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Developing sustainable and efficient electrocatalysts for clean energy-based technologies would hasten
the commercialization of high-power devices such as metal—-air batteries, electrolyzers, and fuel cells.
With immense potential to root out the increasingly startling carbon emission, a disruptive invention with
an alternate catalyst of abundance and comparable performance as that of the existing benchmarked
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noble metal catalysts is awaited. Herein, we report the identification of such a novel biomineral-based
catalytic composite with exceptionally durable hydrogen and oxygen electrochemistry. Hydroxyapatite
on reduced graphene oxide (HAG), though metal-free, surpasses the best-known noble metal catalysts
in the OER-HER and OER-ORR bifunctional performances. Its high abundance and elevated methanol
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1. Introduction

Hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), and oxygen reduction reaction (ORR) are vital electro-
catalytic processes that contribute to the clean energy project.
OER and HER are the two integral reactions that occur inside a
water electrolyzer, whereas ORR is one of the two critical
reactions occurring in a fuel cell along with the hydrogen
oxidation reaction (HOR).'™ The water splitting reaction in
the electric field remains one the cleanest approaches ever
known for centuries to produce oxygen and hydrogen in the
electrolyzers.*® A fuel cell and an electrolyzer are comple-
mentary in their functions where the former produces H, and
0,, and the latter uses them to produce power. Likewise,
promising power sources with higher theoretical energy densities
such as rechargeable metal-air batteries depend heavily on ORR
and OER’™ Currently, most of these devices use carbon-
supported platinum (Pt) based materials for ORR and HER and
ruthenium (Ru) based materials for the OER. Recently, nickel (Ni)
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tolerance compared to the benchmark catalysts make HAG an industry favorite as well.

was promoted for industrial HER as a cheaper alternative.
However, there is no effective inexpensive alternative to the ORR
or OER. To realize the wide distribution and use of renewable and
clean energy, the invention of highly active yet cost-effective
materials that accelerate the otherwise sluggish ORR and OER is
essential."”>™* Such an invention would economically boost the
metal-air batteries, electrolyzers, and fuel cell technologies.

The fabrication of working electrodes using two different
materials for individual applications raises cost concerns and
manufacturing difficulties.'® Therefore, to simplify the design
and to enhance the mobility and power-to-weight ratio, it is a
must to combine the multiple functionalities, viz., OER, HER,
and ORR, constituting a simple catalytic system.'®'” A striking
property of a multifunctional material that makes them unique
from the traditional catalysts is that numerous active sites can
exceptionally expedite the adsorption or desorption of reac-
tants, intermediates, and products of two or more reactions
concurrently.'® For example, if Pt was a multifunctional catalyst
toward OER, ORR, and HER, an electrolyzer (OER/HER) and a
metal-air battery (OER/ORR) could operate using a single
catalyst. However, this is not possible as Pt is just bifunctional
and does not catalyze the OER well. This example, explicitly,
indicates how important it is to have efficient multifunctional
catalysts to expedite the commercialization of electrochemical
energy conversion devices.

The judicious design of such highly active and robust multi-
functional catalysts is key to the promising future of clean
energy production. Unfortunately, the choice of such materials
is narrowed down because of the difference in the onset electric

© 2022 The Author(s). Published by the Royal Society of Chemistry
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potentials of individual reactions. Among most electrocatalysts
reported thus far, two distinctive approaches are followed to
surmount the hurdles of high performance and cost-effectiveness
in a multifunctional design: (i) alloying 3d transition metals along
with noble metals to reduce the extent of noble metal active sites
and (ii) manufacturing highly performing noble metal-free cata-
lysts with excessive active site density and durability. In literature,
multifunctional electrocatalysts are vaguely grouped into three
classes based on the composition: (i) electrocatalysts based
on noble metals, (ii) electrocatalysts based on transition-metal
composites, and (iii) heteroatom (N, O, P, and S)-doped carbon
systems."® However, an important category that is absent in the
literature is the earth abundant, non-transition metal inorganic
compounds. Such an electrocatalyst when made multifunc-
tional would solve the economic constraints due to its global
accessibility.

The only category that is devoid of transition metals that
shows multifunctionality is the doped carbon as described
earlier. Mostly, incorporating heteroatoms such as N, O, P,
and S is a highly energy-consuming process and involves multi-
step treatments. Moreover, doping is often followed by post-
enrichment procedures to modify the electronic structure and
defects.>®>*! Such treatments are not only sensitive®>** but also
involve the risk of inhomogeneity.>* In the context of all of the
above complexities, doping cannot be regarded as a favourite
synthesis strategy for the economical and scalable industrial
production of catalysts. Thus, a material does not become
an ideal electrocatalyst by merely being multifunctional and
transition metal-free but essentially when produced through
low energy consumption and facile routes.

