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Defect Engineering in Two Common Types of Dielectric
Materials for Electromagnetic Absorption Applications
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Dielectric materials are greatly desired for electromagnetic absorption
applications. Lots of research shows that conduction loss and polarization
are two of the most important factors determining complex permittivity.
However, the detailed dissipation mechanisms for the improved microwave
absorption performance are often based on semiempirical rules, lacking
practical data relationships between conduction loss/polarization and
dielectric behaviors. Here, a strategy of introducing point defects is

used to understand such underlying relationships, where polarizability

and conductivity are adjustable by manipulating oxygen deficiency or
heteroatoms. Based on first principles calculations and the applied oxygen-
deficient strategy, dielectric polarization is shown to be dominant in determining
the permittivity behaviors in semiconductors. Meanwhile, the presented
nitrogen doping strategy shows that conduction loss is dominant in
determining the permittivity behavior in graphitized carbon materials. The
validity of the methods for using point defects to explore the underlying
relations between conduction loss/polarization and dielectric behaviors in
semiconductor and graphitized carbon are demonstrated for the first time,
which are of great importance in optimizing the microwave absorption
performance by defect engineering and electronic structure tailoring.

(like graphene, graphitized carbon, and
semiconductors) are more promising for
microwave absorption applications due to
their low density, high aspect ratio, fine
antioxidation capability, and the ability
to be assembled into macroscopic archi-
tectures or films. In view of the impor-
tance of dielectric materials to improve
the microwave absorption performance,
lots of researches about dielectrics-based
microwave absorption have been done.[*]
Decades of experimental researches have
generated a huge body of knowledge on
the links between processing and micro-
structural properties,”®! as well as how
they relate to microwave absorption.[1¥
So far, it has been widely recognized that
conduction loss and polarization (CaP)
are two of the dominant factors in deter-
mining complex permittivity.''! However,
much of the existing understanding of the
relationship between attenuation mecha-
nisms and complex permittivity is based

1. Introduction

With ever-increasing levels of electromagnetic (EM) radiation
pollution in the world today, conventional EM absorbing mate-
rials with strong absorption performance alone are becoming
insufficient for many applications. More stringent require-
ments for EM wave-absorbing materials such as lighter weight,
low-frequency dissipation, and broader absorption bandwidth
are necessary.!!3] Compared to traditional easily corroded, nar-
rowbandwidth, and heavy metal materials, dielectric materials

on semiempirical rules. Little research
has been reported on the quantitative rela-
tionship between CaP and permittivity, as well as the preferred
dissipation mechanism in different types of dielectrics (e.g.,
semiconductor/graphitized carbon, graphene, and so on).[1213]
Here, we present the results supporting a detailed CaP-
permittivity relationship that was developed by introducing
extrinsic point defects into semiconductors (Sc) and gra-
phitized carbon (GC). An aluminum reduction method was
used to prepare a series of semiconductors with abundant
oxygen vacancies (D-Sc), as shown in Scheme 1a. Introducing
oxygen vacancies not only improves the charge density of
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Scheme 1. Schematic illustration of the step-by-step fabrication methods of a) D-Sc and b) N-GC. The gray, red, brown, and blue dots denote Sn, O,

C, and N atoms, respectively.

semiconductors around the valence band maximum, but also
changes the intrinsic bandgap (E,) of the semiconductors.!"*!
Thus, the abundant localized electrons in Sc are expected
to result in more polarizations, like dipolar polarization. In
addition, the electrical conductivity of semiconductors can also
be improved with the variation of E,.['%l In brief, the proposed
oxygen-deficient strategy indicates that dielectric polarization
is dominant in determining the permittivity behaviors in Sc.
Meanwhile, N-doped GC (N-GC) was obtained by the pyrolysis
of nitrogen-rich precursors in inert atmosphere, as shown in
Scheme 1b. Introducing electron-rich nitrogen into the carbo-
naceous materials can improve the electrical conductivity of
graphitized carbon by contributing electron lone pairs to the
carbon conjugated system or taking positions inside aromatic
rings with sp? hybridization.l'”! In addition, the dielectric polari-
zation could also be influenced by the variation of electronic
structures. In summary, the presented nitrogen-doping strategy
exhibits that conduction loss is dominant in determining the
permittivity behaviors in GC.

