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GRAPHICAL ABSTRACT

The carbon-coated aluminum foil (CCAF) was employed to tune the interactions of organic molecules and current collectors with outstanding sodium storage in
sodium ion battery. As expected, THQAP-CCAF electrodes delivered high specific capacity and superior rate performance.
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ARTICLE INFO ABSTRACT
Keywords: Organic molecular electrode materials are promising candidates in batteries. However, direct application of
Organic cathode materials small molecule materials usually suffers from drastic capacity decay and inefficient utilization of active materials

Carbon-coated aluminum foil
Multiple-weak interactions
Sodium-ion batteries
Quinone compounds

because of their high solubility in organic electrolytes and low electrical conductivity. Herein, a simple strategy is
found to address the above issues through coating the small-molecule organic materials on a commercialized
carbon-coated aluminum foil (CCAF) as the enhanced electrode. Both the experimental and calculation results
confirm that the relatively rough carbon coating on the aluminum foil not only exhibits superior adsorption
capacity of small-molecule organic electrode materials with a tight contact interface but also provides continuous
electronic conduction channels for the facilitated charge transfer and accelerated reaction kinetics. In addition,
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the carbon coating also inhibits Al corrosion in electrochemical process. As a result, by using the tetrahydroxy
quinone-fused aza-phenazine (THQAP) molecule as an example, the THQAP-CCAF electrode exhibits an excellent
rate performance with a high capacity of 220 and 180 mAh g1 at 0.1 and 2 A/g, respectively, and also a
remarkable cyclability with a capacity retention of 77.3% even after 1700 cycles in sodium-ion batteries. These
performances are much more superior than that of batteries with the THQAP on bare aluminum foil (THQAP-
AF). This work provides a substantial step in the practical application of the small-molecule organic electrode
materials for future sustainable batteries.

1. Introduction

Sodium-ion batteries (SIBs) have attracted extensive attention due to
the inexhaustible sodium resources and similar electrochemical prop-
erties to lithium-ion batteries, and are considered as a competitive
alternative of lithium-ion batteries (LIBs) in the field of large-scale en-
ergy storage [1]. However, the radius of sodium ions is inherent larger
than that of lithium ions (1.02 A for Na* and 0.76 A for Li™"), which leads
to large volume changes or even pulverization during repeated inser-
tion/extraction of sodium ions in the traditional rigid inorganic elec-
trode materials [2]. This sluggish flaw undoubtedly weakens the
stability of the battery. In contrast, more flexible organic materials are
adaptive for above challenge to achieve satisfied structural stability. In
addition, most organic materials can be sourced directly from renewable
resources or prepared from their derivatives without contain heavy
metals, which is in line with the concept of green development [3,4].
Therefore, in recent years, organic sodium ion batteries have come to the
spotlight and have good application potential in the future grid-scale
energy storage.

Benefitting from the precise structure, facile synthetic processes and
tunable redox-active sites, organic molecular cathode materials are
viewed as one of the most promising candidates for next-generation SIBs
[5-8]. However, one of the biggest challenges is that the most of small
molecular materials are soluble in liquid organic electrolytes. As a result,
almost all small molecule-based electrodes are faced with fast capacity
decay and poor rate performances in SIBs [9]. In order to address these
problems, many solutions have been proposed, such as introducing
strong-ionic bond (for example, salification [7,10-12]), polymerization
[13], construction of functional barrier layers [14], the use of high
concentration electrolyte or ionic liquid [15,16], carbon-loading [17],
and so on [18]. These strategies were effective in improving the elec-
trochemical performance of molecule materials, although more or less
lacking in the simplicity or practicability.

Carbon-coated aluminum foil (CCAF) has emerged as an effective
current collector because of the advantage on improving the interface
contact of cathode materials and foil [19]. It has shown several intrin-
sically unique merits such as helping to improve battery energy density,
inhibiting polarization, reducing internal resistance, increasing cycling
stability, and improving electrode materials processing performance.
The basic fundamentals are that the carbon coating can make the current
collector more uniform concavo-convex surface, reduce the internal
resistance, and increase the contact area between the electrode active
materials and the current collector. Also, it helps to enhance the adhe-
sion between the active material and the current collector, and thus
improve the long cycle performance [20,21]. Because of the above ad-
vantages, CCAF is widely used in power lithium-ion batteries. For
example, LiFePO,4 or NCM based LIBs assembling with CCAF have been
extensively studied and well commercialized [22,23]. However, there is
little work reported on the effect of CCAF on the electrochemical
properties of organic electrode materials, especially the organic sodium
ion batteries, and relevant studies are also very lacking [24].

