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Introduction

As one of the most advanced energy storage devices, carbon-based supercapacitors (CSs) have attractedconsiderable attention because of outstanding cycle lifetime, competitive power density and reliable operation safety. [1][2][3][4][5] CSs store energy through potential-driven accumulation of electrolyte ions to counterbalance the surface charge of porous carbon electrodes, identified as electric double layer formation. [6][7][8][9][10] However, only limited energy densities are obtained for such systems, which are about an order of magnitude lower than those of Li-ion batteries. 11,12 Consequently, unlocking the energy potential of CSs without sacrificing the power output is highly required, to extend their utilization into high-energy applications. [13][14][15][16][17] To achieve this goal, considerable efforts have been devoted to design diverse carbon electrode materials with tunable geometry and rational pore size distribution for efficient charge/ion transfer. Doped heteroatoms have been also incorporated for enhanced surface wettability and additional pseudocapacitance, usually associated with the use of high-voltage electrolytes such as ionic liquids (ILs). [18][19][20][21] The capacity of a CSs, or more intuitively, the number of charged ions adsorbed, is closely relevant to the pore architecture of the electroactive materials and the ion sizes of the used electrolyte. 22 Gogotsi's group firstly reported the anomalous capacitance promotion in the case of nanocarbons with pore sizes smaller than 1 nm, defying long-held axiom about inaccessibility of small pores to solvated ions. 23 The abnormal phenomenon is ascribed to a desolvation of the electrolyte ions entering subnanopores, resulting in a sieving effect at pore sizes below the size of the solvated ions. 23 This result gives a better understanding of ionic transport/accumulation into porous media for realizing efficient charge storage in CSs. Further experimental and theoretical studies have established that the pore size of an electrode tailored for achieving the maximal capacitance should be very approximate to the ion dimension of a given electrolyte. 13,24,25 If the pore size is too small, the confined pores are ion-inaccessible. If the pore size is too large, there will be a wider space between ions and pore wall, both leading to a notable decrease of the capacitance value. This means, ingenious regulation and optimization of the pore size to perfectly match the dimensionality of desired electrolyte ions, is a key tactic to help improve ion transport/adsorption dynamics. However, up till now, it is a great challenging to govern the pores of carbons in a the subnanometer region, especially with an electrolyte ion-adapted level.

Herein we report the development of heteroatom-doped hydrangea-like porous carbons (HHPCs) with ion-comparable pore sizes for advanced CSs, using IL/gel-polymer electrolytes. HHPCs are designed based on a facile polymerization of benzoquinone and benzidine, which hold unique geometry and large surface area with improved surface wettability due to high-level N/O doping.

Two ILs, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM.TFSI) and 1ethyl-3-methylimidazolium tetrafluoroborate (EMIM.BF4) with identical cation (EMIM + , 0.76 nm) but with different anions (TFSI -, 0.79 nm; BF4 -, 0.48 nm) are used as electrolytes to investigate the electrochemical energy storage capability. HHPCs exhibit dominant 0.80 nm and subordinate 0.50 nm pores. The dominant pore is perfectly comparable to the cation dimension of both ILs (EMIM + ) while the secondary pores is well-matched to the anion size of tetrafluoroborate, BF4 -.

As a result, HHPCs-based solid-state symmetric supercapacitor using EMIM.BF4 gel electrolyte delivers an extraordinary energy density of 101.2 Wh kg -1 against the substitute of EMIM.TFSI (78.3 Wh kg -1 ). This study opens up a new opportunity for employing pore-ion size matching criterion in the building of high-efficient energy storage devices.

Experimental

Synthesis of HHPCs

Benzoquinone (3.24 g, 0.03 mol) was added into the mixture of benzidine (1.84 g, 0.01 mol) and ethanol (100 mL) at 70 °C, followed by stirring for 2 h to obtain a polymer. After filtrating, washing and drying, the polymer was mixed with KOH (1:1, w/w), and then carbonized/activated at 650-850 °C (3 °C min -1 ) for 2 hours to fabricate HHPCs (labelled as HHPCx where x denotes the carbonization temperature).

