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As the most commonly used antipyretic and analgesic drug, paracetamol (PA) coexists with neuro-
transmitter dopamine (DA) in real biological samples. Their simultaneous determination is extremely
important for human health, but they also interfere with each other. In order to improve the conductivity,
adsorption affinity, sensitivity, and selectivity of TiO,-based electrochemical sensor, N-doped carbon@-
TiO;, double-shelled hollow sphere (H—C/N@TiO,;) is designed and synthesized by simple alcoholic and
hydrothermal method, using polystyrene sphere (PS) as a template. Meanwhile, TiO, hollow spheres (H
—TiO;) or N-doped carbon hollow spheres (H—C/N) are also prepared by the same method. H—C/N@TiO,
has good conductivity, charge separation, and the highly enhanced and stable current responses for the
detection of PA and DA. The detection limit and linear range are 50.0 nmol/L and 0.3—50 pmol/L for PA,
40.0 nmol/L and 0.3—50 umol/L for DA, respectively, which are better than those of carbon-based sen-
sors. Moreover, this electrochemical sensor, with high selectivity, strong anti-interference, high reli-
ability, and long time durability, can be used for the simultaneous detection of PA and DA in human blood
serum and saliva. The high electrochemical performance of H—C/N@TiO, is attributed to the multi-
functional combination of different layers, because of good conductivity, absorption and electrons
transfer ability from in-situ N-doped carbon and electrocatalytic activity from TiO,.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

and schizophrenia [8—11]. Moreover, the detection of them can be
affected by their coexistence [12]. It is extremely important for us

Paracetamol (PA, CgHgNO,), one of the most commonly used
antipyretic and analgesic drugs, is known as acetaminophen [1]. It
can usually be used to treat pain, headache, fever, migraines,
arthritis, postoperative pain, etc. [2—4], but its human resistance
is 50 mg/L. The overdose of PA causes severe liver damage and
high accumulation of toxic metabolites, which can be fatally
hepatotoxic [5,6] and nephrotoxic [4,7]. Dopamine (DA,
CgH120,N) plays an important role in human body, when the lack
of DA leads to a variety of diseases including Parkinson's disease
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to protect human health from some dangerous diseases by the
simultaneous determination of PA and DA. Many analytical
methods that have been developed to detect DA and PA include
titrimetry, UV—vis spectrophotometry, capillary electrophoresis,
high performance liquid chromatography, and chem-
iluminescence [13—19], but there are some disadvantages in these
methods, including time-consuming, tedious sample pretreat-
ment processes, and high cost. Due to the advantages of electro-
chemical techniques (e.g., selectivity, sensitivity, low cost, simple
instrumentation, facile miniaturization, and rapid response), it is
essential for us to establish an electrochemical sensor for simul-
taneous, rapid, simple, accurate, and sensitive determination of PA
and DA.

As an increasingly popular photocatalyst, sensor, UV absorber,
and energy storage, the properties of TiO, are low cost, non-
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toxicity, semi-conductivity, thermal and chemical stability,
excellent biocompatibility and high uniformity [20—23]. Its
application as an electrochemical sensor is limited by its low
conductivity, high recombination rate of photo-generated elec-
trons and holes [24,25], and poor affinity with organic com-
pounds (e.g., PA and DA). To overcome these shortcomings, TiO,
is combined with carbon nanotube or graphene carbon, but this
combination still cannot meet our requirements. Heteroatom
(e.g., N, B, S) doping can improve the electrochemical perfor-
mance of carbon. Synergistic effect of heteroatom can effectively
compensate for the disadvantages of carbon materials because
the lone electron pairs from heteroatoms can supply additional
negative charges to carbon networks [26—29]. In addition, the
structures of TiO,-based nanomaterials have significant effects
on their catalytic activities, and double-shelled hollow spheres
bring more heterojunctions interfaces and multi-active sites
[30,31]. Hence, N-doped carbon@TiO, double-shelled hollow
sphere (H—C/N@TiO,) is adopted as an electrochemical sensor for
detection of PA and DA with the advantages as follows. First, the
synthesis process is simple, less dangerous, less time consuming,
and environmentally friendly. Second, it is essential for specific
electrochemical reactions. Third, the synergistic effect of N-
doped carbon and TiO; can be utilized, including electrocatalysis
and edge-plane defect sites. The joint of N-doped carbon and
TiOy, including TiO» nanoparticles@N-doped carbon [32], core-
shell mesoporous N-doped carbon@TiO, [33], N-doped carbon
sheets@TiO, nanoparticles [34], and N-doped carbon tuning
yolk-like TiO, [35], have been developed for the degradation of
organic pollutants [32], lithium-ion and sodium-ion batteries
[33,35], glucose determination [34], and oxygen reduction and
evolution [32—-36]. To date, H-C/N@TiO, as an electrochemical
sensor for the detection of PA and DA has not been reported.
Herein, a green and novel method for in situ H—C/N@TiO, is
proposed by us. As a hard template, the surface functionalization
of polystyrene microspheres (PSs) is adopted because size-
controlled monodisperse (TiO,@PS) can be prepared. And then a
layer of nitrogen-rich carbons, with abundant functional groups
(including C—0, —OH, and N—H) and reduction ability, is wrapped
onto TiO,@PS. After calcination, H—C/N@TiO; is obtained. Ulti-
mately, H—C/N@TiO; is modified onto a glassy carbon electrode
(GCE) as an electrochemical sensor, which can simultaneously,
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sensitively, and selectively detect PA and DA in human serum and
saliva.

