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5.1 Introduction

Electrochemical water splitting is considered the most promising and highly efficient method
to produce highly pure hydrogen (a green fuel) on a large scale with zero emissions [1-4].
However, as the paramount half-reaction of water splitting, the oxygen evolution reaction
(OER) plays a critical role in the production of hydrogen. The major obstacle for OER is the
sluggish reaction kinetics and high overpotentials due to its complex four-electron-transfer
process, 40H™ — 2H,0 + 4e~ + 0,, making it energetically inefficient in all these
technologies [5-7]. To date, precious-metal-based oxides (IrO; and RuQ.) are thought to be the
most active OER catalysts with the lowest overpotentials, but they are not appropriate for large-
scale application due to their high cost, scarcity, and poor stability [8, 9]. Therefore, the key
interest is the development of highly efficient non-precious transition metal-based OER
electrocatalysts [10]. The redox behavior of transition-metal oxides due to their variable
oxidation states that are readily involved in redox reactions with adsorbed molecules are
identified as active centers for the OER. Tuning the redox potential of metal complexes and
metal (hydr-) joxides can lead to greater OER activity, which can be attributed to optimized
binding of the reaction intermediates on the surface in rate-limiting steps [11].

Recently, layered hexagonal LiMO> (M = Ni, Co, Mn, Fe, Cr) and its analogous have drawn
great attention as potential OER catalysts due to the interplay of layered crystal structure and
mixing of O(2p) band in M(3d) levels via the tuning of the oxidation state of transition metal
ions by manipulating the Li-content in the structure [12-18]. In a previous report, Lu ef al.

stated that the electrochemical de-lithiation of HT-LiCoO: (high-temperature phase) to
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Lio5C00; in a non-aqueous electrolyte, resulted in high OER mass activity [14]. Similarly, the
chemical de-lithiation of LT-LiCoO; (low-temperature phase) with NO2BF4 to LT-Lio5C00O-
led to significant bifunctional catalytic activity (in terms of OER and ORR) by pinning of the
Co*"#":3d energy with the top of the O>: 2p band [15]. In the last few years, a series of layered
LiNi1.M:O2 (M = Mn, Fe, Co, Al) has been identified as a potential OER electrocatalyst [16-
18]. A previous study has shown that doping of Al in LiNiO; can significantly enhance the
OER activity of LiNiO2 by tunning the Ni**/** redox energy in the lattice [17]. Zhu et al.
reported that the catalytic activity of Li,Nii.Fe.O2 can be tuned with different Fe doping
amounts and Li content in the composition [18]. Very recently, Cr-based materials have
attracted significant attention due to their multi-electron transfer reaction during
electrochemical cycling to develop electrodes for Li-ion batteries. For example,
Li; 2Cro4Mng 40, cathode material shows a redox interaction between octahedral Cr*" and
tetrahedral Cr®" during electrochemical cycling, exhibiting a discharge capacity of ~150 mAh
gl and indicating a possibility of three-electron transfer [19-20].

In our previous report, we found that the presence of Cr®" ions at Li interstitial sites creates a
dumbbell defect in the layered Li,Cri.Fe:O2 (y < 1, 0 < x <0.2) with different Fe doping that
facilitates the formation of Cr-O-OH in alkaline media, and thereby enhancing the OER activity

of the catalyst [21]. Similarly, smaller AI**

ion can also be substituted in the layered LiCrO-
structure, both at Cr-ion site as well as Li-ion interstitial site, creating dumbbell defects in the
lattice. Due to the inductive effect through the formation of highly covalent Al-O bond, the
ionicity of the counterpart Cr-O and Li-O bonds in the layered structure can be enhanced that
can result in high mobility of Li*-ion in the lattice as well as lead to superior mixing of Cr(3d)
and O(2p) level ensuing superior OER activity of the Al-doped catalyst. In layered LiMO>

materials, Al is known to stabilize the structure of the cathode material via strong Al-O covalent

bonding due to a significant Al(s)-O(p) overlap, as well as significant charge transfer
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capabilities of Al [22]. Herein, we report a systematic investigation of OER activity of layered
Li1xCri<ALO2 (x =0, 0.17, 0.20, 0.25, 0.33), synthesized via conventional solid-state method.
Consolidating Rietveld refinement (XRD) and XPS data, it was found that the substitution of
larger chromium ions with more polarizing and smaller AI** ions can significantly increase the
effective charge on Cr ions or enhance the ionicity of Cr-O bond that would lead to lower the
electron energy associated with the antibonding states of metal-ligand (e.g., oxygen) and shift
the redox potential positively. This is accompanied by the shifting of electron density from
parent metal to ligand through inductive effect of more polarizing A’ ions in the lattice.
Positive shifting of the redox potential results in the greater overlap between Cr(3d) and O(2p)
orbital leads to higher catalytic activity [11]. In our findings, we believe that the anisotropic
behavior of layered lattice coupled with the tuning of ionicity of M-O bonding in layered oxides

can be used as an activity descriptor in developing superior OER catalysts.

