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ABSTRACT

Polymer materials offer controllable structure-dependent performances in 

separation, catalysis and drug release. Their molecular structures can be precisely 

tailored to accept Li+ for energy storage applications. Here the design of sp2 carbon-

based polyphenylene (PPH) with high lithium-ion uptakes and long-term stability is 

reported. Linear-PPH (L-PPH) exceeds the performance of crosslink-PPH (C-PPH), 

due to the fact that it has an ordered lamellar structure, promoting the Li+ 

intercalation/deintercalation channel. The L-PPH cell shows a clear charge and 

discharge plateau at 0.35 and 0.15 V vs. Li+/Li, respectively, which is absent in the C-

PPH cell. The Li+ storage capacity of L-PPH is five times that of the C-PPH. The 

reversible storage capacity is further improved to 261 mAh g−1 by functionalizing the 

L-PPH with the –SO3H groups. In addition, the Li-intercalated structures of C-PPH 

and L-PPH are investigated via near-edge X-ray absorption fine structure (NEXAFS), 

suggesting the high reversible Li+ - C=C bond interaction at L-PPH. This strategy, 

based on new insight into sp2 functional groups, is the first step toward a molecular 

understanding of the structure storage-capacity relationship in sp2 carbon-based 

polymer.

Keywords: Lithium-ions battery; Organic anode; Topological structure; sp2 
hydrocarbon

1. Introduction

Lithium-ion batteries (LIBs) are a major innovation in the last century for energy 

storage [1–9], enabling the application of smart phones, electric vehicles and many 

other portable devices [6,10–12]. The mainstream of LIBs uses inorganic Li 

intercalation materials as anode to achieve an excellent cycling performance, such as 
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lithium transition metal oxides or phosphates and graphitic carbons [13–15]. Those 

electrode materials have issues of toxicity, high cost and involve considerable energy 

consumption during production [16–19]. In addition, the most common used graphitic 

carbon based anode shows stable hexatomic ring structure, which has little room of 

improvement due to its stable molecular structure [20–23]. This calls for materials 

innovations with flexible and controllable structure for high-capacity LIB systems.

Organic electrodes, especially polymers, are good alternatives for LIBs anodes 

[24]. Polymer materials provide precise molecular structures and controllable 

topological structures, leading to a structure-dependent performance in catalysis, 

separation, and drug release [25–29]. Their synthetic diversity and organic nature are 

also ideal for adsorption and redox reactions [6], enabling their application in energy 

storage systems. In recent years, different types of organic electrodes have been 

reported, including organic conjugated carbonyl compounds [30], organo-disulfides 

[31,32] and thioethers [33,34]. These materials are made from earth abundant 

elements and have high structure diversity, high flexibility and noteworthy 

electrochemical performance [11,35–37]. However, those organic electrode materials 

still face challenges, such as cycling performance and a relatively low potential 

difference between cathode and anode [10,11,38]. For example, thioethers show high 

solubility in organic electrolytes and a poor reaction efficiency for the S=O bond [39], 

leading to compromised cycling stability. The presence of oxygen and sulfur 

functional groups leads to relatively high discharge potentials (typically 0.5–2.0 V vs. 

Li+/Li) [18,40,41], limiting their application as anodes. The design of organic anode 

materials with low redox potentials, high chemical stability and good cycling 

performance will then provide new materials-based solutions for the challenges in 

LIBs.



4

Within polymer anodes, the precise molecular control over their repeating unit 

enables the optimization of the local chemical environment, leading to high storage 

capacity. In comparison, the effect of topological structure, which can affect the Li+ 

storage kinetics, is seldom reported in polymer anodes. Recently, Zhao et al. reported 

the design of three-dimensional networks mimicking the structure of diamond. It is 

built with sp-sp3 hybridized polytetraethynylmethane, offering micro and mesopores 

that store Li-ions [42]. On one hand, it is suggested that highly cross-linked polymer 

shows a higher porosity and larger surface area, showing better potential when applied 

in electrodes [43]. On the other hand, the highly cross-linked polymer should have 

interspace and structure resistance leading to the high voltage platform in 

charge/discharge process [11,20,44]. To validate such understanding, it is important to 

compare the storage performance of polymer anodes with different topological 

structures but same or similar molecular structure.