Characterization

Thermogravimetric analysis was tested using a synchronous thermal analyzer (NETZSCH STA409 PC) at a heating rate 10 °C min -1 under an N2 atmosphere. Fourier transform infrared spectroscopy (FT-IR) spectrum was recorded on a Thermo Nicolet NEXUS spectrometer. XRD patterns were characterized on a Bruker D8 diffractometer equipped with Cu radiation. The sample morphology was observed by a scanning electron microscopy (SEM, Hitachi S-4800). Scanning transmission electron microscopy (STEM) and corresponding elemental mapping characterization were performed on a JEM-F200 instrument equipped with an energy diffraction system. X-ray photoelectron spectrometer (XPS, AXIS Ultra DLD) was utilized to analyze the surface chemical composition. N2 adsorption/desorption measurement was collected at -196 °C using a micromeritics apparatus (ASAP 2460). The surface area and pore size distribution were investigated by the Brunauer-Emmett-Teller method and nonlocal density functional theory.

Assembly of supercapacitors

The working electrode was prepared by pressing a slurry of HHPCs (80 wt%), polytetrafluoroethylene (10 wt%), and graphite (10 wt%) mixture onto a piece of stainless steel mesh and then dried at 80 °C. The mass loading of active substance on each working electrode is about 10 mg cm -2 . To obtain IL/gel-polymer electrolytes, 5 g of polyvinylidenefluoride-cohexafluoropropylene (PVDF-HFP) and a proper amount of EMIM.BF4 or EMIM.TFSI was dissolved in 50 mL acetone, and then the mixture was magnetically stirred at 50 °C to obtain a homogeneous and transparent solution. The solution was put in a glass petri dish for acetone evaporation and dried in vacuum for 12 hours to form EMIM.BF4/PVDF-HFP and EMIMTFSI/PVDF-HFP gel-polymer electrolytes. Solid-state supercapacitors were assembled in a glovebox by stacking two identical working electrodes with an EMIM.TFSI or EMIM.BF4 gelpolymer electrolyte in the middle. To obtain a flexible device, the configuration was sealed by adhesive tape and compressed with appropriate pressure to get good interfacial contact between electrode/electrolyte.

Electrochemical measurement

All electrochemical measurements including cyclic voltammetry (CV), galvanostatic chargedischarge (GCD), and electrochemical impedance spectroscopy (EIS) were conducted with a CHI660E electrochemical workstation. The gravimetric capacitances (Cs, F g -1 ) of a single electrode were calculated from GCD profiles according to form (1):

Cs (F g -1 ) = 4 × I × ∆t m × ∆V (1) 
where I (A), ∆t (s), m (g) and ∆V (V) represents charge current, discharge time, the total mass of active material on two electrodes and the voltage window, respectively.

The gravimetric energy (E) and power densities (P) of the devices are denoted as follows:

E (Wh kg -1 ) = 1 7.2 × 4
Cs∆V 2

(2)

Ev (Wh L -1 ) = ρ × E = (Vt + 1/ρcarbon) -1 × E (3) P (W kg -1 ) = E ∆t × 3600 (4) Pv (W L -1 ) = ρ × P (5)
where Ev and Pv represents the volumetric energy and power density of the symmetrical devices, respectively, and Vt denotes the total pore volume of HHPCs, and ρcarbon is the true density of carbon

(2 g cm -3 ).

Results and discussion

HHPCs was synthesized based on a Michael addition reaction between benzidine (electron-pair donicity) and benzoquinone (electron-drawing capability) with a mild condition. This strategy avoids any harsh and/or complicated procedures (e.g., template synthesis, high-temperature hydrothermal treatment, self-assembly, chemical vapor deposition), time-consuming process or multistep manipulation, which provides a highly efficient and competitive route for engineering functionalized porous carbons. Fig. S1 displays FT-IR spectrum of the benzidine-benzoquinone polymer, in which sharp peaks at 1564 and 1483 cm -1 can be assigned to the stretching vibration of C=O and C=C groups. 26,27 The characteristic absorption peaks centered at 1284 and 813 cm -1 are attributed to the stretching vibration of C-N groups and the blending vibration of -NH-groups, respectively. 28 Besides, the peak at 1178 cm -1 is ascribed to the stretching vibration of phenolic -OH groups in the formed hydroquinone resulted from the partial oxidation of benzoquinone. XRD profiles (Fig. S2) reveal two signals at about 26 and 43° indexed to the (002) and (100) planes, suggesting an amorphous carbon framework. 29 HHPCs has a high carbon yield of 71% at 750 °C (Fig. S3), and show hydrangea-like micron-scale carbon spheres with refined surface structure composing of enormous tunnels and furrows (Fig. 1a-c). Such a unique architecture allows rapid ion diffusion kinetics for full access of electrolyte ions into the adsorption sites. The elemental mapping images corresponding to STEM image (Fig. 1d-g) clearly displays the presence of C, N

