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Xoma kamanuzamopel Ha 0CHO8e ONA2OPOOHBIX MEMANI08 OOCMUTIU NPEBOCXOOHBIX RO-
Kazameneil 8 peakyuax 60CCMAaHO6AeHUA KUCI0POOA HA I]1IeKMPooax (Kamooax) monaueHsIxX e-
MeHmO08, Oehuyum, 6blCOKAAL CHOUMOCHb U HU3KAA 001206€UHOCHIL IMUX MEMAIUYECKUX Ka-
manu3amopos 3ampyoHAIOm peanuzayuio Kpynnomacuimaouslx npumenenuil. I[unk-xucno-
POOHO-8030yuwiHaAA Damapes — IMO IKOJ0ZUUECKU HUCMAA damapen cO MHOZUMU Hpeumyuie-
cmeamu, maKkumu KaKk Mauslil pasmep, Manasa macca, 60a1pvuion 3apad, 6e30nacHoCms u Hadedic-
HOCMb, @ MAKCE OHA MOHCEM HOO0EPHCUBAMb HOPMATbHYIO PAOONLY 8 WLUPOKOM OUARA30HE meM-
nepamyp 6e3 kopposuu. B 0annoii cmamse 0CHO8HOE HUMAHUE YOENACHICA UZYUEHUIO 1e2UPOBAH-
HBIX A30MOM Y211ePOOHBIX MAMEPUAI08 HA OCHO8e icene3d. C noMouwibio nupoausa u cmpamezuii
«X03AUH-20CMbY ObLIU PA3PAOOMAHDBL U RPOKOHMPOIUPOSAHbL MODPhoozUA, CIMPYKMYPA U CO-
cmae mamepuanos 01 npuzomogsienus kamanuzamopos OCB@g-CsNs u kamanuzamopoe OCB-
Hb@g-CsNa ¢ npesocxoonoit akmuenocmoio 6 peaxuuu soccmanosienus kuciopooa (ORR), no u
8blcoKoll cmadunvHocmolo. Bvicokomemnepamypuule KapOOHU3UPOGAHHbIE Mamepuasl 0opa-
3YI0M ROKPLIMYIO Y2liepo0om CIMpPYKmypy, KOmopas 3aKpenjiaem 4acmuybl yceie3d 8 yenepooHom
cnoe. Yacmuupwl ycene3a npucymcmeyrom 6 hopme Hocumeneii 2emo2ioduHa, CUHepUIecKu 63a-
UMOOeliCmEYIom ¢ AKMUGHBIMU UEHMPAMU Ol UHUUUUPOGAHUA IPPheKmuenvIx peakyuil 8oc-
cmanosnenus Kucaopooa. Illoamomy onmumuzayusa mamepuana nymem UsMeHeHUs memnepa-
mypbl RPOKATUBAHUS MONCEM YEETUUUMb KOMUYUECME0 U IKCROZULUIO AKMUBHO20 UeHMpPA.

KuroueBsble c1oBa: MopuCThIE YIIIEpOIHBIE MaTepHAaIIbl, PEAKIM BOCCTAHOBICHUS KUCIOPOAA, KaTaln-
3aTop, CTPYKTYPHOE PEryINpOBaHHE
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Although noble metal catalysts have achieved superior performance in fuel cell cathode
oxygen reduction electrode reactions, the scarcity, cost and low durability of these metal catalysts
make it difficult to carry out large-scale applications. Zinc-oxygen-air battery, is an environmen-
tally friendly battery with many advantages such as small size, small mass, large charge, safety and
reliability, and can maintain normal operation in a wide temperature range without corrosion. This
paper focuses on the study of iron-based nitrogen-doped carbon materials. Through pyrolysis and
host-guest strategies, the morphology, structure, and composition of the materials were designed
and controlled to prepare OCB@g-CsN4 catalysts and OCB-Hb@g-CsN,4 catalysts with excellent
ORR (oxygen reduction reaction) activity and high stability. The high-temperature carbonized ma-
terials form a carbon-coated structure that anchors iron particles in the carbon layer. The iron
particles are present in the form of hemoglobin carriers, which synergistically interact with active
centers to initiate efficient oxygen reduction reactions. Electrochemical test results show that the
synthesized catalysts not only have excellent ORR performance and long-term stability but also
their outstanding ORR catalytic performance is determined by factors such as specific surface area,
porous structure, appropriate graphitization, and degree of defects as revealed by physical charac-
terization results. Therefore, optimizing the material by changing the calcination temperature can

increase the number and exposure of active site.
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INTRODUTION