In light of the topological structure of conventional carbon-based electrodes, in 

which sp2 carbons are dominant, here polyphenylene (PPH) based Li anodes are 

designed with the controllable molecular and topological structures. The polymer 

consists of benzene groups, which can reversibly intercalate and de-intercalate a Li-

ion to form a complex of Li/C6, behaving as ‘aromatic anodes’ [45,46]. The design 

includes a one-dimensional linear shape PPH (L-PPH) and a two-dimensional 

crosslink PPH (C-PPH) (Fig. 1a) that are based on identical repeating units (benzene 

groups C6H2/4). This strategy, based on new insight into sp2 functional groups, is the 

first step toward a molecular understanding of the structure-storage capacity 

relationship. The PPH-based electrode achieved an extremely low discharge potential 

platform of 0.15 V vs. Li+/Li, surpassing most reported polymer anodes in the 

literature [18,40,41]. The Li+ storage capacity of L-PPH is five times that of the C-
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PPH, due to the lamellar structure of L-PPH that promotes Li+ transportation and 

storage. A reversible capacity of 194 mAh g−1 and cycle stability with only 0.25% 

capacity fade per cycle over 180 cycles were obtained by L-PPH-based electrodes 

under a current density of 50 mA g−1. Furthermore, functionalization of L-PPH with –

SO3H improves the reversible capacity to 261 mAh g−1 at current density of 50 mA 

g−1. In addition to long-term performance, outstanding cycle stability, with only 

0.14% capacity fade per cycle for 500 cycles under a higher current density of 100 

mA g−1, was achieved. Near-edge X-ray absorption fine structure (NEXAFS) was 

performed to investigate Li-intercalated structures of C-PPH and L-PPH based 

electrodes. 

2. Experimental

2.1. Synthesis of PPH-based material

Crosslink PPH (C-PPH): To obtain a fully crosslinked PPH polymer framework, 

1,2,4,5-tetrabromobenzene (1.531 g, 3.89 mmol) and benzene-1,4-diboronic acid 

(1.289 g, 7.78 mmol) were added into 120 mL dimethylformamide. The mixture was 

degassed through three freeze-pump-thaw cycles. K2CO3 (2.0 mol L−1, 15 mL) and 

Pd(PPh3)4 (0.3 g, 0.25 mmol) were introduced with three subsequent freeze-pump-

thaw cycles. The mixture was then purged with Ar and heated to 150 °C for 20 h 

while stirring. The product precipitated, and then was washed with water, 

dichloromethane and methanol. Polymers were treated with HCl/H2O2 (5:1, v/v) 

solution to remove palladium (Pd) residue from the cross-coupling reaction. The 

mixture was stirred overnight at room temperature and subsequently heated to 60 C 

for 2 h. The product was then washed with water and methanol. Approximately 600 

mg of grey product was obtained in per batch. Linear PPH (L-PPH): L-PPH was 
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obtained by combing Benzene-1,4-diboronic acid with 1,4-dibomobenzene in a ratio 

of 1:1.

2.2. Synthesis of L-PPH-SO3H material

After drying in a vacuum oven overnight, 200 mg of the H2O2 treated polymer 

was mixed with 5 mL concentrated sulfuric acid (98 wt%), stirring at 40 C for 16 h. 

Above product was poured into 200 mL deionized water and filtered, before washing 

with H2O and methanol until neutral pH to eliminate physically absorbed sulfuric acid 

molecules within the pores. Obtained L-PPH-SO3H catalysts were dried in vacuum 

oven at 50 C overnight. The L-PPH-SO3H-No treatment was fabricated without the 

HCl/H2O2 treatment and other steps are all the same.

