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A B S T R A C T   

In this work, we demonstrate the combination of “weak base-assisted hydrolysis” strategy with high-temperature 
carbonization to transform Zn-MOF-74 to porous bundle-like carbon superstructures. The utilization of weakly 
basic bicarbonates, such as NaHCO3, KHCO3, and NH4HCO3, is found to promote the formation of bundle-like 
superstructures composed of a mixture of zinc carbonate hydroxide/zinc hydroxide /Zn-MOF-74 derivative 
(labeled as ZNH-130), while the use of a strong base (NaOH) favors the generation of flower-like ZnO particles. 
Benefiting from the ultrahigh surface area (>1,200 m2 g− 1) and the good interconnection of the assembling 
nanorods, the optimum bundle-like carbon superstructures (labeled as SBC-850) show a high specific capacitance 
of 270 F g− 1 in 1.0 M H2SO4 at a current density of 1 A g− 1. Furthermore, the SBC-850 sample can retain over 
99% of its initial capacitance after 10,000 cycles at a high current density of 20 A g− 1 due to the high structural 
and compositional stability of the bundle-like superstructures based on post-cycling XRD and SEM observations. 
The symmetric supercapacitor assembled using SBC-850 as the positive and negative electrodes exhibits a 
maximum energy density of 25.8 Wh kg− 1 at a power density of 2400 W kg− 1. These results highlight the 
promising potential of porous carbon superstructures for supercapacitor applications.   

1. Introduction 

Metal-organic frameworks (MOFs) have attracted great interest as a 
new class of porous materials for energy storage applications. They are 
crystalline porous inorganic–organic hybrids formed by the coordina-
tion bonding between metal ions and organic ligands [1–3]. The diverse 
composition and structure of MOFs endow them with interesting phys-
icochemical properties, including tunable chemical functionality, pore 
aperture, and structural flexibility [4–10]. Furthermore, MOFs can serve 
as valuable precursors for preparing porous carbon materials due to 
their rich carbon content and inherent porosity [11–14]. 

Chemical stability is one of the most concerning issues affecting the 
practical applications of MOFs. MOFs are mainly constructed by coor-
dination bonds which are much weaker than the covalent bonds in 
organic materials. Although the reversible nature of coordination bonds 
is beneficial to grow MOF crystals with uniform shapes [15,16], the 
breaking of these coordination bonds would result in the collapse of 

MOFs [17,18], when exposed to various chemicals (e.g., moisture, sol-
vents, acids, bases, and aqueous solutions containing coordinating an-
ions). Hence, many efforts have focused on synthesizing stable MOFs 
and several MOFs with good chemical stability have been reported for 
practical applications [19]. 

Hierarchical structure materials, formed by the self-assembly of one- 
(1D) or two-dimensional (2D) building blocks into highly organized and 
complicated three-dimensional (3D) structures have attracted 
increasing attention in the energy storage field as they combine the 
advantages of the nanometer-sized 1D/2D building block (e.g., good ion 
transport and highly exposed surface) and the micrometer-sized 3D 
structure (e.g., good interconnection of the assembling particles). Gu 
et al. reported the fabrication of hierarchical raspberry-like carbon su-
perstructures using a magnesium oxide (MgO) template by in-situ con-
version and ex-situ assembly methods [20]. This raspberry-like carbon 
superstructure displayed a specific capacitance of 146 F g− 1 at a current 
density of 0.2 A g− 1. Xu and co-workers synthesized 3D flower-like 
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carbon structures formed by the hierarchical assembly of polyimide 
nanosheets followed by a subsequent thermal treatment [21]. Benefiting 
from the high surface area and the hierarchically porous structure, the 
3D carbon superstructures exhibited a high specific capacitance of 284 F 
g− 1 at a current density of 1 A g− 1. In another report, seaweed-like 
carbon superstructures were fabricated from polyimide using an ice 
templating method, which showed a specific capacitance of 113 F g− 1 at 
a current density of 1 A g− 1. Despite some initial reports on MOF-derived 
carbon superstructures [22,23], the preparation of MOF-derived bundle- 
like carbon superstructures by exploiting the susceptibility of MOF to 
bases/acids has not yet been reported. 