Zinc-air battery, also known as zinc-oxygen-
air battery, is an environmentally friendly battery with
many advantages such as small size, small mass, large
charge, safety and reliability, and can maintain normal
operation in a wide temperature range without corro-
sion [1-2]. When discharging, zinc loses electrons and
oxidizes, electrons flow to the positive electrode
through the outer electrode, the oxygen molecule ad-
sorbed on the catalyst obtains electrons, and then the
0=0 bond breaks at the catalyst/gas interface, and the
reduction product is transferred to the negative elec-
trode through the electrolyte after deattachment, and
the total reaction is Zn and oxygen to produce ZnO.
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Although noble metal catalysts have achieved
superior performance in fuel cell cathode oxygen re-
duction electrode reactions, the scarcity, cost and low
durability of these metal catalysts make it difficult to
carry out large-scale applications [3-5]. Pt/C catalyst is
an oxygen reduction reaction catalyst based on metal
platinum nanoparticles (Pt NPs) loaded on carbon, and
only platinum atoms on the surface of Pt NPs partici-
pate in the reaction [6]. Therefore, reducing the size of
Pt NPs to the single-atom scale represents the best way
to maximize the utilization of Pt [7-9]. As the most
commonly used cathodic oxygen reduction catalyst
among all pure metal catalysts, the oxygen reduction
activity of Pt is mainly affected by the crystallinity,
morphology and size. For example, the oxygen reduc-
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tion activity of Pt (100) is much higher than that of Pt
(111) due to the different adsorption rate of sulfuric
acid in sulfuric acid medium. The performance of cat-
alyst can be effectively improved by controlling the
shape and form of platinum. By dispersing platinum on
the gold nanorods, this hybrid electrocatalyst greatly
reduces the amount of platinum and shows extremely
high ORR high activity to oxygen reduction reactions
(ORR) [10].

Wang et al. [11] prepared ordered and verti-
cally arranged Pt nanotubes by template method. Pt
nanotubes are composed of highly dispersed platinum
nanoparticles with an average thickness of about
15nm, and their catalytic activity is greatly improved.
In order to overcome the limitations of precious metals,
researchers are increasingly focusing on alloying pre-
cious metals with transition metals (such as Ni, Co,
Mn, Fe) and other precious metals (such as Rh, Ru, Pd,
Au, Ag) when designing and synthesizing catalysts.
Studies have shown that Pt-Pd alloy and PtNiz alloy
catalysts with core-shell structure show unprecedented
catalytic activity and stability, which provides a bene-
ficial exploration for the selection of bimetallic oxygen
reduction catalysts with low platinum content [12-13].
Ternary metal alloys, such as PT-Co-Cu, also show su-
perior catalytic activity and are expected to replace
simple Pt oxygen reduction catalysts. In addition to Pt,
other Pt group precious metals include Ruthenium (Ru)
[14], Iridium (Ir) [15], etc., and non-Pt group precious
metals such as silver (Ag) [16], etc., which can also
exhibit high ORR activity due to its adsorption and de-
sorption energy to oxygen-containing species similar
to Pt. At present, the design focus of noble metal oxy-
gen reduction catalyst has changed from single pre-
cious metal to noble metal alloy and non-noble metal
catalyst, which provides important technical support
for promoting the sustainable development of oxygen
reduction reaction in the field of energy.