2.3. Electrochemical measurements 

All the electrochemical measurements were performed with 2032 coin cells 

using Li foil as anode. 1 mol L−1 LiPF6 in an ethylene carbonate (EC) and diethylene 

carbonate (DEC) (3:7, v/v) solution with fluoroethylene carbonate (FC) (2 wt%) was 

used as the electrolyte and the ratio of active materials to electrolyte was maintained 

at 1:10 for all cells. The PPH electrode was prepared by mixing PPH, super P, 

graphene, carboxymethyl cellulose (CMC) and styrene-butadiene rubber (SBR) in a 

weight ratio of 70:15:5:5:5 in deionized water. The slurry was coated on Cu foil and 

dried at 80 C overnight in an oven. Finally, the electrode was punched into round 

discs with a diameter of 6 mm. The mass loading at the cathode ranged from 1–2 mg 

cm−2. Cyclic voltammetry (CV) measurements were conducted on an electrochemical 

workstation (Gamry) at a scan rate of 0.05 mV s−1 with a cut off voltage range of 0.1–

1.5 V vs. Li+/Li at room temperature. Galvanostatic charge and discharge were tested 

within a voltage window of 0.1–1.5 V vs. Li+/Li on a battery measurement system 

(Neware, China).
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2.4. Characterization 

Bright field (BF) and high angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) images were acquired on probe-corrected (CEOS) 

scanning transmission electron microscope (JEM ARM 200CF, JEOL, Japan) with an 

acceleration voltage of 200 kV. Energy-dispersive X-ray spectroscopy (EDS) and 

elemental mapping data were obtained on the same microscope. The Brunauer-

Emmett-Teller (BET) surface area was calculated according to the adsorption data in 

the relative pressure range from 0.06 to 0.2. Thermogravimetric analysis (TGA) was 

measured on PerkinElmer Pyris 1 TGA. 2–10 mg sample is heated from 30 to 700 C 

with a heating rate of 10 C min−1. Attenuated total reflection infrared (ATR-IR) 

spectroscopy is measured with Bruker ALPHA FTIR spectrometer. Small angle X-ray 

scattering (SAXS) signal were detected by using the SAXSLAB GANESHA which 

collimation was motorized slits with single crystal blades and the Q range varied from 

0.0025 to 3 Å−1. A Cu-Kα radiation was used for powder X-ray diffraction (PXRD), 

with a wavelength of 1.54 Å. The distance from the detector varied from 80 to 1450 

nm. One of four scattering mode can be chosen, which are extremely small angle 

SAXS (ESAXS), SAXS, medium angle SAXS (MAXS) and wild angle SAXS 

(WAXS). The samples were analysed in 0.15 mm capillary under vacuum. NEXAFS 

was performed at the beamline B07-C at the diamond light source. Spectra were 

recorded at the C K-edge at 280–295 eV in total electron yield (TEY) mode. PPH 

based electrode samples were prepared by mixing with PPH based material, 

conductive materials and binder as described above. The sample was fully discharged 

first and then taken out from the cell in the glovebox. With the protection by argon, 

sample was transferred from lab to beam line, installed in the preparation chamber 

and then inserted into the experimental chamber in 3 min. Charged samples were 
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prepared in the same way.

3. Results and discussion

PPH is synthesized via the palladium-catalyzed Suzuki cross-coupling reaction of 

1,2,4,5-tetrabromobenzene1,4-dibromobenzene and benzene-1,4-diboronic acid as 

shown in experimental section. L-PPH is obtained with the pure di-substituted 

benzene group (C6H4
−), while the cross-link structure of the C-PPH origins from the 

partial replacement of the C6H4
− with tetra-substituted benzene group (C6H2

−) (Fig. 

1a). Thus, L-PPH and C-PPH have similar repeating units but different topological 

structures. Such a difference will be reflected in the macroscopic properties, which 

determine Li+ storage performance.

