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Thorium, as a nuclear-power replacement for the uranium-based nuclear reactors and an effective avenue to
produce uranium source, has become a key element for the increasing energy demand. However, we now are
seriously restricted to gain thorium from mineral, due to co-existence of thorium, uranium, and rare earth
elements. Accordingly, there is an urgent need to develop solid extraction technique with both large thorium
adsorption capacity and high adsorption selectivity. In this work, a COF (covalent organic framework) adsorbent, namely [NH4]+[COF-SO3−] was prepared for selective extraction of thorium from uranium, and rare
earth elements. The selective adsorption towards Th(IV) is reflected on the large distribution coefficient (Kd) of
1.34 × 105 mL/g, the big difference up to two orders of magnitude in the adsorption capacity, and the high
selectivity (more than nine). This ultrahigh Th(IV) capture up to 395 mg/g presents the largest value for Th(IV)
adsorption by porous absorbents. Furthermore, the practical separation of Th(IV) from U(VI) and rare earth
elements (Eu3+ and Ce3+) was for the first time executed by both the breakthrough experiment and membranebased separation experiment. Most importantly, upon this breakthrough separation a Th(VI) solution with high
purity up to 93.5% was obtained.
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1. Introduction

separation, (ii) the easy-to-molding nature that facilitates to carry out
the breakthrough experiment or membrane-based separation experiment, and (iii) functionalized pore wall anchored by various organic
groups that enables unique affinity to Th(IV) for selective capture.
Herein, we demonstrate the first use of COF for Th(IV) separation
from U(VI) and rare earth elements. The single-component adsorption
performance shows that the adsorption capacity of Th(IV) is almost
twice that of U(VI) and rare earth elements (Eu3+ and Ce3+ as representation), indicative of selective adsorption of Th(IV). The multicomponent experiments also show that it works well for selective adsorption of Th(IV), giving selectivity towards Th(IV) over U(VI), Eu3+
and Ce3+ more than nine. More importantly, good separation of Th(IV)
from U(VI), Eu3+ and Ce3+ was for the first time observed in the
breakthrough processes. Remarkably, this COF material also executes
good membrane-based separation for Th(IV) even under 20-fold concentration of U(VI), Eu3+ and Ce3+ ions.

Along with the increasing consumption of fossil energy, energy
crisis are of growing global concern in the future. Thus, nuclear energy,
one of the clean energy sources, has received a wide range of praise
[1,2]. However, the technique commonly used at present is the uranium-based light water reactors [3]. This inevitably encounters some
serious troubles such as the exhaustion of uranium source in the near
future and the highrisk in the aspect of radioactive contamination and
nuclear accident such as the Fukushima accident in Japan [4–10]. By
contrast, as proposed, the liquid fluoride thorium reactors (LFTR) is the
next-generation nuclear fuel [11–16]. This new technique can produces
∼250 times more energy than the uranium-based technology, if the
same weight of nuclear fuel was used, while this also brings much less
long-lived radiotoxic nuclear waste [11–16]. More importantly, by
means of LFTR the probability of occurrence of nuclear accident can be
largely reduced [11–16]. Moreover, the reserves of thorium on the
earth is much more abundant than uranium, and thorium can be directly turned into uranium in a nuclear reactor [17].
In principle, thorium can be obtained through separation from the
mineral such as monazite [18,19]. However, the co-existence of
thorium with uranium and rare earth elements in the mineral brings
arduous hardness for selective extraction of thorium, mainly due to
their comparable chemical and physical properties [18,19]. Commonly,
the conventional approach is the liquid-liquid extraction by functional
organic extractant [20–22]. However, this presents a one-off highconsumption process and the vast use of organic extractants inevitably
bring some serious issues such as environmental pollution. Thereby,
developing simple and effective extraction technique based on solid
material is highly desirable [23–25]. In the literature several solid adsorbents such as polymers [26–30], porous silicas [31,32], porous
carbon [33–39], polymeric network, MOFs (metal-organic frameworks)
[40–45], and their derivatives have been investigated for Th(IV), Cs+,
Sr3+, UO22+, 99TcO4− capture [46–49], and radioactive gases selective
separation [50]. However, for practical application these documented
adsorbents are still restricted by small adsorption capacity or low selectivity. Most importantly, to meet industrial manipulation demand,
there still has an urgent need to research Th(IV) separation through the
evaluation upon the breakthrough experiment or membrane-based separation experiment, rather than the batch experiments commonly used
for reported cases.
Covalent organic frameworks (COFs) presenting a new porous material platform are now receiving increasing attentions [51–54]. COFs
as solid adsorbent have been applied for radionuclides capture such as
U(VI), I2 and TcO4− [55–59]. However, there still no report about using
COFs for Th(IV) capture until now. In fact, COFs could be a good
candidate for Th(IV) separation, mainly because of (i) the high chemical stability that tolerates the rigorous condition during the Th(IV)

