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1. Introduction

Metal—-organic framework derived vanadium oxide
supported nanoporous carbon structure as

a bifunctional electrocatalyst for potential
application in metal air batteries

Rimsha Mehek, ©2 Naseem Igbal, & ** Tayyaba Noor, ©° Zahid Ali Ghazi®
and Muhammad Umair®

High-efficiency, sustainable, non-precious metal-based electrocatalysts with bifunctional catalytic activity
for the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) are essential for metal—-air
batteries. In this research, a bifunctional electrocatalyst is developed by synthesizing a novel nanoporous
vanadium oxide/carbon composite (NVC-900) through pyrolysis of a highly efficient vanadium metal-
organic framework, MIL-101 (V). The fabrication process was conveniently carried out by pyrolyzing the
synthesized MIL-101 (V) at 900 °C, producing vanadium oxide nanoparticles embedded in the extensively
distributed pores of the carbon network. The evenly distributed nanopores substantially improve the
performance of the efficient electrocatalyst for both the oxygen reduction reaction and oxygen
evolution reactions (ORR/OER) by increasing surface area and facilitating access to stable catalytic active
sites. The unique structure was characterized by powder X-ray diffraction (XRD) and scanning electron
microscopy (SEM). For oxygen reduction reaction (ORR), the electrocatalyst established a promising
limiting current density (J) of 5.2 mA cm™2 at 1600 rpm at an onset potential of 1.18 V and a half-wave
potential of 0.82 V, and for OER, a current density of 10 mA cm™2 was delivered at a potential of 1.48 V.
In comparison to 10% Pt/C, the synthesized bifunctional electrocatalyst being almost equally active
towards bifunctional activity, showed much better long-term cyclic stability. The one-step thermal
pyrolysis strategy to synthesize the nanoporous functional material and the proposed electrocatalytic
material's long-term bifunctional activity and durability make it an ideal fit for next-generation portable
green metal-air batteries.

consists of the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER), producing hydroxides and oxygen

In the on-going pursuit for environmentally benign and cost-
effective energy conversion and storage devices, metal air
batteries have garnered great attention due to their high theo-
retical energy density of 11 140 W h kg ".** This energy density
value is almost as high as that of gasoline. Due to which, metal
air batteries have potential scope as a power source in electrical
vehicles, portable electronics and aerospace devices**® having
the tendency to perform better than lithium ion batteries.”
Among all the different types of metal air batteries, aqueous
metal air batteries are the most common and the most efficient
ones.® The complete electrochemical cycle of a metal-air battery
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during the discharge and charging respectively.® The lethargic
and thus slow kinetics of both the ORR and OER processes lead
to the significant stalling in both processes, resulting in high
charge/discharge overpotential, low cycle efficiency, and a short
cycle life."*** In order to improve the overall efficiency of the
metal air battery system, an efficient and cost effective electro-
catalyst is required which has the capacity to catalyze either
both or at least the oxygen reduction reaction (ORR). Noble
metal based electrocatalysts have always performed very well
because of their high energy densities but only for one of the
reactions.”" In addition to the monofunctionality, these
materials come with their baggage of problems. Platinum
dominates as an ORR electrocatalyst for its superior electro-
catalytic activity and extraordinary stability. The problem with
platinum lies with its scarcity and hence high prices. Moreover,
Pt is also responsible for the in situ production of poisonous
platinum oxide based bi-products which insulate the active
sites.'®* Similarly, for OER, RuO, has proved its extraordinary
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performance as electrocatalyst while it's also expensive. The
scarcity of the expensive reserves of both the platinum and
ruthenium is an unavoidable challenge in the way of the large-
scale commercial application of the noble metal electro-
catalysts. Therefore, a fundamental prerequisite for improving
the capability of batteries is to build a low-cost, high efficiency
electrocatalysts with bifunctional activities for both the reac-
tions.”® Therefore, developing a cost-effective, efficient, and
stable non-precious metal-based bifunctional electrocatalyst for
metal air batteries is highly sought-after research interest.**-*”