2. Results and Discussion

To explore the relationship between CaP and permittivity
behaviors, a series of conventional semiconductors with oxygen
vacancies (D-Sc-0.1, aluminothermic reduction with 0.1 g of Al
powder) were prepared by the aluminum reduction method.
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Their structures were confirmed by X-ray diffraction (XRD)
patterns, as seen in Figure S1 (Supporting Information). The
frequency-dependence ¢’ values between pure Sc and D-Sc-0.1
and related linear change of the average €’ values from Sc to
D-Sc-0.1 are given in Figure S2 (Supporting Information).
Interestingly, the obtained D-Sc-0.1 exhibits improved &’
values with different degrees. The results indicate that oxygen
deficiency—induced variation of polarizability and conductivity
indeed affects the dielectric behaviors of Sc. In order to further
reveal the potential quantitative relation between CaP and per-
mittivity behaviors, more oxygen vacancies were introduced
by increasing the reaction dose of nanoaluminum powder. As
the feeding amount of aluminum powder was increased from
0.1 to 0.3 g, SnO, is able to maintain its crystal structure (XRD
patterns in Figure 1a and transmission electron microscopy
(TEM) images in Figure S3 in the Supporting Information).
Therefore, SnO, was chosen for further investigating the defect
effect due to its relative higher tolerance to high defect amount
over other oxides in this work. The detailed structure and com-
position were investigated by Raman spectra and Fourier trans-
form infrared spectra (FTIR). As shown in Figure 1b,c, D-SnO,
samples show identical Raman/FTIR profiles as pure SnO,,
indicating that aluminum reduction did not induce other impu-
rity phases and basically maintain the original crystal structures
of SnO,. The X-ray photoelectron spectroscopy (XPS) spectra
in Figure S4 (Supporting Information) reveal the existence of
Sn and O elements. In the XPS O 1s spectra, three kinds of
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Figure 1. a) XRD patterns, b) Raman spectra and c) FTIR spectra of SnO,, D-Sn0,-0.1, and D-Sn0,-0.3. XPS O 1s spectra of d) SnO,, €) D-Sn0,-0.1,
and f) D-Sn0O,-0.3, respectively. g) XPS Sn 3d spectra, h) UV-vis diffuse reflectance spectra, and i) real permittivity of SnO,, D-Sn0,-0.1, and D-SnO,-
0.3, respectively. The inset in panel (h) shows the photographs of SnO,, D-Sn0O,-0.1, and D-Sn0,-0.3.

peaks can be clearly identified (Figure 1d—f). The peak at 530.37
(£ 0.19) eV (Peak I) can be assigned to the lattice oxygen. The
peaks at 531.60 (£ 0.1) eV (Peak II) can be attributed to the O~
ions in oxygen-deficient regions. The peaks at 532.0-533.0 eV
(Peak I1I) are associated with the surface oxygen.'®! The areas
of Peak II gradually increase from SnO, to D-Sn0,-0.1 and
D-Sn0,-0.3, indicating the successful generation of oxygen
deficiencies as well as a positive correlation between oxygen
vacancies and consumed aluminum. In addition, it is noticed
that the peak area elevates with the increased oxygen deficiency.
This is because that oxygen vacancies and free electrons were
generated after SnO, was reduced by aluminum.' Oxygen
molecules would be absorbed onto the surface by capturing
free electrons from SnO,_,.['82% Therefore, as more oxygen
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deficiencies are generated, higher surface oxygen concentration
can be observed. In addition, the negligible binding energy shift
of Sn 3d spectra (Figure 1g) indicates that introducing oxygen
vacancies has little effect on the chemical states of tin. To fur-
ther confirm the concentration change of oxygen vacancies,
UV-vis diffuse reflectance spectra were measured. As shown
in Figure 1h, the gradual blueshift of absorption edge and deep-
ening powder color indicate the increased oxygen vacancies con-
centration from SnO, to D-Sn0,-0.1 and D-Sn0,-0.3.21 Based
on the above results, it can be proved that the D-SnO, samples
were successfully prepared and oxygen vacancies concentration
increases with the increased feeding amount of reductive agent.
Interestingly, the obtained complex permittivity (¢” (Figure 1
i) and &” (Figure S5, Supporting Information)) first increases

