H} NMR spectra for the
oxidation of ethylene glycol).
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Fig. 9 NMR spectra of the oxidation products of glycerol at (A) FeCo@Fe@Pd/MWCNT-COOH and (B)
Pd/MWCNT-COOH, Insets are the expanded portions of the main product peaks.

Fig. 10 represents the distribution of the exhaust products for the oxidation of EG (Fig.
10A) and GLY (Fig. 10B) at FeCo@Fe@Pd/MWCNT-COOH and PA/MWCNT-COOH.
The products of the oxidation of EG were the same using both FeCo@Fe@Pd/MWCNT-
COOH and PA/MWCNT-COOH catalysts as anode catalysts. However, the selectivity of
each oxidation product is different. For the DEGFC (Fig. 10A), the
FeCo@Fe@Pd/MWCNT-COOH delivered 102 mA current for 8.7 h (Fig. 8A) yielding
carbonate (67%), formate (2%), oxalate (4%) and glycolate (28%) with a fuel conversion
of 65% and released energy of 551 J. On the other hand, with the Pd/MWCNT-COOH as
the anode catalyst for the DEGFC, the same of amount of current (102 mA) was
delivered for 4.62 h yielding carbonate (26%), formate (4%), oxalate (5%), and glycolate
(65%) with a conversion of 29% and cell energy of 67 J. These reaction products have
also been observed by other authors for the oxidation of EG in alkaline media®>*>*® who
attributed them to the tolerance of the catalysts to poisoning as well as the ability of the
catalysts to facilitate the C—C bond cleavage. The two catalysts used in this AEM-
DEGFC study have a high tolerance to the presence of poisonous carbonaceous products
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Fig. 10 Distribution of the exhaust products for (A) EG and (B) GLY oxidation at
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like formates. Thus, we can infer that the ability of the FeCo@Fe@Pd/MWCNT-COOH
to efficiently break the C—C bonds of the EG to the carbonates is due to the enhanced
electronic properties of the Pd surface layer arising from the lattice strain caused by the
FeCo@Fe alloy. Although the PA/MWCNT-COOH catalyst was not as selective in the
complete oxidation of EG, its reaction for EG oxidation resulted in a high production of
glycolate (a very useful product for a broad range of industrial applications from
pharmaceuticals to the textiles) under mild conditions. Notably, no traces of either
glyoxaldehyde or hemicetal were detected in any stage of the galvanostatic experiments.

Based on both literature data,®” and observed oxidation products, a two-way reaction path
for the EG electrooxidation has been proposed (Scheme 1). Both
FeCo@Fe@Pd/MWCNT-COOH and PdA/MWCNT-COOH electrocatalysts showed a
preference towards the oxidation of one hydroxyl group of EG (path a), whereas a small
amount of oxalate seems to be produced mainly by the direct oxidation of EG (path b)
rather from the further oxidation of the glycolate (path d).** While the Pd/MWCNT-
COOH showed a weak ability towards the C—C bond, the FeCo@Fe@Pd/MWCNT-
COOH seems very efficient in the further oxidation of EG producing formate and a large
amount of carbonate (route c).

Glycolate
HO 0
a Formate A (o}
— HCOO + CO5*
(o} l Carbonate Glycolate | 28% 865%
HO, PH Oxalate 4% 5%
\__/ d Cos*
Formate 2% 4%
sihviene glyce! 9 & Carbonate | 67% 26 %
v, N
A FeCo@Fe@Pd/IMWCNT-COOH
L 9 O PA/MWCNT-COOH
Oxalate

Scheme 1 Proposed reaction pathway for EG electro-oxidation on FeCo@Fe@Pd/MWCNT-COOH and
Pd/MWCNT-COOH.