2. Results
2.1. The synthesis, structure, and characterization of COF materials
The monomer of 2,4,6-Triformylphloroglucinol and 2,5-diaminobenzenesulfonic acid was synthesized according to the reported method
[58]. The SO3H-anchored COF of COF-SO3H was synthesized by SchiffBase condensation reaction of the above two monomers under solvothermal condition. The COF adsorbent of [NH4]+[COF-SO3−] used
in this work was obtained by ion exchange between H+ from –SO3H
group and [NH4]+ through immerging COF-SO3H in NH3·H2O. The
synthesis in detail is listed in the Supplementary Information.
The structure of COF-SO3H and [NH4]+[COF-SO3−] was obtained
by simulation through the Materials Studio and further confirmed by
comparison the experimental and simulated powder X-ray diffraction
(PXRD, Fig. S3). As shown in Fig. 1, both COF-SO3H and [NH4]+[COFSO3−] show an eclipsed packing structure stabilized by π-π interactions, rather than a staggered structure. The SO3H- units among adjacent layers show an opposite arrangement. The [NH4]+ ions in
[NH4]+[COF-SO3−] is stabilized around the SO3− unit by strong hydrogen bonds (N…O/2.709 (4)Å/2.728 (4)Å) between [NH4]+ and
COF skeleton.
The formation of COF-SO3H and [NH4]+[COF-SO3−] was further
confirmed by these characterizations (Fig. 2) including the infrared
spectrum (IR), scanning electron microscopy (SEM), energy dispersive
spectrometry (EDS), and 13C CPMAS solid-state NMR spectroscopy. The
typical feature of the formation of β-ketoenamine-based framework in
the COF materials is supported by the IR bonds (Fig. 2c) at
∼1272 cm−1 (eCeN) and ∼1576 cm−1 (eC]C) [58]. Peaks at 1081,
813, and 701 cm−1 is ascribed from the SO3− unit in COF-SO3H and
[NH4]+[COF-SO3−], while the ion exchange between H+ and [NH4]+
Fig. 1. View of the structure of COF-SO3H and
[NH4]+[COF-SO3−]. Due to the existence of SO3H or
SO3− group, the π-π interactions between adjacent
layers shows somewhat offset, rather than common
fashion [51–54]. The SO3H or SO3− groups in the
adjacent layers show an opposite arrangement. The
NH4+ ions are stabilized by the hydrogen bonds
(highlighted broken line). The color code for these
atoms is S/yellow, C/gray, H/green, O/red, N/blue.
(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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Fig. 2. The characterizations composed of SEM,
EDS, IR, and 13C CPMAS solid-state NMR for
COF-SO3H and [NH4]+[COF-SO3−]. (a) and (b)
The SEM images and corresponding EDS mapping of C, O, S, and N elements for COF-SO3H
and [NH4]+[COF-SO3−]. (c) The IR spectra with
the assignment for the characteristic peaks. (d)
The 13C CPMAS solid-state NMR with the assignment for the characteristic carbon atoms.