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Density of states of the Sn¢O3;, Sny031, Sny03p, and SnyeOyz. b) Nyquist plots of pure SnO,, D-Sn0,-0.1, and D-Sn0,-0.3 with a
frequency range from 100 kHz to 10 MHz and an amplitude of 5 mV. The calculated c) dipole moments and d) polarizability in x-axial and y-axial
directions of Sny6037, Sny030, and Sny60,5 (dipole moments and polarizability are all expressed with absolute values). I-DM, E-DM, and T-DM stand
for ionic dipole moment, electronic dipole moment, and total dipole moment, respectively.

and then decreases. To figure out if this trend is a particular
case, similar work for TiO, was done. As can be seen from
Figure S6a—d (Supporting Information)), the increased oxygen
vacancies’ concentration of TiO, can be proved by the UV-vis
diffuse reflectance spectra and electron paramagnetic reso-
nance (EPR) spectra. In addition, the variation trend of the
complex permittivity of TiO, is same with that of SnO,. Based
on these findings, it can be inferred that polarization and con-
duction loss have opposite effects on the permittivity behaviors
of semiconductors, e.g., SnO,, TiO,, MoS,, and AIN.

To have insight into the effect of oxygen deficiency on the
electronic properties, first principles calculations based on
density functional theory (DFT) were carried out for bulk
SnO, and D-SnO, systems. Four supercell (2 X 2 x 2) models,
including Sn;s03;, (bulk SnO,), Sn;s03; (3.12% oxygen
deficiency), Sn;c03 (6.25% oxygen deficiency), and Sn;cO,
(12.5% oxygen deficiency), were established by removing
the lattice oxygen atoms between the interstitial voids as
would be the case after aluminum reduction (Figures S7
and S8, Supporting Information). After structural relaxa-
tion, some Sn atoms were selected (Figure S9, Supporting
Information) and their local density of states (DOSs) were
calculated to examine the change in the electronic structures.
According to the local DOSs of the selected Sn atoms of the
Sn16035, Sny603q, Sny030, and Sny0,5 unit cells (Figure S10,
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Supporting Information), introducing oxygen deficiencies
significantly changes the electronic states around the valence
band and the conduction band. As shown from the DOSs in
Figure 2a, the bandgaps decrease with the increase of oxygen
vacancies. The smaller bandgap indicates the stronger con-
ductivity due to the lower energy barrier for the excitation of
charge carriers to conduction band. In view of the dominant
role of the bandgap in determining the electrical conductivity
of Sc,l'it can be predicted that the conductivity of the mate-
rials increases in an order of Sn;cO3;, < Sn;cO3; < Sny030 <
Sni0,5. The electronic impedance spectra of SnO, and
D-SnO, were measured to evaluate the electronic transfer
resistance (R.). As seen from the Nyquist plots in Figure 2b
and Figure S11 (Supporting Information), the R values
of D-SnO, are much higher than that of pure SnO,, which
indicates the improved electron transport ability after intro-
ducing oxygen deficiencies.l??l In addition, the slight decrease
in size of the semicircle from D-Sn0O,-0.1 to D-Sn0,-0.2 and
D-Sn0,-0.3 demonstrates the increased conductivity. There-
fore, the measured Nyquist plots are in consistence with the
theoretical prediction that the electrical conductivity is in an
order of SnO, < D-Sn0,-0.1 < D-Sn0,-0.3. As for the dielec-
tric polarization, it has been proved that the introduction of
oxygen vacancies can improve the charge density of Sc around
the valence band maximum. The abundant localized electrons

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. TEM and HRTEM images of a—c) N-GC-0.1, d—f) N-GC-0.2, and g—i) N-GC-0.5. j) The selected image with the corresponding elemental

mapping of elements k) C and I) N.

in Sc can result in more polarizations, like dipolar polariza-
tion. Given that it is difficult to operate and evaluate the prac-
tical polarization process in alternating electromagnetic field
at GHz, the dipole moments and polarization were estimated
using the Berry phase methods implemented in VASP.?3 As
shown in Figure 2¢,d and Table S1 (Supporting Information),
the total polarizability along the x-axis and y-axis of the unit
cells decreases with increased oxygen vacancies.