5.2 Experimental section

5.2.1 Materials synthesis

The solid solution of Li;..Cri-ALO2 (x =0, 0.17, 0.20, 0.25, 0.33) was synthesized by using a
conventional solid-state ceramic synthesis method. Stoichiometric amounts of Li2CO3 (Sigma
Aldrich, > 99 %), Cr203 (Sigma Aldrich, > 98 %), and Al,O3 (Sigma Aldrich, > 98 %) were
ground for half an hour in an agate-mortar pestle and first fired at 550 °C for 6 h. The
intermediate mixture was further reground and then calcined at 800 °C for 30 h in an oxygen
atmosphere. The samples were denoted as LCAO-0, LCAO-17, LCAO-20, LCAO-25, and
LCAO-33 for LiCrOz, Liog3Cros3Alo.1702, LiogoCrogoAlo2002, Lio.75Cr0.75Al0.2502,
Lio.67Cro.67Al0.3302 respectively. For electrochemical activity comparisons, samples of a-MnO>
[23], Bao.5sSr05Co00.8Fe0203.5 (BSCF) [24], and LaNiOs [25], were synthesized by following
procedures described elsewhere; and a commercial RuO» (99 %) was obtained from Sigma-

Aldrich and used as received.
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5.3 Results and Discussion

5.3.1 XRD studies and Rietveld refinement

Figure 5.1 displays the XRD pattern of LCAO samples (Lii»CriALO2; x=0,0.17,0.20, 0.25,
0.33) synthesized by solid-state reaction. As can be seen in Figure 5.1, all the samples have a
characteristic hexagonal o-NaFeO,-type structure with the R-3m space group, and all
diffraction lines are well-indexed with the standard rhombohedral phase of LiCrO> (JCPDS
No. 00-024-0600). The good separations of the (006)/(012) and the (108)/(110) pairs of
diffraction lines indicate the well-ordered layered structure for all the samples [26]. Small
additional peaks corresponding to the LiAlsOg were observed for LCAO-33, indicating that up

to 25 % Al substitution does not affect the bulk structure of LiCrOs.
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Figure 5.1 XRD pattern of different solid state synthesized LCAO samples.

In addition, the intensity ratios of (003) and (104) peaks, I(003)/I(104), that serve as the indicator
of the degree of cation intermixing in the lattice structure [27], have been increased upon

substitution of Al in LiCrOz. A higher value of I(003)/I(104) means lower mixing of cations. The
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calculated I003)/I(104) values are 1.29, 1.63, 1.65, 1.69, and 1.70 for LCAO-0, LCAO-17, LCAO-
20, LCAO-25, and LCAO-33, respectively. This clearly indicates that Al substitution results in
a good ordering of lithium and chromium/aluminium ions in the layered structure. Further, in
order to illustrate the effects of Al substitution more efficiently, the Rietveld refinement of XRD

patterns was performed using FULLPROF suite software, (see Figure 5.2).
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Figure 5.2 Rietveld refined powder XRD patterns of LCAO samples.

In the first step, the structures were refined by taking Pseudo-Voigt as peak profile function and
R-3m space group (assuming perfectly ordered a-NaFeO, type structure) in which Cr**/AI**
ions occupy the 3a site (0, 0, 0), Li* ions in the 35 site (0, 0, 1/2), and O ions in the 6¢ site (0,
0, Zox), (Zox = 0.24—0.25). Therefore, the site occupancies were fixed, while the isotropic
thermal parameters (B) were allowed to vary in the refinement process. The calculations led to
negative values of the lithium isotropic thermal parameters, B(Li), showing an excess of

electronic density in the lithium site due to the presence of chromium or aluminium ions in the
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interslab space [28]. The refinement results along with their reliability factors (Rprge, Ry and

2°) were listed in Table 5.1.

Table 5.1 Structural parameters obtained from Rietveld refinement of LiiCriALO2 (x = 0,

0.17, 0.20, 0.25, 0.33) synthesized by solid state reaction method.

