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The conversion of plant polyphenol to multi-functional nanoporous carbon spheres (NCSs) is desirable
and challenging. Tannic acid (TA), as one kind of plant polyphenol, has been regarded as one of potential
renewable carbon sources for nanoporous carbon materials. However, the nanoporous carbon materials
derived from TA usually show low surface area and irregular morphology, which partially limit their
broad applications. Herein, we demonstrate the successful synthesis of NCSs with high surface area
(up to 2221 m?/g) and uniform diameter (~120 nm) by direct carbonization of zinc-phenolic coordina-
tion polymer using TA as a carbon source. The zinc contents play an important role in tailoring the poros-
ity of NCSs. The specific surface area of NCSs can be adjusted in the range of 527-2221 m?/g as the zinc
contents in the coordination polymers changed from 0 to 8.6 wt%. To verify the multi-functions of NCSs,
such carbon spheres are further used as a sensing platform for the analysis of nucleic acid variants with
high selectivity and low limit of detection, and electrode material for supercapacitor with high specific
capacitance, good capacitance retention, and excellent cyclic stability.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

[1-5]. Many attempts have been made to synthesize NCSs with
unique structure, tunable diameter and pore size, as well as het-

Nanoporous carbon spheres (NCSs) have attracted intensive
interests due to their high surface area, good conductivity and var-
ious applications in catalysis, adsorption, drug delivery, environ-
mental remediation, as well as energy conversion and storage
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eroatoms doping to tailor the physicochemical property of carbon
spheres. Till now, different synthetic methods such as soft and hard
templating [6-9], self-assembly [10], emulsion polymerization
[11], sol-gel process [12-14] and hydrothermal carbonization
[15,16] have been developed to tailor the porosity, nanostructure
and compositions of the NCSs. As the carbon source can affect
the textural properties of the derived carbon spheres [17-18], it
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is still challenging but desirable to explore new carbon source that
features highly abundance, low cost, nontoxicity, high thermal sta-
bility and easy functionalization to realize controllable and sus-
tainable synthesis of NCSs for various applications. Biomass has
been regarded as a very promising carbon source to synthesize
NCSs [19-26]. For example, glucose, fructose and sucrose have
been used to synthesize carbon spheres via a hydrothermal car-
bonization process. However, the carbon spheres synthesized by
hydrothermal carbonization of biomass usually showed microp-
orous structure with small pore size, which hinder their wide
applications involving large-sized guest molecules or fast mass
transport [2].

Recently, metal-organic frameworks (MOFs) have been inten-
sively used as a carbon precursor to synthesize nanoporous carbon
materials [27-32]. As a typical case, zeolitic imidazolate
frameworks-8 (ZIF-8), assembled by Zn ions and imidazole, has
been widely used to synthesize N-doped carbon materials with
high surface area (up to 3453 m?/g) [33]. Note that most of MOF
materials are synthesized using petrochemical products (such as
imidazole) as an organic ligand to realize the regular porous struc-
ture and crystalline framework. It may be inviable for the large-
scale synthesis of nanoporous carbon materials by carbonizing
such organic ligands from the point of view of economy and sus-
tainability [34]. It's anticipated that the synthesis of metal-
organic coordination polymer spheres using biomass as an alterna-
tive organic ligand and transformation of such coordination poly-
mers to nanoporous carbon spheres would be an ideal strategy to
synthesize NCSs [35]. However, to the best of our knowledge, very
few examples of coordination polymer spheres and their derived
nanoporous carbon spheres using biomass as an organic ligand
have been reported yet.

