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10.93 and 9.38 x 10 m in LZO, LPdSmZO and LPdThZO respectively. The small p value
indicates that LPdTbZO is more crystalline than LZO and LPdSmZO.
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Fig. 6. 1: () FTIR spectra and (b) XRD patterns of, LPdThbZO, LPdSmZO and LZO.

Table 6. 1: Structural parameters obtained from XRD

Materials 2-theta d-spacing FHWM D Strain Dislocation
(degree) (nm) (nm) Density
(10%*m-?)
LZO 34.87 2.53 6.50 x 10°® 22.20 1.56 x 103 20.30
LPdSmZO 34.34 0.275 4.80 x 10°® 30.24927 1.15x 103 10.928
LPdThzO 34.73 0.255 4.45x 103 32.65254 1.06 x 103 9.3792

Fig. 6.2 shows the simultaneous TGA, DTA and DSC curves for the LZO, LPdTBZO and
LPdSmZO under N2 atmosphere. As shown in Fig. 6.2(a). TGA curves of LZO, LPdThZO and

LPdSmZO gave similar curves with mainly two weight loss bands. Both (LPdTbZO and

LPdSmZO) nanomaterials showed great weight loss between 35 °C and 120 °C though are
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slighlity lower than that of the parent material (LZO). The first step weight loss of about
16.84%, 13.59 % and 19.67 % for LZO, LPdTbZO and LPdSmZO, respectively in the above-
mentioned temperature range might be due to expulsion of moisture [30, 31]. LPdSmZO lost
moisture quicker than LPdTbZO below 120 °C, which suggests that the surface of LPdSmZO
is more hydrophilic than that of LPdThZO [32]. The second weight loss of about 2% in the
range 530-630 °C indicates the discharge of Nitrates or organic compounds for LPdTbZO,
however in the temperature range 485 - 600 °C there was a weight increase of about 3 % for
LPdSmZO. A typical DTA curves of the as-prepared LZO, LPdTBZO and LPdSmZO powders
up to 1000 °C are shown in Fig. 6.2 (b). The weight loss at temperature range 35-120 °C for
LZO, LPdTbZO and LPdSmZO indicates the discharge of moisture while the weight loss in
the range 530-630 °C for LPdSmZO indicates the expulsion of organic compounds. There is
no indication of any phase transition taking place in the materials up to a temperature of 1000
°C. DSC studies on the LZO, LPdTbZO and LPdSmZO samples were done to demonstrate
structural transitions occurring on the samples. In the DSC curve (Fig. 6.2(c)), the endotherm
process for all nanomaterials at a temperature range of 35 °C and 120 °C correspond to a solid-
solid phase transition which is in agreement with TGA. Correspondingly to exothermic process
aboserved at temperatures between 430 and 730 °C.
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Fig. 6. 2: (a) TGA curve, (b) DTA, and (c) DSC curves of LZO, LPdSmZO and LPdTbZO.
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6.3.2. Morphological characterization

The scanning electron microscopic (SEM) depiction of LZO, LPdThZO and LPdSmZO
nanostructures are as depicted in Fig. 6.3(a, ¢ & €). The SEM results show that the particles in
both LPdTbZO and LPdSmZO nanomaterials have a rough, dense surface with no sign of
cracks whereas the LZO showed irregular spherical grains. The observed results suggest that
the samples lack defects which might affect the high movement of electrons, therefore have
poor HER activity. LPdTbZO and LPdSmZO crystallites formed larger particles than LZO
with different sizes because of agglomeration. This specific morphology invents from the
drying and calcination (@ 700 °C) of the sol-gel droplets formed during preparation [33]. All
particles of the prepared nanomaterials display a spherical shape of nanosize plate like structure
and similar results were reported by Balogal et al. [34]. The elemental conformation of the
nanoparticles LZO, LPdTbZO and LPdSmZO were studied by Energy dispersive spectrum
(EDS) as shown in Fig. 6.4 (b, d & f). The EDS data shown in Fig. 6.4 (d), quantifies the Tb,
Pd, Zr and O composition in LPdThZO structure to be about 18.67%, 7.53 %, 44.9 % and 28.89
% respectively. While in Fig. 6.4 (f) spectra, the measures show the Sm, Pd, Zr and O
composition in LPdASmZO nanomaterial to be around 23.26 %, 8.98 %, 41.93 % and 25.84 %
respectively.
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Fig. 6. 3: (a) SEM image of LZO, (b) EDS showing chemical composition of LZO, (c) SEM
image of LPdTbZO, (d) EDS showing chemical composition of LPdTbZO, (e) SEM image of
LPdSmZO, and (f) EDS showing chemical composition of LPdSmZO.

Morphological features and particle size distribution (Gaustic plot) of the synthesized LZO,
LPdTbZO and LPdSmZO nanomaterials were scrutinized by TEM analysis as shown in Fig.
6.4. The TEM micrographs show that the particles have relatively uniform, regular and
spherical particle sizes with the existence of agglomeration. As determined by Gaustic plot in
Fig. 6. 4 (b, d &d), the size range of LZO, LPdTbZO and LPdSmZO nanoparticles is from 25
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nm to 50 nm with an average size being around 35 nm. The determined particles size by Gaustic
plot is larger than that calculated using the Scherrer's formula proposing that the as-prepared
LPdTbZO and LPdSmZO nanoparticles consist of interconnected nanocrystals. The presence

of agglomeration that aggravates and lead to an increase in particle size due to sintering, the

distinct nanoparticles and the interparticles pores can still be detected, which may be attributed
to the gel network [28].
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Fig. 6. 4: (a) TEM image of LZO, (b) particle size distribution of LZO, (c) TEM image of
LPdTbZO, (d) particle size distribution of LPdTbZO, (e) TEM image of LPdSmZO, (f) particle
size distribution of LPdSmZO.