The electrical conductivity order of SnO, < D-Sn0,-0.1 <
D-Sn0,-0.3 has been confirmed based on the theoretical and
experimental results. However, the complex permittivity first
increases and then decreases from SnO, to D-Sn0,-0.1 and
D-Sn0,-0.3. It indicates that dielectric polarization and con-
duction loss have opposite effects on the permittivity behaviors
of Sc. In addition, dielectric polarization is dominant in deter-
mining the permittivity behaviors.
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Thereby, with regard to the relationship between CaP and
complex permittivity in Sc, we can come to some conclusions
as follows:

i) In Sc, dielectric polarization and electrical conductivity show
directionally opposite effects on the dielectric behaviors.

ii) In view of the limited conductive capacity of Sc, dielectric
polarization is dominant in determining the dielectric
behaviors of Sc.

The relation between CaP and permittivity behaviors in gra-
phitized carbon was also explored. Electrical conductivity and
polarization were regulated by introducing different contents
of nitrogen into graphitized carbon through directly pyro-
lyzing N-containing g-C3;N,/glucose composites. The obtained
sheet-like carbon matrix (TEM images in Figure 3a—i) was first

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) XRD patterns, b) FTIR spectra, and c) Raman spectra of N-GC-0.1, N-GC-0.2, and N-GC-0.5. XPS C 1s spectra of d) N-GC-0.1, ) N-GC-0.2,
and f) N-GC-0.5. g) XPS survey scan, h) real permittivity, and i) imaginary permittivity of N-GC-0.1, N-GC-0.2, and N-GC-0.5.

confirmed by XRD patterns. As shown in Figure 4a, two distinct
diffraction peaks are corresponded to (002) and (001) planes of
graphene. As can be seen from the FTIR spectra in Figure 4b,
the C—N/C=N stretching vibration absorption appearing
between 1000 and 2000 cm™ reveals the possible introduction
of nitrogen into the carbon matrix. Elemental mapping of C
(Figure 3k) and N (Figure 3l) of the selected image (Figure 3j)
from N-GC-0.5 demonstrates the homogeneous distribution
of nitrogen over carbon substrate. The approximately identical
I/ I values near 1.08 (Figure 4c) demonstrate that all the N-GC
samples have nearly the same graphitization degree. Further-
more, the exhibited partial graphitization feature is in con-
sistence with the exhibited short-range order character in the
high resolution transmission electron microscopy (HRTEM)

Adv. Funct. Mater. 2019, 29, 1901236
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images in Figure 3cf. More detailed information about the
nitrogen doping was studied by XPS measurements. N-species
would be in situ generated during the pyrolyzing of N-con-
taining precursors. Although oxygen functional groups may
be removed during the heat treatment process, oxygen-related
N-species including oxidized N are reserved.l'”] As shown in
the XPS N 1s spectra in Figure 4d—f, quaternary N, pyridine
N, pyrrolic N, and oxidized N can all be detected. In addition,
although the relative content of quaternary N dominates in all
N-species, its dominance decreases as the content of N-con-
taining precursor increases. This phenomenon can be explained
as follows: the formation energy of quaternary N (0.32 eV) is
the lowest among all the N-species due to its longer C—N bond
length (1.39 A) than those of pyridine N (1.33 A) and pyrrolic N

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(1.372 A). When the feeding amount of N-containing precursor
is relatively low, quaternary N is preferred. With the increase of
N-containing precursor, other N-species will have more oppor-
tunity to be formed.?*? The total nitrogen concentration was
detected by an XPS survey scan (Figure 4g), which shows the
increased nitrogen doping content from N-GC-0.1 (4.50 at%) to
N-GC-0.2 (5.08 at%) and N-GC-0.5 (8.39 at%). All these results
indicate the successful doping of nitrogen into carbon matrix,
as well as the increased nitrogen doping content from N-GC-0.1
to N-GC-0.2 and N-GC-0.5. Interestingly, the electromagnetic
parameters of N-GC samples exhibit the same trend, as shown
in Figure 4h,i. Based on these findings, it can be inferred that
the conduction loss is dominant in determining the permittivity
behaviors of materials with high conductivity (e.g., graphene,
carbon nanotubes (CNTs), and Ni foam), but not the material
with low conductivity like graphene oxide (GO).

