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Abstract:
The immense deployment trend of proton exchange membrane fuel cells (PEMFC) globally to the
power generation and automobile industries grows massive technological development to make it
efficient and sustainable. Oxygen reduction reaction (ORR) plays a key role in making efficient of
PEMFC. Nuclear magnetic resonance (NMR) based investigation able to predict the cost-effective
replacement of potential oxygen reduction reaction (ORR) catalyst for proton exchange membrane
fuel cell (PEMFC). Nickel-doped (1%) rutile demonstrates better and substantial electrochemical
activity toward ORR. Rutile and Pt, Pd, and Ni-doped rutiles are subjected to NMR and nuclear
quadrupole resonance (NQR) analyses using CASTEP and Gaussian computational code to find
the charge density effect of Platinum, Palladium, and Nickel on the titanium and oxygen atoms
of rutile. The chemical shifts of titanium, Ti (6) of Platinum, Palladium, and Nickel-doped rutile
are −1621, −4037, −5127 and 7823. The in-depth analyses show that Platinum, Palladium, and
Nickel dopants to the rutile increase the electron density and electric conductivities as well as the
overall catalytic performance due to the structural defects, creating oxygen vacancy and Ti3+ that
favor the ORR reaction. The EFG Tensor, Eta (η), NQCC, shielding tensor corresponds that Ni is
a better doping element among three (Pt, Pd & Ni) in rutile for ORR catalyst of PEMFCs.
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1. Introduction

The fuel cell is one of the most promising energy conver-
sion technologies since it is an electrochemical device that
directly transforms chemical energy into electrical energy
with minimal environmental impact. Fuel cells have at-
tracted the interest of researchers and businesses over the
past couple of years as cutting-edge electrical energy con-
version technology. Proton exchange membrane fuel cells

(PEMFCs) are viewed as the most important conversion
technologies due to the good number of sources, zero emis-
sions, instant startup, and high productivity [1–4]. The
deployment of proton exchange membrane fuel cells (PEM-
FCs) is rapidly increasing as a source of stationary power
and automotive applications. Nowadays, fuel cell vehicles
such as buses, cars, forklifts, and trains are in the market
launched by Toyota, Honda, and Hyundai. The internal
combustion engine and batteries are more competitive than
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PEMFCs, though the modern fuel cell stack shows a signifi-
cant power density of 6 kWL-1, low-temperature operation,
compactness, low weight, low cost & volume, fast start-ups,
and discontinuous operation facilities. End-user cost and
lifetime of cells are crucial issues in this regard to consider.
Advancements in technologies and materials and the scale-
up of production are required to improve the membrane elec-
trode assembly (MEA) of the heart of PEMFCs. Integrating
with traditional power generation systems or distributing on-
site power systems has been explored. Moreover, its diverse
application to the agricultural and industrial sectors is the
additional focus shortly. Some chronological development
changes in the structure of fuel cells make them identical in
the operation and conditions of the cells [5–8].
The basic working principle of PEMFC is that hydrogen is
supplied to the anode as a fuel, and air or oxygen (Oxidant)
is supplied to the cathode to complete the energy conversion
reaction. Hydrogen splits into protons and electrons at the
anode, and electrons pass through the outer circuit to the
electric load. Secondly, proton transfer through the mem-
brane (electrolyte) and react with oxygen at the cathode.
An active catalyst enhances both of the reactions. Efficient
oxygen reduction plays a major role in PEMFC operation.
Before PEMFC’s commercialization, there are still a lot of
obstacles to overcome. An active and affordable catalyst
for the oxygen reduction process is one of them (ORR) to
solve the limitation. Oxygen reduction follows two differ-
ent reaction paths: reduction by 4 (four) electrons, where
it forms oxygen (O2) and water (H2O), and reduction by
2(two) electrons that form Oxygen (O2) and hydrogen per-
oxide (H2O2). 4 (four) electrons reduction considered as
the favorable path due to the absence of hydrogen peroxide
formation. The path creates some degradation of the mem-
brane and electrode. As a result, the operating potential and
current density become high in fuel cells [9–12]. Oxygen re-
duction reaction (ORR) occurs by moving a four-electron in
one step, as shown in Equ. ( 1) and by moving two electrons
in two steps, as shown in Equ. (2) [13].