Plant polyphenols, extracted from plant tissue, are widely used
as a renewable carbon source for the synthesis of nanoporous car-
bon materials [36-48]. Tannic acid (TA for short), as one kind of
plant polyphenols, has plenty of catechol and galloyl groups, which
can chelate with different kinds of metal ions to form metal-
phenolic coordination polymers [43]. Inspired from the successful
synthesis of nanoporous carbon materials from ZIF-8, it is believed
that metal-TA coordination polymers would also be a good candi-
date for carbon materials. Most importantly, the organic ligand (i.e.
tannic acid) is a natural product and renewable source. Such syn-
thesis strategy would provide a possibility for sustainable synthe-
sis of nanoporous carbon spheres. For example, we have
synthesized crystalline Co-TA coordination polymers and used
them as carbon precursors for the synthesis of nanoporous Co/N-
C composites, which exhibit super performance for both oxygen
reduction reaction and oxygen evolution reaction [45]. Zhang
et al. reported the synthesis of ordered mesoporous carbon via a
mechanochemical assembly through coordination cross-linking
using TA as a carbon precursor, and Zn (or Ni) ions as a crosslinker
[46]. Recently, a formaldehyde-assisted metal-ligand crosslinking
strategy was developed to synthesize metal-phenolic coordination
spheres and their derived carbon composites [47]. However, most
of nanoporous carbon derived from TA show low specific surface
area (<1000 m?/g) and irregular morphology, which partially lim-
ited the broad applications of TA derived carbon materials.

Herein, we demonstrate the successful synthesis of nanoporous
carbon spheres with uniform diameter (~120 nm) and high surface
area (up to 2221 m?/g) using tannic acid as a sustainable carbon
source. The zinc-phenolic coordination polymer spheres
(~170 nm) are firstly synthesized via a formaldehyde-assisted
metal-ligand crosslinking strategy. Then, the NCSs are obtained
by morphology-preserving carbonization of the zinc-phenolic
coordination polymers. During the carbonization process, the zinc
species can aggregate together to form ZnO nanocrystals, and then
be reduced to Zn by carbon. At last, Zn can be fully vaporized from

the carbon framework at high temperature, leaving plenty of
micropores and mesopores in the carbon spheres. As the contents
of zinc species in the coordination polymers can be well adjusted,
the porosity and specific surface area of carbon spheres can be
easily tailored. Due to the high surface area, micro/mesoporous
framework, and uniform spherical morphology, the carbon spheres
reveal high specific capacitance (271 F/g), good capacitance reten-
tion, and excellent cyclic stability when using as an electrode
material for supercapacitor. Furthermore, the carbon spheres can
be applied for reliable analysis of nucleic acid variants with
single-nucleotide discrimination.

2. Results and discussion

Tannic acid has five catechol and five galloyl groups in each
molecule (Fig. 1a). Such phenolic groups can chelate with zinc ions
in alkaline conditions. The synthesis of NCSs mainly includes two
steps (Fig. 1b). In the first step, TA molecules and Zn ions were
assembled in the alkaline ethanol/water mixed solvents. In the
synthesis process, block copolymers F127 (polyethylene oxide-
block-polypropylene oxide-block-polyethylene oxide, PEO-b-PPO-
b-PEO) were used to stabilize the TA molecules in order to make
the polymerization process more controllable. Formaldehyde was
used to crosslink the TA molecules to form TA oligomers. Then
metal ions (i.e. Zn?") were added into the solution to further cross-
link TA oligomers via metal-catechol coordinate bonds. After fur-
ther hydrothermal treatment at 70°C, Zn-TA coordination
polymer spheres were obtained. In the second step, NCSs were syn-
thesized by controllable carbonization of Zn-TA coordination
spheres at 900 °C in nitrogen atmosphere.

The stoichiometric ratio of zinc to organic ligand in the MOF
(such as ZIF-8, Zn(mim),) is fixed due to the crystalline framework
and unique chemical structure [49]. Differently, Zn-TA coordina-
tion spheres show amorphous structure (Fig. S1a), suggesting the
possibility to adjust the content of Zn species in the coordination
polymers. During the synthesis process, different amounts of Zn
precursor (i.e. Zn(NOs),-6H,0) were used, and the obtained Zn-TA
coordination polymers were denoted Zn-TA-x (x refers the mass
ratio of Zn precursor to TA, x =0, 10, 20, 30, 40, 50 and 60%). After
carbonization at 900 °C, the obtained nanoporous carbon spheres
were denoted as Zn-TA-x-900 (x =0, 10, 20, 30, 40, 50 and 60%).

