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ABSTRACT: Rich chemical properties and a well-developed pore
structure are the key factors of porous materials for gas storage. Herein,
rich heteroatom-doped porous carbon nanofibers (U;K,-X) with a large
surface area were prepared by electrospinning followed by potassium
hydroxide (KOH) activation. Low-cost urea was chosen as the nitrogen
source and structural guiding agent. U;K,-X have a high specific surface

capacity (mg g")

Adsorption

) &
area (628—2688 m” g '), excellent pore volume (0.468—1.571 cm® g™'), N }s:p o

and abundant nitrogen (2.5—12.8 atom %) and oxygen (4.5—12.5 atom @

%) contents. Acetone and carbon dioxide were used as target adsorbents /
to evaluate the adsorption properties of U;K,-X by experiments. These
U,K,-X exhibit excellent adsorption performance (260.03—955.74 mg g™/,
25 °C, 18 kPa) and multilayer adsorption (the adsorption layer number n
> 2) for acetone, which is mainly attributed to the large specific surface
area and pore volume. Besides this, the carbon dioxide uptake reached 2.73—3.34 mmol g~ at 25 °C. This was attributed to the
combination of high nitrogen—oxygen contents and microporous structure. Furthermore, U,K,-X show the desirable repeatability.
This study provides a new direction for the preparation of heteroatom-doped porous carbon nanofibers, which will be a promising
material for gas adsorption.

Pressure (bar)

1. INTRODUCTION adsorption.”> While electrospun-activated carbon fibers are
easier to obtain a large specific surface area, their fiber diameter
is much smaller than that of the traditional commercial
fiber.'"'® The fibers are fabricated using polyacrylonitrile,lg
pitch,*® and poly(vinyl alcohol)*' as precursors commonly,
followed by electrospinning, stabilization, carbonization, and
activation.

Heteroatoms can enhance the interaction between VOC:s,
CO, molecules, and the adsorbent. Wang et al.”* studied the
CO, adsorption performance of nitrogen-containing porous
carbon fibers (1.23—2.73% N) derived from polyimide fiber.
The synergistic effects of nitrogen surface functional groups and
narrow micropores play an important role in CO, adsorption.
Gao et al.”® found that nitrogen surface functional groups
enhance the adsorption interaction between the carbon surface
and the acetone molecule. All these studies ignored the role of

Volatile organic compounds (VOCs) and greenhouse gas
(CO,) lead to harmful effects on the environment and human
beings. It is worth mentioning that adsorption by porous carbon
materials has been proved as one of the most effective methods
for VOCs and CO, treatment.' > Among the porous carbon
materials, activated carbon fibers have attracted the attention of
researchers because of their fibrous morphology, excellent pore
structure, high adsorption capacity, and fast kinetics."

A suitable pore structure and surface functional groups of
adsorbents can promote the adsorption performance of VOCs
and CO,“’ For instance, researchers® " have reported that
narrow micropore size (0.8 nm) is the key factor for CO,
adsorption. Xu'' investigated the VOC adsorption among
carbon sheets with different pore sizes (0.8—5.0 nm) by GCMC.
The more effective pores for acetone adsorption at 18 kPa are in
the range of 1.6—3.2 nm. However, activated carbon fibers are
microporous materials with few mesopores or macropores.'” Received:  August 24, 2021
The earlier-reported VOC adsorption capacities of electrospun- Accepted:  October 22, 2021
activated carbon fibers are relatively low.">'* It is thus significant Published: November 4, 2021
to study how to develop hierarchical pores on activated carbon
fibers for the adsorption of VOCs and CO,. In addition, specific
surface area and pore volume are the key factors for VOC
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Polyacrylonitrile
A Potassium Hydroxide

Urea

Figure 1. Formation process of U;K,-X.

a

Figure 2. SEM (a—d) images: (a) U;K,-600, (b) U;K,-700, (c) U;K,-800, (d) U;K,-900, TEM images (e, f), and elemental mapping (i, k).

oxygen functional groups. However, oxygen functional groups
have been considered as a factor that can improve the adsorption
capacity of hydrophilic VOCs.** Meng et al.”® prepared oxygen-
containing activated carbon fibers using lignin; acetone showed
a larger adsorption capacity (105.48 mg g™') in the competitive
adsorption of toluene, acetone, and methanol.

