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water splittingt

Kayalvizhi Rajagopal,® Murugavel Kathiresan,® Arulmozhi Rajaram,?

Abirami Natarajan

*3a and Kumaresan Natesan®

Catalysts for oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) are at the heart of

water oxidation reactions. Despite continuous efforts, the development of OER/HER electrocatalysts

with high activity at low cost remains a big challenge. Herein, we report a composite material consisting

of  Liz.05Nig.sMny 504,

Li; 0sNios  Lao10Mny.4004,

and LigosNigs NdgioMni4004 as a bifunctional

electrocatalyst for OER and HER applications. Though the catalyst has a modest activity for HER, it
exhibits high OER activity thereby making it a better nonprecious electrocatalyst for both OER and HER.
The catalytic activity arises from the synergetic effects between LNM-La and LNM-Nd by a facile route
that shows excellent and durable bifunctional catalytic activity for OER and HER in the alkaline medium
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developed. The LNM, LNM-La, and, LNM-Nd displayed current densities of 2.17 V, 1.68 V, and 1.93 V vs.

RHE at 10 mA cm™2 respectively. The Tafel slope values obtained for LNM, LNM-La, and LNM-Nd are
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1. Introduction

The usage of fossil fuels, radioactive waste from the nuclear
power plant, and the requirement for vast lakes and areas for
wind and hydroelectric power generation all contribute to
several problems with energy production worldwide.
Researchers are therefore interested in creating alternative
forms of energy to counteract rising environmental deteriora-
tion and the world's need for energy from traditional and
unsustainable sources. Alternative secondary energy carriers
available to reduce pollution and energy consumption include
hydrogen, many kinds of biomass, solar, and nuclear energy."*
Among the secondary energy carriers, hydrogen is a potential
and transcendent energy source with great energy conversion
efficiency and compatibility with the environment. Further-
more, the water electrolyzer and vapor reforming technologies
are the most conventionally used methods for producing
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about 419 mV dec™?, 118 mV dec™?, and 378 mV dec™* respectively. These results indicate the superior
electrocatalytic activity of LNM-La with facile OER kinetics.

hydrogen. The primary disadvantages of the vapor reforming
technology are significant costs and global warming gas emis-
sions during the hydrogen manufacturing process. To overcome
these limitations, the water electrolyzer technique offers
a simple and low-cost way to remove hydrogen from water.
Furthermore, water is a great source of hydrogen ions, which an
electrolyzer can divide into hydrogen and oxygen. Water split-
ting by electrolysis is an appealing approach for extracting
hydrogen and storing the energy as chemical energy via the
oxygen evolution process and the hydrogen evolution reaction.
Hydrogen is a potentially perfect energy source because of its
remarkable energy density, high energy conversion efficiency,
and conservation of nature.® It is generally agreed that the most
cost-effective method for producing renewable hydrogen
involves the splitting of water into hydrogen and oxygen gas
using novel high-voltage material.

Peng et al. demonstrated that substituting ions at the Mn site
in LNM increases cathode cycle performance while decreasing
the capacity with an increase in doping loading. The addition of
Nd and La in Li; ¢5NipsMn; 50, might substantially increase
reversible capacity.® La and Nd in Li; ¢5Nig 5 Lag 10Mny 4004 and
Li; osNig 5 Ndg.10Mny 400, respectively had the impact of form-
ing lattice doping, reducing the crystal size to the nanoscale,
increasing conductivity, and enhancing the rate of lithium-ion
diffusion. The findings demonstrate that doping of rare earth
elements is a viable strategy for enhancing the electrochemical
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characteristics of an electrocatalyst for water splitting. To
develop a hydrogen-based economy, an electrolytic water
oxidation process for the generation of oxygen and hydrogen via
OER and HER may be utilized in a sustainable manner.> OER is
characterized by its slow kinetics, which consists of a multistep
proton-coupled electron transfer at a thermodynamic potential
of 1.23 V. Lij ¢sNigsMn, 504, LijosNigs Lag10Mny 4004, and
Li; 05Nigs Ndo10Mn; 400, as bifunctional electrocatalyst is
suitable for HER and both are stable in acid and alkaline
conditions. Furthermore, the arrangement of Ni and Mn inside
the spinel structure is a significant factor in determining the
electrochemical characteristics of the compounds that have
been synthesized. Due to the presence of Mn*' ions, non-
stoichiometric spinel with a disordered arrangement of Ni/Mn
(corresponding space group Fd3m) that has greater electrical
conductivity and lithium diffusivity. During long-term charge
and discharging, the ordered phase LiNi, sMn, 0, with space
group P4332 has less lattice distortion and greater electro-
chemical stability than the Fd3m disordered phase.® It was
found that by manipulating the concentration of Mn®" in the
preparation process, it was able to vary the ratio of two spinel
phases that were present in the material. The presence of two
different crystallographic structures at the same time, Fd3m and
P4,32, is one factor that leads to the excellent integrated elec-
trochemical performance. On the other hand, the uneven
distribution of Mn®" on the surface speeds up the dissolution of
Mn(u), which in turn causes the active material's capacity to
gradually decrease. In this work, we report the use of Lij o5-
Nig sMny 504, Lil.osNio.sLao.loMn1.4004, and Liy 5Nig.5Ndg.10-
Mn;, 400, as bifunctional electrocatalysts for water splitting for
the first time. The as-prepared samples were analyzed using
High-resolution scanning electron microscopy (HRSEM), tran-
sition electron microscopy (TEM), selected area electron
diffraction (SAED), etching X-ray photoelectron spectroscopy
(XPS), OER, and HER. This was done to identify the structural
integrity and electrochemical features of the samples.

