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A modified co-precipitation method has been used for the synthesis of a PdAO-2Mn,O3 nanocomposite as
an efficient electrode material for the electro-catalytic oxygen evolution (OER) and hydrogen evolution
reaction (HER). Palladium acetate and manganese acetate in molar ratio 1: 4 were dissolved in water,
and 10 ml of an aqueous solution of phyto-compounds was slowly added until completion of
precipitation. The filtered and dried precipitates were then calcined at 450 °C to obtain a blackish brown
colored mixture of PAO-2Mn,0O3 nanocomposite. These particles were analyzed by ultra violet visible
spectrophotometry (UV-vis), infrared spectroscopy (FTIR), powder X-ray diffractometry (XRD), scanning
electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron
spectroscopy (XPS) for crystallinity, optical properties, and compositional and morphological makeup.
Using Tauc's plot, the direct band gap (3.18 eV) was calculated from the absorption spectra. The average
crystallite sizes, as calculated from the XRD, were found to be 15 and 14.55 nm for PdO and Mn,0Os,
respectively. A slurry of the phyto-fabricated PdO-2Mn,O3 powder was deposited on Ni-foam and

tested for electro-catalytic water splitting studies in 1 M KOH solution. The electrode showed excellent
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dec™! and 219 mV dec™?, respectively. The outcomes obtained from this study provide a direction for
DOI: 10.1035/d0ra04571c the fabrication of a cost-effective mixed metal oxide based electro-catalyst via an environmentally
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Introduction

The world is facing energy crisis because of the threatening conse-
quences of global warming; thus clean energy sources are needed at
the present time in order to lessen the burden on diminishing
energy reservoirs.' The water splitting (WS) process is considered to
be a cleaner energy generation process, which is the most addressed
topic among researchers, attaining its thrust mainly due to the
production of hydrogen and oxygen.>® WS can be categorized as
photo-electrochemical water splitting and electrochemical water
splitting, which share many commonalities in their processes, but
their difference lies in their energy sources, as PEC water splitting
utilizes abundant solar energy while electrochemical water splitting
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harnesses electrical energy to produce hydrogen.* In water splitting
the absorbed photons on the surface of electrodes results in the
generation of electrons and holes which are used in hydrogen and
oxygen evolution respectively. The water oxidation reaction is nor-
mally favorable in an alkaline medium because in an alkaline
medium, even cheap materials can be used as coherent elec-
trodes,> reducing corrosion and bidding for a long lifetime for the
anode.” Sluggish kinetics of OER at the anode results in a large-over
potential that leans towards low efficiency.® Henceforward the
concern of researchers is to reduce the over-potential by using
economically viable materials. Currently noble metals such as
ruthenium oxide (Ru0O,), iridium oxide (IrO,), and Pt-based mate-
rials are considered as benchmarks for HER and OER reactions
because of their efficient electro-catalytic activity.**> Nonetheless,
their long-term applicability on a large scale is really obstructed due
to their high cost and scarcity. Therefore it is desirable to explore bi-
functional electrode materials which have low cost, high abundance
and excellent electro-catalytic efficiency with large-scale applicability
towards OER and HER. Generally, transition metals or metal oxides:
manganese oxides (MnOx),"” ruthenium oxide (RuO,),** nickel oxide
(NiO),* palladium/palladium oxide™>* and cobalt oxides (CoOx),*®
are regarded as efficient electrode materials for redox-type applica-
tions. In PEC water splitting the absorbed photons on the surface of
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the photoelectrodes result in the generation of electrons and holes
which are used in hydrogen and oxygen evolution, respec-
tively.>'**'°* Since 1972 various metal oxides,*” nitrides® and other
composites with different bandgaps have been investigated as
photoelectrodes for enhanced hydrogen and oxygen evolution.
Manganese based nanoparticles have gained huge attention
and have been largely examined for electro-catalytic redox-type
studies, mainly because of their low cost and high catalytic effi-
ciency for different redox reactions."”'®* However, the consider-
able electro-catalytic efficiency of Mn,0O; is less than those of
RuO, or IrO, due to its low conductivity and high over-potential;
however, its performance could be enhanced when mixed with
other less expensive noble metal oxides. Palladium oxide is
a relatively less expensive metal oxide than RuO, or IrO, and is
considered to provide efficient electrochemical properties.
Previously it has been studied that transition metal mixed oxides
(M/MOx) are electro-catalytically more efficient than single metal
oxides'* and they have been synthesized previously by physical
and chemical synthesis approaches. However, chemical synthesis
methods based on chemical reducing agents have been a major
concern because of their high cost, toxicity and non-
biodegradable stabilizing agents posing a serious danger to the
environment, e.g. NaBH, and LiAlH,.»*?* To deal with these
shortcomings, successive phyto-synthetic routes have been
investigated and reported,”®* as this synthesis approach has
advantages over chemical methods in term of sustainability and
viability.?****® Therefore in the present investigation bio-inspired
palladium oxide has been combined with manganese oxide,
considered as an electro-active material with prominent electro-
catalytic performance.*~** The biogenic synthesis approach has
been investigated as a facile, greener method using natural
reducing agents to replace toxic chemical methods. By modifying
a simple co-precipitation method,* Olea ferruginea Royle leaf
extract (OFRLE) has been used as an organic template reducing
agent instead of any chemical agent to fabricate an eco-friendly
and cost-effective PdO-2Mn,0O; electro-catalyst. Previous phyto-
chemical studies explored the selected plant having efficient
bioactive compounds*** (e.g., benzenemethanol, propanedioic
acid, and malonic acid) which have been used as chemical
reducing and capping agents.***” The phytocompounds induced
C, O and N containing species which enhance the growth of
particles in the synthesis process as well as affecting the catalytic
efficiency of nanoparticles. Furthermore, the selected plant has
been used for the first time for the synthesis of a mixed metal
oxide (PdO-2Mn,03). Thus the focus of the present study is to
synthesize a cheap and environmentally benign mixed metal
oxide nanomaterial using leaf extracts of the Olea ferruginea Royle
(OFR) plant. The synthesized material was decorated on Ni-foam
to study its electrochemical behavior towards water oxidation.
The unique combination of PdO-2Mn,0; exhibits prominent
electro-catalytic performance for both OER and HER.