The oxidation of GLY gave a plethora of oxidation products as shown in Fig. 10B based
on the NMR exhaust product distribution analysis (Fig. 9). The
FeCo@Fe@Pd/MWCNT-COOH delivered 102 mA current for 4.68 h yielding carbonate
(73%), formate (3%), oxalate (7%), glycerate (3%), glycolate (7%), tartonate (7%) with a
fuel conversion of 16% and released energy of 265 J. However, with the PA/MWCNT-
COOH as the anode catalyst, the same of amount of current (102 mA) was delivered for
3.32 h yielding carbonate (47%), oxalate (9%), tartonate (15%), glycerate (14%) and
glycolate (14%) with a conversion of 15% and released energy of 82 J. No traces of
secondary alcohol oxidation, such as dihydroxyacetone, hydroxypyruvate or mesoxalate
were observed (Scheme 2). GLY is first oxidized to glyceraldehyde, which in turn is
quickly oxidized to glycerate. Glycerate is further oxidized to tartronate (path c) and, by
cleavage of C—C bond, into glycolate and formate (path d). The latter species leads to
carbonate while the glycolate is oxidized to oxalate (path f). GLY is also oxidized
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directly to tartronate (path b). CO, is prevalently a by-product of the oxidation of either
glycerate or glycolate (path d and €).>” However, the oxidation of GLY yields significant
amounts of carbonate. Furthermore, FeCo@Fe@Pd/MWCNT-COOH showed a higher
released energy than PA/MWCNT-COOH (about three times).

f N/
/N
0 (0]
HO OH Oxalate
HO 0
HO OH a HO O 4 e
s ——tp —* HCO0' ——= (O}
5 - Formate Carbonate

Glycerol Glycerate 0 Glycolate 2
HCOO

Formate A o

c

Glycerate | 3% 15%

Tartronate | 7% 15%

co,” Glycolate | 7% 14%

b - i Carbonate Oxalate 7% 9%

0 0 Formate 3% 0%

Carbonate | 73% 47 %

0 o A FeCo@Fe@PdMWCNT-COOH
Tartronate O PAMWCNT-COOH

Scheme 2 Proposed reaction pathway for GLY electro-oxidation on FeCo@Fe@Pd/MWCNT-COOH and
Pd/MWCNT-COOH.

The experimental data clearly proves that both Pd-based catalysts on MWCNT supports,
notably the FeCo@Fe@Pd/MWCNT-COQH, are able to dissociate GLY into fragments
containing a single carbon at a high percentage under mild experimental conditions. The
generation of carbonates as the main oxidation products suggests the unique ability of the
catalysts to facilitate complete electro-oxidation of glycerol with an improved Faradaic
efficiency. This result is very unique considering that quite a number of recently reported
Pd-based catalysts (such as Pd/C,*® PdNi/C,*® PdAu/C,*® PdRh/C,* PdAu/C and PdNi*®
and PdPtBi/C®) did not show any selectivity towards the complete oxidation of GLY.

Conclusions

This work studied the behaviour of a Pd-based ternary core—shell nanoparticles
(FeCo@Fe@Pd) supported on MWCNT-COOH and MWCNT-SO3H for the
electrocatalytic oxidation of EG and GLY in alkaline media. We clearly proved that the
surface functional groups (mainly -COOH and —-SO3H) on the MWCNT support played a
critical role on the physico-chemical properties of the FeCo@Fe@Pd nanocatalyst
towards the electrocatalytic oxidation of EG and GLY. The FeCo@Fe@Pd/MWCN-
COOH was characterized by smaller nanoparticles, more uniform loading on the support,
large electrochemically-active surface area and enhanced electrocatalytic activity
compared to its FeCo@Fe@Pd/MWCNT-SO3H counterparts. When the
FeCo@Fe@Pd/MWCNT-COOH was used for a preliminary study in passive air-
breathing anion-exchange membrane based fuel cells (AEM-DEGFC and AEM-DGFC),
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the exhaust products revealed high levels of selectivity towards the complete oxidation of
EG and GLY under benign experimental conditions. The high catalytic performance of
the FeCo@Fe@Pd/MWCNT-COOH has been interpreted as the results of its improved
electronic properties coupled with the high affinity of its -COOH surface with the
catalyst species. The study has indeed opened doors for future developments of these Pd-
based nanocatalysts, such as the exploration of more nanocarbon platforms, optimization
of the catalyst system for improved oxidation and selectivity of alcohols, and application
in active ADAFCs for enhanced power and energy densities.
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Electronic Supporting Information

The main objective of the study is to use literature-established techniques to functionalise
MWCNTs with —-COOH or —SO;H and subsequently use them as support for the Pd-based
core-shell catalysts. FTIR and Raman were used to confirm the successful functionalization
of the MWCNTs a with -COOH or —SOs;H functional groups. The concentrations of the —
COOH or —SO3;H were not determined, but it is known that for MWCNTSs, the concentric
arrangement of the graphene layers does not allow for the attainment of the surface atomic
oxygen percentages higher than 7-8%.!

