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17 Abstract 

18 Green synthesis of two-dimensional metal-organic frameworks (2D MOFs) and their further modifications to 

19 hierarchical structures are of great interest in achieving sustainable and high-performing energy storage 

20 devices. However, the synthesis of 2D MOFs often accompanies complicated synthetic methods requiring 

21 modulators (e.g., templates and surfactants) or the interfacial growth strategy for anisotropic MOF 

22 growth. Moreover, 2D MOFs are prone to aggregation and restacking, thus losing accessible surface area and 

23 achieving only a limited performance for target applications. To address such challenges, this study 

24 demonstrates a recrystallization-guided structural phase transition of 2D MOF nanosheets to superstructural 

25 three-dimensional (3D) MOF exhibiting a flower-like morphology. This synthesis strategy is highly 

26 sustainable as it effectively omits the use of harmful modulators, allowing significantly reduced contamination 

27 with simpler separation processes. Besides, it also adds the versatility of MOFs in achieving various 

28 morphologies which is a critical aspect of control in obtaining greater capacity and durability for 

29 electrochemical applications. After carbonization, the microflower superstructural morphology 3D MOF is 

30 well retained with abundant active sites and hierarchical distribution of nanopores, enhancing electrolyte ion 

31 transport and demonstrating excellent performance as electrode materials for supercapacitors.

32

33 Keywords: Solvent effect; Structural phase transition; Ultrathin nanosheets; Microflower; Porous carbon; 

34 Supercapacitors
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36 1. Introduction

37 With an alarming global awareness to avoid the use of toxic chemicals, the research on green synthesis of 

38 materials has become inevitable in today’s hyperconnected society requiring an ever-increasing supply of 

39 advanced materials. In this context, a relatively recent type of porous crystalline materials known as metal-

40 organic frameworks (MOFs) have demonstrated their usefulness in various applications, including sensing, 

41 electrochemical energy conversion, electrochemical energy storage, and catalysis.1-7 

42 Among them, 2D MOFs are known to exhibit unique features of abundant exposed active sites, short diffusion 

43 pathways for electrolytes, and superior electrical conductivity for the applications.8-9 Their ultrathin, porous, 

44 and crystalline frameworks of coordinated organic linkers and metal nodes can be effectively synthesized by 

45 top-down and bottom-up strategies, which include ultrasonic stripping, lyophilization stripping, interface 

46 synthesis, surfactant-assisted synthesis, modulated synthesis, etc.10, 11 However, their 2D nature accompanies 

47 common structural limitations, including the loss of accessible surface area and active sites due to restacking 

48 and low electrochemical stability due to disproportionate chemical activity in their structure with edge sites 

49 being generally more active than basal planes.

50 To avoid such structural limitations of 2D MOFs, a concept of nanoarchitecturing is generally implemented 

51 in materials synthesis. For instance, Duan et al. reported in situ growth strategy to induce a vertical growth of 

52 ultrathin 2D MOF nanosheet in the form of arrays on Ni foam.12 This strategy effectively enhances the spatial 

53 separation of 2D MOF nanosheets, thus improving the catalytic activity for oxygen evolution reaction with 

54 more accessible active sites. Alternatively, Ran et al. demonstrated in situ interpenetration method to 

55 successfully integrate carbon nanotubes with carboxylate functional groups (C-CNTs) and ultrathin Ni-MOFs 

56 to avoid loss of active sites and electrochemical performance.13 More recently, Song et al. utilized an ice-

57 templating strategy to fabricate 2D layered MOF superstructures.14 In their strategy, individual MOF 

58 nanoparticles are forced by ice crystals to self-assemble into 2D superstructures with controllable number of 

59 layers. Since the resulting 2D layered MOF superstructures consist of numerous MOF nanoparticles, the 

60 restacking effect is significantly reduced due to the presence of interparticle space and relatively bumpier 

61 surface.

62 In addition to these methods, a recrystallization reaction has emerged as a powerful nanoarchitecturing 

63 approach.15-17 The strategy stems from the fact that weak coordination bonds between organic linkers and 

64 metal nodes in MOFs are susceptible to repeated bond breaking and forming under a specific condition (e.g., 

65 at high pressures and/or temperatures, the presence of additives, altered pH, etc.). Through repeated bond 

66 breaking and forming, dissolution-recrystallization process occurs to induce the growth of altered unit cell 

Page 3 of 21 Journal of Materials Chemistry A



4

67 structures with or without preferred orientations for further nanoarchitecturing.

