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Hydrated FePO,4 nanoparticles supported on P-
doped RGO show enhanced ORR activity compared
to their dehydrated form in an alkaline mediumt

Zubair Ahmed,? Ritu Rai,? Rajinder Kumar,® Takahiro Maruyama®
and Vivek Bagchi

One-step hydrothermal growth of FePO4 nanoparticles (15-25 nm) uniformly decorated on the P-doped
reduced graphene oxide (PRGO) was studied for oxygen reduction reaction (ORR) activity. The role of
lattice water in the enhancement of catalytic activity in the hydrated FePO,4-2H,O with respect to its
dehydrated form in the alkaline medium was contested. The hydrodynamic LSV at 1600 rpm in alkaline
medium (0.1 M KOH electrolyte) indicates an increase in the cathodic current density of the PRGO
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supported FePO4-2H,O catalyst, which reaches as high as 5.8 mA cm™*,
commercially available Pt/C catalyst. The stability in terms of retention of activity after 22 000 s with the
hydrated form was found to be 90.7% which is 26.7% higher than that of the dehydrated form.
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Introduction

Overconsumption of fossil fuels and the various environ-
mental issues have greatly motivated the scientific community
towards the advancement of sustainable technologies specifi-
cally, fuel cells,” metal-air batteries®* and solar cells.®® The
advances in the field of fuel cell technology are mainly affected
by the sluggish kinetics of the oxygen reduction reaction;
therefore the development of a highly efficient catalyst for ORR
is highly desirable. So far platinum and platinum group metals
have emerged to be highly proficient catalysts for ORR.
However, high cost, surface corrosion as well as methanol
poisoning are some of the major flaws which deteriorate their
practical applicability.® Several attempts have been made to
judiciously design non-nobel metal catalysts with perfor-
mance similar to or better than Pt-based electrocatalysts,
which include chalcogenides," transition metal oxides,
carbides,"* phosphides* and nitrides,'* as well as metal-free
carbon-based materials.”® Owing to the high catalytic effi-
ciency and stability, transition metal phosphates have gath-
ered tremendous attention in recent years as they have the
capability of influencing both the water oxidation as well as
the electrocatalytic oxygen reduction. Several groups have
found that the catalyst composed of Pt supported metal
phosphates'®'” have shown superior ORR activity as compared
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2, close to the best known

to commercial Pt/C. Furthermore, metal-free, doped (B, S, N, P
etc) carbonaceous materials have also shown their potential in
the area of ORR catalysis'®?* as the introduction of hetero-
atoms into the graphite lattice not only enhances the
conductivity but also provides strong support for holding the
active sites.*** However, research efforts towards exploring
the efficacy of metal phosphates as ORR catalysts are still
limited.*® Thus the design and fabrication of highly efficient
transition metal phosphates through a simple yet cost-
effective methodology would provide a vision for a new class
of catalytic materials for ORR. Herein we have used a one-pot
hydrothermal method (as shown in Scheme 1) to synthesize
FePO, nanoparticles systematically grown on P-doped RGO
and studied the ORR activities in the alkaline medium. To the
best of our knowledge, the crucial role of lattice water of FePO,

FePO,
@ = Fe?lons
o = P-doping
© =FePO,NPs

Hydrothermal

P-doping treatment.

Scheme 1 Showing the overall synthesis of the hybrid-nano-
composite using hydrothermal growth of FePO4 nanoparticles (15 to
25 nm) uniformly decorated on the P-doped RGO as an electrocatalyst
for oxygen reduction reaction (ORR).
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in enhancing the catalytic activity, particularly for oxygen
reduction electrocatalysis has never been explored.

Experimental

Graphene nanoplatelets (<25 pum) were purchased from (TCI).
Orthophosphoric acid (H3PO,), sulphuric acid (H,SO,) and
potassium permanganate (KMnO,) were purchased from Merck.
Graphene oxide was synthesized by an improved method* using
graphene nanoplatelets. The catalyst was synthesized by a one-step
hydrothermal process. In brief, 0.2 mM (55 mg) of FeSO,-7H,0
was added into the uniform dispersion of graphene oxide (1 mg
ml ") in distilled water with vigorous stirring. Orthophosphoric
(1 ml of 3 M) acid was added dropwise with continuous stirring for
30 min. The reaction mixture was transferred into a stainless steel
autoclave with Teflon vessel inside and kept at 180 °C for 12 h. The
obtained product (FePH@PRGO) was washed with deionised water
and further dried by heating it at 50 °C for 4 hours. The dehydrated
product (FePD@PRGO) was obtained by annealing FePH@PRGO
in argon at 300 °C for 30 minutes. A batch of P-doped RGO was
synthesized by the same method for a comparative study.

