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ORIGINAL RESEARCH ARTICLE

Adsorption behavior between thiophene and M = (Mo, Pd, Sn) by
quantum chemistry method

Wei Long

School of Chemistry and Chemical Engineering, University of South China, Hengyang 421001, Hunan Province, China.
E-mail: usclw2013@yeah.net

ABSTRACT

Based on the existing experiment, Gaussian 03 package to study the adsorption microscopic behavior between
thiophene molecules and three transition metals M = (Mo, Pd, Sn) were used, which combine with the quantum chem-
istry method and the genecp basis set. It is showed there are many different molecular adsorption patterns between the
different transition metal atoms thiophene. The transition metal Mo is given more priority to occur the  and 8 adsorbing
model, and the decreased energy was 328.795 kJ/mol and 327.868 kJ/mol respectively. Transition metal Pd is given
more priority to occur the  adsorbing model, and the decreased energy as high as 380.654 kJ/mol; transition metal Sn
is given more priority to occur the o and § adsorbing model, and the decreased energy was 272.514 and 512.130 kJ/mol,
respectively. The correction of zero energy should be considered in the calculation of adsorption energy. B3LYP method
is more advantage about optimization and energy calculation.
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As a traditional fossil energy, petroleum plays an irreplaceable role
in global industry'l. Petroleum processing has always been a hot and
difficult point in scientific research, and clean energy and environmen-
tal protection have attracted more and more attention of mankind all
over the world"”. Therefore, how to deeply process fossil energy so that
it will not pollute the environment is an urgent chemical process goal®.
During the industrial revolution, human beings have made extensive
use of fossil energy, resulting in excessive SO, gas discharged into the
atmosphere to form acid rain, which seriously endangers the survival of
organisms on the earth. It can be traced back to the improper treatment
of coal containing compounds'”. There are many kinds of sulfur-con-
taining compounds, and their desulfurization process is complex and
cannot be unified, resulting in the desulfurization technology of sul-
fur-containing compounds has not been mature, and the human survival
requirements of environmental protection and sustainable development
need to focus on the catalytic conversion process of sulfur-containing
organic compounds'”.

The desulfurization of organic sulfur-containing compounds is
difficult’”. Many organic compounds contain the ring structure of S
atom, and their molecules are very stable, and the conjugation effect in



the ring is very strong, so the conventional desulfur-
ization methods cannot play a role. Thiophene, as a
typical representative of organic sulfur compounds,
occupies a large proportion of organic sulfur com-
pounds, its molecules have a very stable ring struc-
ture, its desulfurization process is complex. Recently,
transition metals have attracted the attention of the
scientific community because of their good catalyt-
ic performance. Good results have been achieved
through the desulfurization of thiophene molecules
catalyzed by transition metals®’.

As early as 2008, Yu et al. compared the cata-
lytic performance of Co/Ni/Mo supported on carbon
nanotubes for thiontly”. Eduardo et al. showed that
transition metal Mo doped in Ni can play a strong
catalytic effect for thiophene desulfurization and
pointed out that transition metal Mo is the best cata-
lytic metal for thiophene desulfurization'. ZdenéK
et al. pointed out through experiments that transition
metal Pd or Pd-Pt can play a good catalytic effect on
thiophene". Valeria et al. proposed that hydrogen
addition catalyzed by transition metal Pd-Au can
better promote thiophene desulfurization'”. In ad-
dition, Biswajit et al. experimentally found that the
transition metal Sn can also exert a strong catalytic
activity against the desulfurization of thiophene'"".
Chinese scholars Zhang et al. also explored the ef-
ficient catalytic desulfurization process of ZnO as
Mo, Pd, Sn on thiophene, and proposed that they
have strong catalytic activity on the desulfurization

of thiophene'"”

. Although there are many literatures
on the desulfurization process of thiophene catalyzed
by other transition metals'*"”). However, its catalytic
activity is uneven and cannot form a unified desul-
furization mechanism.

By summarizing the experimental research on
the catalytic desulfurization process of transition
metals in thiophene, it is found that metals M = (Mo,
Pd, Sn) have ideal catalytic activity compared with
other transition metals'"*. Because thiophene itself
is toxic and the transition metal is expensive, it is
difficult to study the catalytic effect of thiophene
experimentally. The author chose quantum chemical
method to study the adsorption behavior of transition
metal M = (Mo, Pd, Sn) and thiophene molecules.

2

In this regard, although there are relevant reports,
for example, Zheng Kewen et al. proposed that thio-
phene is easy to form intermediates with positive
carbon ions on molecular sieve by quantum chemi-
cal method, and then desulfurization reaction occurs
with olefin addition to produce hexene!"”. Xu Kun et
al. proposed the mechanism of hydrodesulfurization
reaction of thiophene on the y-Mo,N (100) surface
using density functional theory, but these theoretical
studies are one-sided and insufficient"'”. Based on
the author’s research basis and experience in this
field, the quantum chemistry research method is se-
lected to explore the specific adsorption behavior of
three different transition metal atoms on thiophene
molecules through calculation, which can provide
scientific and reasonable guidance for further experi-

. : . 17,18
ments and has important research significance' """,

2. Calculation method

Firstly, the B3LYP method in Density Function-
al Theory (DFT) is used to study the relationship be-
tween thiophene and transition metals M = (Mo, Sn,
Pd). The adsorption model of atoms is studied, and
then the energy accuracy is verified by quantitative
methods such as HF, MP2 and CCSD. For transition
metal atoms, the pseudopotential basis group lanl2dz
is used, while other atoms choose 6-311+G(d,p).
During the calculation, genecp method is used to fit
the basis set. B3LYP method is used to optimize the
geometric configuration and frequency analysis of
each species. It is found that all vibration frequencies
are positive, indicating that each species before and
after adsorption is a minimum point on the potential
energy surface. In order to improve the accuracy of
energy, the zero energy is corrected at the same time
of frequency analysis. The correction factor is 0.97,
and the corresponding different relative energy data
and adsorbed energy are obtained. Adsorbed energy
AE .= (Eppogus = Enpe) — (E,

product + Ezpe): among which
the E,4, 18 the energy to form a stable intermedi-

eactant

ate after adsorption, £

reactant 18 the sum of energy of
adsorption thiophene molecules and transition metal

atoms, and £, is the zero-point energy correction

zpe

value; AE is the relative energy after the zero-point
energy correction. All the above work was done



with the Gaussian 03 program'"”’

on a computational
chemistry microcomputer of University of South

China.

3. Results and discussion

3.1 Absorption behavior modes

Thiophene molecules, typical representative of
sulfur-containing organic compounds, have a C,—
S ring, data of partial key length (unit: A) and key
angle (unit: °) are shown in Figure 1(a), the length
of C=C double bond on both sides of the molecule is
significantly shorter than that of C—S bond by 0.369
A, which is the main feature of C=C double bond.
The length of C-C single bond at the bottom of the
molecule is 0.04 A longer than that of the double
bond. The length of C—H bond in the molecule is
about 1.082 A, and the nine atoms in the molecule
are almost in the same plane. The included angle of
C-S-C is 91.5°, which fully indicates that the mo-
lecular configuration is not a regular pentagon. The
data of C—C—C bond angle in the molecule is large
and asymmetric, indicating that the molecule has a
certain polarity. Figure 1(b) is the Homo molecular
orbital of thiophene molecule, and the electron cloud
occupying the lowest orbital is mainly concentrated
on the symmetrical double bond, indicating that the
electron density on the C=C bond is large, which can
provide electrons for electrophilic reaction. Figure
1(c) is the LUMO molecular orbital of thiophene
molecule, indicating that the anti-bond of each atom
in the ring makes a great contribution to the unoc-
cupied empty orbital of the molecule, and there are
empty orbitals on the C—H single bond, indicating
that the atoms on the molecular ring can be used as

(b)
Figure 1. Geometric structure, molecular orbital and adsorption mode of thiophene molecule.

3

the reaction active site. The Mulliken charge layout
in Table 1 shows that the S atom in the thiophene
molecular ring is positively charged. The C atom
has negative charge, and the carbon atom near the S
atom has more negative charge, which indicates that
the intramolecular ring has a very strong conjugated
electron effect. Most of the transition metal atoms
have many 3d empty orbitals, and the single electron
on the outermost orbital of some transition metal
atoms is easy to be given. Considering the effect of
lone pair electrons on S atom, the adsorption and
binding mode of thiophene molecule and transition
metals M = (Mo, Pd, Sn) is designed, as shown in
Figure 1(d) adsorption model. a refers that the tran-
sition metal M mainly attacks the S atom and forms
a bond with it; B indicates that the transition metal
M mainly absorbs the electron cloud on the S—C
bond; y indicates that the transition metal M mainly
absorbs the electron cloud on the right C=C bond; 6
indicates that the transition metal M mainly attacks
the lower C—C bond, which may be the anti-bond
empty orbit that obtains electrons or releases elec-
trons to the C—C bond; 0 indicates that the transition
metal M is close to the ring from the vertical upper
center of the ring plane. Due to the ring structure of
thiophene, the electron cloud may have a conjuga-
tion effect. It should be noted that this is also a mode
in which transition metal M atoms attack thiophene
molecules. The adsorption of H atoms on the surface
of transition metals also exists, but Zhang Lianyang
et al. have done detailed research and reported about
it®. So the adsorption of H atoms on the surface of
transition metal M atoms will not be repeated here.
In this paper, four adsorption sites are considered for
the transition metal M thiophene molecular loop.

ey )



Table 1. The atomic Mulliken charge distribution of thiophene
molecule

Atoms Mulliken charge Atoms  Mulliken charge
1C —0.4032 6H 0.1870

2C —0.1814 7H 0.1700

3C -0.1373 8H 0.1514

4C —0.3765 9H 0.1939

58 0.3961

3.2 Adsorption behavior between Mo with
thiophene

Studies show that there are five stable adsorption
modes between transition metal Mo and thiophene
molecules, such as a, B, v, 9, 6. Its extranuclear elec-
tron arrangement is 4d’Ss'. 4d-orbit has five single
electrons and its d-orbit is semi-filled structure, while
the only electron on the 5s orbit is very easy to give,
and it binds easily to thiophene molecules. Because
the transition metal Mo has a large atomic radius, it
is still subject to a large steric effect when it is close
to thiophene molecules. As shown in Figure 2, when
o site adsorption occurs, the distance between transi-
tion metal Mo and S atom is 2.438 A, and the bond

length of C—S bond is lengthened to 0.036 A, while
the included angle of C—S—C is basically unchanged.
When [ site adsorption occurs, the transition metal
Mo atom directly destroys the C—S bond in the mol-
ecule, which is caused by the strong electron donor
effect; when vy site adsorption occurs, the transition
metal Mo atom does not destroy the sub ring struc-
ture, but forms a bond with C atom. Due to its d-or-
bital half-filled structure, it can still form a bond with
H atom. The 3 adsorption is similar to the occurrence
of B adsorption, which indicates that it is easy to de-
stroy the C—C single bond and difficult to attack the
C=C double bond. When 6 adsorption occurs, transi-
tion metal Mo atoms range from approximately 2.081
to 2.106 A from the C atom in the molecule. In this
case, the transition metal Mo atom is directly above
the thiophene ring molecule. After adsorption, the
basic structure of the ring molecule in the thiophene
remains unchanged, and the bond length of the C—
C bond is elongated to 1.443 A, which indicates that
the transition metal Mo atoms are constantly ap-
proaching the molecular ring, and the huge repulsion
force makes the thiophene ring expand.

Figure 2. Five adsorption patterns between transition metal Mo and thiophene molecule.

Considering the adsorption energy at these 5
adsorption sites, the energy data are listed in Table
2. It is not difficult to find that the energy of the ad-
sorbed products is lower than that of the reactants.
AE,. is the adsorption energy data without consid-

ering zero energy correction; A’ is the adsorption

abs

energy data after considering zero energy correction,
and AFE is the relative energy of the two modes. The
greater the negative value of adsorption energy is,
the more stable the whole system is after adsorption.
It can be seen from the comparative values that the
system formed by transition metal Mo atom cal-



culated by B3LPY method after the adsorption of
thiophene molecules is relatively stable. Its energy is
328.795 and 327.868 kJ/mol lower than a adsorption
respectively, indicating that transition metal Mo is
more suitable for adsorbing thiophene in these two
directions and catalytic cracking reaction. In order

to further measure the accuracy of energy, HF, MP2,
CCSD and other methods are used to calculate at the
same base group level with the same geometric con-
figuration. Corresponding AF is also listed in Table 2,
which is basically consistent with the trend calculat-
ed by the B3LYP method.

Table 2. Energy of adsorption between Mo and thiophene molecule

s:tst‘;gﬁ"“ AE,,, /kJ-(mol)™" AE’,, /kJ-(mol)™" AE /kJ-(mol)"  AE, /kJ-(mol)”  AEyp, /kJ-(mol)” AEccs /kJ-(mol)™
M ~563.120 562716 0.000 0.000 0.000 0.000

B -885.475 -891.511 ~328.795 -319.817 ~326.020 -328.843

y ~730.902 ~746.408 ~183.692 ~181.092 ~180.987 ~180.076

8 713471 ~729.401 ~166.685 ~167.031 ~163.921 ~166.342

0 -888.727 ~890.583 327.868 325243 ~321.760 -326.051

3.3 Adsorption behavior between Pd and thio-
phene

The calculation results show that the adsorption
of thiophene molecule by transition metal Pd atom
is different from that of Mo. The author has found
four modes, namely P, v, 9, 6. But its stable adsorp-
tion is only 6. The outermost electron arrangement
of transition metal Pd atom is 4d'’. The electrons in
the d-orbit are full, so the transition metal Pd atoms
is low. The geometric structure of Figure 3 shows
that when the transition metal Pd atoms adsorb thio-
phene molecules from a, 3, v, and 0, it basically does
not affect the molecular structure of the thiophene
ring. While ¢ adsorption occurs, the ring structure of

thiophene molecule is destroyed, and the C—C bond
is interrupted by transition metal Pd atom to form a
planar structure of a six membered ring. Similarly,
when B and 6 adsorption occur, the transition metal
atoms are biased to one side, and are mainly close to
and bonded with the C atom connecting the S atom
above or below the molecular ring plane. This ir-
regular and unstable adsorption is mainly due to the
lack of single electrons in the outermost layer. The
relevant adsorption energy data are shown in Table
3. It is found that the energy of adsorption only at
0 position decreases greatly, indicating that it is a
stable adsorption mode. The energy after adsorption
decreases by 380.654 kJ/mol, while the energy after
adsorption at other positions increases, which may

Figure 3. Four adsorption patterns between Pd and thiophene molecule.

Table 3. Energy of adsorption between Pd and thiophene molecule

AE',, /kJ-(mol)™ AE /kJ-(mol)" AEg /kJ-(mol)™

AEyp, /kJ-(mol)™  AE . /kJ-(mol)™

s:tst‘;:ﬁt“’“ AE,,, /kJ-(mol)™

B 967.926 969.695 683.685
Y 312.105 313.042 27.032

5 373754 -380.654 —666.664
0 285.062 286.010 0.000

684.029 690.331 683.076
26.987 25.031 27.009
—659.098 —661.703 —666.523
0.000 0.000 0.000




be due to the resistance between the lone pair elec-
tron pair of S atom and the 4d half-filled electron
orbit of transition metal. In order to further measure
the accuracy of energy, HF, MP2, CCSD and other
methods are used to calculate with the same geomet-
ric configuration at the same basis group level. The
obtained AFE is also listed in Table 3, which is basi-
cally consistent with the calculation trend of B3LYP
method, and improves the reliability of calculation.

3.4 Adsorption behavior between Sn and thio-
phene

The calculation results show that there are four
modes for the adsorption between thiophene mole-
cules and transition metal Sn, namely a, 3, 5, 6. But
its stable adsorption is only a and 6. Because the
electron arrangement on the outermost orbital of the
transition metal atom is 4d'°5s*5p>, four electrons
can be given. Therefore, the transition metal Sn at-
oms give a strong adsorption capacity of electron
and thiophene molecules. Except for the adsorption
behavior of y with C=C double bonds, the transition
metal Sn atoms can better bond to thiophene mol-
ecules. The geometric structure of Figure 4 shows
that when the transition metal Sn atoms adsorb thio-
phene molecules from a and 6, they basically do not
affect the molecular structure of the thiophene ring.
Unlike the front, the transition metal Sn atoms at a
are not in the same plane as the thiophene ring, but
the adsorption in the 6 position direction distorts the

ring structure of the thiophene molecule to a certain
extent. On the other hand, because there are already
two electrons in the 5p orbital of Sn atom, it cannot
accept two electrons at the same time, so it cannot
form a stable bond with S atom. So, the Sn—S spac-
ing in the adsorption a is 2.580 A. The B adsorption
pattern of steric instability shows that the transition
metal Sn is close to the back of the thiophene ring
and forms a bond with two C atoms. At the same
time, S atoms are excluded, so that the thiophene
ring is no longer planar structure but distorted, which
is difficult to occur adsorption. The 6 adsorption
mode pattern shows that, like the above two transi-
tion metal atoms, Sn can attack the C—C single bond,
thus destroying the molecular structure of thiophene.
When 0 adsorption occurs, the distance between the
transition metal Sn atom and the C atom in the mol-
ecule is about 2.373-2.453 A, which indicates that
after the adsorption of the transition metal Sn atom
directly above the thiophene ring molecule, the ba-
sic structure of the thiophene ring molecule remains
unchanged, while the bond length of the C—C bond
is slightly elongated. The energy data of the four
adsorption patterns are shown in Table 4, the energy
data of a and d adsorption is negative, indicating that
they have two kinds of adsorption sites, the stabil-
ity of molecules is enhanced. The energy decrease
after the occurrence adsorption was greatest, up to
512.130 kJ/mol. The B and 6 adsorption are unstable
adsorption because the energy of the system increas-

]
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Figure 4. Four adsorption patterns between Sn and thiophene molecule.

Table 4. Energy of adsorption between Sn and thiophene molecule

l‘)‘:tst‘;:gﬁ"“ AE,,, /kJ-(mol)”"  AE",, /kJ-(mol)"  AE /kJ-(mol)" AE,/kJ-(mol)” ﬁf_“(“;(/ﬂ)q AEccsp /kJ-(mol)™
o —272.952 272,514 -1018.500 -1016.323 -1015.684 -1018.492

B 1836.902 1835.316 1089.330 1086.465 1081.036 1089.292

3 —507.488 -512.130 -1258.116 ~1257.045 ~1255.340 —1258.099

0 747.054 745.986 0.000 0.000 0.000 0.000




es. Due to the steric hindrance effect, the energy of
the system increases the most after B adsorption,
indicating that this mode is the most unstable. In
order to further measure the accuracy of energy, HF,
MP2, CCSD and other methods are used to calculate
with the same geometric configuration at the same
basis group level. AE is also listed in Table 4, which
is basically consistent with the calculation trend of
B3LYP method, which improves the reliability of
calculation.

4. Conclusion

Through the quantitative calculation of the
adsorption patterns between thiophenes and three
transition metals M = (Mo, Pd, Sn), it is found that
different transition metals have different adsorption
modes. By comparing the energy data of each ad-
sorption mode, the best stable adsorption sites for
different metals are found. It has positive signifi-
cance for further research on the reaction mecha-
nism:

1) There are five adsorption sites for transition
metal Mo atoms, and the system energy decreases
after each adsorption, but there are only a few ad-
sorption sites for transition metals Pd and Sn. The
energy data show that they have only one and two
stable adsorption modes respectively.

2) The position of thiophene molecules adsorbed
by transition metal Mo is mainly at § and 0. The ad-
sorption energy decreased by 328.795 and 327.868
kJ/mol respectively. The position of thiophene mol-
ecules adsorbed by transition metal Pd is mainly at &
and the adsorption energy decreased by 380.654 kJ/
mol. The position of thiophene molecules adsorbed
by transition metal Sn is mainly at o and d and the
adsorption energy decreased by 272.514 and 512.130
kJ/mol respectively. The stable adsorption behavior
was the decrease of system energy after adsorption.

3) Transition metal Mo has more adsorption
sites for thiophene, indicating that it has greater re-
action activity with thiophene molecules, can adsorb
thiophene molecules in different directions, and then
catalyze ring opening desulfurization, which is con-
sistent with the reports in relevant experimental liter-

ature™"",

4) The influence of zero point energy correction
should be considered in the calculation of adsorption
energy. The adsorption energy deviation without
zero point energy correction is large, which is an
error that should be considered and eliminated in
the energy superposition in quantitative calculation.
Compared with other methods, the B3LYP method
has higher accuracy and advantages in configuration
optimization and energy calculation. The energy data
calculated by the CCSD method is similar to that
calculated by the B3LYP method.
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ABSTRACT

Zinc ferrite/N-doped graphene catalysts were synthesized by hydrothermal reaction. The synthesized materials
were characterized by XRD, TEM, Raman and UV-VIS-DRS. We explored the photocatalytic simultaneous removal
of nitrite and ammonia via zinc ferrite/N-doped graphene as the photocatalyst. The effects of pH, amount of catalyst,
N-doped graphene content, and initial concentration of ammonia on photocatalytic removal of nitrite and ammonia were
examined. The results show that the removal ratio of nitrite—N and ammonia—N is 90.95% and 62.84% respectively,
when the dosage of ZnFe,0,/NG (NG 5.0 wt%) is 1.5 g-L"" and the initial concentrations of nitrite—N 50 mg-L"', ammo-
nia-N 100 mg-L™" with pH 9.5 under anaerobic conditions upon white light irradiation for 3 h. After the solution is aer-
ated for 30 mins and irradiated for 10 h under aerobic conditions, the removal ratios of nitrite—N, ammonia—N and total
nitrogen are 92.04%, 89.44% and 90.31% respectively. The complete removal of nigrogen is done.

Keywords: ZnFe,0,/NG; Nitrite; Ammonia Nitrogen; Photocatalysis; Simultaneous Removal

ARTICLE INF .
¢ ° 1. Introduction
ieCEiveji ig 1JVIaY ;‘());11 Traditional nitrogen removal technology is the use of microbial
ccepted: une . . o . .. . .
Available online: 13 July 2021 nitration and denitrification to treat sewage. Nitrification is to convert
Ammonia-N (NH;-N, simplified as AN) to Nitrite and nitrate by nitro-
COPYRIGHT . . .. o . .
bacteria under anaerobic conditions, and denitrification is to convert
Copyright © 2021 Jia Ye, et al. Nitrite and nitrate to nitrogen and release it under aerobic conditions
EnPress Publisher LLC. This work is licensed . . . .
under the Creative Commons Attribution- to achieve nitrogen removal. However, because microorganisms are
i‘gg%%n;ngrzigi‘*-o International License greatly affected by environmental temperature, mud year, nutritional
https://creativecommons.org/licenses/by- composition, and other factors, when the wastewater water quality can-
nc/4.0/ not meet the normal microbial growth conditions, such as heavy metal

wastewater, high concentration AN wastewater, carbon-free sewage,
and wastewater containing antibiotics are not suitable for biological ni-
trogen removal, and new nitrogen removal technology needs to be de-
veloped" . The author has reported the method of photocatalytic AN
removal™®, but studies of photocatalytic simultaneous NN removal
(NN-N, NO,-N, simplified as NN) and AN have rarely been reported”’.
The author used ZnFe,O, as the main catalyst to obtain a zinc iron/
nitrogen miscellaneous graphene (ZnFe,O,/NG) hybrid photocatalyst
prepared by loading nitrogen miscellaneous graphene (NG). Using this
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hybrid photocatalyst, the study of simultaneous pho-
tocatalytic removal of NN and AN was carried out,
and the process conditions of simultaneous removing
NN and AN were optimized.

2. Experimental section

2.1 Chemical reagent

Fe(NO,);-9H,0 was purchased from Tianjin
Damao Chemical Reagent Factory; Zn(NO;),-6H,O
and KMnO, were purchased from Nanjing Chemical
Reagent Factory; NaOH and graphite powder was
purchased from Shanghai Reagent General Facto-
ry, China; CO(NH,), was purchased from Shanghai
Epei Chemical Reagent Co., Ltd.

2.2 Preparation of GO oxide

GO was first synthesized using a modified

Hummers method"”

, accurately weighing 1.0 g of
graphite powder (washed 2-3 times with 5% dilute
hydrochloric acid, washed to neutral with deionized
water) in a 500 mL beaker, placed in a water bath
and stirred continuously in ice water (0 °C). Add the
exact amount of 15.0 mL of thick sulfuric acid to the
graphite powder suspension and mix. Potassium per-
manganate was taken for 3.0 g accurately, and add
the above mixture was slowly. Stir for 30 min with
the control temperature not exceeding 20 °C. Take
45 mL deionized water, add the above mixture into it
slowly, stir it well, then slowly add hydrogen perox-
ide solution (10%, 150 mL) into it and stir it for 24 h
at room temperature. Calm down, washed to neutral,
and the lower mixture was taken and dried in a 60 °C
vacuum drying tank for 24 h, namely GO.

2.3 Preparation of NG

The 80 mg of GO was accurately weighed and
sonicated and dispersed in 50 mL of deionized wa-
ter. Accurately take 24.0 g of urea and add it to the
above solution, mix evenly with water to 80 mL,
sonicate it for 60 min, after which transfer it to a
high pressure water heat reactor and seal it at 170 °C
for 12 h. Samples were cooled to room temperature,
washed, filtered with deionized water, and dried in a
60 °C vacuum drying tank for 24 h, namely NG.
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2.4 Synthesis of the ZnFe,0,/NG

The solution was dissolved in 20.0 mL de-
ionized water with magnetic stirring of 1.7850
g Zn(NO;),"6H,0 (6 mmol) and 4.8480 g
Fe(NO,);-9H,0 (12 mmol). An amount of 72.3 mg
NG (ZnFe,0O, 5.0 wt%) was dissolved in 10 mL of
deionized water for 1 h, zinc salt, and the iron salt
mixture was added to the NG suspension and stirred
magnetically for 1 h. An exact amount of 2.40 g of
sodium hydroxide was dissolved in 10 mL of deion-
ized water, slowly added to the above suspension
and stirred for 1.5 h. Eventually, the total volume of
the solution was about 60 mL. The suspension was
transferred to a 100 mL stainless steel high-pressure
reactor, and placed in the oven heated up to 180 °C
for 8 h. The samples naturally cooled to room tem-
perature, then washed, filtered, and dried in a 60 °C
vacuum drying tank for 24 h namely the ZnFe,O,/
NG hybrid photocatalyst. Similarly, the ZnFe,O, can
be prepared.

2.5 Catalyst characterization

The X-ray powder diffraction method (XRD,
X-ray powder diffraction instrument, Model: D/
max 2500 pC type) characterizes the crystal phase
structure of the catalyst. The X-ray source is a Cu-
Ko, radiation wavelength of 0.154 nm and a tubes
voltage and tube current of 40 kV, 40 mA., respec-
tively Transmission electron microscopy (TEM,
Model TecnaiG220, FEI, USA) were used to char-
acterize the catalyst morphology and particle size.
The diffuse spectra of the samples were determined
by UV-visible diffuse spectroscopy (UV-Vis DRS,
UV-visible diffuse spectrometer, model: Shim UV
3600 plus type). Raman spectra of the samples
(Model Type LabRam HR800, Raman spectrometer)
were determined at 633 nm laser excitation.

2.6 Photocatalytic nitride removal assay

First dissolved oxygen was removed by N, bub-
ble 30 min to form an anaerobic environment, after
the addition of 50 mg-L™' NO, -N and 100 mg-L"'
NH,-N, about pH = 9.5 after 1 mol-L™' NaOH of the
regulatory reaction solution, and then 0.375 g of cat-
alyst was added. Using a 300 W mercury lamp as a



light source, photocatalytic experiments were carried
out in a photocatalytic reactor (BL-GHX-V, Shang-
hai Bililang Instruments Co., Ltd.), where a reaction
temperature of around 25 °C was maintained through
a quartz cold trap as shown in Figure 1. The concen-
tration of the first anaerobic photocatalytic reaction
of NN, AN, and NO-N was measured by 3 mL solu-
tion for 3 h at 30 min. During the detection process,
NN, NO-N, and AN were detected respectively to
avoid mutual interference. The analysis of NN was
determined by N-(1-Nokia) ethyl diamine photomet-
ric method, NN by UV spectrophotometric method,
AN using the national standard nano reagent color-
ization method. To achieve complete removal of NN
and AN, the remaining AN solution was aerated for
30 min to form an aerobic environment, and at the
second phase of the photocatalytic reaction, while
using sodium hydroxide to maintain about pH = 9.5,
remove the residual AN, to achieve omplete removal
of total nitrogen.

connecting line of the light

cool water{out) = = 4— coolwater(in)

thermometer \Qr C

UV lamp

4—— quartzcold trap

sampler

reactor liquid

K—Z/‘

magneton

e

Figure 1. Experimental device for photocatalytic simultaneous
removal of NN and AN.

2. Results and discussion

2.1 X-ray powder diffraction characterization

Figure 2 is a diffraction map of XRD for NG,
ZnFe,0,, ZnFe,0,/NG. Curve a is a diffraction map
of NG, with diffraction peaks at 20 = 29.84, 35.14,
42.77, 53.06, 56.59, 61.98, 70.13, 73.58 and 78.35°
corresponding to the ZnFe,O, diffraction surface
(220), (311), (400), (422), (511), (440), (620), (533)
and (444), respectively, consistent with the ZnFe,O,
standard map (JCPDS22-1012). The comparison
curves (b) and (c) show that the diffraction pattern of
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ZnFe,0,/NG is basically consistent with that of Zn-
Fe,0,. At the same time, the diffraction peak of (002)
plane of NG is observed at 26.2° in the ZnFe,O,/NG
diffraction pattern, indicating that NG is well dis-
persed in the catalyst.

intensity/a. u.

50 50 70
20/(°)
Figure 2. XRD Atlas (a: NG; b: ZnFe,O,; c: ZnFe,0,/NG).

According to the half-peak width of the dif-
fraction peak of the crystal surface (311) in curves
b and ¢ and the Scherrer formula D = KM (Wcosb),
we can calculate the particle size of the ZnFe,O,/
NG, ZnFe,0,. D is the average particle size of the
grain; K is the grain shape factor, 0.89 as its value;
X-ray wavelength, 0.154 nm as its value; W is the
half-peak width of the diffraction peak; andfis the
diffraction angle. The particle size of ZnFe,O,/NG,
ZnFe,0, was 6.9 and 7.2 nm, respectively, consistent

with the TEM observations.

20 30 40

3.2 Transmission electron microscope

Figure 3 is TEM diagram at different resolutions
of NG, ZnFe,0,, ZnFe,0,/NG. NG is a two-dimen-
sional layered structure (Figure 3a). Figure 3b Zinc
iron acid is granular with a uniform size of about
6-9 nm, consistent with the XRD analysis, while the
ZnFe,0, is better distributed on the NG surface. Fig-
ure 3c clearly shows the lattice stripes with a lattice
stripe spacing of 0.25 nm corresponding to the stripe
spacing of the ZnFe,O, (JCPDS22-1012) (311) fac-
es.

3.3 Raman spectral characterization

Figure 4 shows the Raman spectrogram of all
the NG, ZnFe,0, and ZnFe,0,/NG. Figure 4a shows
bands D and G of NG. Three characteristic peaks are
clearly observed in Figure 4b: 339, 474, 665 cm',



F
corresponding to the classical vibration mode of the
spinel structure, further demonstrating that ZnFe,O,
is a spinel structure!'"'”). Two characteristic peaks
were observed at 1,567 cm ' and 1,334 cm rep-
resenting band G and D of graphene, respectively,
1,567 cm ' (band G) as graphene E,, vibration mode,
and 1,334 cm ™' (band D) associated with defects
and irregularity of graphite structures'>"”. The good
binding of ZnFe,0, to the Raman peak of NG as ob-
served in Figure 4c further confirms the presence of
NG in the ZnFe,O, hybridization.
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Figure 4. Raman Spectrogram (a: NG; b: ZnFe,0,; ¢: ZnFe,0,/
NG).

3.4 UV-visible diffuse spectroscopy character-
ization

Absorbance

b

N L M L N )
200 300 400 500 600 700 800
Wavelength/nm

igure 3. Transmission electron microscope diagram (a: NG; b and ¢: ZnFe,O,/NG).
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Figure 5 is the DRS spectra for the ZnFe,0,/
NG and ZnFe,0, samples. Figure SA shows the
UV-visible diffuse spectra. It shows from Figure 5A
that ZnFe,O,/NG shows absorption enhancement in
the wavelength range greater than 530 nm, meaning
that the NG load improves the absorption efficiency
of incoming photons, broadens the response range to
visible light, effectively suppresses the combination
of photosynthetic electrons and photosynthetic holes,
and greatly improves the utilization rate of solar irra-
diation.

By the Tauc formula, we can calculate band
widths of ZnFe,0,/NG and ZnFe,0O,

(ahv)*=A (hv-E,)

in which, A is the proportional constant; the ab-
sorption coefficient; the frequency of light; h is the
Planck constant; £, is the semiconductor forbidden
band width. Figure 5B is the corresponding (h)
2-h plot, available by Figure 5B, band widths of
ZnFe,0,/NG and ZnFe,0, are 2.0 and 2.1 eV, re-
spectively. After the ZnFe,O, catalyst loads nitrogen
and miscellaneous graphene, the spectral absorption
wavelength occurs at redshift and the width of the
forbidden band decreases, therefore, improves the

absorption utilization of solar energy.
16
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Figure 5. UV-visible diffuse spectroscopy (A), corresponding (ahv)® and h plot (B) (a: ZnFe,0,/NG; b: ZnFe,0,).

3.5 Photocatalysis simultaneously removes
NN and AN

3.5.1 Simultaneous removal of nitrous nitro-
gen and AN

Figure 6 is the removal curve for NN in light or
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dark reaction or absence of a component, Figures 6 A
and 6B show the removal curves for NN and AN, re-
spectively. Use 1.5 g-L' ZnFe,0,/NG (NG 5.0 wt%)
as the catalyst, and the initial solution volume was
250.0 mL, NN and AN was 50 mg-L™', 100 mg-L™
and pH = 9.5, respectively. The corresponding con-
ditions in the figure are: (a) NN + AN + ZnFe,0,/
NG + illumination; (b) NN + AN + illumination; (c)
NN + ZnFe,O,/NG + illumination; (d) NN + AN +
ZnFe,0,/NG; (e) AN + ZnFe,0,/NG +illumination.
Figure 6A (a), 6B (a) show that the removal rates of
NN and AN was 90.95% and 62.84% in the presence
of catalyst, respectively. However, curves 6A (b),
6B (b) show that the removal of nitrogen was only

100 p
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©
T 40
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s b
e 20}k
cde

0 N N
0.0 0.5 1.0 1.5 2.0 25 3.0
Time /h

20.53% and 18.75% even with light in the condition
that there is not catalyst. This shows that the catalyst
has photocatalytic activity to simultaneously remove
NN and AN. When the reaction system lacked AN,
only 1.03% nitrogenous nitrogen was adsorbed by
the catalyst, as shown in Figure 6A (c). However,
when NN was absent in the reaction system, the cat-
alyst adsorbed only 11.96% of the AN, as shown in
Figure 6B (e). In light-free conditions, even in the
presence of a photocatalyst, only a small amount of
NN was adsorbed with AN, as shown in Figures 6A
(d) and 6B (d). By comparison, ZnFe,O,/NG catalyst
can remove NN and AN simultaneously under anaer-

obic conditions.
75
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45

30

Removal rate of AN /%
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Time /h

Figure 6. Elimination curves of the NN and AN.

3.5.2 Effect of the pH-values

The pH value of the solution was adjusted at 1.0
mol-L™' NaOH, 0.375 g ZnFe,0,/NG (NG 5.0 wt%)
was added to a mixture of 50 mg-L"' NN and 100
mg-L™" AN, white light for different pH for 3 h, and

1000 A

o]
=]

60

Removal rate of NN /%

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time /h

the removal effect of NN is shown in Figure 7. The
removal rate of NN and AN increased with increas-
ing solution pH. When pH was 9.50, NN and AN
reached the optimal value of 90.95% and 62.84%,
respectively.