Most organic molecular materials have rich functional groups, such
as carbonyl, carboxyl, hydroxyl, amino, etc [9]. Conjugated molecule
materials also have z-1 interaction. Additionally, carbon materials are
normally featured with defects, such as the heteroatoms (O, N and so
on), and some functional groups (such as hydroxyl, amino, carbonyl,
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etc.) [25]. Based on these, we assume that if the CCAF is introduced into
the organics electrodes, in addition to the above advantages, the weak
intermolecular interactions between the defects of carbon materials on
the surface of CCAF and the functional groups of organic molecules may
help to improve the cyclability of the organic molecular materials, as
shown in Fig. 1. Furthermore, this similar strategy has shown positive
results in Li-S batteries [24]. That is, utilizing weak intermolecular in-
teractions between carbon materials and polysulfides have been well
investigated to inhibit the shuttle of polysulfides and accelerate their
transformation, thereby enhancing the electrochemical performance of
Li-S batteries. To verify this hypothesis, we synthesized hydroxyl-
contained organic molecule-the tetrahydroxy quinone-fused aza-phen-
azine (THQAP) as a proof-of-concept cathode material. The effects of
CCAF and bare aluminum foil (AF) on the performances of sodium-ion
batteries were throughly studied, respectively. Combining with a se-
ries of experiments and DFT theoretical calculation, the internal mech-
anism was also described in details.

2. Experimental section
2.1. Materials

Potassium phthalimide, p-chloranil, 2,5-dihydroxy-1,4-benzoqui-
none (DHBQ, AR, >99 %), acetic acid (AR, >99.8 %), pyrene-
4,5,9,10-tetraone (PTO, AR, >97 %), hydrazine hydrate (AR, >99.8
%), acetonitrile (AR, >99.8 %) were purchased from commercial sour-
ces. All reagents and solvents were used without further purification. 1
M NaPFg in DME were bought from DoDoChem. The preparation of
2,3,5,6-tetraamino-1,4-benzoquinon (TABQ) was based on the previous
literature [26].

2.2. Synthesis of 1,2,8,9-tetrahydroxy-5,7,12,14-tetraaza-6,13-pentace-
nequinone (THQAP)

TABQ (0.168 g, 1 mmol), DHBQ (0.7 g, 5 mmol) and acetic acid (10
mL) were added into a round-bottom flask, and then the mixture was
refluxed at 140 °C for 72 h under Ar. After cooling down to room tem-
perature, the black reaction mixture was filtered, washed with HCI,
water, hot MeOH and acetone until the filtrate was clear, and then dried
in vacuum at 80 °C overnight to yield the product as a black powder. The
synthesis route of THQAP was shown in Figure S1. 'H NMR (400 MHz,
DMSO-de): § (ppm) 11.44 (s, 4H), 7.50 (s, 4H).

2.3. Synthesis of 2,3-diamino-7,8-dihydroxyphenazine-1,4-dione (QAP)

In a round-bottom flask, a mixture of 2,5-dihydroxy-1,4-benzoqui-
none (0.2 g, 1.43 mmol) and 2,3,5,6-tetraamino-1,4-benzoquinone
(0.24 g, 1.43 mmol) in acetic acid (10 mL) was refluxed at 120 °C for
24 h. After cooling to room temperature, the black reaction mixture was
filtered, washed with water, MeOH, and acetone until the filtrate was
clear, and dried in vacuum at 90 °C overnight to yield the product as a
black powder. The synthesis route of QAP was shown in Figure S2.

2.4. Characterizations

The 'H nuclear magnetic resonance (NMR) spectrums were
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determined by Bruker AVANCE NEO 400 M spectrometer. X-ray
diffraction (XRD) measurements were performed on the Bruker D8 with
a Cu Ka radiation (40 KV, 40 mA, A = 1.5418 10\). The Scanning electron
microscopy (SEM) images were performed by Sigma 500. The Fourier
transformed infrared spectroscopy (FT-IR) spectrums were determined
by Thermo Fisher Nicolet iS50 using the KBr pallet technique. Raman
spectrums were recorded on LabRAM HR evolution spectrometer with
an excitation source of 532 nm (10 % laser power). The X-ray photo-
electron spectroscopy (XPS) were obtained by Thermo SCIENTIFIC
ESCALAB 250Xi using monochromatic Al Ka (1486.7 eV) X-rays. UV-Vis
absorption spectrums were collected on UV-3600 (Shimadzu, Japan).