2. Materials and synthesis method
2.1 Materials

Lithium hydroxide monohydrate, nickel nitrate hexahydrate,
manganese carbonate, lanthanum oxide, neodymium(m)oxide,
and ethanol were purchased from Aldrich chemicals. For all the
studies in this research, deionized water that has been purified
by the Millipore Milli-Q system was employed. No additional
purification was necessary because all the reagents were of
analytical grade. The synthesis of Lij 05NipsMn; 50,4, Lijos-
Nig sLag.10Mny 4004, and Li; ¢sNig sNdg 10Mny 400, is described
in the ESI (Fig. S1-S37).

3. Results and discussion

3.1 Structure and morphology

X-ray diffraction was used to validate the phase purity of as
synthesized Lij ¢sNigsMny 504, Lij 05Nigs Ndo10Mny 4004, and
Li; 05Nig sLag 10Mny 400,4. Fig. 1a shows the XRD pattern of
Li; 05Nig sMn, 504, the peaks at 19.28°, 29.07°, 33.60°, 36.87°,
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Flg 1 XRD spectra of (a) Li1_05Nio_5Mn1VSO4, (b) Lil.OSNiO,S

Ndp 10MN1 4004, and (c) LiygsNio s Lag.10MN1 4004.

38.55°, 44.07°, 44.71°, 47.98°, 64.76°, 74.63°, and 77.0° are
ascribed to the crystal planes of (002), (003), (111), (103), (004),
(113), (104), (201), (106), (215) and (310) respectively. Sharp
diffraction peaks could be seen in the XRD pattern of Li; ¢s-
Niy sMn; 504, suggesting the high degree of crystallinity of the
sample.” Without the presence of any impurity phase, all peaks
may be properly indexed to the spinel structure. The diffraction
peaks in the samples are sharp and the half-peak width is small,
indicating that they have a high degree of crystallinity. The
results show that the spinel structure was effectively preserved
and that no impurity phases such as Ni-O and Li,Ni, ,O were
present. Depending on the ordering of transition metal cations,
the structures are classified as face-centered spinel (Fd3m) or
primitive simple cubic crystal (P4;32). The transition metals
Ni** and Mn"" occupy the 4a and 12d lattice locations in the
P4,32 space group, respectively. The oxygen ions are in places
24e and 8c, whereas the lithium ions are in position 8c. Lithium
ions occupy the tetrahedral 8a sites in the Fd3m space group,
while transition metal elements occupy the 16d octahedral
sites.® Fig. 1b shows the diffraction peaks coming from the
spinel phase of the Li; gsNigs Ndg10Mn; 400, which indicates
a high degree of crystallinity because of the sharpness of the
peaks. The peaks found at 18.64°, 25.76°, 32.83°, 35.13°, 36.28°,
37.28°, 40.64°, 44.16°, 47.10°, 48.42°, 58.59°, 60.29°, 68.98°, and
76.04° are attributed to the crystal planes of (001), (010), (—110),
(011), (110), (023), (311), (111), (113), (—112), (—013), 021), (123)
and (131) respectively. All the detected peaks may be attributed
to spinel structure. There is no evidence of an impurity phase.
In the inset of Fig. 1b, superstructure reflections (011), (110),
(023), (311), (111), and (113), were seen; and these extra peaks
show that the synthesized sample has a space group of P,332
with Ni and Mn ions ordered in the locations of octahedral. The
findings of XRD analysis show that Nd*" has been evenly
distributed on the bare material. Nd-doping will also enhance
the lithium diffusion kinetics theory, the interrupted lithium
migration pathway, the crystal's counterbalanced structure, and
the widening of the lattice gap. Nd has a smaller ionic radius
than La but a larger radius than Li*. Replacement of Nd** can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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result in an enhanced A-site unorganized phase, resulting in
a slightly enhanced conductivity of Li-ion, 1.26 (107> S ecm ™).
Nd-doped cathode materials provide superior electrochemical
efficiency in terms of cycle retention, voltage decay, and elec-
trochemical impedance.® The XRD patterns of Li; ¢sNigs
Lag 10Mny 4004, is shown in Fig. 1c, the peaks found at 18.68°,
22.94°, 32.45°, 36.34°, 37.75°, 40.37°, 44.16°,46.81°, 52.59°
58.45°, 63.13°, 64.22°, 68.31°, and 76.07° are endorsed to the
crystal plane of (020), (022), (024), (110), (040), (006), (035),
(044), (053), (028), (019), (127), (048), and (202) respectively.
Sharp peaks and intensity can be well indexed to the spinel
organized Li; ¢sNig5 Lagi0Mn, 400, with Fd3m phase P,332
phase. The negative shift of the (024) crystal plane correlates to
the expansion of the c-axis value, which signifies an increase in
the interlaminar distance of the Li-layer. La*" filled a portion of
the octahedral sites, and La-O has greater bonding energy to
strengthen the accumulation of oxygen and enlarge the Li-layer
space, allowing for the insertion/extraction of Li'. The (220)
peak is absent from the XRD pattern of Li;sNigs
Lag 1oMn; 49004. This implies that lithium ions colonize tetra-
hedral sites (8a), while La*" ions only conquer the octahedral
(16d) sites to replace both nickel and manganese. Furthermore,
diffraction intensities of Li; o5Nig s Lag10Mny 400, are higher,
indicating that substituting La®" ions for partial nickel and
manganese ions can improve the crystallinity. The partial
substitution of Mn with La has the intrinsic benefit of achieving
the necessary composite to achieve advantageous electro-
chemical characteristics apart from the addition of additional
carbon. Ionic conductivity can be somewhat increased by
partially doping La with Mn*", because of its larger radius
compared to Li+. These predict that Li; gsNips Lag 10Mn; 4004
will have better electrochemical performance.*

