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Oxygen utilization in electrochemical energy generation systems requires to overcome

the slow kinetics of oxygen reduction reaction (ORR). Herein, we have outstretched an
efficient strategy in order for developing a bioinspired Zn (N4)/sulfur/graphitic carbon
composite (Zn-S-Gc) with an effective performance for the ORR at low temperature.
The catalyst composite was created by attaching the Zn (N,) centers in the form of zinc
phthalocyanine on the sulfur-linked graphitic carbon surface. The most positive ORR
onset potential of about 1.00 V versus a reversible hydrogen electrode (RHE) was
obtained due to the unique structure of a new catalyst in KOH solution (pH = 13) at
low temperature (7' = 298 K). The catalyst was evaluated using the rotating-disk elec-
trode method in the potential range of —0.02—1.18 V versus RHE. The number of
transferred electrons as one of the most important parameters (n > 3.70) is almost con-
stant in a wide range of low overpotentials (0.1-0.6 V), which indicates a more effi-
cient four-electron pathway from O, to H,O on the catalyst surface. The estimated
Tafel slope in an appropriate range is about &~ —133.3 mV/dec at a low current density
and E;, of the electrocatalyst displays a negative shift of only 11 mV after
10,000 cycles. The mean size of the catalyst centers is on the nanoscale (<50 nm).
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1 | INTRODUCTION during the past 25 years. Nonprecious metal -catalysts

(NPMCs) supported by nitrogen-doped or sulfur-doped car-

Oxygen is an abundant element in the Earth's crust and its
reactions play the most important role in electrochemical
energy generation and storage systems such as fuel cells.
The fuel cells, as a next generation of energy systems, sup-
ply electricity by the conversion of chemical energy and
their performance strongly depends on sluggish kinetics of
oxygen reduction reaction (ORR)."™! Enhancing of the
ORR kinetics is inconceivable without the use of efficient
electrocatalysts. Widespread research studies were carried
out for design and production of suitable catalysts. The
platinum-based compounds are a well-known accelerator for
the ORR, which have considerable limits. [ Thus, many
attempts have been made to develop an efficient alternative

bon allotropes are serious possible alternatives for the

[10-141 A5 different electrocatalysts

platinum-based catalysts.
lead ORR in aqueous solutions by two pathways, many pre-
cursors have been introduced with different performance:
either through an efficient two-step, two-electron pathway
from O, to hydrogen peroxide or more efficient four-
electron way from O, to H,O or less efficient.">'7! The
researchers have indicated that the M-N,4-C structure is the
closer catalyst for the 4-electron pathway. Here, M is various
transition metals, such as: iron, copper, cobalt, zinc
etc."® 23 On the other hand, Nature uses cytochrome
enzymes to catalyze the ORR. The MN, centers in the com-

plex cytochrome structure as NPMCs are the active sites for
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the ORR."** In this work, M (N4) centers were created on
the sulfur-linked graphitic carbon, where M is the zinc atom.
The Zn (N,4) centers are stabilized by the zinc phthalocya-
nine structure and graphitic carbon, crystalline allotrope of
carbon and the most stable form of carbon under standard
conditions, is used as a carbon substrate. Phthalocyanines
and their derivatives have been widely used as pigments in
industry. Metal phthalocyanines as a two dimensional
(2D) metal organics form M (N,4) centers with most transi-
tion metals, moreover, they have been investigated as cata-
lysts for various reactions including ORR and redox
systems. Although metal phthalocyanines have been never
commercialized as catalysts, due to their chemical and ther-
mal stability and specific properties, they have often been
investigated for several applications. =%

The findings of this study demonstrate a highly perform-
ing bioinspired zinc-based catalyst for the ORR in alkaline
media (KOH, 0.1 mol/L) at low temperature (T = 298 K).
Zn-S-Gc is found to offer a much higher ORR activity than
metal-free organic N-C and Pt-based catalysts in an alkaline
electrolyte, and is especially considerable in terms of Eqge,
E,/, n (the number of electrons transferred), the Tafel slope,
and the catalyst durability. Elemental microanalysis, thermo-
gravimetric analysis, inductively coupled plasma (ICP),
Fourier-transform infrared (FT-IR) spectroscopy, X-ray
powder diffraction (XRD), transmission electron microscopy
(TEM), and Scanning electron microscopy (SEM) methods
were employed to evaluate the catalyst structure.