The similar repeating units in the L-PPH and C-PPH leads to similar chemical 

environments at the molecular level. This is verified in both infrared and solid-state 

13C nuclear magnetic resonance (NMR) spectroscopy. There is no major difference in 

the IR spectra between L-PPH and C-PPH (Fig. 1b). The absorption bands at around 

3028 cm−1 in both spectra represent the aromatic C–H stretch. The aromatic C=C 

bonds are found at 810 cm−1. The solid-state 13C NMR spectrum of L-PPH shows two 

sharp peaks at 136.4 and 125.6 ppm in the characteristic region of sp2 carbon atoms, 

which correspond to the connecting (136.4 ppm) and non-connecting (125.6 ppm) 

carbon atoms in the substituted benzene groups (Fig. 1c, black). The peak positions 

shift towards higher ppm values by 3–4 ppm in the C-PPH (Fig. 1c, red), due to the 

presence of more aryl substitution groups that promote the electron-withdrawing 

effect to the sp2 carbons. The C-PPH peaks are broader than those in the L-PPH 

spectra, indicating that the carbon chemical environment of carbon is less defined.
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The IR and solid-state 13C NMR spectra show a similar molecular structure for 

the L-PPH and C-PPH, with little variation. On the other hand, their macroscopic 

structures, in terms of morphology and porosity, are different due to their original 

topological structures (linear vs. crosslink). At the nm scale, both L-PPH and C-PPH 

are amorphous. The C-PPH is in the form of small particles with sizes in the range of 

50–200 nm that are aggregating together (Fig. 2d). In comparison, the presence of 

small and individual particles is not obvious for L-PPH (Fig. 2a). At the µm scale, the 

overall structure in L-PPH is more integrated throughout the whole particle in the 

form of a lamellar structure (Fig. 2b), whereas C-PPH is less integrated, showing the 

particle feature (Fig. 2e). This is also visible in the HAADF-STEM images, showing a 

more homogeneous distribution in L-PPH than that in C-PPH (Fig. 2c and f). The 

SAXS pattern (Fig. 2g) shows no obvious scattering feature for C-PPH. L-PPH has a 

small peak at Q = 0.276 nm−1, suggesting a high ordering of lamellar structure with an 

intersheet spacing of d = 23 nm. Such short-range layer by layer structures is common 

in linear shape polymers [47–49]. The linear chains pack into films, contributing to a 

non-porous structure with a very low N2 uptake and a BET surface area of only 41 m2 

g−1 (Fig. 2h). In comparison, crosslink polymers can form intrinsic micropores 

according to their structure [50]. The similar behaviour is observed for C-PPH, 

showing up to 200 cm3 g−1 of N2 adsorption at P/P0 below 0.1 (Type I N2 adsorption 

isotherm). A BET surface area of 652 m2 g−1 is calculated (Fig. 2h), suggesting the 

effectiveness of the cross-linking that forms micropores, as indicated in Fig. 1(a).

The results above show the C-PPH and L-PPH have similar repeating molecular 

units but different topological structures. Thus, the structure dependent Li+ storage 

performance can be studied for a porous material (C-PPH) and a non-porous material 

with lamellar structure (L-PPH). To achieve this, PPH-based electrodes were 
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assembled with Li metal electrodes in coin cells. The electrolyte used is 1 mol L−1 

LiPF6 in an EC and DEC (3:7, v/v) solution with FC (2 wt%) and the ratio of active 

materials to electrolyte was maintained at 1:10 for all cells. The coin cells run at a 

current density of 50 mA g−1. For the first discharge, the specific capacity of C-PPH is 

around 340 mAh g−1, and the reversible specific capacity is less than 40 mAh g−1 (Fig. 

3a), which is much lower than that of L-PPH at 194 mAh g−1 (Fig. 3b). The higher 

reversible storage capacity of L-PPH suggests a high density of active sites compared 

to that of the C-PPH. The reversible specific capacity corresponds to one Li+ per two 

substituted benzene groups (ESI calculations). Based on the charge and discharge 

curve of the 2nd cycle, both charge and discharge plateau are observed for L-PPH 

whereas the C-PPH cell is not obvious. The charge and discharge curve for the 2nd and 

5th cycle overlap the L-PPH cell, whereas the reversibility of the C-PPH is low. A 

comparison of 10th, 30th and 50th cycles (Fig. S1) show a higher reversible capacity of 

L-PPH than that of C-PPH, and L-PPH still has a clear charge/discharge plateau after 

50 cycles. The CV curves measured at a scan rate of 0.05 mV s−1 with a voltage 

window of 0.1 to 1.5 V vs. Li+/Li, which is the desired for testing anode materials. 