68 The recrystallization strategy can be further refined using other crystal engineering methods (e.g., coordination 

69 modulation synthesis, protonation/deprotonation method, and surfactants/capping agents' modulation), to 

70 extend the nucleation phase through competitive coordination of the metal nodes, lowering solution pH to 

71 inhibit ligand deprotonation or adsorption of amphiphiles on special crystal facets.18-20 As the prolonged 

72 nucleation phase is associated with the increased number of smaller MOF crystals, MOF recrystallization with 

73 alternative crystal engineering holds a great potential for developing superstructures. However, the use of 

74 additives not only compromises the green synthesis of materials but also may serve as a new ligand component 

75 or capping agent, leading to uncertain impacts on the overall physicochemical properties of products.21, 22

76 Generally, different solvents are known to affect the nucleation and growth of MOFs depending on their 

77 compositions, physical and chemical properties [e.g., hard and soft acids and bases (HSAB) theory, polarity, 

78 ability to form hydrogen bonds], and volume (precursor concentration). In addition, some insights have 

79 revealed that the solvent can serve as a weak ligand in frameworks and also as a surfactant to preferentially 

80 adsorb on the crystal surfaces to accelerate or inhibit the growth of crystal faces, resulting in abundant 

81 morphology.23-25 As our previous studies demonstrated that alcohols (amphiphilic molecules) can perform a 

82 dual role of facet-masking agent and modulator, we present a simple and green synthetic strategy for 2D MOFs 

83 and their recrystallized microflower superstructure using only alcohol molecules as the solvent and 

84 modulator.4, 26

85 Herein, this work presents the solvent-assisted structural phase transition strategy to obtain microflower 

86 superstructural Zn-based MOF (Zn-MOF). The effect of the carbon chain length of alcohol on the formation 

87 of microflower superstructure via the recrystallization process is stipulated, and various structures (e.g., 

88 microflowers, cellular particles, and lamellar structures) can be derived by different alcohol species. The study 

89 demonstrates that the HSAB theory is responsible for the successful recrystallization to microflower 

90 superstructure. 2D Zn-MOF precursor (Zn-BDC-NH2 denoted as P-ZBN) was successfully recrystallized in 

91 methanol (CH3OH) to the microflower superstructure (ZBN-M), which was finally converted to its 

92 carbonaceous form (ZBN-M-900) by a direct-carbonization process at 900 ºC. With a combined effect 

93 between the recrystallized microflower superstructure and enhanced nanoporosity, ZBN-M-900 serves as a 

94 high-performance supercapacitor electrode material. Specifically, the microflower superstructures effectively 

95 provide larger reservoir and contact area for the electrolyte ions, thus improving the adsorption speed and the 

96 transmission of electrolyte ions. Given this, ZBN-M-900 demonstrates good rate capacity and high energy 

97 density performance in a symmetric supercapacitor device.
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98

99 2. Results and discussion

100 2.1. Preparation and characterization of Zn-based MOFs 

101 Microflower superstructural Zn-based MOFs (ZBN-M) were synthesized via a simple two-step method as 

102 shown in Fig. 1a. In a typical synthesis, the Zn-BDC-NH2 precursor (P-ZBN) was initially prepared by mixing 

103 2-aminoterephthalic acid (BDC-NH2) and Zn acetate dihydrate in CH3OH and sonicating the solution for half 

104 an hour. Subsequently, P-ZBN was subjected to solvothermal treatment in CH3OH at 130 ºC to induce a partial 

105 dissolution of P-ZBN and a following recrystallization to form highly homogeneous flower-like structures 

106 (denoted as ZBN-M). The as-prepared P-ZBN has an irregular flake structure with a mean diameter of 0.50 

107 μm and a thickness of around 3.50 nm as determined by the scanning electron microscope (SEM) and atomic 

108 force microscope (AFM), respectively (Fig. 1b and Fig. S1). After the solvothermal treatment, P-ZBN 