As is widely known, most of the nitrogen doping can affect
the electronic states of materials. Pyridinic N and pyrrolic N
can contribute electron lone pairs into the carbon conjugated
system. The induced electron donor effects can result in more
dielectric polarizations. Quaternary N atoms will take positions
inside aromatic rings with sp? hybridization, thus enhancing
the electrical conductivity of graphitized carbon.l'’l Here, a
7 x 7 x 1 graphene supercell with 98 C atoms was chosen as
the theoretical model to understand the influence of nitrogen
doping on the electronic properties of graphitized carbon.
Nitrogen doping was realized by substituting C with N atoms
(quaternary N; Figure S12, Supporting Information). As shown
in Figure S13 (Supporting Information), the DOSs of the
nitrogen-doped graphene sheets at the Fermi level gradually
increase with the increased concentration of doping nitrogen,
indicating the effective modulation of nitrogen doping on the
electronic structures of graphitized carbon. Electrochemical
impedance spectroscopy (EIS) was first employed to investigate
the electron transport characteristics of the N-GC samples. As
reflected in the main panel and the inset in Figure 5a, with the
concentration of doping nitrogen increases, the semicircles at
high frequency decrease and the straight line slope at low fre-
quency rises, which indicates that the conductivity is in an order
of N-GC-0.1 < N-GC-0.2 < N-GC-0.5. Given that it is difficult to
operate and evaluate the practical polarization process in alter-
nating electromagnetic field at GHz, we still could not present
experimental evidence to illustrate the detailed dielectric polari-
zation process. Here, the chemical environments around C

0.5 T >
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Figure 5. a) The close view of Nyquist plots of N-GC-0.1, N-GC-0.2, and
N-GC-0.5. The inset shows the integrated Nyquist plots. b) NEXAFS
C-edge spectra of N-GC-0.1, N-GC-0.2, and N-GC-0.5.
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after nitrogen doping were detected by near edge X-ray absorp-
tion fine structure (NEXAFS) experiments.?®! Near-edge X-ray
absorption occurs when the core electron is excited to an unoc-
cupied state, i.e., 1s — 7 and 1s — o™ transitions.””! The spectra
are characterized by four main features: the edge (atomic con-
tribution at about 284.6 eV), a structure characterized by two
peaks at 286.1 and 288.6 eV, a shoulder at about 292.4 eV, and
a large magnetic spin (MS) resonance centered at about 307 eV,
which are labeled as A, B, C, and D in all spectra, respectively.
In general, A and C peaks are assigned to the transition from
C 1s core to C—C m* and o™ states, respectively. The B peak
is assigned to free-electron-like interlayer states in graphite or
carbon nanotubes.?8 As can be seen from the NEXAFS spectra
in Figure 5b, the presence of a pronounced B peak indicates
structural changes with the increased sp-like structure, while
the decreased intensity of A peaks demonstrates a weakening
of the C—C m* network. The changes of microscopic chem-
ical environments/electrical states indicate the influence of
nitrogen doping on the dielectric polarization process in gra-
phitized carbon.?’]

The electrical conductivity order of N-GC-0.1 < N-GC-
0.2 < N-GC-0.5 has been confirmed based on the experi-
mental results. Interestingly, the complex permittivity values
of N-GC samples also increase from N-GC-0.1 to N-GC-0.2
and N-GC-0.5. Although the detailed variation of polarization
cannot be experimentally provided, some conclusions with
regard to the relationship between GaP and permittivity behav-
iors in GC can be obtained as follows:

i) Nitrogen doping has a positive relationship with electrical
conductivity in GC.

ii) Conduction loss is dominant in determining the dielectric
behaviors of GC.

Microwave absorption properties were calculated using the
measured electromagnetic parameters based on the transmis-
sion line theory”

RL =20log|(Zi — Zo) / (Zin + Zo)| @
Z,- ZOJE tanh 25 e, ) @

where Z;, is the input characteristic impedance, Z, is the imped-
ance of free space, d is the absorber thickness, € and u, are
complex permittivity and permeability, d signifies the absorber
thickness, and c¢ is the velocity of light. As can be seen from
the frequency-dependent reflection loss of SnO, and D-SnO, in
Figure 6a, stannic oxide exhibits poor electromagnetic absorp-
tion performance, which originates from the inherently weak
loss capacity of semiconductors. The reflection loss values of
N-GC were also plotted in Figure 6b. The nitrogen-doped gra-
phitized carbon materials show better microwave absorption
performances compared to stannic oxide, their RL value gradu-
ally rises from N-GC-0.1 to N-GC-0.2 and N-GC-0.5. Cole—Cole
semicircles were plotted to explore the dielectric polarization
process.?132 As can be seen from Figures S14a—c and S15a—c
(Supporting Information), D-Sn0O,-0.1 possesses more semi-
circles than SnO, and D-Sn0,-0.3, which indicates the more
dielectric polarization processes in D-Sn0,-0.1. The results