6.3.3 Structural and surface Composition

For the analysis into the surface elemental composition and the oxidation state of the
transition/lanthanides metal ions in LZO, LPdTbZO and LPdSmZO, X-ray photoelectron
spectroscopy (XPS) measurements are performed and the corresponding spectra are shown in
Fig. 6.5. A full survey scanning spectrum in Fig. 6.5(a) verifies the dominant peaks of of Li,
Pd, Sm, Tbh, Zr, and O elements in both our samples, which is in agreement with the EDS
results. The survey spectra of LZO, LPdTbZO and LPdSmZO entails a main peak at 182.1 eV
for Zr 3dsi2, which is in agreement with the valence state of Zr** and indicates the Zr-O bond
[39, 24]. Table 6.2 presents a surface elemental percentage analysis and relative binding
energies of LZO, LPdTbZO and LPdSmZO samples. The spectrum in Fig. 6.5 (a) was
decomposed into two spin-orbit components of Pd. Low-binding-energy at 338.5 eV (Pd 3ds2)
are close to that reported in literature and can be attributed to Pd(11) salts and the higher binding
energies of 343.8 eV (Pd 3dss2) are attributed to the Pd(0) species [35, 36] that indicate the
presence of palladium metal nanoparticles in LPdTbZO and LPdSmZO composites. In the
Th3d spectrum Fig. 6.5 (b), the peak at 1277.8 eV correspond to Tb 3ds2 which also indicates
that terbium is in the Th®" oxidation state [24, 25]. According to literature there is agreement
that Th3*gives a signal below 1500 eV (Tb1). Fig 6.5 (c) shows the Sm3d core level spectrum
for LPdSmZO sample. Now, the locating of Sm 3ds2 peak at 1082.5 eV confirms the Sm3*
characteristics [40]. Fig. 6.5(d) shows the high-resolution O 1s spectra of LZO, LPdTbhZO and
LPdSmZO samples. The deconvolution of O 1s spectra shows three peaks situated at 528.8,
532.5 and 534.3 eV, consistent with the lattice oxygen species O1, which is a characteristic
peak for metal oxide bonds, oxygen vacancy O2 as C-O and O3 surface oxygen vacancies,
respectively [37, 38]. O1s spectra demonstrate the existence of adsorbed oxygen species on the
surface of LZO, LPdTbZO and LPdSmZO nanomaterials which are quite beneficial for HER
activity. The surface chemistry and properties of the materials were studied by deconvolution
of O1s as shown in Fig. 6.5 (e-g). The LPdSmZO lattice oxygen (metal oxide) have greater
intensity than the rest of the nanomaterials. The results in all materials (Fig. 6.5 e-g) show
significant intensity of surface hydroxyl (C-O) which is known to be good for catalytic activity
and also has an impact on adsorption capacity of the catalyst. Lastly, there is a small amount
of adsorbed water in all our reported materials. These low C=0 percentages observed suggest
minimal surface contamination, which is beneficial to our materials’ catalytic activity.
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Fig. 6. 5: (a) Survey scan spectra, (b) Th3d spectrum of LPdTbhZO, (c) Sm3d spectra of
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LPdSmZO O1s, and (g) O1s of LPdTbZO.
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Table 6. 2: XPS elemental analysis and relative binding energies for LZO, LPdSmZO and
LPdTbZO.

Material Peak ID Atomic % Peak BE(eV)

LZO Li 1s 27.5 54.4
C1ls 22.8 289.3
Zr3d 5.5 181.4
O 1s 44.1 34.8
Total 100

LPdSmzO Li1s 25.1 54.7
Cls 20.6 284.9
Zr3d 6.2 182.6
O 1s 40.7 530.9
Sm3d5 6.9 1083.9
Pd3d5 05 336.7
Total 100

LPdTbzO Li 1s 24.3 55.1
C1s 22.6 289.9
O1s 44.3 5315
Th3d5 1.2 1241.2
Pd3d5 0.4 336.9
Zr3d 7.2 181.7
Total 100

6.3.4. Electrochemical Properties

6.3.4.1. Cyclic voltammetric studies

Cyclic voltammetry was employed to evaluate the electrochemical behavior of the Ni bare,
LPdTbZO and LPdSmZO in 1.0 M KOH electrolyte. The currents’ response were measured
between — 0.1 and 0.7 V vs Ag/AgCl electrode at scan rate of 20 mV.s* as shown in Fig. 6.6(a).
The recorded results confirmed reversible oxidation—reduction peaks and indicated the
faradaic-type behavior of the all electrodes. The cyclic voltammogram of bare electrodes (Ni
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foam) showed the redox peak current couple at the Epc of 0.38 V and Epa of 0.26 V attributed
to the transformation between Ni(OH)z and NiOOH in alkaline electrolytes [11]. The bimetallic
materials LPdTbZO showed the meaningful shift in both anodic and cathodic potential at
around 0.10 and 0.57 V while the LPdSmZO electrocatalyst showed significant enhancement
and increase in both anodic and cathodic peak current at around 0.17 and 0.48 V. The enhanced
current respone of the LPdSmZO and LPdThZO nanocomposite can be ascribed to the

synergistic effects of Pd?* & Tb/Sm®* ions.