We report, hydroxyapatite nanorods supported on reduced
graphene oxide (HAG), a highly active and exceptionally durable
novel multifunctional electrocatalyst for OER, HER, and ORR,
for the first time. Hydrothermally synthesized hydroxyapatite
(HA) crystals were confirmed to be existing in the hexagonal
polymorph falling in the P63/m space group. HA has been
considered a poor conductor of electricity as it is non-polar
due to the presence of a centre of symmetry.>®> However, HA is
a well-known proton conductor, owing to the hydroxyl (OH")
channels located along its c-axis that make HA a potential
material in chemical sensors and proton-conducting fuel cells.*®
Interestingly and most importantly, the proton conduction is
reportedly responsible for the very polarization of the material
due to the accompanied reorientation and proton-stimulated
diffusion of the OH™ ions inside the diffusion channel.”® The
high surface ion transportation, initiated mainly from this hydro-
xyl diffusion along the c-axis passage and the strong local hydra-
tion that it causes, is also believed to be accountable for the higher
electrical conductivity demonstrated by HA than that theoretically
anticipated by presuming the mobility of charges across a fixed
lattice.?” In spite of a thorough review of the conductivity of HA, to
the best of our knowledge, a conclusive explanation of the issue is
not e found in the literature. Various reports lack consensus on
deciding possible species viz. protons, oxide anions, or lattice
hydroxyl groups”® that bring about conduction. We assume that it
might be due to the very elusive understanding of the conducting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mechanism of HA, that it has never been thought to be a plausible
electrocatalyst. Anyhow, the net current density does not merely
depend upon the conducting nature of HA. A highly conductive
reduced graphene oxide (rGO) support® is exclusively designed
toward that end. Moreover, rGO helps the HA rods to distribute
evenly on its surface, thanks to its high specific surface area.*®
This helps the HA surface to be available for electrocatalysis in its
maximum possible capacity that in turn would be reflected in
the catalytic performance. The innate structural defects present
on rGO generate new surface functionalities®® that could
reportedly enhance the interaction between the support and
its surface nanoparticles. This property of rGO has been uti-
lized to build a stable catalytic composite containing HA and
rGO. The said functionalities contribute to a higher dispersion
of the catalytic composite.*” In addition, exceptional mechan-
ical properties of rGO have been reportedly responsible for a
longer lifetime of the catalyst and performance stability.*?

2. Experimental methods
2.1 Materials

Graphite (500 mesh) was purchased from Sigma-Aldrich. KMnO,,
NaNO;, H,0, (30%), KOH, calcium sulphate, and ammonium
nitrogen phosphate were purchased from M/S Merck. All the
chemicals were used as purchased, without undergoing any
purification process. Millipore (Milli-Q) grade DI water was used

in all the experiments having a resistivity of 18 MQ cm ™.

2.2 Preparation of graphene oxide (GO)

Graphene oxide (GO) was synthesized from graphite powder
according to the modified Hummers’ method.***> Graphite
and sodium nitrate were mixed in a 250 mL flask at 0 °C.
Concentrated H,SO, was added dropwise along with stirring
below 5 °C. The mixture was stirred for 30 min and KMnO, was
added in slowly below 10 °C. The mixture was stirred for 30 min
and again KMnO, was added slowly in the reaction over 1 h
below 20 °C. Once the reaction temperature reached 35 °C and
the mixture was stirred for 2 h, DI water was cautiously added
to the reaction mixture, leading to a rise in the temperature
up to 70 °C. The dilute solution was stirred for another 15 min.
Then, H,0, (30%) and water mixture were added to the
suspension. Due to the addition of H,0,, the suspension
becomes bright yellow, and a yellow-brown filter cake was
collected by filtering the suspension. The paste was washed
many times with a 3% aqueous HCI solution. Finally, the GO
was exfoliated to generate GO nanosheets by sonication in
water. Further, the GO was separated by centrifugation and
dried in a vacuum oven at 40 °C for 24 h.

2.3 Preparation of hydroxyapatite rods on reduced graphene
oxide (HAG)

The as-synthesized GO was used after drying without further
treatments on which the rods of hydroxyapatite were deposited.
Calcium sulphate and ammonium nitrogen phosphate (0.1 M
each) were mixed in water and stirred well for 30 minutes to
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prepare a uniform dispersion. Separately, GO was dispersed in
water (1 mg mL ") by ultra-sonication. Later, the two dispersions
were mixed to perform a hydrothermal treatment at 200 °C for
24 hours. The grey powder product was separated by centrifuga-
tion and washed with Millipore water (MPW) and ethanol. The
powder was then dried in a vacuum, before proceeding to the
basic characterization and electrochemical applications. Control
samples of hydroxyapatite (HA) and reduced graphene oxide (rGO)
were prepared using a similar method without adding GO and
calcium/phosphate salts, respectively.