109 successfully transforms into ZBN-M. The SEM and transmission electron microscope (TEM) images of ZBN-

110 M demonstrate a mean diameter of 2.17 μm with exposed surface and internal structure consisting of highly 

111 interlaced nanosheets (Fig. 1c-g and Fig. S2). The elemental mapping of ZBN-M reveals that carbon, nitrogen, 

112 oxygen and zinc atoms are homogeneously distributed throughout the structure, indicating that the 

113 recrystallization process occurs homogenously (Fig. 1h).
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114

115 Fig. 1 (a) Schematic description for the preparation of flower-like Zn-based MOFs and derivates. SEM images 

116 of (a) P-ZBN, (c-d) ZBN-M. (e-g) TEM images and (h) EDS-elemental mapping of ZBN-M.

117

118 Based on the nitrogen sorption isotherms, specific surface area calculated by Brunauer–Emmett–Teller (BET) 

119 method (SBET) for ZBN-M is 71.6 m2 g-1, which is 4.16 times greater than that of P-ZBN (17.2 m2 g-1), thus 

120 demonstrating the benefit of morphological transformation to flower-like structure to prevent serious 

121 restacking of pristine nanosheet structure (Fig. S3). As can be envisaged from morphology, ZBN-M has a 

122 significantly greater uptake of nitrogen at high P/P0 above 0.8 due to their large interparticle space between 

123 interlaced nanosheets.27 In addition to Fourier transform infrared spectroscopy (FTIR) analysis (Fig. S4), X-

124 ray photoelectron spectroscopy (XPS) analysis was performed. From XPS analysis, Zn, C, N, and O atoms 

125 are identified in ZBN-M (Fig. S5a). The deconvolution of the C 1 s spectrum presents three peaks at 284.7, 

126 285.7, and 288.6 eV, which were assigned to the C-C, C-N, and C=O bonds of ZBN-M, respectively (Fig. 

127 S5b).28 The N 1s spectrum was deconvoluted into two superimposed peaks at 399.4 eV and 400.4 eV, 
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128 corresponding to the free amine and coordinated amine groups, respectively (Fig. S5c).29

129

130 2.2. Mechanistic study of the formation process of ZBN-M

131 To explore the mechanism behind the formation of ZBN-M, a series of experiments were carried out for 

132 various parameters such as solvent type, reaction time and temperature. First, the change in the crystal 

133 structure of P-ZBN to ZBN-M depending on the solvothermal reaction time was studied by X-ray diffraction 

134 (XRD) analysis. Based on the XRD spectra, the diffraction peaks of P-ZBN match well with the simulated 

135 diffraction patterns of Zn-BDC-NH2 (CCDC Number: 607821) (Fig. 2a-i and 2-iii).30 As P-ZBN undergoes 

136 the solvothermal reaction in CH3OH at 130 ºC, its crystal structure gradually shifts to alternative form of Zn-

137 BDC-NH2 (CCDC Number: 1943053) (Fig. 2a-ii).31, 32 Specifically, after 1 hour of the solvothermal reaction, 

138 a mixed diffraction pattern involving peaks for both types of Zn-BDC-NH2 is observed, indicating the 

139 occurrence of dissolution-recrystallization process (Fig. 2a-iv). After 3.5 hours, the diffraction peaks for Zn-

140 BDC-NH2 (CCDC Number: 607821) disappear while that of Zn-BDC-NH2 (CCDC Number: 1943053) 

141 become broadened, especially for the (4 0 0) and (1 1 1) crystallographic planes, potentially due to the 

142 nanocrystalline nature of ZBN-M (Fig. 2a-v and 2a-vi). 