Scanning electron microscopy (SEM) images for all the Zn-TA-x
(x=0, 10, 20, 30, 40 and 50%) samples showed spherical morphol-
ogy with uniform diameter (~170 nm), indicating the successful
synthesis of Zn-TA coordination spheres (Figs. 2a-d and S2a and
b). When the mass ratio of Zn precursor to TA increased to 60%,
the mixtures of coordination spheres and nanoparticles were
obtained, suggesting that a higher metal content could lead to
the formation of irregular coordination polymers (Fig. S2c). After
carbonization, all the coordination polymer spheres were success-
fully transformed to carbon spheres (Figs. 2e-h and S2d and e),
indicating that metal-phenolic coordination polymers were one
of excellent precursors to synthesize carbon materials with pre-
served morphology. Due to the shrinkage of the skeleton, the diam-
eter of the carbon spheres slightly decreased to ~120nm
estimated from the SEM results. Thermalgravimetric analysis
(TG) results revealed that the content of zinc in the coordination
polymers increased from 1.4 to 8.6 wt% as the mass ratio of Zn pre-
cursor to TA increased from 10 to 60 wt% (Fig. S3).

The powder X-ray diffraction (XRD) patterns for Zn-TA-40%-900
displayed two broad peaks at 20 of 23.5 and 43.6°, corresponding
to the diffractions of the amorphous carbon (Fig. S1a). No diffrac-
tion peaks were observed for Zn (or ZnO) crystals in the carbon
samples, indicating the full vaporization of Zn species during the
carbonization process. X-ray photoelectron spectroscopy (XPS)
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Fig. 2. SEM images of Zn-TA coordination polymer spheres and their derived carbon spheres: (a) Zn-TA-0%, (b) Zn-TA-20%, (c) Zn-TA-40%, (d) Zn-TA-50%, (e) Zn-TA-0%-900, (f)

Zn-TA-20%-900, (g) Zn-TA-40%-900 and (h) Zn-TA-50%-900.

results also proved the Zn species were fully removed after car-
bonization at 900 °C (Fig. S4). XPS spectra for Zn-TA-40% reveal
the existence of C, N, O and Zn elements. The nitrogen species
may be ascribed to the reactions between alkaline ammonium
hydroxide and acidic TA during the synthesis process [50]. After
carbonization at 900 °C, the peaks for both the N 1s and Zn 2p were
not observed from XPS spectra. XPS results proved that N groups
were decomposed during the carbonization process. Zn species in
the coordination polymers were aggregated together to form ZnO
nanoparticles during the carbonization process. At higher temper-
ature, ZnO was reduced by carbon to form Zn metals. Zn metals
were vaporized away along with the N, flow during the carboniza-
tion process due to the low boiling point of zinc (~907 °C), result-
ing in nanoporous framework.

Transmission electron microscope (TEM) techniques were fur-
ther used to characterize the evolution of Zn species in the carbon
framework. The sample Zn-TA-40% was calcined at different tem-
peratures (300-900 °C). The obtained materials were denoted Zn-
TA-40%-y (y =300, 400, 600 and 900). TEM images for Zn-TA-
40%-300 do not reveal any Zn (or ZnO) crystals in the framework
(Fig. 3a and b). However, element mapping results prove the zinc
species were distributed uniformly in the carbon framework, indi-
cating zinc species show amorphous structure (Fig. S5). The
selected area electron diffraction patterns also proved the amor-
phous structure. When the carbonization temperature increased
to 400 °C, the zinc oxide crystals with ultra-small size (<5 nm)
were observed in the polymer framework (Figs. 3¢, d and S6). As
the temperature further increased to 600 °C, it’s clearly to see that
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Fig. 3. TEM images for Zn-TA-40% carbonized at different temperatures (a and b) 300 °C, (c and d) 400 °C, (e and f) 600 °C, (g and h) 900 °C.

