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A novel and low-cost CuPc@C catalyst derived
from the compounds of sunflower straw and
copper phthalocyanine pigment for oxygen
reduction reaction

Haiman Huang,+? Ziwei Lan,+® Wenjun Li,°* Wenhao Mo,? Lei Zhao () *a<d
and Jun Zhang (2 *2

A series of carbon and phthalocyanine catalysts were prepared with uniform and stretchable sunflower
straw biological materials as the carbon source and inexpensive copper phthalocyanine (CuPc) pigment
as a nitrogen doping source by a facile high-temperature carbonization method. This kind of biomass
carbon material sunflower straw with abundant pore structure and sponge-like expansion and
contraction functions can not only be used as a source of porous carbon in biomass carbon materials,
but also as a carbon carrier with high specific surface area to provide nanoparticle adhesion sites. When
it was immersed in the copper phthalocyanine pigment solution, more active sites could be exposed, so
that CuPc particles could be uniformly doped and distributed on the porous carbon material. As a result,
thanks to the doping of nitrogen atoms and the improvement of graphitization degree, the composite
catalyst treated at 800 °C (CuPc@C-800) exhibits a porous structure with a 38 mV lower on-set
potential and a high stability of 87.4% compared to commercial Pt/C (20%) catalyst. These results
demonstrate that CuPc@C series composite catalysts have a splendid electrochemical performance in
oxygen reduction reaction catalysts, which can start a new direction for later workers to study
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Introduction

In the past several decades, phthalocyanine series and carbon
composed catalysts have been extensively investigated for
scientific and commercial applications. This class of electro-
catalysts towards the oxygen reduction reaction (ORR) plays
a key role in achieving highly efficient fuel cells, which is one of
the most promising approaches to convert chemical energy to
electrical." Currently, platinum-based materials are the most
efficient electro-catalysts for the ORR in fuel cells. However, due
to high cost and low reserves, Pt catalysts are difficult to be
widely used in commercial production.>* Therefore, the devel-
opment of low cost and high-efficient catalysts is urgent for the
practical applications of fuel cells.
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combining the properties of biomass carbon material and the phthalocyanine series of catalysts.

In recent years, the development of new catalytic materials
based on green principles and biomimetic have been important
designed.*** Due to this reason, metal porphyrins'> and metal
phthalocyanines™** have been widely employed in ORR as
biomimetic catalysts.*"* Compared with porphyrins, phthalo-
cyanines can improve thermal and chemical stability, low cost
and more availability.” Transition metal/nitrogen-doped
carbon-based structure (M-N-C) shows good ORR perfor-
mance, and the transition metals are mainly Fe, Co, Cu and
Ni.'?° Recently, it is reported that researchers have conducted
a large number of experimental studies to further develop
electrocatalysts with high activity and low-cost stability. Huang
et al.”* prepared InFeCo@CNS900 composite catalyst by direct
calcining of the crystalline indium-organic framework of InOF-
24, in which Fe,C and FeCo nanoparticles were formed in situ
and embedded into N/S doped carbon materials, showing
hierarchically porous nanosheets with microporous and meso-
porous structures. Hierarchically porous MOF composite
material can effectively improve the overall catalytic perfor-
mance through the cooperative configuration of each compo-
nent, Chai et al.** designed the catalyst for the preparation of
cobalt phosphide nanoparticles-embedded carbon nanotubes
and N-doped carbon (CoP-INNC@CNT) by growing Co-based
coordination polymer on an indium-organic framework.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Wang et al.*® reported a novel and environmentally friendly
strategy for the preparation of MOF-derived bimetallic phos-
phides embedded in a carbonaceous matrix (FeNiP/C). The
original bimetal phosphide embedded in the carbonaceous
matrix is pyrolyzed at 900 °C (FeNiP/C-900), maintaining the
shape of a hollow barrel precursor with a high surface area.
Simultaneously, thanks to the synergistic effect of Fe and Ni
elements and N-doped carbon materials, the in situ formed
FeNiP particles exhibited excellent OER catalytic activity.