Raman spectroscopy was also accustomed to figuring out the
framework of the materials as well as the extent of Ni/Mn
ordering present in them. Each spectrum has six primary
Raman bands with peaks at about, 160, 218, 402, 435, 490, and
607 cm ! that indicate spinel structural characteristics. Ni-O
strains provide the strongest Raman signal at 470 cm ™. The
middle-frequency bands at 402 cm™' and 435 cm™' can be
attributed to the stretching vibrations of the Li-O bonds in LiO,
and LiOg polyhedral, respectively. This observation shows that
the alteration does not affect the underlying spinel structure of
samples. The typical Raman spectra of well-granulated LNMO
materials are seen in Fig. S4a.T Both bands, located at about 400
and 490 cm ™', are related to the Ni-O stretching mode that
exists inside the spinel.™ This mode is attributable to the
symmetric Mn-O stretching vibration that occurs within the
MnOg octahedron. The presence of a peak at a frequency of
490 cm™ ! without any splits suggests that the phase has the
disordered structure of an Fd3m type. Fig. S4bt shows that the
phase has a disorganized structure of the Fd3m ratio of the F,g
(2) and A, peaks at 900 °C for the sample Nd doped LNMO.*
This occurs because the ratio of these peaks increases contin-
uously as the heating temperature rises. It is interesting to
notice that the Li-La and Li-Nd phonon peak is not visible in
the sample that was calcined for Fig. S4b.T This finding suggests
that Nd, La, and other transition metals were successfully

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

absorbed into the spinel lattice during the process of calcina-
tion. The identified peaks at 460 cm ™" for the high-temperature
sample exhibited a small downward shift in frequency, which is
indicative of an increase in the lattice parameter caused.
Fig. S4ct shows the usual characterization of La-doped LNMO,
which is that it has a cubic tight packing of oxygen atoms, with
Mn and Ni filling half of the sites in the octahedral area and
lithium occupying an eighth of the sites in the tetrahedral
region tetrahedral sites. Lithium also occupies an eighth of the
tetrahedral sites. In the octahedral sites, which correspond,
respectively, to the Fd3m and P4332 space groups, the Mn and Ni
ions might be disordered or organized. Due to calcined at 900 °©
C, the intensity ratio of the F,, (2) peak to the A;, peak
progressively develops for Li; g5Nig s Ndg.10Mn; 49004. There are
a few tiny peaks that are characteristic of organized LNMO in
space group P4332 that may be seen between 160 and
218 cm ™ '."® However, one more characteristic of the ordered
phase does not exist; the peak that ought to split into two peaks
at around 600 cm™ " does not do so. This suggests that the
substance contains both an ordered and a disordered phase at
approximately equal levels. Because this material has the least
amount of Mn*" and the least amount of Ni/Mn disorder, the
Ni/Mn arrangement in its structure is likely to be somewhat
orderly. This conclusion was reached as a result of the previ-
ously discussed structural analysis. There has also been one
documented incidence of the illness progressing through both
the ordered and disorderly stages.