143 Based on the HSAB theory, MOFs that are formed by the weak coordination bond between Zn2+ (borderline 

144 Lewis acid) and carboxylate linkers (hard Lewis acids) are not chemically stable, hence more susceptible 

145 toward the reconstruction of their crystal structure into via bond breaking and reforming.26, 33 Specifically, P-

146 ZBN exhibits a monoclinic system with P21/c space group with Zn(II) centers displaying a distorted ZnNO5 

147 octahedral geometry, where the equatorial sites are occupied by two water molecules and other sites by either 

148 amine group or bidentate carboxylate group (Fig. 2b). As a type of amphiphilic molecule, CH3OH can diffuse 

149 and adsorb to the internal surface of P-ZBN. During its diffusion, CH3OH undergoes a deprotonation to CH3O-, 

150 making the local environment a weakly acidic and inducing the oscillations of Zn–O bonds around the Zn–Zn 

151 node.34 Then, the as-formed CH3O- can serve as a Lewis base to disrupt the weak metal-ligand bond (Zn-O) 

152 and coordinate with the Zn-O octahedral cluster, triggering the ligand exchange with H2O and BDC-NH2
2-. 

153 Under solvothermal conditions, this ligand exchange facilitates the structure collapse and dissolution of the 

154 precursor. Meanwhile, the solubility of polar BDC-NH2
2- decreases as its concentration increases to reduce 

155 the polarity of the solvent and tends to re-coordinate with Zn(II) center and form O-Zn-N tetrahedral 

156 coordination and transform into alternative monoclinic system with Cc space group. This dissolution-

157 recrystallization with the repeating ligand exchange process induces the transformation of P-ZBM to ZBN-M 

158 with and ZBN-M nucleation and growth on the surface of P-ZBN. Based on the refined XRD spectra, a 
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159 structural phase transition from P21/c space group (CCDC Number: 607821) to Cc space group (CCDC 

160 Number: 1943053) is observed upon the prolonged solvothermal reaction in CH3OH (Fig. S6a-d). Specifically, 

161 99.71% of P21/c space group and 0.29% of Cc space group in P-ZBN undergo the structural phase transition 

162 99.84% of Cc space group and 0.16% of P21/c space group in ZBN-M (Fig. S6e). Along with the phase 

163 transition in crystal structures during the solvothermal treatment in CH3OH, the morphological evolution 

164 of ZBN-M is confirmed by SEM images. It is observed that P-ZBN first undergoes dissolution to form 

165 irregular spherical aggregates after 0.5 h of solvothermal treatment in CH3OH (Fig. S7). It then transforms 

166 into an initial flower-like structure after 1.5 h (Fig. 2c and 2d), which further evolves to the primary 

167 microflower superstructure after 6 hours (Fig. 2e and 2f). Next, the effect of solvothermal reaction 

168 temperatures on the morphological evolution of ZBN-M were investigated. Though no obvious morphological 

169 change from that of P-ZBN is observed at a relatively low temperature of 90 ℃, the microflower superstructure 

170 appears at elevated temperatures from 110 ℃ (Fig. 2g-i and g-ii). At 130 ℃, highly spherical and homogeneous 

171 microflower superstructure is achieved by ZBN-M (Fig. 2g-iii). Further increase in temperature to 150 ℃ 

172 results in the morphological distortion, favoring an anisotropic crystal growth (Fig. 2g-iv). 

173 To broaden the understanding behind the successful formation of microflower superstructure, we then 

174 investigated the effect of different solvents in the dissolution-recrystallization of P-ZBN as it can affect the 

175 coordination interaction of metal nodes and organic ligands during solvothermal reactions. With typical 

176 aprotic solvents (DMF, acetone and toluene) or water as a typical protic solvent for the solvothermal reactions 

177 at 130 ºC, the desired microflower superstructure of ZBN-M is not achieved (Fig. S8). Furthermore, the length 

178 of nonpolar carbon chain of alcohol is also found to influence morphological evolution during the 

179 solvothermal reaction. Specifically, methanol (CH3OH), ethanol (C2H5OH), 1-propanol (C3H7OH), butyl 

180 alcohol (C4H9OH), hexyl alcohol (C6H13OH), 1-octanol (C8H17OH) and 1-decanol (C10H21OH) were 

181 implemented and their resulting solvothermal products are presented by the SEM images (Fig. 2h). 