CV was used to calculate the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) by Eq. 6.2 and 6.3 [41].

From Table 3, the estimated HOMO energy level values were -5.01, -4.97, and -4.99 eV for
bare, LPdSmZO and LPdTbZO, respectively. The LUMO energy were deduced from the
reduction potential following the Eq. 6.3 [41, 42].

Erymo = —[—(Epeq +4.75)]eV (6.3)

From the table, the calculated LUMO energy level values were -4.37, -4.43, -and -4.40 eV for
bare, LPdSmZO and LPdTbZO, respectively. The good chemical reactivity of the
electrocatalyst can be associated with the lower optical band gap as materials with lower band
gap possess higher electrical conductivity. The electrochemical band gap (Eg) was estimated
from the difference between the Exomo and Erumo, and were 0.64 eV (bare), 0.54 eV
(LPdSmZO), and 0.59 eV (LPdTbZO). These reduced bad gaps signify the better conductivity
of the material. The scan rates effect of the materials was evaluated to further examine the
kinetics of the electrocatalyts. It is observed in Fig. 6.6(b) and Fig. 6.6(d), that the cyclic
voltammograms obtained show a significant increase in currents response as the scan rate
increases from 20 to 100 mV.s%. Furthermore, the peak current sensitivity also enhances with
a shift of potential toward more negative value for cathodic peaks and more positive value in
anodic peak. The shift of the cathodic and anodic peaks of the CV curve toward more cathodic
and anodic direction as the scan rate increases support the speedy redox reaction behaviour of
the nanocomposite electrode at the electrode—electrolyte interface. The enhancement of the
current response with an increased scan rate is related to the thinning of the diffusion layer at

a higher scan rate [43].
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Fig. 6. 6: (a) CV curves of bare, LPdThZO and LPdSmZO at 20 mV.s? (b) CV curves at
different scan rate for bare Ni foam from 20-100 mV.s (c) CV curves at different scan rate for
LPdTbZO from 20-100 mV.s™ (d) CV curves at different scan rate for LPdSmZO from 20-100
mV.s?in 1.0M KOH.

The results of effect of scan rate was used to study the nature of the electrode process
happening at the electrode surface of the bare, LPdTbZO and LPdSmZO materials. Fig. 6.7(a),
shows a plot of log (ip) vs log v. From the graph of log (ip) vs log v, the slope was determined,
which can reveal whether the nature of the mechanism is diffusion or adsorption controlled.
The obtained slope of 1.00, 0.34, and 0.43 for bare, LPdTbZO and LPdSmZO respectively,
also showed linear relationship. The observed slopes of LPdTbZO and LPdSmZO which are
near to the theoretical value of 0.5 indicate that the process is diffusion controlled [44, 45]. The
slope of close to theoretical value of 1 for bare suggests the process is dominantly controlled
by adsorption [46]. Fig. 6.7 (b) shows the relationship between the square root of the scan rate

and the peak current. The plot of peak current vs. square root of scan rate (v *2) forms a good
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linear relationship, which indicates that it is a typical diffusion controlled current process [44-
46]. To keep up the experimental results, the diffusion coefficient (D) was calculated by Eq.

6.4 using slope from Fig. 6.7(b).

3 1
slope = (2.686 x 10°)nzACD2 (6.4)

Where n, A and C represent the number of electron transfers, area of the working electrode and
concentration of the electroactive species, respectively. As summarized in (Table 6.3), the
LPdThZO had a high value of D (5.68 x107" cm?.s1), followed by (5.29 x10”" cm?.s) and bare
(5.11x107 cm?.s%). This observation means LPdThZO will diffuse electrons much faster than
the LPASmZO and bare. To further evaluate the electrochemical behaviour of the bare,
LPdSmZO and LPdThZO, the influence of scan rate on average values of both the anodic and
cathodic peak currents were evaluated as shown in Fig. 6.7 (c) and the linear relationship was
observed. Using Eq. 6.5, the peak current can be correlated with the concentration of the
electroactive species on the electrode surface [47-49]:

ip? = N?F2ATV/4RT (6.5)

where (n) is the number of electrons involved in the reaction, (A) is the electrode surface area
in cm?, () is the electrode surface coverage in mol.cm?, (R) is gas constant and (T) is
temperature. The calculated electrode surface coverage concentrations of bare was 6.11
mol.cm™2, LPdSmMZO 6.22 mol.cm™ and LPdTbZO 6.38 mol.cm™.The determination of the
electrochemical active surface area (ECSA) is vital to study the behaviour of the
electrocatalyst. One could assess ECSA by determining the capacitance (Cal) in the double-
layer region using Eq. 6.6. The value of Ca can be denoted from plotted current differences vs
scan rate, which signifies the active surface area [48].