Apart from Pt and Ru, there are a number of other non-noble
transition metals which have the tendency of showing electro-
catalytic activity. Generally, the efficiency of the non-noble
metal based electrocatalysts is very low but this issue can be
resolved by introducing electrochemically active moieties in the
catalyst such as, transition metal doping, nitrogen doping, and
high-surface area carbon structures.”® In this context, three
dimensional complex structures of metal organic frameworks
(MOFs) with abundance of carbon and nitrogen species provide
the metal-oxygen and metal-carbon linkages which act as
catalytic sites for charging and discharging reactions, respec-
tively.>® Therefore, these linkages can be exploited specific to the
targeted reaction type.*® Liu et al., prepared nanoporous active
carbon structures using MOF-5 as template. The resultant
carbon displayed a high specific surface area of 2872 m* g~ *.*'
MOFs have offered great output in many electrochemical
applications**** as well as provided an excellent platform for
the development of unique carbon structures having built-in
active metal moieties.**™*" In this context, ORR catalysts were
synthesized by thermal activation of MOFs consisting of cobalt
ions and nitrogen-containing organic ligands at Argonne
National Laboratory.** Thermal treatment of a cobalt imidazo-
late framework, Co(imidazolate),, produced a porous frame-
work with Co-N, sites, which acted as a decent active site for
ORR process. A series of ORR catalysts with Fe-N, active sites
was designed by the Dodelet research group.*® The thoroughly
blended and mechanochemically treated iron acetate, phenan-
throline, and ZIF-8 converted into a non-noble metal-based
ORR catalyst which exhibited an exceptional catalytic perfor-
mance under pure oxygen.

The introduction of transition metals within the three-
dimensional porous skeleton of MOFs enhances the electronic
properties along with a large surface area for more accessible
catalytically active sites and tunable chemical structures.
Therein, vanadium can be considered as a potential candidate
for catalytic applications. Vanadium based MOF also acted as
raw material for developing V-dopped active carbon
compounds. Such as, Zhou et al. and Yang et al., explained some
V-doped electrocatalysts which exhibited excellent electro-
catalytic characteristics by speeding up the electron transport.
Zhang et al. developed a porous Co-V-N/NC nanocomposite,
which consisted of cobalt-vanadium nitride (Co-V-N) con-
tained in nitrogen-doped porous carbon (NC). Co,N, VN, and
NC derived from ZIF-67 were not only conductive but also
produced good charge transfer and mass transport.*** It has
been proposed that metallic nanoparticles in the carbon matrix
provide unique host-guest interactions that can govern the
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redox states of surrounding carbon atoms. Furthermore, the
carbonization due to pyrolysis brings unique hierarchical multi-
level porous architecture while a heteroatom such as nitrogen
also acts as a key factor in bringing together these features in
the MOF derived carbon structures.'**** Herein, we report
a simple thermal strategy to fabricate vanadium oxide doped
nanoporous carbon architecture with enhanced surface area for
bifunctional catalytic activity. In this work, vanadium-based
metal organic framework with amino-terephthalic acid
organic linkers (MIL-101 (V)) is synthesized and used as the raw
material to derive targeted vanadium oxide doped carbon
structures via one-step thermal carbonization.

2. Experimental

2.1. Synthesis of vanadium metal organic framework (MIL-
101 (V))

Stoichiometric amounts (1:1 molar rations) of 2-amino ter-
ephthalic acid (1.99 g) and vanadium chloride (VCl;) (1.88 g)
were dissolved in 60 mL of absolute ethanol. The well-dissolved
mixture was sonicated for 15-20 min and then transferred into
a Teflon-lined autoclave. The autoclave was placed in oven at
120 °C for 48 h. The reaction mixture obtained were kept at
room temperature for cooling before filtration. The precipitates
were washed with ethanol and separated by centrifugation. The
collected sample was vacuum dried at 70 °C overnight. The
prepared MOF material was labelled as MIL-101 (V).*

2.2. Synthesis of nanoporous vanadium oxide supported
carbon structure (NVC-900)

The prepared and completely dried metal organic framework
after proper characterization was further pyrolyzed at 900 °C in
a ceramic boat inside a tube furnace with flowing N, gas
atmosphere. The temperature ramp was set at 5 °C per minute
and the sample was kept at 900 °C for five hours. After the
completion of pyrolysis, the sample was washed with ethanol to
clear the pores and vacuum dried at 70 °C for 4 hours to obtain
vanadium oxide supported nanoporous carbon structure,
labelled as NVC-900."4%3*

2.3. Material characterization

The morphological and structural analysis of the metal organic
framework and the nanoporous electrocatalyst was performed via
X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), and High Annular
Angular Dark Field (HAADF) analysis. XPS was also performed to
analyze the nature of bonding among the metal and the carbon
structure. Brunner-Emmett-Teller analysis was performed to
study the surface properties using Quantachrome NOVA 2200e
after degassing at 70 °C temperature. Fourier transformed
infrared spectroscopy (FTIR) and thermogravimetric analysis
(TGA) were also performed with both the samples.