Samples LCAO-0 LCAO-17 | LCAO-20 | LCAO-25 | LCAO-33
anex (A) 2.9005(2) 2.8968(4) 2.8966(4) 2.8951(5) 2.8941(5)
Chex (A) 14.4308(4) | 14.4224(2) | 14.4201(2) | 14.4171(2) | 14.4048(7)
Chex/@nex 4.975 4.978 4.978 4.979 4.977
Vhex (A%) 105.14 104.64 104.79 104.78 104.49
Zox 0.2449(6) 0.2427(5) 0.2421(2) 0.2413(4) 0.2418(7)
Sccroz) (A)? 2.55(2) 2.61(1) 2.63(1) 2.65(1) 2.64(2)
ILioz) (A)P 2.26(2) 2.20(1) 2.18(1) 2.15(1) 2.16(2)
B(Li) A2 -0.31(2) -0.47(2) -0.92(2) -1.20(1) -1.09(3)
2 2.03 2.09 2.11 2.16 2.13
Rup 22.5 13.6 14.3 17.8 21.1
RBragg 5.5 3.2 3.1 5.6 6.7
Note:

2 Slab thickness: Sa02) =2 [(1/3 -Zox)] Chex.

b Interslab space thickness: I(zio2) = (Chex./3) - Smo2)

According to the refinement results, the hexagonal lattice parameters (anex. and cnex.) decreased
linearly with increasing Al concentration in the solid solution. This lattice variation can be
explained by using the crystal lattice of a-LiAlOz (a =2.800 A, ¢ = 14.22 A, R-3m [29]) which
shows a smaller anex. and cnex. values than those of LiCrO;. The linear change in lattice
parameters by varying the Al concentration in the solid solution is in accordance with Vegard’s
law [30, 31]. Concerning with anex. parameter (reflecting the M-M bond length), the idea of the
shrinkage is considerably due to the larger chromium ions (Cr** = 0.615 A) is replaced with
more polarizing and smaller aluminium ions (AI** = 0.535 A) [32]. The chex. lattice parameter

is related to the interlayer distance of LiO; (interslab space thickness, /zi0,)) and CrO: (slab
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thickness, Sicr0,) layers [28]. As the chex. parameter decreases, the slab thickness (CrO» layer)
increases and the interslab space thickness (LiO> layer) decreases with increasing the Al
concentration in the solid solution due to the formation of strongly covalent Al-O bond. The
bonding between the Cr and Al at Li sites and O in the CrO; layers shortens the interlayer
distance, and the electrostatic attraction between them decreases the total energy of the system.
Thus, the Al/Cr antisites finally stabilize the system in Li-deficient sites [33]. Figure 5.3
represents the crystal structure of Lii«CrixAliO2, which shows a layered rhombohedral
structure containing Li-vacancies with the partial mixing of Cr/Al in the Li-layer. The doping
of Al can substantially induce the Cr®" ions to be partially occupied at the Li interstitial site
creating a dumbbell defect in the hexagonal lattice of Lii«Cri»Al:O2 and thereby stabilizing

the layered structure of the system with partial Li-deficiency and cation mixing.

Ordered (R-3m) structure Li-vacant state Partial cation mixed phase

> Li-vacancy ~

Cr in Li layer

Figure 5.3 Schematic illustration of structural transformation in layered Li;.xCri—AlOx.

5.3.2 XPS and ICP analysis:

X-ray photoelectron spectroscopy (XPS) was performed to investigate the electronic structure
and valence state of the elements (L1i, Cr, Al, and O) present in the material. The high-resolution
core level spectra of Cr 2p is fitted with two doublet binding energy Cr 2p1» and Cr 2p3p, as

shown in Figure 5.4(a, b) of LCAO-0 and LCAO-25. The de-convoluted peaks exhibit two
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chemical states of Cr, (i.e., Cr’** and Cr®"). The 2p3,2 and 2p1/2 peaks found at ~575.8 and ~585.7
eV were assigned to Cr**, and the 2p3,2 and 2p1,2 peaks found at ~577.7 and ~587.4 eV were
assigned to Cr®* [34, 35] of LCAO-25. The observed ratio between the fractional composition
of Cr** to Cr®" in LCAO-0is 0.89: 0.11, and in LCAO-25 is 0.72: 0.28. Further, Cr (2p312) peak
shifted around 0.5 eV from 575.3 to 575.8 eV in LCAO-25 from LCAO-0 (no Al-doped

