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ABSTRACT

The redox-active and porous structural backbone of covalent organic frameworks (COFs) can 

facilitate high-performance electrochemical energy storage devices. However, the utilities of 

such 2D-materials as supercapacitor electrodes in advanced self power-pack systems have been 

obstructed due to the poor electrical conductivity and subsequent indigent performance. Herein, 

we report an effective strategy to enhance the electrical conductivity of COF thin sheets through 

the in situ solid-state inclusion of carbon nanofiber (CNF) into the COF precursor matrix. The 

obtained COF-CNF hybrids possess a significant intermolecular ••• interaction between COF 

and the graphene layers of the CNF. As a result, these COF-CNF hybrids (DqTp-CNF and 

DqDaTp-CNF) exhibit good electrical conductivity (0.25×10-3 Scm-1), as well as high 

performance in electrochemical energy storage (DqTp-CNF: 464 mFcm-2at 0.25 mAcm-2). Also, 

the fabricated, mechanically strong quasi-solid-state supercapacitor (DqDaTp-CNF SC) 

delivered an ultra-high device capacitance of 167 mFcm-2 at 0.5 mAcm-2. Furthermore, we 

integrated a monolithic photovoltaic self-charging power-pack by assembling DqDaTp-CNF SC 

with a perovskite solar cell. The fabricated self power-pack delivered excellent performance in 

the areal capacitance (42 mFcm-2) at 0.25 mAcm-2 after photo charging for 300 seconds.
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Introduction

Covalent organic frameworks (COFs) are two-or-three-dimensional (2D/3D) crystalline 

ordered network structures constructed from purely organic building blocks.1-11 These 

structurally pre-defined nano-materials bearing high surface area and redox-active functionalities 

have emerged as outstanding electrodes in electrochemical energy storage devices.12-16 However, 

their insignificant electrical conductivity, or mostly insulating behavior, greatly hinders the 

utilization of COFs as energy storage devices.17 Moreover, the nano-crystalline nature of COFs 

with several grain boundaries or defects heavily prevent the smooth flow of electrons among the 

crystallites and could be a road-block towards the facile fabrication of free-standing flexible 

supercapacitors. Notably, there have been a few attempts to enhance the electrical conductivity 

of COFs via ex situ loading of conducting polymers within the COF backbone.18-19 Moreover, the 

research on the COF-carbon nanotube based composites results in improved charge storages in 

batteries by the enhancement of the electrical conductivity of the electrode.20-21 However, the 

design and construction of a COF free-standing thin sheet with excellent electrical conductivity 

is still an under-explored area and requires significant scientific attention.

Keeping all these in perspective, herein, we have detailed a novel synthetic method to load 

electrically conducting carbon nanofiber (CNF) 22 into the COF matrix, using an in situ solid-

state mechano-mixing technique.23 The numerous -electrons in the COF backbone aid weak 

intermolecular ••• interactions with the sp2 graphene carbons of CNF as evidenced from 

density functional tight binding (DFTB) calculations.24-30 Due to these inter-molecular 

interactions, the COF-CNF hybrids promote efficient electron transfer through the matrix. 

Subsequently, the resulting COF-CNF hybrids exhibit more than 109 fold increment in the 

electrical conductivity (0.25×10-3 Scm-1) compared to the pristine COFs. Again, these 
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intermolecular interactions in COF-CNF induce a free-standing nature, as well as flexibility 

among the COF-CNF hybrid devices. Additionally, these hybrids could maintain their 

crystallinity and overall porosity (472 and 532 m2g-1) compared to the pristine COFs. We have 

loaded only 20% CNF (20 mg CNF/100 mg of precursors) within the COF matrix to preserve the 

porosity and the number of redox-active sites per unit volume, which also maintains the 

mechanical robustness of the hybrid.