Characterization

The structural and morphological characterization were done
using Eco D8 advance from Bruker, Cu Ko radiation with A =
1.54 A; Scanning Electron Microscope (JEOL JSM-IT300) was
used for the morphological studies. Transmission electron
microscopy using JEM-2100 TEM has been used at 200 kV to
obtain the high-resolution TEM images. X-ray photoelectron
spectroscopy (XPS, EscaLab: 220-IXL) was used to analyse the
composition of the electrocatalyst by means of Mg-Ka non-
monochromated X-ray beam having photon energy of
1253.6 eV. Surface area and pore size distribution were deter-
mined from N, adsorption and desorption using (Autosorb-iQ)
Quantachrome Instrument; thermogravimetric analysis was
done using STA-8000 (Perkin Elmer); FTIR spectra were recor-
ded on Carry 660 FTIR spectrometer.

Electrochemical measurements

Electrochemical measurements were performed on an multi-
channel electrochemical workstation (Autolab PGSTAT 204M)
equipped with electrode bipotentiostat system. Carbon elec-
trode, Ag/AgCl (3 M KCI solution) and Rotating Ring Disk
Electrode (RRDE) having a diameter of 5 mm were used as
a counter, reference and working electrode respectively. The
working electrode was coated with 10 ul of the catalyst ink
which was prepared by dispersing 2 mg catalyst in 495 pul DMF
and 5 pl of 5% Nafion. The catalyst coated electrode surface was
dried in vacuum for overnight to get a uniform layer of material
on the electrode surface. Cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) were performed in O, saturated 0.1 M
KOH by purging electrolyte with O, 30 min prior to electro-
chemical measurements. Several CV scanning was done with
a scan rate of 50 mV ~! in the potential window of 0 to —1.0 V.
LSV measurements were carried out in a potential window of 0.1
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to —1 V with a scan rate of 10 mV s~ on RRDE with rotating
speed varying from 400 to 3000 rpm.

Recently it has been revealed that the extensively used Kou-
techy-Levich (KL) method is not appropriate to evaluate “n” for
the ORR studies.”® Hence, the rotating disk and ring-disk elec-
trodes were analysed using convection methods for the calcu-
lation of the electron transfer number “n” for the oxygen
reduction reaction (ORR) on the corresponding catalyst and the
peroxide percentage was calculated using ring and disc current
is given by eqn (1) and (2) respectively.

1y
—4x —94 1
SR A ) ®
. L/N
HO, % = 2 et 2
0:7% =200 x 1=y )

where I and I, represent disk and ring current respectively. N is
defined as the current collection efficiency of Pt ring which was
found to be 0.25 long term catalytic stability was examined by
chronoamperometric measurements performed at —0.6 V with
a rotation of 1600 rpm.

Results and discussion

The FePO, nanoparticles supported on P-doped RGO was
synthesized both in hydrated (FePH@PRGO) and dehydrated
form (FePD@PRGO) using the one-pot hydrothermal method.
Here orthophosphoric acid (H;PO,) plays a bifunctional role as
it facilitates the formation of phosphate nanoparticles and the
incorporation of P atom in the graphitic lattice which in turn
enhances the overall performance of the catalyst. Since the
product obtained does not require any further purification thus
holding the integrity of the process.

The oxygen reduction activity of the catalysts was evalu-
ated using CV studies carried out in O, saturated 0.1 M KOH
solutions for both FePD@PRGO and FePH@PRGO along
with Pt/C shown in Fig. 1(A). The presence of prominent
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Fig. 1 (A) CV curves of FePH@PRGO, FePD@PRGO and Pt/C (B) CV
curves of FePH@PRGO and FePD@PRGO in Ar and O, saturated 0.1 M
KOH electrolyte. (C) LSV curves of FePD@PRGO, FePH@PRGO and Pt/
C at 1600 rpm (D) Tafel slope of FePH@PRGO, FePD@PRGO and Pt/C.
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cathodic reduction peak in O, saturated electrolyte as well
as the absence of the same for both the catalyst in Ar satu-
rated electrolyte reflects their activity for ORR Fig. 1(B). The
cathodic reduction peak of O, for FePH@PRGO as well as
FePD@PRGO appears approximately at —0.24 Vand —0.28 V
respectively. Also, the FEPH@PRGO catalyst outperforms by
showing relatively higher current density (Fig. 1(A)). This
observation directly indicates the crucial role of lattice water
in facilitating ion transport. The superior catalytic activity of
FePH@PRGO was also reflected in LSV measurements where
the limiting current density reaches to —5.8 mA cm™? with
onset potential (—0.140 V) for FePH@PRGO which is very
much close to Pt/C whereas, it reaches up to —3.4 mA cm >
for FePD@PRGO (Fig. 1(C)). Furthermore, FePH@PRGO
catalyst shows a smaller value of Tafel slope (68 mV dec™ ")
also reflects its efficacy for ORR catalysis (Fig. 1(D)).