sample). This confirms that AI**

substitution in the lattice increases the ionicity of the Cr-O
bond in general as well as resulting high concentration of Cr®" ions in the lattice. The more
polarizing and smaller AI*" ions can significantly increase the effective charge on Crions which
would lead to an increase in the ionicity of the Cr-O bond due to the high covalency of the Al-
O bond through inductive effect (supported by the refinement results). The Al(2p) core level
spectrum (Figure 5.4¢) consists of a peak at about 74.5 eV is close to the binding energy of
AP" in LiAlO; [36]. In addition, a shakeup peak located at about 79.2 eV is also present due to
defects present in the lattice [37, 38]. The deconvoluted Li (1s) spectra, shown in Figure 5.4(d,
e), are fitted with two peaks located at ~54.3 and ~55.6 eV that confirm the existence of lithium
in two different cation environments (i.e., the octahedral Cr** polyhedra and the interstitial Cr®"
tetrahedra, respectively) in the lattice. Further, the Li 1s peak shifted to a higher binding energy
(~0.25 eV) in LCAO-25, confirming the higher ionicity of the Li—O bond in the lattice. The
O(1s) spectra are also fitted with two peaks located at ~529.46 and ~531.27 eV that
corroborates the existence of lattice oxygen (0% and “non-stoichiometric” surface oxygen or
hydroxide (OH"), respectively, see Figure 5.4(e, f) [39].

The relative surface concentrations of Li, Cr, and Al in LCAO-0 and LCAO-25 were calculated
by using the formula [40].

Ipn/AmomDuy (5.1)

Relative concentration, Cy, = SUn/AmomDa)
M/ *MOMUM

where Im is the integrated intensity of the core levels (M = Cr 2p, Al 2p, and Li 1s), Am is the

mean escape depths of the respective photoelectrons, om is the photoionization cross-section,
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and D is the geometric factor. The photoionization cross-section values were taken from
Scofield’s data [41] and the mean escape depths were taken from Penn’s data [42]. The

geometric factor was taken as 1 because the maximum intensity in this spectrometer is obtained

at 90°.
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Figure 5.4 Core level XPS spectra of (a, b) Cr 2p, (¢) Al 2p, (d, e) Li Is and (f, g) O 1s.

The surface concentrations of Li: Cr: Al were found in the ratio of 0.75: 0.75: 0.25 in
Lio.75Cro.75Al0.2502, and the Li: Cr ratio was found to be 0.67: 1 in LiCrO». Further, the relative
concentration of Cr, Al, and Li in the samples was also examined by the ICP analysis using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), (make: Agilent 7800 ICP-MS

mainframe). The nominal (desired) and actual composition (obtained from the ICP-MS
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analysis) of all synthesized Li;«Cri.« AL:O2 (x =0, 0.17, 0.20, 0.25, 0.33) catalysts are listed
in Table 5.2. The observed value from the XPS study matches very well with the elemental
ratios obtained from the ICP-MS study. Thus, the formula of the compound along with their
electronic structure can be represented as Lig ¢7CrissCrét, 0, and
Lig75(CT32,Cré3e) 0754y 250, or Lig,5Crgt,Cré3  Aly,50,, showing high polarization or

ionicity of Cr-O bond after Al doping (i.e., Cr*" is getting oxidized to Cr®"), resulting an excess

positive charge which is neutralize by non-stoichiometric surface oxygen or OH  ions.

Table 5.2 Relative concentration of Li, Cr, Al in Li;Cri-AL:O2 (x = 0, 0.17, 0.20, 0.25,
0.33) from ICP analysis.

ICP composition of Li1xCrixAlxOz
Nominal
Catalyst (x=0,0.17,0.20, 0.25, 0.33)
Composition
Li Cr Al
LCAO-0 LiCrO2 0.67 1.00 0.00
LCAO-17 | Lios3Cros3Alo.1702 0.83 0.83 0.17
LCAO-20 | LiosoCro.gAlo.2002 0.80 0.80 0.20
LCAO-25 | Lio.75Cro.75Alo.2502 0.75 0.75 0.25
LCAO-33 | Lios7Cros7Al0:3302 0.67 0.67 0.33