O2 +H2O+4e− → 4OH− (1)

O2 +H2O+2e− → OH−+HO−
2 (2)

H2O+HO−
2 +2e− → 3OH−

There is a challenge to the oxygen reduction rate at the cath-
ode of PEMFC. A good number of efforts have been made
to accelerate the ORR in fuel cells. The most well-known
catalysts for the oxygen reduction reaction are gold, ruthe-
nium, palladium, platinum, and their alloys [14], as well as
carbon-based materials, i.e., N-doped carbon nanotubes, N-
doped graphene, sulfur-doped graphene [15–20]. The noble
metals are expensive, and consequently, the main challenge
is to decrease or replace Pt and Pt-based alloy catalysts in
ORR reactions [21].
According to the literature regarding the reduction state,
an associative mechanism occurs for water adsorption and
dissociative formation at bridging oxygen vacancies. It is a
common defect on the surface of rutile and rutile-making
hydroxyl groups for linking with atoms. It has been well
studied that the oxygen (O2) adsorption in the first step of

oxygen reduction reaction and the presence of bridging -OH
on a rutile surface. Hydrogen peroxide and adsorbed OOH
showed the most stable formation or transition state due to
the surrounding bridging OH and the hydrogen bonds that
make them the most stable [22, 23]. Week intermediates are
O2 and H2O or OH, which are not supported by calculation.
Oxygen and neighboring OH groups spontaneously form
the OOH species adsorbed on the surface [24]. The forma-
tion of a bond between OOH and titanium is necessary for
the four-electron method, and OOH reacts with titanium
atoms with a lower charge density. As a result, the charge
density of titanium atoms in the studied rutile is a criterion
for OOH attack. Titanium atoms with lower charge densi-
ties react more easily with OOH. [25]
Nuclear quadrupole resonance (NQR) spectroscopy is a
highly sensitive method for measuring the electronic charge
distribution around quadrupole nuclei [26]. This method
enables us to find out more about specific quadrupole nu-
cleus surroundings to determine the electronic structure
of molecules and complexes. Moreover, it can assess the
EFG of the molecule’s charges at any point within the
molecular space. The nuclear quadrupole coupling con-
stant (NQCC) measures the interaction between the EFG
and the quadrupole moment of the quadrupole nuclei.
Rutile is a low-cost, stable, and eco-friendly superconduct-
ing material that is electrically insulating at temperatures
below 200 ◦C and is not a good replacement as a catalyst
for ORR [27–29]. A good number of efforts have been
made to enhance electronic conductivity to improve rutile
electrochemical activities. Metals doping to the rutile is one
of them that brings structural defects and oxygen vacancies
[30, 31] and improves electrical conductivity (donor den-
sity) as well as electro-catalytic performances. Nickel (Ni),
an abundant and reasonably priced element with favorable
electrochemical characteristics, is a common element on
Earth. It is used as an alternative or a co-catalyst in Pt-based
materials of PEMFCs [32]. Rutile doped by Pt, Pd, and
Ni shows significant electrochemical activity compared to
Pt supported by conventional carbon [33, 34]. Pt, Pd, and
Ni-doped rutiles are some of the most significant substitute
catalysts.
The titanium atoms are six or five-fold coordinated on the
rutile surface. Again, the oxygen (O) atoms are 3-fold coor-
dinated in the surface plane or 2-fold coordinated with con-
necting atoms that come through from the surface [31, 35].
A couple of studies have been conducted on the properties
of rutile surfaces [33, 34], especially the adsorption of wa-
ter or oxygen [36–40] like small molecules. The catalytic
activity of Pt, Pd & Ni-doped rutile on the ORR in PEMFCs
has not been studied yet using NMR techniques. In this
work, the doping effect of Pt, Pd & Ni on the rutile catalytic
activities or performances, especially the charge density
and oxygen vacancy phenomena that predict the ORR per-
formances, was studied using the CASTEP and Gaussian
computational code-based NMR analyses. Moreover, the
parameters, i.e., shielding tensor, NQCC, and EFG, support
the interpretation and selection of the best and most cost-
effective ORR catalyst as a replacement for an expensive
catalyst.
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2. Materials and methods