5y B

Removal rate of MN /%

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time /h

Figure 7. Effect of pH values on the removal efficiency of nitrogenous nitrogen (A) and AN (B) (50.0 mg-L™" NN + 100.0 mg-L ™' AN

+0.375 gL' ZnFe,0,/NG, solution volume is 250.0 mL).
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3.5.3 Effect of the catalyst dosage

In a mixture of pH = 9.5, NN 50 mg-L"', of AN
100 mg-L™', 0.125 of 0.25, 0.25, 0.375, 0.5 g Zn-
Fe,0,/NG hybrid catalysts were added, white light
irradiated for 3 h, and the removal efficiency of NN
and AN is shown in Figure 8. With the increasing
amount of catalyst consumption, the removal rate
of NN and AN also increases. When the catalyst
dosage was 1.5 g-L™', the removal rate of NN and
AN was optimal, which were 90.95% and 62.84%,
respectively. When the catalyst dosage continues to
increase, the removal rate decreases instead. Analy-
sis of the reasons, perhaps due to excessive catalyst
consumption, reunion phenomenon, resulting in re-
duced removal rate.

3.5.4 Effect of the NG load
The efficiency of ZnFe,O,/NG carrying different

proportions of NG (0%—9%) as the catalyst, under
pH of 9.5, and the simultaneous removal of NN and
100
80

60

40

Removal rate of NN/%%

0.5

1.0 1.5

Time/h

AN for 3 h is shown in Figure 9. The simultane-
ous removal of nitrogenous nitrogen and AN was
81.19% and 54.70%. Under the same experimental
conditions, the NN and AN removal rate increased
with the NG ratio. When the NG load was 5%, the
removal rate of NN and AN reached the best value
0f 90.95% and 62.84%, respectively.

3.5.5 Effect of the initial concentration of AN
on the denitrification rate of NN

The effect of the initial AN concentration on
NN reduction was explored by controlling the pH
(9.50), catalyst dosage (1.5 g-L™"), NG load (5%),
and catalytic reaction time (3 h), as shown in Figure
10. Experimental results show that the rate of NN
increases with the initial concentration of AN. When
the initial concentration of AN was 100 mg-L™, the
NN removal rate reached 90.95%. Similar to results
of AN. When the initial concentration of AN was
100 mg-L™', the removal rate reached 62.84%.

75

Removal rate of AN/%

Time/h

Figure 8. Effect of the catalyst dosage on the removal efficiency of nitrogenous nitrogen (A) and AN (B).
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Figure 9. Effects of NG load on the removal efficiency of nitrogenous nitrogen (A) and AN (B) (50.0 mg-L™' NN + 100.0 mg-L "' AN

+ 1.5 g'L"' ZnFe,0./NG, Solution Volume 250.0 mL, pH = 9.5).
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Figure 10. Effect of initial concentration on NN rate (A) and B) (50.0 mg-L'NN + AN + 1.5 g-L"' ZnFe,0,/NG, solution 250.0 mL,

pH=9.5).
3.5.6 Catalyst stability and reuse

Figure 11 is the circle experiment of removing
NN and AN under white light irradiation. After 7 cy-
cle experiments, the removal rate of nitrogenous ni-
trogen was 87.28%. This indicates that the ZnFe,0O,/
NG hybridization catalyst is well stable and recycla-
ble.
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Figure 11. Catalyst recycling test diagram (50.0 mg-L™" NN +
100.0 mg'L ' AN+1.5 g'L"' ZnFe,0,/NG, Solution volume 250.0
mL, pH =9.5).

3.5.7 Complete denitrification

Figure 12 is the plot of the removal rate of
nitrogenous nitrogen and AN. The experimental
design was divided into two phases, the first study
of photocatalytic removal of NN and AN under an-
aer obic conditions, with removal rates of 90.95%
and 62.84% respectively. The AN with about 37
mg-L™' remaining in the solution was not removed.
The second stage is to aerate the solution for 30
min and continue the above reaction to remove the

15

remaining AN. The results are shown in Figure
12, and the removal rates of NN, AN, and total ni-
trogen reached 92.04%, 89.44%, and 90.31% after
the 13™ h of light, respectively. No NN generation
was detected during the photocatalytic reaction.
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Figure 12. Change curves of both Nitrogen and AN (50.0
mg- L' NN+ 100.0 mg-L"' AN + 1.5 g-L "' ZnFe,0,/NG, Solu-
tion Volume 250.0 mL, pH = 9.5).
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3.5.8 Reaction mechanism

Since the width of ZnFe,0,/NG forbidden band
is 2.0 eV and its conduction band potential is E,
=-0.9 V vs NHE" and NN reduced potential is
EONU;;NE 1.52 V vs NHE. The photosynthetic elec-
trons can reduce NN ions to nitrogen. The valence
band potential of ZnFe,O0,/NG is £, = 1.1 V vs NHE,
and the oxidation potential of AN is EON2 nn, = 0.057
V vs NHE, so the photosynthetic hole can oxidize
AN to nitrogen. The total reactivity formula is: NO,
+NH, + H =N, + 2H,0.



4. Conclusions

ZnFe,0,/NG hybrid photocatalyst synthesized
by the hydro heat method. The experiment of pho-
tocatalytic removal of NN and AN carried out. Ex-
perexperiment showed that in mixed NN and AN
with pH = 9.5, the initial concentration of 1.5 g-L,
NN and ZnFe,0,/NG (NG 5.0 wt%) was 50 and 100
mg-L™, respectively, for 3 h, and the removal rate of
NN was the largest, with 90.95% and 62.84%, re-
spectively. The solution was aerated for 30 min and
continuous illumination 10 h, the removal rates of
NN, ammonia, and total nitrogen reached 92.04%,
89.44%, and 90.31%, respectively, which indicates
the potential application of ZnFe,O,/NG hybridiza-
tion catalyst for photocatalytic removal of NN and
AN.
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ABSTRACT

Nickel-manganese oxides were studied for selective catalytic reduction of NO by XRD, H,-TPR and N, adsorp-

tion-desorption. The study was found that the catalyst Ni,,Mn, O, showed the best SCR activity, the reasons may be

as follows: Ni,,Mn, O, catalyst showed the optimal synergistic effect between nickel and manganese and appropriate

redox ability, which were conducive to NH, under the condition of low temperature catalytic reduction of NO.
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1. Introduction

NO, is one of the main components of current atmospheric envi-
ronmental pollutants. Excessive NO, will lead to a series of environ-
mental problems, such as acid rain, haze, photochemical smog and
heat island effect, which is very harmful to human health, animals and
plants"’. Scientists from various countries have been focusing on NO,
elimination research in recent decades. The fixed source industrial flue
gas denitration technology is mainly ammonia selective catalytic re-
duction of NO, (NH;-SCR). At present, the commercial denitration cat-
alyst for fixed source NH;-SCR method is V,05(WO,)/TiO,, which has
the following problems: V,0O; has biological toxicity, narrow operating
temperature window (300—400 °C), low selectivity and poor thermal
stability at high temperature” ™.

As the standards for the total emission and emission concentration
of NO, and SO, become more and more strict, desulfurization is gen-
erally required before denitration in order to meet their emission stan-
dards at the same time. After desulfurization, the flue gas temperature
of thermal power generation is usually lower than 300 °C. According to
statistics, the flue gas temperature of boilers such as self-provided pow-
er station boilers, coal-fired, oil and gas boilers, glass furnaces, waste
incinerators, cement furnaces, petrochemical cracking furnaces, coking
furnaces, chemical plants, metallurgical sintering furnaces, electronics,
new energy and metallurgy is usually 120-300 °C. Therefore, the ma-
ture fixed source nh3-scr denitration catalyst is difficult to be applied to
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the purification of exhaust gas after desulfurization.
In this context, the development of low-temperature
nh3-scr denitration catalyst is an inevitable way to
solve the problem of low-temperature flue gas dis-
charged by the above boilers"".

Since the valence electron layer structure of Mn
is 3d’4s%, it has more variable valence states than
transition metals such as SM, Cr, Cu, Fe, CE, W and
Nb. Especially at low temperature, the oxidation
states of Mn can transform each other, which is one
of the main reasons for its excellent low-temperature

SCR catalytic activity"

At present, there are many reports on Mn-based
catalysts, such as MnO, and Mn-based composite
oxides'”. Mn-based composite oxides mainly in-
clude the following types: SM-Mn"!, Fe-Mn""",
CE-Mn'"!, EU-Mn""!, Co-Mn"*, Mn-Ti""*, Mn—
W and Ni-Mn'"7'*), These catalysts have excellent
low-temperature SCR performance. This paper syn-
thesized a series of catalysts Ni,;Mn, O, (y = 0.1-0.5)
with sol-gel method and studied the effect of differ-
ent nickel doping on NH;-SCR denitration activity
of manganese oxides by means of X-ray diffraction
(XRD), temperature programmed reduction (H,-

TPR) and specific surface area (BET).

2. Experimental part

2.1 Preparation of catalyst

Mn doped NiMn, , O, (y = 0.1-0.5) with differ-
ent Ni content was prepared by sol-gel method, y =
Ni/(Ni + Mn). Accurately weigh a certain amount of
nickel nitrate and manganese nitrate according to the
stoichiometric ratio to ensure that the total mass of
nickel nitrate and manganese nitrate is 0.010 mol. At
the same time, measure 30 mL of ethanol, 30 mL of
glacial acetic acid and 10 mL of deionized water, add
the above nitrate to the mixed solution, and stir at
room temperature for 5 hours. After that, the mixed
solution was placed in a 30 degree oven for 6 D, and
the dried gels were dried in the oven at 110 degrees
for the night. The calcination conditions of catalyst
precursor are as follows: raise the temperature from
room temperature to 500 °C at the heating rate of 5
°C/min and keep it for 6 hours, then cool it naturally
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to room temperature, grind and tablet it, and then
granulate it. Take 40—-60 mesh catalyst for NH;-SCR
activity test.

2.2 Evaluation of the catalyst

2.2.1 Activity test

In order to simulate the real denitration atmo-
sphere, four gas channels are connected. The first
gas is 0.8% NO/N, of 25 mL, the second gas is 0.8%
NH,/N, of 25 mL, the third gas is 50% NO/N, of 12
ml, and the fourth gas is 138 ml of high-purity N, as
equilibrium gas. The concentration of each gas in the
whole mixture is 0.1% NO, 0.1% NH, and 3% O,.
The volume of catalyst is 0.3 mL, the particle size is
40-60 mesh, the outer diameter of quartz tube is 8
mm, the inner diameter is 6 mm, and the tube length
is 50 cm. NO,, N,O, NO and NH; were analyzed
online by NO, and ammonia analyzer (ECO physics,
Switzerland), and the data after each temperature
point was stable for 1 h were collected.

2.2.2 Characterization of the catalyst

2.2.2.1 Characterization of XRD

The samples were determined by wide-angle
XRD with D/MAX-3B (40 kV, 200 MA) instrument
produced by Japan science company. The conditions
are as follows: Cu Target Ka line (A = 0.15406 nm),
20’s scanning range is 5°-80°, the sampling step size
is 0.02°, the scanning speed is 10°/min, DS = 1°, SS
=1°,and RS =0.3°.

2.2.2.2 Adsorption-desorption characteriza-
tion of N,

The N, adsorption-desorption isotherm of the
sample was measured on Tristar 3020 automatic
specific surface area and pore size analyzer produced
by instrument company. Before the test, the sample
shall be degassed in vacuum at 150 °C for 8 h, and
then the N, adsorption desorption isothermal curve
of the sample shall be measured at —196°C.

2.2.2.3 Test of H,—TPR

The characterization of hydrogen temperature
programmed reduction catalyst can obtain some in-



formation about the redox properties and surface of
the catalyst. In this paper, the H,-TPR of catalyst was
determined by Xianquan tp-5080 adsorption instru-
ment. The operation steps are as follows: 1) weigh
0.020 g catalyst powder and fix it in a quartz tube
with quartz cotton; 2) add pure O, with a flow rate
of 30 mL/min, and raise the temperature from room
temperature to 300 °C at a heating rate of 10 °C/min
and keep it for 1 h; 3) cool down to room tempera-
ture in pure O, atmosphere of 30 mL/min, and switch
the pure O, atmosphere to 5% H,/N, atmosphere, and
the flow remains at 30 ml/min; 4) after the baseline
is stable, increase the temperature from room tem-
perature to 900 °C at a heating rate of 10 °C/min.

3. Results and discussions

3.1 Effect of nickel doping on catalytic perfor-
mance

The SCR denitration performance of the cata-
lyst NiyMn, ,O, (y = 0.1-0.5) was investigated. The
results are shown in Figure 1. It can be seen from
Figure 1(a) that the NO conversion of pure MnO, is
53% at 90 °C, while the NO conversion of Ni-doped
catalyst Ni,Mn, O, (y = 0.1-0.5) reaches more than
90% at 90 °C. The NO conversion of pure MnO, at
110 °C is 76%, while the NO conversion of Ni-doped
series catalysts Niy;Mn, O, (y = 0.1-0.5) is 100%,
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which shows that Ni doping can effectively improve
the NO conversion of manganese oxides at low tem-
perature rate. The operating temperature window of
series catalyst Ni,;Mn, O, (y = 0.1-0.5) is 90-270 °C,
and the NO conversion is more than 90%, while the
operating temperature window of pure MnQO, is only
130-210 °C. This shows that Ni doping is beneficial
to broaden the operating temperature window of
NiMn, O, (y = 0.1-0.5) oxide. At 210-360 °C, the
series catalysts Ni,Mn, ,O, (y = 0.1-0.5) have higher
no elimination rate than pure MnO,.

As can be seen from Figure 1(b), the N, se-
lectivity of series catalysts NiyMn, ,O, (y = 0—
0.5) decreases with the increase of temperature at
110-360 °C. At 150 °C, the N, selectivity of pure
MnO, is only 49%. The N, selectivity of catalysts
Ni, ;Mn,,O,, Ni,,Mn, 0, and Ni,;Mn,,0, is about
50% at 170, 190 and 210 °C, respectively, while
the N, selectivity of catalysts Ni,,Mn, O, and
Ni, sMn, O, is still more than 50% at 360 °C. The
catalyst Ni, ,Mn, O, showed slightly better N, selec-
tivity than Ni, sMn, O, at 190-360 °C. This shows
that Ni doping is beneficial to improve the N, selec-
tivity of NiyMn, ,O, (y = 0-0.5) oxide, and the N,
selectivity increases with the increase of Ni doping.
When the molar ratio of Ni/(Mn + Ni) reaches 0.4,
the N, selectivity is the best.
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Figure 1. SCR activity of Ni,Mn, O, catalyst with different molar ratios of Ni/(Mn + Ni).
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3.2 Analysis of XRD

A series of catalysts NiMn, O, (y = 0.1-0.5)
were characterized by XRD. The results are shown in

Figure 2. It can be seen from Figure 2 that the dif-
fraction peak of pure MnO, sample belongs to crys-
talline Mn,0O,, but the diffraction peak is relatively
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weak (PDF card 24-0508), which indicates that there
is a considerable amount of amorphous manganese
oxide in the sample. The sample Ni, ,Mn,,0, has
the diffraction peak of NiMn,O, at 18.14°, 35.87°
and 43.21° respectively, and the diffraction peak of
Mn,0O, at 8.70°, 32.65° and the intensity of the dif-
fraction peak is weak. This shows that the sample
is miscible and contains oxides of NiMn,O, Mn,0O,
and amorphous manganese. When the molar ratio
of Ni/(Ni + Mn) is 0.2, a series of Mn,0O, diffraction
peaks at 28.88°, 32.56°, 38.18°, 55.24° disappear,
and a series of NiMn,O, (PDF card 01-1110) diffrac-
tion peaks appear at the same time. The degree is the
strongest when the molar ratio of Ni/(Ni + Mn) is
0.3. Then it decreases with the further increase of Ni
doping. When the molar ratio of Ni/(Ni + Mn) is 0.5,
the diffraction peak of NiO appears at 75.45°. This
shows that when the molar ratio of Ni/(Ni + Mn) is <
0.4, there will be no diffraction peak of nickel oxide,
and nickel and manganese mainly exist as bimetallic
oxides, which is conducive to the interaction be-
tween nickel and manganese.

Intensity / (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

(a) MnO_, (b) Niy,Mn,,0, . () Nig,Mny 0,
(d) Nig3Mny,0_, (e) Nig,Mny (0., (£) NigsMn, 0,
(®#NiO, AMn,0; and @NiMn,0,).

Figure 2. XRD pattern of Ni;Mn, O, catalyst with different
molar ratios of Ni/(Mn + Ni).

3.3 Analysis of specific surface area and pore
structure characteristics

See Table 1 for the specific surface area and
pore structure characteristics of catalyst NiyMn, ,O,.
It can be seen from Table 1 that the specific surface
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area of Ni;Mn, O, (y = 0.1-0.5) is larger than that
of MnO, and NiO, (23.1 and 31.3 m’/g), which in-
dicates that Ni doping into MnO, can significantly
increase the specific surface area of NiyMn, O, (y
= 0.1-0.5), and the specific surface area of catalyst
NiMn, O, (y = 0.1-0.4) is less affected by Ni/(Ni
+ Mn) ratio. With the increase of Ni/(Mn + Ni) ratio
to 0.3, the pore volume of catalyst NiMn, O, (y =
0.1-0.5) increased from 18.8 x 10~ c¢m’/g mono-
tonically increased to 20.2 x 10 cm’/g. By further
increasing the Ni/(Ni + Mn) ratio to 0.5, the pore
volume of catalyst Ni,sMn, O, decreased to 15.2 x
107 cm’/g. With the increase of Ni/(Mn + Ni) ratio,
the average pore size of catalyst Ni,Mn, ,O, follows
a similar law. The above results show that Ni has
physicochemical properties influencing the Ni,Mn,
Oy (y = 0.1-0.5), attributed to the strong interaction
between Mn and Ni.

Table 1. Physicochemical data for Ni,Mn, ,O, catalysts with

different Ni/(Ni + Mn) mole ratios
Surface area of

Pore volume Mean pore

Sample catalyst/ (m>g") (107 ecm’-g™") size/nm
NiO, 31.3 6.1 7.8
MnO, 23.1 11.3 19.6
Ni, ;Mn,,0, 43.3 18.8 17.4
Niy,Mny O, 39.8 19 19.1

Ni ;Mn,,0, 41.4 20.2 19.5
Ni,,Mn, O, 43.2 16.7 15.4
NiysMnysO,  36.9 15.2 14.5

3.4 Analysis of H,—TPR

In order to study the effect of Ni doping on
the redox capacity of catalyst Ni,Mn,_Ti,,, the cat-
alyst Ni,Mn,_Ti,, was characterized by H,-TPR.
The results are shown in Figure 3. There are two
reduction peaks of MnO, at 586 K and 708 K, cor-
responding to the reduction of MnO,—Mn;0, and
Mn;0,—MnO respectively, which is consistent
with literature!”. Due to its large negative reduction
potential, MnO cannot be further reduced to metal
Mn at less than 1073 K, which has been reported by
many studies. The peak of sample Ni,Mn, ,O, (y =
0.1-0.5) at 503-533 K corresponds to the reduction
of MnO,—Mn;0,. When Ni/(Ni + Mn) ratio is 0.2,
the reduction temperature is the highest, but with the
further increase of Ni/(Ni + Mn) ratio, the reduction



temperature moves to low temperature, indicating
that there is an interaction between Ni and Mn,
making the reduction of MnO,—Mn;0, easier. The
reduction peak of sample NiMn, ,O, (y = 0.1-0.5) at
600-708 K also moves to low temperature with the
increase of Ni/(Ni + Mn) ratio. For the samples with
Ni/(Ni + Mn) ratio of 0.1, 0.2 and 0.3, the second
reduction peak includes reduction of Mn;O,—MnO
and Ni*'—Ni’

600
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g 507, 638
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=]
20
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586 708
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400 500 600 700 800
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(a) MnO_, (h) Niy Mny 40, (¢) Nig,Mn, 0,

(d) Nig 3Mng,0,., (e) Nig,Mny O, (f) NigsMng O,
Figure 3. H,—TPR pattern of Ni;Mn, , Ti,, catalysts.

For the samples with Ni/(Ni + Mn) ratio of 0.4
and 0.5, the third reduction peak appears at 686 K
and 675 K respectively, and the peak area increases
with the increase of Ni, which belongs to the reduc-
tion of Ni**—Ni’. The first reduction peak moves
towards low temperature, which can be inferred
that the reduction ability at low temperature is im-
proved due to Ni doping. This may be an important
reason for the excellent low-temperature NH;-SCR
activity of these modified catalysts. The excellent
low temperature NH;-SCR activity may be related
to Mn*'—Mn’'reduction. Ni is not the active metal
of low temperature NH,;-SCR reaction, which is not
discussed here. It is well known that the reduction
temperature and hydrogen consumption mainly de-
termine the redox capacity of the catalyst. Therefore,
it can be seen from the H,-TPR analysis results that
Ni, ,Mn, O, has appropriate redox capacity. The au-
thor’s previous research results show that the high
redox capacity of Ni Mn spinel can over oxidize NH,
to N,O, NO and NO,, resulting in low N, selectivi-
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ty in the medium temperature region””. Therefore,
appropriate redox capacity is conducive to the excel-
lent no conversion and N, selectivity of the catalyst
in the medium temperature region.

4. Conclusions

The selective catalytic reduction of no by NH,
over NiMn, ,O, (y = 0.1-0.5) catalysts doped with
different amounts of Ni was studied in this pa-
per. The results show that the catalytic activity of
Ni, ,Mn, O, is the best. The possible reason is that
when the molar ratio of Ni/(Mn + Ni) reaches 0.4,
the interaction between nickel and manganese is the
best and suitable redox capacity, which are condu-
cive to the selective catalytic reduction of no by NH,
at low temperature.
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ABSTRACT

The passivation layer of solar cells directly affects the performance of solar cells. The fixed charge density and

defect density at the interface of the passivation layer are the key parameters to analyze the passivation effect. Through

establishing the MOS model to simulate the capacitance-voltage (C-V) curve of the passivation layer, and using the

function to express the simulation curve, this paper establishes the function-based database. The C-V curve obtained

from the experiment is compared with the database to find the corresponding function of the experimental data. The pas-

sivation parameters N; and D, are extracted for analyzing the passivation effect of the passivation layer.
Keywords: MOS Model; Database; Defect Density; Fixed Charge Density
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1. Introduction

The problem of energy crisis is becoming more and more prom-
inent at present. People’s energy demand is gradually increasing, but
the storage of fossil fuels is gradually decreasing, and people’s research
on new energy is accelerating. As a new type of energy, solar energy
has become a hot researching point for its advantages such as its safety
and reliability, no noise, no pollution, being available everywhere, no
geographical restrictions, no fuel consumption, no mechanical rotating
parts, low failure rate, simple maintenance, being unattended, short
construction cycle, binge easily combined with buildings"!. Gas silicon
material has become the most ideal material for making solar cells be-
cause of its moderate band gap, high photoelectric conversion efficien-
cy, no pollution to the environment, stable performance, easy industrial
production and rich resources. Among them, crystalline silicon solar
cells are the most efficient, the most widely used solar cells with the
most mature technology. In order to save silicon materials and reduce
the cost, manufacturers try to reduce the battery thickness. With the
increase of the aspect ratio, the passivation problem of the cell surface
is becoming more and more prominent, making the judgment and anal-
ysis of battery surface passivation effect important.

There are two kinds of cell surface passivation: chemical passiv-
ation and field effect passivation. The former usually combines hydro-
gen atoms or atoms in semiconductor films with uncoordinated atoms
on the surface of silicon layer, so as to reduce the interface defect
density and improve the photoelectric conversion efficiency of the cell;
the latter reduces the concentration of electrons or holes at the silicon
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wafer interface through the electric field of the sur-
face charge, so as to achieve the passivation effect”.
Both kinds of surface passivation can be measured
through the interface defect densities D, and the
fixed charge density N, respectively.

This paper mainly studies the deposition of
AL O, by atomic layer deposition (ALD), establishes
an effective MOS model to simulate the C-JV char-
acteristic diagram of the MOS structure, and then
analyzes the passivation effect of the passivation lay-
er by analyzing the C-JV characteristic diagram. The
specific passivation effect is measured by the fixed
charge density N, and the interface defect density
D;,. Both will change the capacitance of the MOS
structure. Only one characteristic curve can not ac-
curately express the passivation effect, and most of
the existing references use simplified calculation to
obtain these two parameters, so its accuracy can not
be guaranteed. Therefore, this paper establishes an
MOS model to simulate the C-V curve of the MOS
structure to obtain these two parameters. Based on
the MOS structure, the passivation database of the
passivation layer is established; the function cor-
responding to the experimental data is obtained by
comparing the experimental data with the database;
the function passivation parameters are extracted to
analyze the passivation effect of the passivation lay-
er.

2. Establishment of the MOS model

In order to better study the passivation perfor-
mance of the crystalline silicon passivation layer, a
metal oxide model is established to extract the fixed
charge density N; and defect density D, at the inter-
face between oxide and silicon. These two factors are
reflected by the C-V characteristic test chart. First,
input the N; and D, of the original interface state,
C-V test results, oxide and silicon parameters, set the
original value of gate voltage V;, and calculate the
interface potential ¥ at this time; then calculate the
silicon surface capacitance Cg and the total capaci-
tance C. Thus, the correlation between the C-V char-
acteristic diagram of the model and the experiment
is compared. If the correlation is not good, change
the gate voltages V, N; and D, until the correlation
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meets the requirements; then output N; and D, at this
time. The specific process is shown in Figure 17,

Characteristic test
results of C-V

Parameters of oxide Initial value of Ny
and silicon and Dy

\—» Input parameter

l

Set the gate voltage |

— =
Ve
¥
Calculate ¥y
¥
Modtfy the gate Calculate Cs and € Modify Nyand Dy
voltage Ve

C-V characteristic correlation between
discriminant model and test

Output Nyand Dy

Figure 1. Algorithm flow of fixed charge density N, and inter-
face defect density D,.

The calculation formula of interface potential ¥
is:

Oc(¥s) + Or+ O(¥s) + QSi(acc)( ¥)=0 (D

In the formula, Qg is the gate charge; O, is the
fixed charge of oxide layer; Q, is the fixed charge at
the interface between oxide and silicon; Qg is the
fixed charge of the silicon layer under standard con-
ditions.

According to the original experimental data of
interface!®”, the distribution of defect density can be
obtained; the formula to calculate D, can be obtained
through the algorithm flow in Figure 1. Formula (2)
can fit the discrete distribution data of defect density
to form a curve.

; E -E . E.
]\ D\L|=v+l')lh {"XI)( \['- _IJ) ) E‘ ‘<-E” S[’z‘ +
D,(E)=

o

, -E B
KDy Do exp(—5—)|, |E,+=5 <E,<E

itm

In the formula, K is the equilibrium constant,
generally taken as 1; E is the battery energy level;
E, and E, are the upper and lower energy level limits
of battery energy level respectively; E, is the energy



level bandwidth of the battery, £, = E. — E; E, is the
energy level of crystalline silicon; D;,,, is the defect
density at the energy level division; D,, and D, are
respectively defect density at energy levels £, and
E..

To establish a model to simulate the C-V charac-
teristic curve of the battery, it is necessary to further
calculate other variables and finally integrate them
into function of N; and D,. First, the total capacitance
C of the battery MOS structure can be calculated by
formula (3)"":

fi,. 1% (3)
& [(; ()

In the formula, C,y is the electrical capacity per

unit area on the dielectric.

Cox can be figured out with formula (4):

Eny Tl 1

ox = = . (4
" A )

In the formula, dy is the thickness of the dielec-
tric; 7oy 1s the thickness of the oxide layer Al,O,; A is
the area of the MOS layer; C,.. is the test capacitance
under standard conditions; &,y is the dielectric con-

0

" -

stant per unit area of the dielectric.

In addition, Cj is obtained on the high frequency
C-V characteristic diagram, and its calculation for-
mula is:

00 it
C.=

. dipr.

4T | TR J N\ &T

6))

In the formula, Ogmsority. dopanyy 15 the charge den-
sity of dopants and most carriers on the surface of
semiconductor silicon; &g and ¢, are the permittivity
of silicon and dielectric respectively; & is Boltzmann
constant; 7 is the thermodynamic temperature; g is
the electric quantity per unit charge; N, is the electric
ion concentration of dopant; #, is the free electron
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density in doped crystalline silicon.
The charge distribution of the MOS structure is
shown in Figure 2.

Charge/cm?

Qti

Dielectric layer Oxide layer ] Si

The formulas for calculating ¥ can be found in

references'””, which can be calculated by formulas

(6) to (14).

0,+0,+0,+0,=0 ©)

0.= 10,5 +en(g-V.) 9
G ([“\ f 2 “OX S G

s N omf G, b - ®
KT N: kT

0, =-qf, D (EVLEXE +q[," D, (E)f(E)E ©)

’ f")_ O'I_/)l-’r-O'“n_ 10
Jol£)= & lp, +p)roln +n) (10)
/. Ey= U',\l’ﬁLU‘,.’M (1n

o= o (p.+p)to(n.+n)
#s nt %
n.=Nye", p.=—-e" (12)
N,
E B - "
q -q
n=n.e , py=n.e ; (13)
O, =¢gN, (14)



In the formulas, n, and p, represent carrier densi-
ty of the silicon surface’s free charge under the struc-
ture of type n and type p; o, is the electron trapping
interface of defects ON the surface; o, is the defect
hole trapping interface on the surface; p, is the hole
density in the crystalline silicon after doping; #; is
the intrinsic carrier concentration of semiconduc-
tor; Eg is the electric field strength of silicon layer;
d; is the thickness of oxide layer; f,(£) and fy(E) are
respectively composite probability of acceptor and

donor interface; D;, and D, 4 are respectively defect

it,a 1
density of acceptor and donor interface; £, and E, are
respectively energy level midpoint and target energy
level; Qg; is the charge density of semiconductor sili-
con’s surface.

The positive and negative of Qg; is determined
by the gate voltage V; and the flat band voltage Vyp.
When Vi > Vi, O 1s negative; when Vg < Vg, O, 1s
positive.

The flat band voltage V;; can be calculated by
equation (15):

Oy Odos
- +

28(]“"“\

in (lil

281!‘91»\

QII(/H\
- (15)

gl)gn\

Vie=Pys + s
BBy
In the formula, @, is the metal effective func-
tion in the MOS structure, which is different from
metal electron affinity and semiconductor Fermi
level; dyy is the dielectric thickness; d,, is the charge
thickness of the contact surface between dielectric
and silicon.

1.0r
091
0.8r

0.7 r Black line: V, 2.32xe'"’ cm?
0.6+ D =1.5xe"? cm*/eV
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03F
0.2F

0.1}

0.0 i L s
-1.5 -1.0 -0.5 0.0 0.5 1.0

Gate voltage of Ve/V

Ratio of capacitance to maximum capacitance

Figure 3. Fitting comparison between simulation curve and
experimental data.

Figure 3 shows the final model effect, in which
the black line is the fitting curve of the established
MOS model to the experimental data, so as to ob-
serve whether the fitting effect meets the require-

ments.

3. Big data algorithm

The establishment of large database is based on
the above model. When analyzing the passivation
performance of on-site solar cells, it is mainly to
calculate its fixed charge density N, and interface
defect density D,. The passivation effect of this bat-
tery is analyzed through these two data"”. Firstly, a
function with good correlation is established through
the model to fit the C-V characteristic diagram of the
battery, and then the two parameters N; and D, are
changed to establish a model about N, and D,. See
equation (16):

f(NI.I)l)
f(N..D,)

: (16)
f(N,.,D,.)

f(N..D,)

Then, find multiple key points on the battery C-V

characteristics, and their coordinates are (x,, y,), (x,,
V), (X3, ¥3), ..., (x;, 1,). Substitute these coordinates
into the function group, so as to obtain a set of func-
tion sequence, as shown in equation (17):

f(N.D)) (N,D,) (VD)) (N,D,)
fi(N,,D,)  folN,,D,)  fi(N,,D,) f(N,,D,)
/1( \vu—l‘Du—l) k/.z(‘\vu—v[)u—\) ./“('\vurl'l)u—l) 4/;(.\v”7|.l)” |)
f(NV,,D,)  fA(N,D,)  £(N,D,) FNLD,)

(17)

Subtract the calculated function value from the
coordinate value to obtain the error value ¢ of each
coordinate point, and sum the absolute values of
these error values to obtain formula (18):

|| +]

J2|& | +]e,

&% |8y + it )

A CAL WS P-4 18

te|+. e

X|e |+

€
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In the formula, &, =/f(N,D)~-y,.

By evaluating the minimum value of equation
(18), the function with the minimum error value f(N,,
D,) can be obtained. This function is the function
curve that can be perfectly fitted with the battery.
The fixed charge density and interface defect density
in this function are the parameters of the actual bat-
tery, so that the passivation type and its proportion of
the battery can be determined.

4. Analysis of the results

In this paper, we choose the PECVD method to
make AL O, film as the passivation layer of solar cell.
Firstly, the fixed parameters are modified according
to the experimental data until the MOS model can
completely simulate the C-J characteristic curve of
the battery; Then, keep other parameters unchanged,
change the two parameters of fixed charge density
and defect density; as shown in Figure 3, set the
fixed charge density as 2 x ¢'® m’, assign D, 1 x
e'’~4 x ¢'° m*/V respectively, and bring 0.2 errors
into the model formula each time to obtain 16 char-
acteristic curves shown in Figure 4.

g 1.0r % I i aann i
g 0.9F B"\{chlt» Im:/V/V
1 X = el m?/
§ 08F  Duincreases step by D=1 :4)(2,,, :E/V
step Di=1.6xe'* m*/V
E 07} D'=1.8xe'* m¥/V
E N Di=2xe'* m¥/V
g 0.6r D'=2.2xe'® m¥/V
g D'=2.4xe'* m¥/V
2 0.5f ;;::ggan m{,ry
8 2.8xe'* m*/V
£ 04F D'=3xe' m/V
5 D!'=3.2xe'* m¥/V
g 0.3F D'=3.4xe'* m¥/V
£ 02 Dicy i Y
u Var = 16 12 i 3.8%xe'" m’
g G Nr=2 x el m? remain I): dxe's m/V
= 0.1F , soupillsss® unchanged
o~
()A({ — 4 — L L i
-1.5 -1.0 -0.5 0.0 0.5 1.0

Gate voltage Vo/V

Figure 4. C-V characteristics curve under different D,

In Figure 4, with the increase of defect density,
the decline speed of the corresponding characteristic
curve decreases and the inclination of the curve de-
creases, which also means that with the increase of
defect density, the corresponding curve has a down-
ward trend.

Figure 5 shows that when the defect density
is determined to be 2 x e¢'® m’/V, change the fixed
charge density and assign it to 2 x ¢'*-3.5 x ¢'* m’
respectively, with 0.1 error each time; then bring
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it into the model to simulate 16 C-V characteristic
curves in the figure, which can be included in the da-
tabase as data.

8

g
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£ e
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Figure 5. C-V characteristics curve under different V..

In Figure 5, with the increase of N; the curve is
also moving upward, and the rising rate of the curve
is also decreasing. This means that with the increase
of N;, the corresponding curve shows an upward
trend, which is just opposite to the effect of defect
density.

Figure 6 is a comprehensive diagram of the
experimental data obtained from the characteristic
measurement of the battery when the passivation
times are 40, 80 and 200 respectively. Compare Fig-
ure 6 with Figures 4 and S, and observe the change
with the passivation times, what is the change of the
parameters of Nyand D,

1.0r )
09F n-FZSi WW

0.8} £
f b |
0.7t F /
{ f-o-Al:03 40 cyc
0.6 ¥ o / s -
8 ;/ [ ALO:s 80 cyc
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/ Di=1.5%e'? cm?*/eV
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0.2F ; Di=2xe"? cm?/eV
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Ratio of capacitance to maximum capacitance

L y

0.0 0.5 1.0
Gate voltage Vo/V

Figure 6. Characteristic curve under different passivation times.
By comparing Figure 4 to Figure 6, it can be

found that the value of defect density decreases with
the increase of passivation times. This is because
with the increase of passivation times, the thickness
of passivation medium is also increasing, the defects
in the medium layer are also increasing, and the pas-
sivation effect is also decreasing; however, the corre-



sponding is the fixed charge density, which increases
with the increase of passivation times, which leads to
the improvement of battery passivation effect. There-
fore, the passivation effect can be analyzed by the
proportion of N;and D, in passivation performance.

