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Abstract Transition metal oxides, especially perovskites, have been considered effective electrocat-

alysts for the oxygen evolution (OER) and oxygen reduction (ORR) reactions in an alkaline solu-

tion. Here, a series of lanthanum cobalt rhodium oxide perovskites with the chemical formula

LaCo1-xRhxO3 (LCRO, 0.1 � x � 0.70) were prepared through the approach of solid-phase synthe-

sis and their bifunctional electrocatalytic activity was assessed for both the OER and ORR. The

crystallinity, morphology, surface, and electrocatalytic features of the LCRO were significantly cor-

related with the rhodium content. The LaCo0.7Rh0.3O3 electrocatalysts with x = 0.3 showed

enhanced electrocatalytic bifunctional performance with a substantially lower OER/ORR onset

potential of 1.38/0.73 V vs HRE, smaller Tafel slope (116/90 mV/dec), and low charge-transfer

resistance, which is the most efficient catalyst among the other studied ratios and superior to the

pristine lanthanum cobalt oxide benchmark electrocatalysts. The LaCo0.7Rh0.3O3 electrode exhibit

good bifunctional electrocatalytic behavior and long-term durability with an OER and ORR onset

potential gap (DE = EOER � EORR) of only 0.65 V, which could be credited to the enriched oxygen

vacancies, lattice expansion and the improved electrical conductivity upon the doping of larger size
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of Rh ions. The LaCo1-xRhxO3 catalysts are obtained from abundant materials that have the poten-

tial of highly-active bifunctional OER and ORR electrocatalysts.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

During the past years, electrochemical water-splitting has been an active

research area for the production of hydrogen fuel for cleaner energy (Lee

et al., 2022; Marini et al., 2012). Alkaline water electrolysis involves the

reactionof oxygen evolution (OER, 4OH�?O2+2H2O+4e�), which
is a kinetically sluggish reaction owing to the proton-coupled multi-

electron transfer process and the requirement for a large overpotential

(Wang et al., 2016; Debe, 2012). Further, the reaction of oxygen reduc-

tion (ORR,O2+2H2O+4e�? 4OH�) is another electrochemical pro-

cess for energy storage devices and fuel cells (Feng et al., 2018; Shahid

et al., 2017). The development of economic, highly active catalysts for

oxygen redox reactions for application in direct solar and electrochemi-

cal water electrolysis andmetal-air batteries is considered the most tech-

nical task in energy technology (Xia et al., 2016). Therefore, there has

been growing interest in developing and preparing non-precious metal

catalytic materials that are highly efficient to replace the precious- and

rare-metal-based electrocatalysts (Cheng et al., 2013; Chen et al., 2011;

Wu et al., 2013)and to improve the overall activity and kinetics of the

ORR and OER (Dou et al. 2020).

Perovskite-based oxides (ABO3) are of considerable interest for

creating next-generation catalytic materials, providing enriched bifunc-

tional (OER) and (ORR) (Suntivich et al., 2011; Dias et al., 2020) elec-

trocatalytic activity, and possessing benefits over precious-metal-based

catalysts in terms of production cost and high durability at high tem-

perature (Matsumoto et al., 1977; Bockris and Otagawa,1984;

Kobussen and Broers, 1981; Matsumoto and Sato, 1980). Moreover,

their rich composition variant, crystal structure, and morphology

allow further tuning of their electronic and electrocatalytic activities

for enhanced catalytic performance for the OER and ORR (Tanaka

and Misono, 2001; Harris, 1970; Cui et al., 2021). Among the available

catalysts, lanthanum-based perovskites, such as LaCoO3, LaNiO3,

LaCrO3, LaMnO3, and LaFeO3, have been extensively investigated

for various electrochemical energy reactions owing to their structural

stability, high electronic and ionic conductivities, and the capacity to

fully or partially replace the cation of A-, B-site elements as well as

the anion at the O-site to engineer the structural, physical, and elec-

tronic properties (Dias et al., 2020, Zhu et al., 2015; Celorrio et al.,

2015; Petrie et al., 2016; Mefford et al., 2016). The full or partial sub-

stitution of ABO3 perovskites leads to the weakening of the metal–oxy-

gen bond and improves the BAO bond covalency, oxygen defects, and

redox surface-active oxygen species, thus enhancing the electronic and

ionic conductivity as well as the ORR and OER electrocatalytic activ-

ity (Dong et al., 2021; Xu et al., 2020; Zhang et al., 2020; Zhu et al.,

2016). Within this context, the iron (Kim, et al., 2019) or nickel (Liu

et al., 2019) doping in cobalt-based perovskites improves the ORR

electrochemical activity in solid oxide fuel cell reaction. Moreover,

the partial exchanging of the O-sites in the structure of ABO3 per-

ovskite with anions of Br–, Cl– and F– (Ghanem et al., 2021, 2016;

Zhang et al., 2020), N3– or S2– (Liu et al., 2019) significantly weakens

the metal–oxygen bond, and consequently promotes the lattice oxygen

activity and diffusion (Zhang et al., 2020). The oxygen vacancy con-

centration on the perovskite structure is found to have a pronounced

effect on oxygen mobility as well as catalytic activity and selectivity.

For instance, the exchange of Sr for La at the A site and the substitu-

tion of Co for Fe at the B site in ABO3 perovskites have shown dra-

matic increases in the oxygen diffusion rate, which improves the

overall activity of the water oxidation reaction (Chang et al., 2020).