2.5. Electrochemical measurements

All the cathodes consisted of 60 wt% THQAP/QAP composite, 30 wt
% Ketjen black, and 10 wt% PVDF. The mass of active material was
around 0.8-1 mg cm™2 The standard CR2032-type coin cells were
assembled in Ar-filled glove box with water and oxygen level under 0.1
ppm, in which the separator was glass fiber filter paper (Whatman), the
counter electrode was Na metal, and the electrolyte was 1 M NaPF¢ in
DME. The Neware (Shenzhen, China) was used as a battery testing
system to carry out the electrochemical test, the cut-off potentials were
set to 1.0-3.6 V. Cyclic voltammetry (CV) measurements were tested in
electrochemical work station (Autolab PGSTAT302N, Switzerland Met-
rohm) with the voltage range of 1.0-3.6 V. Electrochemical impedance
spectroscopy (EIS) were obtained over the frequency range from 100
kHz to 0.1 Hz on electrochemical work station (Autolab PGSTAT302N,
Switzerland Metrohm). The chemical diffusion coefficient of Na™ was
tested by galvanostatic intermittent titration technique (GITT) at a
current density of 0.05 A/g for 10 min followed by 30 min of relaxation.
Where 1T was the relaxation time(S), nM and VM were the mass (mol) and
molar volume (cm® mol ™) of the active material, S was the interfacial
area of the electrode (cm?), AEs was the difference between the steady-
state potentials before and after a current pulse and thus indicates the
change in the potential due to thermodynamics, and AEt was the
magnitude of the potential changes (without the IR drop) during the
current pulse.
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2.6. Computational details

The structural models of THQAP, DME, graphite, the complexes
THQAP---DME(I), THQAP---DME(II), THQAP...graphite (xn---7),
THQAP---graphite (C—H---1) and THQAP---graphite (O—H---N) were
constructed, and their geometry optimizations were carried out using
the self-consistent charge density-functional tight-binding (SCC-DFTB)
[27] method with a dispersion correction using the DFTB + program
[27,28], the smart algorithm [29] with the force convergence tolerance
of 0.05 kcal/mol/A is used and the SCC tolerance is set to be 1.0 x 10
electrons. The interaction energy (i.e., AE) of the complex is calculated
as the energy difference between the total energy of the complex and the
sum of energies of its components.

3. Results and discussion

n-Conjugated quinone small molecules as a type of electrode mate-
rials have attracted increasing attention, which can be used as cathode
materials for sodium ion batteries [6,30,31]. In order to enhance the
interaction between molecule materials and carbon layer, it is necessary
to introduce appropriate functional groups into the molecule structure.
Therefore, tetrahydroxy quinone-fused aza-phenazine (THQAP), a con-
jugated carbonyl cathode material containing a large n-conjugated sys-
tem, as well as four hydroxyl groups and four nitrogen atoms, was
selected as the model molecule to study the effect of CCAF on the
electrochemical properties of molecule materials. According to the
reference [26], the THQAP was synthesized as black powder (details
were shown in Supporting Information). The 'H NMR, infrared spectra
and high resolution mass spectrum of the black powder were consistent
with those in the literature (Figure S3-5), indicating that THQAP was
successfully synthesized.

The scanning electron microscopy (SEM) images of the surface and
cross section morphology of CCAF and bare AF were shown in Fig. 2. The
surface of bare AF was smooth and flat without obvious impurities
(Fig. 2a). The main content was aluminum oxide Al;03. As shown in
Fig. 2b, there were spherical and relatively uniform carbon materials on
the surface of CCAF. The CCAF surface was further confirmed by XRD
and Raman as shown in Figure S6. The CCAF showed a sharp diffraction
peak at about 26.5°, which can be assigned to the (002) planes of
hexagonal graphite structure [32]. There was no this peak in AF

Al corrosion

Fig. 1. The faster transport efficiency of ion and electron as well as better anti-corrosion of carbon-coated aluminum foil cathode.
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Fig. 2. SEM images of CCAF/AF surface and cross section. (a) The surface of AF. (b) The surface of CCAF. (c) The cross section of AF. (d) The cross section of CCAF.
(e) The cross section of THQAP-AF electrode. (f) The cross section of THQAP-CCAF electrode.

(Figure S6a). In addition, it also displayed the characteristic diffraction
peaks of Al was at 20 = 38.5° corresponding to the (111) plane. This
result proved that the carbon was coated on the Al foil surface forming
CCAF. The Raman spectra of CCAF also show the characteristic D band
(1353 em™!) and G band (1594 cm_l), corresponding to sp3 and sp2
carbon, respectively (Figure S6b). The peak area of the p-band is
significantly higher than that of the G-band, indicating that the carbon
coated on the Al surface contains a large amount of amorphous carbon
[33,34]. In view of the cross section, the bare AF section was uniform
(Fig. 2¢) while the CCAF presented rough and porous morphology with a
thickness of around 2 pm carbon layer on the surface (Fig. 2d and
Figure S7). The carbon layer was tightly bound to the surface of the
aluminum foil.