5. Conclusions

In this paper, a model to simulate the passiva-
tion effect of the MOS structure is built through the
calculation equations of various parameters in the
battery. The passivation effect of the passivation lay-
er is expressed by curves through the model, and the
passivation curve library is established based on the
model. The data analysis method is used to compare
the passivation curve of the target battery with the
curve in the database, and calculate the error value
between the curves. The curve in the curve library
corresponding to the minimum value is regarded as
the simulation curve of the target battery, and the
passivation parameters corresponding to the simu-
lation curve are regarded as the experimental data
parameters, so as to analyze the passivation effect of
the passivation layer.

The curves in the curve library are classified by
two parameters. The change of passivation times can
be known through curve comparison, which affects
the change of passivation parameters in the curve
library. In practical application, the target battery can
be transformed through the corresponding change
trend to meet the requirements. There are many pas-
sivation parameters of battery in practice. Other pa-
rameters are simplified in this paper, and the param-
eter of battery thickness is also simplified. However,
in practice, the thickness of different batteries under
the same conditions is also different. Therefore, if
the battery is analyzed for extended passivation, the
thickness of battery passivation layer is also a refer-
ence parameter that can be extended.
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ABSTRACT

For 5-year-old Eucalyptus globulus, the optimal liquefaction bark process was explored by analyzing the chemical

components of the bark and its liquefaction residue before and after the liquefaction. The results of chemical compo-

nent determination showed that the contents of cellulose, hemicellulose and lignin of bark were 36.65%, 18.98%, and

45.37% respectively. The contents of benzene-alcohol extractives, hot-water extractives and 1% NaOH extractives were
10.30%, 7.15%, and 23.64% respectively. The content of ash accounted for 7.49%. The liquefaction process showed that

the catalytic effect of concentrated sulfuric acid was better than concentrated phosphoric acid. The optimum liquefaction

parameters were catalytic of 3% concentrated sulfuric acid, temperature of 160 °C and the liquid-solid ratio of 5:1. The

liquefaction rate was 82.8% under the above optimal conditions. Compared with raw materials, the cellulose content,

hemicellulose content, and lignin content of liquefaction residue reduced by 17.90%, 9.19%, and 15.99%, respectively.
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1. Introduction

Eucalyptus globulus, a plant of Eucalyptus in Myrta-ceae, is a tall
evergreen tree with gray-blue bark, flake peeling, and slightly angular
twigs. The young leaves are opposite, the leaves are oval, the base is
heart-shaped, sessile, and powdery. They mainly grow on the plateau
in Southwest China (Sichuan, Chongqing, Guizhou, Guangxi, Yun-
nan, and Tibet). Eucalyptus globulus grows facing the sun, has strong
adaptability, fast growth, poor damp heat resistance, and anti-pollution.
It is mostly used as street trees and afforestation trees. It is suitable for
living at low altitudes and high-temperature areas. It can withstand
sub-zero temperatures. The wood is widely used, but it is slightly dis-
torted and has strong corrosion resistance. It is especially suitable for
shipbuilding and wharf materials; Flowers are nectar plants; the oil
content of leaves is 0.92%, which can be used to make white tree oil
for medicinal purposes. It can strengthen the stomach, stop neuralgia,
treat theumatism and sprain; It is also used as insecticide and disinfec-
tant. It has a bactericidal effect'"),

The data show that by the middle of the 21% century, the world
will have a fossil energy crisis. It is of great significance to use mod-
ern high-tech biomass energy development and utilization technology
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to convert environment-friendly biomass materials

into clean, economical, and renewable biomass ener-

gy[2]

the plantation area has reached 1.7 million hm’. As

. Eucalyptus is widely distributed in China, and

an important part of biomass materials, Eucalyptus
grows very fast. It is a good renewable resource.
As an excellent energy tree species, Eucalyptus is
known as a “petroleum plant”. Eucalyptus is widely
used, but its comprehensive level of processing is
low. In the production, a large number of Eucalyp-
tus processing residues are directly thrown away or
burned, which not only causes environmental pollu-
tion but also wastes a lot of biomass resources. This
paper makes a basic exploration of the liquefaction
process of Eucalyptus globulus bark. Transforming
the waste Eucalyptus globulus bark into reusable
biological small molecular substances through the
liquefaction process is not only conducive to allevi-
ating the energy crisis, protecting the environment
and reducing waste but also laying a foundation for
the industrial application of biomass materials. Lig-
uefaction is an effective way to make full use of the
potential value of natural wood materials. Liquefied
products can be used in fuel oil, adhesives” ', foam
and molding materials and other fields, and have
wide application prospects' . In this study, glycer-
ol was used as a liquefaction agent, and concentrated
sulfuric acid and concentrated phosphoric acid as
catalyst. The effects of temperature and catalyst dos-
age on the liquefaction behavior of Eucalyptus glob-
ulus bark were discussed. The optimal liquefaction
process of Eucalyptus globulus bark and its effects
on the main chemical components of liquefaction
products were obtained.

Scholars at home and abroad have also done
some research on liquefaction. Some scholars use
phenol as a liquefaction agent, such as Bai shixin-
fu, Lin Zhenlan, Alam, Doh, etc. Others use poly-
hydroxy alcohol as a liquefaction agent, such as
Kurimoto, Li Wenzhao, Yamada, etc.!"". They all
use peg as liquefaction agents and liquefaction pro-
cess parameters. In this study, glycerol is selected
as a liquefaction agent, because it is considered as a
by-product of alcohol production from crop straw for
its low price, economical efficiency, and applicabili-
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ty.

2. Experiment materials

Take 5 5-year-old Eucalyptus globulus with uni-
form DBH from the campus of Sichuan Agricultural
University, take some bark, pulverize, pass the stan-
dard sample sieve, and retain 40—60 mesh samples.
Place the prepared samples in an electric oven (103 +
2 °C) for drying for 48 hours. After drying, put them
into closed self-sealing bags for standby.

3. Experiment method

3.1 Extraction of phenol

Prepare benzene alcohol mixture (toluene: 95%
ethanol = 1:2 for standby) by using the method de-
scribed in GB 2677.6-1994. Weigh 2.00 g-2.005 g
(my), and wrap the absolutely dry test material with
quantitative filter paper. Then put them into the Sox-
hlet extractor, and add 225 mL of benzene alcohol
mixture. Connect 250 mL round bottom flask under
Soxhlet extractor, and time from boiling. Extract for
4 hours until the benzene alcohol in extractor be-
comes colorless, take it out, recover benzene alcohol
from the mixture in flask by rotary evaporation, and
then put the flask into the oven at 103 °C + 2 °C for
drying and weighing (m,), flask mass (m,). Collect
the extracted test material for standby.

Content of benzene alcohol extract:

(m, —m,)

W, x 100% €]

m
3.1.1 Determination of nitric acid-ethanol
cellulose content

1) Nitric acid ethanol configuration: use concen-
trated nitric acid and anhydrous ethanol. According
to the volume ratio of 1:4, first add 400 mL of eth-
anol into 1,000 mL beaker, and then add 100 mL of
concentrated nitric acid in 10 times. Stir continuous-
ly during each addition.

2) The content of cellulose was determined by
nitric acid ethanol method. G4 glass sand core funnel
was burned at 500 °C to a constant mass; Accurately
take 1.000-1.005 g (m,) of absolute dry sample; put
it into a 250 mL clean and dry round bottom flask.



Add 25 mL nitric acid ethanol mixed solution, put it
into a constant temperature water bath pot. Then put
a reflux condenser on it, and heat it in a boiling water
bath for 1 h. Take out the solution, use G4 sand core
funnel to filter the solvent through vacuum water
circulation, repeat three to five times until the fiber
dimension turns white, and wash it with 10 mL nitric
acid ethanol mixed solution, Wash it with hot water
until it is not acidic. Finally, wash it twice with abso-
lute ethanol, drain the filtrate, put the G4 sand core
funnel containing residue into the oven, dry it at 103
+ 2 °C until the mass is constant, weigh the mass (m,),
then place the sand core funnel in the horse boiling
furnace, burn it at 500 °C until the mass is constant
and weigh (m,).
Cellulose content:

:u x 100%

m

W 2)

2

3.1.2 Determination of hemicellulose content

According to the method described in GB
2677.5-1991, solid caustic soda is used as the chemi-
cal reagent, which is prepared by a mass fraction.

Experimental steps: weigh 1.000 g-1.005 g
(my) of the absolute dry material after benzene al-
cohol extraction, put it into a 250 mL round bottom
flask, add 150 mL 2% NaOH solution, put it into a
constant temperature water bath, heat it at 80 °C for
3.5 hours, take it out, filter it with a Buchner funnel,
wash it until it is colorless, then rinse it with deion-
ized water, take out the residue to the Petri dish and
put it in the oven, Dry at 103 + 2 °C and the mass is
m,. The mass of filter paper is m,, the mass of Petri
dish is m,.

Hemicellulose:

(my —my +m, +m,) (1 —W,)

A3)

W,

my
3.1.3 Determination of lignin content

According to the method described in GB
2677.8-1993, concentrated sulfuric acid and distilled
water are used as reagents and configured by volume
ratio.

Experimental steps: take 1.000 g—1.005 g (m,)
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benzene alcohol extracted absolute dry material, and
put it into a 50 mL conical flask. Add 15 mL of 72%
concentrated sulfuric acid with a magnetic rotor,
put the conical flask on a magnetic stirrer, stir for 2
hours. Wash the liquid out of a 1,000 mL round bot-
tom flask with 560 mL distilled water, boil it on the
heating jacket, and place a condensation reflux pipe
on it. After 4 h, vacuum filter with Buchner funnel,
wash with 500 mL hot water and then transfer the
residue into the Petri dish. Put it into the blast drying
oven at 103 + 2 °C and dry it to absolute dry weight
m,, the mass of the Petri dish is m, and the mass of
the filter paper is m,.
Lignin content:

_ (my—my—m3)(1-Ws)

Wy x 100% 4)

mo

3.1.4 Extract of 1% NaOH

According to the method described in GB
2677.5-1991, prepare NaOH with a mass fraction
of 1%. Weigh 2.000 g—2.010 g (m,) of absolute dry
material, and put it into a 250 mL flat bottom flask.
Add 100 mL of sodium hydroxide solution, and boil
it in a constant temperature water bath for 1 h. Take
out vacuum suction filtration, then add 100 mL of
distilled water and dry it. Add 50 mL of 10% glacial
acetic acid, filter it again with distilled water until it
is colorless and tasteless. And then transfer it to the
Petri dish, put it into the blast drying oven, dry it at
103 £ 2 °C for 12 h, and weigh it to obtain (m,), the
weight of filter paper (m,), and the Petri dish (m).

Extract content:

- (ml - m, —m3)

% 100% )

m,
3.1.5 Hot water extract

According to the method described in GB
2677.4-1993, take 2.000-2.010 g (m,) of absolute
dry material and put it into the Soxhlet extractor.
Add 225 mL of distilled water, put a circulating
condensing device on it, put down a 250 mL round
bottom flask, and boil it on the heating furnace for 4
hours until it loses color. Put the residue into the Pe-
tri dish to dry and weigh (m,), the mass of Petri dish



(m,) and the mass of filter paper (m;).
Hot water extract content:

_ Mo —(my—my—ms3)

Ws x 100%

(6)

mo

3.1.6 Determination of ash content

According to the method described in GB
2677.3-1993, clean the crucible, put it into the horse
boiling furnace to burn until the mass is constant,
cool, weigh and count (m,). take 2.000 g-2.010 g
(m,) of absolute dry material, put it into the crucible,
put it into the horse boiling furnace, keep it at 600 °C
for 0.5 h, burn until the mass is constant, and weigh
(my,).

Ash content:

5 =

m, —m,
—— x 100%

my

(7

3.1.7 Liquefaction method

Chemical agent: concentrated sulfuric acid (mass
concentration: 98%; high-quality pure GR; Sichuan
Xilong Chemical Co., Ltd.); Methanol (analytical
pure AR; Industrial Development Zone, Mulan
Town, Xindu District, Chengdu); Glycerol (analyt-
ical pure AR; Chengdu Kelong Chemical Reagent
Factory); Dimethyl silicone oil (analytical pure AR;
Industrial Development Zone, Mulan Town, Xindu
District, Chengdu).

Instrument and equipment: df-101s collector
type constant temperature heating magnetic stirrer
(Gongyi Yuhua Instrument Co., Ltd.); 101a-3 electric
blast drying oven (Shanghai Experimental Instru-
ment Factory Co., Ltd.); Electronic balance (E = 10
d; Beijing sedolis Instrument System Co., Ltd.); 150
mm Brinell funnel, SHZ—III circulating water vac-
uum pump (Zhejiang yellow Yan Liming Industrial
Co., Ltd.).

Experimental steps: weigh 50 g of glycerol into
a round bottom flask, add 1.5 g of concentrated sul-
furic acid/concentrated phosphoric acid as catalyst,
put it into the flask when the oil bath temperature
reaches the ideal temperature and put a rotor in the
flask. When the glycerol reaches the required tem-
perature, take 10.000 g—10.010 g (m,) of dry mate-
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rial into the flask, and start timing after the material
is completely wet. When the time is up, take out the
flask, transfer the liquefied substance into the beaker
with methanol, and put it on the magnetic stirrer for
stirring. After mixing, filter with a Brinell funnel,
wash with methanol until the solution is colorless,
transfer the residue to a Petri dish, mass (m,), the
mass of filter paper (m,), and put it into an oven to
dry at 103 + 2 °C to obtain m,. The filtrate from the
suction bottle recovers methanol and separates poly-
ol liquefaction products through a rotary evaporator.
Liquefaction residue rate:

my; —m; —

T 100% ®)

W, =

m

4. Design of experiment

In order to analyze the effects of liquefaction
time, catalyst, and on the chemical composition of
Eucalyptus globulus bark, the temperatures of lig-
uefaction experiment are set as 80 °C, 100 °C, 120
°C, 140 °C, 160 °C and 180 °C respectively, and the
catalysts are concentrated sulfuric acid and concen-
trated phosphoric acid respectively. The effects of
different catalysts on the liquefaction rate of Euca-
lyptus globulus bark and the chemical composition
of liquefaction residue under the same temperature
are compared and analyzed, To explore the best lig-
uefaction process conditions.

5. Results and analysis

5.1 Chemical composition analysis of Euca-
lyptus bark

The main components of Eucalyptus globulus
bark were determined, such as cellulose, hemicel-
lulose and lignin. The experimental results show in
Table 1. Comparing the contents of cellulose, hemi-
cellulose, and lignin in Eucalyptus globulus bark, the
content of lignin in Eucalyptus globulus bark is the
highest, accounting for 45.37%, followed by cellu-
lose and hemicellulose, with the contents of 35.65%
and 18.98% respectively. Eucalyptus globulus’s con-
tents of 1% NaOH extract and ash in the bark were
23.64% and 7.50%, respectively. The content of ben-



Table 1. Analysis of chemical components of Eucalyptus globulus’s bark

- (1)
Component Benzene alco Cellulose Hemicellulose Lignin 1% NaOH Ash Hot water
hol extract extract extract
Content/% 10.30 35.65 18.98 45.37 23.64 7.50 7.15

zene alcohol extract in Eucalyptus globulus bark was
higher than that of hot water extract.

5.2 Effect of temperature on liquefaction rate
of Eucalyptus globulus bark

As can be seen from Figure 1, with concentrat-
ed sulfuric acid as catalyst, the liquefaction rate of
Eucalyptus globulus bark increases with the increase
of liquefaction temperature; When the temperature
was 80 °C, the residue rate of Eucalyptus globulus
bark was 70.6%. When the temperature rose to 180
°C, the residue rate was 17.8% and the liquefaction
rate was 82.2%. When the liquefaction temperature
is 160 °C, the residue rate of Eucalyptus globulus
bark is 18.52%. Compared with the residue rate
at 160 °C, the residue rate at 180 °C decreases by
only 0.72%, indicating that the liquefaction rate of
Eucalyptus globulus bark at 160 °C is relatively sta-
ble. Considering the economy of the test, the best
liquefaction temperature is 160 °C. The experimen-
tal results show that the best liquefaction process
parameters are: liquefaction temperature 160 °C,
3% concentrated sulfuric acid, solid-liquid ratio 1:5,
time 60 min, and liquefaction rate can reach 81.48%
(Figure 1). Under the catalysis of concentrated phos-
phoric acid, the higher the temperature, the lower the
residue rate is, and the higher the liquefaction rate is.
The highest occurs at 1800 °C, the liquefaction time
is 60 minutes, the solid-liquid ratio is 1:5, and the

liquefaction rate can reach 50.736%.
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Figure 1. Liquefaction residue rate at different liquefaction tem-
peratures with concentrated sulfuric acid as catalyst.

It shows in Figure 1 that when concentrated

sulfuric acid is as the catalyst and the liquefaction
temperature is 80 °C, the liquefaction residue rate
of Eucalyptus globulus bark is 70.60%. After 80 °C,
the residue rate decreases by more than 10% every
time the temperature increases by 20 °C. Through
regression equation analysis (regression equation y
=-0.6366x + 120.53, R* = 0.9976)), the liquefaction
temperature shows a functional characteristic in the
range of 80 °C to 160 °C. There is not a big differ-
ence in the liquefaction rate between 160 °C and 180
°C, which may be due to the degradation and lique-
faction of lignin and hemicellulose. Due to its spatial
structure, cellulose is difficult to contact with chem-
ical reagents and undergo degradation reactions.
When hemicellulose and lignin degrade to a certain
extent, and their temperature does not reach the deg-
radation conditions of cellulose, the liquefaction rate
presents a relatively stable state.

It shows in Figure 2 that under the catalysis of
concentrated phosphoric acid, the higher the tem-
perature, the lower the residue rate, and the higher
the liquefaction rate. The optimum process condi-
tions are as follows: the liquefaction temperature is
180 °C, the liquefaction time is 60 min, the solid-lig-
uid ratio is 1:5. Then the liquefaction rate can reach
50.736%. When concentrated phosphoric acid was a
catalyst, the liquefaction residue rate of Eucalyptus
globulus bark was 93.8% at 80 °C, and when the
liquefaction temperature increased to 100 °C, the
residue rate decreased by less than 2%. It indicated
that in the low-temperature range, the increase of
temperature has little effect on the liquefaction rate.
Until the liquefaction temperature increased to 140
°C, the liquefaction residue rate began to decrease
significantly. When the liquefaction temperature was
180 °C, the liquefaction rate just reached about 50%.

The liquefaction residue rates of the two cata-
lysts at different temperatures are compared. It can
be seen from Figure 3 that the catalytic effect of
concentrated sulfuric acid is significantly better than
that of concentrated phosphoric acid. At the starting

33



temperature of 80 °C, the liquefaction effect of con-
centrated sulfuric acid as a catalyst is significantly
higher than that of concentrated phosphoric acid, and
the residue rates are 70.6% and 93.8% respectively.
The liquefaction residue rate of Eucalyptus globulus
bark with concentrated sulfuric acid as a catalyst is
23.20% lower than that with concentrated phosphor-
ic acid as a catalyst. At all temperatures of the exper-
iment, the liquefaction rate of concentrated sulfuric
acid as a catalyst is better than that of concentrated
phosphoric acid under the same conditions.
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Figure 2. Liquefaction residue rate at different liquefaction tem-
peratures with concentrated phosphoric acid as catalyst.
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Figure 3. Comparison of liquefaction residue rates on Eucalyp-
tus globulus bark with two kinds of catalysts at different lique-
faction temperatures.

At 160 °C, the residue rate of concentrated sul-
furic acid as a catalyst is 46.52% lower than that
of concentrated phosphoric acid. The reason may
be that under the catalysis of concentrated sulfuric
acid, the liquefaction products polymerize and start
to change from small molecules to macromolecular
compounds. It can be guessed that, if the temperature
continues to rise, it is possible that the residue rate
will begin to increase gradually.

5.2 Effects of liquefaction on chemical constit-
uents of Eucalyptus globulus bark
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5.3.1 Comparison of cellulose content in Eu-
calyptus globulus bark after liquefaction with
different catalysts

It shows in Figure 4 that after liquefaction at
different temperatures, the content of cellulose in
Eucalyptus globulus bark decreases under the catal-
ysis of concentrated sulfuric acid and concentrated
phosphoric acid. When the liquefaction temperature
is 80 °C, the cellulose content of Eucalyptus globu-
lus bark after liquefaction with concentrated phos-
phoric acid as a catalyst is 33.42%. After liquefac-
tion with concentrated sulfuric acid as a catalyst, the
cellulose content of Eucalyptus globulus bark after
liquefaction is 25.69%. Compared with liquefaction
with concentrated phosphoric acid as a catalyst, the
cellulose content of Eucalyptus globulus bark after
liquefaction with concentrated sulfuric acid is lower.
When the liquefaction temperature rises from 80 °C
to 180 °C, the cellulose content of the two catalysts
after liquefaction shows a gradual downward trend
and tends to be flat at 180 °C. It may indicate that
the cellulose in the bark of Eucalyptus globulus still
gradually degrades in this temperature range. When
the liquefaction temperature reaches 180 °C, the de-
cline rate of the cellulose content of the liquefaction
residue decreases significantly. This indicates that
the non-crystalline region of cellulose in the possible
liquefaction products has gradually degraded, and
the rest is the closely arranged and regular crystalline

region.
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Figure 4. Effect of two kinds of catalysts on cellulose content of
Eucalyptus globulus bark at different liquefaction temperatures.



5.3.2 Comparison of hemicellulose content of
Eucalyptus globulus bark after liquefaction
with different catalysts
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Figure 5. Effect of two kinds of catalysts on hemicellulose con-
tent of Eucalyptus globulus bark at different liquefaction tem-
peratures.

5.3.3 Comparison of lignin content of Euca-
lyptus globulus bark after liquefaction with
different catalysts

It can be seen from Figure 5 and Figure 6 that
the liquefaction temperature increased from 80 °C to
180 °C, and the lignin content of Eucalyptus globu-
lus bark after liquefaction with concentrated phos-
phoric acid and concentrated sulfuric acid as catalyst
changed slightly. After liquefaction with concentrat-
ed phosphoric acid as catalyst, the lignin content of
Eucalyptus globulus bark decreased from 34.29%
to 32.58%, with a total decrease of 1.71%. Concen-
trated sulfuric acid as catalyst, the lignin content of
Eucalyptus globulus bark after chemical agent lique-
faction decreased from 31.41% to 27.84%, and the
total decrease was 3.57%. The results showed that
the catalytic effect of concentrated sulfuric acid on
Eucalyptus globulus bark was better than that of con-
centrated phosphoric acid. The reason for the small
total decrease of lignin content is the close benzene
ring structure of lignin itself. Lignin is a three-di-
mensional network complex polymer composed of
guaiacyl, syringyl and p-hydroxyproline through
ether bond and C-C bond. In the process of liquefac-
tion, its structure is difficult to open and react with
chemical reagents.
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Figure 6. Effect of two kinds of catalysts on lignin content of
Eucalyptus globulus bark at different liquefaction temperatures.

5.3.4 Comparison of main chemical compo-
nents of Eucalyptus globulus bark before and
after liquefaction

When the liquefaction temperature was 160 °C,
the chemical composition of Eucalyptus globulus
bark after liquefaction changed greatly compared
with that before liquefaction. The cellulose content,
lignin content, and hemicellulose content of Fuca-
lyptus globulus bark residue decreased by 17.90%,
15.99%, and 9.19%. The results showed that the cel-
lulose content of Eucalyptus globulus bark was most
obviously affected by liquefaction, but the lignin
content was the least affected by liquefaction.

Table 2. Comparison of chemical components before and after
liquefaction of bark at 160 °C

Before liquefac-

Component After liquefac- Differ-

tion/% tion/% ence/%
Cellulose 36.65 17.75 17.90
Lignin 45.37 29.38 15.99
Hemicellulose 18.98 9.78 9.19

6. Conclusions

The cellulose content of Eucalyptus globu-
lus bark was 36.65%, hemicellulose content was
18.98%, lignin content was 45.37%, benzene alco-
hol extract content was 10.30%, hot water extract
accounted for 7.15%, 1% NaOH extract accounted
for 23.64%, and ash content was 7.49%; the catalyt-
ic effect of concentrated sulfuric acid is better than
that of concentrated phosphoric acid; the optimal
liquefaction process obtained from the single factor
experimental results of this study is as follows: with
3% concentrated sulfuric acid as catalyst, the lique-
faction temperature is 160 °C, the solid-liquid ratio is
1:5, and the liquefaction rate can reach 82.8%; under



this condition, the cellulose content, lignin content
and hemicellulose content of Eucalyptus globulus
bark decreased by 17.90%, 15.99% and 9.19%
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1. Introduction

Graphite is an important non-metallic mineral, which belongs
to hexagonal system and has a special layered structure. In the early
1860s, Brodie heated natural graphite with chemical reagents such as
sulfuric acid and nitric acid, and found Expanded Graphite (EG)". It is
a new type of carbon material on atomic and molecular scales, show-
ing unique physical and chemical properties. However, its application
began a hundred years later. In the past 20 years, many countries have
carried out the research and development of expanded graphite, and
have made major scientific research breakthroughs. As an important
inorganic non-metallic material, expanded graphite materials are wide-
ly used in environmental, chemical, metallurgy, dynamic machinery,
aerospace and atomic energy industries, showing strong vitality and
market application prospects

1.1 Basic properties of expanded graphite

Expanded graphite crystal still belongs to hexagonal crystal sys-
tem. Its shape looks like a worm and its size is between a few tenths
of a millimeter and a few millimeters, so it is also called vermicular
graphite crystal, as shown in Figure 1a"”. The apparent volume of ex-
panded graphite is 250-300 ml/g or more, and there are a large number
of unique network microporous structures inside (see Figure 1b)"".
The new carbon material of expanded graphite not only has the ex-
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cellent characteristics of heat resistance, corrosion
resistance, radiation resistance, conductivity and
self-lubrication of natural graphite, but also has the
properties of light, soft, porous, compressible and re-
bound that natural graphite does not have. In partic-
ular, the new composite expanded graphite material
synthesized by functional modification of expanded
graphite has better properties than carbon fiber as-
bestos, rubber and other materials have more excel-
lent properties and wide applications. Various plates,
strips, sheets and other profiles made of expanded
graphite and various electronic and mechanical de-
vices have been widely used, and show the advan-
tages of low cost, long service life and good effect.

1.2 Preparation principle of expanded graph-
ite

Graphite crystal has a typical layered structure.
Covalent bonds are formed between its carbon at-
oms in one layer, and the bond energy is 586 kJ/mol.
In the interlayer, it is combined with weak van der
Waals force, and the bond energy is only 16.7 kJ/
mol. Therefore, other kinds of molecules or atoms
can be inserted into their layers to form graphite
interlayer compounds. After high temperature heat
treatment, these atoms, molecules or ions inserted
between layers will generate thrust due to instanta-
neous vaporization and volume expansion. The va-
porization thrust overcomes the weak van der Waals
force between layers and expands rapidly along the
C-axis, pushing the layers of graphite away from
each other and rapidly increasing the layer spacing,
so that the volume of graphite expands tens, hun-
dreds or even thousands of times, forming a material
with light, soft and excellent resilience—expanded
graphite.
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2. Preparation process of expanded
graphite

At present, the process methods for preparing
expanded graphite are based on the basic principle of
intercalation expansion. Among them, chemical ox-
idation method and electrochemical method are the
most important methods, and have been applied in
industry. In addition, according to the different insert
agent introduction methods and the differences of ex-
pansion methods, in addition to chemical oxidation
method, electrochemical law, there are microwave
method, explosion method and gas phase volatiliza-
tion methods.

2.1 Chemical oxidation

Chemical oxidation is the most widely used and
mature method in industry. Because graphite is a
non-polar material, it is difficult to intercalate with
organic or inorganic acids with small polarity alone,
so oxidants need to be used in the preparation pro-
cess of chemical oxidation method. The chemical
oxidation method generally immerses the natural
flake graphite in the solution of oxidant and inter-
calation agent. Under the action of strong oxidant,
the graphite is oxidized to turn the neutral network
planar macromolecules of graphite layer into posi-
tively charged planar macromolecules. The distance
between graphite layers increases due to the repul-
sion of isotropic positive charges between the plane
macromolecular layers of charges. At the same time,
due to the loss of electrons in graphite to form carbon
positive ions, anionic interpolator enters the graphite
layers and combines with carbon positive ions to form
graphite interlayer compounds to become expandable
graphite. The solid oxidants used in the chemical ox-
idation method are KCIO,, KMnO,, (NH,),S,0,, etc.,
and the liquid oxidants are HNO;, H,SO,, HCIO,,
H,0,, etc. Solid oxidants generally react violently,
are dangerous, pollute the environment and have high
prices. Liquid oxidants such as HNO, and H,SO, have
high requirements on the operating environment and
pollute the water body, while H,O, has mild reaction
and little pollution'.

For expandable graphite, the expansion volume



and sulfur content are two important product index.
It is generally hoped that the expansion volume
is high and the sulfur content is low. Therefore,
in recent years, low sulfur expandable graphite,
especially sulfur-free expandable graphite, has
become an important direction of research and
development. By using organic acid and organic
solvent as auxiliary intercalator and reducing the
amount of sulfuric acid as main intercalator is the
most effective way to reduce the sulfur content of
expandable graphite products and expanded graph-
ite products”’. The use of metal halides, especially
ferric chloride as auxiliary intercalation agent, has
also become a way to reduce the sulfur content of
expanded graphite products. Sulfur-free expand-
able graphite is prepared by using nitric acid, phos-
phoric acid, perchloric acid or their mixed acids as
oxidant and intercalation agent, or solid oxidants
such as potassium permanganate and potassium
dichromate, or organic acids such as formic acid,
glacial acetic acid, acetic anhydride and oxalic
acid as auxiliary intercalation agent'®. In addition,
due to the application of multi band smoke agents
and stealth shielding agents in the military field,
low-temperature expandable graphite (more than
200 times in volume) has recently become a new
research and development direction of expandable
graphite. Low temperature expandable graphite
mainly uses substances with low decomposition
temperature to insert into graphite sheets to form
graphite intercalations, which can achieve the pur-
pose of low temperature expansion. Wang Ling et
al. used HNO,/HBrO,/KMnO, oxidation intercala-
tion system to prepare low-temperature sulfur-free
expandable graphite. The initial expansion tem-
perature was 130 °C, and the expansion volume
was 350 mL/g at 600 °C.

2.2 Electrochemical method

Electrochemical method is based on the mechanism
of electron acceptor in the preparation of expandable
graphite. Compared with chemical method, the amount
of oxidant is greatly reduced, the electrochemical re-
action insert is evenly distributed between layers, and
the expandable performance of the product is stable,
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which becomes the main goal of new process explo-

ration™

. The quantitative flake graphite is installed
into an anode, the decomposable salt solution such as
ammonium nitrate or H,SO, aqueous solution is used
as the intercalation agent and electrolyte. The lead
plate, platinum plate or titanium nail mesh are used as
the cathode and anode, and the expandable graphite is
prepared by electrolysis with constant current™'”. In
the whole production process, there is no intervention
of strong acid, strong alkali and strong oxidant, which
not only greatly reduces the production cost and pro-
longs the service life of the equipment, but also has less
pollution, the prepared products have low or no sulfur,
and their operability is also significantly enhanced. The
preparation of expanded graphite by this method has
simple process, high requirements for equipment, and
many influencing factors. Sometimes the instability of
ambient temperature can lead to the decrease of prod-

: 11
uct expansion volume'".

2.3 Microwave method

The expanded graphite prepared by traditional
high-temperature expansion method takes a certain
time to rise to high temperature, and the electric en-
ergy consumption is large in the expansion process.
By using microwave to expand graphite, it is easy to
operate, to control the process, and has the advan-
tages of high efficiency and energy saving!”. Reich
et al. successfully prepared expanded graphite by
microwave heating method, investigated the effects
of microwave power, expansion time and graphite
particle size on expansion volume, and found that
the sulfur content of expandable graphite products
prepared by microwave heating method was lower
than that of traditional heating method"*'*. Shen Ji-
anyi and others prepared magnetic nano metal cobalt
expanded graphite composites (Co-EG) by micro-
wave heating. Meter metal cobalt particles are evenly
dispersed in the unique network microporous structure

layer inside expanded graphite'’.

2.4 Explosion method

For the preparation of expanded graphite by
explosive method, KCI1O,, Zn (NO,),"2H,0, HCIO,,
etc. are usually used as expansion agents to make



mixtures or pyrotechnics with graphite. After heating
or ignition, the heat generated by low-speed explo-
sion of pyrotechnics is used to produce oxidation
phase and intercalation at the same time, so as to
make the graphite expand “explosively” to prepare
expanded graphite. When HCIO, is used as expan-
sion agent, only expanded graphite is in the product,
while when metal salt is used as expansion agent,
metal oxide will be generated in the product, so that
the surface of expanded graphite can be modified"”.

2.5 Gasphase diffusion method

The gas phase diffusion method is to place
graphite and intercalation at both ends of the vacuum
sealed tube respectively, heat at the intercalation end,
and use the temperature difference at both ends to
form the necessary reaction pressure difference, so
that the intercalation enters the flake graphite inter-
layer in the state of small molecules, so as to prepare
the graphite interlayer compound. The number of
product layers produced by this method can be con-
trolled, but its production cost is high"®.

3. Application of expanded graphite

Expanded graphite and functional composite
expanded graphite materials have a wide range of
applications. They can be used as flexible graphite,
flame retardant, oil absorbing material, multi-band
smoke agent, stealth shielding material, catalyst,
medical dressing, microbial carrier and nano conduc-
tive filler. In recent years, people are sealing a lot of
application research on expanded graphite has been
carried out in various fields such as flame retardant,
environment and military, especially in the field of
sealing materials. These application studies are of
great significance for the expansion and extension of
expanded graphite.

3.1 Sealing material field

Expanded graphite has large specific surface
area and high surface activity. It can be compressed
without any binder and sintering. Graphite paper,
coil or plate made by molding or rolling, is called
flexible graphite!'”. Flexible graphite not only retains
a series of excellent properties of natural graph-
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ite such as high temperature resistance, corrosion
resistance and sealing, but also has the flexibility,
resilience and low-density properties that natural
graphite does not have. Compared with traditional
sealing materials (such as asbestos, rubber, cellulose
and their composites), flexible graphite is a sealing
material with better performance, which can be used
for sealing facilities in petrochemical, machinery,
metallurgy, atomic energy, electric power and other
industries, and is known as the “king of sealing”"*).

Flexible graphite also has some weaknesses that
cannot be ignored, such as its porosity, low strength
and poor wear resistance. It is not ideal to use it di-
rectly as the sealing material of some pumps, cylin-
ders and valves. Therefore, in recent years, research-
ers at home and abroad are trying to research and
develop flexible graphite composites to enhance their
application properties!'”. The main studies on flex-
ible graphite composites are metal-flexible graphite
composites''”, polymer-flexible graphite compos-
ite””, and inorganic-flexible graphite composites'".
3.2 Study on application of flame retardant
materials

Polyethylene, polypropylene, polyurethane and
other plastics are widely used in various fields of
industrial production. Because of their low oxygen
index, flammability and high heat release, they are
very easy to cause large fires. Therefore, the treat-
ment of flame retardant of these materials is par-
ticularly important'” >, At present, flame retardant
materials show the development trend of low smoke,
less toxicity and no halogenation. Intumescent flame
retardants are considered to be one of the promising
ways to realize non halogenation of flame retardants.
Expandable graphite (EG) expands rapidly under
high temperature to form a worm like stable car-
bon layer and is non-toxic. Therefore, as a typical
physical expansion flame retardant, it has become
a research hotspot in the field of flame retardant. At
the same time, because of its high flame retardant
effect, it has been well applied in thermosetting plas-
tics. Research shows that EG alone can effectively
improve the flame retardancy of polyurethane elas-
tomers, polyurethane foam and polyurethane coat-



ings. However, adding EG to thermoplastic alone
is not ideal to improve the flame retardant effect, so
it is necessary to add flame retardants such as red
phosphorus, ammonium polyphosphate, magnesium
hydroxide and metal oxides for synergistic use***"'.
In addition, by adding fine particles of expandable
graphite to ordinary coatings, a better flame retardant
and antistatic coating can be prepared””. Adding
expandable graphite to APP/PER/MEL fireproof
coating can effectively improve the microstructure of
expanded carbon layer, reduce the thermal conduc-
tivity of carbon layer and greatly improve the ther-

mal stability of the coating”.