2.4. Electrochemical characterization of electrocatalyst

Biopotentiostat electrochemical workstation CHI 760E (by CH
Instrument, Texas, USA) equipped with three electrode cell and
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rotating ring disc electrode assembly RRDE-3A (ALS Co., Ltd., by
BAS Japan) was operated to record all the electrochemical
measurements. Ag/AgCl (in 3 M KCI) was used as reference
electrode and platinum wire was used as counter electrode
while catalyst loaded glassy carbon rotating disk electrode was
the working electrodes. Glassy carbon disc electrode (GC-3 mm
diameter) and platinum rotating disc electrode (RRDE) were
polished with 1.0-, 0.3- and 0.05-micron alumina slurries. To
eliminate any remaining alumina particles, the electrodes were
ultrasonically cleaned in DI water. A solution of 5 mg of active
material was prepared in 0.1 mL ethanol and sonicated for
30 min 0.03 mL of 5 wt% Nafion was added in the solution and
further sonication for 15 min to generate homogenous slurry
(catalyst ink). 3.5 micro liters of the slurry was deposited over
the glassy carbon electrode surface which was equivalent to
1.7 mg cm > of the active material. Same method was followed
to prepare the slurry of commercial Pt/C catalyst for ORR and
OER benchmark measurements.

Both ORR and OER tests were carried out in 0.1 M KOH
solution as electrolyte. Before performing oxygen evolution
reaction (OER) test, N, gas was purged through the electrolyte
solution to remove any entrapped atmospheric oxygen gas and
to saturate the electrolyte with inert nitrogen gas. OER tests
were carried out in N, saturated 0.1 M KOH solution where LSV
was obtained at 0.05 V s~ ' scan rate in at 1600 rpm. Later, the
electrolyte was purged with oxygen gas to saturate it with O,. All
the potential values were calibrated against RHE following the
equation V(rug), where Erug) = E(ag/agcy T 0.059 X pH + 0.210.
The linear sweep voltammetry (LSV) measurements were carried
out at 0.05 V s~ scan rate at variable rotation speeds (800-2000
rpm). The solution resistance was measured using electro-
chemical impedance spectroscopy (EIS) technique by Nyquist
plot in 0.1 Q to 1 MHz range at 0.005 V amplitude. All the LSV
measurements were also recorded for the standard 10% Pt/C
catalyst for the sake of comparison. Stability testing of the
catalyst materials and 10% PT/C was measured in the oxygen-
saturated electrolyte at ambient temperature for 1000 cycles at
1600 rpm and scan rate of 0.05 V s™'. Methanol tolerance was
tested by injecting 0.05 M methanol into the 0.1 M KOH elec-
trolyte during chronoamperometry to achieve current-time (i-t)
plot.

3. Results and discussion

3.1. Structural characterization of electrocatalyst

The X-ray diffraction (XRD) patterns of MIL-101 and vanadium
supported carbon structure pyrolyzed at 900 °C is shown in
Fig. 1. The XRD pattern shows the complete conversion of
complexed V-MIL-101 into vanadium-carbon structure indi-
cated by the (001), (003), (200), (100), and (101) planes of
vanadium species at 2-theta values ranging from 5° to 20°
(JCPDS no. 85-1411). Whereas, some broad peaks at 2-theta
values ranging from 36° to 41° corresponding to (110), (111),
and (002) are due to graphitic nitride bonding whereas peak
corresponding to (100) at 2-theta value of 43° is due to nano-
porous carbon structure®* confirming the formation of
amorphous nanoporous carbon structure.
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The literature shows that pyridinic nitrogen present within
the porous carbon matrix has advantage to effectively bind with
the vanadium entities.>** Furthermore, the peaks corre-
sponding to the (111), (002) and (100) at 2-theta values 33°, 38°,
and 46° show the nanostructured carbon materials.®* The broad
peaks spectrum shows the successful achievement of the
carbon structure with vanadium oxide having porosity within
the nanometer range.

