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Development of enhanced electrocatalysts for water splitting can
be a significant step toward green hydrogen generation. In this
work, a remarkable enhancement of electrocatalytic properties is
achieved through incorporation of oxygen-vacancies in a perovskite
oxide, while maintaining the same structural framework. The
oxygen-deficient material La,MnCoOg_s (LaMngsC00503-5) s
isostructural to the parent stoichiometric material, but shows
drastically enhanced electrocatalytic properties for both half-
reactions of water-splitting, namely hydrogen-evolution and
oxygen-evolution reactions, due to the oxygen-vacancies.

A promising method of hydrogen production is the electrochemical
water splitting, which involves two half reactions, oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER). Sluggish
kinetics of these reactions, especially OER, presents a major
challenge and results in considerable overpotential. To address this
problem, precious metal catalysts, such as Pt/C for HER, and IrO, and
RuO, for OER have been traditionally used. However, due to their
high cost and low abundance, there is need for more economical and
earth abundant alternatives. Perovskite oxides,’2 a class of transition
metal oxides, have shown great promise for electrochemical water
splitting.3® The general formula of this class of materials is ABO; (or
A,B,0s when more than one A or B metal is present). The A-site often
contains alkaline-earth or lanthanide cations, and the B-site is usually
occupied by transition metal cations. The A site cations reside in
spaces between BOg octahedral units. The electrocatalytic activities
of these materials can be modified by varying the A and B-site
metals.3® For example, in the perovskite series CaSrFe;,Co;_
Mn,,O¢_s, the transition metal ratios, located at the B-site, have
been varied to find the best OER activity in x = 0.25 phase.? Changes
in the A-site can also affect the electrocatalytic properties, as
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demonstrated for the series Ca,.,Sr,FeMnOg_s (x =0, 1, 2), where the
x = 1 phase shows the best HER and OER activities in the series.®

Another approach for the modification of the electrocatalytic
properties is the incorporation of oxygen-vacancies, which can also
be achieved by metal substitution, as reported for La;_,Sr,FeO;_5.2 In
this compound, gradual substitution of La3* by Sr?* results in an
increase in the concentration of oxygen vacancies, where the x=0.8
phase shows the best OER activity. However, this type of metal
substitution also has an additional effect, that is an increase in the
average oxidation state of iron, which together with oxygen
vacancies, help to resolve the charge imbalance arising from the
substitution of the trivalent La3* by divalent Sr?*.2 As a result, more
than one parameter contribute to the change in electrocatalytic
properties. Therefore, the improvement of the OER activity cannot
be attributed only to oxygen-vacancies. However, it is possible to
create oxygen-vacancies in transition metal oxides, without the need
for metal substitution, where the vacancies are created by controlled
reduction. For example, various methods of the formation of oxygen-
vacancies in titanium oxide-based nanostructures have been
recently studied.’
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Figure 2. Rietveld refinement profiles for powder X-ray diffraction
(PXRD) data of (a) LaMngsCops0; and (b) LaMngsCogs0s.5. (c)
Comparison of PXRD data, indicating the peak shift. (d) Comparison
of the unit cell dimensions a (black) and c (blue).