Firstly, the obtained material was evenly mixed with the conductive
additive KB and PVDF at the weight ratio of 6:3:1, and then coated on
the CCAF and bare AF with the same thickness, respectively. Two types
of electrodes were prepared after drying at 80 °C under vacuum. The
neat THQAP powder was an irregular lamellar like shape (Figure S8).
After mixing, THQAP cathodes on the two different foils were of similar
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morphologies (Figure S9). THQAP was fully wrapped by KB without
agglomeration, indicating that the material was uniformly dispersed on
both kinds of current collectors. In contrast, the cross-section view of
two electrodes showed significant differences. As shown in Fig. 2e,
THQAP cathode on the bare AF has intermittent gap between the bottom
surface of the active material mixture layer and the top surface of foil.
This will undisputedly impair the electrons transfer between the active
material and the collector, thus reducing the material utilization ratio.
Compared with bare AF, the THQAP cathode on CCAF has more
continuous and closer contact with the surface of the aluminum foil
without visible interstice, as shown in Fig. 2f. This differentiation has
also been observed in LiFePOy4- and LiCoO,-based LIBs [35,36]. More-
over, as shown in Figure S10, the adhesion of the electrode film on the
surface of CCAF reached ISO 1 level, while it was only ISO 5 level on the
bare AF. This result further suggested that the CCAF could offer a
stronger interface contact. Generally, the surface of bare AF was covered
with an extremely thin layer of Al;03. The low conductivity feature of
Al;0O3 and the intermittent gap implied that there was a lack of a high
efficiency conductive network between the THQAP cathode sheet and
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the aluminum foil for fast electron transfer. For CCAF, the even concave-
convex carbon-coated layer could embed the organic molecule and
carbon particles into each other. Thus, this tightly bonding the active
substance with CCAF greatly reduced interstice, which formed a stron-
ger conductive bridge and network [19,20]. Therefore, we can reason-
ably infer that compared with bare AF, CCAF would benefit the
improvement of the conductivity of THQAP electrode. As shown in
Figure S11, the conductivity of THQAP-CCAF and THQAP-AF were 5.6
x 10°Sm ™! and 3.3 x 10° S m™}, respectively.

The improved conductivity of the electrode can also reduce the in-
ternal resistance of the battery. As shown in the Fig. 3a, the coin-type
batteries of two electrodes showed the similar ohmic impedance at
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room temperature. However, the charge transfer impedance of the CCAF
electrode was much smaller than that of bare AF. CCAF was 30 Q and
bare AF was 220 Q. This suggested that CCAF could effectively reduce
the internal resistance of cell and promote interfacial charge transfer. In
addition, after the batteries was fully cooled to 0 °C, both of the ohmic
impedance and charge transfer impedance of the two cells increased. It
should be noted that the charge transfer impedance of the CCAF based
cell was relatively small, reconfirming that less transfer resistance for
sodium ions and charge. Finally, the specific surface area of the CCAF
cathode electrode was 4.2 m? g™, which was larger than that of the bare
AF electrode 3.3 m? g~*, as shown in Fig. 3b. The larger specific surface
area possibly originated from the pristine porous (Figure S12 and S13)
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Fig. 3. Sodium-ion batteries performance of THQAP-CCAF and THQAP-AF electrodes. (a) Nyquist plots of THQAP-CCAF and THQAP-AF electrodes at different
temperature. (b) N5 adsorption-desorption isotherms of CCAF and AF electrodes. (c) CV curves of THQAP-CCAF and THQAP-AF at a scan rate of 0.5 mV s7L(d)
Galvanostatic charge-discharge curves of THQAP-CCAF electrodes at a current density of 100 mA/g. (e) Long cycling performances at a current density of 100 mA/g.
(f) Rate performances at various current densities from 0.1 to 2 A/g. (g) Long cycling performances at a current density of 2 A/g.
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and even concave-convex carbon-coated layer, therefore increasing the
contact area between the electrolyte and the electrodes. In a word, the
CCAF could act as a good conductive network between the cathode and
the collector, which improved the conductivity of the electrodes and
reduced the interface charge transfer impedance. All of these pre-
liminary results implied that the battery assembled with CCAF would
have favorable rate capability.