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) RL values of SnO,, D-SnO,-0.1, and D-Sn0,-0.3. b) RL values of N-GC-0.1, N-GC-0.2, and N-GC-0.5.

are in accordance with the dielectric parameters and micro-
wave absorption performances. The Cole—Cole curves of N-GC
samples were also plotted in Figures S14d—f and S15d-f (Sup-
porting Information). More semicircles in N-GC-0.2 are derived
from its dielectric polarization processes, which illustrates
why the real permittivity of N-GC-0.2 is higher than that of
N-GC-0.5 at high frequency. However, the graphitized carbon is
a conduction loss—dominated absorber, the microwave absorp-
tion performance of N-GC-0.2 is worse than that of N-GC-0.5
due to its weaker conduction loss capability. Moreover, the
attenuation constant ¢« was also calculated using the measured
electromagnetic parameters based on the following equation**!

o= —ﬁff x(W'e ~ue Ve We ey (e +iey ()

It can be found from Figure S16 (Supporting Information),
the o values decrease in the order of D-Sn0,-0.1 > D-Sn0,-0.3 >
SnO,, and N-GC-0.5 > N-GC-0.2 > N-GC-0.1, respectively,
which indicates the dominant role of dielectric polarization in
Sc and the leading role of conduction loss in GC.

3. Conclusion

In summary, we have reported the introducing point defect
strategy to understand the underlying relationships between
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polarization/conduction loss and permittivity behaviors,
where polarizability and conductivity are tunable by artificially
changing the content of oxygen deficiency or heteroatom. On
the basis of theoretical simulations and experimental results,
we draw the following conclusions: first, dielectric polarization
plays a dominant role in determining the permittivity behav-
iors in semiconductors due to the limited conductive capability
of semiconductor materials. Second, conduction loss leads in
determining the permittivity behaviors in graphitized carbon.
Based on the proposed principle, we can design high-perfor-
mance composite absorbers through following steps: first,
improve the dielectric loss of a semiconductor to its maximum
value by the proposed defect strategy; second, regulate the
permittivity values of the conductor to 10-15 by the proposed
defect strategy. Finally, the composite absorber with the high
RL value and wide bandwidth can be achieved by moderate
impedance matching, high dielectric loss capability and mul-
tiple frequency response.

4. Experimental Section

Preparation of D-Sc: The metal oxides used in this work were
purchased from Nanjing Chemical Reagent Co. Typically, the
aluminothermic reduction treatment was conducted in an electric tube
furnace equipped with quartz tube reactors. As purchased, TiO,, SnO,,
WO;, ZnO, and Fe,O; (10 mmol), and metal Al (50 nm, 0.1 g) were each
ground for 30 min to obtain a uniform mixture. The mixture was then

(8 of 10) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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transferred to the tube furnace with flowing Ar, (purity 99.999%), while
the heating rate was controlled at 5 °C min~' and heating temperature
was kept at 500 °C min~' for 3 h. In order to exclude the influence of Al
nanoparticles, the as-prepared sample was washed with dilute HC| for
24 h. The used semiconductors in this work were called Sc for short,
the as-obtained semiconductors treated with aluminothermic reduction
were denoted as D-Sc (semiconductor with oxygen vacancies), D-Sc-0.1:
aluminothermic reduction with 0.1 g Al; D-Sc-0.3: aluminothermic
reduction with 0.3 g Al.

Preparation of N-GC: About 10 g of urea was transferred to a porcelain
crucible with a lid and heated in a muffle furnace at 550 °C with a heating
rate of 5°C min~' for 4 h. After cooling to room temperature, g-C3N, was
obtained. A given quantity of the as-prepared g-C;N, was dispersed in
40 mL of aqueous glucose solution (0.3 m) under sonication for 4 h. The
obtained suspension was heated in Teflon autoclave at 180 °C for 10 h.
The product (g-C3N,@Glucose) was collected by centrifugation, washed
with deionized water and ethanol, and then dried in an oven at 60 °C
for 24 h. Finally, the obtained g-C;N,@Glucose was calcined at 900 °C
(5°C min~") for 1 h in nitrogen atmosphere. The resulting nitrogen-doped
carbon was denoted as N-GC-m based on different g-C3N, addition
(m=0.1g, 02g,0.5g, respectively).