The FT-IR spectrum was employed to analyze the spinel
materials because of their great sensitivity to cation ordering,
and discoveries are shown in Fig. S5.1 Fig. S5a, b, and cf depict
the peaks at 520, 593, and 716 cm ™" for samples.!* These peaks
are characteristic of an ordered P4,;32 structure and may be
identified by their positions. Additional IR absorption bands are
detected, indicating that both materials have the order spinel
structure. The Mn-O vibration bands are situated at 716 cm™"
and 520 cm™ ', and they are assigned to the strong bands.
Fig. S5a and b, and c7 depict the vibration bands of Ni-O. These
vibration bands are assigned to the strong bands at 504 cm ™!
and 593 cm . In Fig. S5bf spectrum of LijosNigs
Ndo.10Mn; 4004, 1215 cm™' is the frequency of the Nd,O;
vibration band. Fig. S5ct is a representation of the spectrum of
Liq 5Nig 5 Lag.10Mny 4004, in which the vibration bands of La,0;
show at 1095 and 1212 cm™'.*® The intensity of the peaks at
716 cm™ ! for materials is higher than that at 593 cm™*, which
indicates a feature of the Fd3m structure. It is therefore possible
to deduce that materials have both P4;32 and Fd3m phases
simultaneously. Both samples are mostly indexed to the P4;32
space group because of the separation of peaks in the 588 to
623 cm ! regions."’

The produced samples exhibit significant diversity in
particle shape and size. As can be seen in Fig. 2a and b, the
sample Li; o5Nip sMn, 50, consists mostly of a combination of
polyhedral nanoparticles. Fig. 2c and d demonstrate the
morphology of the particles of Li; ¢sNigs Ndg.10Mny 4004 in
which the particles developed further into a truncated octahe-
dral shape with the creation of {100} surfaces.’ The comparison
of these three different materials demonstrates very clearly that
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a better polyhedral shape can be formed, and the surfaces with
a {100} orientation are preferable to be developed very well
owing to the calcination temperature that the particle eventu-
ally reached a size of around 500 nm and developed into the
classic spinel morphology of an octahedral form.*® This shape is
made of {111} surfaces. The micro-sized dimensions were able
to be accomplished after the sintering temperature reached
900 °C, as shown in Fig. 2c. During the calcination process,
particles penetrate the Li; o5Niy sMn, 50, crystal lattice. Fig. 2e
and f demonstrate the morphology of the particles of Li; osNig 5
Lag.10Mn; 400, in which the particles developed further into
a truncated octahedral shape.

The HRTEM images in Fig. 3a-f represent that the nano-
particles of Lij sNigsMny 504, Liy osNigs Ndo10Mny 4004, and
Li; o5Nigs Lag10Mn; 400, were observed with polyhedral,
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Flg 2 FE-SEM images of (a, b) Lil_osNiostn1v504 (c, d) Lil.OSNiO.S NdovloMn1_4oO4 and (e, f) Lil.OSNiO.S Lao_loMﬂ1v4oo4.
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triclinic and octahedral morphology respectively.*® In Fig. 4,
images 4a, 4c, and 4e present that the nanoparticles of Li; o5-
Nio.sMn1.504, Liy 05Nig 5 Ndo.loMn1.4004, and  Li; o5Nig s
Lag10Mn, 400, respectively have been crystallized. Fig. 4b
Li; osNig sMny 504, Fig. 4d Li; 05Nip 5 Ndg 10Mn; 4004 and Fig. 4f
Li; osNig.5 Lag10Mny 4004 presents that the Selected area elec-
tron diffraction pattern.*® Fig. 4a presents an interplanar
spacing of 0.20 nm, 0.27 nm, and 0.47 nm of an interplanar
spacing and lattice spacing of 1.89 A, 2.66 A, and 4.59 A corre-
sponding to the (201), (111), and (002) planes of Li; ¢sNig s-
Mn, 50, respectively.” Fig. 4c shows high-resolution lattice
fringes with 0.26 nm, 0.45 nm, 0.20 nm, and 0.25 nm of inter-
planar spacing and lattice spacing of 2.55 A, 2.47 A, 2.04 A and
1.25 A indicative of the (011), (001), (111), and (021) lattice
planes of Li; gsNigs Ndg1oMn; 4004 Fig. 4d shows the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HR-TEM images of (a, b) Li1_05Ni0_5Mn1_5O4, (c, d) Li1_05Ni0_5 Ndo»loMn1_4QO4 and (e, f) Li1>05Ni0_5 Lao_loMn1_4oO4.