Materials and methods

Palladium(mu)acetate [Pd(CH;CO,),], manganese acetate tetra-
hydrate [Mn(CH3CO,),-4H,0], and ethanol were purchased
from Merck Chemicals Ltd. Acetylene black, polyvinylidene
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difluoride (PVDF) and N-methyl pyrrolidinone (NMP) were
procured from Sigma-Aldrich and were used without further
purification. Phytochemical extracts of O. ferruginea Royle (OFR)
plant leaves were used as reducing cum stabilizing agents in the
synthesis of PdO-2Mn,0; and were sampled from the local
village of Azad Jammu Kashmir, Pakistan.

Fresh leaves of Olea ferruginea Royle (OFR) were washed
twice to remove dust and environmental particulates and placed
in the shade for drying. After that the leaves were oven dried at
100 °C to remove all the moisture completely, they were ground
to a fine powder with the help of a mortar and pestle and stored
in air-tight labeled polythene bags to avoid moisture contami-
nation. To prepare the leaf extract, 2 g of OFR leaf powder was
taken and heated in 100 ml of distilled water at 50 °C for 30 min.
After that, the obtained dark green solution was filtered using
Whatman filter paper no. 1 (25 um pore size). The prepared
extract was stored at 4 °C for use as a reducing and stabilizing
agent in the synthesis.

0.5 g (2 mM) of Pd(CH3CO,), and 1.96 g (8 mM) of
Mn(CH;CO,),-4H,0 were dissolved in a 500 ml beaker con-
taining 250 ml of distilled water. 10 ml of the previously
extracted OFR leaf extract was slowly added to the solution of
metal acetates under stirring at 80 °C. An aliquot portion of the
reaction mixture was taken and tested for complete precipita-
tion. On completion of the precipitation process, the precipi-
tates were coagulated, centrifuged for 10 min at 6000 rpm and
rinsed twice with deionized water and finally with ethanol. The
obtained precipitates were dried in a hot-air oven at 95 °C and
then annealed in a muffle furnace at 450 °C for removal of any
organic residuals the mechanism of synthesis of PdO-2Mn,-
O3 has been presented in Fig. 1.

PdO-2Mn,0; nanoparticles were characterized by UV-vis
spectroscopy: 1602, Biomedical Services, Spain, FTIR: 8400,
Shimadzu, Japan, and GC-MS to identify the organic
compounds acting as capping agents. The crystalline phase of
PdO-2Mn,0; was examined by p-XRD: Bruker Advanced X-ray
Solutions D9. X-ray photoelectron spectroscopic (XPS) data
were collected using a Kratos Axis Ultra spectrometer (mono-
chromated Al Ko X-ray source, hv = 1486.6 eV) to determine
the surface chemistry. The synthesized material was analyzed by

Mn (CH5CO,),.4H,0+
Pd (CH3CO2)2)
solution

Plant extract

No toxic chemical

C reducing agents )

precipitates

C:H,0,
CpHyN
CpyHgN
CsHsN
C4H10N20

annealed nanopowder
(450°C)

Fig.1 Schematic representation of mechanism of synthesis of PdO—-
Zano3.
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energy dispersive X-ray spectroscopy (EDX) to confirm its purity
and the bulk elemental composition. The structure and
morphology were observed using Quanta-250 FEG scanning
electron microscopy (FE-SEM) and transmission electron
microscopy (TEM).

