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Abstract: At present, the preparation of highly porous graphitic activated carbons (HPGACs) using
the usual physical and chemical activation methods has met a bottleneck. In this study, HPGACs
are directly synthesized from lignite at 900 °C. The whole process is completed by a microwave
pretreatment, a graphitization conversion of the carbon framework at a low temperature using a
small amount of FeCl; (10-30 wt%), and a subsequent physical activation using CO,. Consequently,
the dispersed and mobile iron species, in the absence of oxygen functional groups (removed during
the microwave pretreatment), can greatly promote catalytic graphitization during pyrolysis, and,
as an activating catalyst, can further facilitate the porosity development during activation. The
as-obtained AC-2FeHLH-5-41.4(H) presents a low defect density, high purity, and specific surface
area of 1852.43 m? g~!, which is far greater than the AC-HLH-5-55.6(H) obtained solely by physical
activation. AC-2FeHLH-5-41.4(H) as a supercapacitor electrode presents an excellent performance
in the further electrochemical measurements. Such a convenient and practical method with low
cost proves a scalable method to prepare HPGACs from a wide range of coal/biomass materials for
industrial scale-up and applications.
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1. Introduction

With limited resources and the fast consumption of fossil fuels, the development of an energy
storage and utilization device with high efficiency, environmental friendliness, and sustainability is
very necessary and urgently demanded [1]. Supercapacitors are a kind of the ideal energy storage
system with their good features, for instance a high power density and long cycle life [2]. The high
electrochemical performance of supercapacitors is closely related to the ideal physical and chemical
structure of electrode materials, such as a high specific surface area (Sggr) and ordered graphitic
crystallite. On the other hand, a large number of interconnected porous structures can promote the ion
transport capacity to shorten the diffusion length to an electrode; whereas highly ordered graphitic
crystallites achieve a good conductivity [3,4]. Low-rank coal, with high reserves, volatile matter,
reactivity, and a medium calorific value, is an ideal raw material for preparing activated carbons (ACs)
as a supercapacitor electrode material [5]. However, low-rank coal, including those with a disordered
arrangement, small microcrystals and strongly cross-linked bonds, usually presents a low specific
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surface area and conductivity even at high temperatures (up to 3000 °C) [6], thus, hindering their
large-scale application and further development as an ideal electrode material. The conversion of
low-rank coal into highly porous graphitic activated carbon (HPGACs) is very valuable, in particular
for “waste-to-wealth” purposes.

In recent years, many researchers have done great work at preparing HPGACs based on low-rank
coal by controllable physical or chemical activation methods. The obtained ACs provide some degree of
improvement to the electrochemical performance of supercapacitors, but these methods are still unable
to fully meet the low-cost, green, and high-performance preparation requirements of HPGACs. More
concretely, the non-graphitizing microcrystals and a low Spgt value (usually lower than 900 m? g~1)
can be formed by traditional physical activation using activation agents (such as CO,, O,, H,O) [7-9].
Then, the traditional chemical activation agents, using KOH [10,11], K,COs3 [12,13], ZnCl, [14], and
H3POy [15] (80 wt%), are typically mixed with precursor powders (20 wt%) at high temperatures, and
substantial water/acid is subsequently consumed to remove the residual activation agents, which not
only increases the preparation cost but also results in the environmental pollution. Hence, it is highly
desirable to explore a green and low-cost method for synthesizing HPGACs.

Many researchers have found that an ordered graphitization degree can be obtained by direct
high-temperature heating (>2500 °C) or by the stress graphitization of carbon sources, but the realization
of these processes requires extreme experimental conditions and usually leads to a low porosity [6,16].
Remarkably, the addition of some metal catalysts (for example Ca, Mg, Na, K, Fe) can further reduce
the graphitization temperature to lower than 1000 °C [17]. First, these metal catalysts can promote
the decomposition of raw coals upon heating to release more carbon atoms. Then, the as-produced
carbon atoms can react with the catalysts to form several carbides. Finally, the decomposition of these
carbides is accompanied by the formation of an abundance of graphite microcrystals [18,19]. The
specific reaction process is as follows (using iron as a catalyst) [20]:

a-Fe(s) + amorphous carbon(s) — Fe;C(s) and 1)

Fe3C(s) — «-Fe(s) + graphitized carbon(s). (2)