The supercell approach was used for the first-principle elec-
tronic structure calculations of rutile and doped rutile. Pt-
rutile, Pd-rutile, and Ni-rutile are built using the DFT-based
DMol3 module by doping Pt, Pd, and Ni in the pure rutile
crystal structure. Geometrical optimization of the doped
rutile crystals was performed using the DNP basis set and
PBE (GGA) functional [41–43]. The geometrical optimiza-
tion is performed at the conditions of −21336 Ha energy
and 50 SCF iterations. The geometrically optimized crystal
structure of rutile, Pt-rutile, Pd-rutile, and Ni-rutile are then
subjected to NMR analyses using CASTEP computational
code. The GGA/PBE computational model applied in the
CASTEP module is a reliable computational code for calcu-
lating NQCC tensors [44]. The energy calculation of the ge-
ometrically optimized crystal structures was performed by
OTFG ultra-soft pseudopotentials in the CASTEP module,
where the energy cutoff (489.8 eV), K-point set (2×3×2),
and fine SCF tolerance are maintained as electronic param-
eters. The successful NMR analyses provide the parame-
ters: electric field gradient (EFG), shielding tensor, nuclear
quadrupole coupling constants (NQCC), and EFG tensor (η
that are used later in the results and discussion section to in-
terpret the electronic phenomena of the catalyst. Moreover,
NMR analyses of all investigated catalysts were performed
again using Gaussian 09W computational code to observe
the chemical shifts and related parameters as the pathways
shown in Fig. 1.
The charge density of atoms in a molecule can be calcu-
lated by the nuclear magnetic resonance (NMR) using the
CASTEP computational code [45]. The chemical shielding
tensor σmn is obtained according to Eq. (3) as calculated

by CASTEP where the nuclear magnetic moment (µ) and
nuclear magnetic shielding (B) and the magnetic field is ori-
ented in the m direction, and the shielding in the n direction.

σmn =

(
δ 2E

δ µmδBn

)
µ,B=0

(3)

In solution-state NMR, each nucleus often exhibits a chemi-
cal shift as an isotropic value due to fast molecule tumbling,
which averages the shielding tensor’s orientation-dependent
component [46]. Eq. (4) computes the isotropic value of the
major component of the shield.

σiso =
σ11 +σ22 +σ33

3
(4)

Using the results of subscript representshe reference atom
and σp represents the investigated atom; [47].

δp =
σp,re f −σp

1−σp,re f
≈ (σp,re f −σp) (5)

The charge density of a compound can be derived by using
the bond angles of the compounds. The bond angles of a
compound are calculated by the EFG tensor (η) which is
expressed in Eq. (6). [48].

cosθ∞ =
1
3
(1− 4

1+η
) (6)

3. Results and discussion
The geometrically optimized structures of Rutile (a),
Platinum-Rutile (b), Palladium-Rutile (c), and Nickel-
Rutile (c) were subjected to the computational code and
analyzed as shown in Fig. 2. The charge distribution and

Figure 1. Method of investigation.

Figure 2. Rutile (a), Pt-Rutile (b), Pd-Rutile (c), and Ni- Rutile crstal.

2252-0236[https://doi.org/10.57647/j.ijc.2024.1404.46]

https://doi.org/10.57647/j.ijc.2024.1404.46


4/10 IJC14 (2024) -142446 Marufuzzaman et al.