Fabrication and electrochemical study of prepared electrode

The fabrication of the prepared PdO-2Mn,0; on Ni-foam as
a working electrode was done by mixing 80 wt% of the synthe-
sized NPs, 10 wt% of acetylene black, and 10 wt% of poly-
vinylidene difluoride in the presence of N-methyl pyrrolidinone
(NMP). After homogeneous mixing, the slurry was deposited on
Ni-foam and dried at 60 °C under vacuum for 12 hours. The
average mass loading of electro-catalyst on Ni-foam was 2 mg
cm ™2,

The catalytic activity of the synthesized material was elec-
trochemically studied using a VersaSTAT 4-500 electrochemical
workstation (Princeton Applied Research, USA) in the standard
electrode configuration. A graphite rod, saturated calomel
electrode (SCE), and synthesized palladium manganese bio-
synthesized nanoparticles (PMBSNPs) on Ni-foam were used as
counter, reference and working electrodes, respectively in 1 M
KOH electrolyte solution. Electro-catalytic testing, including
linear sweep voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS), were performed. LSV was performed at a rate
of 1 mv s~ for both OER and HER. Using the Nernst equation
(eqn (1)) the potential was converted to RHE.*> All EIS
measurements were conducted in an applied 10 mV of AC
amplitude with a frequency range of 0.05 Hz to 10 kHz. Over-
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potential (n) was calculated with eqn (2). To achieve a current

density of 10 mA cm™*:

Eruge = Escg + 0.059 pH + 0.1976 (1)

n= ERHE —-123V (2)

Results and discussion

The phytochemical analysis and all the relevant detail have
been given in Fig. S1, Tables S1 and S2.T The UV-vis analysis was
performed with an OFR aqueous extract in the quartz cell and
scanned in the wavelength range of 200 to 800 nm. The char-
acteristic peaks of phytocompounds were observed in the ultra
violet and visible region, as delineated in Fig. S2.f Aromatic
conjugated fitting of the phenolic compounds assisted the UV-
visible detectors to allocate phenolic components in the UV-
visible spectral region. In Fig. S2(b)f the absorbance band at
271.01 nm corresponds to phenol corresponding to benzene
ring-A conjugation. While the absorbances at 327 nm and
400 nm are consistent with flavonoids having conjugation of
rings B and C. In addition, it is reported that absorption
features between 300 to 330 nm are indicative of flavones and
flavonols in the plant extract.*®

The dried powder of the OFR leaf was subjected to FTIR
spanning 400-4000 cm ™" to determine the phytocompounds of
the selected plant. Table S2t exhibits the peaks with respective
bond and functional group, which particularly identifies the
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(@) FTIR spectrum, (b) GCMS chromatogram and (c) X-ray diffractogram of synthesized PdO-2Mn,0x.
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aliphatic amines and alkenes. The frequency range from
3400.62 cm ™' to 2922.25 cm™ " represents the O-H stretching
vibration & -C=C- stretching, suggesting the presence of
alcohols and phenols; alkanes and alkenes, respectively. The
frequencies ranging between 1600 and 1100 suggest the pres-
ence of nitro-compounds; aromatic amines; alcohols, carboxylic
acids, esters, and ethers. At frequencies of 1030.02 cm™* and
875.71 ¢cm™', C-N stretching and =C-H bending were
observed, which refer to aliphatic amines and alkenes. A very
minor vibration at 798.56 cm™" was noticed because of =C-H
bending and C-Cl stretching. The results from GC-MS analysis
of the methanolic extract of the OFR extract identified various
compounds at respective retention times. Bioactive compounds
identified in OFR are benzenemethanol, cathinone, 3-azabicy-
clo nonane, propanedioic acid, and 1-cyclohexylethylamine.
Consistent with the FTIR results, GCMS illustrates prominently
the NH-bond containing compounds which are amino acids
and amines with the highest weight% of cathinone. Cathinone
is the monoamine alkaloid with a ketone group. After cathinone
the highest weight% are of 1-cyclohexylethylamine, benzene-
methanol and propanedioic acid, which represent the presence
of phenols, flavonoids and amine groups, as proposed by
spectroscopic analysis.