3.3 Lubricity of expanded graphite

The original lubrication properties of expanded
graphite are improved because the interlayer dis-
tance is enlarged. The oil-bearing resin material with
good friction and wear resistance can be made by
mixing expanded graphite filled with lubricating oil
with tetrafluoroethylene and polyacetal. The addition
of the expanded graphite to the grease improves its
shear strength, viscosity, and colloidal stability. The
good polar adsorption effect and high temperature
masking effect of expanding graphite have produced
obvious efficiency effect in antifriction resistance of
lubricating oil"®. Li Chunfeng et al. treated worm
graphite by ultrasonic to obtain expanded graphite
lubricating oil additive of worm graphite and nano
graphite flake mixture, and modified it in situ in an
10 oil with ethyl cyanoacrylate. The results show that
expanded graphite additive can effectively improve
the anti-wear performance and bearing capacity of
lubricating oil and reduce the friction coefficient™*,
3.4 Application of expanded graphite in envi-
ronmental field

Expanded graphite is a loose and porous ver-
micular material, which forms a large number of
network pore structures, with large specific surface
area, high surface activity and strong adsorption
performance. In recent years, its research and ap-
plication as environmental materials have attracted
extensive attention. The pore structure of expanded
graphite is mainly macroporous and mesoporous,
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so it is different from microporous materials such
as activated carbon and molecular sieve in adsorp-
tion characteristics, and it is more suitable for liquid
phase adsorption. Expanded graphite is hydrophobic
and lipophilic, and can selectively remove non-aque-
ous components in water, such as removing oil slick
pollution from sea, rivers and lakes™. Expanded
graphite can form a certain “oil storage space” when
absorbing oil, which can store oil substances that
much larger than its total pore volume™”. After ad-
sorbing a large amount of oil, the expanded graphite
can be aggregated into blocks and float on the liquid
surface, which is easy to recover and can be recycled
after renewable treatment. And expanded graphite is
composed of pure carbon, non-toxic and chemically
inert, so it will not cause secondary pollution in wa-
ter. In addition, expanded graphite can also be used
to remove oil and pollutants from industrial oils and
wastewater and harmful substances, such as pesti-
cides and dyes. In addition to selective adsorption in
the liquid phase, expanded graphite also has a certain
removal effect on SO, and NO, gases in industrial
exhaust gas and automobile exhaust gas causing air
pollution”". Fu Meng and others modified the sur-
face of expanded graphite with CTAB as modifier.
The modified expanded graphite has good adsorption
performance for indoor harmful gas formaldehyde at
room temperaturem].

3.5 Application of expanded graphite in mili-
tary field

Millimeter wave detectors are widely used in
military affairs. The United States and other western
countries have 3 mm and 8 mm guided weapons. In
order to counter the threat of millimeter wave guided
weapons, countries all over the world have carried
out research on jamming millimeter wave technolo-
gy. Qiao Xiaojing and others achieved rapid prepa-
ration and dispersion of expanded graphite by pyro-
technic explosion. The expanded graphite formed by
instantaneous explosion was dispersed in the prede-
termined airspace to form aerosol interference cloud
smoke agent. The test shows that its attenuation rate
to 8 mm wave is large'”. Guan Hua et al. found that
the expanded graphite smoke screen can better at-



tenuate 3 mm wave and 8 mm wave radiation, so the
smoke screen generated by the expandable graphite
smoke agent can be used to interfere with the detec-
tion of millimeter wave radar””. In addition, expand-
ed graphite powder has strong scattering and absorp-
tion characteristics for infrared waves and is a good
infrared stealth material®®. Magnetic metal expand-
ed graphite composites have good electromagnetic
shielding effectiveness in a wide frequency range.
For example, Co-EG and Fe,O;-EG are excellent
electromagnetic wave shielding materials. Expanded
graphite plays the role of reflecting electromagnetic
radiation, and nano magnetic metal plays the role of
absorbing electromagnetic radiation™"*,

3.6 Application of expanded graphite in elec-
trochemical field

Expanded graphite not only has excellent con-
ductivity and adsorption, but also has good chemi-
cal stability. In early 1998, it was proposed that the
alkaline zinc manganese battery made of porous
graphite in the positive electrode has a discharge
performance 50 higher than that of the same type of
battery™”. Shu Dechun et al. added expanded graph-
ite to the positive electrode to improve the conduc-
tivity and liquid absorption of the positive powder,
and improve the manganese carbon mass ratio of
the positive electrode, so as to increase the battery
capacity, reduce the internal resistance of the battery
and improve the high-power discharge performance
of the battery”®. Adding expanded graphite to the
zinc anode of rechargeable zinc manganese battery
can also reduce the polarization of zinc anode during
charging, enhance the conductivity of electrode and
electrolyte, inhibit anode dissolution and deforma-
tion, and prolong battery life. In addition, lithium
can form graphite interlayer compounds with graph-
ite through gas, liquid, solid and lithium salt elec-
trolysis, which has low electrode potential and good
intercalation reversibility’™”. Guo Chunyu and others
prepared expanded graphite/activated carbon com-
posites under ultrasonic oscillation mixing condi-
tions and assembled them into aqueous electric dou-
ble-layer capacitors, which can still maintain high
specific capacitance and low specific capacitance de-
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cline rate under high current discharge condition®”.

In addition, expanded graphite electrodes were
prepared for electrochemical detection of electroac-
tive amino acids by Zhao Wei et al. The electrode
is both an electrochemical sensor and enriching the
molecules to be measured, which shortens the time
of mass transfer process, and the electrode has good
selectivity for tryptophan.
3.7 Application of expanded graphite in catal-
ysis

Expandable graphite can catalyze some chemi-
cal reactions. It is found that expandable graphite has
high catalytic ability for the synthesis of n-butyl ac-
etate, benzyl acetate, dimethyl fumarate, pentaeryth-
ritol bisbenzaldehyde and methyl acrylate™*".
Expanded graphite has rich pore structure, large
specific surface area and good adsorption of organic
pollutants. Carrying TiO, or ZnO, composite expand-
ed graphite photocatalytic materials can be prepared
to adsorb harmful substances such as oil and dyes in
water and realize photocatalytic degradation*"*,

3.8 Other areas

Expanded graphite is a kind of very important
biomedical materials because of its good biocom-
patibility, non-toxic, tasteless and no side effects.
Based on the excellent adsorption and drainage per-
formance, air permeability and water permeability,
small adhesion with the wound, non-black wound
performance and adsorption inhibition of a variety of
bacteria, expanded graphite composite can be used
as external wound dressing with excellent perfor-
mance'”. Expanded graphite plate has good elec-
trical and thermal conductivity, high electrothermal
conversion rate and can produce far-infrared ray. It
can be used as a new heating material. Expanded
graphite based phase change energy storage materials
such as paraffin/expanded graphite and polyethylene
glycol/expanded graphite prepared from expanded
graphite have the advantages of high energy stor-
age density, high heat conduction and heat transfer
efficiency, safety and stability, green environmental

protection and so on'™*,



4. Conclusion and prospect

Different intercalation processes have a great
impact on the preparation of expanded graphite and
its physical and chemical properties. Its mechanism
should be deeply analyzed and the effects of factors
such as reactant functional groups and surface poten-
tial on pore structure and surface properties should
be studied, so as to realize the controllable operation
of the structure and surface properties of expanded
graphite in the preparation process. The study of
composite expanded graphite materials has endowed
expanded graphite with new functions and character-
istics, which greatly expands the application range of
expanded graphite materials. In the future, we should
not only strengthen the research on high-quality and
high-performance expanded graphite materials, but
also further deepen the application research of ex-
panded graphite in electrical, magnetic and thermal
components, polymeric materials, biochemical in-
dustry and military, so as to make it popularized and
applied in these fields.
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ABSTRACT

Precious metal catalysts are generally considered to be the best electrocatalysts for slow four-electron transfer
mechanism in oxygen reduction and oxygen evolution reactions. However, its large-scale commercialization is limited
due to its high cost, scarce resources and lack of stability. Therefore, under the same catalytic performance conditions,
low cost and environmentally friendly non-noble metal electrocatalyst will become the focus of future electrocatalyst
engineering. Dicyandiamine was used for carbon resource to prepare CoV-based carbon nanotube composites (named
CoV-NC) by means of group coordination combined with freeze drying strategy and carbonization treatment. The mor-
phology and structure of the sample was characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD)
and N, adsorption-desorption curve. In 0.1 M KOH electrolyte, the £, potential of CoV-NC catalyst for ORR is 0.931 V,
and the limiting current density is higher. The OER voltage is only 1.63 V at the current density of 10 mA-cm~, demon-
strating that CoV-NC exhibits good catalytic activity of ORR and OER. As for an air-cathode material to assemble
primary Zn-air battery, it can discharge continuously for 166 h at a current density of 5 mA-cm, which is much better
than commercial Pt/C catalyst.

Keywords: Nitrogen-doped Carbon; Transition Metal; Electrocatalyst; Oxygen Reduction Reaction; Zn-air Battery
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gories in metal air battery at present. Compared with other metal air
battery products, Zn-air battery has good business prospects because
of its high reliability, high specific energy, stable charge and discharge
characteristics, small self-discharge, low price, environmental friendli-
ness, long service life and good reversibility!* ™. Noble metal Pt-based
catalyst has long been considered as the best electrocatalyst for ORR
slow four electron transfer mechanism. However, due to its high price
and scarce resources, it not only increases the cost, but also is not con-
ducive to large-scale commercial production”'?. Therefore, the main
research focuses on non-metallic catalysts, and it is found that the cata-
lytic performance and stability of N-doped catalysts in carbon materials
are more effective than Pt/C-based catalysts. It was found that hybrid
catalysts doped with transition metal (e.g. Fe and Co) nanoparticles in
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N-doped carbon materials showed better activity for
ORR[IZ—IG].

Using dicyanodiamine as nitrogen-containing
carbon source, Co and V metal species were intro-
duced based on group coordination. The precursor
was obtained by freeze-drying method, and then
CoV-NC carbon nanotubes were obtained by high
temperature calcination. Then the samples were
characterized by SEM and XRD. Finally, their oxy-
gen reduction performance was tested and applied to
the study of Zn-air battery. By testing, it is found that
the prepared CoV-NC catalyst has excellent ORR
and OER catalytic properties. At the same time, the
Zn-air battery assembled with this material as the
cathode material also has a long discharge time and
shows good application value.

2. Experiment

2.1 Instruments and reagents

Instruments: CHI660 electrochemical worksta-
tion (Shanghai CH Instruments Co., Ltd.); Bruker
D8 X-ray diffractometer (Bruker, Germany); Hitachi
S-4800 scanning electron microscope (Hitachi, Ja-
pan).

Reagents: dicyanodiamine (AR), ammonium
metavanadate (AR), cobalt chloride hexahydrate
(AR), Nafion (5%), ethanol (AR), potassium hydrox-
ide (AR).

2.2 Experimental method

2.2.1 Material synthesis

Add 2.102 g of dicyanodiamine into 50 mL of
water in a 100 mL beaker to dissolve it. The disso-
lution temperature is 38 °C, and stir fully. Dissolve
0.2379 g cobalt chloride hexahydrate and 0.5 mmol
ammonium metavanadate in 10 mL water at 50 °C
and stir fully. Slowly drop the sample into the dis-
solved dicyanodiamine solution and stir for 1 h. The
sample solution is orange red. Freeze dry the stirred
sample to obtain the sample precursor, then put it
in a porcelain boat, place it in a high-temperature
tubular furnace, carbonize it under nitrogen atmo-
sphere of 800 °C for 2 h, and set the heating rate as

5 °C-min . After high temperature calcination, the
sample is CoV-NC carbon nanotube, named CoV-
NC-800 (800 °C). For comparison, samples at dif-
ferent carbonization temperatures were prepared,
named CoV-NC-700 (700 °C) and CoV-NC-900 (900
°C).

Using the same preparation method, only 0.2379
g cobalt chloride hexahydrate was added to obtain
Co-NC carbon nanotubes, named Co-NC; similarly,
only 0.5 mmol ammonium metavanadate was added
to obtain V-NC carbon nanotubes, named V-NC.

2.2.2 Electrochemical performance test

The electrochemical test adopts a three-elec-
trode system: glassy carbon ring disk electrode
as the working electrode, commercial reversible
hydrogen electrode as the reference electrode and
platinum electrode as the counter electrode. The di-
ameter of glassy carbon rotating ring disk electrode
is 5.61 mm. Before the modification of the working
electrode, it was polished with 50 nm AlL,O,, ultra-
sonic cleaned repeatedly with ethanol and ultrapure
water, and finally the electrode surface was dried
with N,. The working electrode was modified: 5
mg catalyst was mixed with 1.5 mL ethanol and 0.5
mL Nafion (0.5 wt%) and sonicated for 30 mins to
obtain uniform catalyst dispersion. Then, the disper-
sion was coated on the surface of the glassy carbon
electrode and dried under an infrared lamp with a
catalyst loading of 0.4 mg-cm™. In order to compare
the electrochemical performance of the catalyst, the
commercial Pt/C (20 wt%) catalyst dispersion was
prepared by the same method.

Cyclic voltammetry (CV) and linear sweep vol-
tammetry (LSV) were measured at 0—1.2 V potential
and O, saturated 0.1 M KOH. The LSV of the cata-
lyst was measured by rotating disk electrode (RDE)
with scanning rate of 5 mV-s™' at different rotating
speeds (400—2,500 r-min"). The electron transfer
number n in ORR process is calculated by Kou-
tecky-Levich (K-L) equation:

/] =1/], +1/], = 1/(Bw'?) +1/] (D)

B = 0.62nFC,D;*V"° )
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The yield of » and hydrogen peroxide in ORR
process (H,0, (%)) was calculated using LSV exper-
imental data:

H,0,(% ) _200x[+N/N 3)
I
_ 4 d 4)
TEE XY LN

In the equation, /, is ring current; /, is disk cur-
rent; N is the collection coefficient of the rotating
ring disk electrode, and its value is 0.37.

The preparation of OER working electrode is
the same as that of ORR working electrode. The po-
tential is 1-2 V and the scanning speed is 5 mV-s .

2.2.3 Performance test of Zn-air battery

The self-made Zn-air battery was used for bat-
tery performance test: 2 cm x 2 cm self-support-
ing carbon nanofiber film was directly used as air
cathode, and the polished 3 cm x 7 cm zinc sheet

as anode and 6 M KOH solution containing 0.2 M
Zn(CH;COOH), as electrolyte Zn-air battery. The
power density, primary discharge and open circuit
voltage of the battery are tested by Land-CT2001A
system.

3. Results and discussion

3.1 Material composition and structural char-
acterization

The comparative spectra of CoV-NC-800, Co-
NC and V-NC scanning electron microscope (SEM)
are shown in Figure 1. As can be seen from Figure
1(a), CoV-NC-800 carbon nanotubes are relatively
uniform; as can be seen from Figure 1(b), the size of
CoV-NC-800 carbon nanotube is about d = 100 nm,
in the shape of bamboo; it can be seen from Figure
1(c) and Figure 1(d) of the comparison sample that
Co-NC and V-NC are mainly in block structure with
uneven size.

S . -
lbm EHT=5.00kV WD=52 mm Mag=10.00 KX Signal A Imensw

(a) CoV-NC-800

EHT=500 KV WD=7.1 mm Mag—]I]III]KX \lgnal ."\—In[l:nhm

(c) Co-NC
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{b] CoV-NC-800
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Figure 1. SEM spectrum.
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Figure 3. High-resolution XPS spectra.

The composition of the material was character-
ized by XRD, as shown in Figure 2(a). As can be
seen from Figure 2(a), the XRD spectrum of Co-
NC catalyst presents strong diffraction peaks when
260 =44.2°,51.5° and 75.9°, and three obvious peaks
correspond to (111), (200) and (220) crystal planes
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of metal Co, respectively. The V-NC sample has a
wide diffraction peak at 20°-30°, indicating that the
sample contains amorphous carbon. No peak related
to V species was detected in the sample, which may
be due to the low content of V. The XRD pattern of
CoV-NC catalyst shows the peaks of Co and Co,0,,



indicating that the addition of V helps to convert part
of Co into Co,0,. In order to further determine the
micro pore structure of the material, N, adsorption
desorption measurement was carried out on the sam-
ple, as shown in Figure 2(b). As can be seen from
Figure 2(b), the adsorption isotherms of all samples
are type IV curves with obvious hysteresis rings, in-
dicating that there are a large number of mesoporous
structures, which corresponds to the SEM diagram.
In addition, the specific surface area of CoV-NC is
68.3732 m*-g ', which is conducive to the contact
between O, and active sites and improve the mass
transfer rate.

3.2 XPS characterization of materials

X-ray photoelectron spectroscopy (XPS) (Fig-
ure 3) can not only determine the composition of
surface elements, but also give the chemical and
electronic state information of each element. As can
be seen from Figure 3(a), there are three peaks in
the C 1s spectrum, namely C-C (284.6 e¢V), C-N
(285.8 eV) and C-C=0 (289.1 eV). The existence of
CN bond and the obvious asymmetry of C Is peak
prove the heteroatom doping in graphite carbon net-
work. As can be seen from Figure 3(b), there are
two peaks in the Co 2p spectrum, namely Co 2p;,
(780.2 eV) and Co 2p,, (795.6 V). As can be seen
from Figure 3(c), there are four peaks in V 2p spec-
trum, and the contents of V’* and V* are 515.8/516.9
and 523.7/524.7 eV, respectively. As can be seen
from Figure 3(d), the high resolution N 1s spectrum
can be divided into three peaks located at 398.1,
399.0 and 400.8 eV, which are attributed to pyridine
N, pyrrole N and graphite N, respectively.

3.3 Electrocatalytic ORR and OER proper-
ties of materials

The LSV of the catalyst was measured by ro-
tating disk electrode (RDE) and rotating ring disk
electrode (RRDE) in O, saturated 0.1 mol-L™' KOH
solution at 1,600 rmin"". The initial potential (E,,..)
of the catalyst was 0.931 V. The ORR polarization
curves of CoV-NC catalyst at different calcination
temperatures are compared, as shown in Figure 4.
It can be seen from Figure 4 that the half wave po-
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tential (£,,) of 800 °C CoV-NC is 0.834 V, which
is higher than 700 °C (0.829) and 900 °C (0.794).
It shows that the ORR performance of CoV-NC is
the best at 800 °C. The ORR and OER polarization
curves of CoV-NC-800 and different comparison
samples are shown in Figure 5 and Figure 6, re-
spectively. It can be seen from Figure 5 that at 800
°C, CoV-NC shows ORR activity equivalent to Pt/
C catalyst, and the half wave potential (£,,) is 0.834
V, which is higher than Co-NC (0.768 V) and V-NC
(0.826 V), confirming the excellent ORR activity of
Co-NC. It can be seen from Figure 6 that CoV-NC
shows excellent OER catalytic performance at 800
°C. At 10 mA-cm’, the potential of CoV-NC is 1.63
V, which is lower than that of Co-NC (1.74 V) and
V-NC (1.75 V), which proves the excellent OER ac-
tivity of Co-NC.

01
—— CoV-NC-700
—24 —— CoV-NC-800
— CoV-NC-900

Current density / (mA-cm)

0.1IM KOH, 1 600 rpm

0 0.2 0.4 0.6 0.8 1.0
Potential (V vs. RHE)

Figure 4. ORR polarization curves of CoV-NC catalyst at differ-
ent calcination temperatures.
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Figure 5. ORR polarization curves of CoV-NC-800 catalyst at
different calcination temperatures.
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Figure 6. ORR polarization curves of CoV-NC-800 at different
comparison samples.

3.4 Performance test of Zn-air battery

In order to test the application effect of the pre-
pared catalyst in practice, it was used as a self-sup-
porting air cathode to assemble Zn-air air battery,
and a series of performance tests were carried out.
The constant current discharge curve is shown in
Figure 7. It can be seen from Figure 7 that the pri-
mary Zn-air battery assembled with CoV-NC-800 as
positive material can discharge continuously for 166
h at 5 mA-cm’, which is longer than that of Pt/C.

1.8
J —CoV-NC

1.54 —PUC

1.24

v |

0.6+

Voltage /V

0.3

O T T | L T 1
30 60 90 120 150 180
Time /h

Figure 7. Discharge test of N-air battery under current density
of 5mA-cm”.

4. Conclusion

Using dicyanodiamine as nitrogen-containing
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carbon source, the catalyst precursor was obtained
by low-temperature freeze-drying, and then CoV-NC
carbon nanotubes were obtained by high-temperature
calcination. Different catalysts CoV-NC were pre-
pared by changing the carbonization reaction tem-
perature. Finally, the samples were tested for ORR
electrochemical performance in alkaline system, to
determine the initial potential, half wave potential
and limit current density of ORR reaction. After
testing, it is found that the prepared CoV-NC has
high initial potential and high limit current density.
Compared with the general reversible hydrogen elec-
trode, its initial potential can reach 0.931 V, the limit
current density is very large, and the voltage of CoV-
NC catalyst at 10 mA-cm~ is 1.63 V, the potential is
lower than that of single metal catalyst. It is proved
that CoV-NC has good ORR and OER catalytic ac-
tivities. The primary Zn-air battery assembled by
CoV-NC as positive material can discharge contin-
uously for 166 h at 5 mA-cm °, which is better than
commercial Pt/C catalyst, and has a broad applica-
tion space in the field of energy devices.
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ABSTRACT

Cu,0/TiO, semiconductor heterostructure photocatalytic composite thin films were prepared by the sol-gel method

and magnetron sputtering technology. Uniform and transparent TiO, thin films were prepared by sol dipping and pulling

with butyl titanate as the raw material. P-type Cu,O thin films were reactive sputtered on the surface of TiO, thin films

with metal Cu as target source. The catalysts were characterized by SEM, XRD and UV-Vis. The photocatalytic activity

of heterojunction composite films under simulated sunlight was investigated by dye degradation experiments, and its

mechanism is discussed. The results show that the heterojunction film formed by the composite of TiO, and Cu,O has

good photocatalytic activity under simulated sunlight. The heterojunction composite expands the light response range

and light response intensity of the catalyst and improves the quantum efficiency. It is a kind of photocatalytic composite

film that makes full use of solar energy.
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1. Introduction

In recent years, in the research of photocatalysis, the research on
improving the quantum yield and energy utilization efficiency of pho-
tocatalysis process is the most profound. Technologies such as semi-

M semiconductor crystal form control™,

conductor nanocrystallization
semiconductor precious metal deposition”’, ion doping'”, semicon-
ductor photosensitization and surface treatment® have improved the
photocatalysis efficiency to a certain extent. However, these methods
are difficult to significantly broaden its response range to the spectrum,
so they cannot effectively improve the utilization of visible light. The
combination of n-type TiO, and p-type semiconductor (such as Cu,O)
is a new means to improve the photocatalytic performance”’. Through
the formation of interface heterojunction and the regulation of different
band gaps, it can not only broaden the band absorption of sunlight, but
also promote the separation of photogenerated carriers. In the research
reported at present, the composite mode of n-type TiO, and p-type
semiconductor is mainly particle composite'®. When composite in the
form of particles, the separated electrons and holes can play a photocat-
alytic role if they can timely contact the adsorbed molecules. However,
the application of powdered photocatalyst is limited because it is easy
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to inactivate and difficult to recover. In the particle
composite mode, a large number of particles are
buried inside and cannot fully contact with the sur-
rounding receptors. Therefore, these active electrons
and holes will gather locally, resulting in the capture
of heterosexual charges and reducing the quantum
efficiency of photocatalysis. In addition, Cu,O prod-
ucts prepared by chemical method usually contain
a small amount of metal Cu and CuO impurities,
which will also affect the quality and properties of
the samples. Curing photocatalyst into thin film can
overcome the above problems and has certain ad-
vantages. In this paper, Cu,O thin films are prepared
by magnetron sputtering technology which is easy
to control the structure and chemical composition of
the thin films". The TiO, thin films are prepared by
the sol-gel method, and the obtained heterojunction
composite films are better than single semiconduc-
tors.

2. Experiment

2.1 Experimental raw materials and prepara-
tion

Preparation of TiO, thin films by the dip pulling
method: first inject 6.8 mL tetrabutyl titanate into
a beaker containing 100 mL absolute ethanol, stir
magnetically for several minutes, then 100 pL hy-
drochloric acid and 0.72 mL deionized water were
added successively, continue the stirring reaction,
and finally obtain a transparent TiO, sol. On the
cleaned quartz glass substrate (35 mm x 15 mm x 1.5
mm), dry the TiO, film in air for a period of time, put
it into muffle furnace, treat it at 450 °C for 2 h, and
cool it naturally to room temperature to obtain TiO,
bottom film"”.

Preparation of Cu,O thin films by DC magne-
tron sputtering: JGP-350C multi-target sputtering
system (produced by Sky Technology Development
Co., Ltd.) is adopted, the target is metal Cu (purity
>99.99%), and the background vacuum in the vacu-
um sputtering chamber can reach 6 x 10~ Pa, using
O, (purity >99.999%) as the reaction gas. The target
substrate distance is adjusted to 70 mm, the flow
rates of O, and Ar are adjusted to 1:10, the sputtering

54

pressure is 1 Pa and the sputtering power is 70 W.
Before each sputtering, discharge in pure Ar gas for
several minutes to remove the oxide on the surface
of the target. In the process of sputtering coating,
the deposition rate of Cu,O thin film can be kept
constant under stable working pressure and constant
sputtering power. It is about 2 nm/s measured by
thin film step meter. The sputtering time is adjusted
to obtain thin film samples with different Cu,O load-

ing!".

2.2 Characterization

The phase structure of the samples was analyzed
by D/max-2200 X-ray diffractometer of Rigaku com-
pany, Japan. The scanning step was 0.02°/s; Hitachi
S4200 scanning electron microscope (equipped with
energy dispersive spectrometer) was used to char-
acterize the surface morphology and EDS element
analysis of the film; the thickness of the film was
measured by Dektak 6M step meter; Hitachi UV-Vis
spectrophotometer (U-3010) was used to measure
the transmission spectrum of the film in the UV-Vis
region.

2.3 Photocatalytic performance test

Put the sample into 5 mL methylene blue (MB)
solution with a concentration of 5 mg/L, use 20 W
sterilization lamp and 35 W xenon lamp as light
sources, measure the absorbance of the remaining
solution, convert it into concentration, and calculate
the photocatalytic degradation amount, so as to com-

pare the photocatalytic performance of the sample!'”.

3. Results and analysis

3.1 Photocatalytic activity of TiO, films

TiO, films with different layers were prepared
by the impregnation pull method. The photocatalytic
comparative experiment was carried out by irradi-
ating 254 sterilization lamp for 1 h. Figure 1 shows
the photocatalytic activity of TiO, films with differ-
ent thickness obtained by impregnation pull method
for photocatalytic degradation of MB. The results
show that when the film is thin, the residual concen-
tration of MB is low and the photocatalytic activity



of the sample is high; with the increase of film thick-
ness, the photocatalytic properties of the samples de-
creased to the lowest value; when the film thickness
continues to increase, the photocatalytic activity of
the sample begins to increase, and tends to be stable
with the increase of thickness.

0r
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Figure 1. Photocatalytic activity of TiO, films with different
thickness.

The change of photocatalytic performance is
closely related to the microstructure of the films. The
TiO, thin films prepared by the sol-gel method are
granular stacking structures. Under UV irradiation,
the surface particle excitation and deep particle ex-
citation and their interaction process exist. For thin
granular films, the excitation of surface particles will
be dominant and the photocatalytic activity will be
high; with the increase of the thickness of the film,
the interaction between the surface and inner parti-
cles cannot be ignored. Because the inner TiO, par-
ticles cannot contact with the reactants, the electron
hole pairs generated by photoexcitation can only be
consumed through recombination, which will direct-
ly affect the photocatalytic performance of the film,
i.e., resonance loss effect, resulting in the reduction
of the photocatalytic performance of the sample; in
addition, the contact between semiconductor film
and electrolyte solution will cause the energy band
bending in the film, which will lead to the directional
diffusion of photogenerated carriers from the body
to the surface. The thicker is the film thickness, the
more total photons can be absorbed, the more total
number of photogenerated carriers is diffused to the
film surface, and the stronger is the photocatalytic
performance of the sample'”. Therefore, the photo-
catalytic performance of the film will increase with
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the increase of the thickness of the film; however,
because the total light intensity is fixed, when the
film thickness increases to a certain extent, the total
number of carriers diffused to the film surface tends
to be stable, and the photocatalytic activity of the
sample also tends to remain unchanged.

Because the contact area between the bottom
TiO, film and the upper Cu,O is certain, the thick-
ness of the bottom layer will only increase the re-
combination probability of photogenerated carriers
and reduce the photocatalytic activity. Therefore,
the bottom layer of the composite film is a TiO, film
with a thickness of about 33 nm with good UV cata-
lytic activity.

3.2 Characterization of Cu,0/TiO, hetero-
junction composite films

The surface morphology of the bottom TiO, film
and Cu,0/TiO, composite film were characterized
by SEM. Figure 2a shows the surface morphology
of the underlying TiO, film, which is composed of
TiO, nanoparticles. The film thickness is 33 nm, the
particles are about 10—20 nm, and the particle ar-
rangement is relatively loose and flat. Figure 2b is
the SEM diagram of the composite film after DC re-
active sputtering of Cu,O particles on the surface of
TiO, film (sputtering time is 30 s). Cu,O particles are
uniformly deposited on the surface of loose bottom
layer, the density of particles is relatively improved,
and the porosity between particles is conducive to
the adsorption of degradation products; it can also be
seen from the figure that Cu,O and TiO, particles are
closely combined, the particle size is uniform, and
the particle size is nanometer. Figure 2¢ shows the
surface morphology of the sample after sputtering
Cu,O (sputtering time is 90 s). Compared with Fig-
ure 2b, the particles grow obviously, agglomerate
and agglomerate, and the surface tends to be flat,
which is not conducive to the adsorption of degra-
dation products. Therefore, the sputtering time of 30
s is the best load of Cu,O. At this time, according to
the deposition rate of Cu,O, when the thickness of
the upper film is about 60 nm, the composite film
can have the best photocatalytic activity.



a. TiOz film

¢. CieO/TiOn composite film (CwO sputtering time is
90s)
Figure 2. Surface morphology of thin films.

Figure 3 shows the EDS element analysis of
Cu,0/TiO, composite films prepared after sputter-
ing Cu,O (sputtering time is 30 s), and different
positions are selected for scanning analysis. It can
be seen from Figure 3 that except the constituent
elements of the substrate glass substrate, only Ti, Cu
and O elements exist, which proves that the film is
composed of oxides of Ti and Cu. The results of ele-
ment analysis at three different positions correspond
to three groups of tables. The percentage difference
of Ti and Cu in each group of tables is small, within

the range of 0.1%; at the same time, the results of the
three groups are similar, indicating that the element
distribution of the bilayer composite film is rela-
tively uniform, and there are no excessive local sin-
gle-type elements. In this way, the uniformity of the
recombination of the two semiconductor particles is
conducive to the formation of heterojunction.

Element |Mass fraction/%|Content/%|
OK 45.74 60.20
Na K 7.05 6.46
Mg K 2.11 1.83
AlK 0.55 0.43

SiK 35.80 26.84
CaK 6.29 3.30
TiK 1.14 0.50
0.44

Mass fraction/%|Content/%

OK 4493 | 59.37
Na K 739 6.79
g Mg K 2.19 1.91
g AlK 0.50 0.39
=4 SiK 3627 | 2731
CaK 6.11 322
TiK 1.26 0.55
0.45

[Mass fraction/%|Content/%|

OK 45.65 60.00
Na K 7.14 6.53
MgK 2.37 2.05
SiK 36.63 27.43
CaK 6.04 3.17
TiK 1.05 0.46
1.12 0.37

Energy/KeV

Figure 3. EDS elemental analysis of Cu,O/TiO, composite films
(Cu,O sputtering time 30 s).

Figure 4 is the XRD diagram of Cu,0/TiO,
nanocomposite film. TiO, in the composite film
mainly has (101) diffraction peak, while Cu,O main-
ly has (111) diffraction peak. The peak intensity
shows that the crystallinity of the two semiconductor
particles in the composite film is good. In order to
ensure the stability of nano Cu,0/TiO, composite
film in air, the XRD lines were re-measured after
several months, and there were no diffraction peaks
of Cu and CuO, indicating that Cu,O in the compos-
ite film has stable chemical properties and is not easy
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to be oxidized to CuO or reduced to elemental Cu.
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Figure 4. XRD diagram of Cu,0O/TiO, composite films.

The two semiconductors of heterojunction com-
posite are combined into nano films, which can ab-
sorb ultraviolet and visible light respectively under
light. Therefore, the light absorption characteristics
of composite films are different from those of single
films. The transmission spectrum line in Figure 5
shows that TiO, film has low transmittance in the
ultraviolet region and good UV absorption perfor-
mance, while it has high transmittance in the visible
region and is difficult to use visible light. In addi-
tion, Cu,O thin films have a wide range of optical
response, which is due to the spatial confinement of
electrons and holes when the semiconductor particle
size is small to the nano scale, and the quantum size
effect will lead to the phenomenon of energy level
change and energy gap widening, resulting in low
transmittance of Cu,O in the whole spectral range!".
The light response ability of the composite film in
the UV and visible range is significantly better than
that of TiO, and Cu,O films. The matching of the
two semiconductors expands the light absorption
range and improves the light absorption intensity
of the whole light region. The optical properties of
materials are important performance indicators of
photocatalytic reaction. The light absorption ability
of composite films in the whole UV-Vis region will
stimulate the generation of more photogenerated car-
riers and provide more active sites for photocatalytic
oxidation-reduction. The catalytic performance of
the catalyst under sunlight must be better than that of
a single semiconductor film.
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Figure 5. Ultraviolet visible spectrum.