This sophisticated structure can be visualized via scanning
electron microscopy (SEM) images in Fig. 2. The SEM images of
V-MIL-101 (Fig. 2a and b) represent the octahedral nano-
crystalline structure in size less than 500 nm. Fig. 2c repre-
sent the uniformly distributed pores in the well-knitted carbon
nanostructure that promises the ultra-high surface area and
more exposed active sites. Fig. 2d highlights the existence of
vanadium oxide nanoparticles (labelled as c¢1, c2 and c3)
embedded within the pores of carbon network. The reason
behind these porous features is the high pyrolysis temperature
in an inert environment.® These extensive pores can benefit the
smooth release of oxygen entities during the reaction.®*

The EDS analysis in Table 1 shows the content of selected
area to be consisting of vanadium metal, carbon, nitrogen, and
oxygen. The content was almost constant among various sites of
analysis, confirming the uniform distribution of the vanadium
oxide entities along the carbon nanomatrix.

From the TEM images, a homogenously distributed porous
carbon network was observed (Fig. 3a). To evaluate the presence
of vanadium oxide embedded within the pores of carbon
network, HAADF was performed (Fig. 3b) at a selected area. The
high resolution image shows that the vanadium oxide nano-
particles are entrapped within the pores of carbon structure.
This confirms the successful synthesis of a hybrid structure
containing carbon backbone with encapsulated active vana-
dium oxide nanoparticles as further depicted in HR-TEM in
Fig. 3c. The same area was also analyzed for the elemental
mapping to study the distribution of elements in the structure.

— NVC-900
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149 300
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Fig. 1 XRD pattern of V-MIL-101 and vanadium supported carbon
structure pyrolyzed at 900 °C (NVC-900).
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Fig. 2 SEM images of (a and b) V-MIL-101 and (c and d) pyrolyzed
nanoporous carbon structure (NVC-900).

Table 1 Elemental analysis of V-MIL-101 and derived nanoporous
vanadium oxide—carbon matrix NVC-900

V-MIL-101 NVC-900
Electrocatalyst Wit% At% Wit% At%
Vanadium 11.4 3.63 43.82 16.89
Carbon 41.98 52.36 34.74 56.79
Nitrogen 5.01 5.36 6.65 7.04
Oxygen 41.57 38.92 21.44 26.32

The Fig. 3d-f represent the presence of carbon network homo-
genously distributed in the highlighted area with some vana-
dium and oxygen species entrapped within the carbon structure
as nanoparticles. This confirms that the nanoporous carbon
layer has efficiently hampered the vanadium oxide nano-
particles in its spaces.

The surface features and level of porosity were also analyzed
by N, adsorption-desorption isotherms using Brunner-
Emmett-Teller (BET) analysis®” (Fig. 4). N, sorption isotherms
show a sharp rise at extra-low relative pressure and making
a hysteresis loop at high relative pressure unravel the porous
carbon structure in nanoscale. The pores develop from the
release of volatile matter of metal organic framework decom-
position during the thermal pyrolysis and from the cavities
among the framework. The comparative analysis of V-MIL-101
and the derived NVC-900 shows that the high surface volume
of the V-MIL-101 shows adsorption up to 337.8 cm® g~ . On the
other hand the thermal carbonization results into the and
enhanced surface area resulting into the adsorption reaching

© 2023 The Author(s). Published by the Royal Society of Chemistry
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up to a maximum level of 678.2 cm® g~ *. Moreover, the pore size
distribution of NVC-900 is very well in accordance with the swift
O, transport. The corresponding desorption curves are also
regenerative of the active pores necessary for an efficient
complete redox process of the oxygen involving reactions.>***%

In order to investigate bonding states of vanadium and
carbon, XPS spectra were obtained (Fig. 5). Vanadium as V 2p
shows two strong peaks at binding energy values of 515 eV and
517 eV. On the other hand the oxygen as O 1s shows three peaks
fitted at binding energies 530 eV, 532 eV and 534 eV corre-
sponding to bonding with vanadium, and oxygen respectively.
Similarly, C 1s also shows bonding with the oxygen atoms at
binding energies ranging from 285 eV to 289 eV. The most
intense peak is at 284 eV which corresponds to the C-C binding
in the nanoporous carbon network.

The thermal stability of the prepared V-MIL-101 was studied
by thermogravimetric analysis (TGA), as shown in Fig. 6a.7%”*
The quantitative analysis of the TGA curve discloses that the
initial weight loss of 8.07% from 100-200 °C is due to the escape
of free and bound solvent within the sample. After the initial
weight loss, the material is stable up to 340 °C with around 90%
of weight retention. These results demonstrates that the vana-
dium metal organic framework is thermally stable up to
temperatures as high as 350 °C approximately. From 350 °C
onwards, a considerable loss of mass is observed which depicts
the pyrolysis temperature range up to 900 °C. Within this range
the V-MIL-101 undergoes decomposition and losses around
50% of the mass giving up to 45% of the original sample mass.
Thus, the remaining 45% mass which is thermally treated at
900 °C is the residue containing carbon and vanadium species
from decomposed vanadium metal organic framework (V-MIL-
101).