2 | EXPERIMENTAL

2.1 | Reagents and materials

All initial chemicals were of guaranteed reagent (GR) grade
from Sigma-Aldrich, Merck, and Alfa Aesar. Deionized
water was used to prepare the aqueous solutions.

2.2 | Synthesis of zinc phthalocyanine (ZnNgH,Cly¢_,)

ZnPc was synthesized using a simple microwave oven under
atmosphere pressure. Water used in the synthesis was dis-
tilled before use. A mixture of zinc (II) chloride, high purity
urea, and phthalic anhydride with a weight ratio of 1:4:4 was
dissolved in saturated solution of NaCl (50 mL). Next,
100 mg ammonium molybdate as a catalyst and 0.5 mmol
lauric acid as a capping agent to suppress the flocculation of
nanoparticles were added to the solution. Dissolved chemi-
cals in a beaker were reacted using a microwave oven
(Samsung-900 W) at low temperature (100-125°C) for
10 min. The ZnPc powders were filtered, washed, and dried
in air oven at 80°C overnight. Elemental Microanalysis
(flash EA112 automatic elemental analyzer) was used for
synthesizing ZnPc (Table 1).

TABLE 1 Elemental analysis of ZnC3,NgH,Cly4_,
Elements (%) Cu C N Cl H
Calculated for CuPc 6.17 36.26 10.57 46.81 0.19
Found for CuPc 6.20 36.20 10.51 46.91 0.18

The elemental mass percentages of Zinc (Zn%), Carbon
(C%), Nitrogen (N%), Chlorine (C1%), and Hydrogen (H%)
in ZnPc (ZnC;3,NgH,Cly4_,) were calculated by the follow-
ing equations, respectively:

M
Zn% = —2 % 100 (1)
ZnPc
32M
C% = "5 % 100 ()
ZnPc
8M
N% = —% x 100 3)
ZnPc
16 —x)M
g = U6 =Mar 5, (4)
ZnPc
M
H% =~ % 100 (5)
ZnPc

where, Mz, Mc, My, My, and Mg are molar mass of zinc, car-
bon, nitrogen, chlorine, and hydrogen, respectively. and » is the
number of chlorine atoms in the ZnPc structure. Comparison of
the results (experimental and theoretical data) of the elemental
microanalysis of prepared ZnPc shows the value of x about 2.

2.3 | Preparation of Zn-S-Gc¢

Catalyst synthesis included the following steps. First, about
3.9 g (50 mmol) of Na,S was added to 50 mL of dimethyl-
formamide (DMF) to obtain a solution and after that temper-
ature was decreased to —5°C using an ice bath. Then, about
0.6 g (50 mmol) of dried graphitic carbon was mixed in the
solution and the mixture was reacted at —5°C for 12 hr. The
obtained sample was filtered, washed, and dried in an air
oven at 80°C overnight. To prepare Zn-S-Gc, 50 mg of dried
powder and 50 mg ZnPc were dispersed in 50 mL DMF and
then cooled to —5°C. The mixture was reacted for 24 hr.
The Zn-S-Gc powders were filtered, washed, and dried in an
air oven at 80°C overnight.

2.4 | Physical characterization

The FT-IR spectra of the Graphitic carbon, Zn-S-Gc, and
ZnPc were recorded using a ThermoNicolet model NEXUS
FT-IR 670 spectrometer between 4,000—400 cm™! with the
standard KBr pellet method. XRD of ZnPc, Graphitic Carbon,
and Zn-S-Gc was carried out using X’ Pert Pro-Panalytical
with Cu-Ka radiation with a wavelength of 1.54 A° at room
temperature. The 20 angular data were collected between 2°
and 80° at a scan rate of 1° per step. To determine the Zn
loading weight to the final ORR zinc-based catalyst, the
amounts of zinc and sulfur in the obtained Zn-S-Gc sample
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were analyzed by ICP-optical emission spectrometry (ICP-
OES) using an ICP-MS 7900 (Agilent) (Zn: 9014 ppm and S:
4359 ppm). The weight ratio (~2.07) is approximately equal
to the molecular mass ratios of zinc and sulfur (~2.04). The
catalyst particle size and morphology were analyzed by SEM
and TEM using an FESEM-MIRA III (TESCAN) and
EMI10C-100 KV (Zeiss), respectively.

