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Presently, a porous carbons (PC) derived from Metal-organic framework (MOF) has shown ewith 

excellent electrochemical performance for supercapacitor due to their special morphology and richly 

micro/mesoporous structure. Here a new activated PC (APC) derived from Al-MOF is reported via 

facile combined carbonization and KOH treatment. It is found that the morphology of Al-MOF is 

influenced by the different compositions of solutions. The shape of Al-MOF was gradually 

transformed from spherical to hexagonal by the addition of DMF content. The carbon electrode 

provides an advantageous specific capacitance (SC) of 342 F g-1 at 1 A g-1 in the 3 electrode system. 

Correspondingly, it also exhibits excellent durability with superior capacitance retention of 96% after 

150,000 cycles at 50 A g-1. This work suggests a new strategy to prepare electrode material with 

extreme performance for energy storage. 
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1. INTRODUCTION 

 

In recent years, many researchers have focused on developing new energy storage materials 

with renewable features and excellent properties due to the severe problems of environmental pollution 

by the massive consumption of fossil energy [1-4]. Supercapacitors have attracted wide attention due 

to their high power density, excellent durability, and low maintenance costs[5-7]. Supercapacitors are 

generally divided into electric double-layer capacitors (EDLC) and pseudocapacitors based on the 

charge and discharge mechanism. The former stores the charges on the interface of electrolyte and 

active material and oxidation-reduction reactions of the latter[8-10]. However, supercapacitors have 

certain practical limitations, such as safety being more challenging to control due to too fast charging 

speed and high discharge efficiency, which ultimately affects their practical application[11]. Recently, 
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porous carbons are high-quality electrode materials widely used in supercapacitors due to their 

excellent properties, such as tunable porous frameworks, high electrical conductivity, and excellent 

chemical stability. In previous research work, researchers used carbon nanotubes, carbon fibers, and 

carbon nanospheres as materials for supercapacitors[12-16]. 

MOFs are mainly constructed by coordinate bonds between metal ions and organic ligands, 

which serve as connection points and supporting frameworks, respectively[17-21]. Generally, MOFs 

have excellent thermal and chemical stability due to their strong carbon-carbon and metal-carbon 

bonding. Based on these excellent properties, MOFs and their derivatives have shown unique 

application prospects in many fields, such as energy storage and gas separation. [22-26]. Among these 

applications, MOF-derived APC has been employed as electrode materials for supercapacitors due to 

its advantages of higher specific surface area and rich porous structure, increased adsorption capacity 

and environmental protection. These beauties are very suitable for the penetration of electrolyte and 

electrolyte ions, leading to the enhanced performance of supercapacitors[27-30]. Aluminum (Al) is the 

most abundant metal element in the earth's crust. The research on new Al-MOF and the relevant APC 

is expected to reduce the cost of APC and increase the high-performance of supercapacitors [31].  

In the present study, we proposed a new synthetic method of MOFs with different shapes using 

Al(NO3)3•9H2O and Trimesic acid (BTC) as the starting materials under the adjustion of reaction times, 

temperatures, and solvents composition of the water, ethanol, and DMF. It is found that the shape of 

the Al-MOF was gradually transformed from spherical to hexagonal after adding the different dosages 

of DMF in the solvent. Subsequently, APC with a high specific surface area (SSA) was synthesized via 

the carbonization and activation of optimal Al-BTC. Furthermore, the APC supplied superior specific 

capacitances (SCs) of 324 and 252 F g-1 at current densities of 1 and 50 A g-1, showing excellent rate 

performance. Additionally, it has superb cycling stability with satisfactory capacitance retention of 

96% after 150,000 cycles at 50 A g-1. This study shows that APC is a high-quality electrode material 

for supercapacitors with enhanced electrochemical properties. 