from COF-SO3H to [NH4]+[COF-SO3−] is approved by the formation of
new peaks at 3155 cm−1 (hydrogen-bonded NH4+) [58]. The nanofiber-like morphology, as evidenced by SEM (Fig. 2a and b), even after
ion exchange is maintained. The success of ion exchange for
[NH4]+[COF-SO3−] can be intuitively reflected by the increased content of nitrogen element in the nitrogen elemental distribution mapping
of EDS, relative to the pristine COF-SO3H (Fig. 2a and b), where a
6.1 wt% and 8.7 wt% nitrogen content is observed in COF-SO3H and
[NH4]+[COF-SO3−], respectively. Moreover, the C/S and N/S ratio
determined by EDS is approximately 17.3:1.5 and 3.3:1.5 for COFSO3H, 18.4:1.5 and 4.4:1.5 for [NH4]+[COF-SO3−], respectively,
comparable with the expected value. The COF skeleton is further supported by the 13C CPMAS solid-state NMR spectroscopy, where the
complete assignment agrees well with the corresponding carbon atoms
in the COFs (Fig. 2d).
The porosity of COF-SO3H and [NH4]+[COF-SO3−] was tested by
N2 adsorption at 77 K (Fig. S4). The pristine COF of COF-SO3H shows a
BET surface area of 310 m2/g and pore size of 1.2 nm (Fig. S5). And the
resulted [NH4]+[COF-SO3−] samples enable a lower BET surface area
of 122 m2/g and a reduced pore size of 1.1 nm (Figs. S4 and S5). The
lower BET surface area in both COF-SO3H and [NH4]+[COF-SO3−],
relative to the reported COFs, is mainly due to that the existence of
acidic –SO3H unit in monomer of 2,5-diaminobenzenesulfonic acid will
significantly affect the formation of COF and the degree of crystallization of COFs. Moreover, moderate CO2 capture of 41.9 cm3/g at
100 kPa and room temperature was observed for COF-SO3H, whereas
[NH4]+[COF-SO3−] affords enhanced CO2 capture up to 52.3 cm3/g
(Fig. S6), indicating that the replacement of H+ by [NH4]+ from COFSO3H to [NH4]+[COF-SO3−] can significantly improve the CO2 adsorption performance. This can be rationalized from the point that such
[NH4]+ replacement will reduce the acidity derivated from –SO3H
fragment, thus availing to the adsorption of acidic CO2 gas, and on the
other hand, this will provide more supramolecular interactions such as
hydrogen bonds for CO2 molecule, thus enhancing the affinity and
adsorption capacity for CO2.

is highly dependent on the pH value of solution, because this will significantly affect the external charge and consequently electrostatic interactions between target ions and adsorbent [23–25]. For Th(IV) ions
they will begin to generate precipitation gradually if with pH value
more than four. Thereby, the pH effect between 1 and 2.8 is explored.
The results were shown in Fig. 3a. Along with the increase of pH value,
the Th(IV) capture for [NH4]+[COF-SO3−] is increasing with 168 mg/g
at pH = 2.8. This is mainly because that the surface charge on the
[NH4]+[COF-SO3−] upon the increase of pH value becomes less positive or even negative, thus advancing the electrostatic interaction for Th
(IV) capture. Exceptionally, even at low pH at 1, [NH4]+[COF-SO3−]
also gives high adsorption capacity up to 98.7 mg/g, far exceeding a
benchmark porous adsorbent of UiO-66-(COOH)2 with 60 mg/g at
pH = 2, strongly suggesting the powerful binding effect for Th(IV) from
the SO3− unit. More interestingly, even under extreme conditions such
as at 1 M HNO3 or H2SO4, the COF adsorbent of [NH4]+[COF-SO3−]
can survive (Fig. S7) and enables high adsorption capacity up to 42 mg/
g and 62 mg/g, respectively at a 50 ppm Th(IV) solution (Fig. 3b). To
the best of our knowledge, porous adsorbent showing effective Th(IV)
capture under such extreme conditions is never reported in the literature [23–25]. For comparison, we also tested the adsorption performance of COF-SO3H under similar condition used in [NH4]+[COFSO3−]. Similar trend in the Th(IV) capture upon the increase of pH
value was observed. However, its Th(IV) capture is lower than that
observed in [NH4]+[COF-SO3−] and the adsorption difference along
the increase of pH value gradually largens, mainly due to that the
[NH4]+ replacement will decrease the acidity of COF and on the other
hand consume some acidity during adsorption process. In this regard, it
is reasonable that [NH4]+[COF-SO3−] enables prior Th(IV) capture
performance over the pristine COF of COF-SO3H.
2.3. The adsorption kinetics
The adsorption speed is an importantly decisive index for an ideal
solid adsorbent. Within 10 min a Th(IV) removal with 232 mg/g upon
[NH4]+[COF-SO3−] was observed for 125 ppm Th(IV) solution at
pH = 2.8. The short adsorption equilibrium was also observed just
within 1 h (Fig. 3c). The adsorption data obeys the pseudo-second-order
kinetic model with R2 more than 0.999, suggesting a chemical