distinguished fringe pattern with 0.23 nm, 0.24 nm, and
0.27 nm of interplanar spacing and the lattice spacing of 2.75 A,
1.93 A, and 1.37 A, indexed to the (111), (002), (110) planes of
Li; 05Nip 5 Lag.10Mn4 4004.>* There seems to be a slight increase
in interplanar spacing, which is probably due to the expansion
of the lattice units because of an increase in the calcination
temperature. The SAED pattern in Fig. 4b shows the crystalline
diffraction arrangement corresponding to the (201), (111), (002)

© 2023 The Author(s). Published by the Royal Society of Chemistry

planes of the Lij ¢sNigsMn, 50,4, and the ring radius is calcu-
lated with the XRD pattern.”® Fig. 4d shows the crystalline
diffraction arrangement corresponding to the (111), (011), (001),
and (021) planes of the Li; ¢sNig5 Ndg10Mn; 4004 and the ring
radius is calculated with the XRD pattern.*® Fig. 4f shows the
crystalline diffraction arrangement corresponding to the (110),
(002), and (111) planes of the Li; o5Nig 5 Lag10Mn; 4004 and the
ring radius is calculated with the XRD pattern.”” Fig. S67

RSC Adv, 2023, 13, 23829-23840 | 23833
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Fig. 4 (@, ¢, and e) Represent the Lattice Spacing of Lil_05Nio_5Mn1v504' Lil_OSNi0_5 NdovloMnl_4oo4v and Li1_05Ni0_5 LaovloMn1_4QO4; (b, d, and f)
represent selected area electron diffraction pattern of Lij gsNigsMn; 504, Liy 0sNigs Ndg10MN1.4004 and Liy gsNig s Lag10MNny 4004.

represents elemental mapping images of (S6a-S6dt) Lijos- cumulative elemental mapping of the individual particles
NipsMny 50,4, (S6e-S6it) Lij osNigs Ndg1oMn, 400, and (S6j— shows that they have a uniform distribution of O, Mn, Ni, La,
Sént) Liy 05Nig sLag 10Mny 4004 with a special reference to the Nd, and C in their compositions. The EDX analysis (Fig. S77)
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was performed to validate the constituents found in the
prepared Li; g5NigsMn; 504, Lij gsNigs Ndg1oMny 4004 and
Liy.05Nig.5 Ndg 10Mny 4004.