the zinc oxide crystals are embedded in the spherical framework
(Fig. 3e). The size of zinc oxide crystals increased dramatically
(>10 nm), suggesting a severe aggregation of zinc species during
the crystalline process. The high-resolution TEM image for Zn-
TA-40%-600 clearly shows the lattice fringes of ZnO, indicating
the formation of highly crystalline ZnO particles (Fig. 3f). When
the temperature increased to 900 °C, nearly no Zn (or ZnO) crystals
were observed, which is consistent to the XPS and XRD results
(Fig. 3g and h). Instead, lots of nanopores and cavities were formed
in the carbon spheres. Such cavities may be formed as the vapor-
ization of Zn crystals with large crystal size. Raman spectra for
Zn-TA-40% carbonized at different temperatures (300-900 °C)
revealed that the intensity ratio between G and D bands (Ig/Ip)
increased gradually as the temperature increased, indicating an
enhanced graphitic degree of the carbon materials (Fig. S1b).

The porous structure of NCSs was characterized by N, sorption
isotherms (Fig. 4). N, sorption isotherms for Zn-TA-0%-900 without
using any zinc species exhibited type I curve, indicating a microp-
orous structure. Such results showed that F127 used in the synthe-
sis was not act as a soft template for the production of mesoporous
structure. In addition, a large hysteresis loop at a high relative
pressure (P/Py, 0.90-0.98) revealed the existence of large pores,
which was attributed to the packing of nanospheres. After incorpo-
ration of Zn species, N, sorption isotherms for Zn-TA-x-900 (x = 10,
20, 30, 40, 50, 60%) revealed a hysteresis loop at a relative pressure
of 0.45, indicating a mesoporous structure. This proved the Zn spe-
cies could act as a porogen to produce plenty of mesopores in the
carbon frameworks.

Brunauer-Emmett-Teller (BET) surface area for the NCSs
increased from 527 to 2221 m?/g as the mass ratio of Zn to TA
increased from O to 40% (Table 1). The mesoporous surface area
also increased from 109 to 774 m?/g when the mass ratio of Zn
to TA increased from O to 40%. However, when the mass ratio of
Zn to TA further increased from 40 to 60%, BET surface area
decreased from 2221 to 713 m?/g. This may be due to the partial
collapse of porous structure as large amount of zinc species are
vaporized from the carbon framework. The tunable BET and meso-
porous surface area for the carbon spheres can be ascribed to the
adjustable zinc contents in the coordination polymers. The BET
surface area (i.e. 2221 m?/g) of nanoporous carbon spheres pre-
pared in this work is much higher than that of the mesoporous car-
bon derived from mechanochemical assembly of F127, TA and

o

=]

S

S
1

(a) 900 (b) 0.020
—=— Zn-TA-0%-900 —=— Zn-TA-0%-900
8009 4 Zn-TA-10%-900 # 9 e ZnTA-10%-900
0] A ZnTA20%900 A4 — (\ 4 Zn-TA-20%-900
® v Zn-TA-30%-900 F T s T ZaTA30%900
£ ¥
% 6004 VvV —bﬂ : \
§ rv vy g ‘
3 5004 o f" = 00104
¥
E ™™ A5
£ 400 sl g
3 o e 5}
< A 5
< 300 covengped S 0,005
S Y
2001 PRt ofl Lo 74T
s ¥ -
2

4 6 8 10 12 14 16 18 2
Pore size (nm)