Figures S1 compares the FTIR spectra of MWCNT-COOH (Fig. S1A) and
MWCNT-SO3H (Fig. S1B). The MWCNT-COOH showed intense band at 3428 cm! due to
the stretching vibrational modes of the O-H group, very weak bands at ~2888 and ~2333 c¢cm’!
due to symmetric and asymmetric C-H of aryl groups. The bands at 1719 and 1587 cm! are
due to the C=O0 stretching vibrations from carboxylic and carbonyl groups. The strong band
at 1225 cm! is O-H bending deformation in -COOH. The peak at 1056 cm! is assigned to C-
O stretching vibrations of epoxides, or cyclic ethers. Interestingly, upon sulphonation of the
MWCNT-COOH, the intense bands due to the OH (3428 cm!) and C=0 (1719 and 1587 cm-
) groups disappear leading to two strong bands at 1467 and 1380 cm' which are the
characteristic absorption bands of organic sulfonate groups; the O=S=0 asymmetric and
0O=S=0 symmetric stretching motions respectively. The intense bands at 2980 and 2862 cm-!
are attributed to C-H stretching motions of aromatic and unsaturated alkyl groups. The group
of bands at 995, 888, 766 cm! are assigned to the C-O stretching vibrations of substituted

pyridines or aromatic rings.
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Figure S1: Comparative IR spectra of (A) MWCNT-COOH) and (B) MWCNT-SO;H.
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Figure S2: Raman spectra of Pristine MWCNT, carboxylate functionalised MWCNT
(MWCNT-COOH) and sulfonate-functionalised MWCNTs (MWCNT-SOsH).

Figure S2 shows the Raman spectra of pristine MWCNT, MWCNT-COOH and MWCNT-
SO;H. The D-band reflects the disorder in the MWCNT (sp? C), thus increase in the intensity
of the D-band is an indication of the rise in the defect density (amount of defects) in the
MWCNTs or a decrease in the structural order of the carbon nanotubes bundles. These
defects arise from the added functional groups, missing carbon atoms in the walls of the

carbon nanotubes or the inhomogeneous decoration of the tube wall by functional groups.
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From the Raman spectra, the D-bands appear at ca. 1344 cm™!, while the graphite structure of
the MWCNTSs, G-band (sp? C) appears at ca. 1577 cml. There is no noticeable change in
positions of these G-bands for the pristine and functionalised MWCNTs, which means the
electronic characteristics remain essentially intact after acid-functionalisation. The degree of
functionalization or defects on the MWCNT walls is indicated by the intensity ratios of the
D- and G-bands (Ip/lg). The Ip/lg values for the MWCNT-COOH, MWCNT-SO;H and
pristine MWCNTs are 0.90+0.14, 0.88+£0.12 and 0.7240.10, respectively, indicating that the

degree of functionalization of MWCNT-COOH and MWCNT-SO;H is essentially the same.

As part pf the HRTEM, electron energy loss spectroscopy (EELS) was used to visualise the
core-shell nature of the core alloy. There was a co-existence of pure iron and iron oxides;
nonetheless there were clear contrasts between the inner FeCo alloy and the segregated

Fe/Fe Oy shell around the edges of the core-shell, irrespective of the type of MWCNTs used

as support.

Figure S3: Electron energy loss spectral (EELS) images of FeCo@Fe/MWCNT-COOH (A)

and FeCo@Fe/MWCNT-SOsH (B).
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To provide further insights into the existence of the surface oxide layer of Pd on the core-
shell, XPS experiments were conducted. The Fe and Co signals were very weak and poorly

resolved. The presence of the PdO species is in excellent agreement with other reports that Pd

is easily oxidized to PdO in air.>*

Intensity

348 346 344 342 340 338 336 334 332 330

Binding Energy / eV

Figure S4: Typical XPS of FeCo@Fe@Pd/ MWCNT-COOH.
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Figure S5: NMR spectra of the oxidation products of ethylene glycol at
FeCo@Fe@Pd/MWCNT-COOH (A) and PA/MWCNT-COOH (B), Insets are the expanded

portions of the main product peaks.
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