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Organics present significant prospects as environmentally friendly and sustainable electrode materials for
potassium ion batteries (PIBs) because of their abundant, recyclable and highly customizable characteris-
tics. However, small molecular organics are easily solubilized in organic electrolytes, resulting in a low ca-
pacity and poor stability. Herein, the folic acid-based supermolecules (SM-FAs) are successfully prepared
by a hydrothermal assisted self-assembly strategy. Due to multi-locus hydrogen bonds (HBs) and the cy-
clized m-conjugated interactions, the structural stability of SM-FAs has been significantly improved, and
the solubility in carbonate electrolytes has been effectively inhibited. As an anode for PIB, the SM-FA-6
sample exhibits a large capacity (206 mAh/g at 50mA/g) and an outstanding cycle stability (capacity re-
tention of 91% after 1000 cycles at 50 mA/g). More impressively, an integrative storage mechanism which
combines both the general enolization reaction between C=0 groups and K*, and the atypical 7-K* in-
teraction within the assembled conjugation framework, is unraveled for potassium ion accumulation. It is
envisioned that this facile self-assemble strategy opens up a promising avenue to modulate the stability

of small molecular organic electrodes with enhanced storage capacity.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, potassium-ion batteries (PIBs) have been considered
as a new type of energy storage system, since the resource richness
of potassium element and the similar storage mechanism with
lithium-ion batteries (LIBs) [1,2]. However, the conventional inor-
ganic intercalation electrode materials, such as graphite and tran-
sition metal compounds, fail to inherit their high performance in
LIBs when applied to PIBs, which is mainly caused by the larger
ionic radius of the K+ (1.38A) in comparison with that of the Li+
(0.76 A) [3,4]. The larger size of K* often leads to the large volume
changes and structural destruction in these intercalation materials
during potassium storage, which results in lower capacity and poor
cyclic stability [5]. Meanwhile, these inorganic insertion materials
tend to be environmentally unfriendly, complex and pricey to ex-
tract and synthesize, as well as facing a shortage of resources [6].
Therefore, it is urgent to develop functional anode materials that
can accommodate large radius K+ while realizing environmental
friendliness applications.
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Organic materials, especially those derived from nature and
biomass, are recently considered as one of the prospecting elec-
trode materials in batteries owing to their several merits such as
sustainability and degradability. More importantly, organic materi-
als generally present more flexible molecular structures, which is
more advantageous to effectively solve these problems such as se-
rious volume expansion caused by the insertion of larger K+ [7].
However, for the practice of organic electrodes, the most promi-
nent problem is the terrible dissolution of active materials in elec-
trolytes, suffering from unsatisfactory specific capacity and cycling
lifespan [8]. Until now, diverse strategies have been proposed to
address this issue, including the loading of organics into porous
carbons [9], the utilization of special electrolyte (solid [10] or sat-
urated [11]), and the synthesis of polymers [12]. Most impres-
sively, along with the success in the field of molecule assem-
ble, various kinds of intermolecular forces (covalent force [13],
coordination interaction [13,14], extended noncovalent interaction
[15] and etc.) can be introduced to further suppress the dissolution
issue. Among the above-mentioned intermolecular forces, nonco-
valent interactions such as hydrogen bond (HB) [16] and electro-
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static force [17] can be adopted as effective strategies to construct
supramolecules. For instance, it has been discovered that these or-
ganic groups (e.g., containing carboxylic acid or amine functional
groups) can be utilized to build stable structure by self-assembly of
HBs [18]. Unfortunately, their potential application in electrochem-
ical energy storage is difficult to realize due to the fact that the
weaker hydrogen bonds in common organic electrolytes tend to
be broken [19]. Hence, establishing chemically stable structures to
withstand the harsh interactions from electrolytes remains a chal-
lenging task, which needs to design linking units based on multi-
locus HBs. In addition, the ion storage mechanism underlying is
still elusive and needs further elucidation [20].

Inspired by these, the present work takes advantage of
the multi-locus HBs of the pteridine groups of the folic acid
(FA) molecule to self-assemble in a hydro-alcoholic solvent by
the hydrothermal method to construct the chemically stable
supramolecule with smectic structure (SM-FA). Due to multi-locus
HBs and cyclized m-conjugated interactions, the structural stabil-
ity of SM-FA can be effectively improved, and the solubility of FA
in organic carbonate electrolytes can be efficiently inhibited. As
an anode electrode of PIBs, SM-FA-6 exhibits an excellent capac-
ity (206 mAh/g at 50 mA/g) and an outstanding cyclic stability (ca-
pacity retention of 91% after 1000 cycles at 50 mA/g). Furthermore,
ex-situ XPS investigation uncovers that besides the inherited C=0
group that can interact with K* via the enolization reaction, the
m-cation interaction within the pteridine units provides the addi-
tional adsorptive sites for K* storage.