5.3.3 Microstructural studies:

The surface morphology and particle sizes were observed by Scanning electron microscopy
(SEM). Figure 5.5(a, b) shows the SEM micrograph of LCAO-0 and LCAO-25 synthesized
by solid-state reaction. The material shows almost hexagonal morphology, and the particles are
non-agglomerated. The particle size decreases with increasing Al-doping amount in the
samples. It is clearly seen that LCAO-25 samples (Figure 5.5b) possess smaller particles as
compared to the LCAO-0 (Figure 5.5a). The particle size distribution is more homogeneous

when Al-doping is applied. The elemental analysis of the LCAO-25 sample was carried out by
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SEM-EDS technique. The elemental mapping and energy spectrum of the sample are shown in
Figure 5.5(c, d). The presence of Cr, Al, and O atoms confirms the successful doping of Al in
the sample. The EDS data confirms that the obtained elemental composition (Cr: Al = 0.73:
0.27) in LCAO-25 is almost the same as the nominal composition taken for the synthesis. Since
the excitation energy of the Li element is low, therefore, it is not possible to detect the Li in the

sample by SEM-EDX.
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Figure 5.5 SEM micrograph of (a) LCAO-0 (b) LCAO-25, (¢) elemental mapping of
individual elements (O, Cr, and Al) present in the LCAO-25 sample and (d) EDX spectrum of
LCAO-25. Note: Li signals are absent in EDX analysis as EDX techniques are not capable of
recording signals for the Li core level.

To investigate the phase structure of LCAOs, the HR-TEM and selected area electron
diffraction (SAED) pattern of LCAO-25 (as a representative) were collected on samples. The
bright field TEM image, shown in Figure 5.6a, is also in agreement with the hexagonal

morphology of LCAO-25. Figure 5.6b shows the high resolution-TEM image of LCAO-25,
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with the measured crystal lattice spacing of 4.74 A that corresponds to the (003) plane. The
selected area electron diffraction (SAED) pattern, (inset of Figure 5.6b), exhibits distinct
planes that are well indexed with the d-spacing of (003) and (104) crystal planes. This
observation reveals that LCAO-25 has a hexagonal structure with a space group of R-3m,

which is consistent with the result of Rietveld's refined XRD.

Figure 5.6 (a) Bright field TEM image and (b) HR-TEM with interplanar d-spacing of (003)
plane of LCAO-25; inset showing the SAED pattern.

5.3.4 Electrochemical studies

5.3.4.1 OER performances of synthesized catalysts

To investigate the electrocatalytic activity of the LCAO catalysts, a traditional three-electrode
cell was set up in an Oz-saturated 1.0 M KOH solution to evaluate the OER performance.
Several scans of cyclic voltammogram (CV) were performed on the working electrode to obtain
a stable current, at a scan rate of 100 mV s ! in the potential range of 1.0-1.8 V vs. RHE, before
collecting the data. Figure 5.7a shows the linear sweep voltammetry (LSV) curves of all the
synthesized LCAO catalysts. It has been observed from the curves that the OER current
densities were enhanced with increasing Al concentration to 25% and then reduced upon further
increasing the Al concentration beyond 25%. The OER activity increased in the order of

LCAO-17 < LCAO-0 < LCAO-20 < LCAO-33 < LCAO-25. Based on 10% solar water-
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splitting conversion efficiency, an overpotential (1) required to attain the current density of 10
mA cm 2 is indeed a critical metric in the field of solar fuel synthesis, consequently comparing
the overpotential of the catalyst samples at this current density is of great importance. The
overpotential in this context is defined as the difference between the measured OER potential
at 10 mA cm 2 and the theoretical reversible potential (1.23 V vs. RHE). LCAO-25 can deliver
10 mA cm 2 current density at a very low overpotential of 327 mV, which is significantly lower
than 346 mV, 366 mV, 374 mV, and 389 mV for LCAO-33, LCAO-20, LCAO-0, and LCAO-

17, respectively, (Figure 5.7b).
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Figure 5.7 OER performance of LCAOs (LiiCri-xAliO2; x = 0, 0.17, 0.20, 0.25, 0.33). (a)
Linear sweep voltammograms taken at a scan rate of 5 mV s 'in 1 M KOH, (b) Overpotentials
at a current density of 10 mA cm 2, (¢) Tafel plots and (d) EIS recorded at 1.5 V vs. RHE.
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Tafel plots define the relationship between the overpotential to the current density and provide
a significant insight into the OER kinetics. The Tafel slopes for all the synthesized LCAOs are
drawn in Figure 5.7c. The slope value for LCAO-25 is about 59 mV dec”, which is
considerably lower than that of the LCAO-0 (74 mV dec™), LCAO-17 (85 mV dec!), LCAO-
20 (80 mV dec™), and LCAO-33 (72 mV dec™). This clearly implied a faster reaction kinetics
of LCAO-25 among all LCAOs. Furthermore, the electrochemical impedance spectroscopy
(EIS) measurements were performed to investigate the kinetics of charge transfer at the
electrode/electrolyte interface in a frequency region of 0.1 Hz to 100 kHz with 10 mV of AC
amplitude. Figure 5.7d shows the Nyquist plots at 1.5 V vs. RHE, which can be fitted using an
equivalent circuit composed of electrolyte resistance (Rs), a constant phase element (CPE), and
a charge transfer resistance (Rc), (inset of Figure. 5.7d). The high-frequency region semicircle
diameter represents the charge-transfer resistance (Rc), which is a crucial parameter to study
the OER kinetics of catalysts. The R¢t value can significantly reduce with increasing Al
concentration to an optimum value of 25%. The order of the R value is: LCAO-25 (16.17 Q)
< LCAO-33 (20.89 Q) < LCAO-20 (32.09 Q) < LCAO-0 (37.03 Q) < LCAO-17 (48.33 Q).
The minimum R value was achieved on LCAO-25 (16.17 Q), which specifies that it shows