182 Interestingly, only CH3OH successfully produced microflower superstructure (Fig. 2g-iii) while the products 

183 of other alcohol solvents demonstrate a foliated structure at a varied degree depending on the length of 

184 nonpolar carbon chain (Fig. 2h). It is inferred that the morphological change of the respective product is caused 

185 as the solubility of the polar BDC-NH2 tends to increase as the length of nonpolar carbon chain decreases in 

186 the order of C10H21OH < C8H17OH < C6H13OH < C4H9OH < C3H7OH < C2H5OH < CH3OH.32 
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187
188 Fig. 2 The simulated XRD patterns for Zn-BDC-NH2 from CCDC Number: (a-i) 607821 and (a-ii) 1943053. 

189 The measured XRD patterns for (a-iii) P-ZBN, (a-iv) ZBN-M-1.0h, (a-v) ZBN-M-3.5h and (a-vi) ZBN-M. (b) 

190 Schematic description of recrystallization process with simulated crystal structures of P-ZBN to ZBN-M. SEM 

191 images of ZBN-M synthesized in methanol at 130 ℃ for (c) 1.5 h, (d) 3.5 h, (e) 6.0 h and (f) 24 hr. SEM 

192 images of ZBN-M synthesized in methanol at (g-i) 90 ℃, (g-ii) 110 ℃, (g-iii) 130 ℃ and (g-iv) 150 ℃. SEM 

193 images of solvothermal products synthesized in (h-i) C2H5OH, (h-ii) C3H7OH, (h-iii) C4H9OH, (h-iv) 

194 C6H13OH, (h-v) C8H17OH and (h-vi) C10H21OH.

195

196 2.3. Preparation of microflower superstructural carbon derived from ZBN-M

197 Since MOFs are commonly subjected to a pyrolysis process to obtain MOF-derived porous carbons which 

198 have high porosity and large surface area, we further investigated the thermal conversion of ZBN-M to its 

199 carbonaceous forms and their potential as an electrode material for supercapacitors. Though carbon materials 

200 derived from 2D MOFs are expected to offer advantages such as greater structural flexibility, good electrical 

201 conductivity, and exposed surface-active sites, they are increasingly more susceptible to restacking due to the 

202 anisotropic nature with high interfacial adhesion energy.35 The microflower superstructure of ZBN-M 
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203 obtained through recrystallization process, on the other hand, exhibits highly foliated 2D MOF nanosheets 

204 assembled into a single particle, thus potentially reducing the restacking effect and benefit as a supercapacitor 

205 electrode material. Herein, ZBN-M was carbonized directly at 900 ºC under N2 atmosphere to synthesize its 

206 carbonaceous form doped with nitrogen heteroatoms (denoted as ZBN-M-900) (Fig. 3a).

207 From the SEM image, ZBN-M-900 successfully inherits the microflower superstructure of its precursor ZBN-

208 M (Fig. 3b and Fig. 3c). However, its mean diameter is 1.00 μm which is smaller than that of its precursor 

209 ZBN-M (2.17 μm) (Fig. S2 and S9). Such reduction in the size of carbon particle is potentially due to the 

210 thermal shrinkage of the structure caused by the decomposing BDC-NH2 linkers and evaporating Zn atoms at 

211 a high annealing temperature of 900 ºC.36 TEM images of ZBN-M-900 indicate the formation of hollow center 

212 covered by ultrathin amorphous carbon nanosheets with abundant micropores (Fig. 3d-f). From elemental 

213 mapping, it is clear that ZBN-M-900 is heteroatom-doped with N and O atoms throughout its structure (Fig. 

214 3g). Based on the thermogravimetric analysis, specific stages involved in the carbonization process of ZBN-

215 M are better elucidated (Fig. S12). An initial slight decrease in the weight to 96.80% at 81.1 ºC is mostly 

216 caused by the removal of adsorbed water molecules in the pores. In the temperature range between 311.1 ºC 

217 and 498.5 ºC, a substantial decrease in the weight of 54.10% is noted. Such dramatic weight loss is caused by 

218 the thermal decomposition of BDC-NH2 linkers. The following loss of 6.61% from 498.5 ºC and 699.9 ºC can 

219 be assigned to the continued decomposition of remaining BDC-NH2 linkers and thermal evaporation of Zn 

220 atoms at such elevated annealing temperatures. Overall, there is a total weight loss of 66.63% at 1000 ℃, 

221 indicating a clear collapse and rearrangement of ZBN-M to shrink its size.