The synthesized PdO-2Mn,0; nano-powder was scanned on
FTIR and strong vibrations were observed below 500 cm '
referring to the M-O (metal-oxygen) bond. O-H stretching
appears as a broad band extending from 3200 cm™' corre-
sponding to aromatic groups (Fig. 2(a)). Some minor vibrations
were observed at 3200 cm ™, 2300 cm ™' and 1940 cm ™}, which
do not correspond to any functional group, but are character-
istic of a lot of hydrated compounds or adsorbed water on the
surface of the pallets.*****” Vibration was observed, as shown in
the inset of Fig. 2(a) at 500 cm ™', 488 cm ™, 400 cm ™ *, 435 cm ™
and 431 cm™ ', representing the characteristics of metal oxide
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stretching.”**® As a consequence of the biological reduction
mechanism, the proficient peak decreases at 3400 cm ',
1600 cm~ ' and 1100 cm™ ' confirmed the major reduction
performance of phenols and proteins in comparison with the
plant extract spectra (S17). In the same way, the minor decrease
in peaks between 1400 cm™ " and 1200 cm ™" demonstrated that
carboxylic acids and esters are playing a less significant role in
reduction activity. The peaks appearing in the range 2300 cm ™"
indicated the generation of some species of alkanes during the
process of reduction.” There are abundant phytocompounds,
including benzaldehydes, phenols (catechin derivatives), ben-
zoic acid derivatives (gallic acid, dihydro-p-coumaric acid
derivative), esters and flavonoids in the leaf extract, which could
be responsible for the functionalization of metal salts.***°

Furthermore, with GC-MS the phytocompound as a stabi-
lizing agent was identified in the methanolic suspension of
PdO-2Mn,0; nanoparticles. In Fig. 2(b) the chromatogram
exhibits a sharp peak at 28.870 retention time, referring to
decanoic acid according to the GC-MS profiling of the NIST
library, which is an antioxidant present in medicinal plants.>
Therefore GCMS endorsed the functionalization of PdO-
2Mn,0; by phytocompounds of OFR.

The purity and crystallinity of the as-synthesized material
were examined by X-ray diffraction (XRD). The powder X-ray
diffraction pattern of PAO-Mn,O; oxide is shown in Fig. 2(c).
Low and broad diffraction peaks can be seen which are due to
the small size and incomplete inner structure of the particles.
The relative peak intensities and position of palladium (PdO)
and manganese oxide (Mn,03) at diffraction peaks are in close
agreement with JCPDS cards no. 00-006-0515 and 00-031-0825,
respectively. PdO exhibits a tetragonal crystal system with cell
parameters of @ = b = 3.0, ¢ = 5.3 A and introduces character-
istic peaks denoted by (@) at 260 = 33.87°, 41.92°, 60.19° and
71.46° with their corresponding Miller indices (101), (110), (103)

ol @ Element Weight % Atomic % | LS4
OK 1596 4345
=fo PAL 2635 1079
2% pg Mook 5769 4576
A - P
2
“Ivn
e
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Energy (keV)

Fig. 3
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(a) Elemental analysis of phyto-fabricated PdO-2Mn,Os and (b)—(e) elemental mapping images of individual O, Mn, and Pd.

This journal is © The Royal Society of Chemistry 2020
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and (211). Mn,O; exhibits a cubic crystal system with cell
parameters of a = b = ¢ = 9.4 A. Diffraction peaks indicated by
(%) at 26 values of 32.90°, 38.2°, 45.06°, 49.35°and 55.15° are
associated with (222), (400), (332), (431) and (440), respectively,
in a close match with the literature values.”

The average crystallite size of the most prominent peaks was
determined by diffraction line broadening using the Scherer
equation D = (0.944)/(8 cos 6), where 4 is the diffraction angle,
wavelength is represented by A (1.542 A) (Cu-Ka), and the
FWHM of the diffraction line is represented by 8. The estimated
crystallite size for PdO was 15.44 nm and 14.55 nm for Mn,O3;.
Through elemental analysis (EDX) the purity and uniform
composition of the nanoparticles were confirmed as described
earlier by XPS and further confirmed by elemental mapping
(Fig. 3(b)-(e)). The EDX spectrum is shown in Fig. 3(a),
demonstrating the elemental composition of PdAO-2Mn,0; with
atomic% equivalent to the bulk in good agreement with the
XRD analysis. Elemental mapping of Mn, Pd, and O exhibited
the uniform distribution of all the elements.