considerably much faster charge transfer kinetics during the OER process.
5.3.4.2 Electrochemical active surface area (ECSA)

Electrocatalysts with more active sites are known to result in greater catalytic performance.
The electrocatalytic activity is directly related to the electrochemically active surface area
(ECSA) of the catalysts, which can be determined by measuring the electrochemical double-
layer capacitance in the non-faradaic region at different scan rates. The ECSA 1is directly

proportional to the double-layer capacitance (Cai). The ECSA of the catalyst was calculated by

using the formula: ECSA = % (5.2)
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Where Cq is the double-layer capacitance of the catalyst and Cs is the specific capacitance of
the material per unit area under identical electrolyte conditions. Cs = 0.040 mF cm 2 in 1.0 M

KOH based on reported values [9].
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Figure 5.8 Determination of double layer capacitance (Ca) of different LCAOs. (a-e¢) CV
measurements in a non-faradic current region (0.9-1.0 V vs. RHE) at scan rates of 50, 100, 120,
140 and 160 mV s'in 1 M KOH electrolyte and (f) Plots of capacitive current density
differences (Aj) vs. scan rate.
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Here, the double layer capacitance (Cai) of the synthesized catalysts was calculated through
cyclic voltammetry measurements in the potential range of 0.9-1.0 V vs. RHE at scan rates of
50, 70, 100, 120, 140, and 160 mV s™!, as shown in Figure 5.8(a-e). As we can see, LCAO-25
exhibits a Cq value (2.04 mF cm™) and hence the highest ECSA (51 cm? mg™') among all the
synthesized LCAO catalysts (Figure 5.8f & Table 5.3). Thus, we concluded that LCAO-25
with higher ECSA makes a larger amount of reactant adsorption for OER.

Table 5.3 Determination of Cq; and ECSA of LCAOs.

Catalyst Cai (mF cm?) ECSA (cm? mg?)
LCAO-0 1.13 28.25
LCAO-17 0.681 17.025
LCAO-20 1.15 28.75
LCAO-25 1.39 34.75
LCAO-33 2.04 51

5.3.4.3 Comparative OER study

A comparison of the OER activity of LCAO-25 with the state-of-the-art catalysts such as
commercial-RuO; (Sigma-Aldrich), Bag sSro.5Co0.8Fe0203.5 (BSCF), LaNiO3, 0-MnO; in the
literature is shown in Figure 5.9. In this work, we have tested the OER activities of all the
reference catalysts under the same experimental conditions. o-MnO; [23],
Bao 5Sr0.5Co00.8Fe0203-5 (BSCF) [24], LaNiOs [43, 44], and RuO, [22, 45] showed the OER
activity similar to the reported in the literature. The activity of LCAO-25 (327 mV at 10 mA
cm?) remarkably approaches the performance of benchmark oxide catalyst RuO> (336 mV at
10 mA cm™) [22, 45], as is evident from Figure 5.9a. Further, we have observed that the
overpotential value (0= 327 mV) obtained for LCAO-25 is much smaller as compared to the

value obtained for BSCF (n10=360 mV), LaNiO3 (ni0= 380 mV) and a-MnO2 (n10=490 mV),
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see Figure 5.9b. Besides, the Tafel plot and Nyquist plot were also shown in Figure 5.9(c, d),

separately. The lower value of the Tafel slope and charge transfer resistance (R¢) of LCAO-25,

clearly demonstrates its superior OER activity as compared to these state-of-the-art catalysts.
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Figure 5.9 Comparison of OER performance of LCAO-25 with commercial RuO2, a-MnOa,
Bao.5Sr0.5Co0.8Fe0.203-5 (BSCF), LaNiOs as reference catalysts; the OER activity of reference
catalysts reported in this paper is comparable to the existing literatures [22-24, 43-45]. (a)
Linear sweep voltammograms recorded at 5 mV s™!in 1 M KOH, (b) Overpotentials at a current
density of 10 mA cm 2, (¢) Tafel plots and (d) EIS measurement at an applied potential of 1.5
V vs. RHE.