2. Experimental
All reagents and apparatus are shown in Supplementary data.
2.1. Synthesis of TiO, hollow spheres

According to the literature [37,38], PSs with an average diameter
of about 250 nm were synthesized as support information (SI1).
Ultra-pure water (0.15 mL), ethanol (72 mL), polyethylene pyrroli-
done (K30, 0.01 g), and PS (1 mL) were added into a round bottom
flask (150 mL) for sonication of 10 min. N-tetrabutyl titanate
(0.18 mL) was also added into the above solution, heated to 80 °C,
and refluxed for 4 h. The resultant microspheres (TiO.@PS) were
rinsed three times with ethanol and dried at 60 °C under vacuum
for 6 h. Ultimately, they were heated to 550 °C with a rate of 5 °C/
min and calcined for 3 h in a muffle furnace. PSs were removed and
the products, TiO, hollow spheres (H—TiO,, 550 °C), were
synthesized.

2.2. Synthesis of H—C/N@TiO, double-shelled hollow spheres and
H—TiO,, H—C/N hollow spheres

After dispersing of hollow spheres (H-TiO3, 550 °C, 60 mg) in
Tris-HCl (100 mL, 10 mmol/L, pH 8.5) solution, DA (50 mg) was
added and stirred for 24 h at room temperature. The products
(Polydopamine (PDA) @TiO,) were rinsed three times with ultra-
pure water and dried at 60 °C under vacuum for 24 h. The
PDA@TiO, hollow spheres were heated to 800 °C with a rate of
5 °C/min and calcined at 800 °C for 2 h in a tubular atmosphere
furnace (under N; protection). The products (H—C/N@TiO;) were
synthesized. Moreover, H-C/N was prepared by the same
method.

2.3. Preparation of modified glass carbon electrodes (GCE)

The bare GCE was pretreated as follows, including polishing
until to a mirror-finish successively with 1 pm, 0.3 pm, and
0.05 um of alumina slurry, washed with anhydrous ethanol and
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Scheme 1. Schematic diagrams of 3-dimensional nitrogen-doped carbon@TiO, double-shelled hollow sphere synthesis and electrochemical sensing.
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Fig. 1. (A) Scanning electron microscopy (SEM) images of H—C/N@TiO,. (B—D) Transmission electron microscopy (TEM) images of H—C/N@TiO,. (E—]) High angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) mapping images of H—C/N@TiO,.

water in an ultrasonic bath successively, and then dried by N chitosan solution and 180 pL of water). Then, the above-prepared
blowing. H—C/N@TiO, (or H-TiO;, or H—C/N, 2 mg) was solution (1 mg/mL, 5 uL) was cast onto the surface of pretreated
dispersed in 200 pL of mixture solution (including 20 pL of bare GCE and dried at room temperature. These electrodes were
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Fig. 2. (A) X-ray diffraction (XRD) patterns of the as-synthesized H—C/N, H-TiO,, and H—C/N@TiO,. (B) Raman spectra of H—C/N@TiO,. (C) X-ray photoelectron spectroscopy (XPS)
survey spectra of H—C/N@TiO,, in the range of 200—800 eV. (D—F) X-ray photoelectron spectroscopy (XPS) of C 1s, N 1s, and Ti 2p from H—C/N@TiO,.

noted as H—C/N@TiO,/GCE, H—C/N/GCE, and H-TiO,/GCE,

respectively.