The uniform arrangement of Pd, Mn and O over the whole
area endorsed the presence of Pd, Mn and O in PdO-2Mn,0;
with uniformity.>*** In addition, the uniform arrangement of
Pd, Mn and oxygen favors the electro-catalytic performance of
PdO-2Mn,0;.%

The surface composition and oxidation states of the
prepared PdO-2Mn,0; material was probed by X-ray photo-
electron spectroscopy (XPS). The survey spectrum (Fig. 4(a))
confirms Pd, Mn and O as the main constituent elements, in
agreement with the EDX analysis. There is also a small N 1s
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peak at a binding energy of 400 eV, from the plant extract, and
Mg contamination at the surface, but the origin of the Mg is
unclear. Fig. 4(b) shows the core-level XPS Pd 3d spectrum. It is
dominated by the spin-orbit split doublet peaks of Pd 3d;/, and
Pd 3d;/, at binding energies (BE) of 337.3 eV and 342.6 eV,
corresponding to an energy splitting of 5.3 eV, in good agree-
ment with previous studies.®** The spectra are also fitted with
two additional sets of doublets that are assigned to shake-up
satellites. The lower energies of these (BE = 340.2 and 345.5)
have been assigned to charge transfer satellites due to inter-
band transitions.®® The origin of the higher energy satellites is
less clear, but they are seen in the spectrum of oxidized palla-
dium used as a PdO standard material in the work of Kibis
et al.® We attribute these to multiplet type processes which
occur due to the interaction of core-holes with valence electrons
in Pd.

The Mn 2p XPS spectrum of the prepared Mn,O; is shown in
Fig. 4(c). The two features in the spectrum are the spin-orbit
split Mn 2p;,, and Mn 2p,,, states, which appear at binding
energies of 641.6 eV and 653.3 eV with an expected energy
splitting value of doublet binding energy with an expected
energy splitting value of 11.7 eV. As has been well documented,
experimentally by the group of Biesinger et al.*”° and via the
theoretical studies of Gupta and Sen,”* transition metal 2p
spectra are complex due to their multiplet structure. This occurs
due to the interaction of the core-holes formed during the
photoemission process with the valence electrons. Here we have
used the multiplet peak structures with relative peak areas and
energy separations for Mn,Oj; (ref. 70) and achieve an excellent
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Fig. 4 XPS spectra recorded from PdO-2Mn,Oxs: (a) survey spectra, (b) Pd 3d, (c) Mn 2p, (d) C 1s core levels.
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fit to the experimental data and therefore confirm the surface
chemistry of the synthesized material to be consistent with
Mn,0;. The Mn 2p spectrum is fitted according to the multiplet
splitting suggested by Biesinger et al. for Mn,O; (ref. 70, 95 and
96) and shows very good agreement.

We also note that the O 1s spectrum (see ESIT) is consistent
with the presence of metal oxides at the surface. The O 1s
spectrum shown in Fig. S27 is fitted with two peaks. The nar-
rower peak at a binding energy (BE) centered at 530.2 €V is
characteristic of metal oxides. We note that the peak is rather
broad, with an FWHM of ~2 eV which may be indicative of the
presence of the two different oxides in the material. The broad
peak centered at a BE of ~534 eV is simply qualitative since this
region of the spectrum is complex. Here there is overlap with
the Pd 3p;, peak as well as a signal from organic oxygen-
containing species and potentially from hydroxides and adsor-
bed water. Since the relative amounts of these species are not
known, we have not attempted to fit peaks for the individual
components. It is clear, however, that there are a significant
number of O-containing species in this region, consistent with
the presence of plant extract components on the surface of the
PdO-Mn,0O; material.

The C 1s spectrum in Fig. 3(d) shows three distinctive peaks
at 284.8 eV, 286.4 eV, and 288.5 eV, corresponding to C-C and
C-H, C-OH/C-0O-C/-C-N and C=0, respectively,”” as well as
some K 2p contamination from the synthesis process™ (2ps,
and 2p,,, spin-orbit split peaks at BE = 292.6 eV and 294.5 eV,
respectively). A small peak is observed at a BE of 400 eV in the
survey spectrum, corresponding to N 1s, indicating the pres-
ence of C-N species, as would be expected from bio-organic
material.

The C 1s spectrum, therefore, confirms the presence of
organic species at the surface of the synthesised materials.
Although it is well established that exposure to atmospheric
conditions leads to absorption of so-called atmospheric
adventitious hydrocarbon, the relative abundance of the CO-
containing species is higher than would be expected from
atmospheric contamination, and C-N species are rarely seen in
adventitious hydrocarbon. This then indicates that the plant
phytochemicals are present at the surface and may act as sta-
bilising molecules. In summary, the XPS analysis confirms the
formation of Mn,0; and PdO, as well as indicating the presence
of carbonyl, C-N and C-OH on the surface of the sample related
to the organic capping agents of the OFR.

Fig. 5
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Furthermore, the morphology of as-prepared PdO-2Mn,0;
nanoparticles was studied by FESEM (a and b) at different
magnifications and TEM (c), as shown in Fig. 5. The images
present an interconnected network of nanostructures with
increased surface area, which facilitates excellent electro-
chemical conductivity or catalytic diffusion of ions. The
uniform distribution of particles with a tubular shape via
a facile greener synthesis route is the innovation of our work. In
TEM it can be seen that particles are capped by phyto-capping
agents. The darker tones in the TEM image represent catalyst
particles, whereas the lighter fringes around them can be
attributed to capping agents.