XPS was used to analyze the composition of the as-
synthesized materials. The XPS spectrum of Li; 05NipsMny 5-
Oy, LijosNigs Ndg10Mny 4904, and Lij ¢sNigsLag.10Mny 4004,
were shown in Fig. S11, S12,1 and 5 respectively. In Fig. S11,}
during the calcination process, particles penetrate the Li; o5-
Niy sMn; 50, crystal lattice. To adhere to the principle, the state
of Mn ions is changed from oxidation state 4+ to 3+. As a result,
the binding energy of Mn2p in all Mn ions must be determined
to a higher degree of accuracy.”® Two binding energies in the
Mn2p spectrum positioned at 643.49 eV and 654.94 eV in
Fig. S11(d)t are often attributed to Mn2p1/2 and 2p3/2, with
each peak to be further fitted into MnO, and Mn,O; line-based
peaks that are separate, demonstrating the Mn** and Mn** may
exist side by side. Mn** % levels in samples are greater than
pristine, demonstrating the transition from after being modi-
fied by the calcination step, Mn*" becomes Mn**. The Mn**
percentages of the samples are demonstrating the transition
from Mn"" to Mn*" following calcination at the high-
temperature transformation. The binding energies at roughly
851.86 eV, 855.83 eV, 862.88 eV, and 873.40 eV in the XPS
spectrum match the Ni2p3/2 peaks of Ni**/Ni*" in Fig. S11(c).}
An in-depth analysis of the correlation between electrochemical
performance and Mn®* concentration reveals that Li requires
a high enough level of Mn®*, rate capability, and transport
inside the crystalline lattice. Ni ions tend to be concentrated on
the surface, and the surface's Ni concentration is larger than the
theoretical value.” In Fig. S12,f The binding energies at
857.22 eV and 863.75 eV in the spectrum of Ni2p (Fig. S12(c)t).
Energies involved in the binding process at roughly 874.93 eV
and 882.33 eV in the spectrum match the Ni2p3/2 peaks of Ni**/
Ni*", suggesting that Ni** and Ni** coexist in the samples. Peaks
around 532.76 eV and 522.73 eV in the Olp XPS spectra
(Fig. s12(f)f) are indexed as lattice and oxygen vacancy,
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respectively. Mn®*/Mn*" are represented by the two peaks with
binding energies of 645.16 eV and 656.56 eV, respectively, in
Fig. S12(d).t The binding energies at 975.84 eV, 982.94 eV,
996.02 eV, and 1024.31 eV the XPS spectrum of Nd3d
(Fig. S12(e)f). The stronger Nd-O bond gives Lij osNigs
Ndo.10Mn; 4004, a higher binding force to oxygen, which helps
to prevent irreversible oxygen release and the formation of
oxygen vacancies. In Fig. 5, according to electronegativity
theory, there is a large difference between the electronegativity
of lanthanum and Ni and Mn due to the lower electronegativity
of lanthanum, it will “compete” with these two transition
metals when forming bonds with oxygen atoms with high
electronegativity. The attractiveness of oxygen to the outer layer
of a transition metal will be indirectly reduced following La**
doping, which might lead to an increase Ni**/Ni*" ratio. Not
only has the Mn**/Mn*" concentration remained constant, but
the Ni**/Ni** ratio has reduced. This might be connected to the
reduced oxygen escape following La®* doping. LijosNigs
Lag10Mn, 4900, includes more lattice oxygen than Li; ¢sNip 5
Mn, ;0,, which weakens and enhances the attraction of elec-
trons to the outer layer of Ni with more oxygen, resulting in La-
Li~O having a lower Ni**/Ni*" ratio than LNMO. The two sets of
double peaks at 855.42 €V, 851.62 eV, and 838.29 eV, 835.17 eV,
which are reported in Fig. 5e, demonstrate the existence of La*"*.
The binding energies at roughly 851.68 eV and 855.55 eV in the
XPS spectrum of Ni2p (Fig. 5¢). The binding energies at roughly
862.12 eV and 873.20 eV in the XPS spectrum match the Ni2p3/2
peaks of Ni**/Ni*" in Fig. 5c, suggesting that Ni*" and Ni**
coexist in the samples. Furthermore, the peak area ratio of Ni**
and Ni*" can be derived from Fig. 5¢, the ion radius of Ni*" is
comparable to Li", which will enter the location of Li* and result
in incomplete embedded or extruded of Li’. Because of the
combined impact of charge and ion radius, most Li/Ni mixing
occurs between Li" and Ni*".*® As a result, the reduced Ni**
concentration of Li; gsNig s Lag1oMn; 400, is advantageous in
reducing Li/Ni mixing, which is congruent with the conclusion
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drawn from XRD patterns. Peaks around 530.16 eV and
532.01 eV in the O1p XPS spectra (Fig. 5f) are indexed as lattice
oxygen (O-Mn-0O) and oxygen vacancy, respectively. The oxygen
vacancy will encourage transition metal ion migration and
damage the structure from the surface to the bulk. The stronger
La-O bond gives Li; o5Nig5 Lag1oMn; 4004 a higher binding
force to oxygen, which helps to prevent irreversible oxygen
release and the formation of oxygen vacancies.** Mn*'/Mn*" are
represented by the two peaks with binding energies of 645.10 eV
and 656 eV, respectively, in Fig. 5d.