222 In addition, various ZBN-M-x (where x denotes the carbonization temperature at 800, 850, 900, 950 and 1000 

223 ºC) were prepared at different carbonization temperatures to understand the effect of carbonization 

224 temperature on the morphological changes. Their SEM images demonstrate similar microflower 

225 nanoarchitecture despite being subjected to different carbonization temperatures (Fig. S14). In terms of carbon 

226 microstructure, they are highly amorphous in nature as their XRD spectra exhibit only a broad peak at ~25º 

227 corresponding to (0 0 2) lattice plane of graphite appears (Fig. S15a). As the level of graphitization of carbon 

228 materials can be inferred by the intensity ratio between D and G bands (ID/IG) in the Raman spectrum, ID/IG -

229 values of ZBN-M-x were obtained.35, 36 Their ID/IG values corroborate diffraction pattern and further confirm 

230 their amorphous nature (Fig. S15b).

231 According to the physisorption behavior for N2 in an isothermal condition, porous structures of ZBN-M-x are 

232 highly hierarchical in nature consisting of micro- meso- and macropores. Specifically, the isotherms of ZBN-

233 M-x (x = 800, 850, 900, 950 and 1000) exhibit large initial N2 uptake volume at P/P0 below 0.05, indicating 
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234 the presence of abundant micropores (Fig. 3h and Fig. S16). The physisorption behavior of ZBN-M-x well 

235 reflects the morphological observation as evidenced by an exceptional increase in their SBET (above 1000 m2 

236 g-1) from that of its precursor ZBN-M achieving SBET value of only 71.6 m2 g-1, largely due to the formation 

237 of additional micropores by thermal decomposition of BDC-NH2 linkers and evaporating Zn atoms passing 

238 through the carbon matrix.36

239 After carbonization, a noticeable decrease in the amount of heteroatom N and O is observed for ZBN-M-900 

240 as compared to its precursor ZBN-M (Fig. S5 and Fig. S13) mainly due to the thermal decomposition and 

241 oxidation of the BDC-NH2 ligand. From the deconvoluted high-resolution XPS spectra for C 1s and N 1s of 

242 ZBN-M-900, it is noted that the carbon matrix involves pyridinic-N (398.3 eV), pyrrolic-N (399.6 eV), and 

243 graphitic-N (401.0 eV), which are known to be beneficial for electrode materials for supercapacitors as they 

244 contribute to increase the wettability and electrical conductivity (Fig. 3i and 3j).37-39

245
246 Fig. 3. (a) Schematic description of microflower superstructure and carbon matrix with heteroatoms of ZBN-

247 M-900. (b, c) SEM images of ZBN-M-900. (d-f) TEM images of ZBN-M-900. (g) EDS mapping of ZBN-M-

248 900. (h) N2 adsorption/desorption isotherms of ZBN-M-900. High-resolution XPS spectra of ZBN-M-900 for 

249 (i) C 1s and (j) N 1s.

250

251 2.4. Electrochemical analysis of microflower superstructural carbon derived from ZBN-M

252  
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253 The electrochemical performance of ZBN-M-900 were first investigated in 1.0 M H2SO4, 1.0 M Na2SO4, and 

254 1.0 M KOH by cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) to evaluate the electrolyte 

255 effect on the specific capacitance. As shown in Fig. S17, the highest specific capacitance of samples calculated 

256 from the GCD measurement are 292 F g-1 in 1.0 M H2SO4, 118 F g-1 in 1.0 M Na2SO4 and 186 F g-1 and 1.0 

257 M KOH, which may be attributed to the hydrated ionic radius, ionic mobility, and molar ionic conductivity of 

258 the three electrolytes.40, 41 Next, the influence of carbonization temperature on the electrochemical 

259 performance was studied with ZBN-M-x obtained at different carbonization temperatures (i.e., 800, 850, 900, 

260 950 and 1000 ºC) in 1.0 M H2SO4 (Fig. S18). Among ZBN-M-x, ZBN-M-900 achieves the largest area and 

261 the longest charge-discharge time in the CV and GCD curves, respectively, indicating that it successfully 

262 generates greater specific capacitance than others synthesized at varied temperatures from 800 to 1000 °C. 