We have selectively chosen two different β-ketoenamine31 based 2D-COFs as the active 

materials for the COF-CNF hybrid preparation: 1) DqTp, a COF with an anthraquinone 

backbone (anthraquinone has already been tested as an active redox center);12 2) DqDaTp, a 

COF with an anthraquinone-anthracene based hetero-linked backbone (to bring in enough 

flexibility to the composite).32 The excellent areal capacitance of 464 mFcm-2 for the DqTp-

CNF hybrid in contrast to the 38 mFcm-2 capacitance of pristine DqTp indicates the influence of 

electrical conductivity on the overall capacitance value. Moreover, we believe that the enhanced 

electrical conductivity of the COF-CNF hybrid electrode improves the efficacy of the electron 

transfer via both Faradaic and non-Faradaic processes. Although DqTp could serve as a rich 

redox-active platform, in the current scenario, we have strategically used the hetero-linked 

DqDaTp-CNF hybrid for the final device fabrication because of its good redox activity, in 

addition to excellent mechanical robustness (5.8% breaking strain compared to the 1.2% 

breaking strain of DqTp COF). Therefore, we could construct a flexible supercapacitor device 

with the DqDaTp-CNF hybrid that exhibits an areal capacitance as high as 167 mFcm-2. To the 

best of our knowledge, the device capacitance value, in the present study, is one of the best 

reported areal capacitances among the COFs; MOFs; and several other carbon-based 

supercapacitors.33-38  Furthermore, it could deliver an excellent energy density of 5.8 Whcm-2, 
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5

which suggested to us that we could integrate a photo-voltaic charged supercapacitor-solar cell 

device,39-42 for its further implementation towards concurrent harvest and energy storage.

Experimental Section 

COF-CNF hybrid thin sheet fabrication: 

DqTp-CNF hybrid: 2,6-diaminoanthraquinone (Dq, 0.6 mmol) and p-toluenesulphonic acid 

(PTSA, 3 mmol) were thoroughly mixed at room temperature and 100 µl of water was added to 

the system. To the homogeneous mixture 1,3,5-triformylphloroglucinol (Tp, 0.4 mmol) was 

added and again mixed vigorously for 10 minutes. Finally, carbon nanofiber (20 wt% of the 

precursors- amine and aldehyde) was added to the obtained mixture and then thoroughly mixed 

for 1 minute until getting a black colored paste. This paste was then coated on a 2.5 × 8 cm2 glass 

surface by using a glass slide to form a uniform thin sheet and heated to 120°C for 24 hours 

under closed condition (The thickness of the COF-CNF thin sheet can be controlled by varying 

the area of the glass surface). Later, the COF-CNF thin sheet was taken from glass slide by 

dipping in distilled water and washed by the following order with water, N,N-dimethylacetamide, 

water and acetone (Isolated yield: 90%) (Figure 1c; S-2, Supporting Information).

DqDaTp-CNF hybrid: The two amines [2,6-diamino anthracene (Da) and 2,6-diamino 

anthraquinone (Dq)] were taken (totally 0.6 mmol) in 1:1 ratio and mixed well to make it a 

uniform mixture. Then PTSA (3 mmol) was added and thoroughly mixed for 5 minutes at ice 

bath temperature. After the addition of 100 µl of water, 1,3,5-triformylphloroglucinol (Tp, 0.4 

mmol) was added to the mixture. Finally, carbon nanofiber (20 wt% of the precursors- amine and 

aldehyde) was added to the obtained mixture and then thoroughly mixed for 1 minute until 

getting a black colored paste. This paste was then coated on a 2.5 × 8 cm2 glass surface by using 

a glass slide to form a uniform thin sheet and heated to 120°C for 24 hours under closed 
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6

condition.  Later, the COF-CNF thin sheet was taken from glass slide by dipping in distilled 

water and washed by the following order with water, N,N-dimethylacetamide, water and acetone 

(Isolated yield: 85-90%) (Figure 1c; S-2, Supporting Information).

Three-electrode assembly: The COF-CNF hybrid thin sheets (1 cm2 geometrical area) with a 

thickness of 50 m were taken as working electrodes. Then the COF-CNF thin sheet is dipped in 

1M H2SO4 for1 hour for the activation of pores and the improvement of electrode-electrolyte 

interaction. In the three-electrode system, the Pt, and Hg/Hg2SO4 were used as the counter 

electrode and the reference electrode respectively in 1M H2SO4 electrolyte. The COF-CNF thin 

sheets were directly attached to the crocodile clip with the help of a small piece of grafoil for the 

better electrical contact with the metallic-clip (S-10, Supporting Information).