5.3.4.4 Cyclic voltammograms for redox reaction

Previous studies have suggested that the OER activity of metal oxides can be correlated with

the potential of redox preceding OER, which also corresponds to the redox of surface metal
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ion sites, [M™-OHad]/[M™"-O44] [11, 13, 16]. The enhanced OER kinetics is accompanied by
a positive shift in the redox potential for the oxidation of surface metal ions, before the onset
of OER. The pre-OER faradaic behavior of catalysts is presented in Figure 5.10, which depicts
the in-situ activation of catalysts attributed to the oxidation of Cr** to Cr®", a three-electron
transfer reaction with single redox [20-22]. All the LCAOs exhibit redox peak potential in the
range between 1.3 V-1.5 V vs. RHE. However, the redox potential is found to shift positively
with increasing Al concentration in solid solution. This is because of the polarization or
inductive effect due to the substitution of highly covalent AI** ions in the LiCrO; lattice

resulting in high ionicity of the counterpart Cr-O and Li-O bonds in the layered structure.
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Figure 5.10 Cyclic voltammograms of Li;..Cri—Al:O catalysts with various Al contents (x =
0,0.17, 0.20, 0.25, 0.33) recorded at a scan rate of 5 mV s~ in 1 M KOH, demonstrating the
effect of Al-substitution on the pre-OER redox behaviour of the catalysts.

The more polarizing AI** ion (with stronger Lewis’s acidity) has a higher affinity to electrons
than the Cr’" ion, which can induce the formation of more covalent Al-O bond in LijCri-
Al;O2. The high covalency of the AI-O bond can increase the ionicity of

neighbouring/counterpart Cr-O and Li-O bonds (by increasing the effective charge on

chromium, i.e., Cr®") that would lead to lowering the redox energy of filled antibonding states,
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and shift the redox potential to a more positive side. Moreover, the redox peak center shifts
positively with decreasing pK, (increased Lewis’ acidity) of the corresponding substituent (Al)
in Figure 5.10 which is similar to the trends discussed earlier in the literature [11]. As can be
seen in the Figure 5.10, the redox potential of LCAO-25 shifts more positively among all

LCAOs confirming its superior OER activity among all LCAOs.
5.3.4.5 Long-term stability test

Besides the catalytic activity, long-term stability is also required for the practical value of the
electrocatalysts. The stability test was performed through cyclic voltammetry (CV), and
chronoamperometry (CA) measurements. In Figure 5.11, the chronoamperometry (CA) test of
LCAO-25 at 1.557 V vs. RHE shows a stable current density of 10 mA cm™ with a negligible
loss over 12 h. The inset of Figure 5.11 presents the LSV curves of LCAO-25 at the 1%, 100™,
500", and 1000™ cycle scans during the continuous cyclic voltammetry (CV) measurements.
The slight increase in the potential of the electrocatalyst indicates its good stability even after

1000 CV scans.

124 —— LCAO-25 @ 1.557 V vs. RHE
Lo |
1
é 104 200
< . R i ;o
g . = LCAO-25 @ 100 mV s
- [ ) U AR
; « 150 — 1% eydle
= 67 100 ——500™ cyele
= ] s | 1000™ cycle
- 4 = =0
5 E} 50
= 5
= C o : . ; . :
= 12 13 14 15 16 17 18
o Potential (V) vs RHE
0 v T Y T T T T T v T Y T
0 2 10 12

4 6 8
Time (hrs)

Figure 5.11 Chronoamperogram of LCAO-25 at an applied potential of 1.557 V vs. RHE for

12 hrs; inset shows the linear sweep voltammograms for the 1%, 100", 500" and 1000 cycle

at a scan rate of 100 mV s\

IIT (BHU), Varanasi 170 |Page



5.3.5 Post OER characterizations

The post-OER characterizations of LCAO-25 were carried out to observe any structural
changes induced during the electrochemical testing. Figure 5.12 shows the XRD pattern of the
samples (LCAO-25) before and after OER testing. As can be seen, the layered a-NaFeO»
structure is retained even after the long-term stability test. Extra peaks appear in the XRD
pattern due to the carbon paper (CP) substrate. No appreciable peak shifting has been observed
in the sample after testing. However, the diffraction lines of the post-OER sample are

broadened and more diffused compared to the as-prepared sample.