In addition, Yu et al [21] found that the formation of carbides (Fe3C) was attributed to the
consumption of amorphous carbon by Fe3*. This process moves, assembles, and finally disintegrates
into the graphite microcrystals. Therefore, the carburized phase maintains continuous formation
and decomposition in order to help stabilize the graphite microcrystals during the whole process.
However, ideal graphite carbon is difficult to obtain by only the addition of some catalysts at low
pyrolysis temperatures. There are many strongly cross-linked bonds in low-rank coal, including the
aliphatic structure and functional groups. Aliphatic structures (such as asymmetric CH3- and CH,-,
symmetric CHj-, and symmetric CHjz-) can be easily removed with an increase in the temperature
at the beginning of pyrolysis. However, the removal of oxygen-containing functional groups with
different thermal stabilities, is more difficult during pyrolysis and results in a disordering of the
microstructure. Functional groups (such as benzoic acid), connected to the aromatic system, are stable,
and their decomposition temperatures are usually higher than 600 °C, consequently, a number of
carboxyl and hydroxyl groups with high thermal stability could not be removed even at 800 °C [22,23].
In our previous studies, we found that these groups with different thermal stabilities can further
hinder the release of microcrystals and their ordered rearrangement, even in the presence of Fe-based
catalysts. In addition, the presence of the oxygen-containing functional groups is more conducive
to catalytic cracking than catalytic graphitization [24,25]. Thus, the removal of oxygen functional
groups before pyrolysis is a key factor in catalytic graphitization characteristics of FeClz additives at
low temperatures. Remarkably, oxygen-containing functional groups belong to polar groups, which
possess a strong microwave absorption property to transform electromagnetic energy into thermal
energy [26]. Therefore, these chemical groups within carbon materials can be easily removed by a
microwave heat treatment. Menéndez and Nabais et al [27,28] studied the effect of microwave pyrolysis



Processes 2019, 7, 300 3o0f15

on activated carbons with several oxygen-containing functional groups. After a relatively short time of
microwave irradiation, the authors found that the carboxyl and phenolic hydroxyl groups with strong
absorbing abilities had decomposed.

In this work, we systematically studied the preparation of HPGACs from lignite via microwave
pretreatment and iron-catalyzed graphitization at low temperature (<1000 °C), and electrochemical
performance of the as-obtained samples. The microwave heating technique was used as a pretreatment
to remove a larger number of oxygen-containing functional groups with different thermal stabilities.
The melt infiltration of FeCl; into the skeleton of carbon atoms (basic structural unit) can promote
the ordered rearrangement of graphite microcrystals during pyrolysis, and the subsequent physical
activation, using CO,, can further increase the formation of pores to enhance Sggr value, during
which the as-formed iron-based compounds also have an important role as the activating catalysts.
Importantly, the small amount of FeCl; additive (10-30 wt%) fully meets a low-cost and green
preparation requirement. Therefore, the as-prepared ACs, obtained by such a novel method, can
present a high electrochemical performance as an electrode material in supercapacitors.

2. Materials and Methods

2.1. Materials

Huolinhe lignite, one of the most common low-rank coals, was collected from the southeast of
inner Mongolia in China, and acted as the source material for the preparation of ACs. Huolinhe lignite
has a relatively high volatile component and oxygen content as shown in its proximate and ultimate
analysis in Table 1. Different particle sizes of 250-380 um from the Huolinhe lignite were obtained
through crushing and sieving. Importantly, the raw materials were demineralized sequentially using 6
mol-L~1 HCl and 40 wt% HF to avoid the interference of other minerals in the subsequent detection [29].
Afterwards, the sample was treated with deionized water to ensure the disappearance of chloride ions,
and the X-ray diffraction (XRD) profiles of raw Huolinhe lignite and demineralized sample (denoted
as HLH) are shown in the Figure S1, which reveals the smooth curve without clear minerals peaks,
indicating that the minerals had been removed in demineralized sample. Finally, HLH was dried in an
oven at 80 °C overnight.

Table 1. Proximate and ultimate analyses of Huolinhe lignite (wt%).

Vad FCyuq Aaq Maq Caas Hga¢ Ogat * Naat Sdaf
39.66 39.66 0.12 3.62 74.81 19.49 4.01 1.31 0.38

ad (air-dried basis): the coal in dry air was used as a benchmark; daf (dry ash free basis): the remaining component
after the removal of water and ash in coal was used as a benchmark; * By difference.

2.2. Experimental Process

After the demineralization procedure, microwave irradiation experiment of HLH was carried out
using a multimode resonant microwave cavity. The pretreated samples were obtained at 1000 W and
2450 MHz after 1.5, 5, and 30 min, during which the samples were maintained in a nitrogen flow of
100 mL-min~!, and they were marked as HLH-time. Then, a predetermined amount of FeCl; powder
(0.1,0.2, and 0.3 g) was mixed with 1 g of the HLH-time samples followed by liquid impregnation using
deionized water (100 ml) at 80 °C. In order to homogenize the dispersion of FeCls, this process was
accompanied by continuous agitation until the disappearance of the water. The FeCls-loaded samples
were denoted as 1-, 2-, or 3Fe-HLH-time. FeCl; powder was obtained from Kemiou, Tianjin, China.