Device fabrication: The symmetric supercapacitor device was fabricated by taking 1 cm2 

geometrical area of DqDaTp-CNF COF as electrodes. These COF electrodes were placed on the 

grafoil sheets which have been served as a current collector of the supercapacitor. A thin layer of 

PVA-H2SO4 electrolyte gel was uniformly coated on COF-CNF thin sheet and allowed to wet the 

electrode completely. Two electrodes were made by the aforementioned procedure and these two 

electrodes were sandwiched by keeping a polypropylene separator in between them(S-10, 

Supporting Information).

Results and Discussion

Here, we tried to fabricate COF-CNF hybrids with varying percentages of CNF loading (10% 

and 20%). Since the COF-CNF-20% hybrid exhibits higher charge storage performance, in the 

present work, we have focused on the structure and properties of DqTp-CNF and DqDaTp-

CNF with 20% CNF loading. Due to the higher mechanical robustness, DqDaTp-CNF-20% 
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7

(which will be addressed as DqDaTp-CNF in the rest of the paper) has been integrated as a 

flexible supercapacitor and then as a photo-voltaic charged supercapacitor-solar cell device.

The structural elucidation of the COF-CNF hybrids, reported in this paper, has been resolved 

using powder X-ray diffraction analysis (Figure 1a, b, d & e). The DqTp-CNF hybrid features a 

crystalline pattern with a prominent 100 peak and a broad 001 peak at 3.6 and 26-27 (2θ) 

respectively. Similarly, the DqDaTp-CNF hybrid also exhibits a crystalline PXRD pattern with 

100 and 001 reflections at 3.4and 27 (2θ) respectively. Notably, both experimental PXRD 

profiles match with the simulated honeycomb 2D lattice eclipsed structure. Moreover, in addition 

to the characteristic COF peaks, a sharp peak attributed from 002 plane reflection at 26-27 (2θ) 

present in both PXRD patterns indicates the presence of CNF in the COF-CNF 

hybrids(Supporting Information, Figure S2-S3). However, it is observed that the sharp 002 peak 

is shifted towards the lower 2θ angle in the composite, compared to the pristine CNF (Figure 1b 

& e). This peak shift could be due to the inter-space widening of the 002 planes of the CNF 

resulting from the interlayer COF-CNF interactions. We have used the herringbone cup-stacked 

hollow CNF with a fiber axial angle of 30. Moreover, owing to the specific structural features of 

these CNFs (Supporting Information, Figure S49), 22 the in situ hybrid synthesis allows an 

effective growth of respective COF crystallites inside as well as outside walls of the nanofibers. 

The large (~100 nm) open aperture of the CNF structure can provide the space for the successful 

growth of COF crystallites inside the large hollow central core of the CNF (70-80 nm). While, on 

the outer wall, due to the large lateral dimension, the curvature of the graphene layers of the 

conical shape CNF is very negligible and becomes almost planar, which makes them a good 

platform for the COF growth. A similar COF growth, when attempted, is not observed in the 

case of the COF-carbon nanotube (COF-CNT) composite due to the small lateral dimension 
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8

Figure 1: a & d) Eclipsed model of DqTp and DqDaTp COFs; b & e) PXRD patterns of DqTp-

CNF and DqDaTp-CNF hybrids; c) Schematic representation of the synthesis of crystalline yet 

flexible DqTp-CNF and DqDaTp-CNF COFs.

(diameter- ~20 nm) and the large cylindrical curvature of the CNTs. The weak intermolecular 

••• interaction between COF and CNT is not effective as a COF-CNF hybrid (Supporting 

Information, Figure S21 & S50) which further leads to the fragility of the COF-CNT based 

hybrids. 