2.4 Characterizations

Powder X-ray diffraction (PXRD) experiments were performed
using a PAN analytical X’pert Pro dual goniometer diffracto-
meter. The samples were scanned with a step size of 0.0081 and
a scan rate of 0.51 per min. The Cu Ko (1.54 A) radiation was
used with a Ni filter. The X-ray photoelectron spectroscopy
(XPS) experiments were performed using the Thermo Fisher
Scientific and VG Microtech Multilab ESCA 3000 spectrometer,
having an Mg Ko X-ray source (hv = 1.2356 keV). The micro-
structure and morphology of the materials were investigated
by High-Resolution Transmission Electron Microscopy (HRTEM,
JEOL JEM F200) and Field Emission Scanning Electron Microscopy
(FEI, NOVA NANOSEM 450). For FESEM, the samples were pre-
pared by preparing a methanol dispersion of the material, which
was drop cast onto the silicon wafer. For HRTEM, the same
dispersion was diluted accordingly and deposited on a carbon-
coated copper grid. The chemical composition of the materials was
quantified by Energy-dispersive X-ray spectroscopy (EDX). Raman
experiments were performed in the range of 800 to 3000 cm ™" on a
LabRAM Horiba JY HR-800 micro-Raman spectrometer equipped
with a microscope in a reflectance mode with a 632.8 nm excita-
tion He-Ne laser source. The electrochemical properties of the
catalysts were analyzed using a conventional three-electrode
cell controlled by a multichannel electrochemical workstation
(Bio-Logic VSP-300), at room temperature.

2.5 Electrochemical measurements

To evaluate the electrochemical activities of the OER and HER,
Nickel Foam (NF) was used as the substrate. To remove the
oxide impurities, NF was activated before the electrochemical
evaluation. Firstly, NF was dipped into Milli-Q water for
10 minutes followed by 3 M hydrochloric acid. After washing
carefully with ethanol, NF was allowed to dry in a vacuum oven
for 8 hours at 80 °C. To test the OER and HER performance, the
material was slurry-coated on the nickel foamona1cm x 1 cm
area. The slurry was made according to the standard protocol.
80% of the active material (HAG/HA/Pt-C/Ru-C/rGO/GO) was
mixed with 15% conductive carbon black and 5% of PVDF
binder and ground thoroughly in an agate mortar and pestle.
2 or 3 drops of NMP (N-methyl pyrrolidinone) solvent were
added while the grinding was continued. The resulting slurry
was then spread onto nickel foam and allowed to dry in a
vacuum oven at 80 °C for 8 hours. All linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) measurements for OER and
HER were carried out in 1 M KOH. The standard calomel
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electrode (SCE) and the graphite rod were used in both cases
as the reference and counter electrodes, respectively. For ORR
experiments, polished glassy carbon (GC) electrode of 3 mm
diameter was used as the working electrode. 5 mg of the
material was well dispersed in 450 pL Millipore water and
50 pL Nafion binder. The resulting ink was then drop cast onto
GC and dried in a vacuum oven at 40 °C for 12 hours.
O,-saturated 1 M KOH was used as the electrolyte in all the
ORR experiments.

For evaluating the redox activity of HER and OER, nickel
foam coated with active material was initially stabilized by
performing cyclic voltammetry for 50-100 cycles. Once the
stable performance was observed, the polarograms were
recorded at a standard scan rate of 2 mV s~ '. The higher the
scan rate, the higher the deviation from the equilibrium con-
ditions, as the products do not have enough time to reverse
back to the reactants. Moreover, every polarogram was
recorded, with and without iR compensation. All data reported
here are without iR compensation, while the iR-compensated
data are provided in the ESL.} Further, in many cases, complete
removal of the uncompensated resistance (100% iR correction)
is not possible as indicated by the non-ideal shapes of polaro-
grams. In such cases, a maximum value for the percentage of iR
correction was investigated, when the deflection of polaro-
grams from the standard shape was the least. The same
methodology was followed for every material in the OER and
HER. In this study, the iR correction value was estimated to be
85% and was used throughout. Tafel slopes are estimated from
both compensated and non-compensated polarograms. Like
Tafel slopes, H, and O, evolution at elevated current densities
were estimated to understand the trend of activities among
the set of catalysts. Another important parameter is the electro-
chemical stability of the catalytic system. Two different aspects
of catalytic stability were tested. Chronoamperometric tests
were performed by soaking the catalyst at higher current
densities for a longer duration. The percentage of the retention
of activity was then estimated to understand how long a catalyst
can sustain a particular current. In a more vigorous test of
stability, at every 10 minutes of the interval, a certain increment
of the electric input was given to the catalyst. This is a real test
of the robustness of the catalyst.

In the case of ORR, the polarograms were initially recorded
on a GC. To perform the steady-state studies, a Rotating Disc
Electrode (RDE) was used to run the polarograms at various
rotation rates, starting from 400 to 3200 rpm. To test the
stability, an Activity Durability Test (ADT) was conducted using
the RDE. All the ORR experiments were carried out during the
continuous bubbling of O, gas. To prove the methanol resis-
tance of HAG, a poisoning test was conducted with the addition
of 3 M methanol.