In this work, we demonstrate the “weak base-assisted hydrolysis” of 
Zn-MOF-74 followed by carbonization at 850 ◦C to achieve bundle-like 
carbon superstructures (SBC-850) with high surface area and porosity. 
To fabricate SBC-850, Zn-MOF-74 nanoparticles are initially synthesized 
by mixing zinc acetate dihydrate and 2, 5-dihydroxyterephthalic acid in 
methanol under ultrasonication. In the next step, the Zn-MOF-74 
nanoparticles are transformed into a Zn-based mixture (zinc carbonate 
hydroxide/zinc hydroxide /Zn-MOF-74 derivative (ZNH-130)) through 
a weak base-assisted hydrolysis in bicarbonate solution at 130 ◦C under 
hydrothermal conditions. The sodium bicarbonate decomposes and re-
leases CO2 at elevated temperatures [24], which can adsorb on the 
surface of the Zn-MOF-74 nanoparticles and influence the growth habit 
of the ZNH hybrid to form nanorod-assembled bundle-like superstruc-
tures. Finally, the obtained bundle-like ZNH superstructures (ZNH-130) 
can be transformed to porous carbon superstructures (SBC-850) by 
carbonization at 850 ◦C under an inert atmosphere. When applied as an 
electrode material for supercapacitors, the SBC-850 sample exhibits a 
high specific capacitance of 270 F g− 1 at a current density of 1 A g− 1 

along with excellent long-term cycling stability with a high capacitance 
retention of 99% after 10,000 cycles at 20 A g− 1. 

2. Experimental section 

2.1. Materials 

Zinc acetate dihydrate (Zn(CH3COO)2⋅2H2O, 99.0%), 2,5-Dihydrox-
yterephthalic acid (DHTP, 98.0%), sodium bicarbonate (NaHCO3, 
99.0%), sodium carbonate (Na2CO3, 99.0%), potassium bicarbonate 
(KHCO3, 99.7%), potassium carbonate (K2CO3, 99.0%), ammonium bi-
carbonate (NH4HCO3, 99.0%), ammonium carbonate ((NH4)2CO3, 
99.9%), hydrochloric acid (HCl, 37.0%) and sodium hydroxide (NaOH, 
99.0%) were obtained from Sigma-Aldrich. Deionized water, methanol 
(CH4O, 99.5%), and ethanol (C2H6O, 99.5%) were supplied by Sino-
pharm Chemical Reagent Co., Ltd. (China). All these chemicals and re-
agents were used directly without further purification. 

2.2. Synthesis of Zn-MOF-74 nanoparticles 

Zinc acetate dihydrate (0.66 g, 3 mmol) was dissolved in 150 mL of 
methanol followed by the addition of 0.198 g (1 mmol) of DHTP. The 
mixture solution was then ultrasonicated for 30 min. The resulting 
precipitate was collected by centrifugation and washed with methanol 
and distilled water three times to remove unreacted reagents. The 
product is denoted as Zn-MOF-74. 

2.3. Synthesis of bundle-like ZNH-130 superstructures 

The as-prepared Zn-MOF-74 nanoparticles were dispersed in 45 mL 
of distilled water followed by the addition of 0.075 g of sodium bicar-
bonate (0.9 mmol). The resulting suspension was transferred into a 100 
mL Teflon-lined stainless-steel autoclave and heated in an electric oven 
at 130 ◦C for 12 h. After cooling to room temperature, the product was 
centrifuged and washed with ethanol and water three times. The prod-
uct (denoted as ZNH-130) was obtained after drying at 80 ◦C in a vac-
uum oven for 12 h. To investigate the effects of reaction time, sodium 

bicarbonate content, and reaction temperature, we synthesized other 
samples using the same synthetic conditions as ZNH-130 but by 
changing the reaction time, adding different amounts of sodium bicar-
bonate content, and regulating the reaction temperature, as detailed in 
Table S1. 