stoichiometry of LaMngsCogsOs and the creation of oxygen-
vacancies in LaMngsCops0Os5 (6 = 0.1). Detailed experimental
procedures are provided in the supporting information. Rietveld
refinements using X-ray diffraction data confirm that the parent
material has a trigonal R 3c structure, comprising corner-sharing
(Mn/Co)Og octahedra (Figure 1 and Table S1), consistent with
previous reports of its structure.!% 11 The oxygen-deficient analogue
also has the same structure, as confirmed by Rietveld refinements
(Figures 2). The two materials also have similar microstructures and
grain sizes, as evident from scanning electron microscopy (SEM)
images in Figure S1. However, the unit cell of the oxygen-deficient
material is larger than that of the parent non-deficient phase (Figures
2d), as observed from the shift of diffraction peaks toward lower 26,
consistent with the inverse relation of d-spacing with diffraction
angle from Bragg’s law d = n4/2 sinf. The unit cell dimensions and
refined structural parameters are shown in Figure 2d and Table S2.
The larger unit cell indicates the partial reduction of trivalent
transition metals into larger divalent ions, to allow the formation of
oxygen-vacancies. The XPS spectra of Mn 2p and Co 2p for both
materials are shown in Figures 3. The Mn spectrum for
LaMng 5C0q 503 is consistent with Mn3*, with 2ps/, peak at 641.8 eV
and 2p,/; peak at 653.3 eV.124 However, for LaMng 5C0503.5 the Mn
2ps3;; and 2p;; peaks are shifted slightly toward lower binding
energies, and are best described by the presence of both Mn?* and
Mn3+.12 14 The Co spectrum for LaMngsCoo50; (Figure 3b) is
indicative of trivalent cobalt,'>7 consisting of 2ps/, and 2py/, peaks
at 779.9 eV and 795.4 eV, respectively, as well as a satellite peak at
~10 mV higher than the 2p;/, peak. This satellite peak is a signature
of Co3+.16 17 However, for LaMng 5C0g503.5, the 2ps3/, and 2py/, peaks
shift slightly to lower binding energies, and there are two satellite
peaks at ~5 eV and ~10 eV higher than the 2ps/, peak,!® 8 indicating
a mixture of Co?* and Co3*.1>17 The XPS findings are consistent with
iodometric titration and X-ray diffraction results, all confirming the
reduction of transition metals and formation of oxygen vacancies.
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The presence of oxygen vacancies has a significant influence
on electrocatalytic properties. As shown in Figure 4a, the oxygen-
deficient material LaMngsCops0s5 shows enhanced HER
performance in 1 M KOH over the stoichiometric compound,
LaMngsCops03. The HER onset potential for LaMngsCogs05; and
LaMng5Cop505.5, taken at 2 mAcm2, are 387 mV and 322 mV,
respectively. Here the onset potential was chosen at a specific
current density to avoid the variation in onset potential values by
different observers.’® 20 The overpotential required to deliver a
current density 10 mAcm?2, ni, is a common metric for the
comparison of electrocatalytic activities of different catalysts. The ng
value for the oxygen-deficient material, LaMng5C00503.5 (N10 = 413
mV) is abount 66 mV lower than that of the parent material,
LaMngsC0p 503 (N1o = 479 mV). The HER overpotentials of these
catalysts are not as low as those observed for the state-of-the-art
catalyst Pt/C (less than 100 mV)?! or some oxides such as
SrCa,GaMn,05 (N1 = 315 mV).22 However, they are lower than those
of some other oxides, such as Sr,LaCoMnO; (N = 612 mV)?3 and
Ca,LaMn,0; (nie = 595 mV).?* Nevertheless, the important
observation here is the significant decrease in overpotential due to a
small degree of oxygen-vacancies. In addition, as shown in the inset
of Figure 4a, LaMngsCopsOss shows nearly constant
chronopotentiometry response for at least 20 hours, indicating its
stability during HER.

The relative kinetics of HER was studied using Tafel equation,
n=a+blogj, where nis the overpotential and j is the corresponding
current density.?° Tafel slope, b, is the slope of the plot of n vs log j
(Figure 4b), indicating the reaction kinetics, and impacted by the
electron and mass transfer.?> Faster reaction kinetics is represented
by a smaller Tafel slope, signifying the generation of a large current
by a small increase in the potential beyond the onset potential.?® As
shown in Figure 4b, the Tafel slopes for LaMngsCo50; and
LaMng5C0g503.5 are 167 mVdec? and 114 mVdec?, respectively. The
lower Tafel slope of the latter compound indicates faster reaction
kinetics, and is consistent with its higher electrocatalytic
performance. The charge transfer resistance in the HER region is also
found to be smaller for LaMngsCoo503.5, indicating better charge
transfer, as shown in Figure S2a.

The mass activity (MA) was also calculated to assess the
intrinsic properties of the catalysts. The equation?” MA = (jxA)/m,
was used to calculate the mass activity in A/g, where j is the current
density in mAcm2, A is the geometrical surface area of the GC
electrode in cm? and m is the amount of catalyst loaded on the GC
electrode in mg. The mass activities of LaMngysCops03 and
LaMngsCopsO35s are compared in Figure 4c at different
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Figure 3. XPS spectra of (a) Mn 2p and (b) Co 2p, showing LaMng 5Cog 503

data in the top panel and LaMng 5C0q505.5 at the bottom.
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Figure 4. (a) HER polarization curves in 1 M KOH.

Chronopotentiometry data for the best catalyst, LaMng5Cog 5035,
is shown in the inset. (b) Tafel plots and slopes. (c) HER mass
activities at different overpotentials. (d) Plot of log TOF versus
overpotential of HER.

overpotentials, showing greater mass activity for the latter material
at all overpotentials. The turnover frequency (TOF) was calculated
using the equation?®2° TOF = ((jxA)/(xxFxn), where j, A, x, Fand n are
current density (mAcm2), surface area of GC electrode (0.196 cm?),
number of electron transfer to produce one mole of product (2 for
HER and 4 for OER), Faraday constant (96485 A.s.mol!) and number
of moles of active sites (Mn/Co), respectively. The TOF plots of
LaMng 5C0q503 and LaMng sCog 5035 are compared in the HER region
in Figure 4d. The TOF of the latter is consistently higher than that of
the former, consistent with the better HER activity of the oxygen-
deficient material.