CqrrxAa
Cs

ECSA = (6.6)

Fig. 6.7(d) shows the ECSA curves of the bare, LPdSmZO, and the LPdTbZO electrocatalysts.
The resultant slope of the plotted change in current vs scan rate graph was deduced as Cai [48,
49]. The Cai values were 0.865 F.cm?, 1.17 F.cm?, 1.63 F.cm™ for the bare, LPdSmZO, and
the LPdTbZO, respectively, in 1.0 M KOH electrolyte. The calculated ECSA values were 179
cm?, 242 cm?, and 338 cm? for the bare, LPdSmZO, and the LPdTbZO, respectively. This result
revealed that LPdTbZO is having the supreme effective active area for high HER reaction
kinetics over LPdSmZO catalyst, which might be originated from the number of active sites

due to the presence of bimetallic in our catalyst. Moreover, these results are consistent with the
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determined values surface coverage (I') and diffusion coefficient (D) which in turn enhances
the general performance of the electrocatalyst.
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Fig. 6. 7: (a) Plot of log of peak current vs plot of log of scan rate, (b) plot of peak current
against square root of scan rate, (c) plot of peak current against scan rate, and (d) plot used to
estimate ECSA of bare, LPdSmZO and LPdTbZO electrocatalysts in 1.0M KOH.
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Table 6. 3: Electrochemical parameters of the prepared materials.

ELECTROCHEMICAL MATERIALS
PARAMETERS

Bare LPdSmZzO LPdTbZzO
Eix™, V 0.26 0.22 0.24
E1®, V 0.38 0.32 0.35
ELumo, eV -4.37 -4.43 -4.40
Eromo, eV -5.01 -4.97 -4.99
Eg, eV 0.64 0.54 0.59
I, x107 mol.cm™ 6.11 6.22 6.35
D, x107 cm?.s! 5.11 5.29 5.68
Cai, F.cm? 0.865 1.17 1.63
ECSA, cm? 179 242 338

6.3.3.2 Hydrogen Evolution studies

The electrocatalytic activity of bare, LPdASmZO and LPdTbZO toward the HER was assessed
using a three-electrode configuration in a 1.0 M KOH medium. Fig. 6.8(a) displays the LSV
curves, unexpectectly bare exhibits comparable HER activity with LPdASMZO and LPdTbZO
in the tested potential window. However, the synthesized bimetallic materials only needed an
overpotential of 504 mV in LPdSmZO and 521 mV in LPdTbZO to reach a current density of
10 mA.cm?, which is lesser than 750 mV of bare electrode. Outstandingly, LPdTbZO displays
an earlier onset potential, as defined to be the potential required to approach 10 mA.cm2 (#10),
than LPdSmZO which delivers the same current density with higher potential (inset Fig.6. 8a).
When one compares the overpotential required to reach 10 mA.cm as shown in Fig. 6.8(b),
both LPdSmZO and LPdTbZO is found to outperform bare by more than 200 mV.
Additionally, both LPdSmZO and LPdTbZO found to perform better with smaller 710=504 mV,
521 mV respectively, compared to BaMoOas 710=561 mV reported in literature [50]. This
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indicates the great promise of LPdSmZO and LPdTbZO as an efficient catalyst for the alkaline
HER. The effect of optimizing the electrolyte concentration for both LPdSmZO and LPdThZO
were studied and presented in Fig. 6.8( c-d). The studied concentration of electrolyte ranges
between (0.1-2.0 M) and the results are summarized in Table 6.4. It was deduced that 1.0 M
KOH offered the low onset potential with better and consistent current density than other
concentrations. In a nutshell, the HER activity improved as the concentration of electrolytes
(KOH) increased and a similar trend was observed in the literature [51]. Fig. 6.8(c) illustrates
that the LPdSmZO exhibits the lowest overpotential of 504 mV in 1.0 M KOH electrolyte,
whereas LPdThZO was observed to have a slightly higher overpotential of 521 mV as seen in
Fig. 6.8(d). Both LPdSmZO and LPdThZO have comparable tendencies with HER activity
improving as the concentration of KOH changed from 0.1 to 1.0 M. The poor HER activity
was observed at greater than 1.0 M of LPdSmZO which is unclear yet, however the decrease
in activity when KOH concentration exceeded 1.5 M KOH, might be due to high electrolyte

resistance.
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Fig. 6. 8: Electrochemical hydrogen production performance tests: (a) LSV curves of bare,
LPdSmZO and LPdThZO in 1.0 M KOH electrolyte at a scan rate of 10 mV.s? and its
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corresponding overpotentials (b) at 2, 5, 8 and 10 mA.cm™; (c) and (d) LSV curves of
LPdSmZO and LPdTbZO in different concentrations of KOH electrolyte (0.1-2 M) at a scan

rate of 10 mV.s?, respectively.

Table 6.4: Summary of the HER performance of this work catalyst

electrocatalysts.