2.4. Synthesis of bundle-like carbon superstructures 

The as-prepared ZNH-130 sample was transferred into a ceramic 
boat and calcined in a horizontal tube furnace at 850 ◦C for 1 h under an 
argon (Ar) flow with a heating rate of 2 ◦C min− 1 to obtain the bundle- 
like carbon superstructures. After cooling down to room temperature 
naturally, the black product was collected and washed with HCl (6.0 M, 
25 mL) and plenty of water for further use. This product is labeled as 
SBC-850. To investigate the effect of calcination temperature, the ZNH- 
130 sample was also calcined at 600 ◦C, 650 ◦C, 700 ◦C, 750 ◦C, 800 ◦C, 
and 900 ◦C, and the products were denoted as SBC-600, SBC-650, SBC- 
700, SBC-750, SBC-800, and SBC-900, respectively. 

2.5. Characterization 

The morphological observations of the as-synthesized samples were 
carried out using both scanning electron microscope (SEM, ZEISS Sigma- 
500) and transmission electron microscope (TEM, JEM-2100F). The 
phase composition and purity of the samples were investigated by 
powder X-ray diffraction (PXRD, Rigaku MAX250V13H) with Cu-Kα 
radiation at a scan rate of 5◦ min− 1. X-ray photoelectron spectroscopy 
(XPS) measurements were conducted on an ESCALAB MK-II spectrom-
eter. Nitrogen (N2) adsorption–desorption measurements were obtained 
at 77 K using a Micromeritics ASAP 2460. 

2.6. Electrochemical measurements 

The electrochemical measurements were carried out using a stan-
dard three-electrode system in 1.0 M H2SO4 electrolyte with platinum 
(Pt) plate as the counter electrode, saturated calomel electrode (SCE) as 
the reference electrode, and SBC as the working electrode The working 
electrode was prepared by mixing the active material (SBC), acetylene 
black, and polytetrafluorethylene (PTFE) at a weight ratio of 80:10:10. 
Then, a few drops of N-methyl-2-pyrrolidone (NMP) were added into the 
mixture to form a slurry. The slurry was then coated onto a piece of 
carbon fiber paper (CFP) to obtain a working electrode with an area of 1 
cm2. The mass loading of the active material was 1 mg. Cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy (EIS) mea-
surements were performed using an electrochemical workstation (CHI- 
660E, CH Instruments). Galvanostatic charge–discharge (GCD) mea-
surements were conducted on a LAND battery tester (CT3002). 

For the three-electrode system, the specific capacitance (CS) was 
calculated using the following equation: 

CS =
I × Δt

m × ΔUn
(1)  

where I (A), ΔUn (V), Δt (s), and m (g) refer to the applied current, the 
tested potential range, discharge time, and mass of the sample, 
respectively. 

For the two-electrode system, the specific capacitance, energy den-
sity and power density were calculated as follows: 

Cs =
4I × Δt

m × ΔUn
(2)  

E =
1

2 × 3.6
CV2 (3)  

P =
E × 3600

Δt
(4) 
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where Cs, I (A), ΔUn (V), Δt (s), m (g), E (Wh Kg− 1) and P (W Kg− 1) refer 
to the specific capacitance of the device, the constant current in dis-
charging, the tested potential range, the discharge time, the total mass of 
active materials in both electrodes, the energy density, and the power 
density, respectively. 

3. Results and discussion 

3.1. Morphology and composition 

To synthesize the bundle-like carbon superstructures, Zn-MOF-74 
was first synthesized by adding DHTP into a methanolic solution of 
zinc acetate dihydrate followed by ultrasonication for 30 min. Then, the 
Zn-MOF-74 precursor was hydrolyzed and transformed into a mixture of 
zinc carbonate hydroxide, zinc hydroxide, and Zn-MOF-74 derivative 
(named as ZNH-130) following the hydrothermal treatment with sodium 
bicarbonate at 130 ◦C (as verified by the XRD pattern in Fig. S1). In this 
system, sodium bicarbonate not only serves as a weak base to catalyze 
the hydrolysis process but also decomposes during the solvothermal 
process to release CO2 [25]. The resulting CO2 can adsorb on the surface 
of ZNH-130 and this may lead to the formation of nanorods, which 
further assemble into the bundle-like superstructures, as observed by 
both SEM (Fig. 1a–d) and TEM (Fig. 1e–h). The carbonization of ZNH- 
130 at 850 ◦C under an Ar flow yields porous bundle-like carbon su-
perstructures (SBC-850) with lengths of 3.0–3.5 μm and widths of 40–60 
nm (Fig. 1i–p). 