ORR activities of titanium atoms in rutile and doped rutile’s
were analyzed and made comparison.

3.1 NMR analysis

The NMR spectrum of Rutile (a), Pt-Rutile (b), Pd-Rutile(c),
Ni- Rutile (d) are shown in Fig. 3. The chemical shift (in
ppm scale) of all atoms ranged in (+500 to −20000 ppm).
It shows the effect of dopant Pt, Pd, and Ni atoms that alters
the chemical shift of titanium and oxygen atoms in rutile.
The average chemical shifts (ppm) of titanium atoms in
Rutile, Pt-Rutile, Pd-Rutile, and Ni-Rutile are shown in
Table 1: −617 ppm, −2101 ppm, −2419 ppm, and −3091
ppm, respectively. Ni-Rutile has a wider chemical shift
(ppm), which indicates the least charge density and is more
active towards oxygen reduction reaction. The order of the
catalysts towards ORR reactivity is likely Ni-rutile > Pd-
rutile > Pt-rutile > rutile.
The chemical shifts (ppm) of titanium atoms in rutile (a),
Pt-rutile (b), Pd-rutile(c), and Ni-rutile (d) are shown in
Fig. 4, and their chemical shift (ppm) varied in the range of
−200 to −8000 ppm.
NMR graph of doped atom in Pd-rutile, Pt-rutile, and Ni-
rutile is shown in Fig. 5. The chemical shift (ppm) of
platinum atom in Pt-Rutile is −432 ppm, palladium atom
in Pd-Rutile is −566 ppm, and nickel atom in Ni-Rutile is
−15842 ppm respectively as shown Fig. 5. The chemical

shifts (ppm) of single platinum, palladium, and nickel atoms
are −4186 ppm, −6496 ppm and −21758 ppm respectively
shown in Fig. 5.
These doping elements cause the titanium atoms to shift

higher and become a lower chemical shift itself, which low-
ers the charge density of titanium atoms in a rutile structure.
Ni-rutile has more chemical shift (ppm), which indicates
it has the least charge density and is more active toward
oxygen reduction reaction. The order of the catalysts in
ORR reactivity is likely Ni-rutile > Pd-rutile > Pt-rutile >
Rutile. The more electronegative the neighbor, the greater
the effect. An inductive effect drives the shift of NMR. The
effect of electronegativity is additive. The more or less elec-
tron density present, the further upfield/downfield the shift
in the spectrum. Electrons in the neighboring atoms could
reduce the field experienced by the proton, shielding it from
the external magnetic field and moving the signal to lower
ppm (or upfield) and vice versa. The chemical shift val-
ues present a wider shift according to the decreasing metal
charge in the order of Ni > Pd > Pt due to the coordinated
shorter distance between the metal center and dopants, and
a more covalent nature might occur with the increases of
metal atomic number [49]. The larger shift corresponds to
the reduction of metal ion charges upon going from Ni to
Pd and finally to Pt. Only the level of dopant concentration
is not a key reason to have a greater chemical shift (CS).
Moreover, metal-ligand covalency and metal ion electron

Figure 3. NMR graph of Rutile (a), Pt-Rutile (b),Pd-Rutile (c) and Ni-Rutile(d).

Table 1. Chemical Shifts/ δ p (ppm) of titanium in rutile, Pt-Rutile, Pd-Rutile, and Ni-Rutile.

Rutile Pt-rutile Pd-rutile Ni-rutile
Atom δ p (ppm) Atom δ p (ppm) Atom δ p (ppm) Atom δ p (ppm)

Ti(1) -117 Ti(1) -1387 Ti(1) -1461 Ti(1) -1258
Ti(2) -143 Ti(2) -1460 Ti(2) -1495 Ti(2) -1429
Ti(3) -147 Ti(3) -1469 Ti(3) -1593 Ti(3) -1510
Ti(4) -161 Ti(4) -1496 Ti(4) -1628 Ti(4) -1529
Ti(5) -1514 Ti(5) -2758 Ti(5) -2908 Ti(5) -4895
Ti(6) -1621 Ti(6) -4037 Ti(6) -5127 Ti(6) -7923
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Figure 4. Chemical shift of titanium atoms (1 to 6) in Rutile (a), Pt-Rutile(b), Pd-Rutile(c), and Ni-Rutile(d).