2.2. The pH effect on the Th(IV) capture
Generally speaking, the adsorption performance of solid adsorbent
3
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Fig. 3. The Th(IV) adsorption data of COF-SO3H
and [NH4]+[COF-SO3−]. (a) The pH value effect
on the adsorption performance (C0 = 100 ppm,
madsorbent = 10 mg, V = 20 mL, t = 120 min).
(b) The adsorption upon [NH4]+[COF-SO3−]
under rigorous conditions (C0 = 61 ppm,
madsorbent = 10 mg, V = 30 mL). (c) The adsorption kinetics (C0 = 125 ppm, madsorbent = 10 mg,
V = 30 mL, pH = 2.8). (d) The adsorption isotherms
(madsorbent = 10 mg,
V = 20 mL,
t = 120 min, pH = 2.8).

benchmark adsorbent of WMC-O [45] with Kd of 1.3 × 105 mL/g for
selective extraction of Th(IV) from U(VI) and rare earth elements.

adsorption process (Fig. S8, Table S1) [55–59], in line with the structure of [NH4]+[COF-SO3−] with abundant free-standing SO3− units for
binding Th(IV). Similar trend was observed for the pristine COF of COFSO3H, but showing lower adsorption capacity of 100 mg/g within
10 min.

2.6. Selective extraction Th(IV) over U(VI), Eu(III), and Ce(III)
The above exciting experimental results arouse us to further explore
its application in separation of Th(IV) from U(VI), and rare earth elements. In this work Eu(III) and Ce(III) are selected as representation for
rare earth elements. Two-fold difference in the Th(IV) adsorption capacity, relative to U(VI), Eu(III), and Ce(III) was observed. The singlecomponent adsorption shows the adsorption capacity of 208 mg/g for U
(VI), 189 mg/g for Eu(III), and 181 mg/g for Ce(III), respectively
(Fig. 4b). In contrast to the corresponding value of 395 mg/g for Th(IV),
a big two-fold difference in the adsorption capacity is observed, implying selective adsorption of Th(IV). To further estimate the selectivity, a multi-component adsorption experiment based on a mixed
Th(IV)-U(VI)-Eu(III)-Ce(III) solution with 50 ppm concentration for
each ions was carried out and the selectivity was calculated from the
ratio like that of Kd(Th)/Kd(U), giving STh/U = 9.4, STh/Eu = 9.4, and
STh/Ce = 10.3, respectively (Fig. 4c). This value completely meets the
industrial separation criterion (more than 8) [55–59], suggesting its
superior application in separation of Th(IV) from from U(VI), and rare
earth elements.

2.4. The adsorption isotherms
The adsorption capacity also presents one of the importantly decisive indexes for an ideal solid adsorbent. The adsorption capacity of
[NH4]+[COF-SO3−] was explored among the Th(IV) concentration of
50–400 ppm. The saturated adsorption capacity is determined to be
395 mg/g (Fig. 3d), exceeding all reported porous adsorbents for such
use like that of CNTs (13.2 mg/g) [60], chrysotile nanotubes (40.4 mg/
g) [61], impregnated resin (198.5 mg/g) [62], GO (< 214 mg/g) [63],
UiO-66-(COOH)2 (350 mg/g) [42], MIL-100(Al) (167 mg/g) [40], dMnMOF (46.3 mg/g) [41], and WMC-O (8.7 mg/g) [45]. A comparison of
Th(IV) adsorption capacity among these reported adsorbents is shown
in Table S2. The adsorption data can be well analyzed by the Langmuir
isotherm with R2 more than 0.998, disclosing a monolayer uniform
sorption mode (Fig. S9, Table S3) [55–59]. And the theoretic saturated
adsorption capacity is estimated to be 403.2 mg/g, slight bigger than
the experimental value. By contrast, the pristine COF of COF-SO3H just
gives a saturated adsorption capacity of 193.8 mg/g, far lower than that
observed in [NH4]+[COF-SO3−]. This is mainly due to that the NH4+
replacement will benefit not only the infiltration of Th(IV) ions into
COF channel via ion exchange, but also further fixing of Th(IV) ions
within COF channel via coordination interactions through the SO3−
oxygen atoms.