As a catalyst, platinum (Pt) is limited by its
scarcity, high price and instability in the reaction pro-
cess. Platinum-based catalysts usually do not have tol-
erance to alcohols, and the resulting toxic CO tends to
occupy the active site, resulting in decreased perfor-
mance and mixing potential problems. Therefore, the
search for alternative materials that can reduce or com-
pletely replace the precious metal platinum as oxygen
reduction catalyst is an important research direction in
the field of chemistry and materials science. At present,
it mainly focuses on the non-precious metals repre-
sented by transition metal oxides, nitrogen-doped car-
bon materials containing transition metals, and com-
pletely nonmetallic heteratomic-doped carbon materi-
als. Transition metal oxides, which typically contain
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elements such as iron, cobalt, and nickel, are much
cheaper than platinum and are abundant. By changing
their surface structure and composition, these oxides
can optimize their activity for oxygen reduction reac-
tion (ORR). Nitrogen-doped carbon materials contain-
ing transition metals can also exhibit good oxygen re-
duction activity, and in these materials, the introduc-
tion of nitrogen atoms can create active sites and en-
hance the electron conductivity of the material, thereby
improving its catalytic performance. Due to the cheap-
ness and availability of carbon-based materials, these
materials have significant advantages in terms of cost.
Among them, metal carbides, such as tungsten carbide
and iron carbide, have been intensively studied in oxy-
gen reduction reaction (ORR) and hydrogen evolution
reaction (HER) due to their excellent electrical conduc-
tivity and unique electronic structure [17,18]. Metal ni-
trides are a special class of compounds that are com-
posed of transition metal elements and nitrogen. These
compounds have many unique physical and chemical
properties, including high hardness, high melting point
and good electrical conductivity, and the main ad-
vantage is their stability. Under high temperature and
high potential conditions, these catalysts are not sus-
ceptible to corrosion and can maintain stable catalytic
performance. In addition, nitrogen is easily embedded
in the vacancy of the transition metal and does not
cause significant changes in the crystal, which helps to
improve the D-band structure of the catalyst and reduce
the Fermi level of the transition metal, thereby improv-
ing the catalytic performance of metal oxides (such as
Co0, MnO;, etc.) as catalytic materials are easy to pre-
pare, and show good stability in alkaline or oxidizing
media. However, due to its poor electrical conductiv-
ity, its activity in the catalytic process is somewhat lim-
ited [19].

Transition metal composite nitrogen-doped
carbon materials (M-N-C, M=Mn, Fe, Co, Ni, etc.)
have been widely studied, and their active site is usu-
ally M-NX. The research of such materials dates back
to 1964 when Jasinski et al. [20] found that cobalt
phthalocyanine can also catalyze the reaction of oxy-
gen in alkaline electrolyte, and this nitrogen-doped car-
bon-supported single atom catalyst can further im-
prove the catalytic efficiency and atomic utilization,
and improve the selectivity through the metal-carrier
interface. Therefore, nitrogen-doped carbon supported
single atom catalyst has the advantages of low cost,
good stability, friendly environment and easy to obtain,
and is expected to become a potential new catalyst. The
realization of efficient ORR reaction is of great signif-
icance for promoting the commercial application of a
new generation of green energy conversion devices
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such as fuel cells, and atomically dispersed transition
metal-nitrogen-doped carbon-based materials show
great application potential in the field of ORR catalysis
due to their multiple advantages such as high intrinsic ac-
tivity, atomic utilization rate and clear active site [21].

In view of the above research hotspots, this pa-
per develops a new catalyst by loading hemoglobin
(Hb) and carbon trinitrogen (g-CsN4) on porous carbon
materials to reduce costs and improve stability, and im-
proves the structure and performance of electrocata-
lysts by means of material engineering, so as to achieve
a more efficient and environmentally friendly energy
conversion system to meet the future needs of society
for sustainable energy.

EXPERIMENTAL PART

1. Preparation method of catalyst

1 mg of catalyst was weighed and dissolved
into a mixture of 20 isopropyl alcohol and 160 L ultra-
pure water, then 5 wt.% 20 pl of naphthol solution was
added, ultrasonic dispersion was carried out for 30 min,
and 15 pl of ink solution drops were removed onto a
clean surface of a glassy carbon electrode. The catalyst
thin film electrode with a load of 0.196 mg-cm™ was
prepared by natural drying at room temperature. Then
the electrodes were dried at room temperature, and CV
curves and LSV curves were measured at an electro-
chemical workstation Pre-oxidized carbon black
(OCB) synthesis: First, 0.2 g BP2000 carbon black was
added to 50 ml beeper, and 30 ml 6 mol/L HNO3 was
ultrasonically added to form a uniform suspension, and
then the mixture was magnetically stirred at 70 °C for
12 h. Finally, the carbon black was filtered after pre-
oxidation and washed and dried in sufficient ultra-pure
water for use.