2.5 | Electrochemical measurements

The catalytic performance of the obtained samples for ORR
were evaluated by liner sweep voltammetry (LSV) and cyclic
voltammetry (CV) using an Autolab PGSTAT302N potentios-
tat/galvanostat. The measurements were completed with
employing a conventional three electrode cell. Next, a glassy
carbon rod (2 mm diameter) was used as a counter electrode!*!
and the Ag/AgCl electrode was employed as a reference elec-
trode. Afterward, a catalyst film-coated glassy carbon rotating-
disk electrode (RDE) with a surface area of 0.19625 cm™> was
used as a beneficial electrode. Then, the catalyst ink was pro-
duced by adding 2 mg of obtained powder to a solution con-
taining 50 pL Nafion (5 wt %) and 450 pL deionized water,
moreover, the suspension was sonicated for 30 min. At the
next step, 20 pL of the catalyst ink was placed onto the RDE
surface and was dried slowly to form a dry catalyst film (cata-
lyst loading ~0.4 mg/cm?). Additionally, CVs and LSVs were
performed in O,-saturated KOH (0.1 mol/L) solution by vary-
ing the potential from —0.02 to 1.18 V versus reversible hydro-
gen electrode (RHE) at scan rates of 50 mV/s and
10 mV/s. Also, the electrolyte temperature was sustained at
25 + 1°C and the background CV and LSV measurements
were performed in the Nj-saturated KOH (0.1 mol/L) solution.

3 | RESULTS AND DISCUSSION

The ZnPc and Zn-S-Gc catalysts were synthesized via a low
temperature method as shown in Scheme 1. The first step
involved synthesis of chlorinated ZnPc with microwave irra-
diation in saturated sodium chloride solution. The initial mate-
rials were Phthalic anhydride, Urea, and Zinc (I) chloride.
Next, disodium sulfide, zinc phthalocyanine, and graphitic
carbon precursors were reacted in the DMF solution at —5°C.
Following the linking of zinc phthalocyanine and sulfur atoms
on the graphitic carbon under natural conditions at —5°C, the
as-synthesized Zn-S-Gc catalyst was obtained.

3.1 | Powder XRD analysis

The powder XRD technique was used to study the crystal
phase structures of ZnPc, Graphitic carbon, and Zn-S-Gc¢
and is illustrated in Figure 1. In general, ZnPc has different
crystal phases and according to the two peaks in the low 20
range (5-10°) at room temperature, it is in the a-ZnPc phase
and a monoclinic crystal system.”*"! The ZnPc and Zn-S-
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SCHEME 1  Fabrication of Zn-S-Gc catalyst through a low temperature process
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FIGURE 1 XRD pattern of graphitic carbon, Zn-S-Gc, and ZnPc

Gc diffraction patterns represent the peaks at 7.79°, 9.41°,
13.94°, 15.51°, 16.50°, and 23.81° with different intensities
identical to the a-phase of the phthalocyanine structure.

The average size of the ZnPc and Zn-S-Gc (crystalline)
domains, D, along the (100), (102), (200), (302), (204),
(400), and (414) directions were estimated from the Debye—

Scherrer equation:'*2-*!

D= K'%»Cose (6)

where D is the mean size of the ordered (crystalline) domains,
which may be smaller or equal to the grain size; K is a dimen-
sionless shape factor, with a value close to unity. The shape fac-
tor has a typical value of about 0.9, but varies with the actual
shape of the crystallite; A is the X-ray wavelength; f is the line
broadening at half the maximum intensity full width at half
maximum (FWHM), after subtracting the instrumental line
broadening, in radians; and @ is the Bragg angle. The difference
of mean size of crystalline domains for a-ZnPc and Zn-S-Gc
could be due to the sulfur bridge between a-CuPc and graphitic
carbon substrates (Table 2).