Among many transition metals, Cu is the natural choice for
the catalysis of ORR.>*® Many references have combined Cu
with carbon materials, oxides or other materials to prepare
catalysts with high electrocatalytic activity. Rezaeifard et al.
prepared a novel magnetically recoverable phthalocyanine
catalyst by mobilization of the Cu(u) phthalocyanine-
tetrasulfonic acid tetrasodium complex (CuPcS) on the silica
coated magnetic nanoparticles (Fe;0,@SiO,, SMNP) via the
amine functionality (ASMNP)."* Li et al. synthesized of a Cu
single-atom catalyst with a high Cu content of over 20.9 wt%,
made of single atomic Cu anchored into an ultrathin nitro-
genated two-dimensional carbon matrix (Cu-N-C), which
exhibited better tolerance and long-term stability of methanol/
carbon monoxide than commercial Pt/C (20%).”” Cui et al
prepared a Cu SAC by a simple pyrolysis method using phtha-
locyanine Cu as precursor, which found that the half-wave
potential is 30 mV lower than the commercial Pt/C (20%) and
Cu SAC could be a promising non-noble ORR catalyst for fuel
cell applications.”® Zhang et al. were used carbon-supported
copper phthalocyanine tetrasulfonic acid tetrasodium salt
(CuTSPc/C) nanoparticles as the target catalyst and systemati-
cally studied the effects of the transition metal Cu on the ORR
active sites.>® Castro et al. reported the synthesis, characteriza-
tion and catalytic activity of a new Pc coordination polymer and
found that the heterogeneous catalytic systems showed a better
performance.® It can be seen that, compared with the relatively
high price of phthalocyanine Co and Fe series catalysts, the
catalyst composed of phthalocyanine Cu series and carbon
materials has been widely used for its high performance and
low cost in oxygen reduction catalysts. Therefore, we attempted
to adopt a simple high-temperature carbonization method,
using uniform stretchable sunflower straw bio-waste materials
as biomass carbon material and copper phthalocyanine
pigment as nitrogen doping source to prepare CuPc@C
composite catalysts and their electrocatalytic
performance.

Herein, for the first time, a series of non-precious metal
CuPc@C catalysts for ORR of fuel cells were prepared by a facile
high-temperature carbonization method, which used sunflower
straw, a biomass carbon material with abundant pores structure
and sponge-like expansion and contraction functions, as
carbon source and copper phthalocyanine pigment, a low-cost
and widely available chemical pigment, as nitrogen doping
source. As a result, thanks to the doping of nitrogen atoms and
the improvement of graphitization degree, the CuPc@C-800
catalyst exhibits a porous structure with a 38 mV lower on-set
potential and a high stability of 87.4% than commercial Pt/C
(20%) catalyst. Table 1 shows the comparison of the
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electrochemical performance of Cu-based catalysts found in
this study and other reported work.

Experimental details

Fig. 1 is the physical picture of sunflower straw and schematic
illustration of the synthesis of CuPc@C series composite cata-
lysts. When applying pressure to compress the sunflower straw
to about 4 cm, it could extend to about 16.5 cm after being put
into place for a period of time naturally, and expanded three
times, which was similar to the expansion and contraction
function of sponge. This is why the carbonized porous carbon
also had the function of expansion and contraction, but its
ability to shrink and expand was weakened. The collected
sunflower straw was dehydrated (sun-dried or air-dried), and
then putted into an atmospheric tube furnace to dehydrate
treatment by the temperature of 400 °C for 1 hour to obtain
porous carbon materials with certain shrinkage. Next, the
prepared CuPc solution was injected into the porous carbon
materials. When the CuPc solution completely penetrated into
the porous carbon and soaked it completely, the previously
shrinking porous carbon material would expand, increasing its
direct contact area with CuPc solution to expose more active
sites. As a result, this could provide the attachment sites of the
nanoparticles to the greatest extent, and finally the CuPc
particles were uniformly distributed on the porous carbon
material. After that, the mixture materials were dried in an oven
at 80 °C and then putted into a mini tube furnace. In a nitrogen
flow environment, set the temperature to preheat for 1 hour,
heat- for 1 hour, and carbonize at 700 °C, 750 °C, 800 °C, 850 °C,
and 900 °C for 1 hour to prepare CuPc@C series composite
catalysts. And the CuPc@C series composite
catalysts were denoted as CuPc@C-700, CuPc@C-750, CuPc@C-
800, CuPc@C-850, CuPc@C-900. Finally, the yield of CuPc@C-
800 was 56%, which was due to the fact that the CuPc was
colloidal, and the water in it affected the yield.