G-C3N4 synthesis: 10 g melamine was placed
in a corundum crucible with a lid at 5 °C/min to 550 °C
and held for 4 h to obtain G-C3N4 yellow powder.

(1) OCB-Hb@g-C3N4 catalyst: 50 mg OCB
and X mg (X =50, 100, 150) Hb were added to 30 ml
ultra-pure water to form a uniform suspension. The
mixture was then magnetically stirred at 300 rpm at 25 °C
for 12 h and then steamed in a vacuum drying oven at
80 °C. 100 mg of dried OCB-Hb and 240 mg of g-C3sN4
were ground in agate body for 0.5 h. The obtained pow-
der was pyrolyzed at a high temperature under Ar at a
pyrolysis rate of 5 °C/min, held at 350 °C for 2 h, and
at 900 °C for 2 h. The resulting product was acid-
washed in 0.5M H,SO, solution at 80 °C for 10 h to
remove metal oxides, and dried in a vacuum drying
oven at 60 °C.

(2) CB-HB@g-CsN4 catalyst: CB-Hb@g-CsN4
catalyst type is in the OCB-Hb@g-CsN, step, CB is car-
bon black that has not been treated by 6 mol/L HNO:s.
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(3) CB@g-CsN4 catalyst: CB@g-C3sN4 The
catalyst is similar to the CB-Hb@g-C3N, step, except
hemoglobin is not added.

2. Preparation method of membrane electrode.

A quantity of 1 mg catalyst is weighed out and
dissolved into a mixed solution containing 20 (specify
units, such as ul/mL) isopropyl alcohol and 160 L ul-
tra-pure water. After that, 20 pL of 5 wt% naphthol so-
lution is introduced into the system, and the mixture is
subjected to ultrasonic dispersion for 30 min. Subse-
quently, 15 pL of the resulting ink solution is pipetted
and deposited onto the surface of a pre-cleaned glassy
carbon electrode. The catalyst thin film electrode with
aload of 0.196 mg-cm was prepared by natural drying
at room temperature. Then the electrodes were dried at
room temperature, and CV curves and LSV curves
were measured at an electrochemical workstation.

RESULTS AND DISCUSSION

1. Characterization of physical and chemical
properties of carbon black

Field emission scanning electron microscopy
(SEM) was used to study the influence of the morphol-
ogy and structure of carbon black BP2000 on the non-
pre-oxidation and pre-oxidation respectively, as shown
in Fig. 1(a) and (b). Fig. 1(a) shows the microscopic
morphology of carbon black BP2000. Due to its special
nanoscale branched chain structure, carbon black
BP2000 not only has high electrical conductivity, but
also ensures that active substances can be effectively
packed tightly in it. This loose porous property allows
it to hold more active substances, which is crucial for
improving the performance of the catalyst, especially
in terms of increasing the current density of the catalyst
and the battery capacity. It can be seen from Fig. 1(b)
that the carbon black BP2000 obtained after pre-oxida-
tion treatment does not agglomerate, and the dispersion
is very uniform. The pre-oxidized carbon black
BP2000 was also subjected to a BET test (MikeTriS-
tarl13020 N2), and the results are shown in Table 1, fur-
ther demonstrating its porous properties.