and reported

Material Electrolyte g (mV vs|-b o io TOF Reference
RHE) at 10 | (mV/dec) ( mA/cm?) (x 10* mol
mA/cm? Ha/s)
Bare KOH 1.00 This work
(M) 750 138.7 0.581 0.0005 4.852
LPdSmzO KOH 0.10 881 182.5 0.681 0.0035 0.755 This work
(M) 0.50 792 1353.3 0.957 1.3375 0.695 This work
1.00 504 90.8 0.360 0.0000 4.225 This work
1.50 596 160.1 0.637 0.0002 2.222 This work
2.00 671 192.7 0.698 0.0017 0.437 This work
LPdThzO KOH 0.10 820 85.3 0.318 0.8847 0.540 This work
(M) 0.50 735 1115 0.479 3.4546 0.785 This work
1.00 521 130.6 0.555 26.5461 2.404 This work
1.50 660 104.6 0.444 85.1922 3.076 This work
2.00 502 319.3 0.818 3.9756 1.829 This work
NdoeSrosCoos  Feos | KOH 1.00 [52]
Nbo1 O35 (M) - 133 - - -
PrBaxCo,0s.s KOH | 1.00 [53]
(M) 445 124 - - -
BaSrCoMoOg KOH 0.1 [54]
(M) 500 - - - -
LaMnOs KOH [o0.1 [55]
(M) 490 107 - - -
LaMnO3 KOH 1.00 [55]
(M) 490 161 - - -
LaMnOs KOH 0.5 [55]
(M) 490 201 - - -
Pt/AC-CPE H,SOs | 0.5 480 431 - -1.27 - [56]
LaFeOs-RGO-CP H,SOs | 0.5 427 130 - -3.9 - [56]
LaFeOs-CPE H,SO, | 0.5 490 174 - -0.205 - [56]
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The resultant Tafel plot obtained from a LSV polarization curve at 1.0 M KOH of bare,
LPdTbZO and LPdSmZO are represented in Fig. 6.9(a). As shown in Fig. 6.9 (a, ¢ &d), the
Tafel polarization curves and relationship between overpotential (1) and current density (log j)
are demonstrated by Eq. 6.7 [57, 58].

n=bxlogj+a (6.7)
where b is Tafel slope, a is constant. Furthermore cathodic Tafel slope (b) reflecting the HER
activity was calculated using Eq. 6.8 [57].

—2.303 RT

(1—-a)F (6.8)
where, R =8.314 J/(K-mol) is the gas constant, T (273 K) is absolute temperature, (1 — o)
cathodic electron transfer coefficient and F (96,485 C/mol) is Faraday constant. The LPdSmZO

outperformed all the studied materials with a slope of 90.2 mV.dec-%, followed by LPdTbZO
(130.6 mV.dec?) and bare (138.7 mV.dec™?). Accordingly, the attained Tafel values of all the
electrocatalysts follow Volumer-Heyrovsky, which includes hydrogen adsorption and
desorption in the rate-determining step [56, 58]. The low Tafel slope value suggests faster HER
kinetics whereas a larger tafel slope indicates a slower HER kinetics [58]. From the obtained
results LPdSmZO seems to have better HER performance, with Tafel slope of 90.2 mV/dec
which suggests faster HER kinetics.

A plot of the turn over frequency (TOF) as a function of HER overpotential is shown in Fig. 6.
9 (b). The intrinsic properties of all catalysts bare, LPdSmZO and LPdThZO were compared
at similar concentrations of 1.0 M KOH. Eqg. 6.9 was used to calculate TOF based on those

definitions.

3.12x1015x|j|
1.77X1015XAgcsa

TOF =

(6.9)

Where j is HER current density and A is the materials’ electrochemically active surface area
[59]. The studied materials recorded TOF values of 4.825 x 10 s™, 4.225 x 10 s and 2.402
x 10* s at an overpotential of 750, 504, and 512 mV for bare, LPdSmZO and LPdTbZO,
respectively. The drastic reduction of overpotential for synthesized bimetallic catalyst is
correlated to the improved HER activity. This observation is due to the presence of introduced
metals which provide enough water adsorption sites on the surface of the catalyst which in turn
enhances the water adsorption and dissociation process [20]. This work further determined the
influence of concentration of electrolytes on HER Kkinetics for synthesized materials. Fig. 6.9
(c and d) shows Tafel slopes of LPdSmZO and LPdTbZO in 0.10-2.00 M KOH concentrations.
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It is generally accepted that the HER mechanism in alkaline solution is a combination of

reaction steps involving the formation of adsorbed hydrogen [20, 60]:

H20 + M + & = M-Hags + OH" Volmer step ~ 120mV /dec

H20 + M-Hads + € = H2 + OH" Heyrovsky step, desorption ~ 40mV /dec

It is well known that an appropriate increase of the electrolyte concentration will increase
solution conductivity and ion activity, which are advantageous to ionic transfer in the solution.
However, when the electrolyte concentration is higher than 1.5 M, it results in an increase in
the viscosity and a decrease in the ion activity, which in turn influences the departure of the
bubbles and electron transfer. Therefore, it is vital to preserve a constant electrolyte
concentration during the water splitting. LPdSmZO displays Tafel slopes’ dependence (Fig. 6.
9 ¢) on KOH concentration with Tafel slopes of around 182, 1353, 90, 160, and 192 mV.dec™
in 0.1, 0.5, 1.0, 1.5, and 2.0 M KOH, respectively. However, LPdTbZO does not show Tafel
slopes’ (Fig. 6.9 d) reliance on concentration of KOH with Tafel slopes of around 85, 111, 130,
104, and 319 mV.dec™ .in 0.10, 0.50, 1.00, 1.50, and 2.00 M KOH, respectively. Overall both
materials obtained Tafel slopes of above 120 mV.dec? at all studied KOH concentrations,
indicating that HER is controlled by the first electron transfer step (Volmer step), which is
governed by the barrier of the electrochemical water splitting [52, 60]. Although smaller Tafel
slopes of 90 mV.dec at 1.0 M for LPdSmZO and 80 mV.dec? at 0.1 M for LPdTbZO were
observed, suggest that the rate determing step could be the Volmer-Heyrovsky mechanism [52,
60].