Subsequently, we contrastively investigated the performance of
sodium-ion batteries with two different electrodes. SIBs were assembled
with 1.0 M NaPFg as electrolytes and sodium foil as counter electrodes.
All battery performances were tested at room temperature. The theo-
retical specific capacity of THQAP is 285 mAh g~ based on the four-
electron transfer process. As shown in Fig. 3c, the cyclic voltammetry
(CV) showed good reversible curves with broad reduction peaks and
anodic peaks between 1.0 V and 3.6 V, which concurred with the curves
of galvanostatic cycles (Fig. 3d and Figure S14). There are two pairs of
obvious redox peaks at 1.6/1.8 V and 2.0/2.9 V, corresponding to the
redox reactions of C=N and C—=0. However, the CV curve of THQAP-AF
electrode showed no obvious a redox peak because of relatively low
conductivity and dissolution of the active material (Figure S14). The
average discharge plateau was about 1.8 V with a charging plateau at
2.0 V. Both the charging/discharging platforms and peaks of CV were
similar with the reported literature [26], indicating that the electro-
chemical process of THQAP was not influenced by the CCAF. As shown
in Fig. 3e, at a current density of 100 mA/g, the initial capacity of the
THQAP cathode on CCAF (THQAP-CCAF) was 222 mAh g’l, reaching
77.9 % of the theoretical specific capacity. There were fewer differences
between the first discharge curve and the following curves possibly
because of the activation process and low open circuit voltage as shown
in Figure S15. The capacity of THQAP-CCAF electrode still remained
199 mAh g™! after 200 cycles with the capacity retention of 89.6 %. It is
important to point out that the THQAP-CCAF electrodes suffer from
capacity fading in the first dozens of cycles possibly due to incomplete
redox reaction of THQAP in the corresponding cycling rounds and a
possible activation process [37-39]. As a contrast, the specific capacity
of the THQAP cathode on bare AF decayed rapidly after reaching 168
mAh g7}, and further decreased to 91 mAh g™ ! after 200 cycles, with
only the capacity retention of 54.1 %. Zhu et al. pointed out that THAQP
was soluble in ether and ester electrolyte [26]. Therefore, the decay of
capacity on bare AF may be ascribed to the dissolution of the material.
However, why the capacity of batteries assembled with CCAF degraded
slowly and the capacity retention was even comparable to that of solid
electrolytes would be discussed in detail later.

As described above, good electron conduction and lower interface
charge transfer impedance made the CCAF-based cells might have better
rate performances. As shown in Fig. 3f, at current densities of 0.1, 0.2,
0.5, 1.0, 2.0 A/g, the specific capacities of the CCAF battery were 222,
209,196, 188, 180 mAh g~!, respectively. There were similar
charging/discharging platforms at different current densities
(Figure S16). When a current density was reduced to 0.1 A/g, the battery
could also cycle for 10 cycles with a reversible specific capacity of 197
mAh g1, Under the same current densities, the specific capacities of
bare AF battery were only 164, 128, 50, 1, 0.5 mAh g1, respectively.
However, there was no obvious charging/discharging platform at
different current densities (Figure S17). Especially, at a high current
density of 2 A/g, the bare AF battery given only niggardly capacity while
the capacity of the THQAP-CCAF battery could reach 183 mAh g~! with
a clear charge/discharge plateau (Figure S18). Furthermore, the
THQAP-CCAF cell could deliver a capacity of 195 mAh g~! and a ca-
pacity retention of 77.3 % after 1700 cycles at a current density of 2.0 A/
g, indicating good rate performance by using CCAF (Fig. 3g). The above
results fully showed that the application of CCAF could effectively
improve the stability and rate performance of small organic molecules in
liquid organic electrolyte.

To get further insight into the reason why the HQAP-CCAF electrode
exhibited good stability in liquid organic electrolyte, we further studied
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the possible weak intermolecular interactions between THQAP molecule
and CCAF by Raman spectra and XPS. Firstly, Raman of the pure THQAP
molecule was shown in Figure S19. The peak of 2851 cm™! was the
stretching vibration of aromatic C—H [40]. The two peaks with wave-
numbers of 1670 cm™! and 1465 cm™! were correspond to the asym-
metric stretching vibration and the symmetric stretching vibration
carbonyl C=O0, respectively [41]. The stretching vibrations of C=N
were located at 1597 and 1427 cm™'[42]. The peak at around 1504.9
em™! corresponded to the stretching vibrations of aromatic ring C=C
(1344 cm™ 1) was the in-plane stretching vibration of C—O [43]. 1259
and 1210.9 cm™! were attributed to the in-plane bending vibration of
phenolic hydroxyl group [40,44]. Afterwards, THQAP solution in NMP
was coated on CCAF and then was dried in vacuum to form THQAP-
CCAF composite film. As shown in Fig. 4a the Raman spectra of film
revealed that the asymmetric stretching vibration of C=0, stretching
vibrations of C=N and C—H By; mode peak all abnormally shifted to-
ward the direction of high wave number (blue shift). The wavenumbers
of C=0 in THQAP-CCAF composite film migrated to 1690 cm™! with a
sharp blue shift of 20 cm™! comparing with pure THQAP. This phe-
nomenon illustrated that there was improper hydrogen-bonded com-
plexes between C—=0 or C=N and the surface functional groups of the
carbon material in the CCAF [45]. If C=0---H—O type H-bond was
formed, it would weaken the carbonyl bond and lower C=O stretching
wavenumbers, that is, the red shift [46,47]. The blue shift of C=0
wavenumber indirectly suggested the strengthening of the C=0 bond.
We speculated that the lone pair electrons of heteroatoms in C=0O or
C=N groups from THQAP could serve as proton-acceptors to form
C—H---O—=C/N—C type H-bond with sp2 C—H of carbon from CCAF. As
aresult, a small amount of electron cloud density was transferred from O
or N atoms in THQAP to sp? C—H of carbon in CCAF, resulting in
increased bond strength of C—=O with the contraction of the bond
lengths, thus giving blue shift [45]. Meanwhile, upon complex forma-
tion, C—H of carbon material was elongated slightly corresponding red
shift. As shown in Figure 520, the band of carbon sp? C—H in coated-
carbon aluminum foil was about 2940 cm™'. After being coated with
THQAP molecule, it moved to 2920 cm ™ ?, that is, a red shift of 20 cm ™.
This significant red shift strongly indicated the existence of the above
interaction. This weak interaction contributed to inhibiting the disso-
lution of THQAP in the organic electrolyte and enhancing the adhesion
between the molecular material and CCAF.