Fig. 1: SEM image of carbon black BP2000 (a) without pre-oxi-
dation; (b) SEM image of pre-oxidation
Puc. 1. COM-m306paxenne Texauaeckoro yriepoga BP2000 (a)
6e3 mpenBapurenbHoro okucienus; () COM-u3obpaxeHue ¢
npeaABaprUTEIbHBIM OKHCIICHUEM
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Table 1
Textural properties of BP2000 after pre-oxidation
Tabnuya 1. TexcrypHble cBoiicTBa BP2000 nmocJie npeABAPUTEILHOI0 OKHCICHUS
. Mesopores
Sample SBET (m?/g) Total (p():cr)Tr]glv;)lume Mlcro?:r;egj \;olume volume
BP2000 after pre-oxidation 1458 2.05 0.24 1.81
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Fig. 2. (a) curve 1: CV curve of OCB-HB@g-C3N4 catalyst in 0.1mol/L KOH electrolyte saturated with Nz, curve 2: CV curve of OCB-
HB@g-CsNa4 catalyst in 0.1mol/L KOH electrolyte saturated with Oz ; (b) Curves 1, 2, 3, 4, and 5 correspond to the LSV curves of CB,
CB@g-C3N4, CB-HB@g-C3N4, OCB-HB@g-C3Na4, and Pt/C catalysts in Oz-saturated 0.1mol/L KOH electrolyte ; (c) Histogram of half
wave potential and limit current density of catalysts with different contrast samples
Puc. 2. (a) kpuBast 1: nukindeckas BonsTamnepHas (L[B) kpusas karanuzaropa OCB-HB@g-CsN4 B anexrponure 0,1 mons/1 KOH,
HackIieHHOM N2; KpuBast 2: nukindeckas BonsramnepHas (L[B) kpusas karamusaropa OCB-HB@g-CsNa B anexrponute 0,1 Moib/a
KOH, naceierHoM Oz; (b) kpuBsie 1, 2, 3,4 1 5 COOTBETCTBYIOT JIMHEITHO-CKaHUPOBOYHBIM BoJIbTamnepHbIM (JICB) KpuBbIM KaTau-
3atopoB CB, CB@g-CsNs, CB-HB@g-C3N4, OCB-HB@g-C3sNs u Pt/C B anexrponute 0,1 mons/n KOH, HacsimeHaom O2; (¢) rucro-
I'paMMa OJIYBOJITHOTO MOTCHIMAJIa U HpeﬂeHLHOﬁ IIJIOTHOCTH TOKa KaTaJIM3aTOPOB C Pa3JIMYHBIMU KOHTPOJbHBIMU 06p3,3L[aMI/I

2. Catalyst kinetic process test

The electrochemical test was carried out on the
CHI 760E electrochemical workstation with 0.1M KOH
solution as electrolyte, 100 mL/min oxygen flow,
graphite rod as auxiliary electrode and Hg/HgO as ref-
erence electrode. Cyclic voltammetry (CV) tests were
performed in a 0.1 M KOH solution saturated with N
or O; at a scan rate of 50 mV/s. Linear sweep voltam-
metry (LSV) is performed at 1600 rpm from0Vto 1.1V
at a scan rate of 10 mV/s. The H.0, % and the number
of transferred electrons (n) of the catalyst in ORR are
calculated by formulas (1.1) and (1.2):

_ . Ir/N
H,0,(%) = 200 ST (1.1)
— 4. Ip
n=4 (IR/N) +Ip (1.2)

Where Ir and Ip are ring current and disk cur-
rent respectively, the current collection efficiency of N
is 0.38.
The K-L equation is:
1 1,1 1 1
J Bk Bwi/?

7 = ; (13)
B = 0.2nFC, DZ/v=1/6 (1.4)

Where J is the current density value measured

during the experiment; Ji is the Kinetic current density
obtained by calculation; J; is the limit current density
obtained during experimental testing; o is the angular
velocity obtained by converting the rotation speed of
the selected disk electrode; n is the calculated number
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of electrons transferred in the ORR process. F is the
Faraday coefficient (96485 C/mol); The actual concen-
tration of the reactants provided during the experi-
mental test (1.2 - 10 mol/cm); Is the diffusion parameter
of reactant O, during ORR process (1.9 - 10° cm?s); v is
the viscosity parameter of solution in ORR (0.01 cm?/s).