Based on the above analysis, we have proposed a strategy to
develop a series of porous carbon nanofibers through nitrogen—
oxygen doping by electrospinning using potassium hydroxide
(KOH) and urea as the activator and nitrogen source,
respectively. The changes of the pore structures, which were

observed after the activation process at 600—900 °C, were
described by X-ray diffraction and Raman spectroscopy, to
reveal the KOH activation mechanism. Acetone and CO, were
selected as the target adsorbates, and their adsorption
performances on the obtained samples were comprehensively
investigated. Moreover, we also combined the physicochemical
properties with the adsorption capacities of acetone and CO, to

further understand their adsorption mechanism.
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Figure 3. (a) N, adsorption—desorption isotherms and (b) pore-size distribution of U;K,-X

2. RESULTS AND DISCUSSION

2.1. Synthesis of U;K,-X. As shown in Figure 1, The
carbonized mats (ACFs) undergo the processes of electro-
spinning, stabilization, and carbonization to form the precursor
of porous carbon fibers. Thermogravimetric analysis (TGA) is
used to better reveal the high-temperature conversion reaction
of the ACFs, urea, and their mixture (ACFs + urea) as shown in
Figure S1. In the temperature range of 180—210 °C, the weights
of urea and ACFs + urea show the same trend of drastic
reduction, which is mainly due to the decomposition of urea at
150 °C, and the following reactions occur during the urea
decomposition: CO(NH,), — NH; + HNCO and HNCO —
H,O + CO, + NH,*° The weight of ACFs (39.2%) decrease
more intensely than that of ACFs + urea (19.3%) between 500
and 1000 °C. In this temperature range, urea decomposes and
forms graphitic carbon nitride nanosheets at 500 °C, and ACFs
can infiltrate and be carbonized. Above 700 °C, the infiltrated
ACFs transform into graphene structure, and graphitic carbon
nitride decomposes into NH; and C,N,, which are doped by
nitrogen into U,K,-X.”” Hence, urea plays the roles of nitrogen
source and a structure-directing agent.

KOH usually reacts with carbon materials during the
activation.”®** The KOH and C redox reaction occurs and
the carbon framework is etched; potassium ions are inserted
above 700 °C.””*" Finally, 3% hydrochloric acid is used to wash
away the impurities on the surface of U;K,-X.

2.2. Characterization of U;K,-X. The surface morphology
of U K,-X is characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) as shown
in Figure 2. The average diameter of U K,-X decreases with the
increase of the activation temperature,’” and the average
diameter changes from 220 to 169 nm, which is calculated by
randomly selecting SO fibers from SEM images (Figure 2a—d).
Some shorter carbon nanofibers are found in U;K,-900,
suggesting that the heat treatment led to an increased number
of shorter carbon nanofibers.*® The pore structures are further
studied by TEM. As revealed in Figure 2e,f, a large number of
pores are present on the carbon nanofiber. Elemental mapping
of U,K,-800 (Figure 2i—k) shows a uniform distribution of C, N,
and O, proving that heteroatom-doped porous carbon nano-
fibers have been synthesized successfully.

The N, adsorption—desorption isotherms of U K,-X are
shown in Figure 3a. All U;K,-X display type I combined with
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type IV isotherms, suggesting an obvious micro—mesopore
structure.'' The pore-size distributions (PSDs) are determined
via the non-local density functional theory (NLDFT) method.
The PSDs of U;K,-600 (0.8 and 2.6 nm) exhibit two peaks.
Meanwhile, U;K,-700 exhibits five peaks (0.8, 1.1, 1.4, 1.7, and
2.2 nm), and U,K,-800 and U,K,-900 exhibit four peaks nearly
at 1.1, 1.4, 1.7, and 2.6 nm (Figure 3b). The specific surface area
is calculated by Brunauer—Emmett—Teller (BET) method,
ranging from 627 m*g~" (600 °C) to 2688 m* g~ (800 °C). The
total pore volume (0.468—1.571 cm® g™") and micropore pore
volume (0.011—0.389 cm® g™') increase steadily with the
increase in carbonization temperature from 600 to 800 °C, then
slightly decrease at 900 °C. Herein, the pore structure of carbon
nanofibers can be regulated by adjusting the activation
temperature. All textural parameters are shown in Table 1.