The 3 g of samples were placed in a fixed-bed reactor under a nitrogen (99.999%) flow of
400 mL/min. The pyrolysis rate and the final pyrolysis temperature were set at 10 °C/min and 900 °C.
Thermal upgrading was stopped when the final temperature reached 900 °C and then maintained for
60 min; these obtained chars were marked as C-HLH-time. After that, the atmosphere was switched to
CO; (99.999%) at the same flow rate for a certain time to produce ACs with different porous structures,
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which were marked as AC-HLH-time—burn-off value. Moreover, to eliminate the interference of
Fe-based compounds in chars for the relevant test results, the samples were treated sequentially with
0.2 mol-L~! HCl and deionized water at 60 °C for 24 h and were marked as the sample’s name (H).
Figure S2 shows the XRD phase analysis for C-1IFeHLH-5 and C-1FeHLH-5(H). After the acid treatment,
the diffraction peak of Fe-based components was absent, as shown for C-1FeHLH-5(H) in Figure S2b.

2.3. Measurement Analysis

Transmission electron microscopy (TEM, Tecnai G2 F30, FEI, Hillsboro, OR, USA) was set at
200 kV to obtain the images of structural changes. Fourier transform infrared (FTIR) spectroscopy
(Magna-IR 560 E.S.P, Nicolet, Madison, WI, USA) was operated at a resolution of 4 cm~! to obtain the
information of functional groups, and the scanning range of the spectra was determined from 500 to
4000 cm™!. The crystal parameters of the samples were obtained by a D/max-rb X-ray diffractometer
(XRD, D8 ADVANCE, Brooke, Karlsruhe, Germany) in the 20 range from 10° to 80°, and the scanning
rate of XRD was set at a stable value of 3°/min. The different hybrid carbon structures of the samples
were obtained by Raman spectroscopy via a 532 nm wavelength laser, and the scanning scope was
determined from 1000-1800 cm~'. The information of pore structure was obtained by a micromeritics
adsorption apparatus (ASAP2020, Micromeritics, Norcross, GA, USA) in a relative pressure (P/P)
range from 1077 to 1, and the analysis temperature was set at 77 K [30]. The vacuum degassing process
for samples was performed before the test and analysis experiment, and the temperature and time were
set to 473 K and 12 h. Furthermore, the specific parameters of pore structure, such as the specific surface
area (Spgr), the micropore area (Sp;c), and the micropore volume (Vyyic), were calculated using the
following formulas: Brunauer-Emmett-Teller (BET) equation, the t-plot method, Horvath-Kawazoe
(HK) method, and nonlocal density functional theory (NLDFT), respectively [31]. In addition, the
parameter of the total pore volume (Vi) was obtained at 0.98 relative pressure.

2.4. Electrochemical Measurements

A three-electrode system with a basic aqueous solution (6 M KOH) was used to test the
electrochemical properties of the obtained samples. The manufacturing process of the electrodes
was as follows: the obtained samples (80 wt%), carbon black (10 wt%), and polytetrafluoroethylene
(PTFE) (10 wt%) were evenly mixed using mechanical agitation. This mixture was then cast on a nickel
foam and dried at 100 °C for 10 h in a vacuum oven. Finally, the resultant sample was pressed into a
thin sheet at 8 MPa for 2 min each as the working electrode, which included about 3.0 mg of active
materials. In addition, platinum foil and a saturated calomel electrode (SCE) electrode were selected
to act as the counter and reference electrodes. The relevant electrochemical experiments, such as
galvanostatic charge/discharge (GC), cyclic voltammetry (CV), and electrical impedance spectroscopy
(EIS), were conducted using CHI660E at room temperature. The equation Cs = IAt/(mAV) was used for
calculating the specific capacitance (Cs, Fg~!), where these symbols contained in this formula represent
the following: the values of constant discharge current (), the required time for complete discharge
(At), the total mass of active substances (i), and the voltage window (AV).

3. Result and Discussion

3.1. Chemical Structure Analysis by FTIR

The FTIR spectra of treated samples with different microwave radiation times is shown in Figure 1.
First, some obvious bands at approximately 1460, 2830, 2953, 1700, and 1780 cm~! can be found in
HLH, implying that it contains a large number of the aliphatic groups and the oxygen-containing
functional groups. Then, the gradual disappearance of the aliphatic bands with the increase in the
time of microwave treatment indicates the gradual removal of the aliphatic structures. Alternatively,
some cross-linked bonds, such as methylene groups, that are used to connect aromatic rings and side
chains, such as methylene and methyl groups, that are attached to aromatic rings are all attributed
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to the aliphatic structure in low-rank coal [32]. Therefore, the fragmentation and decomposition of
the aliphatic structure during microwave irradiation will likely result in the rearrangement of carbon
framework in the subsequent preparation process.