Fig. 6b displays the FTIR spectra of vanadium Metal Organic
Framework and derived nanoporous vanadium oxide carbon
matrix NVC-900. The FTIR spectrum of V-MIL-101 features
identifying bands of vanadium bonding with terephthalate
within the framework at 760 cm ™" whereas the O-C-O stretch-
ing vibration generate bands at 1370 cm™* and 1610 cm™*.7>73
The spectrum of NVC-900 presents the identifying bands of
V=0 at 1024 cm ' corresponding to the vanadium oxide
nanostructures,”* and the carbon-carbon stretching band at
2080 cm ™" corresponding to carbon nanomatrix.” The increase
in the band intensity of the corresponding V=0, C=C and
C=N linkages is due to conversion of organic framework into
porous carbon structure giving rise to graphitic nitride and
carbon-carbon type of bond formation along with the forma-
tion of vanadium oxide species.

3.2. Electrochemical characterization of electrocatalyst

The oxygen evolution activity of the prepared nanoporous
vanadium oxide supported carbon material was evaluated by
using the standard three electrode system in 0.1 M KOH solu-
tion as electrolyte.®® Typically, 5 mg of active material was dis-
solved in 10 mL ethanol and sonicated for 30 min followed by
the addition of 0.1 mL of 5 wt% Nafion and further sonication
for 15 min to generate homogenous slurry. Then, 3.5 micro

RSC Adv, 2023, 13, 652-664 | 655
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Fig. 3 (a) TEM images of nanoporous vanadium oxide supported carbon structure (NVC-900) (b) HAADF image of NVC-900 (c) CTEM image of
vanadium oxide nanoparticle entrapped within the nanoporous carbon network (d—f) elemental mapping showing the content of carbon,

vanadium and oxygen within the area under observation.
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Fig. 5 High resolution XPS spectra of (a) survey scan (b) Cys (c) Vo, and (d) Oy, in vanadium oxide in nanoporous carbon structure.

liters of the slurry was coated over the glassy carbon electrode
surface which was equivalent 3.5 mg cm ™2 of the active material
actually coated on the surface of glassy carbon electrode.'® After
properly drying the coated slurry, the linear sweep voltammetry
(LSV) was performed.

(@)

The LSV curves of the V-MIL-101 samples, pyrolyzed nano-
porous NVC-900 and the 10% Pt/C, were recorded to compare
the electrocatalytic performance for oxygen reduction reaction
(Fig. 7a) at a scan rate of 0.1 V s~ . A current density of 5.2 mA
cm? (denoted as limiting current density J) with half wave

potential of 0.82 V at 0.1 Vs .
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Fig. 7 Electrochemical analysis of bifunctional electrocatalyst: (a) ORR LSV plots of V-MIL-101, NVC-900 and 10% Pt/C at 0.1 V s~ and 1600
RPM (b) ORR LSV plots of NVC-900 at scan rate 0.05, 0.1 and 0.15 Vs at 1600 rpm (c) ORR LSV curves of NVC-900 catalyst at varying rotations
per minutes from 800-2000 rpm (d) Electron transfer number of NVC-900 at voltage values 0.4-0.65 V. Inset: Koutecky—Levich (K-L) plots of
the NVC-900 catalyst between potentials 0.5 and 1.0 V (e) ORR Tafel slopes of NVC-900 and 10% Pt/C electrocatalysts, (f) comparison of various

electrochemical parameters of all the electrocatalysts.

The LSV of the nanoporous sample (NVC-900) was recorded at
scan rate of 0.05, 0.1 and 0.15 V s~ " at 1600 rpm. It is clearly seen
from the Fig. 7b that the current density increases with increasing
the scan rate. A similar trend can also be observed by plotting LSV
curves for ORR at different rotation speed (rpm) from 100 to
1600 rpm (Fig. 7c). The plots show that the value of J;, is 5.2 mA
em ™2 and that of Ey, is 0.82 V. A comparison of electrocatalytic
behavior of base material (MIL-101 (V)) and the derived material

658 | RSC Adv, 2023, 13, 652-664

(NVC-900) with standard 10% Pt/C and some recently tested
similar nanomaterials for ORR is presented in Table 2.