Table 1. Textural Properties of the Samples”

SZBET_' otal_ V icrg
sample (m*g™) (em'g ) (e’ ™) Viicro/ Vineso(s)
U,K,-600 628 0.468 0.011 2.40
U,K,-700 1757 0.931 0210 29.13
U,K,-800 2688 1.571 0.389 3291
U,K,-900 1845 1.028 0275 36.52

“Note: Sgpr values are calculated by BET analysis and t-plot analysis.

In order to further study the structural changes of U;K,-X at
different activation temperatures, the X-ray diffraction (XRD)
patterns are shown in Figure 4a. The peak located at 25°
corresponds to (002), 1nd1cat1ng that the pore walls consist of
nanoscale graphene-like units,** and the peak (46°) corresponds
to (100), suggesting the presence of planar graphite carbon.*
These intensities of peaks decrease with the increase of the
activation temperature, indicating the increase in the irregularity
of layer structures.”” The structural parameters obtained from
the XRD patterns are shown in Table 2. The d,, increases from
0.377 to 0.417 nm with the increase in activation temperature
from 600 to 900 °C, which is larger than that of an ideal single
graphene layer (dooz = 0.335 nm), which may be the reason for
the enlargement of the micropores (Table 1). % The increase of
dgo, also shows that there are heteroatoms embedded in U;K,-X
during the activation. With increase of the activation temper-
ature, L. and L, x decrease first and then increase slightly, while
the stacking number decreases. A reduction in the stacking

https://doi.org/10.1021/acsomega.1c04618
ACS Omega 2021, 6, 30716—30725
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Figure 4. (a) X-ray diffraction pattern, (b) Raman spectra of U;K,-X, (c) fitted X-ray photoelectron spectroscopy (XPS) N 1s spectra, (d) fitted XPS O
1s spectra, (e) nitrogen composition, and (f) oxygen composition.

number of nanoscale graphene-like layers gives rise to a

discontinuous PSD with a peak-to-peak difference of approx-

imately 0.3 nm (Figure 3b). Consequently, nanoscale graphene-

like layers are gasified one-by-one upon activation with KOH at

different temperatures.®”
All Raman spectra of U;K,-X show two characteristic peaks as
shown in Figure 4b. The D-band (1360 cm™') and G-band
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Table 2. Structural Parameters of U;K,-X?

samples
U,K,-600
U,K,-700
U,K,-800
U,K,-900

Raman
XRD spectroscopy
doop/nm  L/nm  stacking number  L,x/nm  Ip/Ig
0.377 0.61 1.61 1.26 1.28
0.391 0.49 1.25 1.02 1.0S
0.392 0.47 1.20 0.99 1.08
0.417 0.48 11§ 0.97 0.97

“Note: (a) dyp, was calculated by Bragg’s law. (b) L, and L,x were
calculated by Scherrer’s equation. (c), the stacking number was
determined by dividing L. by dgg,.

(1591 cm™) originate from the defective graphene structure
and highly crystalline graphene structure, respectively.’”*®
When the activation temperature increases from 600 to 900
°C, the ratio of Iy /I decreases from 1.28 to 0.97, indicating that
the graphitization degree of U K,-X increases with the increase
in temperature from 600 to 900 °C.