Furthermore, the Ab initio and DFT modeling have shown that the

alkaline water electrolysis activity of LaCoO3 can be enhanced by tun-
ing the CoAO bond covalency and the oxygen vacancy concentration

via partial Sr2+ substitution (Mefford et al., 2016). The results demon-

strated that in alkaline media the OER was significantly enhanced due

to the increase of oxygen vacancies, which modulated the Fermi energy

of the overlapped transition metal-3d and oxygen-2p orbitals. In addi-

tion, the eg filling factor of the B-metal in the ABO3 perovskite has

been shown to control the intermediate species binding energy, and

consequently, significant perovskite water oxidation activity can be

gained (Suntivich et al., 2011). The recent works have reported signif-

icant enhancement of the bifunctional OER and ORR performances of

strontium iron and cobalt perovskites by partial doping with halide

anions, with the activity increasing in the order Br < Cl < F (Liu

et al., 2019; Ghanem et al., 2021, 2016). Herein and for the first time,

we report the intrinsic bifunctional OER and ORR activities of a series

of lanthanum cobalt oxides partially substituted by rhodium, LaCo1-

xRhxO3 (LCRO, x = 0.1, 0.15, 0.20, 0.30, 0.40, 0.60, and 0.70). The

effect of rhodium doping on the lanthanum cobalt oxide crystal struc-

ture, surface morphology, and oxygen vacancy concentration was

investigated by diffractive X-ray, scanning electron microscopy

(SEM), energy-dispersive X-ray (EDX) mapping, and X-ray photo-

electron spectroscopy (XPS). The OER and ORR bifunctional electro-

chemical activity of LCRO in alkaline solution were significantly

correlated with the Rh content and the LaCo0.7Rh0.3O3 electrode

materials with x = 0.3 showed enhanced electrocatalytic performance

with a significant negative shift (170 mV) in the OER onset potential,

Tafel slope of 116 mV/dec, ultra-low charge-transfer resistance, and

current density of 104.2 mA cm�2 at 1.6 VRHE, which is a more active

catalyst than other investigated Rh-doped ratios. Based on the electro-

chemical measurements, the LaCo0.7Rh0.3O3 electrocatalyst was very

stable during the prolonged OER and ORR process in an alkaline

medium. This work explores the controlled chemical modifications/-

doping of a new set of 3d-4d transition metals of Co and Rh within

the LCRO perovskite while maintaining the crystal structure and

enabling monitoring of the effects of the covalency and oxygen

vacancy concentration on the bifunctional OER and ORR activity.

2. Experimental

2.1. Materials preparation and synthesis

Lanthanum cobalt rhodium perovskite oxides (LCRO) with
nominal composition of LaCo1-xRhxO3 (x = 0.1, 0.15, 0.20,

0.30, 0.40, 0.60, and 0.7) were prepared using a standard
high-temperature solid-state reaction method. Mixtures of
La2O3 (99.95 %, Sigma-Aldrich), Co3O4 (99.9 %, Sigma-

Aldrich), and Rh2O3 (99.99 %, Johnson-Matthey) with the
various target product stoichiometric molar ratios were
ground together in an agate pestle and mortar, placed in a
platinum crucible, and heated to 1150 �C in air. The partly

reacted product was reground, pressed into a pellet, and sin-
tered for two further periods of 48 h at 1150 �C in air. The cat-
alysts then were left to cool at room temperature, ground, and

stored in a desiccator for further characterization.

2.2. Catalysts characterizations

The phase structures of the obtained samples were investigated
using X-ray diffraction (XRD, Rigaku Miniflex 600, Rigaku

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Corporation, Tokyo, Japan). The XRD results were obtained
within the 2H range of 5–80� with 0.02� step and a scan speed
of 10� min�1 and operated voltage and current of 40 kV and

15 mA respectively. The Rietveld refinement method was used
to obtain the space group and the crystalline parameters from
the XRD data. The catalyst morphologies and elemental com-

positions of the synthesized catalysts were examined by SEM
(S-4800, Hitachi) fitted with an EDX spectrometer (EX350,
Horiba). X-ray photoelectron spectroscopic analysis of the

produced materials was achieved using the spectrometer of
Escalab 250 XPS (Thermo Fisher).

2.3. Catalyst electrodes synthesis and electrochemical
measurements

Electrochemical characterizations were evaluated at room tem-
perature using a three-electrode cell connected to an electro-

chemical Bio-Logic two-channel potentiostat (VMP3). The
catalyst ink was physically cast onto an electrode of carbon
paper (CP, SIGRACET� GDL-24BC, area of 1.0 � 1.0 c

m2), which was employed as the working electrode, and a
high-purity graphite sheet (1.0 � 1.0 � 0.3 cm3) electrode
and the saturated calomel electrode (SCE) were employed as

the auxiliary and reference electrodes, respectively. The elec-
trode potential was normalized to the hydrogen reference elec-
trode (RHE) using the equation of E(RHE) = E(SCE) + 0.
243 + 0.059pH. The CP electrode was pre-activated in hot

concentrated HNO3 for 40 sec followed by rinsing with deion-
ized water and drying before catalyst casting. The ink of the
LaCo1-xRhxO3 catalysts was prepared by dispersing 10 mg of

catalyst powder in 1.0 ml of water: isopropanol solution (vol-
ume ratio of 0.5:0.5), and then 10 ml of Nafion solution was
added. The mixture was sonicated for 30 min to generate a
Fig. 1 (a) XRD patterns of as-prepared LaCo1-xRhxO3 perovskite