The micromorphology, crystallographic information and
phase purity, compound structure and chemical composition
and elemental valence state of CuPc@C series composite cata-
lysts were recorded by Scanning electron microscopy (SEM,
ZEISS Sigma-300), X-ray diffraction (XRD, D/Max 2500/PC),
Raman spectroscopy (Renishaw RM-1000) and X-ray Photo-
electron Spectroscopy (XPS, ESCALAB 250), respectively.

The electrochemical evaluation was conducted on an elec-
trochemical workstation (RST5200F, Zhengzhou Shiruisi
Instrument Co., Ltd. China). Cyclic Voltammetry (CV) and

Table 1 Comparison of the ORR activity between CuPc@C-800 and
other Cu-based catalysts in 0.1 M KOH solution

Entry Catalysts Eip (V) Reference
1 Cu-N-C —0.131 27
2 Cu SAC —-0.19 28
3 CuTSPc/C —0.36 29
4 CuPcSPy —0.33 30
5 CuPc@C-800 —0.224 This work
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Fig. 1 The physical picture of sunflower straw and schematic illustration of the synthesis of CuPc@C series composite catalysts.

rotating-disk electrode (RDE) polarization curves were
measured in a conventional three-electrode system at room
temperature. A platinum wire (CHI115) and an Ag/AgCl (sat.,
CHI111) electrode were used as the counter electrode and
reference electrode, respectively. A glassy carbon disk (4 mm in
diameter, 0.1256 cm?® Jiangsu Jiangfen Electro-analytical
Instrument Co., Ltd.) was used for measuring the different
catalysts RDE polarization curves in the potential range from
—0.80 to 0 V (vs. Ag/AgCl) in O,-saturated 0.1 M KOH solution at
10 mV s~ ' and the RDE polarization curves of CuPc@C-800
catalyst at different rotation rates from 400 to 3600 rpm.
Before measurements, GC electrodes were polished with
gamma alumina powders (0.05 mm) until a mirror-like surface
was obtained, and then washed with double distilled water and
dried in vacuum. Subsequently, an appropriate amount of the
catalyst (600 pg cm™*) was obtained by mixing the obtained
catalysts with ethanol and putting on the GC electrodes. After
drying, a drop of Nafion solution (5 wt%, Dupont) was dripped
onto the catalyst layer to improve adhesion on the GC surface.*
Before CV or RDE measurement, O, gas was bubbled into the
cell for 30 min to obtain saturated solutions. In order to obtain
the influences of the background current, CV and RDE curves
were also tested in N,-saturated 0.1 M KOH solution. I-t curves
were measured for 15 000 s at a constant potential of —0.40 V in
O,-saturated 0.1 M KOH solution with a flow rate of 20
mL min " oxygen at the rotation rate of 1600 rpm.

Results and discussion

Fig. 2a and b are SEM images of sunflower straw at low and high
magnification after 400 °C treatment, respectively. It can be
found that sunflower straw after 400 °C treatment is composed
of many nanosheets with different shapes and sizes but
uniform thickness (average thickness is about 200 nm), and has
high specific surface area. Fig. 2c-h shows SEM images of