Band gap energy

The absorption spectrum of bio-synthesized PdO-2Mn,0; is
shown in Fig. 6. The absorption band revealed at 366 nm
indicates the red shift of the nanoparticles. A sharp peak at
271 nm indicates the presence of a blue shift along with
a bathochromic shift, and this blue shift is a suggestion of
phytocompounds in the synthesized particles.

The band energy of fabricated PdO-2Mn,0; was calculated
from the absorption spectrum by using the Tauc plot presented
in Fig. 6 (inset). Using the following relation, the band gap has
been derived as:

ahv = B(hv — Ep)”

where « is the absorption coefficient, & is the incident photon
energy, E; is the optical band gap energy, B is band tailing
parameter, and v is an index with different values for direct (1/2)
and indirect (2) band gaps.

The corresponding band gap energy was 3.18 eV for phyto-
capped PdO-2Mn,0; from the band edge absorption peak as
well as by the Tauc equation.

Electrochemical characterization

The catalytic behavior of a PdO-2Mn,0,;/Ni-foam catalyst was
investigated in 1 M KOH solution at a 1 mV s~ sweep rate for
OER at potentials ranging from 0 to 0.6 V (vs. RHE) and the
results are shown in Fig. 7. Ni-foam was used in the present
investigation just as the mechanical support and for collection
of current, so it has no contribution to the catalytic working of
the electrode. Linear sweep voltammetry was performed to
validate the catalytic performance of the synthesized PdO-

catalyst

80nm

(@ and b) SEM micrographs at two different magnifications and (c) TEM image of PAO-2Mn,Os.
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Fig. 6 Optical analysis of PdO-2Mn,O3 by UV-vis absorption spectra.

2Mn,0;. It was observed that the onset potential (RHE) of the
oxygen evolution reaction was 1.58 V and the corresponding
over-potential was 0.359 V (359 mV) to achieve an OER current
density of 10 mA cm 2. The results have been compared with
previously reported studies, as given in Table 1. The Tafel slope
of the prepared catalyst is a major indicator to demonstrate the
electrochemical performance for oxygen evolution. The Tafel
slope has been measured from the linear part of the curve
potential (RHE) and current density, as shown in Fig. 7(b),
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which indicated good OER activity. The value of the Tafel slope
was 115 mV dec™'. The Tafel value in the present study is lower
than the Tafel value of RuO, (128 mV dec™') in a study reported
by Han et al.” In another study by Qayoom Mugheri et al., RuO,
shows a Tafel value of 161 mV dec™".7* It has been assessed from
the lower Tafel value that the synthesized material was depos-
ited well on Ni-foam, exhibiting good OER performance. The
smaller value of the Tafel slope indicates the enhanced and
well-balanced kinetics during catalysis. Electrochemical
impedance spectroscopy (EIS) was performed to further
comprehend the charge transfer process at the interface of the
fabricated electrode. The cumulative resistance of electrode
material, electrolyte and electrolyte/electrode interface comes
under R;.*® The impedance effect can be sub-divided further
into high frequency regions (HFR) and low frequency regions
(LFR). In the HFR, the intercept of the semicircle on the real axis
denotes Ry and the width of the semicircle graph is represen-
tative of R...>® Whereas in the LFR, if the slope of impedance on
the real axis is closer to a Warburg angle of 45° then it exhibits
low Warburg impedance and improved ion transfer or diffusion
from electrolyte to electrode, showing high capacitive
behavior.””

A Randles circuit was employed for data fitting of every
potential of the Nyquist plot (EIS) with R, values, as presented
in Fig. 7(c) (inset S3at). An equivalent circuit comprising two
series-connected R, elements is depicted in the figure to further
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Fig. 7 Electro-catalytic measurements towards OER: (a) polarization curves, (b) Tafel slopes, (c) Nyquist plot at various potentials, (d) Bode plot

showing variation in impedance as a function of frequency.
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Table 1 The OER performance of PAO-2Mn,0Os3 catalyst in this work compared with other reported non-noble metal oxides in 1 M alkaline

electrolyte

Overpotential Tafel value
Catalyst at 10 mA cm ™ Electrolyte (mv dec™) Ref.
CoMnO, 390 mV 1 M KOH 95 77
C0,0,/NiC0,0, DSNSCs 430 1 M KOH — 78
Ni,P nanoparticles 500 1 M KOH — 80
Co(PO3), on Ni-foam 477 1 M KOH — 82
PdO-2Mn,0;/Ni-foam 359 mV 1 M KOH 115 This work

interpret the EIS data. Just for a comparison at one only
potential, i.e. 0.4 V, the data was fitted in an equivalent circuit
(Fig. 8). The resistive and capacitive elements in this model have
a direct relation with the charge transfer mechanism, which is
correlated with water oxidation.*®'* In the figure Ry is the
overall resistance of the circuit, including the electrode resis-
tance as well as the outer contact resistance of the EC cell. R,
refers to the internal charge transfer resistance of the electrode,
whereas R exhibits the interfacial charge transfer resistance of
electrode-electrolyte.