reactions are indexed using reference peak (PDF # 01-074-9491), (b) t
homogeneous electrocatalyst ink. Finally, 60 ml of as-
prepared catalyst ink was coated on the surface of the CP elec-
trode, resulting in an approximate catalyst loading of 0.6 mg/

cm2. The OER and ORR were investigated in an aqueous solu-
tion of 1.0 M KOH (pH 13.8) and before each experiment, N2

gas was purged through the KOH electrolyte for 30 min to

remove the dissolved oxygen. The electrochemical measure-
ment of the ORR activity was performed in a 0.1 M KOH
aqueous solution using a rotating ring-disk electrode (RRDE,

make, and supply) comprising a glassy carbon disk and a plat-
inum ring electrode. To prepare the catalyst dispersion,
10.0 mg of the investigated catalyst was dispersed in 1.0 ml
of water: isopropanol solution (volume ratio of 0.5:0.5), and

then 10 ml of Nafion solution was added. The H2O2 yield
and the number of transferred electrons (n) during the ORR
over the oxyhalide catalyst were calculated using equations

(1) and (2), respectively.

H2O2% ¼ 200 Ir=Nð Þ= Id þ Ir=Nð Þ ð1Þ

n ¼ 4Idð Þ= Id þ Ir=Nð Þ ð2Þ
where N is the current collection efficiency, Ir is the ring cur-
rent and Id is the disk current of the RRDE.

3. Results and discussion

3.1. Characterizations of the LaCo1-xRhxO3 catalysts

the XRD patterns of the LaCo1-xRhxO3 catalysts doped with

different ratios of Rh are shown in Fig. 1. The obtained cata-
lysts are highly crystalline with the main diffraction peaks at 2h
of 23.10, 32.74, 40.32, 47.06, 53.01, 58.35, 68.7, and 78.22 con-

sistent with the (012), (110), (202), (024), (116), (300),
catalysts with different doped Rh ratios prepared by solid-state

he corresponding enlarged view of the (110) diffraction plane.



Scheme 1 The perovskite structure of LaCo1-xRhxO3 is adopted

for the majority of � values. La blue, oxygen red, and Co/Rh dark

green.
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(208), and (128) diffraction planes, respectively (PDF card no:
01–074-9491). Moreover, the cubic perovskite structure

adopted by the majority of these LaCo1-xRhxO3 catalysts is
shown in Fig. 1. The LaCo1-xRhxO3 catalysts with x = 0.1,
0.20, 0.30, 0.40, and 0.60 have a single phase of cubic per-
ovskite, as evidenced by the single uniform diffraction peak

of the (110) crystal plane at 2h = 32.74, shown in Scheme 1.
For x = 0.15, i.e., LaCo0.85Rh0.15O3, a perovskite structure
type was identified through the breadth of the reflections, as

shown in Fig. 1b (red line), which indicates a degree of phase
separation for this composition or distortion of the perovskite
structure to a lower symmetry (GdFeO3 structure type). How-

ever, for x = 0.7, i.e., LaCo0.3Rh0.7O3, a single perovskite
phase material was not formed, and the PXD pattern indicated
phase separation into two perovskites with compositions

LaRhO3 (GdFeO3 structure type) and LaCo0.85Rh0.15O3. The
shift of the reflections to the lower 2h as the level of rhodium
increases represents the expansion of the unit cell as Rh3+

replaces Co3+ with the lattice parameter expanding from

3.876(2) Å (LaCo0.9Rh0.1O3) to 3.914(2) Å (LaCo0.4Rh0.6O3)
indicating on the weakening of the BAO bond upon the Rh
doping.

The surface morphological nature of the LaCo1-xRhxO3

catalysts with x = 0.1, 0.2, 0.3, and 0.4 was examined by
SEM, as displayed in Fig. 2. The SEM micrographs in

Fig. 2a and 2b show the LCRO catalyst at Co/Rh ratios of
0.1 and 0.2, respectively, have large, coarse, irregular particles
with sizes of several micrometers. However, as shown in
Fig. 2c and 2d, at Rh content of 0.3 and 0.4, the catalyst par-

ticles become more uniform and have a smoother surface with
smaller particle sizes within the range of 1.0 to 3.0 mm. The
dense oxide particles indicate that the catalysts are probably

crystalline and free from pores, which is consistent with
XRD results. However, the SEM microstructure characteriza-
tion images show the presence of interstitial macropores

between microparticles, which could facilitate the mass trans-
port of the reactants and products during the electrochemical
reactions.

The EDX composition mapping and elemental analysis of
the LaCo0.7Rh0.3O3 catalysts are shown in Fig. 3. In addition,
Table 1 reports the EDX elemental composition analysis and
the corresponding mole ratios for some samples of the LaCo1-
xRhxO3 catalysts. The EDX mapping of the LaCo0.7Rh0.3O3

catalyst discloses the existence of La, Co, Rh, and O compo-
nents uniformly distributed throughout the sample (Fig. 3).