The cell with L-PPH electrode shows the cathodic peak at ~0.10 V, corresponding to 

the Li+ intercalation. The subsequent anodic peak at ~0.35 V is related to the Li+ de-

intercalation (Fig. 3c black). In comparison, the anodic peak for the C-PPH cell is not 

obvious, indicating that the Li+ de-intercalation is not efficient. This also explains the 

low reversible storage capacity of the C-PPH cell. The cathodic and anodic peak 

position correspond well with the discharge and charge plateaus located at ~0.15 and 

~0.35 V, respectively. The very low value of the discharge plateau offers high 

working potentials for LIBs, which is seldom reported in the literature [18,40,41]. The 

rate performance of the L-PPH cell shows reversible capacity of 242, 183, 154, 131, 
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113, 99, 88, 79 and 71 mAh g−1 at 25, 50, 100, 150, 200, 250, 300, 350 and 400 mA 

g−1, respectively. When the rate is reset back to 50 mAh g−1 after running at various 

rates, a reversible capacity of 163 mAh g−1 is recovered, corresponding to a capacity 

retention of 89% (Fig. 3d). In comparison, the rate performance of the C-PPH cell is 

much lower, at 135, 65, 50, 42, 37, 33, 30, 28 and 27 mAh g−1 for the corresponding 

current densities shown above.

In the long-term cycle performances (Fig. 3e), the L-PPH cell achieves a 

reversible capacity of 194 mAh g−1 and maintains 116 mAh g−1 after 180 cycles, 

delivering a capacity fade of only 0.25% per cycle. In contrast, the C-PPH cell shows 

a reversible capacity of only 39 mAh g−1. The origin of the superior performance of 

the L-PPH cell comes from its lamellar structure at the macroscopic scale, enabling 

access of 54% of the substituted benzene groups. The stark difference between L-PPH 

and C-PPH is possibly due to the trapping of Li+ at the entrance of the micropores, 

blocking the further Li+ intercalation [51,52]. Corresponding to the electrochemical 

performance, NEXAFS of C K-edge was performed to study the change of carbon 

structure before and after Li+ intercalation. Four major peaks are observed on both C-

PPH (Fig. 3f) and L-PPH (Fig. 3g): 284 eV for C=C bond; 287 and 288.3 eV for C–H 

bond and 292 eV for C–C bond. C-PPH shows a stable C=C bond regardless of Li+ 

intercalation and deintercalation. In contrast, Li-ion intercalation significantly reduced 

the C=C peaks at L-PPH sample, whereas it is recovered after Li-ion deintercalation 

(Fig. 3g). We hypothesize that this is due to the interaction between C=C bond with 

Li+ in the framework. The result suggests that the C=C bond at L-PPH has much 

higher interaction with Li+ than that at C-PPH. After charging, the C=C bond shows a 

good recovery, consistent with high reversible capacity of L-PPH electrodes.
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Considering the good cycling performance of the L-PPH cell, the –SO3H group is 

functionalized onto the L-PPH to further boost the storage capacity. The –SO3H group 

is reported to bring more active sites and improve electrochemical cycling stability by 

enhancing ionic conductivity and Li+ diffusion efficiency [53–56]. The successful 

loading of –SO3H sites is confirmed by the new IR vibrational modes at 1032 and 

1100 cm−1, corresponding to the S=O stretching. (Fig. S2). After the reaction, a 

density of 0.48 mmol g−1 of the –SO3H group is obtained in the material, which does 

not change the lamellar morphology and porosity (Fig. 4a and b, Figs S3 and S4). The 