Liy 75Cry 254 350, (LCAO-25)
As prepared

Post OER

# Carbon paper (CP)

(003)

(104)

(018)/(110)

(113)

006)/(012)

(107)

|

Intensity (a.u.)
(101)

o,

10 20 30 40 50 60 70 80
20 (degree)

Figure 5.12 XRD pattern of LCAO-25 before and after OER testing.

The pattern shows the relative intensity ratio of the (003) to (104) peak (I003)/I104) = 0.6) is
notably decreased after OER testing, indicating a significant cation-mixing occurring in the
structure during the electrochemical cycling. The structure becomes more Li deficient during
the reaction that enables the Cr-ions to move from the Cr-layer into the vacancies of the Li-
layer, resulting in a significant cation-mixing. However, the broadening of the diffraction lines
indicates that there is a slight decrease in the c-axis lattice parameter that would lead to a

decrease in the interslab thickness of Li-O layer with increasing the slab thickness of Cr-O
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layer due to the presence of Cr-ions in the Li-deficient sites [28, 33]. This can be further

confirmed with the XPS analysis of post-OER samples.

Figure 5.13 shows the Cr 2p spectra of the as-prepared and post-OER LCAO-25 samples. The
respective binding energies of 2p32 and 2p12 peaks corresponding to the Cr** and Cr®* states
with their relative concentration ratios are shown in Table 5.4 [34, 35]. It is observed that the
surface concentration of Cr®" has been increased in the post-OER sample compared to as
prepared one. This result clearly confirms the three-electron transfer mechanism of the redox
reaction that is attributed to the in-situ oxidation of Cr’* to Cr®" during the electrochemical

cycling for OER.

(a) 2p., LCAO-25 Prc-OER
P Cr 2p spectra

LCAO-25 | Post-OER
Cr 2p spectra

Intensity (a.u.)

L) v 1 ' | v ) N 1 M L) v )
573 576 579 582 585 588 591

Binding energy (eV)

Figure 5.13 Cr 2p XPS spectra of LCAO-25 (a) before testing (pre-OER) and (b) after testing
(post-OER).
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Table 5.4 Cr 2p XPS fitting data for pre- and post-OER LCAO-25.

Binding Energy (eV) Relative concentration
LCAO-25 Cr2 Cr2
Par P2 Cr* Cré
Cr¥ Cré* Cr¥ Cré*
Pre-OER 575.83 577.73 585.69 | 587.37 0.72 0.28
Post-OER 575.74 577.66 585.56 | 588.33 0.63 0.37

5.4 Conclusion

Li1xCrixALO2; x = 0, 0.17, 0.20, 0.25, 0.33) samples having a characteristic hexagonal o-
NaFeO»-type structure with the R-3m space group were synthesized by solid-state reaction and
all diffraction lines are well-indexed with the standard rhombohedral phase of LiCrO> (JCPDS
No. 00-024-0600). The Al/Cr antisites finally stabilize the system in Li-deficient sites. The
bonding between the O and Cr/Al present at Li sites shortens the interlayer distance, and the
electrostatic attraction between them decreases the total energy of the system. The doping of
Al can substantially induce the Cr®" ions to be partially occupied at the Li interstitial site
creating a dumbbell defect in the hexagonal lattice of Li1.xCri-xAliO2 and thereby stabilizing
the layered structure of the system with partial Li-deficiency and cation mixing. AP}
substitution in the lattice increases the ionicity of the Cr-O and Li-O bonds in general as well

as results in the high concentration of Cr®" ions in the lattice. The more polarizing AI**
g p g

ion (with
stronger Lewis acidity) have a higher affinity to electrons than the Cr*" ion, that induces the
formation of more covalent Al-O bond in Lii..Cri»AliO2 and increasing the ionicity of
neighbouring/counterpart Cr-O and Li-O bonds (by increasing the effective charge of Cr)
which would lead to lowering the redox energy of filled antibonding states, and shift the redox
potential to a more positive side to result in superior electrocatalytic OER of the catalyst. The

activity of LCAO-25 (327 mV at 10 mA cm) remarkably approaches the performance of

benchmark oxide catalyst RuO (336 mV at 10 mA cm) [22, 45] and showed superior or
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comparable OER activity to the best known OER catalyst such as a-MnO> [23],
Bao 5sSr0.5Co0.8Fe0 2035 (BSCF) [24], and LaNiOs [43, 44]. Our findings suggest that the
anisotropic behavior of layered lattice coupled with the tuning of ionicity of M-O bonding in

layered oxides can be used as an effective tool in developing superior OER catalysts.
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