Figure 5. Chemical shift of Pt, Pd & Ni in Rutile (a1, b1, c1) and individual chemical shift of Pt, Pd & Ni (a2, b2, c2).

density affect the electron density of the nearest neigh-
boring nuclei and subsequently affect the CS. Adsorption
energies of oxygen and hydroxyl ions together with linear
scaling relation are considered as ORR descriptors. Met-
als that bind with O and OH more strongly are less active.
The addition of Nickel as a dopant weakens the bonding

to ORR intermediates that favor the reaction. Further ex-
tensive DFT calculation is required to measure the optimal
contents of dopant metal to maximize the ORR. The study
focuses based on the structure-activity relation of molecules.
The appearance of anatase titanium dioxide is metallic and
has low relative density. Rutile titanium dioxide is optically
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positive, and the degree of distortion of the octahedron is
different and favors the metal doping that makes it good for
ORR catalyst.

3.2 EFG tensors (η)
The comparison of bond angle for the Rutile, Pt-Rutile,
Pd-Rutile, and ni-rutile can be observed by Eq. (6), which
is applied for the bond angle calculation of O-Ti-O from
the EFG Tensor, η in the range of (109.47 < θ∞ < 180)
[50]. The angles of O-Ti-O in rutile and Pt/Pd/Ni-doped
rutile are calculated by Eq. (6). In the case of rutile and
Pt/Pd/Ni-doped rutile, titanium atoms that are connected
with covalent bonds to the oxygen crystal lattice, the angles
O-Ti-O depend on the geometry of the lattice. Moreover,
O-Ti-O bond angles in rutile will give the charge density
of titanium atoms. The O-Ti-O bond angles are calculated
from the EFG tensors (η) in Table. 2 by solving Eq. (6).
The numerical decrease in the amount of EFG Tensor(η)
indicates the numerical increase in the cosθ∞ indicating that
these atoms have lower charge density [51]. The presence
of Pt atoms in Pt-rutile has reduced the EFG Tensor(η) at
titanium atom nunumbersf 2, 3, 5 ,and 6; Pd atoms in Pd-
rutile have reduced the EFG Tensor (η) at titanium atom
number of 2, 4, 5 and 6; and Ni atoms in Ni-rutile has
reduced the EFG Tensor (η) at titanium atom number of
2, 3, 4, 5 and 6; The numerical value of EFG Tensor (η)

decrease indicates the increase of cosθ∞ corresponds that
these atoms have lower charge density. The bond angle
study demonstrates that the titanium atom at Ni-rutile has a
lower charge density than rutile. This lowest charge density
makes the Ni-rutile catalyst more active towards ORR than
rutile, Pt-rutile, and Pd-rutile. The EFG Tensor (η) analysis
shows that Ni is a suitable doping element of Ni-rutile for
proton exchange membrane fuel cells (PEMFCs) catalysts.

3.3 Shielding tensor
The shielding tensors of titanium and oxygen atoms in rutile,
Pt-rutile, Pd-rutile, and Ni-rutile are obtained from NMR
analyses using CASTEP computational codes. Six (6) ti-
tanium atoms named Ti(1), Ti(2), Ti(3), Ti(4), Ti(5), and
Ti(6) of a rutile plane are studied for the selection of com-
paratively most active sites of the catalyst and tabulated in
Table 3.
NMR analyses predict the shielding tensors of rutile, Pt-
rutile, Pd-rutile, and Ni-rutile, which are shown in Table 3.
It corresponds to the trend of the chemical shift of the in-
vestigated catalysts and the charge density of the titanium.
Chemical shifts of rutile, Pt-rutile, Pd-rutile, and Ni-rutile
are shown in Fig. 4. The chemical shifts of Ti (6) are; Rutile
(1621), Pt-Rutile (4037), Pd-Rutile (5127), and Ni-Rutile
(7923) as in Table 1. Ni-rutile shows the highest chemical
shift than Pt and Pd-rutile. Higher chemical shifts corre-

Table 2. EFG tensor (η) of titanium in Pt, Pd, Ni-doped Rutile.