3. Results and discussion

The hydrothermal synthesis of HAG is explained in detail in the
experimental section. The relative ratio by weight of calcium

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and phosphorus at the pre-hydrothermal stage was about 2.15.
The ratio of the atomic percentage of the two elements calcu-
lated from their atomic weights was estimated to be approxi-
mately 1.67. But the post hydrothermal ratio calculated from
the XPS analysis indicates (Table ST1 in the ESIt) a ‘not-so-
negligible’ loss in the atomic percentage of calcium, at a ratio of
1.3 instead of 1.67. Anyhow, the extraordinary stoichiometric
flexibility of the compound could adapt to these defects without
breaking its crystallographic symmetry.”* Hence, it can be
inferred that the degree of crystallinity of the formed HA phase
would be less than 58.08%.%

HA is explained to have a hexagonal symmetry group P63/m.
The unit cell of HA consists of Ca®", PO,*>", and OH™ groups
compactly arranged together in a hexagonal arrangement. The
OH"™ group functions as the pillar for the HA structure. The six
phosphates, PO,>", are present in a helical arrangement across
the c-axis. The phosphate tetrahedra are linked together with
Ca**. These phosphate tetrahedra form a skeletal framework,
which provides stability to the HA structure. In literature, many
reports describe the presence of two different structural cations
(Ca®"), namely, Ca(1) and Ca(u) creating variations in their
electronic structure, which leads to different atomic binding
energies. Seeing the non-equivalent O and Ca sites, the formula
can be presented as Ca(1),Ca(1)s[PO(1)O(1)O(111),]6(OssH),. These
two types of Ca sites are regarded as six-fold coordinated to
oxygen, resulting in two different geometries: a metaprism and
a distorted octahedron.?® To study the structure of the prepared
HAG composite in this study, different analytical tools are used
i.e., XRD, RAMAN, and XPS.

XRD patterns of GO, rGO, HA, and HAG along with HA
JCPDS are shown in Fig. 1(a). GO shows the characteristic (002)
peak at 10.8°, which was shifted to around 25° in rGO, which
proved the reduction of GO during the hydrothermal treatment.
Further, the XRD patterns for HA and HAG (Fig. 1(a)) show that
the HA formed by the hydrothermal route is monophase,
i.e., there are no diffraction maxima except the maxima that
correspond to the HA. The phase was formed into a hexagonal
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crystal lattice of the P63/m space group and matches the peaks
in JCPDS 73-0294 pattern, peak by peak. Furthermore, the (002)
plane is highly significant for HA. In HA, the crystallite size can
be inferred from the diffracting plane (002), which appears at
20 = 25.50°. The reason behind this is that this particular miller
index relates to the c-axis length.”>® The crystallite size along the
c-axis length is inversely proportional to the full width at half
maximum (FWHM) of the (002) plane. The extent of HA crystal-
linity could be deduced by increasing the sharpness of the (002)
diffraction peak. In this study, the crystallite size of HA in HAG
was found to be 15 nm as calculated using the Scherrer
equation.’” Furthermore, in HAG, rGO peak was not observed,
this could be justified by two contributing factors viz. the high
crystallinity of HA compared to rGO and its relative presence.
Fig. 1(b) shows the Raman spectra of GO, rGO, and HAG. GO
and rGO show the characteristic D and G bands for carbon
materials with an Ip/Ig ratio above 1. The reason for the more
intense D band in both the samples is that GO has oxygen
functional groups and in rGO, although oxygen functionalities
are reduced, it forms defects during the reduction process.*®
Further, in the Raman spectrum of HAG, the symmetrical
valence vibration line (PO,)*” is the most intense peak. The
characteristic Raman peak of HA at 960 cm™ " along with the D
and G bands of rGO further confirm the formation of the HAG
composite (Fig. 1(b)). The phosphate line v1 appears is in the
range of 955-959 cm ' for the substituted B-type carbonate
apatite. While it shifts to the region of 962-964 cm ™" for the
unsubstituted highly crystalline HA. A line in the frequency
range of 945-950 ¢cm ' corresponds to the existence of a
disordered phosphate lattice of apatite. In the general case,
the phosphate band v, is a superposition of all three factors.*®
The elemental compositions and oxidation states of the
catalysts were studied by X-ray photoelectron spectroscopy
(XPS) as displayed in Fig. 2. The C 1s peak at 284.8 eV was
employed to calibrate the spectral energies. The XPS spectra of
HA and HAG are shown in Fig. 2. The data were collected for
core-level spectra of Ca 2p, P 2p, O 1s, and C 1s for HAG and HA
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Fig. 1

(a) XRD patterns of HAG, HA, rGO and GO along with the JCPDS of hydroxyapatite (b) Raman spectra of GO, rGO, and HAG; HAG showing the

characteristic peaks of HA along with the D band and G bands due to the presence of rGO.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray photoelectron spectra of HAG. Core levels of (a) calcium (b) phosphorus and (c) oxygen on HAG and HA.

(Fig. 2(a)-(c), S1). In HA and HAG, the difference between 2p3/,
and 2p,, levels of calcium (ACa) was 3.5 eV, and that for the
phosphorus (AP) was ~1 eV.”* Further, the shift in HAG
towards higher binding energy for all core-level spectra com-
pared to that of HA was attributed to the interactions between
Ca®" and the COO™~ groups on rGO.*' In HAG, the graphitic
carbon that has a higher electronegativity than Ca and P shifts
all the core levels toward higher binding energy.**