The formation of the β-ketoenamine based chemical structure in DqTp-CNF and DqDaTp-

CNF hybrids is clearly indicated by the respective C–N (1225 & 1216 cm-1) and C=O bonds 

(1663 & 1667 cm-1) stretching vibrations in the FTIR spectrum. The characteristic stretching 
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9

vibrations of the anthraquinone keto group (C=O) appeared at 1663 and 1667 cm-1 for the 

respective COFs (Supporting Information, Figure S13-S15). The atomic level construction of the 

COF-CNF hybrids is further investigated by 13C CP MAS solid-state NMR spectroscopy. The 

characteristic keto peak from β-ketoenamine COF resonance appears at 183-184 ppm whereas 

the enamine carbon exhibits peaks at 147 and 145 ppm for DqTp-CNF & DqDaTp-CNF 

respectively (Supporting Information, Figure S16). The TGA profiles exhibit significant thermal 

stability of COF-CNF thin- sheets up to 430C (Supporting Information, Figure S17). However, 

the slight weight loss of COF-CNF hybrids in the temperature range of 200-400 C in the TGA 

profile could be due to the decomposition of the oligomers were trapped inside the COF matrix. 

The COF-CNF hybrids maintained their overall porous nature, unlike many other COF 

composite materials reported in the literature.43-45 The BET surface areas of DqTp-CNF and 

DqDaTp-CNF hybrids were calculated as 472 and 532 m2g-1 respectively (Supporting 

Information, Figure S18). The uniform pore diameter of 2.2 nm for both COF-CNF hybrids, 

calculated using the non-local density functional theory (NLDFT), further suggest the existence 

of a well-organized framework structure (Supporting Information, Figure S19). 

To obtain fundamental insights about the interlayer interactions that reported here, we have 

modeled the possible structure of COF-CNF hybrids using DFTB. The herringbone/cup-stacked 

CNF is generally made up of slightly curved graphene layers (30 fiber axial cone angle with an 

open aperture of 70-80 nm diameter). Taking this into consideration, initially, we optimized 

different models of COF-planar graphene systems in both vacuum and non-vacuum modes. As 

DqDaTp (1:1) exhibits a large asymmetric unit, we have specifically focused on similar hetero-

linked COFs such as Dq1Da2Tp (1:2) and Dq2Da1Tp (2:1) and homo linked DqTp and DaTp 

(anthracene) COFs for corresponding DFTB modeling (Supporting Information, Figure S5). We 

Page 9 of 38

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

have optimized different multilayer sets of all COF-planar graphene systems such as 2-2-2 [two 

graphene -two COF -two graphene layers] and 3-3-3 [three graphene -three COF -three graphene 

layers] models to quantify the perlayer stabilization energy and to determine the nature of the 

interaction among the layers (Figure 2 a-d; Supporting Information, Figure S6-S11, Table S1). 

The COF-graphene monolayer optimized structure suggests that the COF stacks on the graphene 

in a slightly shifted arrangement on the corresponding 002 plane of the graphene layers 

(Supporting Information, Figure S6). Additionally, these calculations also suggest a three-fold 

increment in the perlayer stabilization energy of the COF-planar graphene system compared to 

the pristine COFs. In the 2-2-2 mode, the estimated perlayer stabilization energy (~295 kcalmole-

1) of all COF-planar graphene systems is significantly higher compared to the perlayer 

stabilization energies for a pristine COF (only 80-83 kcalmole-1). Similarly, enhanced perlayer 

stabilization energy (~335 kcalmole-1) is also observed in the 3-3-3 mode. Considering a fully 

periodic (no-vacuum in the c-direction) calculation, a higher perlayer stabilization energy (~420 

kcalmole-1) for the similar 3-3-3 system was obtained which indicates that perlayer stabilization 

is dominated by the graphene-graphene interactions. Furthermore, the DFTB analysis indicates a 

compression in the COF-COF (3.36 Å to 3.31-3.21 Å) and COF-graphene (3.21 Å) interplanar 

distances among these hybrids.46-47 Such observation, in turn, reflects an improved and efficient 

stacking interaction between the COF and graphene planes. As a result, the interplanar distance 

of graphene-graphene layers noticeably widened in both systems (~3.41 Å) compared to the 

pristine graphene model (3.36 Å), which indicates a weakening of the ••• stacking between the 

graphene layers (Figure 2c, d & e). Additionally, to present a more realistic model of the COF-