15592 | RSC Adv, 2021, 11, 15590-15597

sunflower straw carbon nanosheets and CuPc particles at
different carbonization temperatures (700-900 °C). Compared
with Fig. 2d and e, it can be seen that only a small amount of
CuPc particles in the CuPc@C catalyst treated at 700 °C (Fig. 2c)
are distributed on the surface of the sunflower straw nanosheets
carrier, and the degree of recombination is low. With the
gradual increase of carbonization temperature, CuPc particles
are evenly distributed on the surface of the sunflower straw
nanosheets carrier, and the degree of recombination becomes
higher and higher (Fig. 2d and e). However, when the carbon-
ization temperature further rises to 850 °C (Fig. 2g), it may be
because CuPc particles decompose and cause losses on the
surface of the sunflower straw nanosheets carrier, which leads
to the failure of CuPc particles and the sunflower straw nano-
sheets carrier to recombine normally. Further observation in
Fig. 2h, it can be found that when the carbonization tempera-
ture is finally increased to 900 °C, the CuPc particles and the
sunflower straw nanosheets carrier are recombined again. This
may be because CuPc particles have been completely decom-
posed at 900 °C, resulting in the fracture of carbon ring and the
formation of some metal particles, which then re-aggregated
with the carrier of sunflower straw nanosheets.*” Therefore,
the sample (CuPc@C-800) with suitable carbonization temper-
ature is more conducive to the composite of sunflower straw
nanosheets carrier and CuPc particles than other CuPc@C
series composite. The high-magnification SEM image of
CuPc@C-800 in Fig. 2f also further illustrates the distribution
and composite degree of CuPc particles and sunflower straw
nanosheets carrier. And this good distribution and super high
degree of composite benefit from the high specific surface area
of the sunflower straw nanosheets, which will generate more
active sites, increase the contact area of the catalyst and
improve the electrochemical catalytic activity.*

As shown in Fig. 3a, the crystallinity and phase composition
of CuPc@C series composite catalysts were further studied by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Low magnification (b) high magnification SEM images of sunflower straw after treatment at 400 °C, and SEM images of (c) CuPc@C-

700 at low magnification; (d) CuPc@C-750 at low magnification; CuPc@C-800 at (e) low magnification (f) high magnification; (g) CuPc@C-850

at low magnification; (h) CuPc@C-900 at low magnification.

XRD. The XRD pattern of CuPc@C series composite catalysts
exhibit two sharp peaks along with several minor peaks at 15.9°,
22.4°, 25.5°, 26.6°, 28.4°, 31.2°, 32.5°, 40.5°, 42.2°, 42.6° and
48.7°, which are assigned to the CuPc. All peaks are matched to
CuPc (JCPDS# 06-0007)** with only slight deviations, but all
show high crystallinity. In the XRD pattern of CuPc@C series
composite catalysts, a broad peak around 26° can also be clearly
seen, which corresponds to the (002) crystal plane of graphite.*
Moreover, it can be found that with the increase of heat treat-
ment temperature, the broad peak of CuPc@C-800 is stronger
than CuPc@C-700 and CuPc@C-750, showing a higher degree
of graphitization and the structure of sunflower straw biochar
has changed into a more ordered form. When the temperature
is further increased to 850 °C and 900 °C, the broad peak of
CuPc@C-850 becomes weaker, while the broad peak of

© 2021 The Author(s). Published by the Royal Society of Chemistry

CuPc@C-900 becomes stronger. Therefore, it can be inferred
that the CuPc particles begin to decompose at 850°, and the
decomposition has been completed by 900°, accompanied by
the fracture of the carbon ring. According to JCPDS, the
CuPc@C series composite catalysts also contain SiO, (JCPDS#
78-1419) impurities,® which are mainly derived from CuPc
pigments. The presence of SiO, can prevent the precipitation of
CuPc pigments and play a role in dispersion, which is more
conducive to the composite of sunflower straw carbon nano-
sheets and CuPc particles.

The compound structure of CuPc@C series composite cata-
lysts were measured by Raman spectroscopy (Fig. 3b). And the
Raman peaks observed at 485 cm ' and 952 cm ' can be
attributed to iso-indole deformation,*”*® while the characteristic
D (1340 cm™ ') and G (1580 cm™ ') bands are composed of

RSC Adv, 2021, 11, 15590-15597 | 15593
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Fig. 3 (a) XRD patterns of CuPc@C series composite catalysts, (b)
Raman patterns of CuPc@C series composite catalysts.

amorphous carbon.***° From Fig. 3b we can see that, with the
increase of carbonization temperature, the catalyst treated at
800 °C (CuPc@C-800) shows a small Raman peak at 978 cm ™",
and the Raman peak of CuC@C-850 is larger than that of
CuPc@C-800. When the temperature was further raised to
900 °C, it can be found that CuPc@C-900 shows a more obvious
Raman peak at 466 cm~ ' and 978 cm ™', which indicates that
CuPc decomposes and its structure changes under this high
temperature treatment. This also proves that the prepared
CuPc@C series composite catalysts are successfully mixed with
CuPc, and the results are consistent with the XRD pattern. The
G band is usually associated with the bond stretching of the sp>
atom pairs of graphene or single crystal graphite, while the D
band is attributed to the breathing pattern or defect of the sp*