As explained earlier, HA has two different kinds of Ca sites,
which were further observed in Ca core-level spectra shown in
Fig. 2(a). The peaks at 346.4 eV and 131.7 eV are of Ca 2p;/, and
P 2p3p, respectively, in HA; while for HAG, these peaks were
detected with a slight shift toward high binding energies, i.e.,
at 347.8 eV and 132.9 eV, respectively. Similarly, the peaks at
349.8 eV and 132.8 eV belonging to Ca 2p;/, and P 2p,,, of HA
were shifted to 351.3 eV and 133.9 eV, respectively, in HAG.
The low-intensity peaks in Ca 2p for HA and HAG at 343.7 eV
and 347.1 eV, respectively, can be ascribed to the interactions
between Ca and surface impurities.’® O1 s core-level spectra of
HA and HAG show the binding of oxygen in different confirma-
tions. In HA, peaks at 528.7 eV, 529.3 eV, 529.8 eV, and 531.2 eV
could be attributed to the Ca-O, P-O, P—0, and -OH bonds,
respectively; similarly, these groups can be seen in HAG with
binding energies at 529.2 eV, 530.8 eV, 531.3 eV, and 533.4 eV,
respectively.*® Fig. S1 (ESIt) shows the C1 s core-level spectra of
HAG from reduced graphene oxide. The main peak at 284.8 eV
is attributed to the sp® carbons in C=C bonds, the main
framework of graphene, while low-intensity peaks at higher
binding energies represent the remaining oxygen groups i.e.,
C-0, C=0, and -COOH, after the hydrothermal process.**

Fig. 3 shows the transmission electron microscopy (TEM)
images of GO, rGO, HA, and HAG composite. As seen in
Fig. 3(a) and (b), both GO and rGO show characteristics of
sheet structures with wrinkles. Further, Fig. 3(c) and (d) reveal

890 | Energy Adv, 2022, 1, 886-899

the microfeatures and distribution of HA nanorods and HA
rods on rGO sheets in HA and HAG, respectively. As seen, the
rGO sheets constitute the support for HA rods. The average
length and thickness of the HA rods are estimated to be
~100 nm and ~30-40 nm, respectively, as can be estimated
from the TEM images. Fig. 3(e) and (f) show a high-resolution
image of a HA rod. The inset in Fig. 3(f) showcases the (002)
plane and its corresponding d-spacing of 0.324 nm. Moreover,
the selected area electron diffraction (SAED) pattern, as shown
in the inset of Fig. 3(f) depicts that the HA crystals, which show
high crystallinity in the XRD pattern also have short-range orders
and hence are crystalline to the electrons as well. Fig. 4 displays
the elemental mapping of the HA rods. The images vividly explain
the location of the constituents of HA. Ca, P, and O are found to
be homogeneously distributed along the surface of the HA rods.
The element carbon could not be imaged as the analysis was
performed on a carbon-coated copper grid, which is further
shown in the FESEM mapping. Fig. 5 shows the FESEM images
of GO, rGO, and HAG. The HAG composite (Fig. 5(c)-(f)) shows the
deposition of HA rods over graphene sheets. Unlike the TEM-
based mapping, the one under FESEM displays the carbon-
containing rGO background, as displayed in Fig. 6. Here, HA rods
look distinctively green against the violet carbon background.

Electrochemical performance

The HER electrocatalytic activity of the prepared catalysts was
examined using a three-electrode cell setup using 1.0 M KOH
as an electrolyte, at RT. Initial stabilization of the working
electrode was performed by employing cyclic voltammetry (CV).
The current density reaches a stable value within 50 CV cycles.
The reported LSVs were recorded only after this stabilization
treatment. Polarograms of all samples were recorded at a scan
rate of 2 mV s~' and the overpotential at 50 mA (i15,) was
adopted as a standard value to compare the HER performances.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HRTEM images of (a) GO, (b) rGO, (c) HA, and (d) HAG. (e) The zoomed image on a single HA rod. (f) Fringes on the HA surface along with the

SAED pattern (in the inset) show bright spots emphasizing high crystallinity.

Fig. 4 Elemental mappings of two HA rods to show the elemental distribution. (a) and (f) Original images of HA rods. (b) and (g) The distribution of
calcium over two rods. (c) and (h) The distribution of potassium (d) and (i) The distribution of oxygen. (e) and (j) Overall distribution of Ca, P, and O.

The scale bars are 50 nm in (a)-(e) and 20 nm in (f)—()).

Fig. 7(a) shows the polarograms recorded without iR drop
correction. Though the Pt/C standard showed the best perfor-
mance at all current densities, the activity of HAG at 50 mA was
just 100 mV behind the Pt/C (Fig. 7(a) and (b)). Tafel slope
(Fig. 7(c)) was used to determine the electrochemical kinetics
and deduce the rate-determining step. The Tafel slope was
calculated via the Tafel equation (eqn (1)).*>*°

H=a+ b (log)) (1)

Here, a linear relationship between the logarithm of the current
value (logj) and overpotential () gives the Tafel slope (b) and

© 2022 The Author(s). Published by the Royal Society of Chemistry

constant (a). The Tafel slope values correspond to the HER
kinetic process in alkaline electrolytes (eqn (2)-(4)).
(1) Discharge step:

H,0 + e  — Hus + OH ™ (slope: 120 mV dec ™,

Volmer reaction,) (2)

(2) Desorption step:
Hgags + H,O + €~ — OH™ + H, (slope: 40 mV dec™?,
Heyrovsky reaction) (3)

Energy Adv., 2022, 1, 886-899 | 891
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Fig. 6 Elemental mappings of HA rods deposited on rGO to show the elemental distribution. (a) Original image. (b) The overall mapping images of HAG,

show the distribution of HA rods on rGO. (c) Ca, (d) P, (e) C, (f) O.