 

 

 

2. EXPERIMENTAL SECTION 

2.1. Preparation of porous carbon from Al-BTC 

All chemicals were analytical reagent grade in the experiment. Firstly, 1.397 g of Al 

(NO3)3•9H2O and 0.525 g of BTC were put into a 100 mL reaction vessel liner, 1:1:1 ethanol, 

deionized water, and DMF were added and kept stirring for 30 min. Subsequently, the solution was 

placed into an oven and heated at 130°C for 12 h. After that, The resultant product (marked as Al-

BTC) was centrifuged 3-4 times with deionized water and ethanol to remove impurities and dried in 

the oven at 60℃ overnight. Afterward, the dried Al-BTC was set out in a nickel boat. It was heated at 

800℃in a nitrogen protected tube furnace for 2 h. Then, the resultant was micro-boiled with a 6 mol L-

1 KOH solution for 1 h to remove metal ions, marked as Al-BTC-C. Finally, it was filtered and dried 

after it was cooled to obtain PC.  
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Figure 1. Schematic illustration of the preparation of APC-800 

 

Finally, the chemical activation was executed by mixing the prepared sample and KOH with 

1:3 mass ratios. It was directly activated in a nitrogen-filled tube furnace at 800 °C for 1 h. The 

resultant product denoted as APC-800 was washed with deionized water and dried for later use. The 

schematic illustration of the preparation of APC-800 is displayed in Fig. 1. 

 

2.2. Characterization techniques 

The surface morphology and crystalline structure of the obtained carbon samples are 

characterized by characterization techniques such as SEM, HR-TEM, XRD, Raman, BET and XPS. 

 

2.3. Electrochemical analysis 

For the making of the working electrode: 100mg APC-800 and 25mg expanded graphite was 

ground fully for 20 min, then added 25mg of PTFE (feeding ratio is 4: 1: 1), continue to grind until 

pressed into a thin sheet. The sheet was further pressed by a roller press until the thickness of the sheet 

was 50µm. A piece of 1×1 cm2 size was cut and pressed on nickel foam with a tablet press machine, 

and welded with nickel wire to get a carbon working electrode. 

The electrochemical test was performed under a 3-electrode system which contains a reference 

electrode of Zn/ZnO electrode, carbon working electrode, and a 1×1 cm2 nickel ring as the counter 

electrode, 6M KOH solution as electrolyte. Galvanostatic charge-discharge (GCD) and cyclic 

voltammetry (CV) were investigated in the potential range of 0.4 - 1.4 V (vs. Zn/ZnO) by a LAND 
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3001A battery test system and CHI760D electrochemical workstation, respectively. The specific 

capacitances are calculated from the GCD curves according to the following equation: 

C=It/mV                                                           (1) 

Here, C, t, I and V represent the specific capacitance (F g-1), discharge time(s), discharge 

current (A) and voltage interval (V) of the APC, respectively.  

 

 

3. RESULT AND DISCUSSION 

3.1. Material morphology and structural characterization 

As shown in Fig. 2, the contained elements of Al-BTC, Al2O3/C, Al-BTC-C and APC-800 

were analyzed by element mapping analysis. As seen from Fig.2a, Al-BTC includes a mass of O, C 

and Al elements. The elements of Al and O are significantly reduced by the KOH treatment and 

activation of APC, and the elemental distribution of C is basically unchanged. (Fig.2d).  

 

 

 

Figure 2. Element mapping images of (a) Al-BTC; (b) The composite of Al2O3/C obtained by 

carbonating Al-BTC; (c) Carbon obtained by boiling Al2O3/C with 8 M NaOH solution: (d) 

APC-800 obtained by mixing calcination of carbon and KOH at 800 ℃. 
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Figure 3. SEM images of Al-BTC (a) 0% DMF; (b) 10% DMF; (c) 20% DMF; (d) 33% DMF; (e) 

40% DMF; (f) 50% DMF; (g) GCD curves of Al-BTC with different DMF content at 1A g-1; 

(h) CV curves of APC with different DMF contents at 10mV s-1 ; (i) Line chart of specific 

capacitance of APC with different DMF content at 1A g-1. 