CNF hybrid, we have optimized the DFTB models of a COF-curved graphene system 

considering armchair the (AC) configuration in the vacuum condition 
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11

Figure 2: The DFTB model structure of a) DqTp COF; b) graphene; c) COF-planar graphene 2-

2-2 system vacuum mode; d) COF-planar graphene 3-3-3 system vacuum mode; e) The 

diagrammatic representation of the interlayer interaction of COF-graphene model; f) The COF 

stacked on the vertically aligned curved graphene.

(Supporting Information, Figure S12). Herein, we have considered a stacking model where the 

COF stacked on the top of the vertically aligned curved graphene planes. The enhancement of 

stabilization energy (~105 kcalmole-1layer-1) compared to the pristine COF models (80-84 

kcalmole-1layer-1) has been observed in these COF-curved graphene systems. As the curvature of 

graphene layers in CNF compared to the planar graphene is quite negligible, both the COF-

planar graphene and COF-curved graphene models are considered as possible structures of the 

hybrid system.

The peak shifts in the X-Ray photoelectron spectroscopy (XPS) of the COF-CNF hybrids 

from the pristine COFs indicate the origin of new electronic interactions in the COF-CNF 
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12

hybrids (Figure 3a and b).48-51 The XPS after the deconvolution shows the pristine CNF 

and DqDaTp display the C1s peak at 284.5 and 284.8 eV respectively (Supporting 

Information, Figure S26). However, the XPS profile of the DqDaTp-CNF hybrid shows 

a C1s peak at 285.9 eV. Therefore, we believe, the higher binding energy shift in the 

COF-CNF hybrid compared to the pristine COF and CNF, indicates the interlayer ••• 

interaction between the COF and the CNF. Similarly, the XPS C1s profile of DqTp-CNF 

at ~285.1 eV exhibits the binding energy between the COF and the CNF. Although the 

value is higher compared to pristine CNF C1s (284.5 eV), DqTp-CNF displays a 

noticeable lower binding energy shift compared to the pristine DqTp COF (285.4 eV). 

The plausible reason behind this phenomenon could be the presence of the more 

electrophilic anthraquinone linkers in DqTp compared to the DqDaTp COF. In the 

DqDaTp-CNF hybrid, the anthracene as well as anthraquinone rich COF, and the 

graphene layer can actively donate as well as accept -electrons due to the anthracene and 

anthraquinone functionalities respectively during the interlayer interaction. On the other 

hand, in the case of DqTp, the COF is more willing to accept, rather than donate, the 

electrons from the graphene layers due to the presence of electrophilic C=O moieties in 

anthraquinone. It is well documented that, the graphene layers are amenable to accept or 

donate or partially share their -electrons, depending on the electronic property of the 

neighbouring counter molecules.52-54 Moreover, the broad peak associated at ~287.7 eV 

(DqDaTp-CNF) and 286.0 eV (DqTp-CNF) correspond to the C1s of the C=O linkages. 

In addition, we could observe the noticeable binding energy shifts in the N1s XPS profile 

of the COF-CNF hybrid compared to the pristine COF (Supporting Information, Figure 
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13

Figure 3: a) XPS profile (C, N, O) of COFs and COF-CNF hybrids; XPS peaks of b) C 1s; and 

c) O 1s.

S26). In the hetero-linked COF (DqDaTp), the N1s binding energy is shifted from 400.0 eV 

(pristine) to 400.5 eV (in the hybrid). Additionally, a small higher binding energy shift is 

perceptible in the case of DqTp (400.5 eV) to DqTp-CNF (400.7 eV). The O1s binding energy 

profile indicates a lowering in the binding energy for all COF-CNF hybrids (532.2 and 531.5 eV 
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for DqTp-CNF and DqDaTp-CNF respectively) compared to the pristine COF (533.7 and 533.2 

eV for DqTp and DqDaTp respectively), which reflects an efficient interaction and subsequent 

withdrawal of the electrons from the CNF graphene layers (Figure 3a & c; Supporting 

Information, Figure S26).