(3) Recombination step:

Hags + Hags — H (slope: 30 mV dec™ ', Tafel reaction)

(4)

Fig. 7(d) compares the Tafel plots of different electrocata-
lysts. The HAG possessed a value of 47 mV dec ™" for the slope.
Clearly, the Volmer reaction (the discharge step) limits the HER
kinetics. Besides, HAG exhibits excellent durability by perform-
ing 150 hours of prolonged HER via the chronopotentiometry
(CP) test (Fig. 7(e)). The same experiment was also used as a test
for reproducibility as well. After each 50 hour CP, one polaro-
gram was recorded and then the working electrode was col-
lected, washed, and dried at room temperature for 12 hours
(Fig. 7(f)). The activity retention after each 50 hour CP run is

892 | Energy Adv, 2022, 1, 886-899

shown in Fig. S2 (ESIt). This shows that the catalytic perfor-
mance was exceptionally intact when all the CP runs showed
activity retention of 99.3%. Fig. S3 (ESIt) shows the comparison
of nso for the polarograms taken after each CP run. At each
time, the shift in 75, values was negligible (1%). Lastly, polaro-
grams were also recorded by eliminating 85% of the uncom-
pensated resistance to compare the HER performance among
the catalysts (see the ESI,T Fig. S4).

The OER performance of the catalysts was studied in all
three aspects discussed above viz. activity, durability, and
reproducibility. As seen in Fig. 8(a), polarograms were recorded
without correcting for the uncompensated resistance. HAG and
HA show enormous activity and completely outperformed the
standard benchmark Ru catalyst. Activity comparisons of HAG,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 HER electrocatalytic performance of HAG. (a) Polarograms of HAG, HA, rGO, GO, Pt-C, and Ni foam is taken at 2 mV s~ without iR correction.
(b) Bar diagram showing the 5 values of all materials. (c) Tafel slope comparison. (d) Bar diagram showing the Tafel slope values compared between the
catalysts. () Chronoamperometric stability experiment and activity reproducibility test of HAG. (f) Polarograms recorded after each CP experiment.

HA, and Ru standard catalysts were performed at 100, 200, and
300 mA current densities, as shown in Fig. 8(b). The domina-
tion of HAG was obvious at all current densities. Moreover,
HAG possesses the lowest Tafel slope (80 mV dec™'); suggesting
the faster OER kinetics (Fig. 8(c)). To comprehend the OER
mechanism of HAG, a model via Krasil’'s shchikov path
(eqn (5)-(8)) was followed to determine the discharge step of
OH™ on the catalyst surface."”*®

M* + OH™ < M*OH + e~ (slope: 120 mV dec™ ')  (5)
M*OH + OH~ «> M*O + H,O (slope: 60 mV dec™")  (6)
M*O — M*O + e~ (slope: 45 mV dec™ ") 7)

2 M*O — M* + O, (slope: 19 mV dec™ ) (8)

From the Tafel values, as shown in Fig. 8(d), it can
be deduced that the adsorption of intermediates on the HAG
catalyst is the rate-limiting step for the OER, not charge
transfer. That means that HAG has a high electron transfer
ability.

The second aspect, i.e., the stability of HAG was evaluated by
the CP measurement. HAG showed its robustness by displaying
an exceptional O, evolution for 140 continuous hours at a very
high current, 400 mA (Fig. 8(e)). The durability of HAG was also
proven by the staircase CP experiment. The input current value
was altered from 20 mA to 400 mA at a time interval of

© 2022 The Author(s). Published by the Royal Society of Chemistry

10 minutes. As shown in Fig. 8(f), at all current values, HAG
exhibits excellent stability by giving constant voltage outputs.
The polarograms displayed in the inset prove that the perfor-
mance of HAG was considerably increased after the experiment.
Such an enhancement in performance happens generally when
a catalyst is activated. Hence, it can be undoubtedly explained
that even by a rigorous stability test such as the staircase CP,
HAG was neither destabilized nor deactivated. To further
explore the stability, a third aspect, ie., the reproducibility
aspect was introduced. The working electrode used to study
the CP experiment at 400 mA for 140 hours was taken out of the
three-electrode cell, washed, and dried for 12 hours at room
temperature. The same electrode was reintroduced into the cell
assembly to perform a second CP experiment at 200 mA for
140 hours. As seen in Fig. 8(e), the retention in the activity of
the second CP run was 96.8% against that of the first CP run,
which was 97.3%. HAG attractively excelled in all three aspects
of OER performance. The iR compensated OER polarograms
were recorded and the activity was compared at very high
current densities (see the ESL T Fig. S5). HAG possessed the
lowest overpotential at low (100 mA), high (400 mA), and
elevated (800 mA) current densities.

