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The n-w interaction-dependent vapour pressure of phenanthrenequinone can be used to synthesize a
phenanthrenequinone-confined ordered mesoporous carbon. Intimate contact between the insulating
phenanthrenequinone and the conductive carbon framework improves the electrical conductivity. This
enables a more complete redox reaction take place. The confinement of the phenanthrenequinone in the
mesoporous carbon mitigates the diffusion of the dissolved phenanthrenequinone out of the mesoporous
carbon, and improves cycling performance.

n the past few decades, the major energy source globally has been fossil fuels which are non-renewable, finite,

and environmentally hazardous. Recently, considerable effort has been devoted to this problem, and clean and

sustainable energy systems have been studied including solar cells, fuel cells, and rechargeable batteries.
Among them, Li ion batteries are currently the dominant energy storage system in portable electronic devices,
hybrid electric vehicles and energy storage systems (ESS)"?. However, the commonly used positive electrode
materials in Li-ion batteries are Co-based inorganic compounds such as LiCoO, and LiNi,_,—,Co,Mn,O,
prepared from limited mineral resources’. Co is costly and toxic. Moreover, the synthesis of these ceramic
materials requires high energy consumption such as heating above 700°C. Therefore, there is great demand
for new environmentally friendly electrode materials derived from renewable resources with minimum energy
consumption. One possible approach is to use organic electrode materials*™®. Organic compounds extracted or
synthesized from renewable natural products or biomass can provide a sustainable base for realizing Li-ion
batteries’. For example, lithium terephthalate was suggested as a promising electrode material, because it can
be produced either by the oxidative metabolism of p-xylene or by recycling commonly used polyethylene
terephthalate (PET) plastic.

Since the first organic electrode based on a small molecule, lithium-dichloroisocyanuric acid, was introduced in
1969, various small organic molecules (e. g., oxocarbons, carbonyl compounds, polyketones with N-cycles) have
been reported as electrode materials for Li-ion batteries''"*. Small molecules are promising candidates because
their structural richness enables easy modification of their physical and electrochemical properties. However,
small organic compounds suffer from several drawbacks such as their dissolution in organic electrolytes and poor
electrical conductivity, resulting in poor cycle performance and reversible capacity.

Recently, several promising strategies have been demonstrated to mitigate the dissolution of organic com-
pounds, including polymerization®, grafting®~*, salt formation®>*°, and composites with carbon®-**, giving
rise to improved electrochemical performance.

A similar dissolution problem of redox-active materials has been observed in Li-sulfur batteries, and sulfur-
confined ordered mesoporous carbon (CMK-3) was recently suggested to trap dissolved polysulfides in the
mesopores of carbon, resulting in improved electrochemical performance®. Inspired by the use of CMK-3 to
inhibit the dissolution of redox-active materials in Li-S batteries, herein, we introduce the simple synthesis of an
ordered mesoporous phenanthrenequinone-carbon composite using the new concept of the vapour pressure of
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Figure 1| Schematic diagram for the synthesis of a
phenanthrenequinone (PQ)-confined ordered mesoporous carbon
(CMK-3).

phenanthrenequinone, which is dependent on the 7-7 interaction
between aromatic phenanthrenequinone and carbon. This is the first
report of the synthesis of small-organic-molecules-confined ordered
mesoporous carbon through the m-m interaction between aromatic
phenanthrenequinone and carbon. The confinement of phenanthre-
nequinone (PQ) in the ordered mesoporous carbon (CMK-3) miti-
gated the dissolution of PQ in aprotic electrolytes and increased the
electrical conductivity because of the intimate contact between car-
bon and PQ, and therefore, the composite showed the highly
improved electrochemical performance including high reversible
capacity of approximately 240 mA h g™', good rate capability deli-
vering 113 mA h g™" at a rate of 2 C, and stable cycle performance
with little capacity fading over 50 cycles.

Results
PQ-confined CMK-3 (PQ/CMK-3) was prepared by following a
melt-diffusion-vaporization strategy. First, CMK-3 was obtained
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Figure 2| SEM images of (a) bare PQ, (b) CMK-3, (c) mixture of PQ and CMK-3, and (d) phenanthrenequinone-confined CMK-3 (PQ/CMK-3).
HR-TEM images of () CMK-3 and (f) PQ/CMK-3. (g) BJH Adsorption pore size distributions and (h) the corresponding nitrogen adsorption-

desorption isotherms of CMK-3 and PQ/CMK-3.
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Figure 3 | TEM images and EDS line profiles of (a, b) CMK-3 and (c, d) PQ/CMK-3: i) oxygen, ii) carbon, iii) oxygen/carbon.