The fabricated COF-CNF hybrids displayed a smooth surface with large areal synthetic 

scalability and good porosity (>16 cm2) (Figure 4a, b & d; Supporting Information, Figure S1). 

The TEM imaging of the DqTp-CNF and DqDaTp-CNF hybrids showed an aggregated planar 

ribbon like assembly of the COF crystallites on the surface of the 70-80 nm fibrillar CNF (Figure 

4f and g; Supporting Information, Figure S20 & Figure S49). Due to the larger diameter of the 

CNF (70-80 nm), it can accommodate the nano-crystalline COFs on the inner and the outer 

surface. We surmise that the preliminary growth of the COF crystallites on these CNF graphene 

layers because of interlayer ••• interactions.24-30 However, a simple physical mixture of COF 

and CNF could only display the presence of distinct entities, as evidenced from the TEM images 

(Supporting Information, Figure S22). This further suggests the necessity of in situ COF growth 

for the proper building of the COF-CNF hybrid material. The vertical cross-sectional SEM 

images of the DqTp-CNF and DqDaTp-CNF hybrids validate its uniform thickness (`~50 m) 

(Figure 4h-k; Supporting Information, Figure S23-S24). SEM imaging Again, the top surface 

revealed that the crack-free nature of all the COF-CNF hybrids. Additionally, the cross-sectional 

imaging clearly shows the presence of CNF as a fibrillar morphology embedded in the COF 

matrix (Figure 4j and k). It is worth mentioning that the structural integrity and the flexibility of 

the COF-CNF hybrids primarily originate from the tight-binding between COF and CNF. This 

tight-binding between the COF and CNF remains intact even under prolonged ultrasonication 

and heating in highly polar solvents. 
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Figure 4: a & b) Photograph of free-standing and flexible DqDaTp-CNF hybrid thin sheet; c) 

Diagrammatic representation of COF-CNF hybrid model; d) N2 adsorption isotherm analysis of 

DqDaTp-CNF; e) Current-Voltage relationship; TEM image of f) CNF and g) DqDaTp-CNF; 

SEM images of DqDaTp-CNF h & i) horizontal view; j & k) cross sectional view.

We anticipated that this interlayer π•••π interactions in the COF-CNF hybrid would improve 

the efficacy of the electron transfer in the matrix (Figure 4c). Moreover, the solid-state synthesis 

of the hybrid allows the construction of a free-standing thin sheet form, which provides an 

effective platform for bulk electronic conductivity. All the COF-CNF hybrids, including the 

pristine DqTp and DqDaTp COFs were subjected to a current-voltage (I-V) analysis to measure 

the electrical conductivity of the material (Figure 4e; Supporting Information, Figure S27). The 

I-V characteristics display the excellent electrical conductivity of 2.5×10-4 and 5.2×10-5 Scm-1 for 

the DqTp-CNF and DqDaTp-CNF hybrids respectively. However, the pristine DqTp and 
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DqDaTp COFs show high electrical resistance in the I-V plot (>10-14Scm-1). Therefore, we 

believe that the significant interlayer interaction between the redox active COF and the electron 

carrier graphene can bring an effective concurrent functioning of both activities during the 

electrochemical redox reaction. Hence, we have investigated the electrochemical performance of 

all COF-CNF hybrids considering a three-electrode assembly (Figure 5c; Supporting 

Information, S-10). We have measured the electrochemical impedance analysis of both COF-

CNF hybrids and found that low equivalent series resistance (ESR) value ~2 (Figure S28 & 

S29). The cyclic voltammetry (CV, -O.5V to 05V) (Figure 5a, b; Supporting Information, Figure 