Particularly, the EDX analysis of the LaCo0.7Rh0.3O3 catalyst
reveals the element wt.% of 55.48, 17.05, 10.58, and 16.89 for
La, Co, Rh, and O elements, respectively, which corresponds

to the chemical composition of LaCo0.72Rh0.31O4.40, which is
very close to the intended composition of the LaCo0.7Rh0.3O3

catalyst. Moreover, Table S1 shows that the mole ratios of La,

Co, Rh, and O obtained from EDX element composition anal-
ysis are in good agreement for the LaCo1-xRhxO3 catalysts
with x = 0.1, 0.2, 0.3 and 0.7. From the EDX composition
mapping and elemental analysis, we can conclude that La,

Co, Rh, and O elements are homogeneously distributed
throughout the LaCo1-xRhxO3 catalysts and their composition
mole ratios match the intended stoichiometric compositions of

the catalysts.
The effect of partial replacement of cobalt by rhodium on

the surface functionality and oxygen vacancies of the LaCo1-
xRhxO3 catalysts was examined by XPS. The wide survey
and the narrow scan XPS spectra of the LaCo0.9Rh0.1O3,
LaCo0.7Rh0.3O3, and LaCo0.3Rh0.7O3 catalysts are shown in

Fig. 4. The comparative XPS wide spectra of the LaCo1-
xRhxO3 catalysts with x = 0.1, 0.3, and 0.7, as illustrated in
Fig. 4a reveal the presence of La 3d, Co 2p, Rh 3d, and O
1s peaks. Moreover, a C 1s peak due to carbon surface con-

tamination is regularly present. Fig. 4(b–d) shows the O 1s
deconvoluted core spectra of LaCo0.9Rh0.1O3, LaCo0.7Rh0.3O3,

and LaCo0.3Rh0.7O3 catalysts, whereas Table 2 tabulates the

binding energies (BE) of O 1s deconvoluted peaks and oxygen
vacancy ratios for the LaCo1-xRhxO3 catalysts with x = 0.1,
0.3 and 0.7. In the asymmetrical O 1s, the core-level spectrum

of the LaCo0.9Rh0.1O3 catalyst (Fig. 4b) can be deconvoluted
and assigned into two peaks of lattice O2� anion (1st peak)
and O1�/Ochem (2nd peak), presumably because the quantity

of chemisorbed oxygen species is too little. However, the asym-
metrical O1s core-level spectra in Fig. 4c–d disclose the exis-
tence of a peak (3rd peak) at lower BE that can be assigned
to the lattice oxygen of O2� anion of, while the peak in the

middle is related to the surface O1� ions (2nd peak), and the
peak 3 in at higher energy is related to the oxygen surface che-
misorbed species (Ochem) (Dupin et al., 2000; Lemoine et al.,

2019).
From the data in Table 2 and with an increasing ratio of

rhodium, the overall peak BE of the LaCo0.7Rh0.3O3 catalyst

is shifted to lower BE compared to LaCo0.9Rh0.1O3, which
indicates weaker CoAO bonding because the withdrawal of
the electron density away from the Co–atom, consequently
enhancing the reactivity of lattice oxygen (O2�) and decreasing

the energy required for O2� activation.32,33 Besides, the O 1s
deconvoluted peak area ratios of [O1�/O2�] as well as [(O1�

+ Ochem)/O2�]/O2�] were much higher in the LaCo0.7Rh0.3O3

catalyst (6.66, 8.17) than for the LaCo0.3Rh0.7O3 (4.62, 3.25)
and the LaCo0.9Rh0.1O3 (6.66, 8.17) catalysts.

Finally, the doping of Rh ions into LaCo1-xRhxO3 at

x = 0.3 enriched the O1� and Ochem site concentration, which
is directly associated with the surface oxygen vacancies and
defects (Dupin et al., 2000; Lemoine et al., 2019). It has been

widely reported that creating more oxygen vacancy concentra-
tion within the perovskite structure via doping/modifying the
B site significantly enhances the catalytic activity by increasing
the Co 3d/O 2p bands overlapping, BAO bond covalency, and



Fig. 2 Morphological SEM characterization of LaCo1-xRhxO3 catalysts prepared with different Rh content of (a) x = 0.1, (b) x = 0.2,

(c) x = 0.3 and (d) x = 0.4.

Fig. 3 EDX elemental maps and composition analysis of LaCo0.7Rh0.3O3 sample, (a) SEM image, (b) La, (c) Co, (d) Rh, (e) O, and (f)

EDX histogram of La, Co, Rh, and O elements.

Role of rhodium doping into lanthanum cobalt oxide 5



Table 1 EDX elemental analysis of the as-prepared LaCo1-xRhxO3 catalysts.

Catalyst intended composition La wt. % (mole ratio) Co wt. % (mole ratio) Rh wt. % (mole ratio) O wt. % (mole ratio)

LaCo0.9Rh0.1O3 50.06 (1.0) 20.17 (0.93) 4.07 (0.10) 25.17 (4.32)

LaCo0.8Rh0.2O3 51.34 (1.0) 17.35 (0.79) 8.14 (0.21) 23.17 (3.92)

LaCo0.7Rh0.3O3 49.01 (1.0) 14.17 (0.72) 11.23 (0.31) 24.86 (4.40)

LaCo0.3Rh0.7O3 50.36 (1.0) 6.49 (0.3) 22.23 (0.685) 20.93 (3.55)

Fig. 4 Surface and chemical composition of LaCo1-xRhxO3 catalysts. (a) Comparative XPS survey spectra of LaCo1-xRhxO3 catalysts at

x = 0.1, 0.3, and 0.7 and the core-level of O 1s spectra of (b) LaCo0.9Rh0.1O3, (c) LaCo0.7Rh0.3O3, and (d) LaCo0.3Rh0.7O3 catalysts.