2.4. Electrochemical measurements

Electrochemical measurements with differential pulse voltam-
metry (DPV) were performed by an Electrochemical Workstation

(CHI 660E, Chenhua Instrument Co., Shanghai, China) with a three-
electrode system and conducted from 0.0 to 0.6 V at room tem-
perature with a pulse amplitude of 100 mV/s in 0.1 mol/L of
phosphate buffer solution (PBS). The modified GCE (H—C/N@TiO,/
GCE, H—C/N/GCE, or H-TiO,/GCE), platinum wire, and Ag/AgCl/
saturated KCl were used as the working, counter, and reference
electrodes, respectively.
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3. Results and discussion
3.1. Synthesis and characterization of H—C/N@TiO;

In this study, the synthetic methods, including self-adsorption/
reduction, simple template method, and carbonization, were used
to construct 3D freestanding H—C/N@TiO; as shown in Scheme 1.
During the self-polymerization for the preparation of TiO,@PS, the
solution color was white and never changed. Then TiO,@PS was
calcined. During the preparation of PDA@TiO,, the color of solution
was changed from white to black. H-TiO, served as not only a
hollow ball template but also an adsorption agent for PDA during
the preparation of PDA@TiOs.

Scanning electron microscopy (SEM) was used to characterize
the morphologies of H—C/N@TiO, as shown in Fig. 1A. It can be
clearly seen that the products were hollow and exhibited high
monodispersity and uniform size, revealing that PDA shell could
be wrapped uniformly onto H-TiO,. The SEM images of H-TiO,
and H—C/N are shown in Fig. S1. The transmission electron mi-
croscopy (TEM) images of these nanocomposites confirmed that
the produces were hollow (Fig. 1B), which were consistent with
the results of SEM. H—C/N@TiO; with uniform thick and clearly
layered shell is shown in Fig. 1C. Besides, the high resolution
transmission electron microscopy (HRTEM) image of H—C/
N@TiO, showed that the lattice spacing of 0.351 nm corre-
sponded to the (101) plane of TiO, (Fig. 1D). To further indicate
the distribution of elements, high angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) was
used for the characterization of H—C/N@TiO,. The HAADF-STEM
mapping images are shown in Figs. 1E—], indicating that C, N,
Ti, and O were uniformly enriched on the surface of the hollow
sphere. The red, orange-red, green, blue-green, and yellow
colored areas in HAADF-STEM mapping images (Figs. 1F—])
revealed that H—C/N@TiO; was the combination of C, N, Ti, and
O, respectively. Moreover, it could also be seen that the distri-
bution of Ti and C was a hierarchical structure from the
elemental images of H—C/N@TiO,. X-ray diffraction (XRD) was
used for the characterization of H—C/N@TiO,;, H—C/N, and
H—TiO,. As shown in Fig. 2A, the diffraction peaks at 25.3°, 37.7°,
47.9°, 53.8°, and 62.6° could correspond to (101), (004), (200),
(105), and (204) reflection of anatase TiO,, respectively. While
the peaks at 27.8°, 35.9°, 41.30°, 44.10°, 56.69°, and 64.09° could
be specified as (110), (101), (111), (210), (220), and (310) from the
reflection of rutile TiO,, respectively. The diffraction peaks at
26.1° and 43° corresponded to (102) and (100) reflection of
graphite carbon. In addition, two characteristic peaks of graphi-
tized carbon (about 1347 and 1583 cm™') and the characteristic
peaks of TiO, (about 144, 200, 397, 516, and 639 cm~!) were also
observed in the Raman spectrum of H—C/N@TiO; as shown in
Fig. 2B. These characterizations revealed that in situ H—C/N@TiO,
could be constructed successfully. In addition, the chemical
bonding and elemental composition of the H-C/N@TiO, com-
posite were also further measured by X-ray photoelectron spec-
troscopy (XPS) in the range of 200—800 eV. The XPS spectra of
H—C/N@TiO, (Fig. 2C) indicated the coexistence of Ti, C, N, and O
in nanomaterials. Four different constituent peaks (C=C, C—N,
C—0—C, and C=0) were observed in the spectrum of C 1s
(Fig. 2D) at 283.6, 284.3, 286.4, and 288.1 eV, respectively. High-
resolution XPS N 1s spectra (Fig. 2E) of the as-prepared com-
posites were determined as the types of nitrogen dopants. In the
high-resolution XPS N 1s spectrum, three types of nitrogen
(pyridinic, pyrrolic and graphitic N) were observed and the
constituent peaks corresponded to 397.5, 400.1 and 401.9 eV,
respectively. The content of pyrrolic N was the highest among
three types of nitrogen dopants in composites, indicating that
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there would be abundant adsorption sites for organic contami-
nants [39]. As shown in Fig. 2F, the constituent peaks of Ti 2p3/2
and Ti 2p1/2 corresponded to 458.2 and 464.2 eV in the high
resolution XPS Ti 2p spectrum. As an electrode material, it would
provide more absorption sites for analytical targets with N, offer
a good conductivity by C, and high electrocatalysis performance
by TiO,. The above-mentioned advantages as an electrochemical
sensor were tested by the identification and detection of PA and
DA in human serum and saliva.