Figs. 1a and b and Fig. S1 (Supporting information) depicts the
scanning electron microscopy (SEM) images of the pristine FA and
the SM-FA-x (x = 1-7) formed at different hydro-alcoholic ratios.
The pristine FA exhibits micron-sized bulk structures, while SM-
FAs formed at different hydro-alcoholic ratios differ greatly in mor-
phology. In the water-dominated system, the SM-FA-X (x = 1-4)
appeared as flakes, and these nanosheets gradually became thinner
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Fig. 1. (a, b) SEM images of SM-FA-6, (c) FT-IR and (d) XRD of FA and SM-FA-6. (e)
Synthesis route of SM-FA-x (x=5-7).
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with the increase of ethanol. With more than half of ethanol, such
as SM-FA-5 and SM-FA-6, these nanosheets with smooth surfaces
tend to form flower-like shapes (Fig. 1a and Fig. S1e). While the
SM-FA-7 prepared in ethanol shows a net-like structure (Fig. S1h).
To investigate the formation mechanism of SM-FA-x, the Fourier
transform infrared (FT-IR) spectra were recorded (Fig. 1c and Fig.
S3 in Supporting information). The pristine FA exhibits two char-
acteristic peaks of N-H stretched vibrations at 3550 cm~! and
3320 cm™!, which represent the presence of the free -NH, ter-
minal groups on the pteridine groups [21]. Nevertheless, as SM-
FAs, both of these two peaks disappeared and were replaced by
two sets of new peaks. The new peak at 2785 cm~! can be as-
signed to the O-H stretching vibration of N-H.--O, and another set
of new peaks at 3227 and 3041 cm~! can be assigned to the N-H
stretched vibration of N-H---N [22]. Thus, it can be confirmed that
SM-FAs are assembled by HBs between the pteridine groups in FA.
The pteridine group is a nitrogen-rich heterocycle with two sets of
complementary HB sites [23]. Therefore, there are two modes of
HBs assembly in the FA molecule, which are the band HB mode
and the disk HB mode (Fig. S2 in Supporting information) [24].

To further investigate the assembly behavior of FA molecules
in water and ethanol, SM-FAs were subjected to X-ray diffraction
(XRD) analysis (Fig. 1d and Fig. S4 in Supporting information).
Compared to the sharp crystal diffraction peaks of the pristine FA,
the characteristic peaks of the products after hydrothermal assem-
bly are broadened. This indicates that the assembled SM-FA-x (x =
1-7) possess near-crystalline structure. Furthermore, SM-FA-x (x =
1-4) and SM-FA-x (x = 5-7) present different characteristic peaks,
which indicates that they have different structures. It was found
that SM-FA-x (x = 1-4) have three main characteristic peaks at
15.1°, 18.5° and 22.4°, representing (100), (110) and (200) crystal
planes respectively, signifying that they are ascribed to smectic
layered phases. While the characteristic peaks of SM-FA-x (x = 5-
7) are located at 5.66°, 11.63° and 27.39°, corresponding to (100),
(110) and (001) crystal planes respectively, implying that they
belong to hexagonal columnar phases [20]. This may be attributed
to the different near-crystalline structures arising from different
HB assembly modes [25]. The SM-FA-x (x = 1-4) connected by
the band hydrogen bond mode may be smectic layered phases,
and the SM-FA-x (x = 5-7) connected by the disk hydrogen bond
mode may be hexagonal columnar phases. Moreover, the porosity
and the specific surface area of samples were testified by the N,
adsorption-desorption isotherms. (Fig. S5 and Table S1 in Sup-
porting information). For example, the surface areas of SM-FA-5,
SM-FA-6 and SM-FA-7 are 89, 154 and 319 m?/g, respectively. As
shown in Fig. 1e, upon the addition of ethanol into water, the
polarity of the solvent is modulated, which affects the solubility
and the ionic states of FA, and further determines the molecule
number for assembly with different morphologies and porosities.

To investigate the application of SM-FA in PIBs, the solubility
of SM-FA-x (x = 1-7) in organic electrolyte (1.0mol/L KPFg in
ethylene carbonate/diethyl carbonate (EC/DEC, v/v = 1:1)) was
investigated. The pristine FA and SM-FA-x (x = 1-4) were dis-
solved in EC/DEC, while SM-FA-x (x = 5-7) were insoluble, which
can be concluded that the SM-FA assembled by disk HB mode
is more stable in EC/EDC solution compared to band HB mode
(Fig. 2). This may be ascribed to the fact that, in the disk HB mode,
multi-locus HBs and supersized cyclized m-conjugated interactions
stabilize the structure of SM-FA-x (x = 5-7) [25,26]. Considering
the solubility and specific surface area of SM-FA-x (x = 5-7),
the electrochemical performance of SM-FA-6 is described in the
following parts. The details of SM-FA-5 and SM-FA-7 are shown in
Supporting information.