The comparison shows that NVC-900 showed a promising
on-set and half-wave potential as compared to 10% Pt/C catalyst
with a considerably good amount of current density achieved.
This leads to an alternate non-noble metal containing electro-
catalyst that has the capability to compete with the expensive
platinum based electrocatalyst. These values are in accordance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of electrocatalytic behavior of our prepared metal organic framework base material and derived nanoporous vanadium
oxide carbon matrix with 10% Pt/C catalyst for ORR in same electrochemical conditions and other significant recent works

Onset Half-wave Limiting
potential potential current
Electrocatalyst (\%] (\%] density (/) References
Vanadium amino terephthalate (V-MIL-101) 0.95 0.755 1.4 This work
MOF derived nanoporous vanadium oxide carbon matrix (NVC-900) 1.18 0.82 5.2 This work
10% Pt/C 1.18 0.83 5.5 This work
Fe-MOF derived FeS/Fe;C nanoparticles embedded in porous N,S-doped carbon (FeS/ 1.03 0.78 6.83 68
Fe;C@NS-C-900)
NiCo,0, dodecahedron nanosheets on graphene nanosheets (NCO@GNS) 0.85 0.8 5.0 76
Thermally reduced mesoporous manganese MOF@reduced graphene oxide 1.09 0.98 2.1 77
nanocomposite (Mn-BDC@75% rGO)
Cobalt based metal organic framework (Co(1,10-phenanthroline)(H,0)) 0.83 0.7 3.65 26
with the literature®”**%%7¢78% and it also out-performs other Fe T
or Co containing electrocatalysts by providing better potential 100
with considerable amount of current densities. The compara- 9
tive analysis also demonstrates that our designed material can E, 80 75 %
be an efficient alternative to expensive noble metal based elec- =
. . Q
trocatalysts for metal air batteries. 8 A
To evaluate the ORR kinetics of NVC-900 catalyst, Koutecky— §
Levich (K-L) plot was drawn (Fig. 7d inset) using the following 5 ® :&\
equation:®-% e \ ~ 2%
1 1 1 1 2/3,.1/2.-1/6 % :Methnollnjecﬁon
—= —4+—=———+1/0.620FADo,” "w/*v7/°C, (1) o 201 " after 600 seomnds
i I Iy nFAkyC, [——~vc900
‘ [=——10% Pt/C
0+ ‘ (0.1M KOH + 0.05M Methanol)
Therefore, the K-L equation can be described as a linear — 17—
relationship given as; 0 500 1000 1500 2000 2500 3000 3500
1 Time (s)
—=b+kw? 2 _ o .
i Fig. 9 Current—time (i—t) graph of NVC-900 and 10% Pt/C in 0.1 M
KOH and 0.05 M Methanol injected after 600 seconds.
1 1
In eqn (2), b= —=——— and
i nFAkC, . . c . .
w2 1 the diffusion limiting current density. F is the Faraday constant

1
— = where - represents the
iq 0.62nFADo 23v1/6C,’ i P

slope, b is the intercept, while i, 7, and iy respectively stand for
the current density of the scan, the kinetic current density and

(a)

—— NVC-900 1* Cycle
——— NVC-900 1000" Cycle]

Current Density (mAcm?)
&
Il

0.2 0.4 0.6 0.8 1.0
E (V vs. RHE)

(F = 96 485 C mol ), n is the number of electron transferred
during the particular scan, A is the geometric area of the
rotating disk electrode, k, is the rate constant for electron

(b)

20% PYC 1" Cycle
20% PYC 1000” Cycle

Current Density (mAcm'2)

T T T T T
0.2 0.4 0.6 0.8 1.0

E (V vs. RHE)

Fig. 8 Durability test of (a) NVC-900 and (b) Pt/C for 1000 cycles for ORR.
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Fig. 10 (a) OER LSV curves of NVC-900 electrocatalyst at scan rate 0.5, 1.0, 1.5 V s~ (b) Tafel slopes of NVC-900 for OER (c) durability test of
NVC-900 for OER for 1000 cycles. (d) Combined ORR and OER overall LSV curves of NVC-900 electrocatalyst (e) electrochemical impedance
spectroscopy (EIS) plots of V-MIL-101, NVC-900 and 10% Pt/C (f) electrochemical impedance spectroscopy (EIS) plots of NVC-900 at different

voltage values.