Secondly, as shown in Figure S21, the stretching vibrations of
THQAP aromatic C—H also showed a certain degree of red shift as well
as the significant enhancement of peak intensity. Av(C — H) was 10
cm ! for stretching vibration. We speculated that the C—H red shift and
peak enhancement might arise from the formation of intermolecular
C—H---n interaction (so-called C—H---n type H-bond) between the C—H
of THQAP molecular and large & system of carbon material [45,48].
Furthermore, the interaction between hydroxyl groups of THQAP and
carbon was also evaluated. As shown in Fig. 4a, the wavenumber of in-
plane bending vibration of hydroxyl plane at 1210.9 cm™! showed a
small red shift, only about 6 cm™! Raman shift, while the peak intensity
was slightly increased. The results implied a formation of intermolecular
complex or weak forces. One feature was common to all generally
accepted carbon materials of which there were few defects (containing
O, N, or other functional groups) in the structure or the surface [25],
which acted as proton acceptor (Y). Thus, it was suggested that the
formation of O—H:--Y contacts played a key role in above complex or
weak forces, accounting for this Raman red shift [49]. In a word, all of
above weak forces together contributed to the stability of THQAP mo-
lecular material in the electrolyte and enhanced adhesion.

On the other hand, the interactions between the THQAP molecules
and the CCAF were investigated by XPS. As shown in Fig. 4b, the XPS N
1 s spectrum of THQAP molecule displayed two peaks at 398.6 and
400.0 eV, which represent the signals of C=N and C—N [26]. After
coating the THQAP molecule on CCAF, also called as THQAP-CCAF
composite film, the N 1 s could also be fitted into two peaks at 399.5
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Fig. 4. (a) Raman spectrums of THQAP molecule and THQAP-CCAF. (b-d) High-resolution XPS spectrums of (b) N1 s, (c) O 1 s and (d) C 1 s, respectively.

and 401.0 eV. The binding energy of C=N and C—N were shifted by 0.9
eV and 1.0 eV towards higher binding energy, respectively. The intensity
of C—N bond decreased significantly, while the intensity of C=N bond
increased. These suggested the conversion of C—N to C=N and electron
transfer process from N to the CCAF, resulting in the N atom more
electropositive [50]. That is to say, there was the interactions between
the C=N of THQAP and CCAF.

Furthermore, a similar phenomenon was also found in the XPS
spectrums of O 1 s. As shown in Fig. 4c, THQAP molecule displayed two
peaks at 530.8 and 532.6 eV, which represented the signals of C—O and
C=O0 [26]. Both of them were shifted to the high binding energy in the
THQAP-CCAF composite film, locating at 531.4 and 533.1 eV respec-
tively. It implied that electrons were transferred from O to CCAF [51].
The high-resolution XPS spectrum of C 1 s in Fig. 4d and Figure S22
could be exactly deconvoluted into six peaks, including C=C (284.3 eV),
C—C (285.4 eV), C—N (286.6 eV), C=N (287.8 eV), C=0 (288.8 eV)
and a satellite peak (290.4 eV), respectively [26]. In the THQAP-CCAF
composite film, C—C bond was shifted to high binding energy owing
to interactions between THQAP molecule and carbon on CCAF. The
suppression of 285.4 eV-peak and the intensified of 284.3 eV-peak
implied enhanced n-r stacking between THQAP molecule and carbon on
CCAF [52].