6 M.A. Ghanem et al.



Table 2 XPS spectra analysis of the deconvoluted O 1s peaks of LaCo1-xRhxO3 catalysts.

Catalyst Peak BE (O2�)/
eV

Peak 1 area

%

Peak 2 (O1�)/
eV

Peak area

%

Peak 3 (Ochem)/

eV

Peak 3 area

%

[O1�/
O2�]

[O1�+ Ochem/

O2�]

LaCo0.9Rh0.1O3 528.96 17.78 531.70 82.22 – – 4.62 3.25

LaCo0.7Rh0.3O3 528.4 10.9 530.64 72.60 533.13 16.45 6.66 8.17

LaCo0.3Rh0.7O3 529.0 23.50 531.42 71.91 535.98 4.58 3.06 3.25

Fig. 5 (a) linear sweep voltammetry (LSV) within the potential range of the OER at 5 mV/s and in 1.0 M KOH of the Rh substitution

LaCo1-xRhxO3 catalysts (x = 0.1, 0.15, 0.2, 0.3, 0.4, 0.6, 0.7) loaded carbon paper substrate, (b) magnification of the LSV (a) showing the

OER onset potential and the overpotential at 10 mA/cm2, (c) the plot of Rh content (x values) and the onset potential (extracted at

1.0 mA/cm2) and the overpotential required to achieve a current density of 10 mA/cm2 of the LaCo1-xRhxO3 catalysts, (d) Tafel plots

obtained by fitting the LSV data to the Tafel equation of the Rh substitution LaCo1-xRhxO3 catalysts.

Role of rhodium doping into lanthanum cobalt oxide 7
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rate of lattice oxygen diffusion which contributes to the surface
(Pan et al., 2020; Sun et al., 2021). In addition, the deconvo-
luted XPS core spectra of rhodium (Rh 3d) shown in

Fig. S1a revealed the presence of Rh 3d5/2 and Rh 3d3/2 levels
peaks located at binding energies of 306.26 and 310.24 eV,
respectively. Fig. S1b shows the deconvoluted core XPS spec-

tra of the Co 2p zone which compromised multi-peaks that
related to the Co 2p3/2 and Co 2p1/2 levels and extended over
the 740 to 800 eV binding energy values. The XPS spectra of

Co 2p are complex presumably due to the presence of satellite
peaks and different cobalt oxidation states (Co2+ and Co3+)
that coordinate to a different number of oxygen atoms.

3.2. Electrochemical performance of LaCo1-xRhxO3 catalysts
towards the OER

To investigate the role of Rh doping and generated oxygen

vacancies on the electrochemical activity of the LaCo1-
xRhxO3 catalysts towards the electrochemical OER, CV sur-
veys were performed in an N2-saturated 1.0 M KOH solution

within the OER potential range. Fig. 5a shows the compara-
tive linear sweep voltammograms (LSV) at 50 mV s�1 while
Fig. 5b shows a magnified LSV at a current of 10 mA/cm2

for the LaCo1-xRhxO3 catalysts with different Rh content in
1.0 M KOH solution. Fig. 5c shows a plot of Rh content (x
values) and the onset potential (gonset, extracted at 1.0 mA/
cm2) and the overpotential needed to achieve 10 mA/cm2

(g10 mA/cm
2 ) for the LaCo1-xRhxO3 catalysts while Fig. 5d

shows the corresponding OER Tafel slopes of the studied
LaCo1-xRhxO3 catalysts as obtained from LSV data in

Fig. 5a. Moreover, Table 3 shows the overall characteristic cat-
alyst electrochemical parameters of the onset potential ((gon-

set), the overpotential at the current density of 10 mA/cm2

(g10 mA/cm
2 ), and the Tafel slope of the LaCo1-xRhxO3 catalysts.

The results revealed that the LaCo1-xRhxO3 catalyst electrodes
exhibit the typical electrochemical features of OER of water

electrolysis. Among the studied electrocatalysts, the LaCo0.7-
Rh0.3O3 electrode with x = 0.3 was the most active electrocat-
alyst. Fig. 5c shows an inverted volcanic plot where the OER
onset potential (gonset) and similarly the (g10 mA/cm

2 ) gradually

decrease as the Rh content increases, reaching minimum values
of 1.38 and 1.53 V vs HRE, respectively, at Rhx = 0.3, indicat-
ing the superior intrinsic catalytic activity of the LaCo0.7Rh0.3-
Table 3 The electrochemical catalyst parameters of onset potential

OER for fabricated LaCo1-xRhxO3 catalysts.

Rh ratio (x) OER onset

potential/ V

g OER

@10 mA/c

0.1 1.55 1.67

0.15 1.50 1.67

0.2 1.42 1.57

0.3 1.38 1.53

0.4 1.52 1.64

0.6 1.54 1.66

0.7 1.59 1.70

LaCo0.7Rh0.3O3 (0.1 M KOH) 1.50 1.58

LaCoO3 (microparticles) 1.58 1.70

LaCoO3 (dense, porous, hollow particles) (1.58, 1.54, 1.52) (1.66, 1.61,
O3 catalyst towards the OER. The results in Fig. 5 and Table 2
prove that the OER electrocatalytic activity of the LaCo1-

xRhxO3 electrodes mainly depends on the co-doping level of

Rh atoms and the LaCo0.7Rh0.3O3 electrode (x = 0.3) is the
most active electrode with an oxygen evolution catalyst mass
activity of 290.8 A/cm2 g as measured from the polarization

curves in Fig. 5a, which is much higher than those for the other
studied electrodes (Table 3).