3. Oxygen reduction performance test

Fig. 2(a) shows the catalyst OCB-HB@g-C3N4
using a rotating disk electrode (RDE) to perform cyclic
voltammetry test in 0.1M KOH solution saturated with
O, and N.. As shown in the figure, there is no reduction
peak in the cyclic voltammetry curve under N, satura-
tion state, while under O, saturation state, there is a re-
duction peak in the cyclic voltammetry curve. The cy-
clic voltammetry curve shows an obvious reduction
peak at 0.80V (vs. RHE), which indicates that the cat-
alyst has good oxygen reduction performance. In order
to explore the influence of different preparation condi-
tions on the catalytic performance of the catalyst for
oxygen reduction, linear sweep voltammetry tests were
performed at 1600 rpm in 0.1M KOH electrolyte with
saturated oxygen, as shown in Fig. 2(b). CB, CB@g-
CsNyg, CB-HB@g-C3N4, OCB-HB@Q-C3N4 are com-
pared with commercial Pt/C as shown in Fig. 2(c). The
half-wave potential and limiting current density of g-
CsN4 (as a small molecular nitrogen source) and hemo-
globin (as an iron source) catalysts are much higher
than those of commercial carbon black BP2000, indi-
cating that these two substances play an important role
in improving the catalytic activity of carbon black.
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The optimal sample OCB-HB@g-CsN4 has a
half-wave potential of 0.853V (vs. RHE) that is similar
to the commercial Pt/C half-wave unit of 0.850V (vs.
RHE), but the limiting current density is much higher
than that of commercial Pt/C, as shown in Table 2. It is
speculated that the reasons are as follows: firstly, after
the cheap BP2000 carbon black is treated with high
concentration nitric acid, its surface is enriched with
oxygen-containing functional groups such as hydroxyl
carboxyl groups. These oxygen-containing functional

groups will act as metal anchoring sites to capture more
metals, thus improving the oxygen reduction perfor-
mance of the catalyst. [22] Secondly, the BP2000 car-
bon black adsorbed with hemoglobin is ground with g-
CsN4. As a small molecular nitrogen source, g-C3sN4
can first physically block the aggregation of hemoglo-
bin in space, and secondly, more importantly, it can be
used to capture Fe atoms in the migration process dur-
ing pyrolysis to prevent a large loss of Fe atoms.

Table 2

Comparison of ORR properties of OCB-Hb@g-C3Ns catalyst with other non-precious metal catalysts
Taéonuya 2. CpaBaenue cBoiictB ORR kaTtaauzatopa OCB-Hb@g-C3N4 ¢ 1pyruMu KaTaau3aTopaMu Ha 0CHOBe
HeAParoueHHbIX METAJIOB

Catalysts E12(V) J.(mA/cm?) Mass loading(mg/cm?) References
CoFe@NC-SE 0.82 6.25 0.25 [23]
NiCo-N-TC-H 0.80 5.94 - [24]

C00.25Nig.7s@NCNT30 0.84 - 0.6 [25]
MnO-Co@NC 0.75 5.90 0.5 [26]

Fe-NCCs 0.82 - 0.1 [27]
Bi-CoP/NP-DG 0.81 - - [28]
In-CoO/CoPFNS 0.81 - - [29]

HNCSs 0.82 5.48 0.2 [30]
DAC-N800 0.79 6.17 - [31]
CoNC@CoFeS; 0.80 - 0.35 [32]
NMC-1 0.82 4.50 - [33]
Pt/C 0.85 5.80 0.384 This Work
OCB@HB-g-C3N4 0.853 6.13 0.384 This Work
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Fig. 3. (@) Curves 1, 2, 3,4, 5, 6 and 7 correspond to the LSV curves of OCB-HB@g-C3N4 catalyst at 400, 625, 900, 1225, 1600, 2025,
2500 rpm ; (b) KL diagram of OCB-HB@g-C3N4 catalyst at different potentials; (¢) Curves 1and 2 correspond to the electron transfer
number of OCB-HB@g-CsN4 catalyst and Pt/C, Curves 3and 4 correspond to H20: yield of OCB-HB@g-CsN4 catalyst and Pt/C
Puc. 3. (a) kpussbie 1,2, 3,4, 5, 6 1 7 COOTBETCTBYIOT JINHEHHO-CKaHUPOBOYHBIM BojibTamnepHbIM (JICB) kpuBbM katanmu3aropa OCB-