3.3 Photocatalytic properties of Cu,0/TiO,
heterojunction composite films

From the above characterization results, the
Cu,0/TiO, bilayer composite semiconductor film
has the characteristics of uniform particle size, good
crystallinity, stable physicochemical properties and
excellent optical properties. Due to the matching of
the energy band structures of the two semiconduc-
tors, the Cu,O/TiO, type bilayer composite film can
be regarded as a heterojunction structure. Both semi-
conductor films are thin and composed of nanopar-
ticles. The semiconductor particles in the film are in
direct contact and effectively separate the photogene-
rated carriers through heterojunction. The semicon-
ductor particles have grain boundary connection and
do not exist in isolation, because the space charge
region width of heterojunction can reach hundreds
of nanometers or even microns, the two semiconduc-
tors can transfer electrons and holes in a wide range.
Even if the TiO, particles are not in direct contact
with Cu,O, the photogenerated electrons and holes
can be transferred with Cu,O through adjacent TiO,
particles under the action of built-in electric field;
similarly, Cu,O not in direct contact with TiO, can
also transfer photogenerated electrons and holes with
TiO,through adjacent Cu,O particles. That means
that no external electric field can effectively inhibit
the recombination of photogenerated electrons and
photogenerated holes and enhance the quantum effi-
ciency of catalytic reaction'*',

It can be seen from Figure 6 that the photocata-
lytic activity of composite films with different Cu,O
loading is different. The photocatalytic activity first
increases and then decreases with the increase of



Cu,0 loading, meaning that there is an optimal Cu,O
loading, and the catalyst activity with sputtering time
of 30 s is the highest, which is consistent with the
conclusion obtained in surface morphology charac-
terization. Moreover, only when the sputtering time
is 10 s and 30 s, the photocatalytic activity of the
composite film is better than that of TiO, film. Due
to the short deposition time, less Cu,O is compound-
ed with TiO,, meaning that there are few particles
in contact between the two semiconductors, and
the coupling effect of heterogeneous binding is not
obvious, which does not promote the photocatalytic
activity of the composite films; when the deposition
time of Cu,O is 30 s, the Cu,O particles on the TiO,
surface increase, and the particle size in the compos-
ite film (Figure 2b) is relatively uniform. The two
particles are closely combined to form a coupling
effect of heterogeneous binding, which helps to im-
prove the photocatalytic activity of the composite
film and has good UV-Vis photocatalytic activity.
When the Cu,O load continues to increase, even if
the initial photogenerated electrons and holes can be
separated, the photogenerated electrons and holes
are enriched on TiO, and Cu,O respectively. If they
cannot be consumed in time, they are easy to become
the recombination center of heterosexual charges. In
addition, with the increase of surface Cu,O loading,
the shielding effect on the bottom TiO, film is also
gradually enhanced, so that the bottom TiO, is not
only less likely to be excited by light, but also can-
not transfer electrons to the receptor in time. A large
number of accumulated carriers will become internal
recombination centers, resulting in the reduction of
photocatalytic efficiency.
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Figure 6. UV visible photocatalytic activity of composite films

(changing Cu,O sputtering time).
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The photocatalytic activity of Cu,O/TiO, com-
posite semiconductor film is mainly caused by the
absorption of visible light by narrow band gap semi-
conductors and the synergistic effect with wide band
gap semiconductors. The degradation performance of
Cu,0/TiO, composite film is much stronger than that
of single semiconductor film, as shown in Figure
7. This shows that when irradiated by xenon lamp
without filter, TiO, can absorb ultraviolet light and
Cu,O can absorb visible light. At the same time, they
form heterojunction to improve carrier utilization,
have good solar photocatalytic activity, and their
advantages become more and more obvious with the
extension of time.
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Figure 7. MB degradation curve of composite films with the
sputtering time of 30 s (simulating sunlight).

4. Conclusion

Homogeneous Cu,0/TiO, composite hetero-
structure photocatalyst thin films were prepared by
the sol-gel method and magnetron sputtering tech-
nology. The structure of Cu,0/TiO, bilayer compos-
ite film is controllable, and the crystal form of Cu,O
is stable in the composite film; the nanoparticles in
the composite films are uniform in size and closely
combined; the response ability to light is obviously
improved, and the light absorption range of photocat-
alyst is expanded. The photocatalytic activity of the
composite films first increased and then decreased
with the increase of Cu,O loading. In the compos-
ite films with the best photocatalytic activity, the
thickness of TiO, is about 33 nm and that of Cu,O is
about 60 nm. Under xenon lamp irradiation, the cat-
alytic activity of composite films is better than that
of the single film, and the longer it takes, the more
obvious the advantages of photocatalytic degradation



of MB. Therefore, the catalyst is a heterojunction
composite film that makes full use of solar energy.
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ABSTRACT

Hydrogen is one of the most attractive energy sources at present for its excellent properties, such as high energy

density, clean and non-pollution energy. Photocatalytic hydrogen evolution is one of the ideal strategies to obtain hy-

drogen energy. This work aimed to improve the visible-light absorption ability of the structure similar to g-C;N, by

anchoring azo groups into the structure. By this, the photocatalytic hydrogen production rate of the resulting product

was improved apparently. We use melamine as starting material to prepare Melon, which was further reacted with KOH,

PCls and 4,4-Diaminoazobenzene to get the target Melon/4,4-Diaminoazobenzene polymer. The condition influencing

on the reaction was investigated, such as reaction temperature, the ratio of reactants and concentration of KOH solution.
The structure of the as-synthesized polymer was determined IR, XRD, SEM, TGA and EIS. At the same time, its photo-

catalytic property was investigated.
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1. Introduction

Energy crisis and environmental pollution caused by the utiliza-
tion of fossil energy are important problems in the process of China’s
economic and social development. The development and utilization
of green, environmental friendly and renewable new energy is of
far-reaching significance. Hydrogen has the advantages of high ener-
gy density, environmental friendliness and zero carbon emission. It is
an ideal energy carrier. The calorific value of hydrogen combustion is
three times that of gasoline, and its combustion product is only water'".
However, hydrogen production in industry is still dominated by coal
gasification, heavy oil and natural gas, steam catalytic reforming and
other processes. The production process involves a large number of
fossil fuel consumption and greenhouse gas emissions. Although hy-
drogen production from electrolyzed water seems to avoid greenhouse
gas emissions, its process consumes large amount of electric energy,
has high cost, and will also cause environmental pollution when gener-
ating electric energy™. If we can develop sustainable energy production
and conversion technologies for hydrogen production in a green way
and fundamentally solve the core scientific problems and technical
bottlenecks of clean energy, it will play a positive role in promoting
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the improvement of ecological environment. Pho-
tocatalytic hydrogen production is an effective way
to obtain hydrogen in a green way. Solar energy is
inexhaustible. Using solar energy to obtain hydrogen
by photocatalytic decomposition of water is consid-
ered to be the most ideal way"".

The research on photocatalysts mainly focuses
on heterogeneous semiconductor material systems,
especially the traditional oxide such as TiO,"*” and
CdS* " with good photocatalytic performance and
sulfide semiconductor photocatalysts'"'*.. However,
traditional semiconductor materials have a relatively
single structure, lack appropriate proton activation
sites and effective electron transfer paths. Thus, pho-
to-generated electrons are easy to recombine with
photo-generated holes, resulting in the loss of light
quantum yield. In addition, most traditional semi-
conductors have a wide bandgap, only can be excited
by ultraviolet light (about 4% of the solar spectrum),
and the utilization rate of solar light is also low. In
recent years, graphite phase carbon nitride (g-C;N,)
as a pure organic polymer has the characteristics of
high stability, low pollution, and non-metallic, and
shows a good ability of visible light hydrolysis to
produce hydrogen. However, the material has a nar-
row visible light adsorption range and low visible
light utilization efficiency.

Given the above scientific problems, azo groups
were constructed in similar g-C;N, structures by
step-by-step synthesis, which improved the visible
light utilization efficiency of the materials, and its
photocatalytic hydrogen production performance
was significantly improved. In this paper, Melon
was prepared from melamine, prepared into the salt
mixing with KOH, chlorinated with PCl;, and finally
reacted with azodiphenylamine to obtain Melon/azo-
diphenylamine polymer. The effects of temperature,
KOH solution concentration and PCl; dosage on the
preparation of polymer were studied, and the opti-
mum experimental conditions were determined. The
structure and morphology of the polymer were de-
termined by characterization, and its photocatalytic
properties were studied in detail.

2. Experiment
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2.1 Reagents and instruments

Melamine (Sinopharm); phosphorus pentachlo-
ride (Shanghai Aladdin Biochemical Technology
Co., Ltd.); 4-nitroaniline (Shanghai Aladdin Bio-
chemical Technology Co., Ltd.); potassium per-
oxymonosulfonate (Shanghai Aladdin Biochemical
Technology Co., Ltd.).

X-ray diffractometer (X" Pert PRO, panalyti-
cal analytical instruments, the Netherlands); muffle
furnace (Tianjin City TAISITE Instrument Co. Ltd.,
SX-4-10); electric vacuum drying oven (Shang-
hai Experimental Instrument Factory Co., Ltd.,
ZK-82BB); infrared spectrometer (Perkin Elmer,
Spectrum100); thermogravimetric analyzer (Perkin
Elmer, STA6000); scanning electron microscope
(FEI Sirion 200); photocatalytic activity evaluation
system (CEAuLight, CEL-SPH2N).

2.2 Experimental methods

Firstly, 30 g of C;H,N, was calcined at 460 ~
580 °C for 8 hours, and then cooled to room tem-
perature to obtain Melon. After grinding, take 10 g
of the product, add the powder into 200 mL, 2.5 M
KOH solution, reflow the reaction for 4 hours, stand
and cool the crystallization, filter under vacuum, and
wash the crystallization repeatedly with absolute
ethanol. The vacuum drying oven was set at 70 °C
and dried for 8 hours to obtain the product potassium
salt C,N,(OK),. Mix 8 g of PCl; and 2.5 g of potassi-
um salt powder and put them into the hydrothermal
kettle. Put the hydrothermal kettle into the oven and
raise the temperature to 220 °C. After solid-state
reaction for 24 hours, take out the hydrothermal ket-
tle and cool it to room temperature. The product is
stirred in water at a temperature of <10 °C. The in-
termediate C(N,Cl, is obtained by suction filtration.
Silica gel is added, dried and sealed, and then placed
in the refrigerator for proper storage. The route is
shown in Figure 1.

5 g of CH{N,O, 12.5 mL of sulfuric acid and
42.5 mL of water were mixed and stirred at 60—
65 °C to prepare a solution. 20 g of H;K,0,,S, was
slowly added within 1 h. The reaction continued
under the conditions for 1 h. After vacuum filtration,



it was washed with distilled water repeatedly. The
pH of the washing solution should reach neutral, and
then dried at room temperature. Recrystallized with
80 mL glacial acetic acid and filtered to obtain a red
needle like product. Add the product azodinitroben-
zene and 40 g Na,S into the solution prepared by 40
mL water and 120 mL ethanol, reflux the reaction
for 30 min until precipitation is generated, cool and
stand for 12 h. The filtered product was washed with
water and allowed to stand at room temperature for
12 hours. Take 100 mL of ethanol to recrystallize
the product and filter to obtain orange red crystalline
azodiphenylamine. The product should be sealed and
stored away from light. Finally, 2 g of C,N,Cl; was
dissolved in 30 mL of toluene, 2.303 g of azodiphe-
nylamine was added to it, wrapped with tin paper
and stirred away from light for 24 h, reacted and
refluxed at 125-135 °C for 2 h, filtered, washed with
a mixture of toluene, acetone and water for many
times, and dried naturally to obtain Melon/azodiphe-
nylamine polymer (Figure 2). After grinding, the
product was soaked in methanol to exchange solvent,
and the final product was obtained after vacuum dry-

ing.
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Figure 1. Synthetic method of C,N,C;.
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Figure 2. Schematic diagram of Melon/4,4-Diaminoazobenzene.

3. Results and discussion

3.1 Characterization analysis

The FTIR spectrum of the polymer is shown in
Figure 3. It can be seen from Figure 3 that C(N,Cl,
reacts with azodiphenylamine to form a new sub-
stance. Through analysis, it can infer that the absorp-
tion peak at 3,500 cm ' causes to the asymmetric
stretching vibration of N-H of secondary amine.
The absorption peak at 3,200 cm ™' is the asymmetric
stretching vibration absorption peak of C—H on the
benzene ring, and the four absorption peaks near
1,600 cm ' and 1,500 cm ' are caused by the skeleton
vibration of the benzene ring, the stretching vibration
of —=N=N- bond and the stretching vibration of —C=
N. The stretching vibration peak of —C—N appears at
1,300 cm', the bending vibration of -C—H produces
absorption peaks at 1,250 em ', 1,150 cm ' and 1,100
cm', and the absorption peak at 850 cm ' proves to
be para disubstitution. The sharp absorption peak
can be seen from the XRD diffraction pattern (Fig-
ure 3). Therefore, it can infer that the product has

Intensity

05 10 15 20 25 30 35 40 45 50 35
20 deg

Figure 3. FTIR Spectra of Melon/4,4-Diaminoazobenzene and C,N,Cl; (left), XRD patterns of Melon/4,4-Diaminoazobenzen (right).
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Figure 4. SEM images of Melon/4,4-Diaminoazobenzene with standard scale 1 um (left) and TGA (right).

a good crystal structure and high crystallinity. High
crystallinity can improve the catalytic activity of the
catalyst. Therefore, it can be inferred theoretically
that Melon/azodiphenylamine polymer has good
photocatalytic activity.

To study the particle size and morphology of the
polymer, it was analyzed by scanning electron mi-
croscope (SEM) (Figure 4). It shows from Figure 4
that the appearance of the product presents a regular
circular particle shape with a particle size of 0.2-0.4
um. The particle size is relatively uniform. The parti-
cles are connected to form a loose and porous struc-
ture, and it has a large specific surface area, which is
conducive to the photocatalytic reaction. At the same
time, it carried out thermogravimetric (TGA) analy-
sis to judge the thermal stability and thermal decom-
position performance of the polymer (Figure 4). The
thermogravimetric curve was divided into three sec-
tions. At the beginning of heating to about 50 °C, the
weight of the sample increases, which may be due to
the adsorption of a small amount of gas. At 50-350
°C, the adsorbed gas is resolved, the weight decreas-
es and the sample has not been decomposed. When
the temperature is more than 350 °C, the sample
begins to decompose. After heating to 400 °C, the
sample decomposes rapidly to complete. Therefore,
Melon/azodiphenylamine polymer has good thermal
stability at <350 °C and completely decomposes at
>400 °C.

3.2 Photocatalytic activity analysis

To study whether the polymer has good pho-
tocatalytic activity, the polymer was tested by EIS.

First, weigh 2 mg of Melon and Melon/azodiphenyl-
amine respectively, put them into two ampoules, add
1 mL of absolute ethanol and 10 pL of tea phenol
respectively, then ultrasound was performed for 30
min. Take two clean conductive glasses and use a pi-
pette gun to take 200 pL. Melon and 200 Melon/azo-
diphenylamine suspensions respectively and care-
fully drop onto the conductive glass, and the sample
is successfully prepared after the solvent volatilizes.
Using 0.5 M Na,SO, solution as electrolyte, the test
was carried out by three electrode system (reference
electrode: saturated calomel electrode, auxiliary
electrode: platinum electrode, working electrode:
conductive glass attached to the sample). The EIS
measurement results are shown in Figure 5. As can
be seen from Figure 5, compared with Melon, Mel-
on/azodiphenylamine has a smaller radius of curva-
ture, which means that Melon/azodiphenylamine has
less blocking effect on electron movement, which is
conducive to electron migration. Therefore, it can be
speculated that Melon/azodiphenylamine has better
photocatalytic activity when exposed to light with
the same energy.
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Figure 5. EIS graph of Melon and Melon/4,4-Diaminoazoben-
zene.




4. Photocatalytic hydrogen produc-
tion performance test

In this paper, the photocatalytic hydrogen pro-
duction properties of Melon and Melon/azodiphe-
nylamine polymers were tested by CEL-SPH,N
photocatalytic activity evaluation system; in the test,
xenon lamp is selected as the light source and trieth-
anolamine as the sacrificial agent'”, and the test is
carried out by full spectrum irradiation.

Test the hydrogen production of Melon and
Melon/azodiphenylamine polymers every 1 h'”. See
Figure 6 for the photocatalytic hydrogen production
activity diagram of Melon and Melon/azodiphenyl-

50
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40} —s— Melon/Azobenzidine
35F
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20F
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5 -
Or
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amine. It can be seen from Figure 6 that the hydro-
gen production of Melon/azodiphenylamine is higher
than that of Melon. When illuminated for 5 h, the
hydrogen production of melon is about 30 pmol/g,
while the hydrogen production of Melon/azodiphe-
nylamine is about 45 pmol/g, which is 1.5 times that
of Melon. Compared with Melon, the photocatalytic
hydrogen production activity of Melon/azodiphe-
nylamine was significantly improved. However, the
overall photocatalytic activity of Melon/azodiphe-
nylamine was not as stable as Melon. Melon re-
mained relatively stable at 0—5 h, while the activity
of Melon/azodiphenylamine decreased significantly
at4-5 h.

tor 9.05

Hsevolution /(pmol-(g-h)")

melon  melon/azobenzidine

Figure 6. Photocatalytic activity diagram of hydrogen production (left) and Hydrogen production efficiency (right) of Melon and

Melon/4,4-Diaminoazobenzene.

The comparison of hydrogen production effi-
ciency between Melon/azodiphenylamine and Melon
is shown in Figure 6. It can be seen from Figure 6
that the hydrogen production efficiency of Melon/
azodiphenylamine is 9.05 umol/(g-h), which is 1.5
times that of Melon. Through the preliminary explo-
ration of the photocatalytic hydrogen production per-
formance of Melon/azodiphenylamine polymer and
Melon, it is found that it has better photocatalytic
hydrogen production performance than Melon.

5. Conclusion

In this paper, a Melon/azodiphenylamine poly-
mer was synthesized. The polymer has the properties
of 0.2—0.4 um, uniform particle size, good crystal
form and high crystallinity. The test data show that
the polymer has good thermal stability and the block-
ing effect of electron movement is smaller than that
of melon. The photocatalytic hydrogen production

performance of Melon/azodiphenylamine polymer
was studied with triethanolamine as sacrificial agent.
The results showed that the hydrogen production
of Melon/azodiphenylamine polymer was 45 pumol/
g, which is 1.5 times that of Melon. Improving the
effect of polymer hydrogen production needs to be
studied. This research work will provide new ideas
for the development of new energy.
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ABSTRACT

Formation energy, crystal structure and electronic structure of C, N doped anatase TiO, are calculated based on the
density functional theory of plane-wave ultrasoft pseudopotential. Results indicate that, due to doping of the C or N at-
oms in anatase TiO,, the lattice distorts obviously. The substitution of C tends to Ti site while N tends to O site. All the
substitutions lead to the red shift of the optical absorption and increasing coefficient of light absorption. When N con-
centrations are 2.08% and 3.13% in N-doped TiO,, the highest photocatalytic activity is obtained, while it is 2.08% for
C-doped one.

Keywords: Anatase TiO,; DFT; N-doped; C-doped; Formation Energy
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Receivej: 13 August 5021 TiO, has been widely used in the conversion and storage of sun-
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Avaﬂzble online]:)4 October 2021 light, photocatalytic oxidation-reduction of greenhouse gases and deg-

radation of environmental organic pollutants, and has become the most
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potential photocatalyst! *. However, based on the large band gap (3-3.2
Copyright © 2021 Zongbao Li, et al. eV), pure TiO, is only sensitive to ultraviolet light (A << 400 nm), but
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;ttps://creativec?)mmons.org/licenses/by— range from ultraviolet light region to visible light region has become
nc/4.0/ the focus of current research. At present, the modification methods of

TiO, mainly include non-metallic ion doping", semiconductor recom-
bination', metal deposition'”, etc. However, it is found that transition
metal ion doping can improve the photocatalytic activity of TiO, by
relying on the migration of d electrons, but transition metal doping
will promote carrier recombination and reduce the thermal stability of
TiO,". A large number of experiments have also proved that the sur-
face deposition of noble metal atoms, such as Ag/TiOz[9], Pt/TiOz[lo],
Sn/TiO,"Y, etc., plays a significant role in improving the photocatalytic
activity of TiO,. However, the extensive use of precious metals will in-
evitably increase the manufacturing cost, which is not conducive to the
promotion of industrial production. Since it was reported that N-doped
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TiO, has better photocatalytic activity and proposed
that non-metallic doping can effectively reduce the
band gap and adjust the energy band distribution of
TiO,'"”, reports of TiO, doped with non-metal such
as C'”! N S and B have increased.

TiO, 4N, visible light response catalyst was pre-
pared by NO, doping N'"?, but it has the disadvan-
tages of low preparation efficiency and high cost!'”.
Cui et al. obtained N-doped TiO, by calcining TiN
in air and found that it can effectively catalyze the
decomposition of water to produce H, under visible
light"”". The N-doped TiO, prepared by Liu Shouxin
et al. has good light response efficiency under vis-
ible light''”". For C-doping, Khan et al. found that
C-doped TiO, films have two absorption bands at
440 nm and 535 nm""; Sakthivel and Kisch et al.
reported that the photocatalytic efficiency of C/TiO,
prepared by them was 5 times higher than that of
un-doped""”. Chen et al. prepared C, N and S single
doped anatase TiO, powder by the high temperature
oxidation method™”. It was found that the visible
light photocatalytic effect of N doping was the most
obvious, while the impurity energy level of C was
deeper. Because the substitution mode of doped par-
ticles in the material preparation process is greatly
affected by the growth environment, the results of C
and N doped TiO, systems will be quite different in
different chemical environments. However, so far,
the effects of doping methods, defect forms and dop-
ing ratio on photocatalytic properties have not been
systematically reported.

Based on the density functional theory, the for-
mation energy, crystal structure and electronic struc-
ture of C and N doped TiO, were calculated by using
the super cell model. The position of substitution
doping of C and N atoms and the effects of different
doping ratios on the electronic structure and optical
properties of TiO, are analyzed theoretically, and the
effects of single doping on the properties of TiO, are
revealed.

2. Calculation methods

The plane-wave ultrasoft pseudopotential meth-
od based on the density functional theory, we adopt
the GGA + PBE exchange correlation method for
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TiO, 2 x 2 x 2 to obtain the best structural parame-
ters”"). Select the plane wave truncation energy in the
inverted lattice space: E,,, = 400 eV, and point K is 4
x 4 x 4, The accuracy of self-consistent field oper-
ation is set as that the single atom energy converges
to 2.0 x 10°° eV’ Because the traditional GGA
theory underestimates the energy band in energy
band calculation, in order to form a comparison with
the experiment, the calculated energy band structure
and density of states are modified by the GGA + U
method”” to make it consistent with the experimen-
tal results. The correction parameters selected in the
calculation are: U =6.3 eV and J = 1 eV**. All dop-
ing parameters selected later adopt the same settings
to ensure the comparability of calculation results.
To construct multi concentration doping in anatase
TiO, 2 x 2 x 2 based on the optimized super cell
structure, and randomly replace 1-4 O or Ti atoms in
the lattice with N or C, the doping ratio is similar to
the experimental scheme. Because of the extremely
high formation energy and instability, the interstitial
defect models of N and C are not discussed in this
paper. In addition, due to the proximity of N and O
atoms in the periodic table, it has been proved that
N can only replace O atoms; however, for C substi-
tution, due to the particularity of its position in the
periodic table, its doping mode has not been clear. In
order to obtain its real substitution mode, this paper
adopts different methods to replace Ti and O sites re-
spectively, and optimizes the structure on this basis.
All calculations in this paper are carried out in VASP

software package'”*.

3. Results and discussion

In order to effectively discuss the effect of dif-
ferent proportion of C and N doping on TiO,, the
formation energy after doping at different positions
of C and N was calculated. According to the special
position of C in the periodic table, it is considered
that C*" and C* ions may appear in TiO, crystals.
Based on the stability conditions of different doped
systems, in order to further clarify the real occupied
position of elements in TiO, after doping, the for-
mation energy E.,., of impurities in different doped
systems is calculated:
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= Fgoped = Epue =M * plc =1 * py H 1 * pio + 0 @ iy
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In the formula, £, and E,,., are the energies of

pure
pre-doping and post-doping anatase TiO, respective-
ly. s te» 1o and pp; represent the chemical potentials
of N, C, O and Ti respectively; m, n, u, v are the
numbers of doped atoms and the number of substi-
tuted atoms in the corresponding system. The above
formula is used to calculate the formation of C and
N replacing one Ti or O respectively, as shown in

Table 1.

Tablel. Formation energies E,,, of different doped TiO,
N@O N@Ti C@O C@Ti
4.37 7.51 6.51 5.27

Eqm/eV

As can be seen from Table 1, the formation
energy of N@QO is lower than that of N@Ti, and the
formation energy of C@Ti is lower than that of C@O.
It is indicated that the primary N is inclined to O and
C is inclined to Ti. This result is different from the
experimental conjecture of Zhang Xiaoyan et al.””.

Table 2. Lattice parameters and average bond lengths of the
doped TiO, after geometry optimization (in A)

a b c Ti-O Ti-N C-O
Pure 7577 7577 9.541 1976
N@O 7.603 7.570 9.508 1980 2.008
C@Ti 7.786 7.786 9.389 1.961 1.242

Table 2 lists the structural parameters of the
three systems after structural optimization. As can
be seen from Table 2, the optimized 2 x 2 x 1 the
lattice parameters of pure TiO, super cells are a =
b=7.577 A and C = 9.541 A, which are consistent
with the experimental results'”. After doping, due to
the different ion radii of impurity elements, the sym-
metry of crystal structure decreases and the lattice is
distorted. Because the radius of N* ion is larger than
that of O” ion, the Ti-N bond length after N doping
is longer than that of un-doped Ti—O bond. The radi-
us of C*" ion is 0.16 A, which is much smaller than
0.68 A of Ti*" ion. Therefore, the C—O bond formed
by C replacing Ti is much smaller than that of Ti—
O bond (1.961 A), only 1.242 A. Due to the doping
of impurity ions, the lattice distortion will also lead
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to the generation of internal dipole moment. The
change of dipole moment can promote the photocat-
alytic performance of TiO,.

3.1 Electronic structure of N-doped TiO, with
different concentrations

Based on the displacement results, the variation
trend of doping amount and material properties of
N@O system was studied. Based on this model, the
energy band structure and density of states of TiO,
under various proportions are calculated, as shown
in Figures 1 and 2. After N atoms in the lattice re-
place some O atoms, O—Ti—N bonds are formed in
the lattice, and the crystal structure is distorted due
to the difference between the radii of N and O atoms,
resulting in the change of the doped band gap (£g)
and the bandwidth between the impurity energy level
and the bottom of the conduction band (Im-CBM),
see Table 3 for specific values. It can be seen from
Figure 1 and Table 2 that N doping has little effect
on the band gap width, and new impurity levels are
generated at the top of the valence band of the four
doped structures. When the impurity energy level is
ignored, the band gap width is minimum at 2.08%
(2.97 eV). If the auxiliary effect of impurity energy
levels on the transition is considered, the superposi-
tion of impurity energy levels will move the absorp-
tion band edge of TiO, to the visible region. With
the increase of doping concentration, the density of
impurity energy level increases, which increases the
transition probability of electrons. By comparing
the density of impurity energy levels near the Fermi
plane in Figures 1 and 2, it can be seen from Figure
2 that when the doping ratio is 3.13%, the probabil-
ity of ion transition is the largest, which is the better
doping ratio. When the doping concentration contin-
ues to increase (>4.17%), the impurity energy levels
will overlap at the top of the valence band and move
up the top of the whole valence band. This result
is conducive to the transmission of photogenerated
carriers under certain conditions, but if the N content
is too high, it is easy to form TiN structure and make
the doped system cash attribute and opaque in the
visible region. With the increase of N content, it will
also lead to a large number of defects in the lattice



and become the composite center of electron hole
pairs, so as to reduce the photocatalytic activity of
the material. Therefore, N doping can improve the
photocatalytic performance of TiO, only in the ap-
propriate concentration range.
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Figure 1. Band structure for N-doped configurations with vari-
ous doping levels.
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Figure 2. Total DOS of N-doped configurations with different
ratios.

Table 3. Band gaps of N-doped configurations with different
ratio (in eV)

Ratio 1.04% 2.08% 3.13% 4.17%
Eg 2.99 2.97 3.00 2.98
Im-CBM 2.56 2.53 2.58 2.60
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Figure 3. PDOS for N-doped configurations. N-2p and O-2p are
shown with red solid and dash lines while blue ones indicate the
Ti-3d levels.

In order to further understand the effect of N
doping on TiO, energy level, the partial density of
states of different doping concentrations are given,
as shown in Figure 3. The impurity level near the
Fermi level is mainly composed of N-2p state and
relaxes at the top of the valence band, while the con-
tribution of O-2p and Ti-3d States is small. It can be
seen from the above comparison that after N doping,
the position of the valence band top of the system is
mainly determined by the N-2p state, and the O-2p
state overlaps with N-2p, increasing the energy band



density. The conduction band bottom of doped and
un-doped TiO, is determined by Ti-3d state without
obvious change. Given that the doping concentration
is 2.08% and 3.13%, the Ti-3d state in the conduc-
tion band moves down slightly due to the p-d hybrid-
ization between N-2p and Ti-3d states.

It can be seen from the above analysis that when
the doping concentration is low, the change of dop-
ing concentration has no obvious effect on the elec- 5 G s = — ;
tronic structure of TiO,, and the best content of N (a) 1.04%
is 2.08% and 3.13%, which is the most favorable to
improve the photocatalytic performance of TiO,.

Energy/eV

3.2 Electronic structure of C-doped TiO, with
different concentrations

Energy/eV

Based on the fact that C atoms in the single
doped system tend to replace Ti atoms and exist
in the form of C* cations, when constructing the
C-doped TiO, crystal model, all calculations only
consider the substitution of C atoms for Ti atoms and
ignore the substitution of O atoms. Figure 4 shows
the band structure of C-doped TiO, with different
concentrations. As can be seen from Figure 4, due
to the nonmetallic nature of C, although it replaces
Ti, the impurity level is not introduced into the band
gap, but directly causes the conduction band to move
to the low energy level, reduces the band gap width
and increases the transition probability of electrons.
Comparing the band gap widths of different doping
concentrations, it can be seen that when the doping
amount is 3.13% and 4.17%, the band gap width is
the same, both of which are 2.51 eV; when the dop-
ing concentration is 1.04%, the band gap is the larg-
est, which is 2.60 eV; when the doping concentration
is 2.08%, the band gap is the smallest, which is 2.30
eV. It is proved that TiO, has obvious red shift after
doping, especially when the C doping concentration
is 2.08%.

Energy/eV

F G B 5 G

Energy/eV

(d)4.17%

Figure 4. Band structure for C-doped configurations with vari-
ous doping levels.

In order to further reveal the concentration effect
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of C on TiO, doping, the partial density of states of
doped systems with different concentrations are also
calculated, as shown in Figure 5. It can be seen from
Figure 5 that the valence band of C-doped TiO, is
mainly composed of O-2p state and T-3d state, and
mainly occupies the low energy region. The O-2p
state mainly contributes to the energy level near the
Fermi plane and determines the position of the top
of the valence band; the conduction band is main-
ly composed of Ti-3d state and C-2p state, and the
strong pd orbital hybridization makes the conduc-
tion band move down obviously, so as to reduce the
band gap. When the doping concentration is 2.08%
and 4.17%, the pd hybrid phenomenon between Ti-
3d state and C-2p state is very obvious, and a strong
hybrid peak appears. By comparing the density of
states of O-2p state in different systems, it can be
seen that when the doping concentration is 4.17%,
the impurity peak of O-2p state near Fermi level
is significantly stronger than that of the other three
doping cases, which proves that the probability of
valence electron guide band transition increases un-
der visible light, which is conducive to the improve-
ment of photocatalytic efficiency of TiO,.
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Figure 5. PDOS for C-doped configurations with different ratios.

It can be seen from the above analysis that when
C changes with doping concentration, the hybridiza-
tion effect between C-2p state and Ti-3d state direct-
ly leads to the movement of the conduction band to
the low energy direction, which leads to the reduc-
tion of the band gap and the obvious red shift of the
absorption band edge. According to the comparison
of band gap width, it can be seen that when the dop-
ing concentration is 2.08%, the response to visible
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light is the strongest, and the catalytic activity should
be the highest. Compared with the results of N-doped
TiO,, it can be seen that the concentration effect has
a more obvious effect on the photocatalytic perfor-
mance of the C-doped system.

4. Conclusion

Based on the density functional theory, the for-
mation energy, lattice structure and electronic struc-
ture of anatase TiO, doped with different proportions
of N and C atoms were calculated. By comparing the
formation energies, it can be seen that N atoms tend
to replace O sites and C replace Ti sites; through the
analysis of energy band and band density of doped
crystals with different proportions, it can be seen that
when N is doped at low concentration, the effect of
doping concentration on the electronic structure of
TiO, is not obvious, and when N content is 2.08%
and 3.13%, TiO, has the best response to visible
light, which has better photocatalytic performance;
when the C doping concentration is 2.08%, its re-
sponse to visible light is the best. Compared with
N-doped TiO,, the concentration effect has a more
obvious effect on the photocatalytic performance of
C-substituted Ti-doped system.
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ABSTRACT

Silicon nitride film containing hydrogen is widely used as antireflection layer and passivation layer in the field of

solar cell industrial production. Silicon nitride films containing hydrogen were prepared by industrial plasma enhanced

chemical vapor deposition (PECVD) equipment. Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze

the composition of the film, to study the influence of reaction gas flow rate and high-frequency power on the composi-

tion and properties of the film, and to study the influence of silicon nitride film composition on the passivation effect of

the silicon wafer through the minority carrier life of the silicon wafer, so as to clarify the direction of process adjustment

in actual industrial production.

Keywords: PECVD; Fourier Transform Infrared; Silicon Nitride Film; Passivation

ARTICLE INFO

Received: 21 August 2021
Accepted: 30 September 2021
Auvailable online: 7 October 2021

COPYRIGHT

Copyright © 2021 Ziyou Zhou, et al.
EnPress Publisher LLC. This work is licensed
under the Creative Commons Attribution-
NonCommercial 4.0 International License
(CC BY-NC 4.0).
https://creativecommons.org/licenses/by-
nc/4.0/

1. Introduction

With the increasing shortage of energy and the increasing urgen-
cy of environmental protection, renewable green energy has attract-
ed more and more attention. Silicon solar cell is one of the research
hotspots and occupies a dominant position in market application. In
order to maximize the use of sunlight, a layer of silicon nitride film will
be deposited on the surface of silicon solar cells as antireflection film.
Silicon nitride film has good insulation, compactness, stability and
masking ability to impurity particles, which can significantly improve
the conversion efficiency of the battery, but its characteristics largely
depend on the preparation conditions of the film'" ™. In recent years,
plasma enhanced chemical vapor deposition (PECVD) is widely used
to prepare silicon nitride films in industry and laboratory.

In PECVD process, the reaction power comes from electrons and
ions accelerated by high-frequency electric field. They collide with
reaction gas molecules and ionize gas molecules into various active
groups. The ionization of reaction gas will directly affect the composi-
tion and properties of silicon nitride films. The characteristics of silicon
nitride films have been widely studied in the laboratory, but there are
few studies based on the industrial production of solar cells. In this
paper, silicon nitride films are prepared on silicon wafers by industri-
al PECVD, the relationship between PECVD process parameters and
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film composition in industrial production is studied,
and the influence of high temperature and rapid heat
treatment process on film composition is analyzed.
By comparing the passivation property of silicon ni-
tride films prepared by different process parameters,
the influence of film characteristics on the conver-
sion efficiency of solar cells is finally clarified.

2. Growth mechanism of silicon ni-
tride films prepared by PECVD

In non-equilibrium plasma, the temperature of
molecules, atoms, ions or activating groups is the
same as the ambient temperature, while the average
temperature of non-equilibrium electrons can be 1—
2 orders of magnitude higher than that of other ions
under the action of high-frequency electric field due
to their small mass. The preparation of silicon nitride
thin films by PECVD method uses this characteristic
to dissociate and activate the reaction gas in the re-
action chamber under the action of high-temperature
electrons, and adsorb it on the substrate surface for
chemical reaction, so as to prepare new dielectric
thin films at low temperature. The formation process
of silicon nitride film can be divided into the follow-
ing steps'*:

2.1 Gas dissociation

Ammonia enters the cavity and is dissociated by
high-temperature electrons. The chemical reaction is
as following:

NH;+e — NH,+Hg,te (1)
Silane enters the cavity and is dissociated by

high-temperature electrons. The chemical reaction is

as following:

SiH,+e — SiH,+H, ,+e¢ ()
The types of dissociation products of ammonia

and silane are directly related to process parameters
such as gas flow and high-frequency power.

2.2 Ammonia and silane molecular fragments
are combined again to form new molecules

The components in the plasma are very complex
and always in the process of dynamic equilibrium.
Among them, a kind of molecule that plays a key
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role in the growth of silicon nitride film is called
aminosilane”™®. Aminosilane is connected by Si—
H bond and N-H bond in the plasma to form Si—N
bond.

SiH, + NH, — SiH, ,(NH,, ;). + H 3)
Aminosilane is a kind of molecular assembly,

and its specific composition is determined by the
composition in the plasma.

2.3 Bonding between groups to form a skele-
ton

Aminosilane molecules are adsorbed on the sur-
face of silicon wafer. Under the action of silicon wa-
fer temperature, the Si—-H bond between molecules
reacts with N—H to form Si—N bond.