To further explore the kinetics and mechanistic aspects of
ORR catalysis, LSV measurements of FePH@PRGO were per-
formed at different rotations using RRDE, ranging from 400 to
3000 rpm shown in Fig. 2(A). Similar measurements were also
done for FePD@PRGO and PRGO as shown in (ESI S1.1A and
2A1).

It was observed that limiting current density rises with an
increase in rotational speed owing to the shortening of the
diffusion distance in oxygen saturated electrolyte at high
speed.” The K-L (Koutechy-Levich) plots corresponding to the
above mentioned LSV measurements are shown in Fig. 2(B) and
(ESI S1.1B and 2B¥). The occurrence of first-order kinetics for
the reduction of dissolved oxygen is reflected by the K-L curves
which are linear in nature at every potential.

The number of electrons transferred (n) was calculated with
the ring and disk plot Fig. 2(C) obtained at 1600 rpm and the
value of n at different potentials (—0.40 to —0.95 V) was
calculated to be in the range from ~3.0-3.8. The correspond-
ing ring and disk curve, suggests that the reaction is
proceeding dominantly through a four-electron pathway for O,
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Fig.2 (A) LSV curves of FePH@PRGO at various rotation speeds. (B) K-
L plot of FePH@PRGO at various potentials. (C) RRDE curves of
FePH@PRGO at a rate of 1600 rotations per minute. (D) The right

vertical axis shows the HO, ™ yields where as the left axis reveals the
corresponding electron-transfer number (n) of FePH@PRGO.
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reduction Fig. 2(D). The major challenges associated with the
ORR electrocatalysts is methanol crossover effect which
decreases the efficiency of fuel cell significantly and long term
stability of the catalysts.** The methanol poisoning of the
catalyst was checked through cyclic voltammetry where 3
molar methanol is added to the electrolyte, FePH@PRGO
shows high stability towards methanol oxidation with no
significant change in CV curve whereas Pt/C, on the other
hand, shows methanol oxidation and depressed the O,
reduction as shown in Fig. 3(A) and (B) respectively. The long
term stability of electrocatalyst was further checked through
(i-t) chronoamperometry measurements after 22 000 s at
—0.6 V with 1600 rpm under continuous oxygen flow. The
catalyst was found to be quiet stable even after 22 000 s with
a slight decline of performance (—9.3%) shown in Fig. 3(A)
inset. The dehydrated form was found to be less stable and is
shown in ESI S1.1C.T All the values related to ORR activities
were tabulated in ESI S2.}

The composition of the catalysts, FePH@PRGO and
FePD@PRGO were analysed using both PXRD and XPS. Typi-
cally, the peaks in the PXRD pattern (Fig. 4(A)) of FePH@PRGO
can be indexed into a mixture of the monoclinic phase of
FePO,-2H,0 with space group P21/n and lattice parameters, a =
0.530 nm, b = 0.975 nm ¢ = 0.867 nm (ref. 31) and of the
tetragonal Fe, 3,(PO,4)(OH) phase with lattice parameter a = b =
0.519 nm and ¢ = 1.299 nm and space group I41. High cyclic
durability of the catalyst might be due to the lattice water
present in FePH@PRGO catalyst. Annealing results in the
formation of the catalyst FePD@PRGO with the later phase
only.**

In the XPS spectra Fig. 4(B) two prominent peaks at 711.08 eV
and 725.08 eV, corresponding to Fe 2p;, and Fe 2p,j,, are
present. The Fe 2p;3, peak is comprising of two peaks at
710.2 eV (Fe**) and 711.6 eV (Fe*") and the Fe 2p,, can also be
split into two peaks at 724 eV (Fe®") and 725.8 eV (Fe*")
respectively. The deconvoluted P 2p spectrum (Fig. 4(C))
revealed two peaks positioned at 133.1 and 134.1 eV, which may
be attributed to P-C and P-O bonding. In Fig. 4(D), the C 1s
spectrum, the major peak at 284.5 eV was due to sp®> C-C
bonding, whereas the peaks at 286.1 eV and 288.5 eV are
resulting from C-O and O-C=0 bonding. XPS survey spectra of
FePH@PRGO was shown in ESI S3.1 Thus both XPS and XRD
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Fig. 3 Methanol crossover tests were performed with 3 M methanol

on (A) the catalyst FePH@PRGO and on (B) Pt/C. The current vs. time

(i-t) plot shown in inset (A), reveals a long term stability of

FePH@PRGO retaining 90.7% activity after 22 000 s.
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Fig. 4 (A) PXRD showing the hydrated and dehydrated forms;
FePH@PRGO & FePD@PRGO (B) high-resolution X-ray photoelectron
spectra of Fe 2p, (C) showing the plot for C 1s, and (D) P 2p.

successfully reveal the formation of FePO, nanoparticles sup-
ported on P doped RGO.