3.2 | FT-IR analysis

To find the functional group structures of ZnPc, Figure 2
displays the FTIR spectral measurement for ZnPc, Graphitic
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TABLE 2 The calculated crystalline domain size for ZnPc and Zn-S-Gc

Directions Calculated for ZnPc (nm) Calculated for Zn-S-Gc¢ (nm)
(100) 0.66 0.80
(102) 0.66 0.80
(200) 0.57 0.57
(302) 0.67 1.00
(204) 0.67 0.67
(400) 0.62 1.01
(414) 0.74 1.01
III
-~ ZnPc
— Zn-S-Ge

Graphitic Carbon

3186

Transmittance (%)

T x 7A ¥ T ¥ T X T ¥ T ¥ T -
3200 1800 1600 1400 1200 1000 800 600
Wavenumber (em™)

FIGURE 2  FTIR spectra of ZnPc, graphitic carbon, and Zn-S-Gc

"in the

-1

carbon, and Zn-S-Gc¢ with a resolution of 2 cm™
region of fundamental frequencies from 400 to 4,000 cm
It is quite clear that the IR spectra matching cannot be
achieved due to the strong couplings.®* The NH stretching
and bending vibrations were not observed at about 3,289
and 1,006 cm™!, respectively, in ZnPc and Zn-S-Gc. The
absence of these bands is due to the replacement of hydro-
gen by zinc cations. The C—H stretching vibrations of
benzene rings are observed at about 3,186 cm™! (ZnPc and
Zn-S-Gc). The C—C stretching vibrations of pyrrole and iso-
indole structures in phthalocyanine skeletal are observed at
about 1,734, 1,458, 1,310, 1,183, 1,131, 1,079, 885, 715,
and 655 cm™'. The C—H bending in plane vibration and aryl
structure has appeared at 1470 and 1,536 cm™". The peaks at
1440 and 1,291 c¢cm™! determine the =N—C bond and the
stretching vibration of the aromatic phenyl ring. The com-
plex bands appearing at 700-1400 cm™' were assigned to
the C—N in isoindole and C—CI and C—S stretching vibra-
tion and the C—H in-plane bending vibrations and C—H out-
of-plane bending vibrations.*>="}

3.3 | TEM and SEM characterization

Figure 3a,b shows the microstructure images of the Zn-S-Gc
catalyst that was characterized by field emission SEM. A
network structure of Zn-S-Gc consists of randomly crumpled
sheets observed in the form of multilayer solid, which might

D3 =16.23 nm
-~
W

A PR

D2 =.21.26 nmis

i D15d19.23 nm

" 3 :
;}} s

MIRAY TESCAN  SEM MAG: 700 kx
WO: 4.92 mm
View flsid: .04 ym | Dateimicy):

SEMMAG: 1000kx | Detmeam || | (]
wo:4ssmm Wz woem
View feka: 208 pm | Sataqmidy ) 0522118

FIGURE 3 SEM and TEM images of synthesized Zn-S-Gc

2000M A= 2780 KX 30 nm
— " —

be attributed to the presence of foreign sulfur atoms. The
TEM images indicate the homogeneous amorphous texture
of graphitized carbon that the Zn (N4) centers with diameter
less than 50 nm are deposited on the surface of the carbon
particles (Figure 3c,d).

34 |

The CVs of ZnPc and Zn-S-Gc¢ in O, saturated KOH solu-
tion were measured at a scan rate of 50 mV/s (Figure 4).

Electrochemical evaluation for ORR

ZnPc shows a weak peak in the O,-saturated solution due to
ORR activity at about 0.67 V, while for Zn-S-Gc, a well-
defined cathodic peak appears, which indicates the excellent
catalyst performance for ORR.

To further investigate the ORR performance, the RDE
curves were obtained for Zn-S-Gc at various rotating rates

"""" ZnPec+0,
0.000 4 ZnPe-S-Ge+0,
-0.125
"E -0.250+
£
<
= -0.375-
-0.500 4
-0.625 4
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
E/V (vs. RHE)
FIGURE 4 Cyclic voltammograms of the synthesized ZnPc and Zn-S-Gc
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FIGURE 5 Polarization curves for catalyst performance at various rotating

rates

(200-2000 rpm). Figure 5 shows the onset potential of the
catalyst for the ORR about 1.0 V (vs. RHE) after correcting
background current at iogrg = —0.02 mA/cm?>.

The amounts of transferred electrons (n) of the Zn-S-Gc¢
catalyst were calculated using the Koutecky-Levich (K-L)

equations:*®!