 

 
 

Figure 4. SEM images of Al-BTC (a) 100℃; (b) 110℃; (c) 120℃;(d) 130℃; (e) 140℃; (f) 150℃; 

(g) GCD curves of Carbon with different reaction temperature at 1A g-1; (h) CV curves of 

Carbon reaction temperature at 10 mV s-1 ; (i) Line chart of specific capacity of Carbon with 

reaction temperature at 1A g-1. 
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Fig. 2(a) demonstrates that the as-prepared Al-BTC has a hexagon morphology. Moreover, the 

key factors of the addtion of DMF, reaction temperature and time on the morphology of Al-BTC are 

shown in Fig. 3 and Fig. 4, respectively. As given in Fig. 2(b), the sample keeps its hexagonal shape 

and smooth surface after boiling in the 6 M KOH solution as compared to the previous treatment. The 

mesopores are enriched by increasing the SSA of carbon by removing Al2O3 particles, thereby 

facilitating the penetration of electrolyte ions in the reaction and further improving the electrochemical 

properties of the material. In order to enhance the electrochemical performance of carbon materials, 

KOH is used as an activator to activate carbon materials due to its environmental protection and 

resource abundance. Compared to the untreated precursors, the APC surface becomes smoother after 

KOH activation at 800℃ as shown in Fig. 2(d).  

We have explored the impacts of different solvent ratios, reaction temperature and time on the 

electrochemical performance of Al-BTC to obtain APC with the best electrochemical properties. 

Among these factors, the content of DMF in the solvent has the greatest influence on the morphology 

of the prepared Al-BTC. It is shown that the addition of DMF in the solvent has a huge effect on the 

morphology of Al-BTC (Fig. 3). The shape of Al-BTC is spherical, and some sticks are attached to the 

side without the addition of DMF. After the addition of DMF, Then the shapes of Al-BTC changed 

from spherical to hexagonal with the addition of DMF, revealing its surface has a huge influence on 

the nucleation growth process of Al-BTC. When the DMF content in the solvent is 10%, the side 

length of the hexagon is about 2,100 nm; when the DMF content is 20%, the side length of the 

hexagon is about 1,600 nm; when the DMF content is 33%, the hexagon The side length is about 440 

nm. 

Additionally, the reaction temperature has a certain effect on the morphology of Al-BTC. 

When the temperature rises above 110°C, the morphology of Al-BTC will change from irregular 

blocks to hexagons. Meanwhile, the effect of the reaction time is not obvious on the prepared Al-BTC. 

 

 

3.2. Electrochemical performance 

As seen from Fig. 3 (b-d), as the DMF content increases, the volume of Al-BTC gradually 

decreases. It can be seen from Fig. 3 (e-f) that when the DMF content continued to increase, the 

nucleation and growth process of Al-BTC began to appear disordered, and the hexagon gradually 

disappeared, forming large irregular lumps. The appropriate amount of DMF can induce Al-BTC to 

grow in different directions. However, the extra high content of DMF will inhibit its growth. As shown 

in Fig. 3 (g-i), the results demonstrate that the volume ratio of DMF to the total solvent is 33% (ie 

ethanol: deionized water: DMF is 1: 1: 1) is the optimal ratio for the preparation of hexagonal APC 

with the highest specific capacitance of 273 F g-1. The SEM images also reveal that the smallest 

hexagonal Al-BTC is obtained when the content of DMF is 33%. The smaller volume is beneficial to 

increase the contact area with the electrolyte. It is also easier to form an expanded electric double layer 

interface with higher specific capacitance. 
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Similarly, the SEM images and GCD profiles of the obtained Al-BTC at different reaction 

temperatures are shown in Fig. 4. The obtained samples show basically the same hexagonal shape with 

their side length between 400-450 nm when the reaction temperature is 100-150 ℃. As shown in 

Fig.4, when the reaction temperature is 100 ℃, only an irregular shape is formed, which indicates that 

the reaction temperature should be higher than 110℃ to form a hexagonal shape. Subsequently, the 

GCD tests reveal the synthesized APC at 130 ° C has the highest SC (280 F g-1). 