The XPS spectra associated with nitrogen and oxygen atomic
content are shown in Figure 4c,f. The XPS spectra of U;K,-X
show obvious N 1s and O 1s peaks (Figure 4c,d), implying the
presence of nitrogen and oxygen atoms. With the increase of
activation temperature, the atomic ratios of N and O decrease
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Figure S. (a) Acetone isothermal adsorption at 25 °C and 18 kPa, (b) acetone isothermal adsorption at 25 °C and 1.0 kPa; relation between (c)
nitrogen content and adsorption capacity per unit specific surface area at 18 kPa, (d) oxygen content and per unit specific surface area adsorption
capacity at 18 kPa, (e) nitrogen content and per unit specific surface area adsorption capacity at 1 kPa, and (f) oxygen content and per unit specific

surface area adsorption capacity at 1 kPa for acetone.
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from 12.8 to 2.5 atom % and 12.5 to 4.6 atom %, respectively
(Figure 4e,f). The nitrogen functional groups are mainly
pyridine, pyrrole, graphite nitrogen (N—C), and oxidized
nitrogen (N—O), of which pyridine and pyrrole can be used
as adsorption sites for improving the gas adsorption.’”** The
oxygen functional groups mainly consist of hydroxyl (—OH),
carbonyl (—C=0), carbon and oxygen single bond (—C—0-),
and carboxyl (—COOH), which can significantly enhance the
interaction intensity between VOCs and the carbon surface.”*
2.3. Adsorption Characteristics. 2.3.1. Acetone Adsorp-
tion. The acetone adsorption isotherms on U, K,-X are shown in
Figure Sa,b. The acetone adsorption capacity at 25 °C and 18
kPa follows the order U;K,-800 (955.74 mg g™*) > U,K,-900 >
U,K,-700 > U;K,-600 (260.03 mg g~'). Compared with the
previously reported adsorbents (Table 3), U;K,-X show a better

Table 3. Comparison of Adsorption Capacity for Acetone

adsorbents Q. (mgg™) T (°C) pressure (kPa) references
U,K,-800 955.74 25 18 this work
U,K,-900 74428 25 18 this work
U,K,-700 564.84 25 18 this work
U,K,-600 260.03 25 18 this work
ZCN600 417.00 25 18 43
PC-800 257.29 25 18 44
NP-1-900 789.00 25 18 23
PC 281.68 25 18 24

acetone adsorption performance. However, the acetone
adsorption capacity at 25 °C and 1 kPa is in a different order.
Despite the lowest surface area and total pore volume, U K,-
600, having the highest nitrogen—oxygen content, displays the
highest acetone adsorption capacity at a relatively low pressure.

Linear fitting is carried out to reflect the coupling performance
of the specific surface area, pore structures, and functional
groups of U;K,-X on acetone adsorption. There is a good
relationship (R* > 0.97, Figure S2a,b) between the adsorption
capacity and total pore volume, and specific surface area,
revealing that the total pore volume and specific surface area
have a positive effect on the adsorption of acetone because a
larger specific surface area can provide more adsorption sites for
acetone molecules. To further analyze the adsorption behavior
of acetone in different pores, the adsorption capacity of acetone
at 18 and 1 kPa is correlated with the cumulative pore volume of
different pore sizes, as shown in Figure S2c,d, respectively. The
pore volume (V,_g ,..) of the narrow mesopore is the main factor
for the adsorption capacity enhancement at 18 kPa (R* =
0.8226); this may be due to the formation of multilayer
adsorption sites in the mesopore.'" But the adsorption capacity
of acetone has a good linear relationship with the volume of
micropores at 1 kPa (R*=0.9777), not the narrow mesopore (R?
= 0.2654), resulting from the reduced interaction between the
acetone molecule and the adjacent pore wall as the pore size
increases.*'

The adsorption capacities of acetone per unit specific surface
area at 18 and 1 kPa are correlated with the nitrogen and oxygen
content, respectively (Figure Sc,f). The adsorption capacity of
acetone per unit specific surface area has no obvious linear
relationship with the nitrogen and oxygen functional groups at
18 kPa, but they have a good linear relationship at 1 kPa (R* >
0.87). These results indicate that nitrogen and oxygen functional
groups are more effective at low pressure, because the affinity
between U,K,-X and acetone is improved. Specifically, all kinds

of oxygen functional groups can promote the adsorption
capacity (R* > 0.7346), due to the van der Waals force,™*
while nitrogen functional groups enhance the interaction
between the carbon surface and acetone molecule by hydrogen
bonding;"® N4 has no significant promoting effect.