HLH-30

HLH-5

HLH-1.5

N I 1780

Absorbance

| ' " L
1000 2000 3000 4000
Wavenumber (cm'l)

Figure 1. Fourier transform infrared spectroscopy (FTIR) spectra of pretreated samples under different

irradiation times.

According to the changes of oxygen-containing functional groups bands (1700 and 1780 cm™!) in
HLH-1.5, HLH-5, HLH-30, the amount of oxygen-containing functional groups also decreased gradually
with the increase in the time of microwave treatment. However, to systematically study information
related to changes in oxygen-containing structures, a quantitative assessment was performed by the
curve-fitted bands in the range from 1000 to 1800 cm~! zone, according to the previous literature [33,34],
and the detailed relationships of these parameters can be expressed as follows:

C=0/Cyr = 1780 — 1650 cm™! zone/1605 cm™! band, (3)
COOH/C,r = 1700 cm™! zone/1605 cm~! band 4)
C-O/Car = 1260 — 1030 cm ™! zone/1605 cm™! band. (5)

In the above equations, C=O structures contain carboxylic acids, carbonyl acids and aryl esters,
and so on, C-O-R structures can often be expressed as aryl ethers and hydroxyls, and Cj; is related to
aromatic structure in the carbon framework. The specific results of treated samples under different is

shown in Table 2.

Table 2. Quantitative result of treated samples under different microwave radiation times.

HLH HLH-1.5 HLH-5 HLH-30
C=0/Cyr 2.10 1.73 0.15 0.12
COOH/Cy; 1.12 0.46 0.07 0.06
C-O/Cqyr 2.31 1.83 0.14 0.11

C=0 structures contain carboxylic acids, carbonyl acids and aryl esters, and so on; C-O-R structures can often be
expressed as aryl ethers and hydroxyls; Cj; is related to aromatic structure in the carbon framework.

Large quantities of oxygen functional groups can be found in HLH, but there was an obvious
decrease in HLH-1.5, implying the directional removal of the low thermal stability groups (mainly
as carboxylic acids and other C-O structures) at the beginning of the pretreatment with microwave
irradiation. These changes are consistent with the apparent weakness of carbonyl acids at near
1660 cm™~! and aryl esters around 1775 cm ™! in FTIR spectra for HLH-1.5. The parameters continued to
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decrease for HLH-5 and HLH-30 with the increase in the time of microwave treatment. The quantity of
COOH in HLH-1.5 showed a clear decrease, but there were rapid decreases in all the oxygen-containing
groups in HLH-5, indicating the gradual removal of oxygen functional groups from low to high thermal
stability with the microwave heating time. Furthermore, the slow decrease of all the parameters for
HLH-30 indicated that, with a longer microwave heating time (30 min), it is difficult to further remove
the oxygen functional groups with high thermal stabilities. From the above analysis, we found that
HLH-5 was the most suitable sample for the subsequent preparation of AC.

3.2. Microstructure Analysis by TEM

Several high-resolution TEM images of C-HLH-5, C-1FeHLH-5, C-2FeHLH-5, and C-3FeHLH-5
are shown in Figure 2. An abundance of amorphous regions was found, and the amorphous carbon
and crystallite layers were intricately arranged in C-HLH-5 (Figure 2a). Moreover, there were more
interlaced arrangements of crystallite layers in a small number of FeCl; (10-30 wt%) in C-1FeHLH-5,
C-2FeHLH-5, and C-3FeHLH-5 (Figure 2b—d). These phenomena indicated a clear increase in highly
ordered crystallite layers with the increase in the amounts of FeCl; additive during pyrolysis. The
additive gradually began to move within the samples as the amount of FeCl; increased, during
which the amorphous carbon was rapidly converted to graphitized carbon via the mechanism
of metal-catalyzed graphitization [20]. Remarkably, the round-like particles surrounded by long
parallel-aligned multilayer graphitic microcrystals can be seen for C-3FeHLH-5 in Figure 2d. This
phenomenon indicated that the additive gradually begins to blend with itself with an increase in
loading amount, which leads to the formation of iron-based particles during pyrolysis. In addition,
other microcrystal layers at a remote distance away from these carbon-coated iron particles were
also found. In a previous study [25], we found more interlaced arrangements between amorphous
carbon and crystallite layers and more morphous regions in oxidized chars, even when the Fe-based
catalyst was loaded, indicating that the Fe-based catalyst can be fixed by oxygen functional groups.
In other words, the free movement of the FeCl; additive within the samples after the microwave
pretreatment can further play a catalytic graphitization role in the formation of multilayer highly
ordered graphitic microcrystals.