transfer, C, is the concentration of bulk oxygen (C, = 1.2 x
10~° mol em® for 0.1 M KOH), Do, is the oxygen diffusion
coefficient (Do, = 1.9 x 10 ° em” s~ ' for 0.1 M KOH), v is the
value of viscosity (v = 0.01 cm® s~ for 0.1 M KOH) and w is the
rotation rate (rpm) of the rotating disk electrode (RDE). The K-L
plots at different potential values shows a steady state rela-
tionship between current density and rotation speed. The
intercept values of the K-L curves are much greater than zero at
more positive potential value which shows that the current

660 | RSC Adv, 2023, 13, 652-664

density is the combination of both the kinetic current (z) and
diffusion-limiting current (ig). Therefore, it can be stated that
both the kinetic and diffusion limitations are controlling the
ORR process of the synthesized material.**-**

The K-L plot shows approximate linearity which depicts the
first order reaction kinetics within the potential range 0.3-
0.66 V. The log of all current density values is plotted as
a function of the corresponding potential values for both the
nanoporous electrocatalyst NVC-900 and 10% Pt/C (Fig. 7d). The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of electrocatalytic behavior of our prepared metal organic framework base material and derived nanoporous vanadium
oxide carbon matrix catalyst for OER and other significant recent works

Potential to achieve current density of 10 mA Overpotential

Electrocatalyst em ™ (E; = 10 mA cm ) (V) (mv dec™)  References
Vanadium amino terephthalate (V-MIL-101) 1.56 51.1 This work
MOF derived nanoporous vanadium oxide carbon matrix (NVC-900) 1.48 21.9 This work
RuO, 1.47 87 94
Fe-MOF derived FeS/Fe;C nanoparticles embedded in porous N,S-doped 1.5 108 68

carbon (FeS/Fe;C@NS-C-900)

NiCo0,0, dodecahedron nanosheets on graphene nanosheets 1.51 100 76
(NCO@GNS)

Thermally reduced mesoporous manganese MOF @reduced graphene 1.84 83 77

oxide nanocomposite (Mn-BDC@75% rGO)

Metal-organic framework-derived carbon nanotubes with multi-active 1.57 340 95

Fe-N/Fe sites (FeNP@Fe-N-C)

Tafel slope of the NVC-900 is 76 mV dec ™" indicating its favor-

able OER kinetics. The K-L plot was also used to determine the

number of electrons transferred (n) within the diffusion

controlled voltage range® (Fig. 7d). The average n value is 3.9

(equal to that of Pt/C electrocatalyst) which confirms the four-

electron pathway with complete oxygen reduction.
Four-electron reduction pathway (eqn (3)):

O, + 2H,0 + 4e” — 40H™ E° = 1.229 V vs. SHE (3)

In four-electron reduction pathway, the oxygen is directly
reduced to hydroxide ion taking up all four electrons at once.
On the other hand, during the two electron reduction pathway,
oxygen is first partially reduced into unstable intermediate
hydroxide ion which further reduces into hydroxide ion adding
up two electrons in each step.®>*°

Two-electron reduction pathway (eqn (4) and (5)):

O, + H,O +2¢~ — HO,” + OH™ E°=0.68 Vvs. SHE (4)

(5)

The four-electron pathway of oxygen reduction has advan-
tage over the two-electron mechanism. (1) The four-electron
pathway involves direct reduction of oxygen into water with
less positive E° value of 1.229 V vs. SHE whereas the two-electron
process involves the indirect reduction of oxygen to water via
the synthesis of hydrogen peroxide species. The E° of O, to H,0,
conversion is 0.68 Vvs. SHE which is less positive than the value
of the direct four-electron reduction mechanism. Thus, the two-
electron pathway is thermodynamically more difficult to carry at
the first stage. Moreover, the intermediate H,O, specie has no
major significance in the oxygen reduction reaction in metal-air
batteries in contrast to its role in fuel cell applications.”

The durability of the sample is an important key factor for
evaluating the scope of the material for commercialization
therefore, long term cycling of the sample was carried out.”>*
Quite negligible activity loss was observed after 1000 cycles in
Fig. 8a and b. The half-wave potential had a negative shift of
2.1 mV in case of NVC-900 electrocatalyst which is negligible as
compared to the 20 mV of negative shift in 10% Pt/C catalyst.”

2HO,” + H,O +2¢~ — 30H™ E° =1.77 V vs. SHE

© 2023 The Author(s). Published by the Royal Society of Chemistry

Moreover, to investigate the methanol tolerance of the
bifunctional electrocatalyst, the current-time (i-t) plot was ob-
tained in 1 M KOH where 0.05 M methanol was added to it after
600 seconds (Fig. 9). The NVC-900 electrocatalyst showed
a current drop of only 25% and sustained the current for the
next 3000 seconds. On the other hand, the 10% Pt/C showed
a massive drop of current of about 68%. This confirms the
reasonable stability and promising performance of the NVC-900
electrocatalyst in alkaline electrolyte as compared to that of 10%
Pt/C.