Si-H+ H-N — Si-N+H 4)

The connection between silane fragments and
ammonia fragments in plasma is completed by the
reaction between Si-H and N-H"". With Si-N bond
as skeleton, adjacent molecules are continuously
connected, and gradually epitaxial silicon nitride film
structure is formed. In the process of skeleton forma-
tion, the free molecules in the plasma are connected
to the skeleton through the reaction between Si—-H
bond and H-N bond. The ratio of various groups in
plasma gas directly determines the structure of Si,.
N,H, film and has a direct impact on the properties
of the film.

The ionization of gas plays a decisive role in
the composition of silicon nitride film. In silane, the
bond energy of Si—H is 3.2 eV, and in ammonia, the
bond energy of N—H is 4.2 eV. Under the action of
high-frequency power supply, the ionization of silane
in the mixed gas is prior to that of ammonia. Only
when the silane is fully ionized and the high-fre-
quency power supply is continuously increased, the
ammonia will be fully ionized. If the highfrequency
power is low and the silane ionization is insufficient,
the free silane molecules in the plasma will react
with aminosilane molecules to form ethylaminosi-

lane™”!

SIH4 + SiHa—c(NHb)c - SiZHa—c(NHb)c—l(NHtrl) + H
&)



Ethylaminosilane can also form a skeleton and
grow epitaxially into silicon nitride film. The silicon
nitride film grown from ethylaminosilane has low
mass density and poor passivation effect™. The pas-
sivation effect of silicon nitride film on silicon wafer
comes from the H atom released during sintering.
Si—H bond breaks at about 600 °C and N-H bond
breaks at about 800 °C. Both reactions will release
H atoms, but in silicon nitride films with low mass
density, H atoms can easily combine with each other
to form molecules. In silicon nitride films with high
mass density, H atoms have sufficient time to migrate
into silicon wafers'™”. H atom has a good passivation
effect on the surface and internal defects of silicon
wafer, and hydrogen molecule has no passivation ef-
fect on silicon wafer.

3. Experimental process

Silicon nitride thin films were prepared by
PECVD equipment of the 48" Research Institute of
China Electronics Technology Group Corporation,
and the frequency of highfrequency signal generator
was 40 kHz. The gases used are high-purity ammo-
nia and high-purity silane. During the experiment,
the reaction gas is directly introduced into the reac-
tion chamber. The pressure of the reaction chamber
is 200 Pa, the reaction temperature is 400 °C, the
ammonia flow is 5,000 sccm, the silane flow range
is 300—-1,200 sccm, and the power range of high-fre-
quency power supply is 5-8 kW. The composition
of the film was analyzed by Nicolet 6,700 Fourier
transform infrared spectroscopy of Thermo Fisher
Scientific. CDF type high-temperature sintering
furnace produced by Despatch is used for high-tem-
perature rapid heat treatment of silicon nitride film,
and WCT120 minority carrier life tester of Sinton
company is used for minority carrier life test.

4. Experimental results and discus-
sion

4.1 Effect of high-frequency power on refrac-
tive index and growth rate of silicon nitride
film

Silicon nitride films were prepared under differ-
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ent power conditions. The high-frequency power was
3-8 kW, the silane flow rate was 900 sccm, the am-
monia flow rate was 5,000 sccm, the reaction cham-
ber pressure was 200 Pa and the reaction temperature
was 400 °C. Twelve silicon wafers were extracted
from each condition, and 5 points of data were tested
for each wafer, and the average value was taken.
With the increase of high-frequency power, the
refractive index of the film shows a curve change.
The refractive index of silicon nitride film is deter-
mined by the silicon nitrogen ratio in the film, and
the silicon nitrogen ratio of the film is determined
by the ratio of silicon atom group and nitrogen atom
group in the plasma. When the mixed gas of silane
and ammonia is affected by high-frequency power
supply, the ionization of silane and ammonia will be
different, and the difference of ionization will lead to

the change of refractive index and growth rate'”.
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Figure 1. Refractive index and growth rate of silicon nitride
films prepared at different powers.

When the power increases from 3 kW to 8 kW,
the refractive index shows a decreasing — increasing
— decreasing — increasing curve. The growth rate of
the film increases with the increase of high-frequen-
cy power. It increases rapidly in the range of power
3-5 kW and slowly in the range of power 6—8 kW.

4.2 Effect of high-frequency power on refrac-
tive index and thickness uniformity of silicon
nitride film

With the increase of high-frequency power from
3 kW to 8 kW, the standard deviation of refractive
index shows a trend of The standard variance of
refractive index shows a trend of first decreasing —
slowly rising — decreasing — rapidly rising. The stan-



dard variance of film thickness showed a decreasing

— rising — decreasing trend with the increase of

high-frequency power from 3 kW to 8 kW.
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Figure 2. Standard deviation relationship between refractive
index and film thickness of silicon nitride films prepared by
different power.

4.3 Effect of silane flow rate on refractive
index and growth rate of silicon nitride film

Silicon nitride films were prepared under dif-
ferent silane flow rates. The silane flow rate ranged
from 400 to 1,200 sccm, the high frequency power
was 5 kW, the ammonia flow rate was 5,000 sccm,
the reaction chamber pressure was 200 Pa and the
reaction temperature was 400 °C. Twelve silicon wa-
fers were extracted from each condition, and 5 points
of data were tested for each wafer, and the average
value was taken.
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Figure 3. Relationship between refractive index and growth rate
of silicon nitride films prepared by different silane flow rates.
The refractive index of the film increases rap-
idly, when the silane flow rate is from 400 to 800
sccm. The growth rate of the film increased rapidly
— increased slowly — decreased rapidly. The growth
rate of silicon nitride film is directly related to the
density of aminosilane in the plasma, which shows

that when the silane flow reaches a certain degree,
the density of aminosilane in the plasma will de-
crease.

4.4 Effect of silane flow rate on refractive
index and thickness uniformity of silicon ni-
tride film

With the increase of silane flow rate, the stan-
dard deviation of film thickness and refractive index
decreased first and then increased. When the silane
flow rate 1s 800 sccm, the standard deviation of film
thickness and refractive index reaches the lowest
value at the same time.
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Figure 4. Relationship between refractive index and standard
deviation of film thickness of silicon nitride films prepared by
different silane flow rates.

4.5 Effect of high-frequency power on compo-
sition of silicon nitride film

The Fourier transform infrared spectroscopy of
silicon nitride films prepared under different power
conditions were measured. The power range was 3
—8 kW, the silane flow rate was 900 sccm, the am-
monia flow rate was 5,000 sccm, and the pressure of
reaction chamber is 200 Pa and the reaction tempera-
ture is 400 °C.

It can be seen from Figure 5 that when the
high-frequency power is 3 kW, the N-H and N-H,
absorption peaks cannot be observed. With the in-
crease of high-frequency power, the N-H and N-H,
bond absorption peaks in the spectral curve gradually
strengthen. This is because when the power is 3 kW,
the dissociation rate of NH; molecules is low'”. The
number of nitrogen molecules in the plasma is rela-
tively small, all activated nitrogen molecules are in-
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volved in the formation of aminosilane, and there are
no free nitrogen molecules in the plasma, so there
are no N—H and N-H, groups in the silicon nitride
film. With the increase of high-frequency power, the
number of activated nitrogen molecules in the plas-
ma increases, and the free nitrogen molecules begin
to connect directly to the skeleton of silicon nitride
film.

Absorption intensity

1 1 1 1
2000 2500 3000 3500

Wave number/cm™

1
1500

Figure 5. Infrared spectra of silicon nitride films prepared at
different powers.

4.6 Effect of silane flow rate on composition
of silicon nitride film

The FTIR spectra of silicon nitride films pre-
pared under different silane flow rates were mea-
sured. The silane flow rate range was 400-1,200
sccm, the ammonia flow rate was 5,000 sccm, the
high frequency power was 5 kW, the reaction cham-
ber pressure was 200 Pa and the reaction temperature

was 400 °C.
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Figure 6. Infrared spectra of silicon nitride films prepared under

different silane flow rates.
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N-H and N-H, absorption peaks were observed
in all spectral curves. Silane flow rate had little effect
on N-H and N-H, groups in silicon nitride films.

4.7 Influence of film composition on passiva-
tion effect and corrosion rate

In order to determine the passivation effect of
silicon nitride film on silicon wafer, the minority
carrier lifetime of silicon wafer was measured before
and after coating. The minority carrier lifetime of
silicon wafer after rapid heat treatment is measured
to measure the effect of rapid heat treatment on the
passivation of silicon nitride film. The rapid heat
treatment process adopts the standard battery sinter-
ing process, and the silicon wafer is coated on both
sides. The results are shown in Table 1.

The passivation effect of silicon nitride film

Table 1. Minority carrier lifetime test diagram of silicon wafer before coating, after coating and after rapid heat treatment

Ammonia flow rate/

High-frequency power Minority carrier life-

Minority carrier life-

Sample Silane flow rate /sccm scem /kHz time /um ;::;l: (after annealing)
a 900 5,000 3,000 35 56

b 900 5,000 8,000 47 106

c 400 5,000 5,000 52 102

d 1,200 5,000 5,000 46 108

on silicon wafer comes from the H atom produced
during deposition”, the H atom in plasma comes
from the dissociation of gas, and the frequency pow-
er directly affects the dissociation rate of gas. Be-
cause of the lowest high frequency power, sample a
is of the lowest minority carrier lifetime. The passiv-
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ation during rapid heat treatment comes from the H
atom formed by the fracture of N—H bond in silicon
nitride. According to the test results of Fourier trans-
form infrared spectroscopy, the number of N-H and
N-H, groups in sample a are the least, so the minori-
ty carrier lifetime increase of sample a is the lowest,



and the number of N-H and N—-H, groups in samples
b, c and d are the same, so the difference of minority
carrier lifetime increase is small.

4.8 Effect of silicon nitride film on conversion
efficiency of solar cells

In order to ensure good antireflection effect,
the optical thickness of silicon nitride is controlled
at about 160 nm. Due to the characteristics of sin-
gle-crystal suede, the incident light will be reflected
on the silicon wafer surface for many times and

pass through the silicon nitride film for many times.
Therefore, on the single-crystal solar cell, the light
absorption coefficient of silicon nitride has a signif-
icant impact on the cell efficiency, and the light ab-
sorption coefficient of silicon nitride increases with
the increase of refractive index!"”. Under the influ-
ence of minority carrier lifetime and refractive index,
the conversion efficiency of sample c is the highest
and that of sample d is the lowest.

Table 2. Effect of PE parameters on battery efficiency

Silane flow rate/ Ammonia flow

High-frequency

Film thickness / Battery efficiency

Sample scem rate/sccm power /W nm Refractive index /%

a 900 5,000 3,000 75.1 2.16 19.72
b 900 5,000 8,000 73.4 2.20 19.84
c 400 5,000 5,000 78.1 2.06 19.98
d 1,200 5,000 5,000 67.7 241 19.67
5. Conclusion References

The refractive index and growth rate of thin
films are determined by gas flow and high-frequen-
cy power supply. By adjusting the gas flow and
high-frequency power matching, the standard devi-
ation of refractive index and film thickness can be
minimized, i.e., there is an optimization condition to
optimize the consistency and uniformity of silicon
nitride film.

The ionization degree of reaction gas and the
composition of silicon nitride film are directly deter-
mined by the reaction gas flow and high-frequency
power supply.

The composition of silicon nitride film directly
determines the passivation effect of silicon nitride
film. Before and after rapid heat treatment, the pas-
sivation effect of films with high content of N-H and
N-H, is obviously strengthened, but the cell efficien-
cy is affected by both the passivation effect and the
extinction coefficient of films.
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ABSTRACT
The N-doped graphene/bismuth sulfide (NG/Bi,S;) composite was synthesized by hydrothermal method. The

structure and properties of the catalyst were characterized by X-ray powder diffraction, Raman spectroscopy, scanning
electron microscopy and UV-visible near-infrared diffuse reflectance spectroscopy. The degradation of ammonia-N was
studied using 0.050 g NG/Bi,S; as photocatalyst under near-infrared light irradiation. The results show that the degrada-
tion ratio of ammonia-N reaches 91.4% in 100.0 mg-L "' ammonia-N solution with pH 9.0 under near-infrared light irra-
diation for 10 h. Under similar conditions, the degradation ratio of ammonia-N is only 65.5% when pure Bi,S; is used as
the photocatalyst. Kinetic studies show that the ammonia-N degradation follows the first-order reaction kinetics, and the
average value of the apparent rate constant is 0.1240 h™'. Catalyst stability studies show that the degradation ratio of am-
monia nitrogen in 7 runs is still greater than 85.5%, which indicates that the NG/Bi,S; composite catalyst is very stable.
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Ammonia nitrogen (NH,/NH,) has become a major pollutant
in water bodies. Industrial sewage, garbage leachate contains a large

1.2 . . .
(121 'When the ammonia concentration is

amount of ammonia nitrogen
too large, it can cause harm to the organisms in the water””’. The World
Health Organization recommends that the total amount of ammonia
nitrogen in drinking water should not exceed 1.5 mg-L'™**. With the
continuous progress of photocatalytic technology, it has become possi-
ble to degrade ammonia nitrogen by using near-infrared photocatalysis.

Bismuth sulphide (Bi,S;) is a semiconductor catalyst with a
near-infrared light response. Its band width is approximately 1.3 eV.
The catalyst has good prospect in thermal power'”, photovoltaic cells
and flexible solar cells'”. The Bi,S; lattice belongs to an orthogonal
crystal line. It is anisotropic and easy to form crystal structures with
high aspect ratio under suitable growth conditions'™. Its synthetic prod-

9 10 : 11
®1 nanorods"”, nanodisk'", etc. Because

ucts mainly include nanowire
aza-graphene (NG) can improve its catalytic activity after compound-
ing with photocatalyst"*'%, Bi,S,is synthesized by hydrothermal meth-

od, and then NG is loaded on Bi,S; to form NG/Bi,S; composite pho-
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tocatalyst, and the degradation of the performance
of the photocatalyst under near-infrared light was
investigated.

2. Experiment

2.1 Drug

Graphite powder was purchased at Shanghai
Colloidal Chemical Factory. Bi(NO,);-5H,0 was
purchased from Sinopharm Chemical Reagent Co.,
Ltd. NaOH, thiourea and KMnO, were all purchased
from Shanghai Reagent General Factory, China.
NH,CIl was purchased from Cangzhou Tengcheng
Chemical Products Co., Ltd. H,O, was purchased
from Wuxi Zhanwang Chemical Co., Ltd. Concen-
trated H,SO, was purchased from Kunshan Dongmei
Chemical Co., Ltd.

2.2 Preparation of graphene oxide

Graphene oxide (GO) was synthesized by im-
proved Hummers method"”. Accurately weigh 3.0
g of graphite powder and wash with 10% dilute hy-
drochloric acid twice, then wash it with deionized
water to neutral, and dry it at 60 °C for 12 h. Firstly,
accurately weigh 1.0 g of cleaned graphite powder
into a 500 mL beaker and place it into the water
bath and stir continuously at low temperature (<5
°C). Secondly, 15.0 mL concentrated sulfuric acid
was accurately added to the suspension of graphite
powder, and magnetic stirring was carried out for 30
min. 3.0 g potassium permanganate was accurately
weighed, and slowly added to the mixture, stirring
for 30 min, controlling the temperature not to exceed
20 °C. Take an accurate amount of 45 mL deionized
water, slowly drop into the mixture, and stir contin-
uously for 30 min. Finally, hydrogen peroxide solu-
tion (10%, 150 mL) was added slowly and stirred
at room temperature for 24 h. Stand still, wash to
neutral, take the lower mixture and dry it in a 60 °C
vacuum drying oven for 24 hours to obtain GO.

2.3 Preparation of aza-graphene

Accurately weigh 70 mg GO and disperse it in
50 mL of deionized water by ultrasound. Accurately
weigh 21.0 g of urea and add it to the above solution,
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mix it evenly, add water to 70 mL, dissolve it by
ultrasound for 60 min, then transfer it to a high-pres-
sure hydrothermal reactor, and heat it tightly at 170
°C for 12 h. After the sample is cooled to room tem-
perature, it is washed and filtered with deionized wa-
ter and dried in a 60 °C vacuum drying oven for 24
hours to obtain NG.

2.4 Preparation of the NG/Bi,S,

Accurately weigh 0.6 g Bi(NO;),-5H,0 (1.24
mmol) and disperse it in 20.0 mL deionized water
by ultrasound. Weigh 15.9 mg NG(Bi,S; 5 wt%) and
slowly add it to the above solution for ultrasonic dis-
persion for 30 min. Accurately weigh 0.188 g (2.48
mmol) of thiourea, dissolve it in 20 mL of deionized
water, slowly drop it into the above suspension, and
continue stirring for 3 h. Accurately measure 10 mL
NaOH (1 mol-L™), slowly add it to the above solu-
tion, and continue stirring for 2 h. Finally, the total
volume of the solution is controlled at about 60 mL.
The suspension is transferred to a 100 mL stainless
steel autoclave, heated to 150 °C in the oven and
maintained for 14 h. Cool the sample naturally to
room temperature, then wash, filter and dry it in a 60
°C vacuum drying oven for 24 h to obtain NG/Bi,S;
hybridization photocatalyst. Similarly, Bi,S; can be
prepared.

2.5 Characterization of catalyst

The crystal phase structure of the catalyst was
characterized by X-ray powder diffraction (XRD,
X-ray powder diffractometer, model: D8/DISCOVE,
Brooke Company, Germany). The X-ray source
is Cu-Ka. The radiation wavelength is 0.154 nm,
and the tube voltage and tube current are 40 kV
and 40 mA respectively. Scanning electron micro-
scope (SEM, scanning electron microscope, model:
TecnaiG220, American FEI company) is used to
characterize the morphology and particle size of the
catalyst. The diffuse reflectance spectra of the sam-
ples were measured by UV-Vis diffuse reflectance
spectroscopy (UV-Vis DRS, UV-Vis diffuse reflec-
tance spectrometer, model: Shimadzu UV 3600 plus,
Shimadzu company, Japan). The Raman spectra
of the samples were measured under 633 nm laser



excitation (Raman spectrometer, model: LabRam
HR800, HORIBA Jobin Yvon Company, France).

2.6 Photocatalytic degradation assay

LED lamps with wavelength of 850 nm were
used as a light source. The degradation of ammonia
nitrogen was carried out in a 100 mL glass beaker
with a cooling device, surrounded by tin foil, and the
distance between the light source and the ammonia
nitrogen solution is approximately 15 cm. The con-
centration of ammonia nitrogen was 100 mg-L ', vol-
ume was 50 mL and the catalyst amount was 0.050
g. 0.1 mol-L"' NaHCO,-Na,CO, buffer solution was
used to control the reactor solution pH value.

Under magnetic stirring, the reactor containing
the reaction mixture was placed under near-infrared
light. Determine the content of ammonia nitrogen in
the reaction solution by Nessler’s reagent method'"™':
take 1.0 mL of ammonia nitrogen reaction solution
every 1 h, put it into the colorimetric tube, add de-
ionized water to 48 mL, add 1.0 mL of potassium
sodium tartrate and 1.0 mL of Nessler’s reagent, mix
and shake, stand still for 10 min, and determine the
absorbance of ammonia nitrogen reaction solution
by ultraviolet visible spectrophotometer.

The maximum absorbance of the hourly ammo-
nia nitrogen reaction solution was measured accord-
ing to the above method. Referring to Lamberbill’s
law, the ammonia nitrogen concentration is positive-
ly proportional to the absorbance within a certain
range of concentrations.

C; A;
Ndegradation rate of NHf /NH; = (1 - C_;) X 100% = (1 - A_;> X 100%

Among them, C, is the initial concentration of
ammonia nitrogen. 4, is the absorbance of the initial
solution. C; is the concentration of the remaining
ammonia nitrogen, and 4, is the absorbance of the
remaining ammonia nitrogen.

3. Results and discussion

3.1 X-ray powder diffraction characterization

Figure 1 shows the XRD diffraction patterns
of NG, Bi,S; and NG/Bi,S,. The diffraction surface
corresponding to each diffraction peak is shown in
Table 1, which is consistent with the spectrum of
standard card JCPDS 17-0320. Comparing curves
Figure 1(b) and Figure 1(c), it can be seen that the
diffraction pattern of NG/Bi,S; is basically consis-
tent with Bi,S;. At the same time, the diffraction
peak of (002) plane of NG at 26.2° is observed in the
diffraction pattern of NG/Bi,S;, indicating that NG
and Bi,S; form a complex substance.
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Figure 1. XRD patterns (a. NG, b. Bi,S;, c. NG/B4i,S;).

Table 1. Results of the XRD analysis of the Bi,S; samples

20/(°) (hKl) 20/(°) (hKl) 20/(°) (hKl)

20/(°) (hKl)

20/(°) (hkl) 20/(°) (hkl) 20/(°) (hkl)

22.39 (220) 28.61 (211) 33.92 (311) 39.89 (141) 46.66 (501) 52.62 (351) 62.59 (171)
23.72 (101) 31.66 (040) 35.58 (240) 42.40 (241) 48.27 (060) 53.78 (061) 64.42 (271)
24.93 (130) 32.94 (301) 39.05 (041) 45.54 (002) 49.01 (160) 59.09 (242)

3.2 Catalyst topography characteri-
zation

Figure 2 is the SEM image of NG, Bi,S; and
NG/Bi,S, samples. It can be seen from Figure 2(A),
that NG is a two-dimensional layered structure. In
Figure 2(B), it can be observed that Bi,S, is about 3

—5 wm in length. A rod structure with a radius isabout
20-30 nm. In Figure 2(C), it can be clearly observed
that Bi,S, particles are well dispersed on the surface
of NG, indicating that Bi,S; and NG are well com-
bined.



Figure 2. SEM spectrum (A. NG, B. Bi,S;, C. NG/Bi,S,).

3.3 Raman spectral characterization

Figure 3 is the Raman spectra of NG, Bi,S;
and NG/Bi,S;. As can be seen from Figure 3, 112.4
and 238.9 cm™' are the two characteristic peaks of
Bi,S,"”. Two characteristic peaks can be observed at
1,567 cm™' and 1,334 cm ', respectively, representing
the G-band and D-band of graphene, of which 1,567
cm ' (G-band) is the E,, vibration mode of graphene,
and 1,334 cm™' (D-band) is caused by the defects and
irregular structure of graphite structure™*". It can be
seen from Figure 3 that the Raman peaks of Bi,S;
and NG are well combined, which further confirms
the existence of NG in Bi,S; composite catalyst.
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Figure 3. The Raman spectra (a. Bi,S;, b. NG, ¢. NG/Bi,S,).

3.4 Near-infrared diffuse spectra visible from
the UV

Figure 4 shows the UV-VIS-NIR diffuse reflec-
tance spectra of Bi,S; and NG/Bi,S; samples. It can
be seen from Figure 4 that the absorption of Bi,S,
is enhanced in the near infrared region. Comparing
curve (a) and curve (b) in Figure 4, it can be found

that Bi,S; has absorption red shift after doping NG.
Based on UV-VIS-INF-DRS spectrum, according to
Tauc® equation, the direct band gaps of Bi,S, and
NG/BI,S; can be calculated.

(ohv)"= (Ahv — Eg)

In the formula, A is the constant of the semicon-
ductor material; h is the Planck constant, v is the fre-
quency of light; a is the light absorption coefficient,
Eg is the forbidden band width of the semiconductor,
and n = 2 is the direct band gap.

Figure 5 are the two Tauc curves calculated
from the data in Figure 4, with the direct band gap
values for Bi,S;, NG/Bi,S; of 1.32 eV and 1.29 eV,
respectively. This means that after doping with NG,
the Bi,S; band width is reduced. Therefore, after the
addition of NG, the absorption efficiency of incom-
ing light can be effectively improved to improve the
utilization of sunlight.
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Figure 4. UV-visible-near-infrared light diffuse spectrum (a.
Bi,S;, b. NG/Bi,S;).
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1.3

3.5 Photocatalytic degradation of ammonia
nitrogen experiment

3.5.1 Degradation of ammonia nitrogen under
near-infrared light

The photocatalytic activities of Bi,S; and NG/
Bi,S; were studied under different reaction condi-
tions. In Figure 6, take 0.050 g NG/Bi,S, as the
catalyst to prepare 50 mL ammonia nitrogen solution
with an initial concentration of 100 mg-L"', adjust
the pH value of the water body to 9.0, and the degra-
dation rate can reach 91.4% after 10 h. As shown in
curve (b), 0.05 g Bi,S, was used as catalyst, and the
degradation rate reached only 65.5% after 10 h un-
der similar conditions. This shows that the addition
of NG enhances the catalytic activity of Bi,S; Curve
(c) shows that the ammonia nitrogen removal rate is
only 22.3% after 10 h without light. Curve (d) shows
that the volatilization rate of ammonia nitrogen is
only 10% even when there is near-infrared light
without catalyst. In conclusion, NG/Bi,S, can effec-
tively degrade ammonia nitrogen under near-infrared
light radiation.
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Time /h

Figure 6. Near-infrared photocatalytic degradation of ammonia
nitrogen curve.

Note: Degrading conditions: the solution volume = 50 mL, and
the initial concentration of ammonia nitrogen C = 100 mg-L "',
pH=9.0. a. 0.050 g NG/Bi,S; + Near-infrared light; b. 0.050 g
Bi,S; + Near-infrared light; ¢. 0.050 g NG/Bi,S; Empty-Illumi-
nation; d. Only Near-infrared light, without catalyst.

3.5.2 Effect of pH value on the degradation of
ammonia nitrogen

Figure 7 shows the effect of pH on photocatalyt-
ic degradation of ammonia nitrogen. The degradation
rate of ammonia nitrogen with pH value from 7.0 to
10.5 was investigated. When the pH of the solution
is 7.0, the degradation rate of ammonia nitrogen is
10.0% after 10 hours of reaction. When the solution
pH = 8.0, the degradation rate of ammonia nitrogen
increased to 22.4%. When the pH value of the solu-
tion continued to increase to 9.0, the ammonia nitro-
gen degradation efficiency reached the highest value
0f 91.3%. Then, with the increase of pH value of the
solution, the degradation rate of ammonia nitrogen
decreased slightly, which were 81.0%, 76.6% and
72.4% respectively. This is because NH," is ionized
with the increase of pH, and the concentration of
NH, will increase with the increase of pH™, which
is conducive to the adsorption of NH, on the catalyst
surface. When the pH of the solution is >9.0, com-
petitive adsorption of OH may occur, which reduces
the adsorption amount of ammonia nitrogen on the
catalyst surface, resulting in the decline of degrada-
tion efficiency.
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Time /h
Figure 7. Effect of pH value on the degradation rate of ammonia
nitrogen.
Note: Degradation conditions: in near-infrared light, the solution
volume is V=50 mL, and the initial concentration of ammonia
nitrogen is C =100 mg-L™', NG/Bi,S, of mass m = 0.050 g. a.
pH=7.0;b. pH=28.0; ¢. pH=9.0; d. pH=9.5; e. pH =10.0; f.
pH=10.5.
3.5.3 Effect of the catalyst dosage on the deg-

radation of ammonia nitrogen

Take a certain amount of NG/Bi,S; catalyst and
degrade the ammonia nitrogen solution with an ini-
tial concentration of 100 mg-L ™" under near-infrared
light, as shown in Figure 8.
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Figure 8. Effect of the catalyst dosage on the degradation rate of
ammonia nitrogen.

Note: Degradation conditions: in near-infrared light, the solution
volume is V=50 mL, and the initial concentration of ammonia
nitrogen is C=100 mg-L™', pH=9.0. 2. 0.050 g; b. 0.10 g; c.
0.15g;d. 0.20 g.

It can be seen from the curve in the figure that
when the amount of catalyst is 0.050 g, the degrada-
tion rate of ammonia nitrogen reaches the best value.
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When the amount of catalyst increased from 0.050 g
to 0.20 g, the efficiency of ammonia nitrogen degra-
dation decreased gradually. Too much catalyst may
lead to uneven dispersion and agglomeration of cat-
alyst, thus affecting the contact between catalyst and
solution and reducing catalytic activity.

3.5.4 Effect of NG doping on ammonia nitro-
gen degradation

Figure 9 shows the effect of NG content in the
catalyst on photocatalytic degradation of ammonia
nitrogen. The percentage of NG increased from 0.0%
to 9.0%. In the initial stage, with the increase of NG
content, the ammonia nitrogen degradation rate in-
creased continuously. When NG increased to 3.0%,
the ammonia nitrogen degradation rate reached the
maximum value of 91.4%. When the content of NG
exceeds 3.0%, the efficiency of ammonia nitrogen
degradation is decreasing.

100p

80

60

40

Degradation rate /%

20

Time /h

Figure 9. Effect of NG content on the degradation rate of ammo-
nia nitrogen.

Note: Degradation conditions: in near-infrared light, solution
volume V' = 50 mL, initial concentration of ammonia nitrogen C
=100 mg-L"', pH = 9.0, and mass of NG/Bi,S;is 0.050 g. a. 0%;
b. 1.0%; ¢. 3.0%; d.5.0%; e. 7.0%; f. 9.0%.

3.5.5 Study on reaction Kkinetics

Changing the initial concentration of ammonia
nitrogen, the degradation curve of ammonia nitro-
gen is shown in Figure 10. The analysis shows that
In(Cy/C,) has a linear relationship with the reaction
time ¢, as shown in Figure 11. Therefore, the ammo-
nia nitrogen degradation reaction follows the first-or-
der reaction kinetic equation. The average value of



Gas chromatography analysis shows that the product
[24-26]

apparent reaction kinetic rate constant K, is 0.1240  This shows that the NG/B1,S; catalyst is very stable.
of ammonia nitrogen degradation is nitrogen
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Figure 10. Effect of ammonia nitrogen concentration on the deg-  Note: Degradation conditions: In near-infrared light, solution
volume ¥ = 50 mL, initial concentration of ammonia nitrogen C
=100 mg-L", pH = 9.0, and mass of NG/Bi,S; is 0.050 g.

radation rate of ammonia nitrogen.
Note: Degradation conditions: solution volume /=50 mL, pH =

9.0, and mass of NG/Bi,S; is 0.050 g. a. 5 mg-L'; b. 50 mg-L;
4. Conclusion
NG/Bi,S; composite photocatalyst was synthe-

sized in one step by hydrothermal method. Using its
narrow band gap, ammonia nitrogen in water was
degraded by near-infrared light. The experiment
results show that the photocatalytic activity of the
composite catalytic material NG/Bi,S; is higher than
that of Bi,S;. When the initial concentration of am-
monia nitrogen was 100.0 mg-L"', the pH value of
the solution was 9.0, the amount of catalyst was 0.050
g, the loading amount of NG was 3 wt% and the
near-infrared light was irradiated for 10 h, the effi-
Figure' 1.1'. The relati_ons.hip between ln(CO( C) and time ¢ at ]dif- ciency of ammonia nitrogen degradation of NG/Bi,S,
ferent initial ammonia nitrogen concentration. (a. 25 mg-L"; b. . ..
composite reached 91.4%. The kinetic study shows
that the degradation of ammonia nitrogen follows the
first-order reaction kinetic law, and the average value

c.75mg L.
1.6

1.2

uot
e
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()0 A A i A
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50 mg-L';¢. 75 mgLY).

3.5.6 Stability of catalyst
of its apparent rate constant is 0.1240 h™".

In order to evaluate the stability of the catalyst,
cyclic catalytic experiments were carried out on the . .
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ABSTRACT

To improve the cathode electro-catalytic degradation performance of electrochemical advanced oxidation processes
(EAOP), Pd metal and CeO, co-modified Nano-graphite (Pd/CeO,/Nano-G) composite was synthesized by chemical
precipitation and reduction methods, and Pd/CeO,/Nano-G cathode was prepared by a hot-pressing method. The as-pre-
pared composite and electrode were characterized by X-ray photoelectron spectroscopy, X-ray diffraction and scanning
electrons microscopy. Results revealed that the mix-crystal structural CeOx (Ce,0; and CeO,) and Pd’ metal were
formed. The cathode was applied for the electro-catalytic degradation of phenol wastewater. The degradation efficiency
of phenol by Pd, /CeO,;,/Nano-G cathode reached 99.6% within 120 min degradation, which were higher than that of
CeO,; /Nano-G and Nano-G cathodes. Both of the Pd metal and CeO, could improve the O, reduction to H,0O, and pro-
mote the H,0O, dissociation to *OH for phenol oxidation. Additionally, the effects of electro-catalytic reaction parameters
on the phenol degradation were investigated. The results indicated that Pd/CeO,/Nano-G cathode would have promise
for further practical application in organic wastewater treatment.

Keywords: Electrochemical Cathode; Nano-graphite; CeO,; Pd Modification; Phenol Degradation

ARTICLE INFO 1. Introduction

Phenolic compounds, as a kind of ubiquitous, toxic, and harmful
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pollutants, such as higher efficiency, more thorough reaction, and no
secondary pollution®”!. Electrochemical advanced oxidation technol-
ogy has been widely used because of its advantages of space-saving,
easy operation, and high efficiency'®”. This technology mainly uses the
generation of active species with strong oxidation ability and no se-
lectivity during the electrochemical reaction, such as hydroxyl radical
(*OH) and hydrogen peroxide (H,0,), to realize the degradation and
mineralization of organic matter in water'®. The electrochemical cell is
mainly composed of an anode, cathode, and electrolyte, among which
there are relatively many studies on anode materials™'". In the electro-
chemical reaction process, the cathode mainly produces the reduction
reaction of O, initiated by 2 electrons, and the generated H,O, is further
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decomposed into *OH under the action of catalyst,
to realize the degradation reaction of organic matter
catalyzed by cathode!’"?. Therefore, researching
and developing new efficient cathode materials great
significantly improve the performance of the electro-
chemical cell.

In recent years, carbon materials (graphite,
carbon black, activated carbon, etc.) are often used
as a cathode to catalyze O, reduction reactions be-
cause of their cheap and stable characteristics'* ",
Nano-graphite, as a new carbon nanomaterial, has
excellent physical and chemical properties, for ex-
ample, it has good thermal stability and conductivity.
In particular, the porous structure and large specific
surface area of Nano-graphite are conducive to the
uniform and stable loading of other catalyst mate-
rials on its surface, to improve the catalytic perfor-
mance of Nano-graphite!”'"*. Rare earth compounds
have unique physical and chemical properties, so
they are used in many fields. As an important rare
earth element, cerium oxide (CeO,) has been widely
concerned because of its good performance as the
catalyst, catalyst carrier, solid electrolyte in fuel cell,
and oxygen sensing material'>*". In addition, noble
metal materials such as Pd and Pt have an excellent
catalytic effect on cathode oxygen reduction reac-
tion, so they are often used to improve the perfor-
mance of cathode materials””'**. The results of the
author’s previous work show that by regulating CeO,
(coexistence of Ce’" and Ce*) to build a complex
with Nano-graphite, we can not only promote the
production of H,O, but also convert it into *OH, to
immensely improve the catalytic performance of the
cathode™

performance can be further improved by introducing

. On this basis, whether the electrocatalytic

precious metals remains to be studied.

In this work, ceria (CeO,) and metal Pd co-mod-
ified Nano-graphite composite materials were pre-
pared by chemical precipitation and formaldehyde
reduction, then electrochemical cathode prepared by
the hot pressing method for electrocatalytic degra-
dation of phenol wastewater. SEM, XRD, and XPS
were used to analyze the morphology and compo-
sition of the composites, optimize the reaction con-
ditions and reveal the mechanism of improving its

91

catalytic activity.

2. Experiment

2.1 Reagents and instruments

The main reagents used in the experiment are
as follows: Ce(NO;);*6H,0(AR), PdCI,(AR), natu-
ral flake graphite(200 mesh, 95% C), formaldehyde
solution (AR), potassium permanganate (AR), abso-
lute ethanol (AR), ammonia (AR), etc. SEM (Philips
XL-30-ESEM-FEG), XRD(XRD-D/max III B),
tube voltage 40 kV, tube current 30 mA, Cu Ka),
XPS (PHI5700), voltage 12.5 kV, current 30 mA, Al
Ka). The morphology, crystal structure, and element
composition of a series of samples characterized.
Analyzing the catalytic reaction products by ultravi-
olet-visible spectrophotometer (T6) and fluorescence
spectrophotometer (LS55, Perkin Elmer).