3.2. Electrochemical behavior of H—C/N@TiO, composites

In the electrochemical experimental section, the electro-
chemical properties of different electrodes, including GCE, H—C/N/
GCE, H-TiO,/GCE, and H—C/N@TiO,/GCE, were tested by cyclic
voltammetry (CV), using 0.1 mol/L of PBS (pH 6.0, containing
50 umol/L of PA and DA). As shown in Fig. 3, the redox peaks of PA
and DA for H—C/N@TiO,/GCE were the clearest in them and could
be used for qualitative and quantitative analyses of DA and PA.
Moreover, the DPV of the samples is also provided as Fig. S2. H—C/
N@TiO, was obviously superior to the others because it not only
had the good conductivity of C but also had the superior redox of
TiO,. The order of Ret values as GCE > H—TiO,/GCE > H—C/N/
GCE > H—C/N@Ti0;/GCE can be gained from Fig. 3. In addition, two
pairs of significant redox peaks belonged to PA and DA, which
further revealed the importance of the construct of double-shell in
electroanalysis.

3.3. Effect of scan rate and pH

To demonstrate the transport characteristics of H—C/N@TiO,/
GCE, the relationship of the redox peak currents of PA and DA with
the scan rate was studied in the range of 20—400 mV/s, which is
shown in Figs. 4A and B. The linear regression equations for PA were
Ip(pA)=12.237+0.2170 v (R?=0.9976), Ipa(nA) = —31.503-0.3399

v (R? = 0.9954), and the DA linear regression equations were
I(nA)=11.336 + 0.3834 v (R?>=0.9972), Ipa(pA) = —29.161-0.5874
v (R? = 0.9968). According to these results, the electro-redox reac-
tion of DA and PA was a typical adsorption-controlled process. The
linear of the plots of log Ip versus log v in the scan rate with slopes of
0.783 for DA and 0.656 for PA, respectively, are shown in Fig. S3, and
then the adsorption-controlled process of DA and PA could be
confirmed further.

— H-C/N@TIO,/GCE —— H-TiO,/GCE
200+ — H-C/N/GCE —_GCE
100
z ¢ ‘
a
o _/\/\/—
~200
T T T 1
0.8 06 0.4 0.2 0
E (V)

Fig. 3. Cyclic voltammetry of the different electrodes in 0.1 mol/L of PBS (pH 6.0,
containing 50 pmol/L of PA and DA), at scan rate of 100 mV/s.



H. Yang, G. Cao, Y. Huang et al.

A
1200+

800 -

400

E (V)

Journal of Pharmaceutical Analysis 12 (2022) 436—445

200

100 ~

T T T 1
200 300 400 500

v (mV/s)

T
100

Fig. 4. (A) Cyclic voltammetry of GCE modified by H—C/N@TiO, at different scan rates in 0.1 mol/L of PBS (pH 6.0, containing 50 wmol/L of PA and DA). (B) Curve of redox peak

current vs. scan rate for PA and DA.