It was observed that the width of the semicircle is very small
at higher potential (0.6 V), and the estimated Ry, and R, values
were 1.103 Q and 1.69 Q, respectively, so it has small Ry
(internal resistance), which is attributed to the morphology of
bio-fabricated Pd-Mn as well as to the presence of hydrophilic
functional components of phytocompounds (oxygen species) on
the surface, as vividly endorsed by the XPS analysis. The present
employment is well supported by Wu et al. that phyto-capped
metal oxides demonstrate efficient catalytic activity pertaining
to the high surface area of the particles.**®** It is also supported
by many other reports, according to which Ry. in the current
study is much smaller than those of reported metal oxide based
electrocatalysts.'”**” Similarly, the R value at 0.55 V was 3.41
Q. With decreasing potential the semicircle got larger and then
disappeared at low potentials. It can be assessed that in HFR the
semicircle intercept is very small, indicating faradaic reaction
driven charge transfer resistance. The inset in Fig. 7(c) (S31)
represents the HFR with a very small R value at high potential.
This is due to the faradaic reactions of Pd-Mn-O, as reported by

80 —
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60. T whe ww
@ e Ry
£
S 40 -
E
N 204
0
0 20 40 60 80
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Fig. 8 The measured and simulated data for the sample measured at
0.4 V. The inset figure shows the equivalent circuit used for data fitting.

29968 | RSC Adv, 2020, 10, 29961-29974

previous studies*"***%#*%” in which a small R, value favors
efficient catalytic potential. As the Nyquist plot is indicative of
charge transfer resistance, it represents the transfer of ions/
charges between electrode and electrolyte interface. This
means the resistance decreased with increasing potential,
depicting good electrochemical transfer in terms of acceleration
of the charge transfer between electrolyte and electrode. The
minimum values of R, and Ry depict higher diffusion and
a charge transfer pathway exhibiting good electrochemical
performance.

Fig. 7(d) represents the modulus of impedance vs. frequency
on the x-axis with varied potential ranging from 0 to 0.6 V to
understand the mechanism of charge transfer resistance. It was
observed that 0 V, 0.4 V and 0.45 V showed almost the same
response, having maximum impedance at lower frequency and
decreasing with increasing frequency. At 0.55 V and 0.6 V
impedance was about zero and it remained constant even with
increasing frequency. This suggests that impedance was shift-
ing towards the lower frequency region with increasing voltage,
exhibiting fast electron conduction of PdAO-2Mn,0; consistent
with the lower R, value. It can be seen that as the voltage
increases, the impedance goes on decreasing to nearly zero,
which depicts the good electrochemical performance of the
electrode material.*>*®

To further assess the potential of nickel foam supported
PdO-2Mn,0; as a bifunctional electrode material in water
splitting, the same electrode material was tested for the
hydrogen evolution reaction in 1 M KOH solution at different
potentials ranging from —0.036 to —0.34 V (vs. RHE). As shown
in Fig. 9(a), the PdO-2Mn,0; electro-catalyst shows good
performance with a small over-potential of 121 mV to attain
a current density of 10 mA cm~> which was close to that of state-
of-the-art catalysts.

The calculated Tafel slope was 219 mV dec™ -, which is more
than 115 mV dec™*, exhibiting PdO-2Mn,0; as more efficient
for oxygen and oxide adsorption with enhanced kinetics in
comparison to HER. The outcomes of the present investigation
have been compared with previously reported studies on non-
noble metals/metal oxides, as delineated in Table 2.

EIS measurements towards HER were undertaken and are
shown in Fig. 9(c) in term of the Nyquist plot. It was observed
that the width of the semicircle is very small at potential 0.34 V
with an R, value of 2.44 Q. With decreasing potential the
semicircle became larger up to 0.036 V with an R, value of 25 Q.

1

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Electro-catalytic measurements towards HER: (a) polarization curves, (b) Tafel slopes, (c) Nyquist plot at various potentials, (d) Bode plot

showing variation in impedance as a function of frequency.