—a— Zn-TA-40%-900 ’ e Z0TA-40%-900
10004 o Zn-TA-50%-900 o Zn-TA-50%-900

—a— Zn-TA-60%-900 A ZnTA-60%-900
800 |

00 02 04 06 08
Relative pressure (P/P))

5 g
= %o
g /./'/.’. E
2 J =
Z 6001 - J a8
g "’ %0
g e 2
g s 24 e
H e 2
3 400-| -~ o
I kA it
200 A A
“w

00 02 04 06 08 10
Relative pressure (P/P))

2 4 6 8 10 12 14 16 18 20
Pore size (nm)

Fig. 4. N, sorption isotherms (a and c) and corresponding DFT pore size distribu-
tions (b and d) for Zn-TA-0%-900, Zn-TA-10%-900, Zn-TA-20%-900, Zn-TA-30%-900,
Zn-TA-40%-900, Zn-TA-50%-900 and Zn-TA-60%-900 respectively.

metal ions (Zn or Ni) in previous reports (i.e. 395-1057 m?/g)
[46]. The nanoporous carbon spheres also showed higher BET sur-
face area than the carbon spheres derived from TA-Co coordination
polymers in our previous work (477 m?/g) [47]. The density func-
tional theory (DFT) pore size distributions curves were shown in
Fig. 3b and d. The pore size for all the nanoporous carbon spheres
was distributed uniformly (4-6 nm). The pore volume for the
nanoporous carbon spheres was ranging from 0.41 to 1.64 cm®/g.

Due to the high surface area, micro/mesoporous structure and
unique spherical morphology, NCSs were used as an electrode
material for supercapacitor. The electrochemical capacitive perfor-
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Table 1

Textural properties of nanoporous carbons spheres derived from Zn-TA coordination polymers.

Samples Zn/TA mol/mol Sger (m?/g)? Smicro (M?/g)” V (cm?/g)° Pore size (nm)!
Zn-TA-0%-900 0 527 418 0.41 49
Zn-TA-10%-900 374 739 597 0.48 53
Zn-TA-20%-900 74.9 1165 921 0.79 53
Zn-TA-30%-900 1123 1784 1423 1.27 4.7
Zn-TA-40%-900 149.8 2221 1447 1.64 53
Zn-TA-50%-900 187.2 1521 1076 1.07 53
Zn-TA-60%-900 224.7 713 541 0.48 53

@ BET surface area.

b Microporous surface area.
¢ Total pore volume.

4 DFT pore size.

mances were evaluated by cyclic voltammetry (CV) and galvanos-
tatic charge/discharge technique in a three-electrode cell. The CV
curves of Zn-TA-40%-900 electrodes in 6 M KOH aqueous elec-
trolyte at varied scan rate from 5 to 200 mV/s showed nearly rect-
angular shape without any redox peaks, indicating a double-layer
capacitance behavior (Fig. 5a). Other carbon spheres derived from
Zn-TA coordination polymers with different Zn contents also
exhibited similar property (Fig. S7). The charge-discharge tests of
Zn-TA-40%-900 electrode were conducted at the current densities
from 0.2 to 5.0 A/g (Fig. 5b and c). The specific capacitance for
Zn-TA-40%-900 calculated from the charge-discharge curves was
271 F|g at a current density of 0.2 A/g, which was much higher
than that for Zn-TA-0%-900 (149 F/g), Zn-TA-10%-900 (169 F/g),
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Zn-TA-20%-900 (193 F/g), Zn-TA-30%-900 (234 F/g), Zn-TA-50%-
900 (201 F/g) and Zn-TA-60%-900 (151 F/g) (Fig. S8). The specific
capacitance of Zn-TA-40%-900 can still retain 176 F/g even at a
higher current density of 5 A/g. Comparing with other nanoporous
carbon spheres prepared using Zn-TA coordination polymers with
different zinc contents as a carbon precursor, Zn-TA-40%-900
showed the highest specific capacitance at different current densi-
ties due to its high surface area and plenty of mesopores (Figs. 5d
and S9b). The specific capacitance for Zn-TA-40%-900 was also
comparable to that of other nanoporous carbon materials reported
recently (Table S1).