by a nanocasting method using ordered mesoporous silica (SBA-15)
as a hard template. The resulting replica was the two-dimensional
hexagonally ordered carbon rods, comprising an assembly of about
7-nm-thick carbon rods separated by empty channel voids about
6 nm wide. Then, a 3:1 weight ratio mixture of PQ and CMK-3
was heated at 250°C in air for 3 h between the melting point (ca.
200°C) and boiling point (ca. 360°C) of PQ. The melted PQ was
imbibed into the channels by capillary forces. However, only the
PQ adsorbed on the surface of the carbon rods in the CMK-3
remained after heating owing to the m-m interaction between the
aromatic PQ and CMK-3, whereas the PQ residue without the n-7t
interaction evaporated and was eliminated with the air flow because
of the high vapour pressure of the PQ. Therefore, after cooling, the
solidification of PQ formed PQ-confined CMK-3 comprised of car-
bon-PQ core-shell nanofibers with the intimate contact between
them, as shown in Fig. 1. The scanning electron microscopy (SEM)

images in Fig. 2 reveal the changes in the mixture of CMK-3 and PQ
before and after heating at 250°C. Figs. 2a and b represent bulk PQ
and CMK-3, respectively. The bulk PQ was evident in the SEM image
of the initial mixture obtained by hand-grinding (Fig. 2¢c). However,
the bulk PQ completely disappeared with no significant fraction on
the external surface of CMK-3 after heating at 250°C (Fig. 2d). CMK-
3 and PQ are both hydrophobic materials, which account for the
incorporation of PQ into the pore channels by capillary forces. The
filling of the carbon channels with PQ was supported by the trans-
mission electron microscopy (TEM) images corresponding to the
(110) plane, in which the filling of the pores with the PQ is evidenced
by the decrease in the pore size of the CMK-3 after filling (Figs. 2e
and f). This is further corroborated by the decrease in the Barrett-
Joyner-Halenda (BJH) adsorption pore size distribution of the
CMK-3 after the incorporation of the PQ (Figs. 2g and 2h). This is
consistent with the decrease in the surface area and pore volume after
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Figure 4| (a) FT-IR spectra, (b) their enlarged spectra, (c) TGA profiles, and (d) isothermal analysis of i) bare PQ, ii) CMK-3, and iii) PQ/CMK-3.

filling (1118 m? g”' and 1.07 cm® g~ ' for CMK-3, and 418.2 m*> g~'  EDS line profiles also demonstrate that the PQ was homogeneously
and 0.563 cm® g™ for PQ/CMK-3). The presence of residual poresin  distributed in the framework of the mesoporous carbon (Fig. 3). The
the PQ/CMK-3 allows ingress of electrolyte, resulting in the facile Li*  relative oxygen/carbon ratio of PQ/CMK-3 was higher than that of
migration within the structure. The oxygen and carbon elemental ~CMK-3, because the PQ, having a higher oxygen/carbon atomic ratio
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Figure 5| Voltage profiles of (a) bare phenanthrenequinone and (b) PQ/CMK-3 for Li-ion batteries. (c) Electrochemical reaction mechanism of
phenanthrenequinone. (d) Cycle performance, (e) rate capability, and (f) corresponding voltage profiles of PQ/CMK-3.
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Figure 6 | Difference in absorbance between bare PQ (blue circles) and
PQ/CMK-3 (red squares) at a wavelength of 410 nm after dissolution of
the same amounts of PQ in TEGDME.

than CMK-3 was infiltrated. Moreover, FT-IR spectra clearly indi-
cate the existence of the PQ in the PQ/CMK-3 (Fig. 4a). The FT-IR
spectrum of PQ/CMK-3 (iii) was compared with those of neat PQ
and CMK-3 (i, ii). The vibrational bands correlated with the char-
acteristic absorptions of PQ (#/cm™'; 1674 (C=O0, stretch), 1591
(C=C, aromatic stretch), 1294, 1284, 924 (out-of-plane C—H bend),
764 (out-of-plane C—H bend), 715 (out-of-plane C—H bend) were
observed in the PQ/CMK-3*. In particular, the two C-H bending
vibrations of PQ/CMK-3 in the low energy region (715 and
764 cm™"') were red-shifted and blue-shifted, respectively, compared
with the neat PQ (Fig. 4b), indicating the existence of the PQ within
the PQ/CMK-3 by virtue of non-covalent force (n-n stacking inter-
action between PQ and CMK-3). The n-m interaction is also sup-
ported by thermogravimetric analysis (TGA). As shown in Fig. 4c, all
of the bare PQ evaporated before the temperature reached 270°C; in
contrast, the PQ in the PQ/CMK-3 began to evaporate after the
temperature reached 270°C. The difference in evaporation behavior
between the bare PQ and PQ/CMK-3 is attributed to the strong n-nt
interaction between PQ and CMK-3 in PQ/CMK-3. The different
vapour pressure between bare PQ and PQ/CMK-3 is further sup-
ported by isothermal analysis (Fig. 4d). All of the bare PQ evaporated
at 250°C in 50 min, whereas the PQ in the PQ/CMK-3 did not
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evaporate at 250°C even after 200 min. In addition, the TGA profile
of the PQ/CMK-3 indicates the loading amount of PQ in the com-
posite range up to 31.5 wt%. Moreover, an inspection of the 'H NMR
spectrum of a portion of the PQ/CMK-3 after fractionating by
Soxhlet extraction with chloroform revealed four resonance signals
assigned to the chemical structure for the PQ (see Fig. S1 in the SI),
implying that the PQ is completely stable during the infiltration
process of the PQ into the CMK-3 at 250°C.