Figure 2. TEM images of carbonized chars with different amounts of FeCl; additive (a) C-HLH-5,
(b) C-1FeHLH-5, (¢) C-2FeHLH-5, and (d) C-3FeHLH-5.

3.3. Hybrid Carbon Structure Analysis by Raman

The Raman spectra of C-HLH-5, C-1FeHLH-5(H), C-2FeHLH-5(H), and C-3FeHLH-5(H) are
shown in Figure 3. To obtain more information about the hybrid carbon structure of samples, each
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Raman spectrum was treated further into five band areas by the fitting method [35]. Importantly,
the ratios of the different band areas, such as Ap1/Ag, Aps/Ag, Aps/Ag, and Api/Aps, represent the
different types of hybrid carbon, and the specific information is listed in the previous literature [36,37].
The results of the hybrid carbon structure in carbonized chars with different amounts of FeCl; are
shown in Table 3.
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Figure 3. Raman spectra of carbonized chars with different amounts of FeCl; additive.

Table 3. Parameters of hybrid carbon structure of carbonized chars with different amounts of
FeCl; additive.

C-HLH-5 C-1FeHLH-5(H) C-2FeHLH-5(H) C-3FeHLH-5(H)
Api/Ac 3.763 2.841 1.107 1.245
Aps/Ac 2.707 1.811 0.505 0.614
Apu/Ag 0.845 0.769 0.518 0.603
Ap1/Aps 1.390 1.568 2.137 2.028

The value of Ap;/Ag represents the defect degree of the microcrystalline structure; the value of Apz/Ag is related to
the amorphous carbon; the value of Aps/Ag represents the relative quantity of cross-linking bonds; Ap;/Aps can
indicate the ratio between big rings relative to small fused rings in chars.

The Ap1/Ag, Aps/Ag, and Apy/Ag values of C-HLH-5 reached the maximum, whereas the Ap1/Aps
value reached the minimum compared to that of other samples, indicating the presence of a disordered
material with a higher reactivity. Then, the Ap1/Ag, Aps/Ag, and Aps/Ag values of C-1FeHLH-5(H)
and C-2FeHLH-5(H) decreased, whereas the Ap;/Ap3 value increased, presenting the formation of
ordered materials with low reactivities as the amount of FeCls additive increases. However, we
found that samples supported by Fe-based catalysts presented the non-graphitization tendency in
the existence of oxygen functional groups during pyrolysis [25]. Therefore, the existence or removal
of oxygen functional groups plays an important role on the different catalytic characteristics. In the
pyrolysis stage, the Fe-based components first facilitated the decomposition of the basic unit structure,
leading to the conversion of the isolated and defective sp? structure (D; peak) into the amorphous
carbon (D3 peak). Then, this amorphous carbon was released as volatile matter by thermal cracking,
but more are converted into the crystalline sp? structure (G peak) rapidly rather than the defective sp?
structure when the oxygen functional groups have decomposed. In addition, the clear decrease in the
crosslinking density (D4 peak) of the samples supported by the Fe-based catalysts was responsible
for the removal of oxygen functional groups linked with the carbon matrix via microwave treatment.
Furthermore, the formation of new cross-linking bonds was also severely destroyed by the movement
of iron atoms within the samples in the absence of oxygen functional groups. These changes also helped
the graphitization tendency of the samples. Remarkably, the abrupt changes in all four parameters for
C-3FeHLH-5(H), with respect to those of C-2FeHLH-5(H), indicated its relatively slow graphitization
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conversion. From the result of TEM in Figure 2d, the formation of iron-based spherical particles, due to
the rapid amalgamation of Fe-based catalysts, can hinder the free movement of catalysts within samples.
Therefore, C-3FeHLH-5(H) with FeCl;3 (30 wt%) is insufficient to further enhance the graphitization
tendency of C-3FeHLH-5(H).

3.4. Crystal Structure Analysis by XRD

The XRD profiles of C-HLH-5, C-1FeHLH-5(H), C-2FeHLH-5(H), and C-3FeHLH-5(H) are shown
in Figure 4. According to the previous literature [38], each XRD profile is treated further into two
band areas by the fitting method to obtain some important structural feature information of the
aromatic layers (for instance, layer distance (dgo), stacking height (L), width (La), and layer number
(N = L¢/dyg2))- The result of the aromatic layers in carbonized chars with different amounts of FeCl; is
shown in Table 4.

C-2FeHLH-5(H)

Intensity (a.u)

15 30 45 60
20/°

Figure 4. XRD profiles of carbonized chars with different amounts of FeCl; additive.

Table 4. XRD data of carbonized chars with different amounts of FeCls additive.