4. Electrocatalytic activity
performance evaluation
4.1 Hydrogen evolution reaction (HER)

All electrochemical measurements were carried out in 1 M KOH
solution at room temperature with platinum (Pt) wire as
a counter and Ag/AgCl as a reference electrode.** Finally, the
electrode potentials were converted with respect to a reversible
hydrogen electrode (RHE). The working electrode was prepared
by, a 4 mg catalyst dissolved in 1 mL solution containing 200 mL
IPA, 796 mL DI water, and 4 mL Nafion (5 wt% Sigma-Aldrich)
followed by ultrasonication for 45 min in a water bath. First,
the glassy carbon (GC) electrode was polished by using 0.5
micron alumina powder.*® Then 4 mL of this catalyst ink was
coated on cleaned glassy carbon (GC) electrode surface (having
a geometric surface area of 0.0707 cm?).3*
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The synthesized sample of LigsNipsMn, 50,4, LigsNigs-
Lag 10Mny 4904, and Lig sNig sNdg 10Mn4 4004 was evaluated for
HER analysis using 1 M KOH as an electrolyte solution and the
obtained results are presented in Fig. 6a. The HER activity of
Liy5NigsMn, 50,4, and Lig sNigsNdg10Mn; 400, showed onset
potentials at —0.322 V and —0.048 V vs. RHE respectively,
whereas, Lig sNig sLag1oMn; 4004 showed reduced onset poten-
tial —0.016 V vs. RHE which is relatively lower than that of the
LipsNipsMn; 504, LigsNigsLag10Mn; 4004 samples. The
samples Lig 5NigsMn; 504, LigsNigs5Lag.10Mny.4004, and Lig s-
Nig sNdo10Mn, 400, delivered overpotentials of —0.52 V and
—0.20 V, —0.41 V vs. RHE respectively at a current density of 10
mA cm >, Fig. 6b represents the comparison of onset potential
(vs. RHE), current density at 10 mA cm ™2, and over potential of
all synthesized samples. It is confirmed by the Fig. 6b the onset
potential, overpotential at 10 mA cm > of LNM-La shows
enhancement of HER performance than the other samples. The
Tafel slope of synthesized materials is presented in Fig. 6c. It is
confirmed that the LNM-La reveals a relatively lesser Tafel slope
value than that of bare LNM and LNM-Nd. The LNM-La shows
a Tafel slope of 73 mV dec™" which is considerably lower than
that of LNM (171 mV dec™ ') and LNM-Nd (77 mV dec™'). These
results strongly suggest that the LNM-La nanocomposite effec-
tively activates water reduction kinetics.>® Further, the chro-
noamperometric analysis was carried out for 10 hours to
evaluate the long-time stability. The ternary nanocomposite of
the LNM-La electrode maintained a stable HER activity which
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Fig.6 Electrochemical characterization of synthesized materials in 1 M of KOH electrolyte for HER analysis: (a) polarization curves of LNM, LNM-
La, and LNM-Nd; (b) comparison of onset potential, the potential required to reach 10 mA cm™2 current density, and overpotential for LNM, LNM-
La, and LNM-Nd; (c) corresponding Tafel slops; (d) stability analysis of LNM-La for HER analysis; (e) EIS analysis of LNM, LNM-La, and LNM-Nd.
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gives a constant current at about 10 mA at a potential of 0.20 V
vs. RHE (Fig. 6d). Further, the charge transfer resistances of the
synthesized electrocatalysis were obtained from the electro-
chemical impedance spectroscopy (Nyquist plot) in the
frequency range of 10 Hz to 100 kHz (Fig. 6e). The charge
transfer resistance (R.;) value of LNM, LNM-La, and LNM-Nd
reveals 275 ohms, 312 ohms, and 545 ohms respectively.
However, the R value of LNM-La shows relatively lower when
compared with that of LNM, LNM-Nd. The low R value will be
a favorite for the fast electron transaction hence the LNM-La
composite reveals better HER activity than the other samples.*

The enhancement of HER activity of the synthesized
nanoparticles was obtained from the electrochemical active
surface area (ECSA).”” To obtain the ECSA, the Electrical
Double Layer Capacitance (Cq4;) was identified from the cyclic
voltammograms at various scan rates (Fig. S8a-ct). The
calculated Cq; value of the LNM, LNM-La, and LNM-Nd are
3.78 uF ecm™?, 8.15 uF cm 2, and 4.14 pF cm™ > respectively
(Fig. S8df). However, it is observed that the ternary nano-
composite of LNM-La revealed an enhancement of double-
layer capacitance and hence enhanced HER activity in the
acidic medium.