Further, the qualitative, as well as quantitative analysis of
lattice water, was done using FTIR and TGA. The presence of
lattice water was qualitatively depicted from Fourier trans-
mission spectroscopy where the strong stretching vibrations of
H,0 group at 3400 cm ' are present in the spectra of
FePH@PRGO whereas the peak at 3400 cm™" reduced signifi-
cantly in the dehydrated form as shown in Fig. 5(A).

A quantitative analysis of the amount of lattice water present
in the FePH@PRGO catalyst was done using thermogravimetric
analysis. TGA analysis was performed under aerobic environ-
ment in the temperature range of 50-700 °C. Fig. 5(B), shows
a clear and sharp weight loss of approximately 19% depicted
from the TGA curve may be correlated to the dehydration of
FePO,-2H,0. The FePD@PRGO composite was obtained by
annealing FePH@PRGO which results in partial reduction of
Fe** to Fe®" ions in the presence of carbon from PRGO.* In
oxidizing conditions the weight gain observed in FePD@PRGO
at low temperature is possibly due to the partial oxidation of
Fe”* ions, resulting small weight gain (~4.4%). The small
weight loss during the temperature range of 300 to 500 °C is due
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Fig. 5 (A) FTIR spectra of FePH@PRGO and FePD@PRGO. (B) Ther-

mogravimetric analysis curves of FePH@PRGO and FePD@PRGO
under air atmosphere.
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to the slow decomposition of residual oxygen containing func-
tional groups present on phosphorous doped reduced graphene
oxide.>»* The weight loss at higher temperature ranging
between temperature 500-600 °C is majorly associated with
rapid burning of the ring carbon in PRGO.* However the higher
amount of weight loss in FePD@PRGO is possibly due to the
removal of OH bonds present in FePO,-OH (FePD@PRGO)
which takes place in this temperature range.*” The observations
obtained from N, adsorption and desorption isotherm were
also in line with the previous elucidations. The isotherm of both
FePH@PRGO and FePD@PRGO are of “type IV” hysteresis curve
shown in ESI Fig. S4A and B.t The surface area of FePD@PRGO
comes out to be 185.20 m® g~ with an average pore size of
1.9 nm, whereas the surface area of FePH@PRGO is 55 m> g~ "
such a noticeable difference in the surface area can be explained
due to the saturation of pores with the lattice water. In spite of
high surface area, FePD@PRGO catalyst still struggles to exhibit
good catalytic activity. Thus, it can undoubtedly be inferred that
it is the lattice water which is playing a crucial role in enhancing
the catalytic activity.

The structure and morphology of the FePH@PRGO catalyst
were analysed using TEM shown in Fig. 6. Uniform nano-
particles of size ranging from 15-25 mm were distributed on the
P doped graphite lattice. The inter-planar distance of 0.36 nm
(Fig. 6(B)) was obtained which is consistent with the corre-
sponding inter-planar distance of (120) plane in the monoclinic
phase of FePO,-2H,0. The morphology of FePD@PRGO is
shown in ESI S5.1 The phosphorous doping in RGO was verified
both qualitatively and quantitatively by elemental mapping and
EDAX plot. The binding energy plot shows that P doping has
taken place in RGO with an atomic percentage of 1.28% as
shown in ESI S6.f The electrocatalyst after the stability
measurement was recovered from the electrode surface for
morphological studies. The TEM/HRTEM analysis was carried

Monoclinic phase of
FePO, 2H,0

Fig. 6 (A) TEM image of FePH@PRGO (B) and (C) are the high reso-
lution TEM images, where (B) is the zoomed version of (C) showing the
fringe width of the nano crystal. (D) STEM and corresponding
elemental mapping of FePH@PRGO.
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out to ensure the structural stability of the FePH@PRGO shown
in ESI §7.%

Conclusions

Thus we conclude that non-noble metal based nanocomposite
of FePO, nanoparticles supported on P-doped RGO shows
enhanced ORR activity compared to its dehydrated form. The
study reveals that the lattice water in hydrated FePO, catalyst
plays a crucial role in enhancing the electrocatalytic oxygen
reduction and provides extra stability to the catalyst in alkaline
medium, which is relatively better than its dehydrated form
obtained after annealing catalyst. This work highlights the role
of water molecules present in the FePO, crystal lattice in elec-
trocatalytic ORR and unlocks a new horizon showing the
possibilities of various low cost metal phosphates as catalyst in
the fuel cell applications.
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