2.7. Breakthrough and membrane-based separation
The breakthrough and membrane-based separation present two
major effective industrial manipulation processes for separation. To the
best of our knowledge, until now in the literature no porous adsorbent
has been applied in this content. The outstanding Th(IV) adsorption
performance composed of both high adsorption capacity and big selectivity arouses us to carry out such important test. A mixed Th(IV)-U
(VI)-Eu(III)-Ce(III) solution with 50 ppm concentration for each ions
was used to implement the breakthrough experiment. The results were
shown in Fig. 4d. It is clear that the Eu(III), Ce(III), U(VI) ions penetrate
through the fixed bed in-turn within 49 h, whereas Th(IV) penetrating
through the fixed bed needs a longer time up to 340 h. This strongly
suggests the complete separation of Th(IV) from U(VI), and rare earth
elements. Most importantly, we can obtain a Th(IV) with 93.5% purity
when a 2 M Na2CO3 was used as elution. Due to the long separation

2.5. The adsorption affinity
Generally speaking, the adsorption affinity is highly correlative to
the adsorption capacity and selectivity, and commonly quantificationally reflected on the Kd value. In principle, these adsorbents with Kd
more than 104 is viewed to be good adsorbent [55–59]. For the present
COF of [NH4]+[COF-SO3−], the Kd was estimated from a 11 ppm Th
(IV) solution within 35 h, giving a ultrahigh Kd of 1.34 × 105 mL/g
(Fig. 4a), suggesting excellent affinity and selectivity of this material
towards Th(IV). This value is comparable with the recent reported
4
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Fig. 4. The separation performance of Th(IV) from U(VI) and rare earth elements upon [NH4]+[COF-SO3−]. (a) The adsorption affinity (Kd value, C0 = 11 ppm,
madsorbent = 10 mg, V = 20 mL, pH = 2.8). (b) A comparison in the single-component adsorption isotherms for Th(IV), U(VI), Eu(III), and Ce(III) (madsorbent = 10 mg,
V = 20 mL, t = 120 min, pH = 2.8). (c) The selectivity calculated from a multi-component adsorption experiment (C0 = 50 ppm for metal ions, madsorbent = 10 mg,
V = 20 mL, t = 120 min, pH = 2.8). (d) The breakthrough experiment (madsorbent = 300 mg, pH = 2.8). (e) The removal efficiency of COF-based membrane for Th
(IV), U(VI), Eu(III), and Ce(III) under different concentrations (V = 20 mL, t = 4 min, pH = 2.8). (f) The adsorption selectivity for the COF-based membrane under
different concentrations.

(a)

Adsorption and desorption efficiency/(%)

time requested by the breakthrough separation, we then investigated a
membrane-based separation. The COF-based COF/PES (PES = polyethersulfone) membrane was obtained by the common used pouring
approach [64]. The resulted membrane was characterized by PXRD
(Fig. S10) and SEM (Fig. S11). As shown in Fig. 4e, for a mixed Th(IV)-U
(VI)-Eu(III)-Ce(III) solution with a concentration ratio of 5 ppm/25 ppm
for Th(IV) vs. other metal ions, such COF-based membrane gives 72.4%
removal for Th(IV) and lower removal for other ions such as 28.5% for
U(VI), 16.5% for Ce(III), and 19.2% for Eu(III), strongly suggesting
effective separation of Th(IV) from U(VI), and rare earth elements. And
the corresponding selectivity (Fig. 4f) is calculated as high as STh/
U = 6.9, STh/Eu = 11.2, and STh/Ce = 13.5, comparable with the batch
experiments. More importantly, even under a bigger concentration ratio
such as 5 ppm/50 ppm and 5 ppm/100 ppm for Th(IV) vs. other metal
ions, good separation with moderate selectivity was also observed. To
exclude the possible factor from PES, a comparison experiment just
based on the membrane of PES was carried out, but giving no separation ability for these ions. Thereby, such COF-based membrane shows
superior application in separation of Th(IV) from U(VI), and rare earth
elements.
120