C-HLH-5 C-1FeHLH-5(H) C-2FeHLH-5(H) C-3FeHLH-5(H)
La (A) 23.66 25.71 31.28 28.55
Le(A) 12.33 13.17 15.85 14.01
dooa(A) 3.55 3.40 3.14 3.29
N 3.47 3.87 5.05 4.26

dooz: layer distance; L: stacking height; L,: width; N = Lc/dggp: layer number.

C-HLH-5 yielded a smoother curve than that of the other samples, with respect to the (002) and
(100) peaks in particular; the dgp, value reached a maximum of 3.55 A, and the L. and L, values
reached the minimum of 12.33 A and 23.66 A. The microcrystalline structure of C-HLH-5 is presented
as a type of disordered structure. Even when the raw materials (HLH) are pretreated by microwave
irradiation, the conversion of the disordered arrangement and small-size of microcrystals of HLH into
a graphite-like structure is very difficult at low temperatures (<1000 °C) without the addition of an
FeCl; catalyst. Then, the L,, L., and N values of C-1FeHLH-5(H) and C-2FeHLH-5(H) increased, and
the dggp value decreased; this result indicated that the crystalline of HLH was converted into a highly
ordered structure at low temperatures in the presence of the FeCl; catalyst. Quite evidently, when
the changes to the parameters of C-3FeHLH-5(H) with FeCl; additive were reduced, this indicated
that the rapid increase in the highly ordered structure cannot be further enhanced. The above results
showed that a suitable dispersion and mobility of catalysts may enable the catalyst to penetrate to
the carbon framework and develop its catalytic characteristics. However, our previous results found
that Fe-based compounds presented the non-graphitization catalytic characteristics in the existence of
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oxygen-containing functional groups [25]. These results are related to the competition between the
catalytic cracking characteristics and catalytic graphitization characteristics of the FeCls additive in the
presence or absence of oxygen functional groups. Fe-based compounds promote the decomposition of
aromatic structure to form more free radicals at the beginning of pyrolysis, highlighting their catalytic
cracking characteristics. Then, due to the decomposition of oxygen-containing functional groups
during microwave irradiation stage, the Fe-based compounds further facilitate the condensation of
free radicals to form an ordered microstructure at a later stage of pyrolysis. Thus, the microwave
pretreatment played a more important role in promoting the catalytic graphitization via FeCl; than in
sustaining catalytic cracking during pyrolysis.

3.5. Pore Structure Analysis of the Nitrogen Adsorption Method

The results of the pore structure analysis using the nitrogen adsorption method for C-HLH-5,
C-1FeHLH-5(H), C-2FeHLH-5(H), and C-3FeHLH-5(H) are shown in Figure 5. The N, adsorption
isotherms of C-HLH-5, C-1FeHLH-5(H), and C-2FeHLH-5(H) are all related to a type I, and their
isotherms always remain level as the relative pressures increased. The Ny adsorption capacity of
C-HLH-5 atlow pressures is very small, and its size distribution is relatively narrow (0—1 nm), presenting
a microporous material with a low pore volume. The N, adsorption capacities of C-1FeHLH-5(H) and
C-2FeHLH-5(H) at low pressures increased evidently, and their knees became broader. There was
a clear increase in the size range from 0 to 2 nm and the corresponding pore volume, presenting a
microporous material with a relative high pore volume. The increase in micropores is related to the
catalytic cracking characteristics of FeCl;. Gong et al [29] found that the cleavage of the microcrystalline
structure occurred with the increase in Fe-based catalysts to release more volatile matter, thus, resulting
in the formation of more micropores. Alternatively, the adsorption isotherm of C-3FeHLH-5(H) is
related to a type I and IV at different pressures. This isotherm begins to branch and present a hysteresis
loop with the increase in relative pressure, indicating the appearance of micropore and mesopore.
It is worth noting that the increase in micropores and part of mesopores (2-5 nm) is caused by the
concentration and amalgamation of the FeClj catalyst during pyrolysis, but the formation of another
part of the mesopores (5-20 nm) is related to the removal of the iron-based particles after the process of
acid treatment, owing to their consistent size, as shown in Figure 2d. Therefore, a more significant
increase in mesopores was found in C-3FeHLH-5(H) rather than in micropores.

1.0
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Figure 5. (a) N, adsorption isotherms and (b) pore-size distributions of different chars with and/or
without the additives produced by pyrolysis.

3.6. Pore Structure Development of Typical Chars during Activation

Based on the above physicochemical structure analysis during pyrolysis, C-2FeHLH-5 was
used as an ideal precursor for subsequent activation, owing to its highly ordered carbon structure,
abundant initial micropores, and more-dispersed distribution of Fe-catalysts; C-HLH-5 was used as
the contrastive precursor. Therefore, the pore development of C-HLH-5 and C-2FeHLH-5, used as the
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typical chars during activation, can be analyzed in detail, and the results of the pore structure analysis
using the nitrogen adsorption method is shown in Figures 5 and 6.
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Figure 6. (a) N adsorption isotherms and (b) pore-size distributions of AC-HLH-5 at different burn
offs during activation; (c) N, adsorption isotherms and (d) pore-size distributions of AC-2FeHLH-5 at
different burn offs during activation.