These materials are also capable of catalyzing the other half-
reaction of water-splitting, namely OER. The electrocatalytic
activities for OER in 1 M KOH are shown in Figure 5, indicating that
the oxygen-deficient material, LaMng 5C0g503.5 shows superior OER
activity compared to the stoichiometric material, LaMng5Cog503.
The onset potentials for LaMngsC0p 503 and LaMngsCoos03.5 at 2
mAcm2 are 1.62 V and 1.54 V, respectively, indicating that OER
process can start at a lower potential for the oxygen-deficient
material. Importantly, the OER current response at the same
potential increases immensely, by more than one order of
magnitude. The OER overpotential, ny, is defined as the potential
beyond the thermodynamic potential of 1.23 V at 10 mAcm™2. The
overpotential for LaMng;Cog503 is 460 mV, consistent with the
values reported for similar compositions.3% 3! However, the
overpotential is drastically decreased, by about 100 mV, when
oxygen-deficiencies are incorporated in the material, giving n1o = 360
mV for LaMngsCoq503.5. The overpotential of the oxygen-deficient
material is lower than that reported for the precious metal catalyst
RuO; (n10=400 mV),3? and those of some other oxide catalysts, such
as Co30; (n1o = 400 mV)33 and CaSrFeMnOg.s (N1 = 370 mV).% In
addition, as demonstrated by the chronopotentiometry data in the
inset of Figure 5a, LaMngsC0q503.5 shows great stability for at least
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20 hours. This material also has enhanced kinetics, indicated by the
smaller Tafel slope, obtained from the plot of n vs log j in Figure 5b.
The faster reaction kinetics of LaMng 5C0g503.5 is consistent with its
superior OER activity compared to LaMngsCoq503. The former also
has a lower charge transfer resistance, shown by the electrochemical
impedance spectroscopy data in the OER region (Figure S2b),
indicating the enhanced charge transfer.

Mass activities for OER at different overpotentials are shown
in Figure 5c, indicating the drastically greater mass activity of
LaMng sC0g503.5. The latter shows an almost 9-fold higher OER mass
activity compared to LaMngsCog 503, at an overpotential of 400 mV.
In addition, the OER turnover frequency (TOF) is consistently higher,
by nearly one order of magnitude, for the oxygen-deficient material
at all overpotentials, as shown in Figure 5d. The structural stabilities
of both materials under the electrochemical conditions are shown by
the X-ray diffraction data before and after HER and OER (Figure S3).
The diffraction patterns remain nearly unchanged after
electrocatalytic experiments, indicating that these materials retain
their structural integrity, further confirming their stability. The
double layer capacitance, Cy|, values were also compared for the two
materials. The importance of Cy is that it is directly proportional to
the electrochemically active surface area.® The Cy values were
obtained using the equation Cy = javerage/V, Where javerage is the
average of the absolute values of jinodic and jeathodic from cyclic
voltammetry data in the non-faradic region and v is the scan rate.
The slope of the plot of jayerage VS V is equivalent to Cy. Using the non-
faradic cyclic voltammetry data in Figures S4a and b, the jayerage Values
are obtained at the middle potential of 0.925 V, and are plotted
against their corresponding scan rates (Figures S4c). As observed
from the slope of this plot, the Cy for the oxygen-deficient material
LaMng sCop 5035 is considerably greater than that of LaMng5Cog 50s.

The findings described above indicate that drastic
enhancement of electrocatalytic properties can be achieved through
incorporation of oxygen-vacancies into an oxide catalyst. This can be
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Figure 5. (a) curves in 1 M KOH.
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due to the increase in the adsorption energy of the oxygen-
containing intermediates such as H,0.3* The oxygen-vacancies result
in a decrease in the coordination number of active metal sites, which
can make it easier for the incoming reaction intermediates to adsorb
on the active sites, leading to an improved electrocatalytic
performance. 337 The lower charge transfer resistance of
LaMng5C0p 5035, observed from the electrochemical impedance
spectroscopy in both HER and OER conditions, indicates an
improvement in electron transfer due to the presence of oxygen-
vacancies. Indeed, this is consistent with theoretical studies that
suggest delocalization of the electrons neighboring oxygen-
vacancies, which facilitates the electron transport from the reaction
interface to the electrodes.® 3740 Thus, oxygen-deficiency can
increase both the number of active sites and their reactivity.3*

Overall, the findings of this study represent an unequivocal
example of the impact of oxygen-vacancies, and the ability to
enhance the electrocatalytic activity of perovskite oxide catalysts
through oxygen-deficiency. The structural framework of the
perovskite oxide can be retained while oxygen-vacancies are
incorporated into the material, as confirmed by X-ray diffraction,
iodometric titrations, and X-ray photoelectron spectroscopy. The
presence of oxygen-vacancies results in a remarkable enhancement
of electrocatalytic properties for both half-reactions of water-
splitting, HER and OER. The drastic decrease in overpotential, by 66
mV for HER and 100 mV for OER, the enhanced reaction kinetics, the
significantly superior mass activity and turnover frequency (TOF), by
nearly one order of magnitude, highlight the impact of oxygen-
vacancies and the effectiveness of this strategy in designing highly
active electrocatalysts.
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