HB@g-CsN4 mipu ckopoctsix Bpamenust 400, 625, 900, 1225, 1600,

2025 u 2500 06/muH; (b) nuarpamma K-JI (Kyrtnepa-JIsurmiopa)

katanuzatopa OCB-HB@g-CsNa npu pa3nuyHbIx noTeHIManax; (C) Kpusble | 1 2 COOTBETCTBYIOT YUCITY TIEPEHOCHMBIX AIIEKTPOHOB
karanzaropoB OCB-HB@g-CsN4 u Pt/C; kpusbie 3 1 4 COOTBETCTBYIOT BBIXOY Hepokcuaa Bogopoaa (H,02) karanuzaropos OCB-
HB@g-CsNs u Pt/C

In order to further study the ORR reaction ki-
netics on the catalyst, LSV at OCB-HB@g-CsN, at dif-
ferent speeds of 400-2500 rpm was measured. As
shown in Fig. 3(a), the limiting current density in-
creases with the increase of rotational speed because,
to a certain extent, the higher the rotational speed, the
shorter the diffusion distance. According to the limit
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current density and voltage, the LSV curves at different
speed are drawn. It is found that the limit current den-
sity has a linear relationship with the speed in the range
of 0.35V to 0.6V. Correspondingly, Fig. 3(b) shows
that the polarization curve of the catalyst at different
sweep speeds has good linearity and normalization, the
potential range is 0.35V to 0.60V, and the electron
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transfer number is 3.75. In addition, the hydrogen per-
oxide yield and electron transfer number during ORR
were measured with a rotating ring disk device
(RRDE), as shown in Fig. 3(c). The H,0O; yield of
OCB-HB@g-CsN4 is about 7%, which is slightly
higher than that of Pt/C. According to the formula, the
electron transfer number of OCB-HB@g-CsN. is be-
tween 3.72 and 3.78. Based on the above data, it can be
seen that OCB-HB@g-CsNy is nearly four electron re-
action paths.

In addition, the electrochemical active region
is analyzed by scanning rate and non-Faraday current
slope in cyclic voltammetry, and the Cdl of the optimal
sample OCB-HB@g-CsN4 is calculated. According to
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relevant literature reports, the larger the electrochemi-
cal double layer capacitance, the larger the effective
surface area of the catalyst for catalytic reaction, and
the higher the catalytic activity of ORR.

Fig. 4(a) shows CV curves drawn at different
scanning speeds. The electrocatalytic active area is
characterized by the fitting of scanning rates of differ-
ent CV with non-Faraday current slopes. As shown in
Fig. 4(b), the prepared catalyst double layer capaci-
tance (Cdl) of 54.2 mF/cm? was fitted. The catalytic
active area is relatively large, indicating that the opti-
mal OCB-HB@g-CsN4 catalyst has better oxygen re-
duction performance.
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0.6 4

>
42 oF om™

N

Y Y Y Y Y Y

2 4 6 3 10 12 14

Scan rate (mV s")

Fig. 4. (a) Curves 1, 2, 3, 4, 5, 6, and 7 correspond to the CV curve of OCB-HB@g-CsNj4 catalyst in the non-Faraday potential range at
the scan rate of 2, 4, 6, 8, 10, 12, 14 mV s-1; (b) Double layer capacitance of OCB-HB@g-C3Nj4 catalyst
Puc. 4. (a) kpussie 1,2, 3,4, 5, 6 1 7 COOTBETCTBYIOT IIUKIMYeCKUM BosbTamiepHbiM (LIB) kpusbiM katanuzatopa OCB-HB@g-CsN4 B
JUarnasoHe HeapaaeeBCKHUX MOTCHIMAIOB TIPH CKOPOCTH CKaHupoBanus 2, 4, 6, 8, 10, 12, 14 MB/c; (b) nBoiiHoi ci10ii EMKOCTH KaTalu-
3atopa OCB-HB@g-C3N4
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Fig. 5. Curves 1, 2, and 3 correspond to the linear sweep voltam-
metry (LSV) curves of the OCB-HB@g-CsN4 catalysts prepared
with hemoglobin contents of 50, 100, and 150 mg, respectively
Puc. 5. Kpussie 1, 2 1 3 cOOTBETCTBYIOT JIMHEIHO-CKaHUPOBOY-
HBIM BosbTamnepHbM (JICB) kpuBsiM kaTammzaropoB OCB-