263 Furthermore, ZBN-M-900 is found to outperform specific capacitance of other carbon materials obtained at 

264 900 °C whose precursors were synthesized by varying solvothermal conditions (e.g., type of solvent, 

265 temperature and time), therefore successfully highlighting the advantage of hierarchical microflower 

266 structures to enhance ionic migration through the electrode (Fig. S19).42

267 With this, more in-depth electrochemical analysis was conducted for ZBN-M-900 by CV, GCD, and 

268 electrochemical impedance spectroscopy (EIS) in 1.0 M H2SO4. As shown in Fig. 4a, the CV curves of ZBN-

269 M-900 display typical quasi-rectangular shapes with reversible redox peaks between 0.2 and 0.4 V at various 

270 scan rates from 1 to 20 mV s-1. The redox peaks may be ascribed to the reduction/oxidation of quinone-type 

271 oxygen, contributing to a certain level of pseudocapacitance to exhibit a hybrid energy storage mechanism.43-

272 45 To get further insight for the energy storage behavior of ZBN-M-900, CV curves were further analyzed to 

273 distinguish the relative contributions of a diffusion-controlled process and a surface adsorption-controlled 

274 process by calculating b-values based on the following equation: i = aνb, where i is the peak current intensity, 

275 ν is the scan rate, a and b are adjustable constants.26 The anodic and cathodic b-values are 0.95 and 0.90, 

276 respectively, from which it can be inferred that the energy storage behavior of ZBN-M-900 is mainly 

277 contributed by the surface-controlled adsorption process. The relative proportion of typical capacitive 

278 contribution to total energy storage capacity can be determined by following equation: i(V) = k1v + k1v1/2, 

279 where i is the total current intensity and k1v and k1v1/2 reflect the capacitive and diffusion-controlled charge 

280 storage, respectively.45 As shown in Fig. 4d, the capacitive proportion increases with the scan rate, revealing 

281 that the capacitive behavior dominates the total capacitance of the ZBN-M-900 electrode at high scan rates. 

282 Though the electro-oxidation of N species in the carbon matrix is expected to contribute to the 

283 pseudocapacitance behavior, the high-temperature annealing process causes the breaking of C-N bonds and 
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284 form NOx (C-C: 370 kJ mol-1; C-N: 305 kJ mol-1).46 Therefore, only a limited content of N species remains 

285 doped in ZBN-M-900, leading to low diffusion-controlled charge storage.

286 The GCD curves of ZBN-M-900 (Fig. 4e) present nearly symmetrical triangular-like profiles with comparable 

287 charge and discharge times, indicating excellent coulombic efficiency.47 According to the GCD curves, the 

288 specific capacitance values at 0.5, 1, 2, 3, 4, 5, and 10 A g-1 are 308.25, 292.4, 275.2, 267, 261.2, 257, and 243 

289 F g-1, respectively (Fig. 4f). To offer more extensive comparison in the effect of nanoarchitecture on 

290 electrochemical performance, IRMOF-3-derived carbon obtained at 900 ºC (IRMOF-3-900), exhibiting a bulk 

291 morphology in the micrometer scale, was synthesized (Fig. S20a-d).48 Specifically, IRMOF-3-900 achieves 

292 specific capacitance of 227, 215, 196, 189, 184, 178, and 166 F g-1 at 0.5, 1, 2, 3, 4, 5, and 10 A g-1, respectively, 

293 which are significantly lower than that of ZBN-M-900 at the corresponding current density (Fig. S20e-g). Due 

294 to the unique microflower-like structures with hierarchical porous structures, leading to rapid ion 

295 diffusion/storage behavior, ZBN-M-900 presents good rate capability at high current density.49

296 According to the EIS analysis, the Nyquist plot of ZBN-M-900 presents a quasi-vertical line in the low-

297 frequency region, indicating nearly ideal capacitive properties (Fig. 4g). The calculated equivalent series 

298 resistance (RS) and charge transfer resistance (RCT) are 0.84 Ω and 0.29 Ω, respectively, demonstrating a good 

299 conductivity of the ZBN-M-900 electrode. The cycle life of active materials was evaluated with the GCD test 

300 for 10000 cycles at 10 A g-1 and shown in Fig. 4h. The specific capacitance retention rate of the ZBN-M-900 