XPS analysis was used to investigate the elemental states and surface 
compositions of Zn-MOF-74, ZNH-130, and SBC-850 (Fig. 2). As shown 

in Fig. 2a, the XPS survey spectrum of Zn-MOF-74 indicates the exis-
tence of Zn 2p, O 1s, and C 1s peaks. The deconvoluted C 1s spectrum of 
Zn-MOF-74 reveals three main peaks at 284.8, 286.2, and 288.9 eV 
which can be assigned to C–C/C––C, C–O, and O–C––O groups, respec-
tively (Fig. 2b) [26]. The survey spectrum of ZNH-130 also reveals the 
presence of Zn 2p, O 1s, and C 1s peaks (Fig. 2c). Furthermore, the 
deconvoluted C 1s spectrum of ZNH-130 also shows three main peaks 
similar to those of Zn-MOF-74 (Fig. 2d). The intensity of C–O and 
O–C––O/CO3

2 peaks (C 1s carbonate component overlaps with the ester 
(O–C––O) peak [27]) increases in the in high-resolution C 1s spectrum of 
ZNH-130 (Fig. 2d), revealing the presence of zinc carbonate hydroxide 
in ZNH-130 [28]. For the SBC-850 sample, there are only two main 
peaks at 284.8 and 286.0 eV corresponding to C–C/C––C, and C–O, 
respectively (Fig. 2f) [29]. Compared to ZNH-130, the peak intensity of 
O 1s is significantly lower for SBC-850 (Fig. 2e), while the peak intensity 
of C 1s is much higher, indicating that some oxygen-containing groups 
are removed during calcination. 

The XPS results are further supported by the Fourier transform 
infrared (FT-IR) spectroscopy measurement (Fig. S2). As shown in 
Fig. S2(i), the broad IR band at 3300 cm− 1 in the FT-IR spectrum of Zn- 
MOF-74 can be assigned to the O–H stretching vibration in the organic 
ligand DHTP or the absorbed water molecules in the MOF-74 channels 
[30,31]. The asymmetric and symmetric stretching vibrations of the 
carboxylate (− COO− ) groups are observed at 1555 and 1410 cm− 1, 
respectively [32]. The sharp peak at 1241 cm− 1 may be assigned to the 
C–O stretching vibration in DHTP, demonstrating the coordination of 
the organic ligand in the Zn-MOF-74 sample [33]. Further, the bands at 
1648, 883, 813, and 660 cm− 1 can be ascribed to the vibrations of 
benzene rings [34]. These bands are still preserved after the 

Fig. 1. (a–d) SEM and (e–h) TEM images of ZNH-130. (i–l) SEM and (m–p) TEM images of SBC-850 obtained from the calcination of ZNH-130 under an Ar flow 
at 850 ◦C. 
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hydrothermal process, indicating that the MOF structure is still retained 
to some degree. A sharp band appears at around 3506 cm− 1 (Fig. S2(ii)) 
which is associated with the O–H stretching vibration and signals the 
presence of free hydroxyl groups, which is the characteristic of zinc 
hydroxide [35–37]. In addition, the sharp band at 813 cm− 1 is broad-
ened and a new IR band appears at 750 cm− 1 which can be attributed to 
the C–O bending vibration of CO3

2− [38–40]. The FTIR spectrum of SBC- 
850 confirms the successful conversion to porous carbon based on the 
disappearance of the O–H, C–O, and C–H vibration modes after calci-
nation (Fig. S2(iii)). 