and O atoms and a homogeneous distribution in the carbon skeleton. ). The highly stable C=O covalent bond can effectively resist the bond breaking and the release of O species during carbonization. 28,30 High-resolution C 1s spectra (Fig. S4) can be deconvoluted into four peaks positioned at about 284.4, 285.4, 286.7 and 288.5

eV, assigned to C=C/C-C, C-N, C-O and C=O components, respectively. 31,32 N 1s species (Fig. 2c) include pyridine pyridinic N (N-6, 398.2 eV), pyrrolic N (N-5, 399.6 eV), quaternary N (N-Q, 400.6 eV), as well as pyridine N-oxide (N-X, 402.9 eV). 33,34 The first three nitrogen species are proposed to provide stable pseudocapacitance in acid and base electrolytes through Faradic redox reactions, while the last one is beneficial to reduce effectively the electronic transfer resistance. O 1s spectra (Fig. 2d) can be fitted to three peaks at 530.9, 532. As depicted in Fig. 3a, HHPCs demonstrate combined type-I and IV isotherms which consist of steep adsorption regions in the low-pressure (P/P0<0.1), and well-defined plateaus with distinctive hysteresis loops (P/P0>0.45), implying the presence of micro-and mesopores. 36,37 HHPCs exhibit micropore sizes concentrated at ~0.50, 0.80 and 1.26 nm, originating from the release of small molecule volatile matter during carbonization/activation, and mesopores of 10-40 nm (Fig. 3b)

arisen by the hydrangea-like surface architecture (tunnels and furrows). A suitable annealing temperature (750 °C) endows the resultant HHPC750 a highest surface area of 2212 m 2 g -1 , as shown in Table 1. Lower temperature does not guarantee an entire carbonization/activation of the polymer, and higher one causes a shrink of carbon framework, both giving an obvious drop in surface area. 38, The exceptional morphology, pore texture and surface feature of HHPCs inspire us to construct symmetrical CS devices. Two ILs incorporated gel-polymer electrolytes are utilized to investigate the influence of geometric sizes of the constituents on the ion diffusion dynamics within the pores.

Solid-state IL/gel-polymer electrolytes can provide the same benefit of the extended voltage window as ILs, and exhibit high competitiveness with conventional liquid-based energy storage systems. Moreover, they are environmentally benign, highly safe, and not easily leaked and flexible. 40,41 CV profiles exhibit rectangle-like shapes (Fig. 4a,b) which is indicative of ideal electric double-layer behaviors with excellent charge/discharge properties. 42 Compared with HHPC650 and HHPC850 electrodes, HHPC750 displays the highest capacitance in EMIMBF4/PVDF-HFP and EMIMTFSI/PVDF-HFP electrolytes, which can be attributed to the highest surface area and suitable N/O species. As shown in Fig. S5, the lower contact angles of 31-73° for EMIMBF4 and 21-66° for EMIMTFSI on HHPC surfaces than those of activated carbon (123/122°) manifest enhanced surface wettability due to N/O heteroatom doping. 43 The carbons with high affinity to electrolytes benefit fast ion transportation into the active surfaces and thereby achieve enhanced ion-accessible surface areas for electric double-lay capacitance. 44 CV profiles of HHPC750//HHPC750 solid-state CS operated in various potential windows (Fig. 4c,d) demonstrate that the device can stably work at 3.5 V with no obvious increase of anodic current in IL/gel electrolytes. 45 Symmetric and linear GCD curves (Fig. 4e,f) reflect the excellent capacitive behavior and superb reversibility. 46,47 HHPC750 electrode in EMIMBF4/PVDF-HFP electrolyte exhibits gravimetric and volumetric capacitances as high as 218 F g -1 and 105 F cm -3 at 1 A g -1 ,

superior to those in EMIMTFSI/PVDF-HFP electrolyte (184 F g -1 and 88 F cm -3 ). Furthermore, the electrode capacity remains 167 (EMIMBF4/PVDF-HFP) and 118 F g -1 (EMIMTFSI/PVDF-HFP) at 10 A g -1 , revealing notable capacitive endurance at large current loads.