N2-physisorption isotherms is similar to the L-PPH’s (Fig. S3), showing the no porous 

nature. Meanwhile, the loading of the –SO3H is uniform, as shown in the EDS map of 

carbon and sulfur (Fig. 4c). The solid-state NMR spectrum of L-PPH-SO3H reveals 

very little change from that of L-PPH (Figs 4d and 1c). TG curve of L-PPH-SO3 

suggests the composite is stable up to 350 C (Fig. S5). The CV curve shows the 

functionalization does not change the position of anodic and cathodic peaks compared 

to the L-PPH (Figs 4e and 3c). The –SO3H group improves the rate performance, 

especially at low current density (25 and 50 mA g−1) (Fig. 4f). The cycling 

performance exhibits a high reversible capacity of 261 mAh g−1 and retained a 

capacity of 186 mAh g−1 after 180 cycles (Figs S6 and S7), which are 67 and 70 mAh 

g−1 higher than those of L-PPH. The reversible capacity of C-PPH is lower than 50 

mAh g−1. The improvement corresponds to the intercalation of five additional Li+ per 

SO3H group. Such an increase of Li storage has also been reported in other similar 

systems for polymer electrodes [45,54,57,58]. In addition to long cycle stability, a 

capacity of 104 mAh g−1 was sustained after 500 charge/discharge cycles at a high 

current density of 100 mA g−1, with a low-capacity fade rate of 0.14% per cycle (Fig. 

4g). We synthesized L-PPH-SO3H without H2O2/HCl treatment. The cell with L-PPH-
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SO3H (No treatment) electrode shows similar CV with L-PPH-SO3H (Fig. S8a), 

revealing the same reaction process and Li+ storage mechanism. The cycling 

performances of both cells are also very similar (Fig. S8b). We conclude that the 

H2O2/HCl treatment does not affect the performance of L-PPH-SO3H. NEXAFS of 

fresh and discharged electrodes shows the decrease of C=C peak at 284.5 eV (Fig. 

4h). In addition, L-PPH-SO3H electrode shows a relatively lower C=C peak than that 

of L-PPH after discharging, suggesting a higher degree of Li+ intercalation in the –

SO3H functionalized electrode (Fig. S9). Therefore, the –SO3H group changes the Li-

ion storage ability of the whole carbon framework and contributes to more Li-ions 

intercalation.

4. Conclusions

sp2 dominant carbon-based polymer electrodes were designed to store lithium 

ions. The design includes a one-dimensional linear shape PPH and a two-dimensional 

crosslink PPH. The different macroscopic structure, but the similar chemical 

environment, enables us to study the effect of topological structure on lithium uptake 

ability. The designed PPH electrode shows a very low discharge plateau of 0.15 V vs. 

Li+/Li, surpassing the most reported values for polymer anode in the literature 

[18,40,41]. The lithium storage performance was achieved in L-PPH, with a reversible 

capacity of 194 mAh g−1 at 50 mA g−1 rate, which is five-times the capacity of C-PPH. 

Furthermore, L-PPH also shows better high-rate performance and cycling stability. 

With a similar molecular structure, the electrochemical results suggest the Li+ storage 

capacity can be varied a lot by changing the topological packing of the materials. 

Micropores are not always better than nonporous materials. Considering the 

complexity of polymer systems, the conclusions we drawn from our PPH system is 

challenging to extend to other polymer system. However, it has certain indications as 
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the most polymer-based anodes use sp2 carbon as the major active sites [10,22–

24,43,44,59–67]. Functionalization of the –SO3H group further boosts the reversible 

capacity to 261 mAh g−1 at 50 mA g−1 rate. With a current density of 100 mA g−1
, a 

good cycle stability with only 0.14% capacity fade per cycle for over 500 cycles is 

achieved. NEXAFS was performed on C-PPH and L-PPH based electrodes. It shows a 

different Li-intercalated carbon structure between two polymers. 
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Fig. 1. (a) Fabrication process and schematic illustration of L-PPH and C-PPH. (b) 

ATR-IR spectroscopy of L-PPH and C-PPH. (c) solid-state 13C NMR spectroscopy of 

L-PPH and C-PPH.