The experimental data are fitted with the L—F model and #-
layer BET model in order to better analyze the adsorption
behavior of U;K,-X on acetone. The fitting results of the two
models are shown in Figure S3 and Table S1. The experimental
data are well fitted by the above two models, especially the n-
layer BET model (maximum R* 0f 0.9991). The n; (L—F model)
of UK,-X is greater than 1, representing a heterogeneous
surface and positive adsorption cooperativity."” The adsorption
layer is limited by n (n-layer BET model), and the value of n
increases from 2.0 to 3.3, indicating that the adsorption of
acetone on U;K,-X is not limited by monolayer adsorption,
which is mainly due to the existence of a large number of
mesoporous pores.””

2.3.2. Carbon Dioxide Adsorption. The adsorption iso-
therms of CO, in U,K,-X are measured at 0 and 25 °C, and CO,
uptake values are 4.61—5.45 and 2.72—3.34 mmol g,
respectively (Figure 6a,b). The CO, uptake of U;K,-700 is
better than that of previously reported carbon materials (Table
4). For physical adsorption, a large specific surface area and pore
volume are beneficial to adsorption. However, U,K,-800 with
the highest specific surface area (2688 m? g™') and pore volume
(1.571 cm® g™") shows a lower CO, uptake, while U,K,-600 with
the highest nitrogen—oxygen content (12.8 and 12.5 atom %),
the smallest specific surface area (627 m* g™"), and pore volume
(0.468 cm® g™') displays a larger CO, uptake. Therefore, the
CO, uptake of U;K,-X is not mainly dependent on its pore
structure. Figure S4 shows the relationship between the
physicochemical properties and CO, uptake of U;K,-X. The
adsorption capacity of CO, has no obvious linear relationship
with the specific surface area (R* = 0.2957) and total pore
volume (R* = 0.3306). However, compared with the total pore
volume, the relationship between V_ g5, (V.49 o represents the
pore volume for a pore diameter less than 0.9 nm) and CO,
uptake is more obvious (R* = 0.5721). Note that a narrow
micropore (0.8 nm) yields the best correlation with CO,
uptake.* In addition, it is worth noting that there is an
interesting correlation between the CO, uptake and the nitrogen
and oxygen contents (R* = 0.7090), indicating that the
introduction of nitrogen and oxygen atoms on as-prepared
carbon nanofibers is the key factor for the CO, adsorption
performance. The roles of oxygen functional group and nitrogen
functional group are reflected in Figure S4e,f, respectively. The
nitrogen functional groups are positively correlated with the
CO, uptake per unit specific surface area (R* > 0.8176), except
for N4, while carboxyl (O1) and carbonyl (O2) groups can
obviously promote the adsorption performance of CO, (R* >
0.9482), illustrating that the effect of oxygen functional groups
on CO, adsorption can not be ignored.

The fitting results of the L—F model for CO, adsorption at 0
°C and 25 °C are shown in Figure 6a,b and Table S2. The
experimental data are well fitted by the L—F model (maximum
R* of 0.9999). n;, which represents the sorption intensity,
decreases with the decrease of nitrogen and oxygen contents
(Figure 4e,f). The n, for CO, adsorption at 0 and 25 °C ranges
from 1.14 to 1.98 and 1.06 to 1.54, respectively. It shows that
CO, is adsorbed on U,K,-X well.** The adsorption coopera-
tivity is positive, which is consistent with the relationship
between nitrogen—oxygen contents and CO, uptake. The ka of
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Figure 6. (a) CO, isothermal adsorption and fitting results of the L—F model at 0 °C and 1 bar, (b) CO, isothermal adsorption and fitting results of L—
F at 25 °C and 1.0 bar, (c) isosteric heat of adsorption (Qst), and (d) relationship between Qst and nitrogen and oxygen contents.