200

UWC https://uwcscholar.uwc.ac.za/



0 (b) 000

a
(@) 041 .05 4
02 4 y=0 uy A
N 0.15 1
T
g i ——Bare E 0.20 +
s y = -0.0908x- 0,605 ] B
e 0.4 LPdSm20 1 025 are
S 054 o % 030 4 ——LPdSmz0
o = “\»\ ——LPdThzO e
0.6 9_ 7 —— LPdThZO
0.40 1
0.7 y =-0.3174x-0.5144 \ 0.45 1
0.8 - - T v v 0.50
2 1.5 1 0.5 0 0.5 1 A1 0.9 0.8 0.7 0.6 0.5
Log current density (mA/cm?) Potential (V)
() ©° (dy o
«4 y =-0.1825x - 0.4569 i
' o — 0.1 = 0.0853x - 0.006
B —QSM y ___/’/'"z 11115 - 0.0750
03 y = +0,1927X- 0.5625 b az) A
s 1.5M s
F 047 \—zom é-oa "y = 0.1306x-0.189
c
& 05 - z —01M
5 T ST 2
o. 0.6 y = -0.0908x - 0.605 o 0.4 - —05M /
1.
0.7 4 B
y =1.3533x-0.1748 0.5 1 1.5M
= 0,3193x-0,2019
o8 —20M y i
0.9 v . - 0.6 . - - - -
2 1.5 -1 0.5 0 25 2 1.5 -1 0.5 0 0.5
Log current density (mAicm?) Log current density (mA/cm?)

Fig. 6. 9: (a) Tafel plot and (b) TOF as function of potential curves of bare, LPdSmZO and
LPdTbZO in 1 M KOH electrolyte at a scan rate of 10 mV.s™; (c) and (d) Tafel plots of
LPdSmZO and LPdTbZO in different concentration of KOH electrolyte (0.1-2.0 M) at a scan
rate of 10 mV.s?, respectively.

The assessment of the stability of the catalysts is as seen in Fig. 10(a), which shows the
chronoamperometry test measured in 1.0 M KOH when the applied potential was 0.3 V (vs.
Ag/AgCI) for all the catalysts synthesized. From the graph LPdTbZO catalyst has a lower
current drop of only 1.09 mA compared to 1.65 mA of LPdSmZO, demonstrating higher
robustness of LPdTbZO than LPdSmZO. These results are consistent with a much higher band
gap of LPdTbZO (0.59eV) as compared to LPdSmZO (0.54eV) presented in Table 6.3, which
suggests less stability for LPdSmZO.The amount of the produced hydrogen was calculated by
integration of areas under chronoamperometric curves obtained at each potential and applying
Faraday’s law [61, 62]. A similar approach to calculate the H2 molecule produced was reported
by Bottinni et al. [62]. Hence the amount of hydrogen produced (Hz2) per hour per gram of
catalyst is determined using Eq. 6.10 [61].
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_3600x1
, =

(6.10)

nFm

The representative parameter | is a current from CA measurement; m is the amount of catalyst
(9) used; n for 2 electrons required to produce 1 mole of hydrogen and F is a Faraday’s constant.
As shown in Fig. 6.10 (b), LPdThZO generated a better amount of hydrogen with 3.75
mmol/g/h at optimum condition, which was slightly higher than that of the LPdSmZO (2.14
mmol/g/h) catalyst. This observation is in agreement with the CV curves conducted at several
scan rates (Fig. 6.7(d)), whereby Cdl and ECSA for LPdTBZO perovskites are determined to
be 1.63 F cm™ and 338 cm? respectively. Faradaic efficiency was also determined at the
potential of 0.3V (Fig. 6.10 (c)). The LPdThZO showed a Faradaic efficiency of 100.00% at
around 1.7 M KOH concentration while LPdSmZO recorded Faradaic efficiencies of 100.00%
around a much lower KOH concentration of 1.3 M. The observed results suggest our materials
can be an effective electrocatalyst compared to reported Pt/C and RU@MWCNT electrodes
with % FE of 46.99, 85.88 at 1.5 V respectively [63]. In addition, a chronopotentiometry test
(Fig. 6.10 (d)) was done to assess the electrochemical stability of LPdTbZO and LPdSmZO
electrocatalysts in basic electrolytes. The gradual potential increase for both electrocatalysts
LPdTbZO and LPdSmZO with time at a current density of 10 mA.cm™2 was observed.
LPdTbZO showed more stability with a negligible increase of about 0.07 V which validates
better stability than LPdSmZO.
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Fig. 6.10: CA curve of LPdSmZO and LPdTbhZO (Inset: Enlargement graph). (b) The hydrogen
production rate using Faraday law on the CA data for LPdSmZO and LPdTbZO. (c) Hydrogen
production rate determined from CA data and electronic balance (EB) as a function of the
electrolyte concentration (0.1 — 2.0 M), and the Faradaic efficiency (FE) at 1.0 M KOH. (d) CP
curve of LPdSmZO and LPdThZO at 10mA.cm™ for 3000s.