To demonstrate its unique structure and enhanced chemical
stability, the potential of SM-FA-x (x = 5-7) for K* ion storage
was further examined. Cyclic voltammetry (CV) measurements
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Fig. 2. (a) Solubility of FA and SM-FA-x (x=1-7) in EC/DEC, and (b) the solubility
after two days at room temperature.

were performed at a scan rate of 0.1 mV/s from 0.01V to 3V
(Fig. 3a). The first cathodic scanning reveals an irreversible peak at
1.22V, representing the formation of the solid electrolyte interface
(SEI) on the surface of the electrode [27]. After the first scan, a
pair of redox peaks can be observed at 0.41 and 0.57V in both
the second and third circles, and the overlapped curves indicate
good reversibility of the electrodes [28]. The galvanostatic charge-
discharge (GCD) analysis taken at the current density of 50 mA/g
displays the detailed capacity and initial Coulombic efficiency (ICE)
in Fig. 3b, the first discharge and charge capacities of SM-FA-6
are 485 and 201 mAh/g, corresponding to an ICE of 40.2%. In
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general, all these anodes exhibit low coulombic efficiencies in the
first cycle, which are usually observed in almost all carbonaceous
materials and organic materials for PIBs in the literature [29].
This phenomenon is mainly attributed to the decomposition of
the electrolyte, which forms SEI film on the surface of the anode
[30]. After the initial discharge, SM-FA-6 stabilizes rapidly and
the coulomb efficiency is approaching to 100%. It delivers stable
discharge capacity of 206 mAh/g at 50 mA/g.

To verify the rate capability of FA and SM-FA-6, the GCD curves
were evaluated at different current densities (Fig. 3d). The re-
versible capacities of SM-FA-6 were 206, 136, 129 and 80 mAh/g
when the current rate was increased from 50 mA/g to 100, 200 and
500 mA/g, respectively (Fig. 3d). When the current density returns
to 50mA/g, a 182 mAh/g capacity can be still reached. In contrast,
the capacity of FA dropped from 430 mAh/g to 60.71 mAh/g af-
ter 10 cycles at 50 mA/g. After 10 cycles, the coin cells were dis-
assembled and the color change of the separator was visually in-
spected (Fig. 3c). The separator of SM-FA-6 was basically intact,
while the separator of FA was heavily contaminated with dissolved
active material. Furthermore, the SM-FA-6 electrode based on half-
cell displays an excellent cyclic stability (Fig. 3e and Fig. S6e in
Supporting information), which at the current density of 50 mA/g
after 1000 cycles and a high specific capacity of 187.4 mAh/g can
be still retained (capacity retention rate 91%).

Electrochemical impedance spectroscopy (EIS) analysis was car-
ried out at the 50t cycles in the fully charged and discharged
states (Fig. 3f). The Nyquist plot consists of a semicircle in the high
frequency region and a straight line in the low frequency region.
The diameter of the semicircle is an indication of the charge trans-
fer resistance (Rc¢) in the electrode reaction. The slope of the line
is related to the Warburg impedance (Z,y) due to potassium diffu-
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sion [26]. By fitting the equivalent circuit, the lower value of R for
SM-FA-6 (1500 2) clearly indicates that the SM-FA-6 anode has a
faster charge transport process than the FA (5100 €2). The desirable
performance of SM-FA-6 can be attributed to the short diffusion
distances related to the ultra-thin two-dimensional geometry and
the enhanced K* diffusion kinetics within the organic framework
[31].

To investigate the electrochemical kinetics of SM-FA-6, the CV
tests were carried out at different scan rates (Fig. S7a in Supporting
information). The CV cycling curve of SM-FA-6 remained consis-
tent with increasing scan rate over the range of scan rates tested,
demonstrating the good stability and reversibility of K-ions storage
[32]. Based on Equation: i = av?, in which a and b are regulated
values, when the value of b is 0.5, it advises the diffusion con-
trol process, and once the value of b reaches 1.0, it indicates the
control process of surface pseudocapacitance [33]. From Fig. S8b
(Supporting information), the values of b for peak I and peak II
are 0.90 and 0.85, respectively. Therefore, SM-FA-6 is dominated by
surface pseudocapacitance behavior. Taking a typical 5mV/s scan
as an example (Fig. S8 in Supporting information), the contribu-
tion of surface capacitance for the SM-FA-6 electrode in K-ions
storage is 70.84% by calculation (Fig. S8d). It should be noted that
the calculation of capacitive or diffusion percentage is rough es-
timation and the practical K-storage mechanism in the bulk elec-
trode or just from the surface of the electrode is very complicated
[34]. One should consider both the total capacity and the contri-
bution ratios of diffusion or surface behaviors for the electrode
materials.