Adsorption efficiency
Desorption efficiency

100

3. Discussion
The high chemic stability, especially under rigorous conditions, is
also another important predetermination for an ideal porous adsorbent.
We thus carried out the test of PXRD pattern for the samples of
[NH4]+[COF-SO3−] under 1 M H2SO4 or HNO3 after 48 h. Almost no
detectable change can be observed in this PXRD pattern (Fig. S7), by
comparing with that in the as-synthesized samples of [NH4]+[COFSO3−], confirming its high chemostability. Moreover, the chemostability of the samples after Th(IV) adsorption experiments was confirmed by SEM (Fig. S12) and PXRD (Fig. S13) characterizations. The
excellent chemostability arouses us to explore its reuse performance
(Fig. 5a). For a 10 ppm Th(IV) solution, this [NH4]+[COF-SO3−] adsorbent can be recycled to use for at least four times without obvious
decrease in both the removal efficiency and desorption efficiency (1 M
Na2CO3 as elution).
The adsorption mechanism in this material of [NH4]+[COF-SO3−]
is the cation exchange between [NH4]+ and Th(IV) ions in conjunction
with the strong binding between SO3− oxygen atoms and Th(IV) ions
via coordination interaction. This can be confirmed by XPS test (Figs.
Fig. 5. (a) The recycle use of [NH4]+[COF-SO3−]
showing just neglectable variety in both the adsorption efficiency and desorption efficiency. (b)
A comparison of the Th(IV) adsorption capacity
among these structure-similar COFs involved in
TpPa-1, TpPa-NO2, COF-SO3H and [NH4]+[COFSO3−], strongly suggesting the outstanding Th
(IV) adsorption capacity of [NH4]+[COF-SO3−]
(madsorbent = 10 mg, V = 20 mL, t = 120 min,
pH = 2.8).
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S14 and S15). In the literature, it is commonly believed that the +4
oxidation state of thorium and the abundant free-standing organic unit
with underlying coordination function in the porous adsorbent is responsible for the Th(IV) adsorption. To clearly reflect such effect from
the free-standing pedal in the porous scaffold, we further carried out a
comparison experiment based on two counterparts [65], one (TpPa-1)
without any free-standing functionalized pedal in the COF channel and
the other one (TpPa-NO2) with NO2- groups in the COF channel (Fig.
S16). They just show low Th(VI) adsorption capacity of 120 mg/g and
95 mg/g, respectively (Fig. 5b). By contrast, our case with SO3− units in
similar COF skeleton affords Th(IV) capture up to 395 mg/g, almost 3.3fold or 4.2-fold of that observed in TpPa-1 and TpPa-NO2, respectively.
Accordingly, we can correlate the present excellent Th(IV) adsorption
performance with the unique SO3− units in [NH4]+[COF-SO3−]. Furthermore, as discussed above, the COF of TpPa-1 also affords moderate
Th(IV) adsorption, possibly derived from the Schiff-base ligand and the
uniform 1D channel. Thereby, the superior performance observed in
[NH4]+[COF-SO3−] should also take these factor such as the Schiffbase ligand and the uniform 1D channel into account. Additionally, we
tested the Zeta potential of COF-SO3H and [NH4]+[COF-SO3−] (Fig.
S17). The results show that at pH value of less than 2.5 (COF-SO3H) and
2.2 ([NH4]+[COF-SO3−]) their corresponding surface carries a positive
charge. After the pH value is above these values, the surface of the COFSO3H and [NH4]+[COF-SO3−] becomes negatively charged. Th adsorption experiment was conducted at pH = 2.8, which indicated that
electrostatic interaction is also a contributing factor.
In summary, we show in this work for the first time the using a
SO3−-anchored COF adsorbent for separation of Th(IV) from U(VI) and
rare earth elements, aiming at to give an effective solution for gaining
the current urgent Th(IV) source. The results show that this COF adsorbent enables the record adsorption capacity up to 395 mg/g, ultrahigh affinity towards Th(IV) with Kd value up to 1.34 × 105 mL/g,
excellent Th(IV) selectivity over U(VI) and rare earth elements (> 9),
fast adsorption kinetics, as well as good recycle use. All these merits
suggest it as an ideal porous solid adsorbent for Th(IV) separation. Most
importantly, we for the first evaluated the separation potential of Th
(IV) from U(VI) and rare earth elements by both the breakthrough and
membrane-based separation experiments, confirming its promising
potential in industrial application. In addition, the synthesis of this
material is also simple and the cost of synthesizing this material is about
30 $/10 g, which is higher than the common used inorganic or carbon
materials. However, its outstanding performance and the reduction of
cost by the commercial process still suggests its superior application in
this field.
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