First, the isotherm of AC-HLH-5-15.4(H) was clearly of type I, presenting a narrow pore-size
distribution (0—1 nm). Furthermore, an Sggt value of 103.63 mz-g‘l, Vmic value of 0.059 m3-g‘1, and
non-Vp value of 4.84% for AC-HLH-5-15.4(H) were obtained, showing the microporous structure. At
the beginning of activation, the initial pores of C-HLH-5 helped the diffusion of activated gas into the
interior of the particle, which strengthened the etching of the carbon-based framework by activated
gas, thus resulting in an increase in the microporous structure. With the continued development of the
activation process, the N isotherms of AC-HLH-5-28.3(H) and AC-HLH-5-55.6(H) all became steep
with increasing relative pressure, and clear hysteresis loops were observed, showing the characteristics
of type Il and IV at different pressures. A gradual increase in micropores and the rapid formation and
development of more mesopores (2-8 nm) were also found, as shown in Figure 6b. Moreover, the
changes in the pore structure parameters of AC-HLH-5-28.3(H) and AC-HLH-5-55.6(H) also indicated
an enlargement of the micropores into mesopores and the production of some new micropores.
Remarkably, the rapid increase in the non-Vy,;. value indicated the more apparent development of
mesopores rather than that of new micropores, which is related to the continuous removal of the
active sites with the increase in burn-off. According to Figure S3a, the ordering degree of AC-HLH-5
first decreased rapidly and then increased gradually during activation. Finally, a low Sggr value of
666.25 m? g~! for AC-HLH-5-55.6(H) was obtained.
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The N, adsorption isotherms of AC-2FeHLH-5-16.3(H), AC-2FeHLH-5-29.4(H), and
AC-2FeHLH-5-41.4(H) were all of type I, and a clear increase in the isotherm capacities at a low
pressure can be found with an increase in burn-off. The rapid increase in Vi, Vi and Sggr values,
and no evident change in the non-Vy. value for AC-2FeHLH-5-16.3(H), AC-2FeHLH-5-29.4(H), and
AC-2FeHLH-5-41.4(H) during the whole stage of activation are shown in Table 5, revealing a sustained
production of additional micropores. It can be inferred that the presence of metal catalyst can change
the reaction pathways between the carbon structure and activated gas [39]. More concretely, the active
sites could no longer be preferentially consumed with activated gas, and some intermediates were
formed first in the presence of catalysts, and then, these intermediates could react with a gasifying
agent to strengthen the sustained etching of the carbon-based framework. According to Figure S3b,
the ordering degree of AC-2FeHLH-5 continually increased with the amount of burn-off. Finally,
AC-2FeHLH-5-41.4(H) with the high Spgt value (1852.43 m? g_l) at a relatively low burn-off values of
41.4% was obtained.

Table 5. Pore structure parameters of typical chars at different burn offs during activation.

Samples SgeT (M?/g) Vi (m3/g) Vmic (m®/g) Non-V i (%)
AC-HLH-5-15.4(H) 103.63 0.062 0.059 4.84
AC-HLH-5-28.3(H) 321.77 0.130 0.101 22.31
AC-HLH-5-55.6(H) 666.25 0.201 0.113 43.78

AC-2FeHLH-5-16.3(H) 652.55 0.168 0.160 4.76
AC-2FeHLH-5-29.4(H) 1048.15 0.259 0.245 5.41
AC-2FeHLH-5-41.4(H) 1852.43 0.378 0.356 5.82

Sger: specific surface area; Vy: total pore volume; Vpyic: micropore volume; Non-Vp;.: except for micropore volume.

3.7. Electrochemical Measurements

AC-2FeHLH-5-41.4(H) was used an ideal supercapacitor electrode material, owing to its the
highly ordered microstructure and high Sggr. The results of the electrochemical experiment with
AC-2FeHLH-5-41.4(H) are shown in Figure 7. To identify the advantages of AC-2FeHLH-5-41.4(H)
obtained by the new method in this research, we also compared the super-capacitive performances of
various activated carbons in the previous publications from bamboo stalk, using K,FeO, (denoted as
PGBCQ) [40], and low-rank coals, with the addition of FeCl; (denoted as MI-AC-2) and without the
addition of FeCl; (denoted as AC) [41].