The redox peak currents of PA and DA in the range of 0.8 —0.0 V
were influenced by the pH of the electrolyte (50 pmol/L of PA and
DA, in 0.1 mol/L of PBS), as shown in Fig. S4. It was beneficial to
estimating the ratio of proton to electron in this reaction. As shown
in Fig. 5A, the redox peak current value was the maximum response
when the pH value of PBS was 6.0. Therefore, pH of the solution was
determined at 6.0 in the following experiments. The linear rela-
tionship between the peak potentials and pH of the solution with
Epa = 0.8770—0.0634 pH (R?> = 0.9815), Epa = 0.6613—0.0629 pH
(R? = 0.9880) is shown in Fig. 5B. According to the formula (dEp/
dpH=2.303 mRT/nF, where m and n are the numbers of proton and
electron, respectively), the slopes of the two regression equations,
0.0634 and 0.0629 for PA and DA, approached the theoretical value
[40,41], indicating that the electrochemical redox of PA and DA on
the electrode of H—C/N@TiO2/GCE should be a two-electron and
two-proton process.
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3.4. Qualitative and quantitative determination of PA and DA

The DPV measurements for qualitative and quantitative analyses
were better than those of CV technique in respect of sensitivity and
resolution because a small voltage pulse superimposed on the linear
voltage sweep was applied and the differential current at a short time
after the pulse was sampled by DPV. Hence, DPV was used to assess
the quantitative and qualitative analyses of PA and DA. As shown in
Fig. 6A and B, the redox peaks currents of PA or DA at H—C/N@TiO,/
GCE increased gradually with the concentration increase and a good
linear relationship was established. As the concentration of PA
increased, two linearities were observed with two linear regression
equations, i.e., I, = —4.8417—3.2596¢ (R? = 0.9910) for 0.3—20 pmol/
L, Ipa = —48.1253-0.9894c (R? = 0.9964) for 20—50 pmol/Lin Fig. 6D.
The linearity for DA was increased from 0.3 to 50 umol/L with linear
regression equation of In; = —5.9062—2.0480c (R?=0.9934)in Fig. 6E.

B
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E (V)
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O T T T T
7
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Fig. 5. Electrochemical behavior of H—C/N@TiO; in 0.1 mol/L of PBS (containing 50 umol/L of PA and DA) with different pH values. Relationship between (A) peak current, (B) peak

potential and pH.
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Fig. 6. Differential pulse voltammetry (DPV) for (A) PA, (B) DA and (C) both mixture in 0.1 mol/L of PBS (pH 6.0) with H-C/N@TiO,/GCE, at scan rate of 100 mV/s. Calibration plots of
oxidation current vs. (D) PA, (E) DA, and (F) both mixture concentrations. DPV curves increment: 0.004 V, amplitude: 0.05 V, pulse width: 0.05 s, sampling width: 0.0167 s, pulse
period: 0.5 s, quiet time: 2 s.

According to the signal-to-noise ratio (S/N = 3), the detection limit [12,42—49], which revealed that the detection limit of our work was
was estimated to be 50 and 40 nmol/L for PA and DA, respectively. the best. Hence, the superior performance of H—C/N@TiO,/GCE
Analytical performance (including linear range and limit of detection) showed a promising platform for the simultaneous electrochemical
of the other materials was compared and is shown in Table 1 determination of DA and PA.
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Table 1

Analytical performance of electrodes for determination of PA and DA by differential pulse voltammetry (DPV).
Electrodes Linear range (pumol/L) Detection limit (umol/L) Refs.

DA PA DA PA

Cu/Cu0-0A/MWCNTSs/GC 0.02—0.159 1-142.9 0.00327 151 [12]
MWCNT-BPVCM-e/GCE 5—1000 5—1000 23 35 [42]
f-MWCNT/GCE 3-200 3-300 0.8 0.6 [43]
PAY/nano-TiO,/GC - 12-120 1.0 2.0 [44]
MWCNT/CCE 0.05-320 0.1-320 0.22 0.12 [45]
ZIF-67/GCE 2-45 2-45 13 1.4 [46]
NiO—CuO/GR/GCE 0.5-20 4-400 0.17 133 [47]
GI/GCE NA 10—500 NA 2.7 [48]
CoFe,04 3-180 3-200 0.35 0.25 [49]
H—C/N@TiO,/GCE 0.3-50 0.3-50 0.040 0.050 This wok