The water oxidation kinetics of the LaCo1-xRhxO3 elec-

trodes were observed by Tafel plots obtained by fitting the
LSV data to the Tafel equation (Tüysüz et al., 2013). Fig. 5d
shows the Tafel slope of the LaCo1-xRhxO3 electrodes during
OER their values are also reported in Table 3.We can note that

as the Rh content increases, the Tafel slope shifts towards
lower values and reach � 116 mV/dec for LaCo0.7Rh0.3O3 elec-
trode which indicates which is indicative of the facile surface

kinetics and enhanced charge-transfer rate for the OER due
to the increased oxygen vacancy content. Moreover, the mass
activities of the LaCo1-xRhxO3 catalysts at 1.8 V vs HRE pre-

sented in Table 3 reveal significant enhancement from 14.50 to
104.20 mA/cm2 g upon the increase of the Rh content (x) from
0.1 to 0.3 respectively. It is worth noting that the OER mass

activity and onset potential achieved by the LaCo0.7Rh0.3O3

electrode are higher than those previously reported
lanthanum-based perovskite catalysts (Shen et al., 2022; Lu
et al., 2019; Dias et al., 2020; Kim et al., 2017).

The charge carrier transfer resistance during the OER for
the Rh-substituted LaCo1-xRhxO3 catalysts was analyzed by
electrochemical impedance spectroscopy (EIS). Fig. 6a shows

typical Nyquist plots for LaCo1-xRhxO3 supported on a CP
electrode in 1.0 M KOH electrolyte at 1.65 V vs HRE. More-
over, the corresponding fitted equivalent circuit is provided in

Fig. 6a (inset) which matches the solution resistance (Rs),
double-layer capacitance (Q1), and charge-transfer resistance
(R1). Notably, the results in Fig. 6a revealed the radii of the

arc in the impedance plots of LaCo0.7Rh0.3O3 are lower than
those of the other electrodes with different Rh contents. Fur-
thermore, the result indicates that the LaCo0.7Rh0.3O3 elec-
trode exhibits faster charge-transfer kinetics and highly

effective electrocatalyst for OER. Table 4 reports the impe-
dance parameters of the fitted equivalent circuit and LaCo0.7-
Rh0.3O3 shows the lowest R1 value of 12.32 O, signifying lower

resistance for charge-transfer and, thereby, fast electrode
, overpotential at 10 mA/cm�2, Tafel slope, and mass activity of

m2
OER Tafel slope

mV/dec

Mass activity

@1.6 V (A/cm2 g)

Ref.

170 14.50 This work

125 25.55 This work

118 52.30 This work

116 104.20 This work

85 17.60 This work

83 14.53 This work

126 5.60 This work

150 33.50 This work

92 �35.0 (Shen et al., 2022)

1.58) (76, 74, 72) (�10.0, �37.5,

�67.5)

(Kim et al., 2017)



Fig. 6 (a) EIS Nyquist diagram and equivalent circuit of the LaCo1-xRhxO3 catalysts in 1.0 M KOH electrolyte measured at 1.65 V vs

HREand within the frequency region of 0.01 to 105 Hz with a 20 mV amplitude. The insets are the fitted equivalent circuit (b) EIS Nyquist

plots and equivalent circuit for the LaCo0.7Rh0.3O3 at the different applied potential within the frequency region of 0.01 to 105 Hz and a

20 mV amplitude in 1.0 M KOH. The solid lines are the fitted curves, and the symbols represent the experimental data.

Table 4 Impedance parameters were obtained from the fitting

of the equivalent circuit for LaCo1-xRhxO3 catalysts recorded in

1.0 M KOH solution at 1.65 V vs HRE.

Catalysts Rs(ohm) Q1 mF.s(a�1) R1 (ohm)

LaCo0.9Rh0.1O3 3.93 8.21 83.10

LaCo0.85Rh0.15O3 3.36 9.28 66.38

LaCo0.8Rh0.2O3 4.48 6.08 61.50

LaCo0.7Rh0.3O3 3.58 2.34 12.32

LaCo0.6Rh0.4O3 3.93 6.02 34.96

LaCo0.3Rh0.7O3 3.42 1.26 56.34

Table 5 Impedance parameter values resulting from the

equivalent circuit fitting for the spectra of LaCo0.3Rh0.7O3

catalyst at different applied biases in 1.0 M KOH solution.

Potential (V vs HRE) Rs(ohm) Q1 mF.s(a�1) R1 (ohm)

1.50 3.51 2.45 105.7

1.55 3.57 2.40 51.65

1.60 3.54 4.56 23.70

1.65 3.58 2.34 12.32
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kinetics, agreeing with its superior intrinsic activity toward
OER.

In addition, the resistance for charge transfer of the most
active catalyst LaCo0.7Rh0.3O3 was examined at different
applied voltages by EIS analysis. Typically, Fig. 6b shows
the Nyquist plots acquired for the LaCo0.7Rh0.3O3 catalyst

at 20 mV amplitude and from 0.01 to 105 Hz frequency range.
The radii of the arc for the LaCo0.7Rh0.3O3 electrode decrease
with increasing applied potential from 1.50 to 1.65, demon-

strating that the resistance for the charge transfer of the
LaCo0.7Rh0.3O3 catalyst decreases with increasing applied
potential, showing superior OER features.