Characterizations: Structural characterization was carried out using
XRD with a Bruker D8 Advanced X-ray diffractometer equipped with
Cu Ko (A = 1.5405 A) radiation. FTIR spectra were obtained with a
Thermofisher Nicolet 6700 Fourier transformation infrared spectrometer.
Raman spectra were recorded on a Raman spectrometer (Renishaw
InVia). XPS information was collected by a PHI 5000 VersaProbe system
with an Al Ka X-ray source at 150 W. A UV-vis diffuse-reflectance
spectrum was obtained using a UV-vis spectrometer (Shimadzu
UV-3600). EPR spectra were detected at 110 K on a Bruker EMX-10/12
EPR spectrometer. EIS was conducted on a CHI 660D electrochemical
workstation with a frequency range from 100 kHz to 10 MHz and an
amplitude of 5 mV. The morphology of the materials was determined
by a field-emission scanning electron microscope (FESEM; JEOL, JSM-
6700F) and TEM (JEOL JSM-2010) equipped with energy-dispersive
X-ray spectrometer (EDS). Electromagnetic parameters were tested by
an Agilent PNAN5244A vector network analyzer. Mass ratio between
Sc/D-Sc and paraffin was 6:4 and that between N-GC and paraffin was
1:9. All samples were compacted into the same annulus (®;,: 3.04 mm,
@,,: 7.00 mm) by the same abrasive tool to minimize the geometrical
uncertainty caused error. In addition, the thickness of all the annulus
was kept consistent (2.5 mm). Before the measurement, repeating
calibrations were conducted until the measured electromagnetic
parameters of air were within the accepted error range. Each sample
was tested for several times to ensure the accuracy of S parameters
(S11, S21). The software installed in Agilent PNA finally calculated the
electromagnetic parameters automatically based on the Nicolson and
Ross and Weir algorithm.

X-Ray Absorption Fine Structure (XAFS) Measurement and Analysis: The
C K-edge X-ray absorption near edge structure (XANES) experiments
were carried out at the Photoelectron Spectroscopy station of the
Beijing Synchrotron Radiation Facility of the Institute of High Energy
Physics, Chinese Academy of Sciences. Samples were loaded in a UHV
and maintained in a background pressure of =8 x 107'° Torr, reaching
a pressure up to =1 x 107 Torr during data acquisition. All spectra
were recorded in the energy range from 275 to 318 eV and with an
experimental resolution of 0.2 eV at room temperature, using the total
electron yield (TEY) mode, a surface-sensitive detection method with a
typical probing depth of a few nanometers. The incident beam was set
at an angle of about 45° relative to the sample surface. The annealing
treatments were performed under ultra high vacuum (UHV) at about
700 K for 1 h. Photoelectron spectra were recorded with an angle-
integrated hemi-spherical energy analyzer at an incident photon energy
of 250 eV with an experimental resolution of 0.6 eV. An Ar* ion
bombardment was carried out at 150 V and 20 mA beam current for
5 min.

Computational Method: In these theoretical calculations, the SnO,
lattice was modeled using a 2 x 2 x 2 supercell with a molecular formula
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of Sny60;3,, and the graphene lattice was modeled using a 7 X 7 x 1
supercell with a molecular formula of Cgg. Here all DFT computations
were implemented in the VASP code using the projector augmented
wave method with the Perdew-Burke—Ernzerhof (PBE) exchange-
correlation functional.3*351 A cutoff energy of 500 eV was used for the
plane-wave expansions. For structural relaxation, the Monkhorst—Pack
k-point meshes of 4 x 4 x 6 and 3 x 3 x 1 were adopted for the unit cells
of Sny403, and graphene, respectively.?®l A 15 A thick vacuum space was
used to prevent any interactions between the adjacent periodic images
of the 2D graphene. The influence of van der Waals (vdW) interactions
was considered using a modified version of vdW-DF, referred to as
“optB86b-vdW,” in which the PBE exchange functional of the original
vdW-DF of Dion et al.,”) was replaced with the optB86b exchange
functional to yield more accurate equilibrium interatomic distances and
energies for a wide range of systems. All the atoms in the unit cells are
relaxed using a conjugate-gradient algorithm until the force on each
atom is less than 0.01 eV A~'. The charge polarizations were calculated
using the Berry phase method as implemented in VASP.B8l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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