Fig. 2. TEM images of (a–c) L-PPH, and (d–f) C-PPH at different magnifications, (g) 

SAXS of L-PPH and C-PPH. (h) N2 physisorption of L-PPH and C-PPH.
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Fig. 3. Charge and discharge profiles of cells for (a) C-PPH electrode, (b) L-PPH 

electrode, (c) CV curves of the cell with L-PPH and C-PPH electrode between 0.1 and 

1.5 V vs. Li+/Li, (d) Rate performance of cell at a current rate ranging from 25 mA g−1, 

(e) Long-term cycling of cell at a current density of 50 mA g−1. C K-edge NEXAFS of 

(f) C-PPH, (g) L-PPH, where Fresh is fresh polymer-based electrode, discharge is 

polymer-based electrode with fully discharged states and charge is polymer-based 

electrode with fully charged states.
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Fig. 4. (a, b) TEM images of L-PPH-SO3H, (c) HAADF-STEM image and element C 

(red), S (cyan) and merged map, (d) Solid-state 13C NMR spectrum of L-PPH-SO3H, 

(e) Charge and discharge profiles of the L-PPH-SO3H cell, (f) Rate performance of 

cell at a current rate ranging from 25 to 400 mA g−1, (g) Cycling performance and 

corresponding Coulombic efficiency of L-PPH-SO3H at a current density of 100 mA 

g−1 for 500 cycles, (h) NEXAFS of Fresh L-PPH-SO3H electrode, fully discharge and 

fully charge L-PPH-SO3H electrode.
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Graphical Abstract

The linear and crosslink types of PPH provide different topological structures, in 
which the linear type shows much higher Li transfer and storage.
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1. Supporting Figures 

Fig. S1. The comparison of 10th, 30th and 50th charging and discharging cycles 
between (a). L-PPH and (b). C-PPH electrodes. The current density is 50 mA g-1.

Fig. S2. Infrared spectroscopy of L-PPH-SO3H.
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Fig. S3. The N2 physisorption of L-PPH-SO3H.

Fig. S4. SAXS curve of L-PPH-SO3H.
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Fig. S5. Thermal gravimetric analysis of L-PPH-SO3H material. The dash line 
indicates the starting temperature of decomposition.

Fig. S6. The long cycle performance of L-PPH-SO3H under a current density of 
50 mAh g-1 for 180 cycles.
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Fig. S7. The comparison of long-term cycling performance between L-PPH, C-
PPH and L-PPH-SO3H under current density of 50 mA g-1.

Fig. S8. (a). CV curves of the cell with L-PPH-SO3H and L-PPH-SO3H without 

H2O2/HCl treatment process (abbreviated as L-PPH-SO3H-No treatment), (b). 

Cycling performance of cells at same current density of 50 mA g-1 between L-PPH-

SO3H and L-PPH-SO3H-No treatment. 
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Fig. S9. A Comparison of C k edge NEXAFS for L-PPH and L-PPH-SO3H at 
fresh and discharge states. 
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2. Calculation of PPH Theoretical Storage Capacity 

2.1 Theoretical storage capacity of L-PPH and C-PPH

The molecular weight of L-PPH is 74 g mol-1. At a 1:1 ratio, the theoretical storage 
capacity of L-PPH can be calculated via

Qtheoretical= (nF)/(3600*W) mAh g-1, where n is the number of charge carrier, F is the 
faraday constant and W is the weight of the PPH-SO3H anode.

Thus, the nF/W=1*6.02* 1023 mol-1*1.602*10-19 C/74 g mol-1=1303.2 C g-1, so the 
Qtheoretical=1303.2/3600*1000=362 mAh g-1, the measured capacity of L-PPH is 194 
mAh g-1, corresponding to 0.54 Li+ per C6.

Similarly, the molecular weight of C-PPH is 75.5 g mol-1. Therefore, the theoretical 
storage capacity of C-PPH is:

Qtheoretical=1*6.02*1023 mol-1*1.602*10-19 C/75.5 g mol-1=1277.4 C g-1, so the 
Qtheoretical=1277.4/3600*1000=355 mAh g-1, the measured capacity of L-PPH is 39 
mAh g-1, corresponding to 0.11 Li+ per C6. 