1 1

-1 _ g-1 -1 _
SIS = s gy )
NEvEES|

where J is the measured current density, J; is the kinetic cur-
rent density, and w is the rotation rate of the electrode
(F = 96,485 C/mol, Co,=12x107° moL/mL,
Do, = 1.9 x 107 cm?s, and v = 0.01 cm?/s). The K-L
plots of the synthesized sample for the ORR are obtained as
shown in Figure 6.

Using Equation (1), the slopes remain approximately con-
stant over the potential range from 0.1 to 0.6 V. The amount of
transferred electrons (1) for Zn-S-Gc is close to 4 (Table 3).

Figure 7 shows calculated Tafel slopes for Zn-S-Gc. The
electrocatalytic activity of the sample for ORR is reflected by
its Tafel slope of diffusion-corrected kinetic current density.
A Tafel slope of —40 mV/dec was observed at a low current
density (high potential) and a value of —133.3 mV/dec was
obtained in a high current density range (low potential). To be
clear, the Tafel slope of commercial Pt/C is ~ 60 and
120 mV/dec, which would be used as a reference. Principally,
the range of the Tafel slope for ORR has been reported
between 30 and 130 mV/dec in alkaline solution.*®! This
value allows the catalyst to determine the rate-controlling
reaction, when, the four electrons pathway and two electrons
pathway compete together. On a metal/metal-oxide surface,
the rate determining step is a pseudo 2-electron pathway,
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FIGURE 6 The K-L plots for Zn-S-Gc
TABLE 3 The electron transfer number of Zn-S-Gc¢
E (V) n
0.1V (! =7,513.6x + 478.55, R* = 0.9947) 3.73
02V (! = 7,433.4x + 507.15, R* = 0.9942) 3.77
0.3V (! =7,489.8x + 550.20, R* = 0.9968) 3.74
0.4V (J7' = 7.861.4x + 614.47, R* = 0.9983) 3.57
0.5V (J7' = 8,353.4x + 697.72, R* = 0.9996) 3.36
0.6V (/7' = 8,511.8x + 832.43, R* = 0.9993) 3.30

E=-0.04 Log/J | + 115
1.25] B
) T ———

-,

1.20 B
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E=-0.1333 Log|J | + 0.75
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FIGURE 7 Calculated Tafel slope for Zn-S-Gc

which gives a Tafel slope of ~ 60 mV/dec at high potential.
However, on a pure metal surface, the first electron transfer is
the rate-determining step, resulting in a Tafel slope of
~120 mV/dec. Such a high Tafel slope for Zn-S-Gc indicates
that the protonation of O~ is smoother than the Pt-based elec-
trocatalyst; however, the protonation of 0¥ isa rate-limiting
step on the active sites. The difference in the Tafel slope of
Zn-S-Gc indicates that the zinc oxide is formed on the catalyst
surface at high potential. Therefore, the ORR occurs by the
4-electron pathway at the surface of Zn-S-Ge.*®!
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FIGURE 8 ORR polarization plots of the Zn-S-Gc electrocatalyst before

and after 10,000 potential cycles between 0.5 V and 1.0 V (vs. RHE) in O,-
saturated KOH solution

Catalyst durability was checked by cycling the potentials
between 0.2 and 1.0 V (vs. RHE) at 50 mV/s in O,-saturated
KOH (0.1 mol/L) solution to evaluate the electrochemical sta-
bility of the Zn-S-Gc catalysts. According to the literature, more
than 4,000 cycles are now routinely used, after 10,000 cycles,
Eip of Zn-S-Gc displays a negative shift of only 11 mV
(Figure 8), which is lower than the most reported values.*”!

4 | CONCLUSIONS

This work demonstrates a new nonprecious metal electrocata-
lyst for the ORR. The results reflect the intrinsic activity and
selectivity of the prepared catalyst. The catalyst exhibited lim-
iting current density and half-wave potential as compared with
the platinum-based electrocatalyst due to the good mass trans-
portation on the catalyst. The ORR occurs on the surface of
the Zn-S-Gc catalyst and aqueous solution by multi step reac-
tions. The particles sizes of the obtained powders are on the
nanoscale (<50 nm). The catalytic activity of the prepared
zinc-based catalyst is comparable with the Pt/C electrocatalyst
as a reference. The Tafel slope of diffusion-corrected kinetic
current density is ~ —133.3 mV per decade at a low overpo-
tential. The Zn-S-Gc nanostructure exhibits a superior durabil-
ity performance using NPMCs in the system.
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