The ORR performance was evaluated over a GC surface,
unlike for OER and HER. Fig. 9(a) displays the polarograms
showing the ORR performance of the catalysts compared to the
Pt-C benchmark. HAG, though much inferior to platinum,
performed equally well or better than many of the reported

Energy Adv, 2022, 1, 886-899 | 893
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Fig. 8 OER electrocatalytic performance of HAG. (a) Polarograms of HAG, HA, rGO, GO, Ru/C, and Ni foam were taken at 2 mV s~ without iR
correction. (b) Bar diagram showing the 5100, 17200, and 1300 values of HAG, HA, and Ru/C. (c) Tafel plots of the catalysts. (d) Bar diagram showing the Tafel
slope values compared between the catalysts. (e) Chronoamperometric stability experiment and activity reproducibility test of HAG. The inset shows a
bar diagram that displays the retention every 20 hours. (f) Staircase CP of HAG and HA. The inset shows the polarograms recorded pre and post, staircase

CP test of HAG and HA.

non-noble metal catalysts. Fig. 9(b) represents the bar diagram
comparing the ORR activities of Pt-C, HAG, and HA at two
different current densities (—0.2 mA and —0.4 mA) at a scan
rate of 2 mV s~ '. At all current densities, HAG shows its
dominating performance over its constituents, HA, rGO, and
GO. To study the steady-state behavior, HAG was tested on an
RDE. Polarograms were recorded at various rotation rates viz.
400, 800, 1200, 1600, 2000, 2400, 2800, and 3200 rpm (Fig. 9(c)).
Further, the mechanistic aspects were explored using RDE-
based polarograms. In ORR, usually, the reaction is believed
to follow two main pathways: 4-e~ pathway leading to ‘“hydroxyl
ion” and 2-e~ pathway directing to “peroxide” as the product.
Based on Koutechy-Levich’s (K-L) theory, the following eqn (9)
and (10) can provide the number of electrons transferred
during ORR.***°

11 1 1 N 1
Jx  Bw~ 2 nFkC

T )

where

B = 0.62nFC,D,**v~° (10)

In the above equations, J is the measured current density,
Ji and Jx are the diffusion and kinetic-limiting current densities,

894 | Energy Adv, 2022,1, 886-899

B is the slope of the K-L plot, F = Faraday constant (96485 C),
number of electrons transferred during ORR, C, = bulk
concentration of oxygen (1.2 x 10° mol ecm™?), D, = diffusion
coefficient of oxygen (1.8 x 10~° em” s~ %), v = kinetic viscosity of
the electrolyte (0.001 cm” s™') in 1 M KOH and o = angular
rotation of the electrode in radians s™* (w = 2nf = [2n x rpm
value]/60).

For a better understanding of the reaction kinetics, the
polarograms recorded at several rotations in RDE are used for
deriving K-L plots (Fig. 9(d)). K-L plot analysis was performed
at 0.07 V, 0.15 V, 0.2 V, and 0.25 V vs. RHE and showed good
linearity. The respective electron transfer numbers are, 3, 3.2,
3.5, and 3.8, as shown in Fig. 9(e), which indicate that the 4e™
process is the preferred pathway. To test the stability aspect,
ADT was performed at a rotation rate of 1600 rpm (Fig. 9(f)).

2000 polarograms were recorded at a scan rate of 100 mV s~ .

n =

The first and 2000th polarograms were compared to evaluate
the stability.

As discussed in the introduction, ORR becomes an integral
part of the fuel cells along the HOR or methanol oxidation
reaction (MOR). In the latter case, methanol crossover is a well-
known risk factor as it poisons the platinum surface.>® This
happens due to the least reactivity of methanol on the platinum
surface as it generates surface-bound impurities, out of which,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 ORR electrocatalytic performance of HAG. (a) Polarograms of HAG, HA, rGO, GO and Pt-C, are taken at 2 mV s~* without iR correction. (b) Bar
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the ORR for HAG. (f) Activity durability test of HAG as a test of stability by running 2000 cyclic voltammetric curves at 100 mV s

carbon monoxide is the most tenacious.>® Hence, to qualify for
an industrially favorable ORR catalyst, methanol resistance is a
mandatory property. Therefore, a chronoamperometric set-up
was built for the same, and 3 M methanol was added to the
KOH electrolyte in two batches. The first time, 2 mL methanol
was introduced immediately after the commencement of the
experiment. Pt-C showed an overt dip in the activity curve,
whereas HAG was nearly unaffected. For the second time, 2 mL
methanol was introduced after 30 minutes. As seen in Fig. S6
(ESIf), Pt-C completely collapsed, while HAG continues to
perform well. HAG ended with more than 85% retention in
its activity. This proved that the HAG is by far more methanol
resistant than the benchmark Pt-based catalyst. The experi-
mental data suggest that HAG is a viable candidate for metha-
nol fuel cells.