To investigate the electrochemical stability of Zn-TA-40%-900,
galvanostatic charge-discharge measurements were performed at
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Fig. 5. Electrochemical performance of nanoporous carbon spheres derived from the Zn-TA coordination polymers using a three-electrode cell: (a) cyclic voltammograms of
Zn-TA-40%-900 at different scan rates (5-200 mV/s) in 6.0 M KOH solution. (b) Galvanostatic charge/discharge curves of Zn-TA-40%-900 at different current densities (0.2—
5 A/g). (c) Galvanostatic charge/discharge curves of nanoporous carbon derived from different Zn-TA coordination polymers at a current density of 0.2 A/g. (d) Specific

capacitance for carbon spheres at different current densities (0.2-5.0 A/g).
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a current density of 5 A/g. The cyclic tests showed that 98% of its
initial capacity was maintained after 5000 cycles (Fig. S9a). The
NCSs showed unique spherical structure, as well as plenty of
micropores and mesopores (4-6 nm) in the carbon framework
with total surface area up to 2221 m?/g, which could effectively
enhance the ions transport between the different carbon spheres
and inside the carbon matrix. As a result, a high specific capaci-
tance has been achieved using such nanoporous carbon spheres
as an electrode material.

Carbon nanomaterials have been widely used for fluorescent
biosensors due to their high surface area and efficient fluorescence
quench ability [51-53]. In this work, NCSs were used as fluores-
cence sensing platform to detect nucleic acid (Fig. 6a). The NCSs
showed higher fluorescence quenching efficiency than Zn-TA coor-
dination polymer spheres (Fig. 6b). Moreover, as the carbonization
temperature increased, nanoporous carbon spheres showed
enhanced quenching efficiency. The NCSs can adsorb 6-

G. Wang et al./Journal of Colloid and Interface Science 544 (2019) 241-248

carboxyfluorescein (FAM)-labeled single-strand DNA (ssDNA)
through the m-m interactions and quench the fluorescence of
FAM-labeled ssDNA. The sp? hybrid carbon domains in the carbon
spheres can bind with ssDNA via m-r interactions [54]. As the car-
bonization temperature increased, the contents of sp? hybrid car-
bon atoms increased evidenced by Raman results (Fig. S1b).
Consequently, Zn-TA-40%-900 showed the highest performance
for ssDNA adsorption. By comparing the kinetic curves for fluores-
cence quenching, the carbon spheres showed higher quenching
ability than the polymer spheres (Fig. S11a).

Zn-TA-40%-900 was further used as a sensing platform to detect
DNA analogue of miRNA-21, because miRNA-21 is one of potential
biomarkers in many types of solid tumors [55]. Firstly, FAM-
labeled ssDNA probe was designed. Its fluorescence can be
quenched by Zn-TA-40%-900. However, the fluorescence was
recovered when the target DNA was present (Figs. 6¢ and S10). This
is because a hybridization reaction between FAM-labeled ssDNA

a @ @ @,
Target
DNA
> Adsorption Desorption
FAM-labeled Fluorescence Fluorescence
DNA off on

b 100

80

—a— Zn-TA polymer
—o— Zn-TA-400
—— Zn-TA-600
—v— Zn-TA-900

Fluorescence (%)

0 T T T T T b T
0 50 100 150 200 250 300
Concentration of nanospheres (j1g/mL)
de .
[
=
wn
@ L]
O 921
o ]
7
< . 5 61
g 67 s R*=0.999
5 x
2 CER
QS) 3 i- %
= ] g |
P~ . =0 ! v
0 2 4 6 8 10
; Concentration of Target DNA (nM)
0 T T T T T T T
0 10 20 30 40 50 60

Concentration of Target DNA (nM)