It is precisely because of the above-mentioned weak forces that
THQAP molecular interacted with two kinds of carbon to form a sand-
wich structure interaction, which confined the molecular material
sandwich layer. Thus, the interactions between THQAP and solvent
molecules were weakened and the dissolution was inhibited. The UV
spectrum of the THQAP cathodes in electrolyte solution further
confirmed better stability of CCAF electrode than that of bare AF. After
15 days, THQAP was almost undetectable in CCAF-based electrode
while high concentrations of THQAP were detected with bare AF
(Figure S23). By the way, that the UV spectrum of THQAP-CCAF and
THQAP-AF on one day was different from that on other days possibly
was related to the test-used solvents. After soaking THQAP-CCAF and
THQAP-AF in the DME electrolyte for one day, both of them were
associated with polar solvent DME. Therefore, the n-n* band of THQAP
UV peak showed a red shift [53,54]. When it reached the saturation, the
peak shape kept relatively stable. Therefore, the UV spectrum of
THQAP-CCAF and THQAP-AF showed stable peaks in the following
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days. UV spectrum of THQAP in DME for different days after by soaking
CCAF and AF films also confirmed that CCAF had stronger adsorption of
THQAP molecule. After three days, the absorption peak of the CCAF-
soaked solution decreased significantly compared with the initial
state, while the decrease of AF absorption peak was not obvious
(Fig. 5a). This result showed that CCAF can effectively adsorb THQAP
molecules and inhibit its dissolution in the electrolyte (Fig. 5b). To
better understand this competitive force, we calculated the corre-
sponding binding energies by DFT. Four phenolic hydroxyl groups of
THQAP scaffold as the typical hydrogen bond donor could form
hydrogen bonds with DME with binding energy of —6.18 kcal mol ™!
(Fig. 5¢). In addition, n-n stacking interactions between n-conjugated
system of THQAP and = system of carbon materials (CCAF) showed the
binding energy of —48.55 kcal mol ! (Fig. 5d). The C—H---x interactions
between C—H bond of THQAP and = system of carbon as well as
O—H---Y hydrogen bonds between O—H groups of THQAP and few
heteroatoms of carbon showed the binding energy of —20.66 kcal mol ™
and —19.36 kcal mol ™}, respectively (Figure S24, S25). It was clear that
the interaction forces between THQAP and CCAF was significantly
stronger than that of THQAP and DME in terms of binding energy.
Therefore, THQAP was preferentially adsorbed on carbon materials
rather than dissolved in DME, and thus the CCAF electrode has better
stability in the electrolyte.

In addition to the weak interaction, the corrosion of the collector
during the electrochemical process was also crucial to the lifespan of
batteries [55]. It was shown that the CCAF as a superior current collector
featured corrosion inhibition characteristics was widely used in power
LIB [56]. Generally, CCAF could effectively protect the current collector
from being corroded by the electrolyte and minimize the side reactions
[16]. As depicted in Fig. 6, morphological changes of the Al surface were
surveyed. After 100 cycles, obvious cracks (Fig. 6¢) and pits structure
could be observed on the surface of bare AF (Fig. 6a), while the surface
of CCAF (Fig. 6b still retained a regular carbon-coated layer (Fig. 6d).
The conductive network possibly was damaged if the aluminum foil was
corroded, resulting in poor cycle performances. The coated carbon layer
on the surface of aluminum foil acted as a protective coating against
corrosion and excessive side reactions with the electrolyte at high po-
tential, thus helping to maintain a complete conductive network and
good cycle stability. In order to further examine decomposition
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Fig. 6. The SEM images of the pristine (a) AF and (b) CCAF. SEM images of (c) THQAP-AF electrode and (d) THQAP-AF electrode after 100 cycles.

products, the electrolyte compositions of cycled batteries assembled
with different aluminum foil were analyzed by ICP-OES. It was worthy
noted that the concentration of AI*" in the electrolyte of CCAF cell was
only about 5.1 mg/L, which was significantly lower than that of bare AF
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(20 mg/L) (Figure S26). Lower Al content straightforward revealed the
less dissolution or corrosion of aluminum foil. The above results fully
proved that coated-carbon aluminum foil has a positive contribution in
inhibiting aluminum foil corrosion and reducing side reactions in the
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electrochemical process, and plays an important role in the cycle per-
formances of the battery.