Nucleus Species Bond angles of O-Ti-O in catalysts
cosθ∞

rutile Pt-rutile Pd-rutile Ni-rutile

Ti(1) 122.2 115.9 116.8 122.2
Ti(2) 126.3 128.7 128.7 127.8
Ti(3) 123.7 125.4 116.8 125.0
Ti(4) 124.6 118.3 129.2 125.9
Ti(5) 121.6 122.9 124.4 126.3
Ti(6) 122.9 126.3 127.8 128.7

Eta (η)/EFG Tensor values
Ti(1) 0.54 0.73 0.70 0.54
Ti(2) 0.44 0.39 0.39 0.41
Ti(3) 0.50 0.46 0.70 0.47
Ti(4) 0.48 0.65 0.38 0.45
Ti(5) 0.56 0.52 0.49 0.44
Ti(6) 0.52 0.44 0.41 0.39

Table 3. EFG tensor (η) of titanium in Pt, Pd, Ni-doped Rutile.

Atom Shielding tensor (Iso)
Rutile Pt-rutile Pd-rutile Ni-rutile

Ti(1) -436.25 -503.73 -520.46 -1717.49
Ti(2) -465.32 -457.79 -576.84 -537.27
Ti(3) -495.91 -535.51 -555.31 -565.31
Ti(4) -434.48 -451.97 -584.70 -665.78
Ti(5) -456.59 -487.21 -504.76 -567.56
Ti(6) -493.16 -513.96 -546.84 -637.92
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spond to the lower charge density [52] of the titanium of
the rutile. The presence of each Pt, Pd & Ni atoms in-
dividually in rutile has reduced the charge density of the
titanium atom from 1 to 6th. Increasing chemical shifts
indicate the decrease of the charge density that favors the
4-electron reaction of ORR [53]. The analyses provide a
competitive advancement on ORR catalyst that would be an
active replacement of precious catalysts like Pt. Ni-doped
rutile catalyst, which is a promising material for the future
development of PEMFC.

3.4 NQCC
Fig. 6 indicates the Qc (MHZ) of the titanium and oxy-
gen atoms in Pt/Pd/Ni-doped rutile. The titanium atoms in
Pt/Pd/Ni-doped rutile have lower Cq (MHZ) values than
rutile. The calculated Qc of oxygen atoms in Pt-rutile, Pd-
rutile, and Ni-rutile was lower than that of O-atoms in Rutile,
indicating that O-atoms in Pt-rutile, Pd-rutile, and Ni-rutile
have a higher charge density than those in rutile. The cal-
culated Qc of titanium atoms in Pt-rutile, Pd-rutile, and
Ni-rutile was higher than that of Ti-atoms in rutile, indi-
cating that Ti-atoms in Pt-rutile, Pd-rutile, and Ni-rutile
have a lower charge density than those in rutile. This con-
dition makes the Pt/Pd/Ni-doped rutile more active toward
the oxygen reduction reaction (ORR). Fig. 6 shows the QC
of titanium atoms in Pt/Pd/Ni-doped rutile, which clearly
expresses the order of reduced charge density in catalysts
as Ni-rutile > Pd-rutile > Pt-rutile > Rutile.