The N2 adsorption–desorption isotherms of ZNH-130 show a type I 
isotherm similar to Zn-MOF-74 nanoparticles (Fig. S3a, c) [41]. The 
carbonized product, SBC-850 also displays a type I isotherm without a 
hysteresis loop, indicating its microporous nature (Fig. S3e). Moreover, 
the isotherm curves show a quick rise in the low-pressure region (P/P0 <

0.1), indicating that the bundle-like superstructures can be easily 
accessed by N2 gas molecules. Fig. S3b, d, and f show the pore size 
distribution curves of Zn-MOF-74, ZNH-130, and SBC-850 which are 
obtained using the non-local density functional theory (NLDFT) method. 
Both Zn-MOF-74 and ZNH-130 contain mostly micropores with a few 
mesopores (Fig. S3b, f) [42]. In comparison, SBC-850 shows the higher 
amount of mesopores caused by the decomposition of organic ligands 
and removal of Zn. The calculated BET surface areas for Zn-MOF-74, 

ZNH-130, and SBC-850 are 38.2, 612, and 1252 m2 g− 1, respectively. 
The high surface areas of ZNH-130 and SBC-850 imply that the bundle- 
like 3D superstructures are beneficial for exposing more surfaces to gas 
molecules. 

The formation mechanism was investigated by exploring the use of 
different modulators. First, the transformation process of the Zn-MOF-74 
was investigated without a modulator. The product obtained in the 
absence of any modulator consists of nanoparticles and short nanorods 
and the corresponding XRD pattern displays the peaks of Zn-MOF-74 
(Fig. 3a and Fig. 4(v)), matching well with the simulated pattern of 
Zn-MOF-74 (Fig. 4i) [43]. When a strong base, such as NaOH is used, the 
Zn-MOF-74 MOF collapses and assembles into ZnO microflowers 
(Fig. 3b and Fig. 4(vi)). When bicarbonates are employed, a Zn-based 
mixture (i.e., zinc carbonate hydroxide/zinc hydroxide/Zn-MOF-74 de-
rivative) with bundle-like superstructures composed of nanorods is ob-
tained (For NaHCO3: Fig. 3c and Fig. 4(vii); For KHCO3: Fig. 3d and 
Fig. 4(viii); For NH4HCO3: Fig. 3e and Fig. 4(ix)). This Zn-based mixture 
cannot be formed in pure water but is formed in bicarbonate-containing 
aqueous solutions, suggesting that the weak base plays a key role in the 
formation of the bundle-like structures. During the hydrothermal pro-
cess, bicarbonate can release CO2 via Eq. 1 [44], and the adsorption of 
CO2 can direct the oriented growth of the nanorods into the bundle-like 
structures [25]. The exact compositional determination of ZNH-130, 

Fig. 2. XPS survey spectra and high-resolution C 1s spectra of (a, b) Zn-MOF-74, (c, d) ZNH-130, and (e, f) SBC-850.  
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ZKH-130, and ZNH4H-130 is challenging due to the existence of several 
different phases and will be studied further in future work. When the 
bicarbonate is replaced with carbonate, the product consists only of 
nanorods which may be due to the high melting point of carbonate 
(Fig. 3f–h) [45,46]. 

2NaHCO3 →Δ Na2CO3 +H2O+CO2↑ (1)  

Na2CO3 +H2O→2NaOH +CO2↑ (2) 

To understand the formation process of the bundle-like superstruc-
tures, time-dependent experiments were carried out at 130 ◦C with so-
dium bicarbonate as the modulator. SEM images of these time- 
dependent products are presented in Fig. S4. The original Zn-MOF-74 
precursor consists of nanoparticles (Fig. S4a) and the product obtained 
with a reaction time of 0.5 also contains nanoparticles but with larger 
diameters of ~20–40 nm (Fig. S4b). The product obtained after 1 h is 
composed of a mixture of nanoparticles and some nanorods (Fig. S4c). 
However, only nanorods are observed after 2 h (Fig. S4d). With pro-
longed reaction time, these rod-like intermediates gradually self- 
assemble into bundle-like superstructures (Fig. S4e, f) and the yield of 
the product increases with the reaction time, reaching 78% after 24 h. 
The corresponding XRD patterns of these time-dependent products are 
given in Fig. S5. With increasing reaction time, the gradual conversion of 
Zn-MOF-74 to the ZNH hybrid is observed. 