301 electrode material is 98.46% after the test cycles, indicating extraordinary charge-discharge reversibility. This 

302 was confirmed by SEM images (Fig. S21) and XRD analyses (Fig. S22) characterized before and after long-

303 term cycles, showing that there are no significant changes in the active material after the long cycling process.
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304

305 Fig. 4. Electrochemical performances of ZBN-M-900 in a three-electrode configurations using 1 M H2SO. (a) 

306 CV curves at scan rates from 1 mV s-1 to 20 mV-1. (b) Plots of the log i of the cathode and anodic peak versus 

307 the log v. (c) Capacitive and diffusion contribution ratio at a scan rate of 5 mV s-1. (d) Comparison of diffusion 

308 and capacitive ratios at scan rates from 1 mV s-1 to 50 mV-1. (e) GCD curves and (f) specific capacitances at 

309 varying current densities. (g) Nyquist plots and the equivalent circuit. (h) Cycle test at a current density of 10 

310 A g-1 (Inset: the first and last 20 cycles of 10,000 cycles).

311

312 To investigate the practical application of ZBN-M-900, a symmetric supercapacitor (SSC) was fabricated with 

313 1 M H2SO4 electrolyte. When the CV curves of ZBN-M-900 in SSC were measured at a scan rate of 10 mV 

314 s-1 in various potential windows from -0.4 V to 2.0 V, no distinct increment of anodic current is observed 

315 when the potential window is set between -0.4 V and 1.4 V (Fig. 5a). For the subsequent SSC evaluation, the 

316 potential window of -0.4 V to 1.4 V was therefore applied. At this voltage window, the quasi-rectangular 

317 shape is well maintained in CV curves at increasing scan rates from 1 mV s-1 to 100 mV s-1, demonstrating 

318 the fast charge-discharge reversibility of the SSC (Fig. 5b). From the GCD curves of the SSC measured at 

319 different current densities from 0.5 A g-1 to 10 A g-1, a reasonably symmetric shape between the charge and 

320 discharge curves is observed, indicating a nearly ideal capacitive behavior as in the three-electrode 

321 measurements (Fig. 5c). Next, the Ragone plots of the fabricated ZBN-M-900//ZBN-M-900 SSC are 

322 compared to relevant reported data (Fig. 5d). Specifically, it exhibits a high energy density of 43.29 Wh kg-
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323 1 with a power density of 449.98 W kg-1 at a current density of 0.5A g-1, which is superior to some recently 

324 reported SSC devices.49-54 ZBN-M-900//ZBN-M-900 SSC also demonstrates highly stable cycling 

325 performance with only 0.6% decrease in capacitance after 10000 charge-discharge processes (Fig. S23).

326

327 Fig. 5. Electrochemical performances of ZBN-M-900 for symmetric capacitors. (a) CV curves at various 

328 potential ranges. (b) CV curves and (c) GCD curves at different scan rates and current densities. (d) Ragone 

329 plots and reported other carbon-based SSC.

330

331 Conclusion

332 In summary, a solvent-assisted structural phase transition strategy successfully facilitates the morphological 

333 shift from 2D P-ZBN nanosheets to microflower superstructured ZBN-M via solvothermal dissolution-

334 recrystallization in methanol. The as-synthesized microflower superstructured ZBN-M consists of numerous 

335 ultrathin nanosheets randomly arranged into microspheres. This work explicitly reveals that the morphological 

336 shift of P-ZBN via the solvent-assisted structural phase transition is highly dependent on solvothermal 

337 conditions (e.g., solvent type, temperature, time). Due to the unique hierarchical superstructure, ZBN-M 

338 exhibits highly exposed surfaces with accessible active sites. Under carbonization conditions, the microflower 

339 superstructured ZBN-M undergo thermal conversion to its carbonaceous form that displays hierarchical 

340 porosity with abundant mesopores and macropores, thus further improving the surface area and activity sites 

341 for fast charge and ion transport and resulting in high capacitance. We envision that the present synthetic 

342 strategy for MOF nanoarchitecturing is potentially applicable to other types of MOFs to achieve novel 

343 morphologies and functionalities to benefit targeted applications.

344
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