The CV curves of AC-2FeHLH-5-41.4(H) electrode always presented a quasi-rectangular shape
with the increase in scan rate from 20 mV s~ to 200 mV s71, as seen in Figure 7a, but distorted CV
curves of the AC electrode and the smaller current density for PGBC and MI-AC-2 were found in
previous publications [40,41], indicating a fast charge transport in AC-2FeHLH-5-41.4(H). In addition,
compared with the AC electrode [41], the perfect isosceles triangle shapes of AC-2FeHLH-5-41.4(H) at
different current densities can be seen in Figure 7b, indicating excellent charge and discharge qualities
in terms of an electric double layer capacitor (EDLC). As shown in Figure 7c, the AC-2FeHLH-5-41.4(H)
electrode had much higher specific capacitances (224 F g~! at 1 A g~!) than that of PGBC (40 F g~! at
1A g, MI-AC2(211 Fglat1 Ag™),and AC (115F g at 1 A g™1). [40,41] With the increase of
current densities, AC-2FeHLH-5-41.4(H) always retained high values (170 F g~! at 30 A g™1), rather
than an obvious capacitance decay for PGBC (25 F g~! at 30 A g~!), MI-AC-2 (160 Fg~! at 30 A g7 1),
and AC (45 F g™! at 30 A g™1). [40,41] This result also showed an excellent charge-discharge capability
performance for the AC-2FeHLH-5-41.4(H) electrode. Furthermore, the kinetics of the electrochemical
reaction was studied by EIS. The result of the Nyquist plots for the AC-2FeHLH-5-41.4(H) electrode, in
the frequency range from 10 mHz to 100 KHz, is given in Figure 7d. There were clear impedance loops
for AC-2FeHLH-5-41.4(H) with a relatively small semicircle radius in the high frequency region relative
to a lower slope of AC in the previous publications [41], indicating a small charge transfer resistance.
Then, the fitting equivalent circuit model was obtained by the coupled nonlinear Schrodinger equation
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(CNLS) method, as shown in Figure 7d. There was a high slope in the low-frequency region for
AC-2FeHLH-5-41.4(H) with a low resistance of 0.3511 (), showing a good ion transport dynamic. The
result of the cycling stability test for AC-2FeHLH-5-41.4(H) electrode at a current density of 5 A g™
is shown in Figure 7e. The AC-2FeHLH-5-41.4(H) electrode kept about 96% of the capacitance after
10,000 cycles at a current density of 5 A g™}, rather than an obvious reduction of PGBC (84%) [40] at
5000 cycles and AC (85%) at 10,000 cycles [41]. Therefore, AC-2FeHLH-5-41.4(H) presented an even
greater cycling stability.
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Figure 7. Electrochemical performances of AC-2FeHLH-5-41.4(H) in 6 M KOH electrolyte:
(a) cyclic voltammetry curves of AC-2FeHLH-5-41.4(H) at the scan rates of 20 to 200 mV s7L;
(b) galvanostatic charge-discharge curves of AC-2FeHLH-5-41.4(H) at different current densities;
(c) gravimetric capacitances of AC-2FeHLH-5-41.4(H) at different current densities; (d) Nyquist plots
of AC-2FeHLH-5-41.4(H) inset shows the fitting equivalent circuit model; and (e) cycling stability of
AC-2FeHLH-5-41.4(H) at a current density of 5 A g~'.

4. Conclusions

Low-rank coals (HLH) were successfully converted to highly porous graphitic activated carbons
(HPGACs) with a microwave pretreatment, a melt infiltration of FeCls into the carbon framework during
pyrolysis at 900 °C, and the subsequent CO;-assisted physical activation. The key of graphitization
conversion at low temperature is that the dispersed and mobile iron species, in the absence of oxygen
functional group via the microwave pretreatment, can further play a catalytic graphitization role during
which sp® carbon atoms are consumed and converted into the crystalline sp? structure. Subsequently,
the highly dispersed iron species also play an important role as activating catalysts to greatly facilitate
the development of micropores. In the case of similar burn-out rates, the Sggr of 1852.43 m?-g~! of
AC-2FeHLH-5-41.4(H) is much larger than that of AC-HLH-5-55.6(H), obtained solely by physical
activation. Compared with other supercapacitor electrode materials from various low-cost resources
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(coal/biomass) in the previous publications, such a well-developed pore structure and highly ordered
graphene lattice endow AC-2FeHLH-5-41.4(H) with a low defect density, the high purity and Sggt
presents a good super-capacitive performance, including high capacitance, good rate capability, and
excellent cycling stability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/5/300/s1,
Figure S1: XRD profiles of the (a) raw Huolinhe lignite and (b) demineralized sample, Figure S2: XRD phase
analysis of C-1FeHLH-5 and C-1FeHLH-5(H), Figure S3: XRD profiles from different AC during activation.
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