0 T T T T T T T
510 520 530 540 550 560 570
Wave length (nm)
€ BN 0nM  EEE 2n0M
10 -
8 Target DNA: TAGCTTATCAGACTGATGTTGA
sm-DNA: TAGCTTATCAGACTAATGTTGA
— dm-DNA: TAGCTTAGCAGACTAATGTTGA
IO 6 tm-DNA: TAGATTAGCAGACTAATGTTGA
&
o
&9

Fluorescence (x 10° CPS) ©

sm-DNA

dm-DNA

Target DNA tm-DNA

Fig. 6. (a) Schematic illustration for the detection of target DNA. (b) Fluorescence intensities of probe DNA at 520 nm versus different concentrations of Zn-TA polymer and
carbon spheres. (c) Fluorescence spectra of probe DNA (P, black line); probe DNA and target DNA (P + T, red line); probe DNA and Zn-TA-40%-900 (P + C, blue line); probe DNA,
target DNA and Zn-TA-40%-900 (P + T + C, pink line). (d) Fluorescence intensities versus different concentrations of target DNA (0.5-60 nM). Inset is the corresponding
calibration curve for target DNA detection. (e) Selectivity for the detection of target DNA. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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and target DNA. The formation of double-stranded structure will
seal the nitrogenous base and prevent the interactions between
carbon and nitrogenous base via m-7 stacking. Consequently, the
FAM-labeled ssDNA was detached from carbon spheres, resulting
into the recovery of fluorescence. By measuring the fluorescence
intensity, we can calculate the concentration of target DNA mole-
cules. As shown in Fig. 6d, the fluorescence intensity increased
gradually when the concentration of target DNA increased from
0.5 to 60 nM. The curves of fluorescence intensity versus the con-
centration of target DNA showed a linear relationship in the range
of 0.5-10 nM. The detection limit was 0.36 x 10~° M (calculated
from 3o/slope, o refers standard deviation), which was compara-
ble to that of other sensors fabricated by graphene oxide and car-
bon nanotube (Table S2). From the kinetic curves of fluorescence
recovery, the fluorescence can be recovered for both the polymer
and carbon spheres based probe when the target DNA was added.
Both carbon and polymer spheres showed that the recovery time
was around 1h. Moreover, the fluorescence recovery efficiency
(Fr[Fq —1, where Fr and Fq are the fluorescence intensities at
518 nm when target DNA or mismatched sequence of target DNA
are present and absent, respectively) of Zn-TA-40%-900 was much
higher than that of single-, double- and triple-base mismatched
DNA (Fig. 6e), suggesting such nano-probe system had a good
selectivity to different nucleic acid molecules and could even dis-
tinguish DNA with single nucleotide variation.

3. Conclusions

In conclusion, nanoporous carbon spheres with high surface
area (up to 2221 m?/g) and unique morphology were synthesized
using plant polyphenol as a sustainable carbon source. The zinc-
phenolic coordination spheres were firstly synthesized using TA
as renewable ligand. After carbonization, the zinc-phenolic coordi-
nation spheres were converted to nanoporous carbon sphere with
preserved spherical morphology. The nanoporous carbon spheres
showed tailorable porosity by simply changing the zinc contents
in the zinc-phenolic coordination polymers. Due to the high sur-
face area and unique spherical structure, the nanoporous carbon
spheres were used as an electrode material and showed high speci-
fic capacitance and a good cyclic stability. The nanoporous carbon
spheres could also be used as sensing platforms for the sensitive
analysis of nucleic acid variants with single-nucleotide discrimina-
tion. This work provides an alternative strategy for the synthesis of
nanoporous carbon spheres with high surface area and unique
morphology using plant polyphenol as a sustainable carbon source.
Moreover, due to the micro/mesoporous structure and high speci-
fic surface area, such nanoporous carbon materials will exhibit
broad applications such as adsorption and separation, catalysis,
sensor and biomedicine.
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