Fig. 4g gives Nyquist plots of two HHPC750-based devices, which adopt a fitting equivalent circuit to study the electrolyte ion diffusion and transport kinetics. 48 In EMIMBF4/PVDF-HFP electrolyte, the device shows lower electrical series resistances (Rs, the intersections of the real axis) of 2.5 Ω and charge transfer resistances (Rct, the diameter of semicircle in the high-frequency region) of 4.2 Ω, relative to 3.1 and 6.7 Ω in EMIMTFSI/PVDF-HFP. This result manifests a better ion diffusion and charge transfer behavior of EMIMBF4-based device. 49 As displayed in Fig. 4e, a maximum gravimetric energy density of 101.2 Wh kg -1 is achieved at a power density of 875 W kg -1 (38.7 Wh L -1 at 334 W L -1 ) for the cell assembled with EMIMBF4/PVDF-HFP electrolyte, which is 29.2% higher than that of EMIMTFSI/PVDF-HFP device. To our best knowledge, the solid-state CSs to date. More impressively, the energy outputs still remain 69.8 and 45.9 Wh kg -1 for EMIMBF4/PVDF-HFP and EMIMTFSI/PVDF-HFP based devices at an ultrahigh power density of 17.5 kW kg -1 . For a comparison, we also fabricated liquid-based supercapacitors using these two ILs (Fig. S6) which show basically the same energy outputs as the solid-state devices.

This result illustrates that the introduction of polymer gel into the IL electrolytes does not obviously affect the electrochemical properties of the resultant CSs, but can address their leakage concerns.

The capacitance plots followed by current density increasing and cycle performance within ten cycles of the two devices are exhibited in Fig. S7. After consecutive cycles and high-current tests, the electrode capacitance reversibly recovers to the initial value once the current density goes back to 0.5 A g -1 , demonstrating prominent electrochemical reversibility and structural robustness of the active materials and the IL/gel-polymer electrolytes. In addition, the both devices exhibit high energy reservation of 91.9 and 90.7% after 10,000 successive cycles (Fig. 4i), with high Coulombic efficiencies of 99.3 and 98.7%, validating the superior long-term cyclic stability and outstanding reversibility. of that tested at 30 °C. The remarkable boost in energy density can be mainly attributed to that the high temperature lows the electrolyte viscosity, which gives enhanced ionic conductivity and quicker mobility of ions from electrolyte to electrode interface, 50,51 increasing the surface utilization and hence achieving improved energy storage. Notably, the device energy basically recovers to the initial value when the temperature goes back to -10 °C. A red light-emitting diode (LED) bulb powered by the solid-state device can normally work with a reliable energy supply under different temperatures, indicating wide applicable operation temperature and thus great potential uses of the device for environmentally adaptable energy supply.

The achievement on high-energy HHPC750//HHPC750 solid-state CS can mainly be ascribed to three aspects: well-designed electrode material, high-voltage IL electrolyte, and the most important point of size matching between both. First, high-surface-area HHPCs with ingenious hydrangealike texture enables sufficient interfaces for charge accumulation, and provides efficient ion diffusion kinetics. Meanwhile, N/O species endow the carbon surfaces with good affinity and enhanced wettability, which facilitate electrolyte ions enter and soak into the pore channels and increase ion-accessible surface area. Second, EMIMBF4 and EMIMTFSI ILs with a wide potential window of 3.5 V allows the enhancement of the maximum energy supply. Third, the superior electrochemical performances of EMIMBF4-based cell benefit most from well-matching between pore architecture and ion dimension (Fig. 5).

The electrode capacitance is closely related to the distance between the ion center and pore wall according to the form of C=ɛA/d, 24 where C denotes the capacity, ɛ represents the dielectric constant of electrolyte, A is the surface area of electrode, and d is the distance between pore surface and ions.