To further investigate the K-ions storage mechanism of SM-FA-
6, the ex-situ X-ray photoelectron spectroscopy (XPS) characteriza-
tion was used to examine the changes of functional groups during
the discharge/charge process at the interval of 0.01-3V (Fig. 4a). As
shown in Fig. 4b, the high-resolution C1s spectra can be deconvo-
luted into four peaks at 283.2, 284.6, 285.7 and 288.0eV, which
is ascribed to C=C/C-C, C-N/C-0, C=N and C=0 species respec-
tively [35]. Comparing with the pristine state, the percentage of
C-0 group increases a lot accompanied by the converse drop of
C=0 component, indicating the C=0 groups in the imide and car-
boxyl acid are converted into C-O--K species. Meanwhile, it is ob-
served that the area ratios of C=C and C=N groups also fluctuate
during the discharge/charge process, suggesting the structure vari-
ation in the conjugated pteridine unit due to the w-cation (7-K*)
interaction [17]. To further verify the reaction between C=0 and
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K™, the high resolution O 1s spectra is decomposed into two peaks,
531.8 eV for C-0 and 533.2eV for C=0 (Fig. 4c). During potassisa-
tion, the proportion of the C-0O peak increases along with the in-
tensity decrease of C=0 peak, informing that the C=0 groups un-
dergo enolization with K* to form C-O-K. After depotassisation,
the intensity of the C-O peak decreases while C=0 increased, sig-
nifying a reversible interaction between K* and the C=0 group,
coincident with the observation in C1s spectra [36]. Moreover, two
peaks at 292.6 and 295.1eV are observed in the high resolution
K 2p spectra, which can be assigned to K 2ps3;; and K 2pqp,, re-
spectively. The intensities of these two peaks fluctuate periodi-
cally, implying the reversible interaction between K+ and SM-FA-6
(Fig. S12 in Supporting information) [17]. Besides the experimental
detection, the theoretical capacity (TC) of SM-FA-6 is also calcu-
lated and discussed. If the sole enolization reactions is considered,
the calculated TC value of FA is 144 mAh/g (Fig. S13 in Supporting
information). The measured TC value (206 mAh/g) is larger than
144 mAh/g, close to 210 mAh/g, and far below 241 mAh/g, suggest-
ing that a pteridine group tends to carry one K* due to the statis-
tical repulse force involved. Based on the XPS characterization and
the TC calculation, an integrative storage mechanism, which com-
bines both the general enolization reaction between C=0 groups
and K*, and atypical w-K* interaction within the assembled con-
jugation framework, is schematically uncovered for Kt storage
(Fig. 4d).

To further evaluate the practical application of SM-FAs, SM-FA-
6 and the PB (Kg,Fe[Fe(CN)glo.gos-4H20) is used as anode and
cathode respectively to assemble a full PIB [37]. The detailed elec-
trochemical performance is exhibited in Fig. S13. Fig. S14b (Sup-
porting information) exhibits charge/discharge curves at 100 mA/g,
revealing a good reversible capacity. It is demonstrated that the
fabricated PIB delivers a specific capacity of 125, 101, 80 and 61
mAh/g at the current density of 50, 100, 200, 500 mA/g, respec-
tively (Fig. S14c in Supporting information). Moreover, an excellent
cycling stability of the SM-FA-6//PB PIB is presented, in which a
capacity retention rate of 89.1% is retained at a current density of
50mA/g after 500 cycles (Fig. S14d in Supporting information), re-
ferring the possibility of the practical application of SM-FA as an
anode for PIB.

In conclusion, the stable SM-FA was successfully constructed by
a hydrothermal strategy and applied for potassium ion storage. Re-
sorting to the multiple HBs, the SM-FA demonstrates a reduced
solubility in carbonate-based electrolytes. As an anode for PIBs, the
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typical SM-FA-6 sample displays a large capacity (206 mAh/g at
50mA/g), a favorable rate capability (77 mAh/g at 500 mA/g) and
a durable stability (115.2 mAh/g after 4000 cycles at 200 mA/g).
Combining with the PB cathode, the assembled PIB validates the
promising application of SM-FA for K* storage. Impressively, the
ex-situ XPS reveals that besides the general C=0 group, the 7-K*
interaction within the conjugated pteridine groups plays an impor-
tant role in the extra capacity enhancement. It is envisioned that
this work not only provides a green strategy to improve the cycling
stability of the organic electrodes, but also unravel the additional
K* capacity enhancement from the m-cation interactions.
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