Moreover, Table 5 tabulates the EIS parameters of solution
resistance (Rs), double-layer capacitance (Q1), and charge-
transfer resistance (R1) resulting from the equivalent fitted cir-

cuit (Fig. 6a inset) at various applied potentials of the LaCo0.3-
Rh0.7O3 electrode. The results indicated that R1 considerably
declined from 105.7 to 12.32 O by increasing the applied
potential from 1.51 to 1.64 V, approving the enrichment of
the charge transfer and faster OER kinetics at the LaCo0.7-

Rh0.3O3 catalyst.
The electrocatalytic features of the LaCo0.7Rh0.3O3 elec-

trode during the OER in 1.0 M KOH were further improved

by studying the electrolyte concentration, catalyst loading
effect, and long-term durability at a predefined current density
or constant potential. Fig. S2a (Supporting Information) dis-
plays the LSV at 50 mV s�1 for LaCo0.3Rh0.7O3/CP electrodes

with different catalyst loadings. Moreover, Fig. S2b shows the
plot of the relationship of catalyst loading against the potential
at 10 mA/cm2 (black line) in addition to the current density

attained at 1.8 V vs HRE (red line) for the OER. Apparently,
LaCo0.3Rh0.7O3 loading of around 0.3 mg/cm2 was found to
give superior OER activity (Fig. S2b) where the minimum

potential at 10 mA/cm2 and the highest current density at
1.8 V vs RHE were achieved. Further, Fig. S2c elucidates
the LSV profiles at 50 mV/s of 0.3 mg/cm2 LaCo0.7Rh0.3O3

catalyst upon increasing KOH concentration (0.1 – 5.0 M),
which revealed a decrease in the onset potential as well as an
enhancement of the OER current density at more positive
potential. This behavior could be attributed to the Nernst
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effect and OH� ion concentration increment at the catalyst–
electrolyte interface respectively which signifies the OER
enhancement at LaCo0.3Rh0.7O3 in concentrated alkaline

media.
The results in Fig. 7 display the long-term chronoamperom-

etry (current–time) and chronopotentiometry (potential-time)

profiles at a predefined applied voltage and current density
through the continued OER using the LaCo0.7Rh0.3O3 elec-
trode in 1.0 M KOH solution. The LaCo0.7Rh0.3O3 electrode

shows long-term electrochemical durability with a reasonably
stable current and potential during the electrochemical water
oxidation process (Fig. 7a). Furthermore, the capability of
the LaCo0.3Rh0.7O3 electrode to operate at different current

densities was investigated (Fig. 7b). The electrodes exhibited
a potential of 1.54 V vs RHE to attain a current density of
10 mA/cm2 required for 10 % solar to hydrogen production

efficiency, outperforming the benchmarked catalysts prepared
by other approaches.

3.3. Electrochemical performance of the LaCo1-xRhxO3

catalysts for the ORR

The ORR electrocatalytic features of the LaCo1-xRhxO3 cata-

lysts were determined via CV in a 1.0 M KOH solution. Fig. 8a
shows the CV for the LaCo0.7Rh0.3O3 (0.3 mg/cm2) catalyst
examined in N2– and O2-saturated 1.0 M KOH solutions using
a glassy carbon electrode (GC, 3.0 mm diameter). As shown in

Fig. 8a, the CV curves display a characteristic ORR peak in
the O2-saturated medium, which completely vanishes in the
N2-saturated KOH solution. Besides, the onset potential of

oxygen reduction is at 0.76 V vs HRE, and a peak current of
�0.2 mA/cm2 was obtained, which proves the enhancement
of ORR at LaCo0.7Rh0.3O3 catalyst in alkaline solution. In

addition, Fig. 8b presents comparative LSV curves for ORR
activity acquired using a CP electrode loaded with the LaCo1-

xRhxO3 catalysts with different Rh contents in a 1.0 M KOH
Fig. 7 Electrochemical durability tests of the LaCo0.7Rh0.3O3 ca

Chronoamperometric response at different applied voltage steps, and

applied current density during continued oxygen evolution reaction.
solution. In addition, Fig. 8d and Table 6 summarize the over-
all characteristic catalyst electrochemical parameters of the
ORR onset potential, the overpotential at a current density

of 10 mA/cm2, Tafel slope, and DE (the potential gap between
the OER and ORR onset potentials) of the LaCo1-xRhxO3 cat-
alysts. The results show that the LaCo0.7Rh0.3O3 electrode

with x = 0.3 is the most effective electrocatalyst for the
ORR. The onset potential of ORR, as well as the potential
at 10 mA/cm2 ((10 mA/cm2), have shifted to more positive val-

ues of 0.73 and 0.64 V vs HRE, respectively, at Rh (x) = 0.3,
indicating the superior catalytic activity of the LaCo0.7Rh0.3O3

catalyst towards the ORR. Moreover, the OER/ORR overpo-
tential gap (DE) of the LaCo0.7Rh0.3O3 catalyst is about

0.65 V, which is considerably lower than that of the other
investigated Rh-doped LaCo1-xRhxO3 catalysts. as well as that
of the reference analog hybrids.