4. Discussion
The kinetics of ORR is still a major challenge in the re-
search and development of fuel cells. It would be possible
to increase the efficiency of the fuel cell by creating better
conditions of the reaction for easier four-electron methods
in the OOR at the cathode. In the four-electron ORR mech-
anism, O-H is formed [54]
Doping Pt, Pd & Ni to the rutile increases the electron

density and electric conductivities as well as the overall cat-
alytic performance due to the structural defects and creates
oxygen vacancy and Ti3+ [55–59]. The top view of the in-
vestigated catalyst is shown in Fig. 7. Reactive sites for the
adsorption of oxygen and water have been hypothesized to
exist in point defects [60–63]. Molecular oxygen adsorption
has been reported to occur actively at the surface of oxygen
vacancies. [64, 65]. In addition, oxygen vacancies have
been proposed as active locations for water’s dissociative
adsorption. [66]. Then, hydrogen is adsorbed on a bridging
lattice oxygen ion, and the OH group is adsorbed on an oxy-
gen vacancy, filling the vacancy with an oxygen ion. [67]
OH interacts with rutile (as a catalyst), where a chemical
bond between oxygen and titanium is created. This is the
most important step of the catalytic effect of rutile [59, 62].
The formation of the bond between OH and Ti is necessary
for the four-electron method, and OH reacts with titanium
atoms with a lower charge density. The charge density of
titanium and oxygen atoms in rutile, Pt-rutile, Pd-rutile, and
Ni-rutile are obtained from the numerical values of chemical
shift shown in Eq. (5). Catalytic PEM has a high potential
to add a versatile application towards clean energy [68].
The above discussion of the EFG tensor (η) indicates that
the Ni-rutile catalyst is more active towards ORR than rutile,
Pt-rutile, or Pd-rutile. From the NQCC study, the presence
of Ni atoms in Ni-rutile causes the charge density of tita-
nium atoms to decrease, and therefore, titanium atoms in
Ni-rutile are more reactive in the four-electron path mecha-
nism in the ORR reaction at the cathode. Finally, the EFG
shielding tensor indicates Ni-rutile has a reduced charge
density and increased chemical shifts. Ni-rutile’s catalytic
effect will be greater than pure rutile, Pt-rutile, and Pd-rutile.
Therefore, the presence of Pt, Pd, and Ni atoms in the ru-
tile decreases the charge density of titanium atoms. As a
result, these atoms are more reactive in the four-electron
path mechanism in the ORR reaction.

Figure 6. Comparative nuclear quadrupole coupling constant (Qc)/MHZ of atoms in catalysts; (a) titanium, (b) Oxygen.

Figure 7. Top view of (a) rutile, (b) Pt-rutile, (c) Pd-rutile, (d) Ni-rutile in Gauss View in Gaussian NMR analysis.
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5. Conclusion

The charge distributions are utilized to estimate the NMR
and NQR parameters, which are used to comprehend the
substance’s electronic structures. The presence of Pt, Pd,
and Ni in rutile decreases the charge density in titanium
atoms and increases the charge density in oxygen atoms.
The decreased charge density in titanium atoms makes the
Pt, Pd, and Ni-doped rutile material more active than pure
rutile. EFG tensors correspond to the Ni-Rutile, which is
more active than rutile, Pt-rutile, and Pd-rutile towards
ORR. Moreover, the nuclear quadrupole coupling constant
(Qc) predicts the titanium atoms in Pt, Pd, and Ni-doped
rutile have a lower charge density than the rutile. Finally,
from Gaussian NMR analysis, the numerical decrease in
the amount of calculated chemical shielding Iso (ppm)
indicates that the titanium atoms in Pt, Pd, and Ni-doped
rutile catalysts have greater chemical shifts than pure rutile
and the activity of Pt, Pd, Ni-doped rutile catalyst for
ORR is likely Ni-rutile > Pd-rutile > Pt-rutile > Rutile.
Increasing chemical shifts decrease the charge density of
titanium, which means that they are suitable targets as the
intermediate in the 4-electron reaction of ORR, which is
a clear indication that the catalytic effect of Ni-rutile is
greater than that of pure rutile, Pt-rutile, and Pd-rutile.
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