The electrochemical performance was compared with the bare PQ
and PQ/CMK-3. Fig. 5a and 5b show the voltage profiles of the bare
PQ and PQ/CMK-3 electrodes between 1.8 and 3.4 V at a rate of
25.7 mA g~' (0.1 C rate), respectively. The PQ/CMK-3 electrode
delivered a high reversible capacity of approximately 220 mA h g™
atarate of 0.1 C. However, the bare PQ electrode delivered approxi-
mately 18 mA h g™, although it was previously reported that bare
PQ delivered large reversible capacity”. This seems to be caused by
their different particle size and electrolyte species. (Note: more car-
bon additive (super P) was added for the preparation of the bare PQ
electrodes compared to the PQ/CMK-3, and the total amount of
carbon in both electrodes were same). Thus, the improved reversible
capacity of the PQ/CMK-3 is attributed to the improved electrical
conductivity of PQ/CMK-3. The voltage profiles exhibited reversible
two-stepwise plateaus located at ca. 2.8 and 2.4 V vs. Li/Li*, indi-
cating that the insertion and deinsertion of Li" ions proceed in con-
secutive two-phase reactions. This implies that the PQ has two
storage sites for Li" ions, which is consistent with the fact that PQ
has two C=0 groups. Therefore, we propose that two Li* ions are
inserted into two C=0 to form two C-O-Li during lithiation and vice
versa (Fig. 5¢). The PQ/CMK-3 also showed stable cycle performance
with 89% of capacity retention over 50 cycles (Fig. 5d), which is
attributed that the mesoporous carbon clearly performs well as a
PQ container. The confinement of the PQ in the CMK-3 mitigated
the dissolution of phenanthrenequinone in the electrolyte. This is
supported by UV-VIS analysis. The same amounts of bare PQ and
PQ in PQ/CMK-3 were stored in tetra(ethylene glycol) dimethyl
ether (TEGDME) with stirring simultaneously. Glyme solvents are
known for their good ability to dissolve organic small molecules.
However, the dissolution of the PQ in PQ/CMK-3 was highly miti-
gated compared with that of the bare PQ, as shown in the difference
in absorbance between bare PQ- and PQ/CMK-3-dissolved solvents
(Fig. 6). UV-VIS spectrum of bare phenanthrenequinone is repre-
sented in Fig. S2. In addition, the rate performance of the PQ/CMK-3
was examined. It delivered approximately 113 mA h g7 even at a
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Figure 7 | Voltage profiles of (a) Phenanthrenequinone-confined Activated Carbon (PQ/AC) and (b) Anthraquinone-confined Ketjen Black (AQ/KB)

for Li-ion batteries.
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rate of 2 C, indicating that 51% of the reversible capacity delivered at
a rate of 0.1 C is sustained (Fig. 5e). The corresponding voltage
profiles of the rate performance are displayed in Fig. 5f.
Furthermore, the electrochemical performance of the PQ/CMK-3
was evaluated for Na-ion batteries. The PQ/CMK-3 electrode deliv-
ered a reversible capacity of approximately 190 mA h g™ at a rate of
0.1 C. However, it exhibited the poor capacity retention, which
might be caused by the PQ dissolution in carbonate-based solvents
or oxidative electrolyte decomposition at ca. 2.4 V vs. Na/Na™ (Fig.
S3).