The OER activity of the NVC-900 bifunctional catalyst was
also evaluated in N, saturated 0.1 M KOH solution as electrolyte
(Fig. 10a). The catalyst exhibited the current density of 10 mA
cm~? at a potential of 1.48 V at 0.1 V s ' scan rate whereas the
onset potential is 1.45 V. The overpotential of NVC-900 is much
higher than the standard overpotential of RuO,. It still offers
lesser overpotential than most of the already reported alterna-
tives (Fig. 10b). The long-term stability of the NVC-900 electro-
catalyst was also tested for OER activity for 1000 cycles as shown
in Fig. 10c. A decline of 14 mV in E; = 10 mA cm ™~ was observed
at the 1000th cycles.

A comparison of electrocatalytic behavior of base material
(MIL-101 (V)), the derived material (NVC-900) and some recently
tested similar nanomaterials for OER is presented in Table 3.
For an overall analysis of ORR/OER bifunctional performance of
the catalyst NVC-900, the potential gap (AE) (eqn (6)) was
determined from the overall combined plot of ORR and OER®***°
(Fig. 10d).

Where,

(6)

AE was calculated from the data which came out to be 0.66 V.
This low value of AE is indicative of the efficient and stable
bifunctional electrocatalytic activity of NVC-900 for ORR/OER,
thereby outperformed most of the state-of-the-art and expen-
sive noble metal based electrocatalysts.

To further investigate the electrochemical performance of
the V-supported nanoporous carbon material, electrochemical
impedance spectroscopy (EIS) was performed (Fig. 10e and f).
The impedance observed by NVC-900 is clearly lower than that

AE = E;_10,0er — E12,0rRR
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of V-MIL-101 whereas, the 10% Pt/C represented the least
impedance as expected. As indicated by the results in Fig. 9f, the
small radius of Nyquist plot was observed at values close to the
standard onset potential of 0.85 V.

These findings indicate the remarkable bifunctional catalytic
activity of the MOF derived nanoporous material. From the
results, it is quite evident that vanadium has a favorable impact
on the OER and ORR activity of the catalyst material. Moreover,
the high specific surface area and nanoporous morphology of
the pyrolyzed carbon-based structure reinforced the oxygen
diffusion process upon the active catalytic sites.

4. Conclusion

A vanadium oxide supported nanoporous carbon structured
with hierarchical nanoporous morphology was prepared via
pyrolysis of the three-dimensional vanadium metal organic
framework (V-MIL-101). The prepared catalyst material exhibi-
ted excellent bifunctional catalytic activity for both oxygen
evolution and oxygen reduction reaction and outperformed
many conventional noble-metals based electrocatalysts. The
observed electrocatalytic activity of the prepared sample is
attributed to the excess amount of easily accessible active sites,
large surface area and uniformly distributed nanopores. Excel-
lent electrochemical behavior of highly stable vanadium oxide
played its role in swift single step reduction of oxygen through
the four-electron mechanism. Therefore, good limiting current
density of 5.2 mA cm™? with low onset potential of 0.82 V for
ORR is observed, being almost as good as Pt. On the other hand,
for OER 10 mA cm ™2 of current density is observed at potential
of 1.48 V, with least amount of impedance offered in the same
potential range. We believe that strategy adopted in this work
will open the avenue for designing novel bifunctional electro-
catalysts beyond Pt for application in next generation high-
energy storage devices. The active vanadium oxide nano-
particles were embedded within the high surface area nano-
porous carbon structure. The novelty of the current study has
three aspects: (1) the facile synthesis of a well-designed struc-
ture with multiple nano-architectural advantages, (2) redox
active sites of vanadium along with the uniformly distributed
porous surface provided by carbon structure enabling wide
exposure to the active sites, (3) the electrochemical performance
as dual-functional active electrocatalyst with performance as
good as standard electrocatalysts but cost effective as compared
to expensive Pt based commercial electrocatalysts. Ample
porosity achieved from this method increases the density of
exposed active sites which expedite the charge transfer. Well-
dispersed uniform porous carbon nanostructures offer more
structural stability whereas enough nitrogen species coming
from amino terephthalic acid act as additional active sites for
ORR.
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