To verify the ORR catalytic pathways for the LaCo0.7-
Rh0.3O3 catalyst, we adopted an RRDE technique to screen
the formation of hydrogen peroxide species (H2O2) during

the ORR process. Fig. 9a displays the cathodic LSV plots
logged at 2000 rpm in O2-saturated electrolyte at LaCo0.7-
Rh0.3O3 catalyst using the disk (lower part) and ring electrodes

(upper part). For both the disk and ring electrodes, the ORR
onset potentials commence at 0.7 V vs HRE, and the wave
of 0.2 and 0.025 mA cm�2 is achieved at 0.54 V vs HRE,
revealing the oxygen reduction at disc LaCo0.7Rh0.3O3 and

peroxide species oxidation at platinum ring electrodes
respectively.

Through calculation, Fig. 9b displays the average electron

transfer number (n) for the LaCo0.7Rh0.3O3 electrode in the
potential range from 0.7 to 0.2 V HRE, which was 3.9, indicat-
ing that the ORR involves a four-electron pathway for the

LaCo0.7Rh0.3O3 electrode. Moreover, the H2O2 production
rate calculated from the ring current at the LaCo0.7Rh0.3O3

electrode was around 5–10 % in the potential range of 0.7–

0.2 VRHE (Fig. 9b), which indicates the minimum production
talyst (loading 0.3 mg/cm2) during OER in 1.0 M KOH, (a)

(b) chronopotentiometry response of the catalyst at a different



Fig. 8 (a) cyclic voltammetry curves at a scan rate of 10 mV/s of LaCo0.7Rh0.3O3 catalyst loaded on glassy carbon electrode in 1.0 M

KOH solution saturated with N2 (black line) or oxygen (red line) at a scan rate of 10 mV/s,(b) cathodic-going linear sweep

voltammograms within the ORR potential window at 10 mV/s of LaCo1-xRhxO3 catalysts loaded on carbon paper electrode in 1.0 M

KOH solution, (c) the corresponding Tafel plots obtained by fitting the LSV data to the Tafel equation of the Rh doped LaCo1-xRhxO3

catalysts, (d) plot of the relationship of the Rh content and ORR onset potential and OER/ORR potential gap.
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rate of hydrogen peroxide and confirms that a high selective
4e– ORR process was achieved.

Finally, Fig. 9c and 9d show the long-term stability of the
LaCo0.7Rh0.3O3 electrode towards the ORR as evaluated
through chronoamperometric/chronopotentiometry measure-
ments in O2-saturated 1.0 M KOH solution. The LaCo0.3-
Rh0.7O3 catalyst exhibited stable behavior during the ORR,
with no substantial change of the measured potential or cur-

rent density throughout the measurement for up to 3 h, as
shown in Fig. 9c and 9d. The highest current density of
92 mA/cm2 was achieved for LaCo0.7Rh0.3O3 with 0.30 mg/
cm2 loading at 0.4 V vs HRE.



Table 6 The electrochemical catalyst parameters of onset potential, overpotential at 10 mA/cm�2, Tafel slope, and mass activity of

ORR for fabricated LaCo1-xRhxO3 catalysts.

Rh ratio (x) ORR onset potential/ V g ORR at 10 mA/cm2 ORR Tafel slope mV/dec DE (OER-ORR)/V

0.1 0.65 – 91 0.85

0.15 0.67 0.56 78 0.81

0.2 0.68 0.57 79 0.78

0.3 0.73 0.64 90 0.65

0.4 0.66 0.53 57 0.88

0.6 0.65 0.49 56 0.92

0.7 0.66 – 55 0.93

Fig. 9 (a) Rotating ring-disc electrode (RRDE) polarization curves of LaCo0.7Rh0.3O3 electrode at 2000 rpm in O2 saturated medium

with the ring current (upper region), disc current (lower region), and current corresponding to hydrogen peroxide obtained from the ring

current, (b) the corresponding average electron transfer number (n) and H2O2 production rate as a function of the applied potential,(c)

chronopotentiometry at different applied current densities, and (d) chronoamperometry at the different applied potential for theLaCo0.7-

Rh0.3O3 electrode in 1.0 M KOH electrolyte.
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4. Conclusions

We have validated the fabrication of highly efficient bifunctional OER/

ORR catalysts of rhodium-doped LaCo1-xRhxO3 (LCRO, 0.1 � x � 0.

70) perovskite-based oxides via solid-state reactions. A range of char-

acterization methods revealed the effect of the Rh doping level on the

LaCo1-xRhxO3 surface morphology, oxygen deficiencies, and electro-

catalytic activities of the studied LaCo1-xRhxO3 catalysts towards the

OER and ORR in alkaline solution. It was established that the

LaCo0.7Rh0.3O3 hybrid with x � 0.3 doping is one of the rare and

highly active bifunctional electrocatalysts for OER/ORR. The

LaCo0.7Rh0.3O3 catalysts with x � 0.3 doping revealed exceptional

OER/ORR bifunctional electrocatalytic activities, low onset potentials

(1.38 V OER and 0.73 V ORR), an efficient four-electron ORR path-

way, and a small OER/ORR onset potential gap (DE) of 0.65 V, which

is considerably superior to the reported lanthanum-based perovskite

catalysts. The enhanced electrochemical OER and ORR activities of

the LaCo0.7Rh0.3O3 catalyst over the other Rh doping ratios can be

rationalized due to the lattice expansion, higher oxygen vacancies,

and enhanced BAO bond covalency, which increases the active sites

and the electrical conductivity of the LaCo1-xRhxO3 catalysts.
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