It can be assessed that in HFR the width of the semicircle is very
small, indicating faradaic reaction driven charge transfer
resistance. This suggests good electrochemical performance in
term of charge transfer between electrode and electrolyte.””'*
The Bode plot (Fig. 9(d)) between impedance and frequency
suggests that the impedance was shifting towards the lower
frequency region with increasing voltage, exhibiting the fast
electron conduction of PAO-2Mn,03, in good agreement with
the lower value of R.. It can be seen that with an increase in
voltage, impedance decreases and becomes closer to 8 Q from
60 Q, which depicts the good electrochemical performance of
the electrode material.®**®

The active functioning of PdO-2Mn,0; as a more efficient
electro-catalyst for the OER is mainly due two reasons: the
introduction of PdOx with Mn,0; which produces a synergic
effect on the overall efficiency of the electrode material and,
secondly, the organic phytocompounds or carbon-containing
capping agents used in the synthesis of the oxides which has
been confirmed by XPS and GC-MS analysis (C1oH»00,). By
introducing any dopant, activity could be enhanced by
providing more active sites and charge carriers.* On the basis of
previous studies it has come to be known that palladium is an
electroactive OER catalytic material compared to Pt or Ir,, as
reported by Joya et al., Wang et al. and Fang et al.**~°* Secondly,
the present manipulation has been made on the basis of an

Table 2 The HER performance of the PAO-2Mn,0O+ catalyst in this work compared with other reported non-noble metal oxides in 1 M alkaline

electrolyte

Over-potential
Catalyst at 10 mA cm > Electrolyte Supporting substrate Ref.
NiFe-LDH/NiC0,0, 192 mV 1 M KOH Ni-foam 78
PA-NiO 138 mV 1M KOH Ni-foam 79
MnNi 360 mV 1 M KOH Ni-foam 81
Fe,.5C0.s@NC/NCNS 150 mV 1M KOH Ni-foam 83
PdO-2Mn,0; 121 mV 1M KOH Ni-foam This work

This journal is © The Royal Society of Chemistry 2020
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assessment (ESI Fig. 4(a) and (b)) in which Mn,0; has been
tested individually for OER and HER activity. The findings gave
an over-potential value of 431 mV for OER, whereas they gave
a very poor performance towards HER. So manganese oxide has
been doped by PdO to improve the catalytic efficiency of the
electro-catalyst by its synergistic behavior. In addition, mass
loading also has a positive effect on the catalytic performance of
the material, as with an increase in mass loading, the response
of catalyst would be more prominent in terms of minimizing
the effect of the substrate. With reference to published
studies,®®**** 2 mg mass loading was chosen to maximize the
energy generation capability of the catalyst. Previously, pure
manganese and palladium oxide synthesized by chemical or
physical approaches have been used largely due to their electro-
efficient behavior in electrochemical reactions, but Olea ferru-
ginea Royle fabricated palladium and manganese oxide has not
been used for electrochemical reactions. Thus it is strongly
comprehended that the current approach is most favorable in
term of cost as well as in terms of toxicity. In addition, Gul and
Ahmad reported that carbon-containing species played impor-
tant roles which enhance the electron flow and current
carriers®*>* by the following mechanism occurring at the
anode and cathode:

Organic compounds + water — CO, + H* + e~ at the anode

0O, + H" + e~ — H,O0 at the cathode

Thus in the present work, carbon-containing species
perform in the electrochemical reaction according to the
following equation:

C + H,O — CO, + 4H" + 4e™ at the anode

4H" + 4e~ — H, at the cathode

The HER performance of PdAO-2Mn,0; was much better than
the HER of individual MnO (ESI Fig. 4c and d}) which gives an
over-potential of 162 mV and a Tafel value of 395 mV dec™;
such a high Tafel slope value is due to electron poisoning which
hinders the movement of charges. However, according to the
literature,®*"*> PdO is more efficient for OER activity and thus

the present findings are more favorable for the OER.

Conclusion

PdO-2Mn,0; supported on Ni-foam was fabricated by a phyto-
synthesized greener and cost-effective route using a leaf extract
of the Olea ferruginea Royle plant. Prior to electrochemical
scrutinization, the as-synthesized composite material was
characterized by FTIR, GC-MS, XRD, XPS, SEM, TEM and EDX
analysis. The results imply formation of PdO and Mn,0O; nano-
crystallites with crystallite sizes of 15.44 and 14.55 nm, respec-
tively. The electrochemical performance of the synthesized
material was studied and it was found that the material behaves
as a bifunctional electro-catalyst for both OER and HER

29970 | RSC Adv, 2020, 10, 29961-29974
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performance with low over-potential and Tafel slope, indicating
fast electron transfer. Furthermore, the present method is most
favorable in terms of commercial and environmental cost as
a greener and environmentally benign electrode material as an
alternative to the chemical synthesis route. The phyto-
functionalized electrode material is a step towards environ-
mental remediation and sustainable development in terms of
renewable energy, which can be explored further following the
present investigation.
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