2.2 Characterization method of material ac-
tivity

2.2.1 Preparation of composite cathode

Use the stainless steel mesh after pickling and
caustic washing as the electrode support. Place
the beaker with composite materials in a constant
temperature water bath pot at 65 °C, and add an ap-
propriate amount of binder polytetrafluoroethylene
(PTFE) emulsion and dispersant anhydrous alcohol
to the mixture under the stirring conditions. Put the
mixed paste on the stainless steel net and roll it re-
peatedly with a roller press to make the paste firmly
adhere to the stainless steel net. Place the composite
electrode prepared above in distilled water, heat and
boil for 30 min, take it out and dry it in an 80 °C
oven for 2 h.

2.2.2 Electrochemical performance test meth-
od

The device consists of an electrolytic cell, DC
regulated power supply (dual-channel DC power
supply, DH1715A-5), diaphragm, anode and cath-
ode electrodes, and air aeration device. The electro-
lytic cell is a plexiglass reactor with 120 mL. It uses
cotton cloth as the diaphragm, self-made composite
electrode as a cathode, titanium coated ruthenium



material as an anode, sodium sulfate as supporting
electrolyte (0.1 M), simulating the degradation of
phenol wastewater (100 mg/L) (the size of cath-
ode and anode is 4 cm X 4 cm). The absorbance of
phenol solution at different electrolysis times was
measured with a T6 UV-Vis spectrophotometer at
the wavelength of 510 nm. And then draw the phenol
standard curve. Determine the concentration of phe-
nol by 4-amino antipyrine spectrophotometry. The
calculation formula is as follows: X% = (C, — C)/C,
x 100%, where C, is the initial concentration of phe-
nol and C, is the phenol concentration at time ¢.

Determination of H,0O, concentration: hydrogen
peroxide is a strong oxidant and will be oxidized
only reacting with a stronger oxidant. Therefore, po-
tassium permanganate titration is used to detect the
concentration of hydrogen peroxide. The reaction is
as follows: 2KMnO, + 3H,SO, + 5H,0, — K,SO, +
2MnSO, + 50,1 + 8H,0. The calculation formula of
H,0, concentration is as follows: C = (V x 34 x 5 x
0. 002 x 1000)/(25 x 2), in which C is the concentra-
tion of H,O,; V' is the volume of potassium perman-
ganate.

Detection of hydroxyl radical: hightly fluores-
cent substances of 2-OHBZ and 3-OHBZ strong gen-
erate after the reaction of benzoic acid with hydroxyl
radical, which can be indirectly determined by the
change of fluorescence intensity. LS55 fluorescence
spectrophotometer produced by Perkin Elmer com-
pany is used to detect the concentration of 3-OHBZ.
The experimental conditions are as follows: the ex-
citation wave is 305 nm, the emission wavelength is
300-600 nm, the incident and exit narrow are 10 nm,
and the sensitivity is medium.

2.3 Experimental process

2.3.1 Preparation of Nano-graphite

Natural flake graphite with a particle size of
200 mesh is the raw material. Mix it with potassium
permanganate, and pour them into a beaker filled
with perchloric acid, then stirred evenly. Placed in a
constant temperature water bath for 40 min. Transfer
the mixture to a large container, and wash it repeat-
edly with distilled water until the filtrate is neutral,
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filter it and dry it in an 80 °C oven to obtain graph-
ite interlayer compound. Put the graphite interlayer
compound into a crucible and microwave expanded
for 20 s to get expanded graphite. The prepared ex-
panded graphite is added to ethanol solvent to form a
uniform suspension, crushed in an ultrasonic cleaner
for 12 h, and dried in an oven at 80 °C to obtain Na-
no-G.

2.3.2 Preparation of ceria

Ce(NO,);°6H,0 was dissolved in deionized
water to prepare Ce(NO,), solution with some con-
centration. Add a certain amount of ammonia to the
above solution, stir with the magnetic force for 2 h,
and then age. The precipitate was washed with de-
ionized water and ethanol many times, dried in an 80
°C oven, and calcined in a muffle furnace at 450 °C
for 2 h to obtain a light yellow ceria powder.

2.3.3 Preparation of ceria/Nano-graphite
composites

CeO,,/Nano-G composites were prepared by
chemical precipitation method with Nano-graphite
and cerium nitrate as raw materials. The specific
process is as follows: Ce(NO;);*6H,0 was dissolved
in deionized water to prepare 100 mL of Ce(NO,),
solution with some concentration. Add 1.5 g of Na-
no-graphite into the beaker containing the solution
above, stir and mix evenly, add ammonia as pre-
cipitant, magnetic stirring for 12 h, and static aging
at room temperature for 12 h. Wash the obtained
precipitate with ethanol and deionized water many
times, filter it, and then dry in an 80 degrees cen-
tigrade oven. After calcination at 450 degrees cen-
tigrade in a muffle furnace for 2 h, it obtains ceria/
Nano-G, which was recorded as CeO,,/Nano-G, and
n was the mass percentage of Ce(NO,);°6H,0 added
(3.0%, 5.0%, 7.0%, 9.0%), which was successively
marked as CeO,; ,/Nano-G, CeO,; ,/Nano-G, CeO,, ,/
Nano-G, CeO,,,/Nano-G.

2.3.4 Preparation of palladium and ceria co
modified Nano-graphite composites

1.5 g CeO,;5/Nano-G composite was added to
deionized water and stirred evenly at 80 °C. Weigh
an appropriate amount of palladium chloride (PdCl,)



and dissolve it in concentrated hydrochloric acid.
After palladium chloride is completely dissolved,
add 15 mL of water for dilution, and then add it to
the above solution drop by drop. Magnetic stirre at
80 °C for 2 h, cool to 40 °C, add 36% formaldehyde
solution drop by drop to the mixture above, stir for
30 min, then add 30% sodium hydroxide solution
drop by drop, and adjust the pH of the mixture be-
tween 8-9. After repeated washing and filtration
with deionized water then drying in an oven at 80
°C, the obtained product is palladium/cerium oxide/
Nano-graphite composite, which records as Pd,/
CeO,; /Nano-G, m is the mass percentage of PdCl,
added (1.0%, 2.5%, 3.0%), and then labeled as Pd, ,/
CeO,; /Nano-G, Pd, ,/ CeO,; /Nano-G, Pd, ,/CeO,s o/
Nano-G.

3. Results and discussion

3.1 Material composition and morphology
analysis

As can be seen from Figure 1(a), the XRD
patterns of Nano-graphite show two diffraction
peaks at 26 = 26.6° and 54.6°, corresponding to the

@ (002) — Nano-G
— CeOss¢/Nano-G

— Pd; o/CeOys /Nano-G

Intensity /a.u.

Pd
(111)

004)(311)
11)(200) (220) (004)

J

20

40 50 60 70

26 / (degree)

30

characteristic diffraction peaks of (002) and (004)
crystal surfaces of graphite materials (JCPDS No.
08-0415)**. In CeO,/Nano-G composite samples,
new diffraction peaks appear at 26 = 28.5°, 33.1°,
47.5°, and 56.4° respectively, corresponding to the
characteristic diffraction peaks of (111), (200), (220)
and (311) crystal planes of CeO,, respectively. It in-
dicates that cerium oxide has successfully loaded on
the surface of Nano-graphite’™'. The diffraction peak
at 20 = 28.6° is sharp, which indicates that the load-
ed cerium oxide has a good crystallinity. The particle
size of cerium oxide is about 10 nm calculated by
the Scherer formula. In addition, the characteristic
diffraction peak of graphite still exists in the com-
posite sample, indicating that the crystal structure of
graphite does not change significantly in the process
of loading cerium oxide. In Pd, ,/CeO,;,/Nano-G, it
shows that 20 = 40.1° is the characteristic diffraction
peak of palladium (111) crystal plane (JCPDS No.
01-1201)", indicating that Palladium has success-
fully loaded on cerium oxide/Nano-graphite. Due
to the low content of palladium, the intensity of the
diffraction peak is weak.

(b)

Figure 1. XRD patterns. (a) of Nano-G, CeO,;/Nano-G and Pd, /CeO,;/Nano-G composite, and SEM image; (b) of Pd, ,/CeO,s o/

Nano-G composite cathode.

As illustrated in Figure 1(b), the mixture of Pd/
CeO,/Nano-G, ethanol, and PTFE emulsion is more
homogeneous. The addition of PTFE leads to uneven
distribution of color on the electrode surface, and
the white granular material on the electrode surface
is palladium and cerium oxide particles loaded with
CeO,. In addition, the electrode surface is not smooth
and dense but full of pits and gaps. The reason is that
the loaded palladium and cerium oxide particles are
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filled between the Nano-graphite layers, forming a
well conductive network on the electrode surface.
The pores on the surface are conducive to the mass
transfer of oxygen and increase the effective area of
a three-phase reaction. It will be conducive to the oc-

. -2
currence of a cathode oxygen reduction reaction’”
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It shows that in Figure 2(a), the Pd, /CeO,s/
Nano-G composite contains the binding energy peaks
of C ls, O s, Ce 3d, Ce 4p, and Pd 3d”*""". Figure
2(b) is the XPS spectrum of C Is orbit. The charac-
teristic peaks at the binding energies of 284.6 eV and
285.5 eV belong to the sp2 C—C bond and C-O sin-
gle bond respectively”*”. According to the binding
energy peak position of Ce 3d in Figure 2(c), there
are two valence states of Ce’” and Ce" in the com-
posite sample, of which the binding energy peaks
at 884.3 eV and 902.2 eV belong to Ce’’, 882.5 ¢V,
889.4 eV, 898.5 eV, 900.5 eV, 908.4 eV, while 917.4
eV belong to Ce*". So it infers that there are Ce,0,
and CeO, in the composite sample, and it is a mixed
crystal phase”"*”. Figure 2(d) is the XPS spectrum
of Pd 3d, in which the peaks at 335.5 eV and 340.7
eV correspond to Pd’ 3d 5/2 and Pd’ 3d 3/2 respec-
tively, indicating that palladium in the composite
exists in the form of simple substance***".

3. 2 Study on performance and mechanism of
cathodic catalytic degradation of phenol

3.2.1 Performance of electrocatalytic degra-
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Figure 2. XPS spectrum of (a) Pd, ,/CeO,; /Nano-G composite, and (b) C 1s, (¢) Ce 3d and (d) Pd 3d.
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dation of phenol

It shows that in Figure 3(a), under the condition
of no air explosion, the degradation rate of phenol
by Nano-G cathode is 70.3%. With the increase of
the proportion of composite CeO,, the activity of
composite cathode gradually increases. The activity
of the CeO,; /Nano-G sample reaches 83.5%, and
the activity decreases with the increase of the addi-
tional amount. The reason may be that the introduc-
tion of too much CeO, will cover the active sites on
the electrode surface. To prove the properties of the
composites, it compared the degradation properties
of Nano-G and CeO,5/Nano-G electrodes under the
condition of air explosion. The results showed that
the degradation rate of phenol by CeO,;,/Nano-G
electrode was 93.9%, which was significantly higher
than that of the Nano-G electrode (79.2%). Figure
3(b) focuses on the effect of the introduction of PD
on the performance of the CeO,;,/Nano-G cathode.
The experimental results show that with the increase
of Pd content, the performance of cathodic degra-
dation of phenol is also improved. Under the same
electrolysis conditions, after electrolysis for 80 min,
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Figure 3. Electro-catalytic degradation of phenol by CeO,,/Nano-G cathode with different CeO, content (a), Pdm/CeO,/Nano-G cath-
ode with different Pd content (b), UV-Vis spectral scans of electrolyte on Pd, /CeO,s /Nano-G cathode at different electrolysis time (c),
and repeated utilization of Pd, ,/CeO,;s ,/Nano-G cathode for electro-catalytic degradation of phenol (d).

the corresponding phenol degradation rates of sam-
ples with palladium content of 0%, 1.0%, 2.0% and
3.0% were 67.2%, 78.2%, 90.6% and 99.5% respec-
tively. After 120 min electrolysis, when the palladi-
um content was 0% and 1.0%, the phenol degrada-
tion rates in the cathode chamber were 93.9% and
99.6% respectively. It shows that palladium plays an
important role in the catalytic degradation of phenol.
However, since palladium is the first platinum group
precious metal, from the perspective of cost, this
paper focuses on the mechanism of Pd, ,/CeO,; ,/Na-
no-G composites. The UV-Vis absorption spectra of
phenol solution were studied under the conditions of
different degradation reaction times. It shows that in
Figure 3(c), the initial phenol solution has a strong
absorption peak at 210 nm and 270 nm, which is the
characteristic absorption peak of phenol. With the
gradual progress of the electrolytic reaction, phenol
oxidized, the characteristic structure destroyed, and
the absorption peak gradually weakens and finally
disappears. The degradation of phenol includes three
stages: (1) the conjugated system of double bond
structure of phenol is opened to form benzoquinone
and other substances. (2) benzoquinone is converted
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into some small molecular carboxylic acids. (3) it
is oxidized to carbon dioxide and water. After elec-
trolysis for 20 min, it can see the absorption peak of
benzoquinone at 245 nm. With the passage of deg-
radation time, the absorption peak of benzoquinone
gradually weakens and finally disappears, indicating
that phenol in the system has been degraded"”. In
addition, it further investigated the cyclic stability of
the samples. It shows that in Figure 3(d), the deg-
radation rate of phenol in the cathode chamber does
not decrease significantly after reusing the palladi-
um/cerium oxide/Nano-graphite composite cathode
10 times. If it is continuously used, the degradation
rate of phenol begins to decline, but still maintains a
high degradation rate of phenol. After 15 times of re-
use, it can reach 90%, and the electrode does not fall
off or bubble during use. It shows that the electrode
has good stability and can be reused. It has broad
prospects in the electrocatalytic treatment of organic

wastewater”>.

3.2.2 Mechanism analysis of activity enhance-
ment

To reveal the reason for the high cathode ac-
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phenol: 100 mg/L and electrolysis time: 120 min; aeration.

tivity of Pd, ,/CeO,s,/Nano-G, the concentration of
H,0, produced in the reaction process was analyzed.
As shown in Figure 4(a), it compared the H,0O, con-
centrations in Nano-G, CeO,;,/Nano-G and Pd, ,/
CeO,;/Nano-G cathode chambers, and analyzed
after 120 min of reaction. The results show that the
concentration of H,O, basically reaches saturation
within the first 20 min of the electrolytic reaction,
and the concentration of hydrogen peroxide does not
increase significantly with the increase of time. It is
mainly due to the high concentration of dissolved
oxygen in the cathode chamber at the initial stage of
electrolysis. More hydrogen peroxide is produced by
reduction™. With the increase of electrolysis time,
the cathode is gradually alkaline, while hydrogen
peroxide is unstable under alkaline conditions and is
easy to convert or decompose into peroxy hydrox-
yl anion. On the other hand, the temperature of the
electrolyte increases with the increase of electro-
lytic time, and the content of dissolved oxygen in
the solution decreases with temperature increasing,
which reduces the reduction reaction of cathode oxy-
gen molecules. At high temperatures, H,O, is unsta-
ble and easily converted to *OH. Therefore, the con-
centration of hydrogen peroxide does not increase
significantly with the increase of time. The concen-
tration of hydrogen peroxide produced by Pd,,CeO,/
Nano-G cathode was significantly higher than that
of CeO,/Nano-G cathode (3.13 mg/L) and Nano-G
cathode (2.18 mg/L) when the reaction time was 120
min. The above results indicate that the co-modifica-
tion of cerium oxide and Pd can effectively promote
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G cathode (¢) (Wastewater pH: 7, current density: 39 mA/cm >,

the reduction reaction process of cathode O,, thus
showing a higher generation capacity of hydrogen
peroxide'.

Figure 4(b) shows the hydroxyl radical cap-
ture fluorescence spectra of Nano-G, CeO,/Nano-G,
Pd, /CeO,/Nano-G cathodes after electrolysis for
120 min. It shows that in Figure 4(b), the charac-
teristic absorption peak of 3-OHBZ appears at 415
nm, which indicates that hydroxyl radical gener-
ates in the electrolysis process, and the fluorescent
substance 3-OHBZ generates after interaction with
benzoic acid™. After electrolysis for 120 min, the
fluorescence intensity of CeO,/Nano-G composite
cathode was higher than that of Nano-G cathode, in-
dicating that the hydroxyl radical produced by CeO,/
Nano-G composite cathode was more than that of
Nano-G cathode. The fluorescence intensity of Pd, o/
CeO,/Nano-G composite cathode is higher than that
of CeO,/Nano-G composite cathode, indicating that
Pd/Ce0O,/Nano-G composite cathode produces the
most hydroxyl radicals. The fluorescence detection
of hydroxyl radical shows that the supported palladi-
um can better catalyze the formation of H,0, and the
generation of free radicals. This is because palladium
has better electron reduction catalytic ability and can
also catalyze the decomposition of hydrogen perox-
ide into hydroxyl radical.

In order to determine the active oxidation
species that play an important role in the cathodic
electrocatalytic degradation of phenol, different ac-
tive radical capture agents were added in the elec-
trocatalytic degradation of phenol. Under the same



electrolytic conditions, the effects of different radical
capture agents on the degradation effect of phenol
were investigated to determine the oxidation effect
of different active radicals on Phenol in the electro-
lytic process”**”. Prepare a 1 mol/L solution of hy-
droxyl (*OH) capture agent tert butyl alcohol (TBA)
and hydrogen peroxide capture agent Fe’’-EDTA.
Add 10 mL to 100 mL phenol electrolyte with a
concentration of 100 mg/L respectively. After elec-
trolysis for 120 min, the phenol degradation rate in
the cathode chamber is shown in Figure 4(c). The
addition of different active radical capture agents had
a certain effect on the degradation of phenol. Among
them, the addition of hydroxyl radical capture agent
TBA had an obvious effect on the degradation rate of
phenol, and the degradation rate of phenol decreased
by 51%. The addition of hydrogen peroxide capture
agent Fe’'-EDTA had little effect on the degradation
rate of phenol, and the degradation rate of phenol
decreased by only 22.3%. This shows that *OH is the
main active species of an oxidation reaction in the
process of electrocatalytic degradation of phenol. At
the same time, the supported palladium can catalyze
the cathode oxygen reduction, adsorb oxygen mole-
cules through its d orbital hole, break its O—O bond,
react with H' in the solution, promote the generation
of hydrogen peroxide and hydroxyl radical, and im-
prove the degradation rate of phenol in the cathode

chamber”,

4. Conclusion

In this paper, Nano-G composites co-modified
by elemental Pd and miscible CeO, successfully
prepared by simple chemical precipitation method
and formaldehyde reduction method and were used
to study the performance of cathodic electrocatalytic
degradation of phenol. Compared with pure Nano-G
and CeO,,/Nano-G, Pd, /CeO,,s/Nano-G samples
show higher activity with and without air explosion,
which is mainly due to Ce’* and Ce** valence states
of CeO, in the complex, which is conducive to ini-
tiating O, reduction reaction to produce H,0,, and
co-catalyzing with elemental Pd to produce more ac-
tive species *OH. Thus, the complex showed higher
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performance of electrocatalytic degradation of phe-
nol.
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1. Introduction

Since highly ordered mesoporous SiO, MCM-41 was synthesized
for the first time by scientists of Mobil company in 1992, ordered mes-
oporous TiO, has been widely used in photocatalysis, solar cells and
other fields because of its well-developed and ordered pore structure,
large specific surface area, high porosity and narrow pore size distribu-
tion. It has become one of the research hotspots at home and abroad" .
Mesoporous TiO, has experienced the process from disorder to order,
from small pore sizes to large pore sizes, and from low thermal stabili-
ty to high thermal stability, achieving great progress and showing high
photocatalytic activity'* ®. However, the separation efficiency of pho-
togenerated carriers of pure mesoporous TiO, is still low and can only
absorb ultraviolet light and has low utilization of light. Thus, further
application is greatly limited” *. Constructing mesoporous composites
has become an effective way to solve these problems, which can not
only improve the separation efficiency of photogenerated carriers, but
also can expand the light response range to the visible light region and
improve the utilization of sunlight” . Because this new type of com-
posite materials has the interaction at the pore heterogeneous material
interface, it has the characteristics that nanoparticles and bulk materials
do not have. It greatly expands the application of mesoporous TiO, in
optical and electrical fields'"*"*. This paper reviews the new progress
in the synthesis and classification of ordered mesoporous TiO, and its
composites in recent years.
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2. Synthesis of ordered mesopore
TiO,

2.1 Ordered mesopore TiO, being synthesized
by the soft-template method

Ordered mesoporous TiO, is usually synthesized
by template methods. This method can design the
template according to the size and structure of the
synthetic material in advance. The size, morphology
and structure of synthetic materials can also be reg-
ulated based on the spatial confinement of template
and the regulation of template. Template methods
can be divided into the soft-template method and the
hard-template method according to the characteris-
tics of templates and the difference of the domain
limiting ability. The soft-template method usually
takes surfactants as structural molding agents (tem-
plates). They are organic molecules or super mole-
cules with “soft” structure including ionic surfactants
(quaternary ammonium salts, alkyl phosphates, etc.)
and non-ionic surfactants (amine molecules with dif-
ferent chain lengths, block copolymers, etc.). Using
sol-gel, emulsification and other chemical processes,
interaction between surfactant and inorganic precur-
sor, the mesoscopic structure is assembled through
the interaction of organic-inorganic interface. After
removing the template, mesoporous materials with
different structures are obtained'” . Among various
surfactant templates, block copolymers have attract-
ed much attention because they can form a variety of
morphologies by themselves. Ordered mesoporous
materials with various morphologies can be ob-
tained by using block copolymer as templates. This
is also one of the advantages of using the soft-tem-
plate method"®. Therefore, the self-assembly of soft
matter is an important means of forming a highly
ordered mesoscopic structure. Self-assembly allows
the material to be designed and controllable during
synthesis and it has become the cornerstone of syn-
thetic ordered mesoscopic structures'* %,

At present, orderly mesoscopic TiO, materials
of different structures have been prepared by using
the soft-template method. Wu et al. used amphiphil-
ic triblock polymer HO(CH,CH,0),,(CH,CH(CH,)

0),,(CH,CH,0),,H(EO,,-PO,,-EO,,, P'*) as soft
templates to prepare highly ordered three-dimension-
al hexagonal mesoporous TiO, films"”. Crepaldi et
al. used block copolymer as soft templates to prepare
two-dimensional hexagonal and three-dimensional
cubic highly ordered mesoporous TiO, films and
discussed the formation mechanism in detail"*. Shi-
bata et al. used the cationic surfactant cetyltrimeth-
ylammonium bromide (C'°TAB) as the soft template
and TiOSO, as an inorganic precursor to prepare
hexagonal ordered mesoporous TiO, particles with
crystalline pore walls successfully, and the ordered
mesoporous structure can be stabilized to 450 °C'"".
Professor Zhao Dongyuan and professor Huang
Chunhui took P'* as the soft template and ethanol
as the solvent to successfully prepare ordered mes-
oporous TiO, films with the pore size of 7.4 nm"".
Stucky et al. used block polymer as the soft template
to obtain mesoporous TiO, materials with large pore
sizes””'!. Professor Fu Xianzhi prepared ordered mes-
oporous TiO, films with the pore size of 3.5 nm by

12 22
3 2] However, ordered

using P~ as the soft template
mesoporous TiO, with small pore sizes has large
gas resistance and pore confinement effect, so it is
unfavorable to the entry of functional heterogeneous
components. Therefore ordered mesoporous TiO,
with a large pore size has attracted much attention.
Smarsly et al. prepared large pore ordered meso-
porous TiO, films with a pore size of 10 nm by using
a new PHB-PEO block polymer as a template'”’. By
using tetrabutyl titanate as the inorganic precursor,
block polymer P'* as a structural guide, using the
swelling effect of n-butanol release in situ (Figure
1), the research group successfully prepared ana-
tase-type mesoporous TiO, film material with an
aperture of 14 nm, which showing excellent photo-
catalytic performance. Thus, it lays a foundation for
the further application of mesoporous TiO,,
However, it was found in the exploration of
photocatalytic process using mesoporous TiO,, im-
proving the crystallinity and stability of mesoporous
TiO, are two key factors. If these two problems are
not solved, they will essentially limit their applica-
tion. The crystallinity of TiO, will directly affect its
properties. Usually high crystallization facilitates
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Figure 1. Typical SEM and TEM images of ordered large-pore
size mesoporous TiO,.

the separation of photocarriers and then can improve
their photocatalytic properties”™. It is widely known
that mesoporous TiO, has poor stability. Raising the
calcination temperature is necessary to improve the
crystallinity. This will be accompanied by the growth
and aggregation of TiO, grains and the transforma-
tion of crystalline phase, leading to the collapse of
the mesoporous structure. Therefore, how to improve
the crystallinity of mesoporous TiO, and maintain
its perfect mesoporous structure has become an ur-
gent problem to be solved. People have adopted a
variety of means and methods to try to solve these
two bottleneck factors. Professor Peng Tianyou used
the composite cooperation between SO7  and titani-
um precursors (such as [TiO(H,0)]*" to protect the
mesoporous structure under strong acidic conditions.
The mesoporous TiO, with a pore diameter of about
6 nm can be stabilized to 600 °C"**. Professor Zhao
Dongyuan obtained ordered mesoporous TiO, with
a pore size of about 5 nm by sulfuric acid carboniza-
tion of surfactant. It can be stabilized to 650 °C*".
Based on large pore ordered mesoporous TiO,, we
took organic amine protective molecules to protect
the liquid crystal mesophase structure of the primary
particles of mesoporous TiO,, thus effectively inhib-
iting the aggregation and growth of grains, the col-
lapse of mesoporous network and the transformation

Figure 2. TEM image of the ordered mesoporous TiO, after
being calcined at700 °C.

from anatase to rutile, and successfully preparing
highly stable ordered mesoporous TiO, with high
crystallinity and large pore diameter of 10 nm (Fig-
ure 2). The photocatalytic activity of mesoporous
TiO, was significantly improved. The ordered mes-
oporous structure of anatase phase can be stabilized
to 700 °C (Figure 2)"*. This large pore ordered
mesoporous TiO, with high thermal stability can
withstand high temperature heat treatment and keep
the mesoporous framework unchanged. Therefore,
it provides an excellent host for the construction of
host guest composites.

2.2 Ordered mesopore TiO, being synthesized
by the hard-template method

The hard-template method refers to the relative-
ly “hard” structure of the template used, generally
referring to solid materials, such as high molecular
polymers with different spatial structures, anodic
alumina films, mesoporous SiO,, mesoporous car-
bon, etc. The interaction between them and inorganic
species constituting mesoporous skeleton is weak.
The template is mainly used as the filler of meso-
scopic space. After removing the hard template,
the corresponding occupied mesoporous structure
is generated™ ", Compared with soft templates,
hard templates have high stability and good spatial
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confinement, which can strictly control the size and
structure of nano materials. But the hard formwork
structure is relatively simple. Therefore, the structure
of mesoporous materials prepared with hard tem-
plates usually changes less"”. Ordered mesoporous
TiO, materials with different morphologies were
prepared by using various hard template materials
with different mesoporous structures. Zhou et al.
used SBA-15 as the hard template, titanium nitrate
and titanium chloride as inorganic precursors to suc-
cessfully prepare highly ordered mesoporous rutile
and anatase TiO, materials. The lithium ion insertion
performance of rutile mesoporous TiO, is higher
than that of anatase"”. Professor Zhao Dongyuan
took SBA-15 and KIT-6 as hard templates to prepare
rutile single crystal mesoporous TiO,"". Zhang et
al. prepared highly ordered mesoporous TiO, mate-
rials with KIT-6 as the hard template. It shows high
hydrogen production efficiency by photolysis of wa-
ter™”. Bruce et al. prepared 3D ordered mesoporous
TiO, with KIT-6 as the hard template and studied the

insertion properties of lithium"®

. Wang et al. used
anodic aluminum oxide (AAO) as the hard template
and the triblock polymer P'* as the soft template,
tetraisopropyl titanate as the titanium precursor to
form the liquid crystal dielectric phase, removal of
organic template by roasting and removal of AAO
template by NaOH dissolution method in the pores
of AAO. Thus, TiO, nanotubes with an ordered mes-
oporous structure on the side wall were obtained””.
This unique structure of TiO, nanotubes has a high
specific surface area (400 m’/g). It is found that its
efficiency is significantly improved when it is ap-
plied to lithium ion batteries.

3. Synthesis of the ordered meso-
scopic TiO, composites

Although the photocatalytic activity of meso-
porous TiO, is significantly improved, conventional
TiO, nanoparticles still separate less efficiently and
only absorbing UV light, which greatly reduces the
utilization of sunlight. Therefore, how to further
improve the separation efficiency of interpore TiO,
photocarriers and expand the light response range
has become an urgent problem.

3.1 Synthesis of the semiconductor oxide/mes-
oporous TiO, composites

Various semiconductor oxides are compounded
with mesoporous TiO, to improve their thermal sta-
bility. It can also further improve the separation effi-
ciency of photogenerated carriers so as to improve its
photocatalytic activity. Gnatyuk et al. took P'*’
soft-template to prepare ordered mesoporous TiO,/
ZrO, composites by the sol-gel method. The stability

as the

of mesoporous TiO, was significantly improved™".
Mesoporous TiO,/ZrO, composites with double pore
diameter distribution were prepared by in-situ syn-
thesis (Figure 3). It shows good thermal stability
and excellent photocatalytic activity™. In addition,
bifunctional mesoporous TiO,/TiO, was successfully
prepared by nano casting a-Fe,O; composite materi-
al. The composite fully reflects the high adsorption
performance of a-Fe,O; and high photocatalytic effi-
ciency of mesoporous TiO,. Effective adsorption of
highly toxic As (III) and simultaneous photocatalytic
oxidation convert it into low toxic As (V)"*”.. Profes-
sor Fu Xianzhi prepared macroporous mesoporous
Ti0,/ZrO, nanocomposites with hierarchical struc-
ture and showed excellent photocatalytic activity*".
Professor Yu Jimei takes F'*’ as the soft-template to
prepare ordered mesoporous CeO,/TiO, composites
with high thermal stability by evaporation induced
self-assembly technique. Photocatalytic degradation
of methylene blue proves that it has excellent visible
light photocatalytic activity'™”. Jung et al. prepared
mesoporous V,0,/TiO, composite materials by spray
pyrolysis method (spray pyrolysis). Photocatalytic
degradation 1,2-dichlorophenol was found to have
excellent photocatalytic properties'*’. Liu ez al. pre-
pared mesoporous VO,/TiO, composite materials. It
can efficiently and selectively oxidize methanol to
dimethoxymethane!*". Stodolny et al. prepared mes-
oporous Ta,O4/TiO, composites. It shows high pho-
tolysis efficiency'*. Mesoporous Fe,0,/TiO, fibers
were prepared by Zhan et al. It shows high photocat-
alytic activity*. Cao et al. prepared macroporous
mesoporous hierarchical TiO, supported CuO nano
catalyst by template free method. Its catalytic perfor-
mance for low temperature CO oxidation was sys-
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tematically studied. It is found that CuO has the best
catalytic performance when the loading amount is 8
wt%'*!. Tt is worth mentioning that SiO, has received
special attention because of its high stability. It was
compounded with mesoporous TiO, to construct var-
ious composite structures. Thus, the thermal stability
and photocatalytic activity of mesoporous TiO, were
significantly improved. Cojocariu et al. prepared or-
dered mesoporous TiO,/SiO, xerogels by non hydro-
lytic sol-gel method. The mild oxidation of hydroxyl

" : 1.463E+00 nm |
8.76

[nm]

2.44

0 (nm] 1085. 427

containing organic compounds was studied*". Yao et
al. prepared ordered mesoporous TiO,/Si0O, xerogels
with hierarchical pore structure!’. Sahu et al. pre-
pared ordered mesoporous TiO,/SBA-15 composites.
The effect of calcination temperature on the meso-
porous structure was systematically studied””. He et
al. prepared mesoporous TiO,/SiO, composites with
large specific surface area. It shows excellent photo-

catalytic activity”".

[nm] 1157.135

Figure 3. AFM images of bi-modal mesoporous TiO,/ZrO, composite.

3.2 Synthesis of metal nanoparticles/meso-
pore TiO, composites

There are many synthetic methods of metal
nanoparticles/mesoporous TiO, composites. But to
sum up, it can be roughly divided into two types of
methods. That is, one-step and two-step methods.
The so-called one-step method refers to the addi-
tion of precious metal precursors while forming
ordered mesoporous TiO,; the precious metal is
reduced while the organic template is removed by
heat treatment. Thus, noble metal/mesoporous TiO,
composites were synthesized in situ. Cha et al. used
amphoteric block copolymer PS-b-PEO (poly (sty-
rene-block-ethylene oxide)) as a template, ordered
mesoporous Ag/TiO, composite films were prepared
by spin coating method. It shows excellent photo-
catalytic performance™”. Professor Li Hexing and
professor Lu Yunfeng effectively coated Au nanopar-
ticles in core-shell mesoporous TiO, microspheres
by in-situ synthesis. It shows excellent photocatalyt-
ic activity and stability™. Zhao et al. synthesized Au
clusters doped mesoporous TiO, films in one step.

Its performance has been significantly improved”".

Professor Yu Jiaguo prepared mesoporous Au/TiO,
composite microspheres by hydrothermal method. Its
photocatalytic activity was significantly enhanced”™.
Ismail et al. synthesized Pt/TiO, mesoporous com-
posites by the one-step method. The photocatalytic
oxidation of methanol showed excellent photocat-
alytic activity®®. The so-called two-step method
refers to the first synthesis of ordered mesoporous
TiO,, then take it as the host material, noble metals
were compounded into mesoporous TiO, channels by
deposition and wet impregnation. Thus, noble metal/
mesoporous TiO, composite materials are formed.
Wu et al. used TiCl, as inorganic precursor, F'*’ as
a soft-template to prepare ordered mesoporous TiO,
films with striped pores by evaporation induced
self-assembly method, then Pt nanoparticles were
loaded with the synthesized ordered mesoporous
TiO, film as the host material. Application to direct
methanol fuel cells (DMFCs) was found to have
good catalytic properties””. Shi et al. used urea as
precipitant to prepare highly dispersed ordered Au/
mesoporous TiO, composites with ultra-high gold
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content by the deposition-precipitation method™".

May et al. prepared nanocomposites of precious
metals Au and Pt evenly distributed in ordered mes-
oporous TiO, channels by the phase-transfer method.
The change of porosity was systematically stud-
ied by ellipsometric porosimetry"”. Various metal
nanoparticles/mesoporous TiO, composites were
prepared by different methods and the performance
has also been significantly improved. However, the
nature of the interaction between metal nanoparticles
and mesoporous TiO, pore wall needs to be further
studied and discussed.

3.3 Synthesis of mesoporous TiO, multivari-
ate composites

Mesoporous TiO, multicomponent compos-
ites have also attracted people’s attention in recent
years. It can give full play to the characteristics of
each component and also use the interface coupling
between them to produce new excellent properties.
Thus, the properties of mesoporous TiO, can be
greatly improved. Professor Zhao Dongyuan used
soluble phenolic resin as polymer precursor, F'*’ as a
soft-template, to prepare ordered bifunctional meso-
porous TiO,/SiO,/polymer nanocomposite'®’. Profes-
sor Li Yadong prepared CdSe quantum dot sensitized
Au/TiO, mesoporous composite films and its photo-
electrochemical properties have been significantly
enhanced'. Idakiev et al. prepared Au/CeO,/TiO,
macroporous mesoporous multicomponent com-
posite materials and shows high catalytic activity in
low-temperature water-gas shift reaction'”. Yu et al.
prepared MnO, CeO,/TiO, mesoporous composites
by the sol-gel method. It was found that the catalytic
oxidation of toluene at low temperature had a sig-
nificant effect®’. Narkhede et al. prepared Pt/TiO,/
MCM-48 multi-component mesoporous composites
and it has high catalytic activity for CO oxidation'®",
Although various mesoporous TiO, multicomponent
composite materials with improved performance
have been obtained, there are few studies on the
mechanism of performance improvement. In addi-
tion, the interaction between components in meso-
porous TiO, multicomponent composites still need
to be further studied in order to provide a theoretical

basis for the construction of high-performance meso-
porous TiO, multicomponent composite materials.