The above results indicate the ratio of the solvent is a prominent factor in these conditions. So, 

the optimal conditions for the hexagonal Al-BTC with higherst electrochemical performance are as 

follows: DMF content in the solvent is 33% (i.e. water: ethanol: DMF is 1: 1: 1), the reaction 

temperature is 130 degrees, and the reaction time is 12h.  

The CV test was carried out at a scan rate of 1-1,000 mV s-1, and the collected curves exhibit 

quasi-rectangular shapes, and a slight deformation occurs at 1,000 mV s-1, which indicates that the 

maximum tolerable scan rate of APC-800 is 500 mV s-1 (Fig. 5). As calculated from the CV curve at 

1mV s-1, we can obtain that the SC of APC can reach 320 F g-1. As the scan rate increases, the SC 

decreases with the increasing scan speed. The material can withstand a scan rate of 500 mV s-1, 

showing excellent rapid responseability. The GCD curves in Fig. 5c show well-paired triangles, 

indicating the excellent capacitance behavior of carbon materials. Fig. 5d shows GCD curves at the 

high current densities of 20-100 A g-1, which is complementary to Fig. 5c. The sample provides a 

specific capacitance of 324 F g-1 at 1 A g-1, much higher than the reported materials in some respected 

journals [32-35]. 

The cycle performance of the obtained carbon material has been studied by CV tests at 200 mV 

s-1 for 10,000 cycles and GCD tests at 50 A g-1 for 1.5×105 cycles. As seen in Fig. 5e, all quasi-

rectangular curves almost completely coincide, meaning superior durability. In particular, the curve 

still maintains a similar quasi-square shape after 10,000 cycles and almost overlaps with the first cycle, 

demonstrating superior durability. Fig. 5f indicates that the SC of APC remained stable, and only a 

slight loss (4%) occurs after the long-term GCD test of 1.5 × 105 cycles, showing its excellent cycling 

ability. Furthermore, APC can offer superior cycling ability and specific capacitance than the reported 

carbon materials as compared with some previous reported carbon materials derived from MOF in the 

literatures, as shown in Table 1.  

 

Table 1. The comparison of the supercapacitors performance in APC and other porous carbons 

described in the literature 

 

 

 

 

Supercapacitor  

Electrode 

Specific 

Capacitance 

Current 

Density 

Cycling 

Stability (%) 

Cycles 

UCN-20-750 [32] 256 F g−1  1 A g−1 91% 10,000 

All-solid-state 

symmetric super-

capacitor [33] 

150.8 F g−1  5 A g−1 94.8% 10,000 

MOF-5 [34] 300 F g−1 1.5 A g−1  91.5% 3,000 

HPNCs/rGO-00[35] 245 F g−1 1 A g−1 90%  10,000 

This work 324 F g−1  1 A g−1 96% 150,000 

https://www.sciencedirect.com/topics/physics-and-astronomy/electrochemical-capacitors
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Figure 5. (a) CV curves of APC at different scan rates from 1 to 1,000 mV s-1; (b) the obtained 

electrochemical parameters of APC electrode from CV tests; (c, d) GCD curves of APCat 

different current densities (1-100 A g-1); (e) CV curves of APC electrode at 200 mV s-1 for 

10,000 cycles; (f) Specific capacitance retention of APC electrode for 1.5×105 cycles at 100 A 

g-1. 
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In this work, hexagonal coin-shaped Al-MOF and APC were prepared by controlling the ratio 

of ethanol, water and DMF solvent. This study has shown that DMF has an important effect on the 

morphology of Al-MOF, in which the addition of 20-33% in the solvent can promote the 

transformation of Al-MOF from spherical to hexagonal, and the excessive amount of DMF will cause 

Al-MOF to shape failure. In addition, electrochemical tests show that the samples with DMF content 
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of 30% and reaction temperature of 130 °C for 12 h have the best electrochemical performance. The 

sample provides a specific capacitance of 324 F g-1 at 1 A g-1, and it still retains 96% of the initial 

capacity after 150,000 cycles, showing superior electrochemical performance. This study offers a 

significant research basis for the future design, regulation, and optimization of the morphology and 

electrochemical properties of MOF-derived carbon materials. 
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