6.3.4. Electrochemical impedance studies

Electrochemical impedance spectroscopy (EIS) was conducted using the three-electrode
system to study the reaction kinetics happening at electrode/electrolyte interface. Fig. 6.11(a)
shows the Nyquist plots of bare, LPdSmZO and LPdTbZO electrodes, which were collected
by scanning from 10 kHz to 0.1Hz. As shown in Fig. 6.11(a), LPdSmZO recorded the lowest
charge transfer resistance = 2.88 Ohm, followed by LPdTbZO with = 2.99 Ohm and the highest

203

UWC https://uwcscholar.uwc.ac.za/



coming from bare = 5.54 Ohm. The diameter of the semicircle is correlated to the HER activity,
where a smaller semicircle indicates a lower charge transfer resistance during HER. Moreover,
the trend of the charge transfer resistance is in accordance with the LSV results and from the
obtained HER activity LPdSmZO showed better results with a lower overpotential 502 mV and
a lower Tafel slope of 90 mV/dec amongst all materials. The efficient charge transfer resistance
of LPdTbZO and LPdSmZO could be attributed to the A- site substitution of Pd?* and Th/SM3*
ions which produced additional sites for electron transfer and subsequently improving the
electronic conductivity of the electrode materials. The Bode plots of LPdSmZO and LPdTBZO
are shown in Fig. 6.11(b-d) and were used to estimate the lifetime of electrons for the materials.
The lifetime (t) of the synthesized compounds was determined using Eq. 6.11, where (fmax)

was its maximum peak frequency [64].

1
2m(fmax)

(6.11)

The estimated electron lifetime of the electrodes was found to be bare 43 ms, 72 ms and 68 ms
for bare, LPdSmZO and LPdTbZO respectively. The long electron lifetime of the
electrocatalyst suggests efficient conductivity of the materials.
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Fig. 6.11: (a) EIS for all materials frequency range of 10 kHz to 0.1Hz and amplitude of 5 mV
in 1.0 M KOH, Bode plot of bare (b), LPdTbZO(c) and LPdSmZO (d).

6.4. CONCLUSION

Novel perovskite nanomaterials were successfully synthesized through sol-gel reaction and
then fully characterized. The effect of LPdTbZO and LPdSmZO loading on Ni foam substrate
was electrochemically investigated in alkaline medium. The uniform-spherical microscopic
configuration was established through TEM analysis. The diffraction signals approved the co-
existence of ZrO2 phase in the LPdSmZO and LPdTbZO. The core level XPS peaks affirmed
the chemical states of Pd, Tb and Sm rare earth ions with perovskite characters. Additionaly,
the Tafel parameters, the b and o values indicated that the HER rate-determining step was the
Volmer mechanism or the Volmer mechanism together with one of two other reactions. It was
found that the HER electrocatalytic of LPdTbZO generated a better amount of hydrogen with
3.75 mmol/g/h at optimum condition, which was slightly higher than that of the LPdSmZO
(2.14 mmol/g/h) catalyst. These results were consistent with ECSA obtained for LPdTbZO
(338 cm?) and LPdSmZ09 (242 cm?) which is known to have an impact on the catalytic activity
of the nanomaterials. Furthermore, both materials showed potential to be used as electrocalysts

for HER in alkaline medium with a Farraaic efficiency of 100%. To the best of our knowledge,
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this is the first time LPdTbhZO and LPdSmZO perovskite oxide are reported for efficient
hydrogen evolution electrocatalysis under basic conditions, which we believe could open the

opportunity for more perovskite materials toward HER.
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CHAPTER 7

GENERAL CONCLUSIONS AND RECOMMENDATIONS

7.1. GENERAL DISCUSSION AND CONCLUSIONS

This chapter deals with general discussions and conclusion of the results presented in the study
and make further recommendations for future electrocatalysis. This study focused on the
development of rare earth-abundant and highly active electrocatalyst based on LZO, LPdZO,
LTbZO, LSmZO, LPdTbhZO and LPdSmZO. The general aim of the study was to synthesize
lithium zirconium oxide perovskites incorporated with palladium oxide, samarium and terbium
as electrodes for electrochemical energy application. The perovskites nanomaterials were
fabricated by an in situ sol gel method and their catalytic performance was studied. The choice
of the materials was based on the advantages such as good electrochemical activity (LZO),
strong hydrogen affinity (Pd) and ionic conductivity & stability (Samarium and Terbium).
Joining the above-mentioned advantages, the ternary perovskites oxide would display
outstanding electrocatalytic property. The study was outlined in six chapters. Chapter one
focused on background of perovskites oxide materials and their challenges in electrochemical
applications. The major limitation was on low electrical conductivity, less stability and toxicity
hence addressing it by preparing a lead-free and all inorganic electrocatalyst. The chapter
highlighted the aim and main objectives of the study. Chapter Two dealt with literature review.
This was mainly looking at the renewable energy and challenges faced by its large scale
utilization. This was followed by a comprehensive review of Perovskites oxides in general and
ways to improve its application in clean energy. Their defect chemistry was outlined in Chapter
Two which is accountable to its fascinating properties that can be explored in energy
applications such as photocatalysis, batteries, solar cells, hydrogen evolution reaction and solid
oxide fuel cells (SOFC). Chapter Three outlined several analytical techniques which can be
used to study the physicochemical properties of LZO nanomaterials. It further outlined the
electrochemical methods which can be used to study the electrocatalytic property of different
materials. The first study was done in Chapter Four whereby LZO and LPdZO were prepared
via sol-gel synthesis to realize the LPdZO with excellent HER properties. The FTIR and XRD
analyses revealed a similar resemblance between LZO and LPdZO nanomaterials suggesting
that the parent material LZO structure was not dislocated during Pd doping. Moreover, the
reduction in optical band gap (DFT) from 3.66 eV (LZO) to 0.77 eV (LPdZO) tells that the
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LPdZO exhibit higher electrical conductivity which is of great importance for hydrogen
evolution reaction (HER) applications. From the synthesized LZO and LPdZO electrocatalysts,
it was comprehended that LPdZO exhibited excellent HER performance in 1.0 KOH alkaline
medium with Tafel slope of 105.9 mV.dec and turn over frequency (TOF) of 8.829 x 10
mol. Hz/s. In addition, LPdZO possessed the highest electrochemical surface area of 447.96
cm? and Faradaic Efficiency of 87.58%.