In addition, the simultaneous analysis of DA and PA was further
carried out by DPV. As shown in Figs. 6C and F, when the concen-
trations of DA and PA increased from 0.3 to 20 pmol/L at H—C/
N@TiO,/GCE, the redox peak currents also increased proportionally
with two linear regression equations of Iy, = —4.7308—2.3984cpa
(R? = 0.9805), Iy = —3.0063—2.285¢cpa (R* = 0.9835), and the linear
correlation coefficients were 0.9805 and 0.9835 for PA and DA,
respectively. These results indicated that H—C/N@TiO,/GCE could
be applied to identify and determinate DA and PA simultaneously as
an electrochemical sensor.

In order to assess the selectivity of H—C/N@TiO,/GCE, the
electrolyte coexisted with ions and organic substances (including
sodium chloride, potassium chloride, sodium acetate, and glucose,
10 pumol/L) in PBS (0.1 mol/L, pH 6.0, with 1 umol/L of PA and DA)
and was then simultaneously determined by DPV. The results
showed current variation was less than 5% after adding interfering
substances, indicating that this nanomaterial as an electro-
chemical sensor had a strong anti-interference ability for analysis
of PA and DA. In addition, PA and DA were determined every 3
days and its redox activity could be kept for nearly 15 days. The
stability of the H—C/N@TiO,/GCE was evaluated by repeating five
measurements in the same solution containing 1 pmol/L of DA and
PA. A relative standard deviation (RSD) of 1.78% was obtained for
five successive measurements, which indicated that the sensor
was not subjected to surface fouling by the oxidation products. So,
experimental results revealed that the selectivity and repeatability
of H-C/N@TiO,/GCE were good for the simultaneous analysis of
PA and DA.

To evaluate the feasibility of the sensor (H—-C/N@TiO,/GCE), the
selective analysis of DA and PA was highly necessary in human
serum and saliva. Human blood was collected from the City Hos-
pital in Zhangzhou, Fujian, China, centrifuged, and stored at 4 °C in
a refrigerator. Saliva samples were prepared according to the

Table 2
Detection of PA and DA in real sample (human serum or saliva) using H—C/N@TiO,/
GCE.

Sample Adding Detection level Recovery (%)
standard (umol/L)
(numol/L)
PA DA PA DA PA DA
Saliva 0 ND ND 0 0
1 1 1.014 0.992 101.4 99.2
2.0 1.5 2.039 1.515 102.0 101.0
Human serum 0 ND ND 0 0
1 1 1.031 0.986 103.1 98.6
2.0 1.5 2.073 1.536 103.7 1024
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references [50,51]. They were diluted to 50 fold by 0.1 mol/L of PBS.
Then the concentrations of DA and PA were determined by H—C/
N@TiO,/GCE. The results are shown in Table 2. The recoveries of DA
and PA were 98.6%—102.4% and 101.4%—103.7%, respectively. These
results proved that the influence of sample matrix on the deter-
mination of PA and DA could be overlooked. Hence, the sensor H—C/
N@TiO,/GCE could be used to identify and detect DA and PA
simultaneously in human serum or saliva.

4. Conclusions

In this work, a high-performance electrochemical sensor for
the identification and detection of PA and DA, in-situ H—C/
N@TiO, was constructed, with a high conductivity, superior
electrocatalytic performance, and reliable qualitative and quan-
titative capabilities. More importantly, the performance of elec-
trocatalytic activity was excellent and the preparation of
electrode materials was environmental friendly, with in-situ
doping reaction and hard template method. Both excellent
sensing linear range and sensitive detection limit for PA
(0.3—50 umol/L and 50 nmol/L) and DA (0.3—50 pmol/L and
40 nmol/L) could be offered by our sensor. A high-efficacy and
economical analytical platform was proposed by us, used for
ultrasensitive and highly selective detection of PA and DA from
human serum or saliva. These satisfactory results were due to the
synergistic effect of different components of TiO, and N-doped
carbon with abundant functional groups (including C—0O, —OH,
and N—H) and reduction ability, the advantages of double-shelled
hollow spheres.
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