Table 4. Comparison of the Adsorption Capacities for CO,

U,K,-600 is the largest, which is the Langmuir constant related
to the affinity between the adsorbate molecule and solid

adsorbents mmol g) T (°C ressure (kPa references
& &) (e e (kPe) sorbent,"” showing that the interaction between CO, and U,K,-
U,K,-700 3.34 25 100 this work 600 is the strongest
ACNF/Fe,0, 1.50 25 100 50 $ the strongest. ) )
ACNE 268 25 100 < To further reveal the adsorption behavior of CO, on U,K,-X,
2 . . . . . .
ACE-1 3.04 2 100 $2 the isosteric heat of adsorption (Qst) is calculated by Clausius—
T-GU-700-6 2.40 25 100 53 Clapeyron equation.48 As shown in Figure 6¢, the Qst of U, K,-X
gradually reduces with increasing surface coverages due to the
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Figure 7. Cycle experimental results of (a) acetone on U,;K,-800 and (b) CO, on U,;K,-700.
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reduced number of adsorption sites. The initial value of Qst is
18.47—39.13 kJ mol™!, and CO, is easily adsorbed onto the
adsorption point at low coverages. The initial Qst (39.13 kJ
mol™!) of U,K,-600 is between the isosteric heat of
physisorption and chemisorption.*’ Therefore, the adsorption
behavior of U;K,-600 is no longer a pure physical adsorption,
which proves the key role of nitrogen—oxygen doping in CO,
adsorption. Although the specific surface area of U;K,-700 is
lower than that of U,K,-800, the Qst values of U;K,-700 and
U,K,-800 are close to each other, which is also due to the
stronger bonds occurring between the nitrogen—oxygen surface
functional groups and CO, molecules. Furthermore, nitrogen
and oxygen contents have a certain linear relationship with Qst
(Figure 6d), which illustrates that high nitrogen and oxygen
contents can enhance the sorbent—adsorbate interaction, thus
increasing the value of Qst. In addition, the Qst values of U, K,-
700, U,K,-800, and U,K,-900 are less than 20 kJ mol ™!, imply
that the regeneration is relatively easy.

2.4. Reusability of U,K,-X. By comprehensively comparing
the adsorption performances of U;K,-X for acetone and CO,,
U,K,-X containing rich nitrogen and oxygen functional groups
were found to show an excellent adsorption performance of
VOCs and CO,. It is found that the sample with the highest
adsorption capacity for acetone is U,K,-800, while that for CO,
is U;K,-700. Under the same experimental conditions, U;K,-
700 and U;K,-800 are tested for S cycles (the desorption
conditions 150 °C, vacuum). The results are shown in Figure 7.
After five adsorption—desorption cycles, there are some minor
decreases in acetone adsorption capacity (<2.6%) and CO,
uptake (<1.2%). Thus, U;K,-X have an excellent reusability.

B CONCLUSIONS

In summary, U K,-X with a large specific surface area, pore
volume, and nitrogen—oxygen content were prepared by
electrospinning, stabilization, carbonation, and activation.
Urea and potassium hydroxide act together at 600—900 °C to
form a hierarchical pore structure. The physicochemical
properties and adsorption performances for acetone and carbon
dioxide were analyzed. U,;K,-800 and U;K,-700 showed a
superior adsorption capacity of acetone (955.74 mg g”*, 25 °C)
and CO, (3.34 mmol g~', 25 °C), respectively. The results
revealed that the physical structure and surface chemistry of
U,K,-X have a synergistic effect on the adsorption process.
Consequently, the synthesized porous activated carbon nano-
fibers with nitrogen—oxygen doping would be a promising
material in VOC and CO, adsorption.

B EXPERIMENT

Materials. Chemicals such as urea (99.9%), hydrochloric
acid (37%), potassium hydroxide (KOH), and N,N-dimethyl-
formamide (DMF, 99.5%, Mw 73.09) were supplied by
Sinopharm Chemical Reagent Co. Ltd. Polyacrylonitrile
(PAN, average Mw 150.000) was bought from McLean Co.
Ltd. Nitrogen gas (99.995%) and CO, (99.99%) were
purchased from Changsha High-Tech Gas Co. Ltd. Acetone
was supplied by Sinopharm Chemical Reagent Co. Ltd.