HB@g-C3N4, npUroTOBICHHBIX IPU COACPIKAHHU FeMOTIIO0NHA

50, 100 u 150 Mr COOTBETCTBEHHO
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Fig. 6. Curves 1, 2, 3, and 4 correspond to the LSV curves of the

OCB-HB@g-CsNa catalysts (prepared at pyrolysis temperatures
of 800, 900, and 1000 °C) and the Pt/C catalyst in Oz-saturated
0.1mol/L KOH electrolyte, respectively
Puc. 6. Kpussie 1, 2, 3 1 4 cOOTBETCTBYIOT JIMHEHHO-CKaHHPO-
BOYHBIM BoJbTamnepHbIM (JICB) kpuBsiM katanuzatopoB OCB-
HB@g-C3N4 (mpurotoBeHHBIX pH TemiiepaTypax muposusa 800,
900 u 1000 °C) u xaramzaropa Pt/C B anexrpormte 1 Mons/m KOH,
HaCBIMIEHHOM KHCI0poaoM (O2), COOTBETCTBEHHO
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4. Effects of different hemoglobin contents on
catalyst ORR

In order to study the effect of hemoglobin con-
tent on catalytic activity, ORR activity of catalysts syn-
thesized with different hemoglobin content was tested
in 0.1 mol/L KOH solution saturated with O (Fig. 5).
According to LSV, there is a corrected half-wave po-
tential of 0.853V (vs. RHE) and a greater limiting cur-
rent density of 6.13 mA cm when the hemoglobin sup-
plemental level is 100 mg. The reason for this is that the
addition of too much metal may lack the corresponding
binding site with carbon black, resulting in metal ag-
glomeration and pore structure blockage in the pyroly-
sis process, thus reducing the activity of the catalyst.

5. Influence of different pyrolysis temperatures
on catalyst ORR

In order to study the effect of pyrolysis tem-
perature on catalytic activity, ORR activity of the syn-
thesized catalyst was tested in 0.1 mol/L KOH solution
saturated with O at different temperatures (800, 900,
1000 °C) (Fig. 6). The half-wave potential of OCB-
HB@g-CsN,4 obtained at 900 °C is 0.853V, which is
higher than that of OCB-HB-1000@g-CsN4 (0.832V)
and OCB-HB-800@g-CsN4 (0.835V), indicating that
the best ORR performance can be obtained by heat
treatment at 900 °C. The results show that temperature
can promote the increase of active N species, but too
high temperature will lead to the conversion of active
N to inactive N species, thus reducing the catalytic per-
formance.

CONCLUSION

In this paper, aimed at solving a number of
problems such as low activity and poor stability of ox-
ygen reduction electrocatalyst for iron-doped carbon
materials, an experimental study was conducted on the
change in the electronic structure of the material by
doping with hemoglobin. Also, the electrocatalytic ac-
tivity of oxygen reduction and the stability of the OCB-
HB@g-CsN, catalyst were systematically analyzed, as
well as ways to improve and enhance the performance
of the catalyst.) Through the analysis and comparison
of the experimental data, the catalytic performance at
900 °C is better than that at 800 °C and 1000 °C. The
catalytic efficiency of hemoglobin at a concentration
of 100 mg was better than at a concentration of 50 mg
and 150 mg. The ORR performance of the catalyst can
be improved by changing temperature, pre-oxidizing
carbon black, adding hemoglobin, adding carbon tri-
azene and using different types of carbon black. These
findings provide new ideas for the development of cat-
alysts for oxygen reduction reaction (ORR) of cathode
core reaction in energy conversion devices such as
zinc-air batteries.
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