To gain insight into the above weak interaction, we further investi-
gated the effect of CCAF on other organic small molecule materials. Two
different types of molecule materials were chosen as the model, namely
QAP containing both amino and hydroxyl groups, and pyrene-4,5,9,10-
tetraone (PTO) without other functional groups except for carbonyls.
Based on the above analysis, it was quite reasonable to suppose that
there were similar interactions between CCAF and QAP because of
similar molecule structure of QAP with THQAP. However, this interac-
tion may be weak in situation of pyrene-4,5,9,10-tetraone because it
lacked the necessary functional groups. Therefore, as predicted, the
performances of the two types of molecule materials may be signifi-
cantly different. As shown in Fig. 7a and Fig. 7b, at a current density of
100 mA/g, the stable specific capacity of QAP cell assembled with CCAF
(QAP-CCAF) reached 206 mAh g~! over 450 cycles with an average
voltage of about 2.2 V. By comparison, the QAP cell assembled with AF
(QAP-AF) showed obvious capacity decay with the capacity retention of
72.7 % (133 mAh g™ 1) after 450 cycles. However, whether using CCAF
or AF, the capacity of PTO electrodes deteriorated rapidly (Fig. 7c). At
current densities of 0.1, 0.2, 0.5, 1.0 and 2.0 A/g, the QAP-CCAF elec-
trode also showed excellent rate capability with 257, 235, 227, 220 and
210 mAh g1, respectively (Fig. 7d). When the current density was
decreased to 0.1 A/g, the battery continued to retain stable cycling
performance with the capacity retention of 90.3 % (232 mAh g™1).
Meanwhile, the QAP-AF electrode exhibited relatively poor rate per-
formance. In contrast, PTO electrode showed almost no capacity at 1.0
A/g (Figure S27). Finally, the long-term cycling stability of QAP-CCAF
electrode at a high current density was shown in Figure 528. At 2.0 A/
g, the QAP-CCAF electrode delivered an initial high capacity of 210 mAh
g1, which was retained at 188 mAh g~! even after 280 cycles with a
capacity retention of 89.5 %. These electrochemical performances are
superior to that of all the previously reported small molecule materials
for SIBs (Table S1). All these results once again strongly demonstrated
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that the interactions between CCAF and organic molecule materials
enhanced the molecular structure stability in the organic electrolyte and
thus contributed to the high rate performance and cyclability.

Finally, we also analyzed the electrochemical kinetics and Na* ion
diffusion coefficient of the THQAP electrode in two different batteries.
The CV curves at different scan rates and the galvanostatic intermittent
titration technique (GITT) were measured, respectively (Figure S29-
$32). As shown in Figure S33, the THQAP electrode with coated-carbon
aluminum foil was dominated by the capacitive effect and the ion
diffusion coefficient was 5.5 x 10! cm s71, which together facilitated
the high rate performance. The electrode with bare AF was more in-
clined to the capacitance process, and the ion diffusion coefficient was
relatively small (1.5 x 10 em s7h. Therefore, the capacitive effect
combined with the higher ion diffusion coefficient again suggested that
the batteries with coated-carbon aluminum foil have better rate per-
formance, especially the rapid charge and discharge ability.

4. Conclusions

In conclusion, we propose a novel and practical strategy to enhance
the sodium storage of molecule materials by using the carbon-coated
aluminum foil (CCAF) as a functional current collector. Based on the
interactions between carbons of CCAF and molecules, organic molecules
CCAF electrodes showed noticeable superiority in interface contact,
adhesion force with electrode materials, the interface charge transfer
impedance and specific surface area comparing with the bare aluminum
foil (AF). In addition, it also exhibited the effective corrosion inhibition
and weakening side reactions of electrolyte during the charging and
discharging process in SIBs. Accordingly, as a proof-of-concept, THQAP-
CCAF electrodes showed excellent cyclability and rate performance.
Specifically, the THQAP-CCAF electrode gave a stable capacity of 192
mAh g~ at 0.1 A/g for 200 cycles, while the THQAP-AF electrode only
delivered a capacity of 92 mAh g~! after 200 cycles. Even at a current
density of 2.0 A/g, the capacity of THQAP-CCAF electrode still
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maintained at 125 mAh g~! after 1700 cycles, while the bare AF elec-
trode showed fast degradation. These results were comparable with that
of performances in solid-state electrolytes batteries [26] and ionic liquid
electrolyte-basaed organic sodium-ion batteries [16]. The stable cycling
performance was ascribed to the formation of weak interactions, such as
n-n interaction, C—H---t and O—H---Y types of H-bond between THQAP
and carbon materials of CCAF. The DFT calculation showed these multi-
type interactions were stronger than that of between THQAP and DME
solvent molecules, which contributed a pivotal role in inhibiting disso-
lution of molecular materials in organic electrolyte and maintaining the
long-term cyclability of batteries. Additionally, the significant differ-
ences of QAP and PTO battery performances also verified the key role of

the

above-mentioned weak interactions. Our work confirms that

applying CCAF is a practical, handy and effective method to improve the
electrochemical properties of organic small molecule electrode mate-
rials, and provides deep insights into the enhanced electrochemical
performances by the interactions between CCAF and molecules. We
believe it will arouse extensive interest in using organic cathode mate-
rials for future practical applications, and other functional electrode
molecules were also investigated.
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