S30-S33) analysis of DqTp-CNF and DqDaTp-CNF hybrids showed significantly higher 

current response compared to the pristine DqTp and DqDaTp COFs. The effective utilization of 

charge storage sites has been improved dramatically in the hybrids owing to its porosity and 

higher electrical conductivity, which in turn exhibit a large enhancement of electrochemical 

energy storage. The areal capacitances of the hybrids were calculated by the galvanostatic 

charge-discharge experiment (GCDC) (Figure 5d & e; Supporting Information, Figure S34-S37 

& S41). We have measured the IR drop values of the discharge curve of COF-CNF hybrids and 

pristine COFs. The slightly higher IR drops in the pristine compared to the hybrids could be due 

to the higher resistance of the COFs (Figure 5d & e). From GCDC, the areal capacitances of 

DqTp-CNF (464 mFcm-2), and DqDaTp-CNF (364 mFcm-2) hybrids have been evaluated at a 

current density of 0.25 mAcm-2. It is worth mentioning that, the industrial standard requires a 

higher thickness of ~30-100 m for the free-standing electrodes to be used in energy storage 

systems. In this regard, despite of the higher thicknesses (50 m; following the industrial 

standard for a commercial electrode) 55, 56 in current study, compared to the substrate (Au) 
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supported COF thin films (~1 m), DqTp-CNF and DqDaTp-CNF exhibit good volumetric 

Figure 5: Cyclic voltammetry of a) DqTp-CNF; b) DqDaTp-CNF hybrids at 50 mVsec-1; c) 

DqDaTp-CNF supercapacitor at 50 mVsec-1; GCDC of d) DqTp-CNF at 0.25 mAcm-2; e) 

DqDaTp-CNF at 0.25 mAcm-2; f) DqDaTp-CNF supercapacitor at 0.5 mAcm-2; g) Impedance 

profile; h) Comparison of energy density; and i) areal capacitance of the DqDaTp-CNF 

supercapacitor with the previous reports.

capacitances of 92.8 and 72.8 Fcm-3 respectively.18, 55 On the other hand, the pristine DqTp 

and DqDaTp COFs could only deliver the capacitance values of 38 and 28 mFcm-2 respectively 

at the same current density which is signifying their insulating nature. Meanwhile, a negligible 

capacitance contribution (3 mFcm-2 at 0.25 mAcm-2) has been noted from the GCDC of the CNF 
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by coating 1 mgcm-2 on a carbon paper (Supporting Information, Figure S38a). It indicates the 

role of CNF in the hybrids is limited only for carrying the electrons through the matrix. In 

addition, the physical mixture of DqTp COF and CNF displays a poor electrochemical 

performance (6.25 mFcm-2 at 0.25 mAcm-2) due to the lack of effective ••• interactions  

(Supporting Information, Figure S38b). In the pristine COF, although precisely integrated nano-

pores assist to improve the electrolyte-electrode contact, the restricted electronic movements 

through the matrix lower the overall capacitance performance. Meanwhile, in COF-CNF hybrids, 

long channel electronic movement is feasible due to the intermolecular interactions between the 

COF and CNF layers. Here, the CNF facilitates electron transport through the sp2 C=C 

framework. Moreover, higher electronic movement subsequently enhances the efficient 

utilization of redox-active centers, which in turn leads to an excellent electrochemical energy 

storage performance in the hybrids.

Although the electrochemical performance of the DqTp-CNF hybrid is excellent due to its 

high redox activity, the poor mechanical strength of the hybrid thin sheet inhibits its further 

utilization in a flexible electrochemical device. The dynamic mechanic analysis (DMA) of the 

DqTp-CNF hybrid yields a breaking strain of only 1.2% as evaluated from the stress-strain plot 

(Supporting Information, Figure S25). Whereas, the hetero-linked DqDaTp-CNF exhibits 

excellent mechanical properties (breaking strain: 5.8%) due to the presence of anthracene 

moieties.32 Therefore, considering the advantage of both decent mechanical strength and the 

electrochemical energy storage performance, we decided to fabricate a symmetric quasi-solid 

state supercapacitor based on the DqDaTp-CNF hybrid as electrodes and PVA/H2SO4 gel as an 

electrolyte. The impedance analysis displays the ESR value is 0.2  (Figure 5g). The redox 

waves in the CV profile (potential window of 1V) of the device clearly indicated the redox 
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Figure 6: a) A diagrammatic representation of PSC; b) Photograph of PSC as a wearable device 

and the diagrammatic representation of the supercapacitor; c) X-ray tomography 3D image 

displays the interphases of the device; d) Voltage-current density curve of the perovskite solar 

cell; e) Discharging of the photo charged supercapacitor device.