4. Prospect

Ordered nanocrystalline mesoporous TiO, and
its composites have become one of the research
hotspots at home and abroad because of their unique
optical and electrical properties. Great progress has
been made and shows great development potential
and unique application prospects. For all that , due to
the short research time in this direction, many prob-
lems still need to be deeply studied and discussed.
For example, the preparation process of ordered
mesoporous TiO, needs to be further expanded and
simplified. The structural evaluation and heterostruc-
ture construction of mesoporous TiO, composites,
the kinetics of photogenerated carrier separation, and
the nature of the interaction between the inhibitory
components in the mesoporous TiO, channels and
the pore wall need to be further studied. In addition,
the application of ordered mesoporous TiO, and its
composites should also be paid attention to. Photoca-
talysis, as a deep oxidation method, can achieve fully
mineralization of organic pollutants in wastewater,
but the current photocatalytic process is not mature
to meet the practical requirements. So the practical
research of ordered mesoporous TiO, and its com-
posites should attract more attention.
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ABSTRACT

Carbon-based hollow nanomaterials have recently become one of the hot research topics because of their unique

structures, outstanding physicochemical properties and potential applications. The design and synthesis of novel car-

bon-based hollow nanomaterials have important scientific significance and wide application value. The recent researches

on designing of synthesis, structure, function and application of carbon-based hollow nanomaterials are reviewed. The

common synthesis strategies of carbon-based hollow nanomaterials are briefly introduced. It is described in detail about

the structural designing, material functionalization and main applications of carbon-based hollow nanomaterials. At the

end of this review, the current challenges as well as opportunities in the synthesis and application of carbon-based hol-

low nanomaterials are discussed.
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1. Introduction

Hollow structure nanomaterials have always been one of the most
attractive materials in advanced nanomaterials because of their low
mass density, high porosity and large surface area. The unique proper-
ties of hollow structure nanomaterials make them widely used in vari-
ous fields, such as energy storage and conversion catalysis, purification
and adsorption of water and air and so on"" . In recent years, research-
ers have devoted themselves to the synthesis, characterization and ap-
plication of hollow structures. Many research works have put forward
many new ideas on the design and synthesis of the structure and func-
tion of hollow structure nanomaterials, which has played a positive role
in promoting the development of hollow structure nanomaterials® .
Among many hollow structure nanomaterials, carbon-based hollow
structure nanomaterials have attracted much attention because of their
great potential application value in the field of energy and catalysis".

Carbon-based hollow structure nanomaterials are favored by re-
searchers because of their adjustable specific surface area, cavity size,
morphology, structure and composition. Based on the needs of different
applications, the research of carbon-based hollow structure nanomateri-
als mainly focuses on the design and synthesis of cavity structure, shell
structure and functionality. Researchers are committed to obtaining
carbon-based hollow structure nanomaterials with the following excel-
lent properties: 1) Large specific surface area and effective dispersion
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and loading of metal nanoparticles or other active
substances on its surface to functionalize the surface
structure; 2) Excellent conductivity; 3) Adjustable
porosity and particle size; 4) High mechanical stabil-
ity"". In order to give these excellent properties to
carbon materials, a series of synthetic strategies have
been successfully developed, such as Stober meth-
od, template method, microemulsion method and so
on'"""¥. These works promote the development of
carbon-based hollow structure nanomaterials, and
play an important role in a deeper understanding of
their synthesis mechanism and expanding related ap-
plications.

This paper summarizes the research on the syn-
thesis, structure, functional design and related appli-
cations of carbon-based hollow structure nanomateri-
als in recent years, and the basic synthesis strategies
of carbon-based hollow structure nanomaterials.
The structural design, material functionalization and
main applications of carbon-based hollow structure
nanomaterials are described in detail. The challenges
and opportunities in the synthesis and application of
carbon-based hollow structure nanomaterials are dis-
cussed.

2. Synthesis and application of car-
bon-based hollow structure nano-
materials

2.1 Synthesis of carbon-based hollow struc-
ture nanomaterials

The synthesis method of carbon-based hollow
structure nanomaterials is basically the same as that

of other hollow structures (Figure 1), It can be
divided into hard template method, soft template
method and self-template method. The most re-
markable feature is that the shell is made of carbon
material. Therefore, the successful coating of carbon
precursors on the synthesized template is the key
to the preparation of carbon-based hollow structure
nanomaterials. The soft template method and self
template method have great limitations in the prepa-
ration of carbon-based hollow structure nanomate-
rials. The soft template method usually uses stable
surfactant micelles or emulsion as templates, and can
only be used to encapsulate carbon precursors in lig-
uid phase. The morphology and pore size of them are
relatively difficult to control"*’. Self template method
refers to the template free strategy. The preparation
of carbon-based hollow structure nanomaterials by
this method is generally carbonizing some hollow
carbon precursors. In addition, in recent years, some
new metal organic framework materials can also
obtain carbon-based hollow structures by properly
controlling the calcination conditions, which greatly
enriches the range of carbon-based hollow structure
nanomaterials prepared by self template method'">'®.

Compared with soft template method and self
template method, hard template method has more
advantages in the design and preparation of car-
bon-based hollow structure nanomaterials. Consider-
ing the price and ease of operation, the common-used
hard templates include silica, metal oxide and poly-
mer. Alternative carbon sources include methane,
furfuralcohol, glucose, asphalt and phenolic resin. In
addition, some nitrogen-containing compounds (such
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Figure 1. Synthesis of carbon-based hollow nanomaterials
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as aniline, pyrrole, dopamine and ionic liquids) have
also been used to synthesize heteroatom doped car-
bon"”.

The coating strategies of carbon precursors
on templates are generally divided into physical
coating and chemical coating. Vapor deposition
(CVD) is generally used for physical coating, in
which styrene, acetonitrile, benzene and methane
are usually used as carbon sources. The greatest
advantage of CVD method is that it can accurately
control the thickness of carbon layer, especially the
carbon layer with atomic layer thickness. However,
the size of carbon spheres prepared by this method
is mostly limited to large size (>500 nm), and it is
difficult to obtain small-size hollow carbon spheres
by this method. Chen X et al.!"® used SiO,@ m-SiO,
with core-shell structure as hard template and eth-
ane as carbon source, deposited the carbon source
into mesoporous silica channel by CVD method,
and then etched the silica template by hydrofluoric
acid to obtain hollow mesoporous carbon material.
The shell thickness and cavity size of hollow mes-
oporous carbon spheres were controlled by con-
trolling the size of the template. In addition, due to
the selection of ethane as carbon source, the hollow
mesoporous carbon spheres have a high degree of
graphitization and a specific surface area of 771
m>g .

Chemical coating method is to coat the chem-
ical precursor on the outer surface of the template
by chemical reaction to form the template@ carbon
precursor core-shell structure composite, then cal-
cine the composite in inert gas to convert the carbon
precursor into carbon layer, and finally etch the tem-
plate to obtain hollow structure. The development of
carbon precursor chemistry is the key to this meth-
od. Considering that the hydrolysis polymerization
process and structure of phenolic resin are similar to
the formation process of SiO,. The Qiao Shizhang’s
group used a similar Stober method to synthesize
resorcinol formaldehyde resin (RF) ball by sol-gel
process, and successfully converted it into carbon
spheres by calcination'”. The reaction mechanism
is shown in Figure 2. Resorcinol and formaldehyde
monomer can form emulsion droplets in the mixture

of ethanol and water by hydrogen bonding. The phe-
nolic resin colloidal microspheres were formed by
polymerization catalyzed by ammonia. Subsequent
studies show that this Stober method can also be
extended to the hydrolysis polymerization of other
carbon precursors, such as phenolic resin derivatives,

polydopamine and polybenzoxazine**").
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Figure 2. Synthesis of phenolic resin microspheres
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Inspired by the successful application of sil-
icate sol-gel process to prepare hollow structural
materials, the Stober system is also used to syn-
thesize carbon-based hollow structural nanoma-
terials. The synthesis process of SiO, and RF was
combined by Stéber method. Fuertes et al.”” added
TEOS, resorcinol and ormaldehyde into the mixed
system of water, ethanol and ammonia to synthe-
size core-shell SiO,@ RF microspheres and hollow
porous carbon spheres in one pot. Yin Yadong,
Zheng Nanfeng and Huo Qisheng et al.”> " have
independently studied the deposition of phenolic
resin and cationic surfactant composite coating on
the surface of silica or silica core-shell nanoparti-
cles, and the controllable synthesis of carbon-based
materials with hollow structure or Yolk-Shell struc-
ture. The co-assembly of positively charged cation-
ic surfactant and phenolic resin (RF) on negatively
charged silica surface is the key in the process of
RF coating. The introduction of cationic surfactant
enhances the interaction between two negatively
charged materials RF and silicon oxide core, so
that RF can be successfully coated on the surface
of silicon oxide core. In order to further increase
the porosity of hollow carbon spheres, Zheng Nan-
feng” developed a multi-step coating process to
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synthesize sandwich structure SiO,@ RF/CTAB@
Si0, composites. The hollow carbon sphere shell
obtained by this structure is foamed, compared
with the hollow carbon spheres derived from SiO,
RF/CTAB (specific surface area and porosity re-
and 0.56 cm’-g"). It has
higher specific surface area (1,286 m’-g ') and larg-

spectively 639 m*-g™'

er pore volume (2.25 cm’-g ). In addition, based
on the mechanism of CO assembly of cetyltrime-
thylammonium chloride (CTAC) and RF, Qiao Z A
et al. developed a silicon oxide assisted process to
regulate the structure and size of pores (Figure 3)
#7Si0,@ RF/CTAC/SiO, composite microspheres
were prepared by one-step reaction of TEOS, form-
aldehyde and resorcinol in ethanol/water/ammonia/
CTAC system. In RF/CTAC/SiO, composite shell,
Si0O, can be used as pore forming agent, and the
pore diameter of carbon spherical shell can be ad-
justed in 3.2 ~ 3.6 nm when removing the template.
In addition, the size of the hollow sphere (180 to
800 nm in diameter) can also be regulated by the
amount of TEOS as well as the water/ethanol ratio.

? Resorcinol

Formaldehyde
TEOS { \ (

\%\ E ]
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Figure 3. Synthesis of hollow carbon nanostructures via a “Sili-
ca-Assisted” strategy’.

With a deeper understanding of the chemistry
of carbon precursors, researchers began to focus on
the controllable synthesis of hollow carbon spheres
by simplifying the Stober method system. In recent
years, a series of universal synthetic methods for pre-
paring hollow carbon spheres have been developed,
ranging from a surfactant to no silicon oxide. Wang
S et al.®®
nitrogen-doped polybenzoxazine microsphere and

reported a simple synthesis method of

nitrogen-doped carbon microspheres. The polymer
microspheres were prepared by polycondensation
of resorcinol, formaldehyde and 1,6-diaminohex-
ane, and their size can be adjusted by adjusting
temperature parameters. Considering that polyben-
zoxazine with positive charge can be adsorbed on
Si0, surface with negative charge through electro-
static interaction. Zheng Nanfeng research group
further designed a Stober system with free surfac-
tant to synthesize nitrogen-doped hollow carbon
spheres. The synthetic route and SEM photos of the
obtained products are shown in Figure 4. When re-
sorcinol/formaldehyde/ethylenediamine is used as
the precursor of polybenzoxazine (PB) and TEOS
is used as the precursor of SiO,, PB/SiO, compos-
ite shell can be directly coated on the core of SiO,
ball in the mixed solvent of water and ethanol. In
this system, ethylenediamine acts as a base catalyst
to promote the hydrolysis of TEOS. The polyben-
zoxazine positive charge and silica oligomer with
negative charge were co assembled and deposited
on the surface of SiO, core with negative charge
to form SiO,@ PB/SiO, core-shell structure. The
core-shell structure can be further transformed into

Coating Carbonization
b Ftchmg

TEOS

(b) (©) (d)

SiO:@ PB/S102

R
Figure 4. Sillica-assisted polybenzoxazine coating strategy for the synthesis of N doped hollow carbon spheres (a); SEM images of
as-obtained products (b—)™").
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nitrogen-doped hollow carbon materials. The struc-
ture of hollow carbon spheres can also be changed
by changing the ratio of TEOS to PB, so that they
can change from spherical morphology to bowl
hollow structure™’.

In addition, recently, Wan Lijun’s research
group prepared hollow carbon spheres by selective-
ly dissolving 3—aminophenol/formaldehyde resin
microspheres (3—AF). This method abandoned the
surfactant and silica template used in the previous
method (Figure 5)°°. In the mixed system of water
and NH,OH, the 3—aminophenol/formaldehyde resin
microspheres formed by the polymerization of 3—
aminophenol and formaldehyde have uneven chem-
ical composition. The microspheres are composed
of 3—AF oligomer and high molecular weight 3—AF
with high degree of polymerization, and show the
core-shell structure of oligomer@ high polymer as a

OH 0

H.0, Ammonia

500 ng ‘

™ Carbon

Inner Compositional
Inhomogeneity

e o) o = -
@NH: H CH Kinetically Controlled
Growth .

whole. Because the internal oligomer 3—AF can be
dissolved by acetone, the prepared 3—aminophenol /
formaldehyde resin microspheres can be hollow 3—
AF microspheres after treatment with acetone. When
hollow 3—AF microspheres are used as templates,
multi shell 3—AF spheres can be further obtained by
repeating the growth and dissolution process. The
corresponding multi shell hollow carbon spheres can
be obtained by carbonization. This work provides a
controllable way for the synthesis of multi shell hol-
low carbon spheres. In addition, in recent years, the
strategy of synthesizing polymer microspheres based
on Stober method has also been extended to other
polymers, such as the successful application of poly-
dopamine, which provides an effective way for the
direct preparation of nitrogen-doped carbon based

materials®".
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Figure 5. Fabrication of multi—shells hollow carbon spheres using 3—aminophenol/ formaldehyde resin”".

2.2 Appearance and structure design of car-
bon-based hollow structure nanomaterials

Similar to the preparation of other hollow
materials, hollow carbon structures with different
morphologies can be obtained by controlling the
morphology and structure of the template. Their
morphology can be extended from simple spheres to
tubular, nano sheets, polyhedron and even hierarchi-
cal structure. More importantly, the morphology and
functional diversity of carbon based hollow structure
nanomaterials can be enriched by reasonably design-
ing template@ carbon precursor composites. When
core / shell structural materials are used as templates,
two typical sandwich intermediates can be obtained
after carbon precursors coating the templates (for ex-
ample: sacrificial layer@ functional layer@ carbon

precursor structure and functional layer@ sacrificial
layer@ carbon precursor structure). The correspond-
ing templates can be converted into hollow core/
shell carbon-based materials and Yolk@ shell hollow
carbon-based structures respectively. This strategy of
modifying hard template provides an effective way
for the direct design of multifunctional carbon-based
functional materials and greatly promotes the appli-
cation of carbon-based hollow structure nanomateri-
alst™?,

Carbon-based hollow structure nanomaterials
have great application potential in the fields of ca-
talysis, drug loading and batteries and so on. For
these applications, the design of shell structure is an
important aspect to further improve the application
properties of hollow nanomaterials.
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2.2.1 Ultra-thin shell design

In carbon-based hollow structure nanomaterials,
shell structure plays a decisive role in their prop-
erties. Shell thickness directly affects the physical
and chemical properties of materials, such as con-
ductivity, specific surface area, porosity, density and
available active sites. In energy storage and catalytic
applications, nanomaterials with ultra-thin hollow
shells are more favored by researchers. Liu R ef al.
first synthesized SiO,@ PDA core-shell structure un-
der alkaline conditions with dopamine as green car-
bon source, further carbonized and etched the core
template to obtain ultra-thin hollow carbon spheres
with shell thickness of only 4 nm (Figure 6). In ad-
dition, it prepared the Au@ C Yolk-shell structure by

100 nm

(a) (b)

using Au@ SiO, core-shell structure as template and
used in the reduction reaction of nitrophenol. The
catalyst showed high catalytic activity and stabili-
ty””. Han Y et al. also developed a template assisted
thermal decomposition method to prepare ultra-thin
hollow nitrogen-doped carbon spheres loaded with
monatomic co active sites (Figure 7), with a shell
thickness of 5 nm™. The ultra-thin carbon shell
loaded with monatomic CO is conducive to improve
the utilization of active sites. Besides, the ultra-thin
shell is also conducive to the transport of reactive
species. The material is used for oxygen reduction
catalytic reaction under acidic conditions, showing

high catalytic activity and stability.

50 nm

(©) (d)
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Figure 6. TEM image of super-thin hollow carbon soheres".
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2.2.2 Multi-hole shell design

Compared with the hollow micro/nano struc-
ture materials with solid shell, shell porous could
improve the specific surface area of hollow structure
materials. Most of the research in this field is based
on the combination of soft and hard templates. When
the hard template method is used to manufacture
the cavity, the pore forming agent is introduced into
the coating process of the shell material, and the
hollow micro/nano structure material with porous

Figure 7. Schematic illustration of the fabrication (a) and TEM of images of super-thin hollow carbon spheres (b, ¢)**.

shell structure can be obtained after removing the
cavity template and shell pore forming agent™. For
example, the Yu Chengzhong’s research group of
the University of Queensland in Australia has also
successfully synthesized hollow mesoporous carbon
microspheres by CO hydrolysis of organic polymers
and inorganic silicon source precursors”®. Using re-
sorcinol, formaldehyde and silicon as raw materials,
the core-shell structure material of phenolic resin/
silicon composite shell coated silicon oxide core was
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successfully prepared by hydrolysis/crosslinking in
ethanol/water system with ammonia catalysis. Then,
the template was removed by carbonization to obtain
hollow mesoporous carbon microspheres (Figure
8). The final hollow structure and mesoporous shell
structure can also be controlled by controlling the
amount of silicon source and the type of silicon
source in the system. Lou Xiongwen, from Nanyang
University of Technology, prepared hollow meso-
porous carbon by combining soft and hard templates.
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Figure 8. Fabrication of mesoporous carbon structures via a carbon/silica composite shell method
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In alcohol/water system, multi-component composite
micelles were coated on different substrates by CO
assembly of carbon source dopamine, pore forming
agent F127 and pore expanding agent trimethyl-
benzene under the catalysis of ammonia. After high
temperature carbonization, mesoporous carbon shell
coated core-shell nanocomposites were successfully
obtained (Figure 9). Hollow mesoporous carbon
spheres with different morphologies can be obtained

after removing the substrate template™”.
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Figure 9. Fabrication of mesoporous carbon spheres via a micelle assembly atrategy .

2.3 Functionalization of carbon-based hollow
structure nanomaterials

2.3.1 Heteroatom doping effect

In order to create more active sites and further
improve the conductivity, catalytic activity and the
interaction between carbon composites and reac-

tants, the incorporation of other heteroatoms into the
carbon skeleton, such as nitrogen (N), boron (B),
sulfur (S), phosphorus (P) or combinations, has been
widely used. Among them, due to the introduction of
N element into carbon skeleton, its chemical reaction
activity, conductivity, adsorption affinity for CO, and
specific capacity for supercapacitor are much bet-
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ter than pure carbon materials™*". The preparation
methods of nitrogen-doped carbon materials can be
divided into: 1) directly carbonize the precursors
containing heteroatoms to obtain heteroatom doped
carbon materials; 2) post treatment refers to the
method of combining heteroatoms in the framework
of pure carbon materials. Carbon materials are usu-
ally calcined together with precursors containing he-
teroatoms such as ammonia or thiourea. The biggest
disadvantage of post-processing doping method is
that it is difficult for heteroatoms to enter the carbon
skeleton, only can modify the carbon atoms on the
surface. Therefore, the first method is mostly used to
synthesize homogeneous heteroatom doped carbon
materials. So far, great progress has been made in the
design of heteroatom doped carbon materials based
on molecular level, especially the use of phenolic
resin polymer precursors. A series of nitrogen-con-
taining compounds are used to prepare nitrogen
doped carbon materials, such as melamine, amin-
ophenol, 4-amino-3-nitrophenol, 4-aminophenol,
hexamethylene tetramine and 1,6-diaminohexane. In
addition, some nitrogen-containing monomers, such
as aniline, pyrrole and dopamine, have also been
used to prepare nitrogen doped carbon materials.
The content of nitrogen in nitrogen-doped carbon
materials can be adjusted by adjusting the addition
of nitrogen-containing precursors and calcination
conditions. Similarly, when preparing sulfur-doped
carbon and boron-doped carbon materials, the cor-
responding heteroatom-doped carbon materials can
be obtained by introducing the corresponding mono-
mers. Polyatomic-doped carbon materials can be
prepared by introducing monomers containing differ-
ent elements, or different elements can be introduced
by combining a variety of methods.

2.3.2 Surface modification of carbon materi-
als

Carbon materials are usually used as the carrier
of catalysts to enhance the application performance
of catalytic active substances, which is very import-
ant for the surface modification of carbon materials.
There are two main methods to functionalize the
surface of carbon: 1) deposition of nanoparticles; 2)

functional group surface grafting .The loading of
nanoparticles or single atoms on carbon surface is
usually considered to be an effective way to adjust
the interfacial properties and improve the interac-
tion between molecules to achieve ideal catalytic
and electrochemical properties. For nanoparticles
highly dispersed on the surface of carbon mate-
rials, their size can be adjusted from nano scale
to single atom. The smaller the size is, the more
catalytic sites exposed, and the corresponding
electrochemical and catalytic properties are more
ideal. For example, Li Yadong’s research group
successfully loaded highly dispersed cobalt atoms
on the surface of hollow nitrogen doped carbon
spheres by a thermal decomposition method. When
this material is used in oxygen reduction reaction,
its atomic dispersed cobalt sites expose the num-
ber of catalytic sites to the greatest extent, and the
hollow structure promotes the rapid transmission of
oxygen reduction related species. The combination
of this structure gives the material high catalytic
performance"”. In addition, using a similar struc-
ture, cobalt atoms were loaded on nitrogen-doped
hollow mesoporous carbon spheres in the coordi-
nation mode of Co-Ns, which was used in carbon
dioxide reduction reaction, showing nearly 100%
carbon monoxide selectivity and high stability"*". In
order to prevent the precipitation and aggregation
of precious metals on the surface of carbon support
at high temperature in catalytic reaction, hollow
carbon ball and carbon-based Yolk-shell structure
are considered to be ideal supports. Liu R et al.
prepared Ag/AgBr@ SiO,, RF core-shell structure
by one-step Stober method. After carbonizing and
etching the template, Ag@ C Yolk-shell nanostruc-
tured microspheres were obtained*”. In addition,
Galeano C ef al. limited the small-size P, nanoparti-
cles in mesoporous hollow carbon materials. When
they were used in electrochemical oxygen reduction
reaction, their stability was much better than that of
commercial Pt/C™**,

The functional groups on the surface of carbon
materials can be used as anchor points of metal cat-
alysts and contribute to the adsorption of metals on
the carbon surface. This usually allows metal species
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to be highly dispersed on the carbon surface and en-
hances chemical properties. Common methods such
as oxidation, KOH activation and sulfonation have
been widely used in the grafting of functional groups
on the surface of carbon materials'*. In addition,
the polarity of carbon materials can also be changed
by grafting functional groups. For example, the
non-polar surface of carbon materials can be trans-
formed into polar surface by introducing various
polar groups such as carboxyl, nitrate, sulfonic acid
and hydroxyl. For example, Wang L et al. etched the
core-shell structure of SiO,@ C by hydrofluoric acid
and further treated with chlorosulfonic acid to obtain
sulfonated hollow mesoporous carbon spheres (Ar-
SO,H-HMCS)".

Song D et al. successfully synthesized arylsul-
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Figure 10. Fabrication of ArSO, H-mesoporous hollow carbon spheres!*’

2.4 Application of carbon-based hollow struc-
ture nanomaterials

2.4.1 Application in energy storage

For chemical batteries, high cycle stability and
rate performance is a goal to be pursued in the de-
sign of any type of battery. Rapid ion and electron
transport requires electrode materials to have high
conductivity and open structure. Higher cycle sta-
bility requires that the electrode active material is
relatively stable, and the host electrode material can
alleviate the large volume expansion of the active
material in the process of charge and discharge, or
effectively inhibit the dissolution of some specific
active materials in the electrolyte. Carbon-based hol-
low structure nanomaterials are widely used to load

) o

fonic acid functionalized hollow mesoporous carbon
spheres by diazo coupling with furfuryl alcohol as
carbon precursor by hard template method. The syn-
thesis route is shown in Figure 10", The grafting
amount of ArSO,H on the surface of carbon materi-
als can be controlled by the amount of sulfonic acid.
The results showed that the prepared sulfonic acid
functionalized hollow mesoporous carbon spheres
were used as solid acid catalysts and had high cata-
lytic activity and stability for the alcoholysis of ethyl
levulinate or furfuryl alcohol. The strong Bronsted
acidity of ArSO;H-HMCSs plays an important role
in catalytic activity. Its thin carbon shell and hollow
structure shorten the diffusion distance of reactive
species and promote the rapid transfer between reac-
tants and products.
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various battery electrode active materials and allevi-
ate the volume expansion of active materials because
of their unique structural properties such as high
conductivity, open structure and large cavity. Hollow
carbon spheres can be used as host materials to load
high-capacity but unstable electrode active materials.
For example, when silicon is used as the negative
electrode material of the battery, the capacity decays
rapidly due to the rupture of the material structure,

8] Chen S et al. con-

and the cycle stability is poor
fined Si nanoparticles in hollow carbon spheres
with double-layer shell structure through multi-step
coating and etching strategy. The gap provided by
the inner carbon shell can be used to buffer the large
volume expansion change of silicon nanoparticles,

while the shell helps to form a stable SEI film (Fig-
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ure 1), Similar strategies have also been applied
to protect other active materials with poor stability,
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Figure 11. (a) Fabrication of silicon nanoparticles confined in double-shell carbon nanoparticles; (b) Corresponding TEM image of
the material, with the selected area electron diffraction (SAED) pattern in the inset; (¢) Structural change of the material during the

charge-discharge process'”.

Li-S battery is considered to be one of the most
potential secondary batteries because of its high ener-
gy density. Its positive active material is non-metallic
S. Although it has high theoretical capacity, S has
many shortcomings when it is used as battery elec-
trode material. The low conductivity of Li-S, the shut-
tle effect of lithium polysulfide and high volume ex-
pansion limit the practical application of Li-S battery.
In order to alleviate the above defects, hollow carbon
spheres are widely used in Li-S batteries as s host ma-
terials. Carbon-based hollow structure nanomaterials
loaded with polar inorganic nanoparticles are the most
effective strategy to solve the defect problem of Li-S
battery. Wu S ef al. loaded cobalt oxide nanoparticles
(HPCS/Co00) in hollow carbon spheres for Li-S bat-
teries, showing excellent cycle stability. Due to the
strong interaction between polar CoO nanoparticles
and lithium polysulfide, the shuttle effect can be inhib-
ited. Compared with HPCS/S electrode material, the

HPCS/CoO
1600

1200F

800 HPCS/Co0O/S

cycle stability of HPCS/CoO/S composite electrode
material is significantly enhanced. At the current den-
sity of 1.0 C, the capacity can still reach 629 mAh-g"
after 1,000 cycles. On the contrary, after 1,000 cycles,
the specific capacity of HPCS/S electrode is only 302
mAh-g"' (Figure 12). The researchers also developed
C/Co,Sg, C/TiO, Fe,0,@ C, MnO,@ HCF and other
composite materials for Li-S battery, which effectively
solved the defect of S cathode and achieved excellent
battery performance® *,

Unlike storing lithium ions in the negative
electrode material of the battery, lithium metal
batteries directly use metal lithium as the negative
electrode material. Compared with the traditional
graphite anode material for lithium ion batteries,
lithium metal has a higher specific capacity (3,860
mAh-g")!*. When the lithium metal negative is
coupled to other high capacity positive materials
(such as oxygen and sulfur cathode) are coupled,

1.0C
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HPCS/S
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0 1

Coulombic efficiency /%
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Cycle number
Figure 12. Schematic illustration of the fabrication of HPCS/CoO/S and cycling performance of HPCS/CoO/S for Li-S battery™".
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strong attractive energy density can be obtained
(such as 3,500 Wh-kg ' for Li-O, battery and 2,600
Wh-kg'S battery for Li-S battery)®”. Although
lithium metal has these advantages, its inherent
defects are also obvious, including high reaction
activity, huge volume change during circulation
and the formation of lithium dendrite”. In order to
solve this problem, the surface protection of lithium
metal is essential, and hollow carbon microspheres
are ideal host materials to solve this problem. Be-
cause it is difficult to control the morphology and
deposition position of lithium metal during deposi-
tion, the consistent deposition of Li metal in hollow
carbon spheres is a great challenge. Until recently,

Hollow
carbpm

[ Lithium deposition f
Seed Lithium

researchers first deposited Au nanoparticles in hol-
low carbon spheres, and then successfully controlled
the deposition of metal lithium in hollow carbon
spheres with Au as seed (Figure 13). Since the di-
rect contact between lithium metal and electrolyte is
avoided, this limited space can effectively improve
the stability of electrochemical cycle of lithium met-
al and minimize the adverse side reactions between
lithium metal and electrolyte. The cycle performance
of lithium metal battery is improved, the coulomb
efficiency in carbonate electrolyte is up to 98%, and
it has excellent cycle stability in more than 300 cy-

cles!”.

- Lithiated seed with
shell * dissolving surface

Figure 13. (a) TEM images of gold nanoparticles trapped inside hollow carbon nanospheres; (b) Lithium deposition process inside
the hollow carbon structure; (¢) Corresponding TEM images of the lithium disposition at different stages'®”.

2.4.2 Application in electrocatalysis

Electrocatalysis is an important process in the
field of clean energy conversion (fuel cell, water
decomposition and metal air cell). However, due to
the slow kinetic processes such as hydrogen evo-
lution reaction (HER), oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR), these
fields are greatly limited in practical application.
In addition, carbon dioxide reduction, methanol
oxidation and nitrogen reduction are also key fac-
tors in the process of renewable energy conversion.
Carbon-based hollow structure nanomaterials with
high conductivity can improve the charge transfer ef-
ficiency. Besides, hollow structure and porous struc-
ture can improve mass transfer efficiency. Based on
the unique structural characteristics of carbon-based
hollow structure nanomaterials, researchers generally

believe that carbon based hollow structure nanoma-
terials are one of the best candidates for electrocata-
lysts with high activity and stability.

Oxygen reduction reaction (ORR) plays a very
important role in metal air cells and fuel cells. Pt
electrocatalysts show excellent ORR activity under
acidic and alkaline conditions, but due to its high
cost and poor stability, the mass production and
further practical application of precious metal Pt
are greatly limited. In recent years, researchers are
committed to the synthesis of electrocatalysts with
low cost and stable performance. Carbon-based hol-
low structure nanomaterials have attracted more and
more attention because of their low price, high activ-
ity and stability. Nonmetallic carbon-based materials
can modify their electronic structure and chemical
activity by doping various heteroatoms such as N, S
and P. The electronegativity and atomic radius differ-
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ence between heteroatoms and carbon atoms change
the electronic structure of C atoms adjacent to het-
eroatoms, which is conducive to the adsorption and
electron transfer of oxygen species and enhance their
ORR activity. For example, Lou Xiuwen’s research
group developed the strategy of self-assembly of
polymer block copolymer F127 and polydopamine
composite micelles to synthesize ultra-thin hollow
nitrogen doped carbon spheres. The ultra-thin shell
with single-layer mesoporous structure ensures the
rapid progress of mass transfer process and high cat-
alytic activity””. Although heteroatom-doped carbon
materials exhibit stable and efficient ORR properties
in alkaline solution, their ORR activity under acidic
conditions is not satisfactory'®. In order to solve
this problem, carbon-based materials modified by
non-noble metals (Fe, Co and Ni) have been widely
studied.

2.4.3 Carbon-based hollow structure nano
materials being used as nano reactors for
catalytic reactions

It is very important to design a suitable reactor
in chemical reaction engineering. In order to ob-
tain the best reaction conditions, hydrodynamics,
mass transfer, heat transfer and reaction kinetics
must be considered. The development of nano-
technology makes the reaction vessel change from
macro to micro structure, which opens the con-
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cept of new nano reactor. From the perspective of
chemical engineering, the catalysts designed and
prepared are regarded as nano reactors. Compared
with conventional reactors, nano reactors have the
advantages of parallel chemical reactions, avoiding
the formation of adverse products and enhancing
catalytic performance. A plurality of reaction sites
can be controllably located in different spatial po-
sitions of the nano reactor. For example, in a hol-
low carbon-based catalyst, a plurality of catalytic
sites can be located on the inner and outer surfaces
of the carbon shell, the voids and anisotropic po-
sitions of the carbon particles, so as to obtain the
best catalytic performance. Compared with solid
carbon-sphere catalyst, hollow carbon-sphere cat-
alyst nano reactor has the following advantages:
1) catalytically active species can be loaded in the
cavity to prevent the migration and agglomeration
of active particles during the catalytic reaction,
resulting in the reduction of catalytic activity;
2) the selective catalytic activity can be further
enhanced by the regulation of shell structure; 3)
compared with the same mass of bulk catalyst, the
mass transfer process in the catalytic reaction pro-
cess can be further improved; 4) by adjusting the
hydrophilicity/hydrophobicity in the cavity, the
reaction products are enriched in the cavity, so as

to improve the catalytic reaction rate'™.
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Figure 14. (a) Schematic illustration of the synthesis of PtCo@ C Yolk-shell micro-spheres; (b) TEM image; (¢) EDX mapping im-

ages of PtCo@ C Yolk-shell micro-spheres’™.
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Selective hydrogenation is very important in
organic synthesis, such as the synthesis of epoxy
compounds. Most of the catalysis must be carried
out at high temperature, which makes the active
nanoparticles easy to be sintered and lose activ-
ity in the reaction. Schiith and his collaborators
developed a simple method to confine 4 nm PtCo
nanoparticles in the hollow carbon sphere cavity
(Figure 14)™. Using this material as catalyst, the
conversion efficiency of 5-hydroxymethylfurfural
to 2, 5-dimethylfuran is as high as 100% in 10 min-
utes. After 2 h, the yield of 2,5-dimethylfuran was
as high as 98%. In another work, Wang GH et al.
successfully prepared Pd@ C Yolk-Shell structure
catalysts by hydrothermal treatment of emulsion
containing polymer precursors. The emulsion con-
tains P123/sodium oleate/PdCl,2-, 2, 4 dihydroxy-
benzoic acid, and the emulsion of the polymer
precursor of hexammethyltetramine’”’ Recently,
Tian H et al. also reported a Yolk-Shell structure
submicron reactor loaded with metal nanoparticles,
and its structure is Pd@ Zn/C Yolk-Shell struc-

ture!"!

. When used as a catalyst for hydrogenation
of phenylacetylene to styrene, the selectivity of the
catalyst can reach 99%, and has high conversion

and excellent catalytic stability.

3. Summary and prospect

In the past ten years, carbon-based hollow struc-
ture nanomaterials have been developed by leaps
and bounds, and have achieved fruitful results in
synthesis, characterization and application. In this
paper, the basic synthesis strategy, structural design,
material functionalization and main applications of
carbon-based hollow structure nanomaterials are
summarized. The unique structure of carbon-based
hollow structure nanomaterials shows great potential
application value in many application fields. Because
of this broad application prospect, the research, de-
velopment and application of this kind of materials
is still a hot spot in the research field of hollow struc-
tural materials. The future research should focus on
the precise regulation of the composition, shell struc-
ture and thickness, inner and outer surface properties
and load components of carbon-based hollow struc-

tural materials. According to different application
requirements, carbon-based hollow structural mate-
rials with desired physical properties were prepared.
Understanding the structure-activity relationship
between material structure and application properties
is not only the driving force to promote the develop-
ment of carbon based hollow structure nanomateri-
als, but also a major challenge in this field.
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