Preparation of Samples. The activated carbon nanofibers
can be obtained through electrospinning, stabilization, carbon-
ization, and activation. PAN was dissolved in DMF and
magnetically stirred at S0 °C for 6 h. The concentration of the
polymer solution was 10%. Nine milliliters of PAN solution was
placed in a syringe using a size 21 needle (inner diameter: 0.51

mm). Then it was electrospun into a nanofiber mat. The
electrospinning conditions were as follows: voltage: 15 kV,
syringe rate: 0.001 mm s, collector rotation speed: 300 rpm,
and collector distance: 10 cm. The fiber mat was stabilized at
220 °C for 6 h under air in a blast air oven, and the stabilized
nanofiber mat was carbonized in a tube furnace at 500 °C at a
heating rate of 5.0 °C min~" and held for 120 min under nitrogen
atmosphere (flow rate 60 m*® h™'); these mats were named as
ACEFs.

1 g of ACFs, 1 g of urea, and 2 g of KOH were mixed and
ground in a mortar, then heated in a tube furnace at 600, 700,
800, and 900 °C at a heating rate of 5.0 °C min~?, and held for 60
min under nitrogen atmosphere (flow rate 60 m* h™"). The black
products were washed with hydrochloric acid solution (5%) and
magnetically stirred for 36 h, then washed repeatedly with
distilled water until neutral, and dried for 24 h in vacuum at 80
°C. The obtained activated carbon nanofibers were named as
U,K,-X, where X is the activation temperature.

Samples’ Characterization. Thermogravimetric analysis
(TGA, SDT Q600, TA instruments, 10 °C min™") was used to
investigate the thermal degradation process under nitrogen. The
specific surface area and porosity measurements of the samples
were determined from the N, adsorption/desorption isotherms
using a static volumetric analyzer (JW-BK132Z, Beijing JWGB
Sci & Tech Co., Ltd). Scanning electron microscopy (SEM,
Helios NanoLab 600i, FEI Co.) and transmission electron
microscopy (TEM, Titan G2 60-300) were used to characterize
the morphologies, microstructures, and elemental mapping. X-
ray photoelectron spectroscopy (XPS, Thermo Scientific K-)
was used to analyze the composition and functional groups. The
interlayer distance (dyy,), stack height (L.), and stack width
(L,x) of aless-crystalline graphitic unit were evaluated by X-ray
diffraction®” (XRD, Cu/Ka as the diffraction source, 1 =
0.15406 nm, Bruker D8 advance). The degree of graphitization
was evaluated by Raman spectroscopy”’ (HORIBA Scientific
LabRAM HR Evolution, 4 = 532 nm). The acetone adsorption
isotherms at 25 °C and carbon dioxide adsorption isotherms at
25 and 0 °C were measured volumetrically by the JW-BK132Z
static volumetric analyzer. The adsorption pressures of acetone
and carbon dioxide range from O to 18 kPa and from 0 to 100
kPa, respectively.

Adsorption Isotherm. The Langmuir—Freundlich (L—F)
model® can be used to evaluate the heteroégeneity of the surface,
and is defined as eq 1. The n-layer BET® model is commonly
used to estimate multilayer adsorption in a gas—solid system,
and is defined as eq 2.

Q_ kPl/nl
T Ty ep/n 1)
p P n P n+1
q= 1— £ p p n+1

where q refers to the adsorbate adsorption capacity (mgg ™), Q.,
is the maximum adsorption capacity (mgg™"), k,, ,, 1, and b are
the constants for the model, P is the equilibrium pressure (kPa),
and P is the gas-phase pressure at saturation.

Thermodynamics of Adsorption. The isosteric heat of
adsorption (Qst) is calculated by Clausius—Clapeyron equation,
and is defined as eq 3,** which is calculated by measuring the gas
adsorption isotherm at different temperatures.
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olnP
Qst = RTZ(—)
oT J, 3)

where Qst refers to the isosteric heat of adsorption (k] mol™"), R
refers to the universal gas constant (k] mol™ K™), T is the
adsorption temperature (K), P is the adsorption pressure (kPa),
and g refers to the adsorption capacity (mmol g*).
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