The second study was done by preparing lanthanides substituted electrocatalytic material as
outlined in Chapter Five. LSmZO and LTbZO were synthesized via reported sol gel methods
using nitric acid, citric acid as solvent and chelating agent respectively. TGA was used to study
thermal stability of LTbZO and LSmZO gave similar curves with mainly two weight loss
bands. The prepared LSmZO and LThZO nanomaterials showed structural and morphological
properties correlated to the reported ones. The morphological characterization showed LTbhZO
powders demonstrated solid, agglomerated and regular particles as compared to rough
spherical particles of LSmZO nanomaterial. There was a slight difference in count of particle
size of LTbZO (averaging 35 nm) as compared to that of LSmZO perovskite (45 nm). Cyclic
Voltammetry was used to study electrochemical properties and assess the HER properties of
synthesized nanomaterials. Electrochemical properties were determined from CV by
calculating the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The electrochemical band gap (Eg) was estimated from the difference between
the EHomo and ELumo. The electrochemical band gap was used to check conductivity of the
LSmZO and LTbZO electrocatalysts. Moreover, the Cai was obtained and used to calculate
ECSA values to be 442.25 cm? and 536.74 cm? for LSmZO and LThZO electrocatalysts,
respectively. This shows that the electrochemical surface area of the material was approved
and can help during HER application. HER activity was performed using CV in 1.0 M KOH
electrolyte using a three-electrode system electrochemical method. The electrocatalytic HER
performance of the lanthanides substituted perovskites were looked at. HER results showed
that the LTbZO nanomaterial possesses the excellent HER performance as compared to
LSmZO. The enhancement in HER performance of LTbZO was attributed to the high ECSA

and longer electron lifetime of 88 ms.

Finally, the incorporation of Palladium together with Terbium/Samarium metals on the
electrocatalytic performance of LZO was investigated and shown in Chapter Six. The ternary
composite was synthesized following the simple in situ sol-gel polymerization route. The

surface coverage (I), diffusion coefficient (D) and capacitance double layer (Car) of LPdTbZO
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and LPdSmZO nanocomposites were found to be noticeably higher than the one of LZO,
LPdZO, LSmZO and LTbZO. Additionally, LPdSmZO and LPdTbZO ternary composite
exhibited an electrochemical surface area of 242 cm?, and 338 cm?, respectively. Moreover,
the EIS measurements reveals that LPdTbZO and LPdSmZO nanomaterials possessed the
charge transfer resistance (Rct) of LPdASmZO ~2.88 Ohm, LPdTbZO with =~ 2.99 Ohm and
electron lifetime of 72 ms and 68 ms LPdSmZO for LPdTbZO, respectively. It is noteworthy
to state that LPdSmZO and LPdTbhZO exhibited the outstanding HER performance with the
Tafel slope of 90 mV.dec? and 130 mV.dec™ respectively as compared to 225 mV.dec? of
pristine LZO. Over and above, LPdASmZO and LPdThZO demonstrated Faradaic Efficiency of
100% compared to 53.75% of LZO.

7.2. RECOMMENDATIONS

Despite the tremendous progress towards the fabrication of the Pt-free cathode materials for
HER reported in this study and other related work, further advancements are required. These
materials synthesized in this work have some disadvantages such as low electrochemical
stability and poor electrical conductivity. There are some recommendations that can be used to

improve their disadvantages and they are as follows:

» Nanomaterials prepared in this work LZO, LPdZO, LSmZO, LTbZO, LPdTbZO and
LPdSmZO are all inorganic perovskites oxide types and can bind with carbon materials
which have high electronic conductivity and surface area, as such it will improve their
electrical conductivity.

» The combination of graphene and the synthesized material in this work can lead to an
improved Hybridized electrocatalyst which is electrochemically stable.

» The other crucial factors that can influence the HER activity of catalysts are the catalyst
preparation methods. Different methods yield catalysts with different morphologies,
crystallite sizes, shapes and electronic properties. It would be interesting to explore the
HER properties of materials generated from different routes.

» Calculation of the hydrogen adsorption Gibbs free energy before and after Pd doping
using a DFT model will help to elucidate the improvement in hydrogen evolution
performance.

> Quantification of produced H2 gas during electrocatalysis will be needed for large scale

hydrogen production.
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> Collection and storage of produced Hz gas will be helpful for commercialization
purposes.

> Development of prototype electrolyzer based on the synthesized materials from this

work will be a good idea for practical usage and producing of patents.
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