behavior of the anthraquinone moiety (Figure 5c; Supporting Information, Figure S39). From 

GCDC, the areal capacitance for the device was calculated to be 167 mFcm-2 at a current density 

of 0.5 mAcm-2 (Figure 5f; Supporting Information, Figure S40). Notably, to the best of our 

knowledge, the device areal capacitance is one of the best values achieved among MOFs, COFs 

and several other carbon-based supercapacitor devices (Figure 5h; Supporting Information, Table 

S2).33-38 Moreover, we determined the cyclic stability of the device at a current density of 5 

mAcm-2 which display 76% of capacitance retention even after 4500 continuous charge-
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discharge cycles (Supporting Information, Figure S43). The DqDaTp-CNF hybrid also exhibits 

unprecedented areal energy density (Ea) as high as 5.8 Whcm-2 at 0.5 mAcm-2 (Figure 5i; 

Supporting Information, Figure S42). Additionally, at the same current density, it delivers the 

areal power density (Pa) of 125.0 Wcm-2. Furthermore, in order to attain the concurrent green 

energy harvesting and its subsequent storage, herein, for the first time, we have fabricated a COF 

supercapacitor based self-charging power-pack. In this photovoltaic charged device, the 

DqDaTp-CNF based supercapacitor is integrated with a highly efficient perovskite solar cell 

with the power conversion efficiency of 16.7% (Figure 6a,b, c, & d; Supporting Information, S-

11, Figure S44-S46). Under the solar simulator illumination (0.88Sun), the solar cell converts the 

photon energy to the electrical energy, which efficiently charged the DqDaTp-CNF 

supercapacitor bearing the active area of 1.0 cm2. We observed that the supercapacitor device 

attained a large photo-charge voltage of 0.8 V within 100 seconds as measured using a 

multimeter. Notably, in our present study, we have charged the integrated device 

photovoltaically for 100, 200 and 300 seconds and have measured the galvanostatic discharging 

time of the respective supercapacitor after disconnecting from the monolithic device (Figure 6e; 

Supporting Information, Figure S45). Herein, we noticed that the discharging time was 

increasing with the time of photovoltaic charging, which signifies the practical usage of the 

designed self-power pack as a real-life device for the uptake of solar energy and the further 

operation in wearable electronics (Supporting Information, Figure S44). We measured the 

discharging time by varying current densities (0.25 and 0.5 mAcm-2 ) to calculate the delivered 

areal capacitance of the device. For the 300 seconds photo-charging, we obtained 42.0 mFcm-2 

areal capacitance at the current density of 0.25 mAcm-2, which compares well with the reported 

solar cell-supercapacitor based integrated devices (Table S3).39-42 
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Conclusion

In summary, we have demonstrated a facile strategy to enhance the electrical conductivity of 

the COF thin-sheet by the in situ solid-state inclusion of the carbon nanofiber into the COF 

precursor matrix. The obtained COF-CNF hybrids exhibit crystalline and porous nature along 

with the enhanced electrical conductivity. The weak intermolecular interaction of COF and 

graphene layers in CNF aids the strong alignment of the hybrid, which further displays a large 

betterment in the areal capacitance (464 mFcm-2) from the pristine COF (38 mFcm-2). Also, the 

fabricated solid-state COF supercapacitor displays high performance (167 mFcm-2) in 

electrochemical energy storage. As a proof of concept, we have integrated a self power-pack 

based on the COF supercapacitor and a perovskite solar cell by a monolithic assembling through 

adhesive carbon tape. The fabricated device displays a fair discharging time and the areal 

capacitance of the supercapacitor holds 42.0 mFcm-2.
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