To study the effect of temperature on the Zn complex formation, the 
synthesis process was also carried out at different temperatures, 
including 90 ◦C, 110 ◦C, and 130 ◦C. At a low temperature of 90 ◦C, the 
reaction fails to yield a product, implying that the transformation of Zn- 
MOF-74 is dependent on the reaction temperature. XRD analysis of the 

products obtained at different hydrothermal temperatures reveals that 
the ZNH hybrid is readily formed at 110 ◦C (Fig. S6(i)). The increase of 
reaction temperature from 110 to 130 ◦C only increases the relative peak 
intensities of ZNH (Fig. S6(ii)). The corresponding SEM images shown in 
Fig. S7 indicate the gradual decrease in the dimensions of the bundle- 
like superstructures with increasing temperature. In addition, the ef-
fect of solvent was also investigated by replacing water with other sol-
vents, such as methanol, ethanol, acetone, and DMF. However, only 
nanoparticles and nanoparticles/nanorods mixture are obtained when 
methanol and ethanol are used, respectively (Fig. S8a, b). In contrast, 
when acetone is used, some bundle-like superstructures are obtained but 
they are not as well-defined as those formed using water (Fig. S8c). 
However, only bulk MOF crystals are obtained with DMF as the solvent, 
as seen in Fig. S8d. These findings imply that the morphology of the 
products may be influenced by the solubility of bicarbonate in the 
different solvents. It is found that sodium bicarbonate is only soluble in 
water and hence, water is the optimum solvent for obtaining the bundle- 
like superstructures. Interestingly, XRD patterns of the products ob-
tained using these four solvents correspond to Zn-MOF-74 (and not ZNH 
as in the case of H2O) and the intensity of Zn-MOF-74 peaks is stronger 
when ethanol, acetone, and DMF are used compared to methanol 
(Fig. S9). We have also attempted to apply this method to Zn-BTC MOF 

Fig. 3. SEM images of the products obtained at 130 ◦C for 12 h by adding 
various modulators: (a) no modulator, (b) NaOH, (c) NaHCO3, (d) KHCO3, (e) 
NH4HCO3, (f) Na2CO3, (g) K2CO3, and (h) (NH4)2CO3. 

Fig. 4. The simulated XRD patterns for (i) Zn-MOF-74 (CCDC No. 645256), (ii) 
ε-Zn(OH)2 (ICSD No. 50447) (iii) Zn5(OH)6(CO3)2 (JCPDS No. 54-0047), (iv) 
ZnO (JCPDS No. 36-1451). XRD patterns of (v) Zn-MOF-74, products with 
various modulators: (vi) NaOH, (vii) NaHCO3, (viii) KHCO3, and (ix) NH4HCO3. 
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instead of Zn-MOF-74. However, only rod-like particles are obtained, as 
seen in Fig. S10. 

Similar to ZNH-130, the carbon product obtained from the carbon-
ization of ZNH-130 at 850 ◦C (labeled as SBC-850) also consists of 
bundle-like superstructures. This indicates the good structural stability 
of these bundle-like superstructures even after the HCl treatment. In 
some parts, a few cracks/voids are formed after calcination and HCl 
treatment (Fig. S11), which is most likely caused by the thermal 
decomposition of the inorganic zinc compounds and organic constitu-
ents in ZNH-130. A weight loss in the range of 60–70 wt% is observed in 
the calcination process from 500 to 900 ◦C, as confirmed by the TG data 
(Fig. S12). Previous studies have found that the hierarchical porous 
structure was beneficial for enhancing the electrochemical performance 
as it could lead to the exposure of more sites and faster ion transport 
[47–49]. Hence, the as-prepared bundle-like carbon superstructures 
were employed as electrode materials for supercapacitors. 