4.2 Oxygen evolution reaction (OER)

The synthesized sample of LiysNigsMny 50,4, LigsNigsLag 1o
Mn;, 4004, and Lig sNip sNdg 10Mn, 4004 was further evaluated for
their OER activities in 1 M KOH electrolyte solution and the
obtained results were presented in Fig. 7a. The OER activity of
Liy 5Nig sMn; 50,4 and Lig 5Nig sNdg 10Mn; 4004 showed the onset
potentials at 1.8 V and 1.69 V respectively. In contrast,
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Lig 5Nig sLag10Mn; 400, nanocomposite showed considerably
low onset potential at 1.69 V vs. RHE. Further, the potential at 10
mA of LigsNigsMny 504, LigsNigsLag 1oMny 400, and Ligs-
Nig 5Ndg10Mn; 400, synthesized nanoparticles was evaluated
and the obtained result is presented in Fig. 7b. The over-
potentials obtained for LNM, LNM-Nd, and LNM-La at 10 mA
em 2 current density were 2.17 V, 1.93 and 1.68 V vs. RHE
respectively. The Tafel plot of the synthesized nanoparticles is
presented in Fig. 7c. The Tafel slope values obtained for LNM,
LNM-La, and LNM-Nd are 419 mV dec™?, 118 mV dec™, and
378 mV dec™ ' respectively. It is observed from Fig. 7c the La-
doped LNM revealed a relatively lower slope value when
compared with that of LNM, LNM-Nd and other recently re-
ported materials (refer S137) indicating better water oxidation
kinetics of La-doped LNM material.*® Further, the chro-
noamperometric analysis was carried out for 10 hours to eval-
uate the long-time stability of the synthesized LNM-La
nanocomposite. The LNM-La nanocomposite electrode main-
tained a stable potential of 1.84 V vs. RHE which gives
a constant current at about 12 mA (Fig. 7d). Further, the charge
transfer resistance of the synthesized LNM, LNM-La, and LNM-
Nd electrocatalysis was obtained from the electrochemical
impedance spectroscopy (Nyquist plot) in the frequency range
of 10 Hz to 100 kHz (Fig. 7e). The synthesized LNM and LNM-Nd
showed relatively high R of about 2500 ohms whereas the
LNM-La nanocomposites showed a lower R, resistance of 300
ohms. In the present work, the low R, value of LNM-La is ex-
pected to favor fast electron transfer hence the LNM-La
composite revealed better OER as well as HER activity than
the other samples. To obtain the ECSA, the Electrical Double
Layer Capacitance (Cq) was identified from the cyclic
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Fig.7 Electrochemical characterization of synthesized materials in 1 M of KOH electrolyte for OER analysis: (a) polarization curves of LNM, LNM-
La, and LNM-Nd; (b) comparison of onset potential, the potential required to reach 10 mA cm™2 current density, and overpotential for LNM, LNM-
La, and LNM-Nd; (c) corresponding Tafel slops; (d) stability analysis of LNM-La for OER analysis; (e) EIS analysis of LNM, LNM-La, and LNM-Nd.
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voltammograms at various scan rates (Fig. S9a-ct). The calcu-
lated Cy, values were presented in Fig. S9df which reveals 2.17
pF em ™2, 3.56 pF cm ™2, and 2.24 uF cm ™2 for LNM, LNM-La, and
LNM-Nd respectively. However, it is observed that the LNM-La
nanocomposite reveals enhancement of double-layer capaci-
tance thereby effectively enhancing the OER activity in the
alkaline medium. As per the literature, for OER and HER, RuO
showed a potential of 1.575 V. and the Pt/C electrode attained
an overpotential (7o) of 27 mV, favorable catalytic activity with
an onset overpotential (nonser) Nearly zero as expected.* And
Tafel plots of RuO, for OER and HER are 108 mV dec ' and
170 mV dec '.*° These observed results are compared with
freshly prepared electrocatalyst LNM-La showed good OER
activity with an overpotential of about 1.68 mV and —0.41 mV,
respectively. And Tafel slope of 118 mV dec™ " and 73 mV dec ™"
for OER and HER respectively. As per the literature, for OER and
HER, RuO, showed a potential of 1.575 V. and the Pt/C electrode
attained an overpotential (n19) of 27 mV, favorable catalytic
activity with an onset overpotential (nonset) nNearly zero as ex-
pected.* And Tafel plots of RuO, for OER and HER are 108 mV
dec ' and 170 mV dec".** These observed results are compared
with freshly prepared electrocatalyst LNM-La showed good OER
activity with an overpotential of about 1.68 mV and —0.41 mV,
respectively. And Tafel slope of 118 mV dec™ " and 73 mV dec ™"
for OER and HER respectively. A prolonged CV for 1000 cycles at
a scan rate of 50 mV s~ ' was used to assess the stability of the
Liy o5Nig 5 Lag.1oMn4 400, catalyst. In Fig. S10,1 for 1000 cycles,
there is a slight change in the shape of the CV curve, it denotes
the substantial change in the surface of the electrode as the
reaction is carried out, and the mechanism involved here is the
adsorbate evolving mechanism (AEM).

5. Conclusions

The objective of this study was to develop a cost-effective, highly
active, and stable electrocatalyst for total water splitting. As
aresult, LNM, LNM-La, and LNM-Nd were synthesized using the
solid-state approach. Different characterization procedures
were used to evaluate the structural and morphological infor-
mation of the generated materials. Both OER and HER were
tested in alkaline media, these composites exhibited efficient
electrocatalytic behaviour for oxygen evolution reaction (OER)
as well as hydrogen evolution reaction (HER). At a current
density of 10 mA cm ™2, the HER activity of LNM, LNM-La, and
LNM-Nd nanocomposites provided an overpotential of —0.52 V
and —0.20 V, —0.41 V vs. RHE. The LNM-La has a Tafel slope of
73 mV dec ', which is significantly lower than the LNM (171 mV
dec ') and LNM-Nd (77 mV dec ). These findings clearly show
that the LNM-La nanocomposite successfully stimulates water
reduction kinetics The OER activity of LNM and LNM-Nd has an
onset potential of 1.8 V and 1.69 V vs. RHE, respectively. The
LNM and LNM-Nd reveal a current density of around 2.17 V and
1.93 V vs. RHE at 10 mA cm ?, respectively. At 10 mA, LNM-La
has a potential of roughly 1.68 V. Tafel slope values for the
LNM, LNM-La, and LNM-Nd are around 419 mV dec™?, 118 mV
dec™', and 378 mV dec ™, respectively. When compared to LNM
and LNM-Nd, La-doped LNM has a lower slope value. These
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findings strongly suggest that the LNM-La nanocomposite
effectively promotes water oxidation kinetics.
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