If the ionic diameter (dion) is far less than the pore width (D), electrolyte ions positioned around the center of large pores would be at a wide distance (d) to the pore wall, resulting in a capacitance decline. The capacitance has an abnormal promotion when the D/dion ratio is in the range of 1.0< D/dion<1.7. 13,24 The ratio of 1.26 nm micropore in HHPCs to EMIM + (0.76 nm) or TFSI -(0.79 nm) is just within this range. Moreover, the closer this ratio is to 1, the larger the capacity will be, 52 i.e., ion/pore size matching is a key to maximize the electrode capacitance. HHPCs exhibit controlled pore size distribution in which the major subnanopores of 0.80 nm are perfectly adapted to EMIM + cations, and the subordinate pores of 0.5 nm are comparable with BF4 -anions (0.48 nm). This minimizes the free space and guides the oriented arrangement of electrolyte ions along the pore outspread direction, achieving excellent ion transportation pathways and improved ions adsorption number at the pore surface. Nevertheless, the electrolyte ions are difficult to get into the slit pores if the ion size is larger than that of the pores, which prevent the formation of EDLC. Compared with BF4 -anions, TFSI -has a larger size which is inaccessible into the 0.5 nm pores, leading to a lower capacitance and energy density of the fabricated device (101.2 Wh kg -1 for EMIMBF4 and 78.3 Wh kg -1 for EMIMTFSI). Therefore, making full use of the well-designed pores in HHPCs significantly improve the electrochemical energy storage performances. The leakage current and self-discharge behaviors of supercapacitors are a matter of major practical significance in their operation. As shown in Fig. 6a, a small leakage current of 9.7 µA can be achieved after 10 h, indicative of less shuttle reactions caused by the impurities in carbons. 53 Moreover, the self-discharge course undergoes a rapid decline in the beginning several hours and the final output voltage stabilizes at 2.72 V after 30 h with 77.7% reservation of the original charged potential, which is highly desirable for real applications. To satisfy the specific energy and power demands, the operational characteristics of multiple supercapacitors working simultaneously were explored. As displayed in Fig. 6b andc, two devices can be connected to integrate in series to achieve even higher operating voltages and in parallel to obtain larger output currents. The voltage window or discharge time of the device in series or in parallel is doubled compared with a single device. The insets show that two devices in series/parallel can power one green LED, demonstrating superior energy and power supply of the solid-state devices. 54 To investigate the potential use of our supercapacitor in wearable and portable electronics from a practical point of view, the mechanical flexibility characteristic was performed on the device constructed by stacking two symmetric HHPC electrodes with the EMIMBF4/PVDF-HFP gelpolymer electrolyte sandwiching between them. There is no obvious distortion in the CV and GCD profiles (Fig. 6d-f), with high retention of capacitance (90.3%) and Coulombic efficiency (97.5 %) from the initial flat to 180° bending state. This means the ion/charge transport kinetics are not significantly affected, implying highly flexibility and outstanding electrochemical stability of the device. In addition, the device still holds 87.5% capacitance reservation even after being bent for 1000 cycles at 180° (Fig. S9), further confirming the robust mechanical property of the flexible solid-state device. 

Conclusion

In conclusion, we exert the pore-ion size matching guideline to engineer HHPCs with exquisitely adapted pore dimension for IL gel electrolytes in the buliding of advanced supercapacitors. The exceptional carbon materials are developed based on a facile benzidinebenzoquinone synthetic strategy, which show superior hydrangea-like surface architecture, large surface area, high-level heteroatoms and multiscaled pore network. There is a dramatic differential charge storage in the CSs using two EMIMBF4 and EMIMTFSI gel electrolytes, which originated from the diameters of electrolyte constituents and the consequent ion diffusion and adsorption behaviors within carbon nanopores. The HHPC750//HHPC750 solid-state supercapacitor using a more matched EMIMBF4/PVDF-HFP gel electrolyte delivers a remarkable energy density of 101.2

Wh kg -1 against the replacement of EMIMTFSI (78. 
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 1 Fig. 1. (a, b) SEM images, (c) a TEM image, (d) energy-dispersive X-ray images and corresponding

  5, and 533.6 eV, reflecting the C=O, C-OH/C-O-C, and COO-functionalities.35 
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 2 Fig. 2. (a) XPS survey spectra and high-resolution (b) N 1s and (c) O 1s spectra of HHPCs.
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 3 Fig. 3. (a) N2 sorption isotherms and (b) pore size distributions of HHPCs.
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 4 Fig. 4. CV curves at 10 mV s -1 of HHPCs-based devices employing (a) EMIMBF4/PVDF-HFP and
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 5 Fig. 5. Schematic illustration of the ion matching in pores with various sizes.

Fig. 6 .

 6 Fig. 6. (a) Leakage current measurement and self-discharge curve of the EMIMBF4/PVDF-HFP

Table 1

 1 Surface areas (S), micropore surface areas (Smicro), pore volumes (Vt), and chemical compositions of HHPCs.

	Samples	S (m 2 g -1 ) Smicro (m 2 g -1 ) Vt (cm 3 g -1 )	C (wt%) N (wt%) O (wt%)
	HHPC650	1167	972	0.75	76.01	8.70	15.29
	HHPC750	3185	2731	2.12	85.65	5.14	9.21
	HHPC850	1913	1680	1.12	87.89	2.84	9.27

  3 Wh kg-1 ). Besides, the constructed solidstate device shows outstanding temperature robustness, excellent series/parallel features, and notably mechanical flexibility. High-capacitance electrode, high-voltage electrolyte, and a key pore-ion size matching between both are crucial to unlock the energy potential of solid-state supercapacitors to a new level. This work demonstrates a break-through in the bottleneck to design functionalized carbons with brilliant narrow ion-comparable pore structure, opening a new door for the development of high-energy solid-state CSs.
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