3.2. Electrochemical performance 

A conventional three-electrode system was employed to investigate 
the potential of SBC-850 as an electrode material for supercapacitors. As 
the specific capacitance is affected by the electrochemical stability 
window [50,51], three different types of electrolytes (1.0 M H2SO4 
(acidic), 1.0 M KOH (basic), and 1.0 M Na2SO4 (neutral)) [52,53] were 
used to provide a wider potential window. Using SBC-850 as the elec-
trode material, a high specific capacitance (Cs) of 270 F g− 1 is achieved 
in 1.0 M H2SO4 compared to 105 F g− 1 and 65.5  F g− 1 in 1.0 M Na2SO4 
and 1.0 M KOH, respectively (Fig. 5a, b). The higher Cs value of the SBC- 
850 electrode in 1.0 M H2SO4 may be attributed to the smaller ion radius 
(H+) than those of Na+ and K+ species, leading to better diffusion ki-
netics and low resistance. In addition, the highly porous nature and high 

surface area of SBC-850 can promote enhanced H+ diffusion and better 
electrolyte penetration [54]. For comparison, we have also calcined the 
samples obtained with different bicarbonate sources, reaction temper-
ature and time at 850 ◦C and compared their electrochemical perfor-
mance with that of SBC-850 by CV and GCD measurements (Fig. S13). 
Each MOF-derived sample exhibits a similar EDLC behavior as the 
pristine Zn-MOF-74. Among the calcined samples obtained with 
different bicarbonate sources (Fig. S13a, b), reaction temperature 
(Fig. S13c, d), and reaction time (Fig. S13e, f), SBC-850 shows the best 
electrochemical performance for supercapacitors. 

Furthermore, the electrochemical performance of SBC products ob-
tained at different calcination temperatures was also investigated by CV 
and GCD measurements in the voltage range of − 0.20–0.75 V. The SBC- 
850 electrode displays the maximum area under the CV curve, which 
accounts for its higher Cs value. The average CV enclosed areas related to 
the capacitance are in the order of SBC-850 > SBC-800 > SBC-750 >
SBC-900 > SBC-700 > SBC-650 > SBC-600 (Fig. 5c). A similar trend is 
observed in GCD curves of these SBC electrodes at 1 A g− 1 in the po-
tential range of − 0.20–0.75 V (Fig. 5d). Based on the above results, 1.0 
M H2SO4 is selected as the best electrolyte and the optimum electrode, 
SBC-850 is used for further studies. 

The CV curves of the SBC-850 electrode at different scan rates all 
display approximately rectangular shape without obvious redox peaks, 
which is consistent with the electrochemical double layer capacitance 
(EDLC) behavior of carbon-based materials in acidic electrolytes 
(Fig. 6a) [55]. GCD measurements were also conducted, and all the 
samples display regular triangular shapes at various current densities, 
indicating the good Coulombic efficiency and ideal capacitor behavior, 
consistent with the CV measurements (Fig. 6b) [56]. The specific 
capacitance values of the SBC-850 electrode are 270, 230, 220, 212, 
208, and 195 F g− 1 at current densities of 1, 2, 3, 4, 5, and 10 A g− 1, 

Fig. 5. (a) CV (scan rate: 10 mV s− 1) and (b) GCD curves of SBC-850 in different electrolytes (current densities: 1 A g− 1 g− 1, 1.0 M H2SO4, 1.0 M KOH, and 1.0 M 
Na2SO4). (c) CV (scan rate: 10 mV s− 1) and (d) GCD curves of SBC samples obtained at different temperatures from 600 to 900 ◦C (current densities: 1 A g− 1). 
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respectively (Fig. 6c). As seen in Table S2, the as-prepared SBC-850 
electrode exhibits superior electrochemical performance than many re-
ported MOF-derived carbons. The high specific capacitance of SBC-850 
may be attributed to its large specific surface area and the good inter-
connection of the bundle-like superstructures which can provide 
conductive pathways for ion transport [57]. This is supported by the 
electrochemical impedance spectroscopy (EIS) results of the as-prepared 
SBC electrodes as discussed below. 