Table 2 The Raman Ip/lg ratio of CuPc@C series composite catalysts
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atom in the rim or other ring of the carbon microcrystalline
(within 4 nm).** As shown in Fig. 3b, all CuPc@C series
composite catalysts treated at different temperatures show a G
peak greater than 1580 cm™*. The change in the position of the
G peak indicates that it has been transferred from nano-
crystalline ink to amorphous carbon, thus directly affecting the
optical, electrical and mechanical properties of amorphous
carbon.” Table 2 is the statistical table of G-band and D-band
intensity values of normalized Raman spectra. Compared with
CuC@C-700, CuC@C-750, CuC@C-850 and CuC@C-900, the D-
band strength of CuC@C-800 composite catalyst is relatively
higher. This can indicate that CuPc@C-800 exhibits higher sp*
cluster evolution, that is, the ordering of amorphous carbon
crystallites. The Raman Ip/Ig ratio calculated from Table 2
(where I, and I; are the Raman intensities of D-band and G-
band, respectively) shows that the Raman spectra of CuPc@C-
800 has higher Ip/I; intensities than those of other catalysts
(except CuPc@C-900). The results suggest that CuPc@C-800
increases the graphite domains with rich edges but low
disorder,** which is beneficial to the conduction of electrons
and improves the cycle efficiency of the electrode.

XPS was conducted to identify the existing elements and
valance states of the CUPC@C composite catalysts. XPS survey
scan in Fig. 4a shows the whole spectrum including five main
elements such as C 1s (ca. 285.84 eV), O 1s (ca. 532.91 eV), N 1s
(ca. 400.43 eV), Cu 2p (ca. 933.95 eV and 953.33 eV) and Si (ca.
102.93). To further investigate into the electron states of the
CuPc@C series composite catalysts, the XPS fine spectra of C 1s,
and Cu 2p N 1s are given in Fig. 4b-d. From the fine spectrum of
C 1s (Fig. 4b), it contains two peaks, one at 284.9 eV and another
at 286.3 eV, which refer to the aromatic carbon and carbon
atoms in the C-N bond,**** respectively. As shown in Fig. 4c, the
Cu 2p spectrum have two strong peaks, one located at 933.95 eV
and another located at 953.33 eV, corresponding to the electron
states of Cu 2p;/, and Cu 2py,, indicating the presence of Cu**
from CuPc.**** The binding energy of copper atoms (in Cu 2p3,
electron state) is 933.95 eV, showing that the copper atoms in
CuPc particles is Cu(u).**® In the CuPc molecule, the copper
atom bonded with nitrogen atoms through coordinate bonds.
As shown in the N-doped spectrum in Fig. 4d, the chemical
structure of N-doped carbon in carbon is further probed by the
fine spectrum. Four components are pyridinic N (398.4 £ 0.2
eV), pyrrolic N (399.9 + 0.2 eV), quaternary or graphitic N (401.2
+ 0.2 eV), and oxidized N at 402 eV, respectively.*”** Based on
the integrated peak areas, the fractions of each nitrogen
components might be quantified. It should be noted that the
content of pyridinic and quaternary N dominates 60 atom% in
the whole N functionalities. Graphitic and pyridinic nitrogens

CuPc@C series

composite catalysts CuPc@C-700 CuPc@C-750 CuPc@C-800 CuPc@C-850 CuPc@C-900
Ip 0.89948 0.95405 0.97352 0.94258 0.41202
Ig 1 1 1 1 0.38778
Ip/lg 0.89948 0.95405 0.97352 0.94258 1.06250

15594 | RSC Adv, 2021, 11, 15590-15597
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Fig. 4 (a) XPS spectrum and the spectrum of (a) C 1s, (c) Cu 2p and (d) N 1s of CuPc@C-800.