Bifunctional performances

The electrocatalytic performances of HAG in catalyzing indivi-
dual reactions have been discussed so far. However, as described
in the introduction, an ideal catalyst must be multifunctional and
cost-effective altogether for commercializing clean energy-
based devices, such as electrolyzers, metal-air batteries, and
fuel cells. Hence, it is essential to evaluate HAG in terms of its
ability to catalyze more than one reaction effectively. In general,
the difference in the onset potential of two independent

© 2022 The Author(s). Published by the Royal Society of Chemistry

-1

reactions (AE, which would be referred to as the bifunctional
parameter, hereafter) is one of the effective parameters used to
understand bifunctional performance.> As shown in Fig. 10,
the multifunctional evaluation of HAG was performed in two
parts, viz., by deducing AE of (1) the OER-ORR reaction pair
(Fig. 10(a)) and that of (2) the OER-HER reaction pair
(Fig. 10(b)). The intention behind such disintegration is purely
based on the device-level utility of HAG. OER-ORR bifunction-
ality of HAG qualifies it to be used in a commercial metal-air
battery, whereas that of the OER-HER makes HAG a favorite in
alkaline electrolyzers.

Fig. 10(a) explicitly shows the comparative OER-ORR bifunc-
tional performances of HAG along with the benchmark electro-
catalysts Ru-C and Pt-C. On an individual evaluation, although
HAG falls behind Pt-C in the case of ORR, the bifunctional
evaluation suggests another aspect. The AE parameter was
evaluated at the onset of OER and ORR, proving that the
bifunctional performance of HAG was energetically more
favourable than that of platinum, as shown in the first trisect
of Fig. 10(c). Though excelled in OER (yet inferior to HAG),
Ru-C was shown to be poorer in terms of the OER-ORR
bifunctional parameter and fell behind Pt-C due to its deprived
performance toward the ORR. Likewise, a comparative bifunc-
tional evaluation was performed between OER and HER as well
(Fig. 10(b)). This time, the bifunctional parameter, AE, was

Energy Adv, 2022, 1, 886-899 | 895
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evaluated at a higher current density at 50 mA cm™ > as well,
along with that at the onset potential (at the third trisect of
Fig. 10(c)). In both cases, HAG showed exceptional bifunctional
behavior by surmounting the best Pt and Ru-based benchmark
catalysts. The cost comparison between the three reinforces the
fact that HAG stands the best chance for replacing the noble
(Ru, Pt) and even non-noble (Ni, the current industrial catalyst
for HER) metal-based catalysts to accelerate the commercial
production of high-power, renewable energy-based devices
(Fig. 10(d)). The data on the bifunctional behavior of all the
catalysts HAG, HA, Ru-C, Pt-C, rGO and GO are given in the
ESI+ (Fig. S7). A comparison of the bifunctional activities of
recently reported electrocatalysts between OER-HER and OER-
ORR in terms of AE is given in the ESIt (Tables ST2 and ST3,
respectively). The same has been illustrated in the form of bar
diagrams as well (Fig. S8 and S9, ESIt respectively). Apart from
the bifunctional parameters, Turn Over Frequency (TOF) and
Mass Activity (MA) are important terminologies. TOF has been
calculated for the OER and HER separately. The detailed
calculation is given in the ESL{ Similarly, MA was calculated
for OER, HER, and ORR separately.

896 | Energy Adv, 2022, 1, 886-899

4. Conclusions

A novel multi-functional sustainable electrocatalyst, HAG was
proved to be highly active and exceptionally durable toward
OER, ORR, and HER. HAG surpasses the benchmark catalysts
Pt and Ru in their bifunctional activity. Promoting HAG as a
novel electrocatalyst is very important in many senses. The
most demanding and ideal criteria like economic viability,
abundance, sustainability, ease of synthesizability, and multi-
functionality are met in the case of the HAG electrocatalyst.
To conclude, an unforeseen biomineral-reduced graphene
oxide nanocomposite has been designed for enhanced
hydrogen-oxygen electrochemistry. The catalytic performance
and stability displayed were unprecedented in comparison to
many of the reported non-metallic catalysts. HAG outperformed
the Ru-C benchmark catalyst toward OER and follows a highly
energy-efficient 4-electron pathway as understood using the
K-L plots in the case of ORR. Although a bit inferior to Pt in
the individual ORR and HER performances, HAG is proven to
be unbeatable in its bifunctional/multifunctional role. Besides
its catalytic brilliance, HAG is proven to be the right choice
economically as well. The possible active sites, Phosphorus and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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calcium are yet to be verified for their roles in OER, ORR, and
HER, which has not been attempted in this study. A follow-up
article on the study of the mechanistic aspects of this work is
forthcoming. Coincidentally, black phosphorus (BP) with a
puckered 2D layer structure is reported to exhibit an interesting
tunable electrical conductivity.”>* A BP thin film is reported to
show a current density of 10 mA cm > for OER at an applied
voltage of ~1.6 V,> which is close to the performance of
RuO,.’® However, this is inferior to that of HAG. Moreover,
the role of P in catalyzing HER and ORR has also been
concussively studied theoretically.”””® Meanwhile, we assume
that calcium in HAG plays a bifunctional role in water splitting
based on its well-known participation in natural water splitting
in green leaves.””®" Though scarce, calcium has also been
reported to promote ORR.®" Nevertheless, a dedicated theore-
tical study can only reveal the true role of the active sites in the
HAG toward its remarkable multifunctionality.
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