The EIS measurements were conducted in the frequency range of 
100 kHz-0.01 Hz with a sinusoidal voltage of 5 mV at open circuit po-
tential. The Nyquist plot of the SBC-850 electrode is shown in Fig. 6d, 
showing a distorted semicircle in the high-frequency region and a 
straight line in the low-frequency region [58]. An equivalent circuit 
diagram of Randle’s model is displayed in the inset of Fig. 6d to simulate 
the impedance spectrum using the Z-view software [59]. The equivalent 
series resistance (RS) value is only 0.1 Ω for SBC-850, confirming its 
good conductivity. A low charge transfer resistance (Rct) (0.58 Ω) is also 
obtained after fitting. These results confirm the beneficial effect of the 
bundle-like superstructures for enhancing electron conduction and 
providing fast ion transport [60]. 

The cycling stability is a pivotal factor for determining the practi-
cality of an electrode material. The cyclability of the SBC-850 electrode 
was evaluated by GCD measurements at a high current density of 20.0 A 
g− 1. As seen in Fig. S14, the specific capacitance is maintained at over 
99% of its initial value after 10,000 cycles, indicating the excellent 
cycling stability of the SBC-850 electrode. XRD and SEM analyses were 
conducted on the SBC-850 electrode after 10,000 cycles. SEM images of 
the SBC-850 electrode after 10,000 cycles confirm the good structural 
stability of the bundle-like superstructures (Fig. S15). Furthermore, no 
new phases are identified in the XRD pattern of the SBC-850 electrode 
after cycling, thus confirming its good chemical stability (Fig. S16). 

To assess the feasibility of SBC-850 for practical applications, a 

symmetric supercapacitor was fabricated using SBC-850 as the positive 
and negative electrodes and 1.0 M H2SO4 as the electrolyte. The 
different operating voltage windows of the symmetric device were 
applied in CV curves at 10 mV s− 1 in Fig. 7a. When the upper limit of the 
voltage window exceeds 1.2 V, a dramatic polarization takes place. 
Therefore, an optimum operating voltage window of 0–1.2 V was 
selected for the electrochemical measurements of the symmetric 
supercapacitor. CV curves of the symmetric supercapacitor with 
different scan rates from 10 to 500 mV s− 1 are presented in Fig. 7b. The 
symmetric and quasi-rectangle CV curves show good capacitive prop-
erties, which is similar to the results obtained via the three-electrode 
test. Fig. 7c shows the GCD curves of the SBC-850//SBC-850 symmet-
ric supercapacitor showing a reasonably symmetric shape, indicating 
the good charge–discharge characteristics of this device. The Ragone 
plot shows that the energy density of this symmetric supercapacitor can 
reach 25.8 Wh kg− 1 at a power density of 2400 W kg− 1, which is higher 
than many previously reported symmetric supercapacitors, as seen in 
Fig. 7d and Table S2. 

4. Conclusions 

In summary, we have developed a “weak base-assisted hydrolysis” 
strategy combined with carbonization to convert Zn-MOF-74 into 
porous bundle-like carbon superstructures. The use of bicarbonates is 
found to favor the formation of bundle-like superstructures, while the 
use of a strong base, such as NaOH, favors the formation of flower-like 
morphology. The bundle-like ZNH-130 superstructures can be subse-
quently converted to porous carbon superstructures with a high specific 
surface area of 1252 m2 g− 1 following calcination at 850 ◦C under an Ar 
flow. Among the porous bundle-like carbon superstructures, the SBC- 
850 sample shows the highest high specific capacitance of 270 F g− 1 

at 1 A g− 1 in 1.0 M H2SO4 electrolyte. The symmetric supercapacitor 

Fig. 6. Electrochemical performance of the SBC-850 electrode. (a) CV curves at different scan rates. (b) GCD curves at various current densities. (c) Specific 
capacitance values at different current densities. (d) Nyquist plots in the frequency range of 0.01–100 kHz. (Inset shows the equivalent circuit for the Nyquist plots.). 
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assembled using SBC-850 as the positive and negative electrodes ex-
hibits a high energy density of 25.8 Wh kg− 1 at a power density of 2400 
W kg− 1. The superior electrochemical performance of the SBC-850 
electrode may be attributed to the high surface area and good inter-
connection of the bundle-like superstructures which allow for enhanced 
H+ diffusion and better electrolyte penetration (as evidenced by the EIS 
data). The presented strategy is expected to be useful for the future 
development of MOF-derived porous carbon superstructures for energy 
storage devices. 
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