have been proposed as the key active (Fig. 5) sites for ORR.* the existence of Cu 2p and N 1s peaks also confirm that CuPC
Thus, the further doping of nitrogen makes CuPc@C-800 particles have been successfully introduced into all the carbon
exhibit excellent electrocatalytic activity for ORR. Moreover, nanosheets carriers of sunflower straw.”
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In order to identify the properties of CuPc@C series
composite catalysts, we compared the results observed from the
on-set potential in Fig. 5a. The on-set potential of the CuPc@C-
800 is —0.061 V and the commercial Pt/C (20%) catalyst is
—0.023 V, which is only 38 mV lower than Pt/C (20%) catalysts.
These results demonstrated that CuPc@C series composite
catalysts show a close catalyst effect to that of Pt/C (20%) cata-
lysts, except for the limited current density. Fig. 5b are the RDE
voltammograms of the CuPc@C-800 at different rotation speeds
400, 900, 1600, 2500, and 3600 rpm, respectively. Similar data
were reflected in the curves of Fig. 5c. The derived Koutecky-
Levich (K-L) plots in Fig. 5c¢ show the good linearity and
parallelism, indicating that the ORR process of the CuPc@C-
800 catalyst follows first-order kinetics in the selected poten-
tial range from —0.35 to —0.6 V (vs. Ag/AgCl). The electron
transfer numbers (n) transferred during ORR and the kinetic
limited current density (Jx) can be calculated from the following
K-L equation:**

1 1 1 1
Tt T a1t
3

= 11 (1)
Ju Ik 0.60nFCyDy3vow2

1
T
Herein, J is the measured current density (mA cm™?), J is the
kinetic limited current density (mA cm 2), w is the angular
velocity of the disk (w = 27N, N is the linear rotation speed), n is
the overall number of electrons transferred per oxygen molecule
during ORR, D, is the diffusion coefficient (cm s~ '), F is the
Faraday constant (F = 96486.4 C mol '), C, is the bulk
concentration of O, (mol L"), v is the kinematic viscosity of the
electrolyte, k is the electron transfer rate constant, the values of
Co, Dy and v for O,-saturated 0.1 M KOH solution are
1.20 x 10 ®* mol em™3, 1.90 x 107> em? s}, and 0.01 cm? s~ %,
respectively. The values of n and Jx can be estimated from the
slope and intercept of the K-L plots, based on eqn (1). Transfer
electron numbers n of CuPc@C-800 from —0.35 to —0.6 V in
Fig. 5¢ are all around four electrons, showing high four-electron
pathway and better ORR effects.

The stable testing results of CuPc@C-800 and commercial
Pt/C (20%) catalyst were evaluated by I-t curve at a constant
potential of —0.4 V in Fig. 5d, all at a disk rotating rate of
1600 rpm. After 15000 s testing, the stability of CuPc@C-800 is
up to 87.4%, compared with 81.6% of the commercial Pt/C
(20%) catalyst. The relatively higher activity and better dura-
bility of CuPc@C-800 is attributed to the co-doping of copper
and nitrogen, the increase of graphitization degree and the
advantages of the large surface area of porous carbon prepared
from sunflower straw.

Conclusions

In summary, a series of CuPc@C composite catalysts with
a porous structure were prepared by a facile high-temperature
carbonization method, which used sunflower straw, a biomass
carbon material with abundant pores structure and sponge-like
expansion and contraction functions, as carbon source and
copper phthalocyanine pigment, a low-cost and widely available
chemical pigment, as nitrogen doping source. As the source of
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ORR catalysts, the CuPc@C-800 composite catalyst exhibits
a 38 mV lower on-set potential and a high stability of 87.4%
than commercial Pt/C (20%) catalyst. The high electrocatalytic
activity of the CuPc@C-800 composite catalyst can be attributed
to the following three points. (1) The porous carbon prepared
from sunflower straw, which is a biomass carbon material with
abundant pore structure and sponge-like expansion and
contraction functions, can provide more attachment sites for
CuPc particles when used as a carbon carrier. (2) More active
sites are exposed by porous carbon with high specific surface
area, which enables CuPc particles to be uniformly distributed
on porous carbon and creates a favorable condition for the co-
doping of copper and nitrogen. (3) Benefitting from the
increase of graphitization degree and the massive formation of
pyridinic nitrogen of the CuPc@C composite catalysts, both of
them provide more electrocatalytic active sites for ORR. More
importantly, the splendid electrochemical performance of
CuPc@C series composite catalysts in ORR catalysts would start
a new direction for later workers to study the properties of
combining biomass carbon materials and phthalocyanine
series catalysts.
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