The melt-diffusion-vaporization strategy base on the m-m inter-
action between aromatic phenanthrenequinone and carbon is gen-
erally applicable to other carbon species and small molecules such as
activated carbon, ketjen black and anthraquinone. When activated
carbon (AC) having a higher surface area than CMK-3 was used for
the preparation of PQ-confined AC (PQ/AC), the amount of PQ in
the PQ/AC composite increased to 35.9 wt.%, as shown in the TGA
profiles of Fig. S4. The PQ/AC exhibited similar electrochemical
performance to the PQ/CMK-3 (Fig. 7a). Anthraquinone-confined
ketjen black (AQ/KB) was also successfully obtained via the melt-
diffusion-vaporization strategy, and moreover, AQ/KB showed good
electrochemical performance delivering the reversible capacity of
about 170 mA h g™' (Fig. 7b).

Discussion

We, for the first time, demonstrated that the n-n interaction-depend-
ent vapour pressure of phenanthrenequinone can be used to synthes-
ize a nanostructured mesoporous carbon-phenanthrenequinone
composite with enhanced electrochemical performance due to the
confinement effects. Intimate contact between the insulating phe-
nanthrenequinone and the conductive carbon framework at nanos-
cale dimensions improves the electrical conductivity. This enables a
more complete redox reaction to take place, achieving enhanced
utilization of the electrochemically active phenanthrenequinone.
This results in the improved reversible capacity of 240 mA h g' at
a rate of 0.05 C, almost reaching the theoretical specific capacity
(257 mA h g7"). The confinement of the phenanthrenequinone in
the mesoporous carbon further mitigated the diffusion of the dis-
solved phenanthrenequinone out of the mesoporous carbon frame-
work, minimized the loss of the electrochemically active mass and
improved the cycling performance with little capacity fading over 50
cycles.

Methods

Synthesis. CMK-3 was synthesized according to the reported procedure®. The PQ/
CMK-3 nanocomposite was prepared by following a melt-diffusion-vaporization
strategy. CMK-3 (0.5 g) and 9,10-phenanthrenequinone (1.5 g, Sigma Aldrich) were
ground together, pelletized, and heated at 250°C for 3 h in air. The PQ/AC composite
was also synthesized at the same condition. For the preparation of the AQ/KB
composite, the mixture of AQ and KB was heated at 300°C.

Material characterization. SEM samples were examined using a Hitachi S-4800
field-emission scanning electron microscope (FE-SEM). High-resolution TEM
samples were investigated using a high resolution transmission electron microscope
(HR-TEM, STEM, JEOL ARM-200F) having a probe Cs aberration corrector (CEOS
GmbH) and an energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments X-
MaxN 80 TLE) attached to the TEM. The porous structures of the samples were
analyzed in a nitrogen adsorption experiment at —196°C using a BEL BELSORP-Max
system. The surface areas and pore sizes of the samples were calculated using the
Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-Halenda (BJH)
method, respectively. Infrared spectra were recorded by a Varian 670-IR
spectrometer equipped with an attenuated total reflectance (ATR) device. Nuclear
magnetic resonance (NMR) spectra were recorded by an Agilent 400 MHz
spectrophotometer using CDCl; as the solvent and tetramethylsilane (TMS) as the
internal standard. A thermal analysis was performed at a heating rate of 5°C min ™" in
a nitrogen atmosphere using a thermogravimetric analyzer (TGA, SDT Q600).
Isothermal analysis was performed at 250°C. The dissolution of PQ and PQ/CMK-3
in TEGDME was investigated by ultraviolet-visible (UV-VIS) spectroscopy (Varian,
Cary 5000).

Electrochemical characterization. Samples of the PQ/CMK-3 and bare PQ were
mixed with carbon black (Super P) and carboxymethyl cellulose (CMC) in 8:0.5:1.5
and 3:5:2 weight ratios, respectively, in order to use the same ratio of PQ: carbon:
binder for the fabrication of electrodes. Samples of the PQ/AC and AQ/KB were
mixed with carbon black (Super P) and carboxymethyl cellulose (CMC) in an
8:0.5: 1.5 weight ratio for the fabrication of electrodes. The slurry was casted onto a
current collector (Al). The electrodes were dried at 120°C in a vacuum oven
overnight. Their electrochemical characteristics for Li-ion batteries were evaluated
using 2016 coin cells with a Li metal anode and 1.3 M LiTFSI in a tetraethylene glycol
dimethyl ether (TEGDME) electrolyte solution. A microporous polyolefin film was
used as a separator. Galvanostatic experiments were performed at a current density of
25.7 mA g~' (ca. 0.1 C) and 30°C. In addition, their electrochemical characteristics
for Na-ion batteries were evaluated using 2032 coin cells with a Na metal anode and
1 M NaPFg in a mixed solvent of ethylene carbonate and propylene carbonate

(1/1 v/v).
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