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KEYWORDS: cellulose paper · heteroatom-doping · carbon microfiber 

networks · controllable pore sizes · flexible supercapacitor 

ABSTRACT: Heteroatom-doped three dimensional (3D) carbon fiber networks have attracted 

immense interest because of their extensive applications in energy storage devices. However, 

their practical production and usage remain a great challenge due to the costly and complex 

synthetic procedures. In this work, flexible B, N, and O heteroatom-doped 3D interconnected 

carbon microfiber networks (BNOCs) with controllable pore sizes and elemental contents were 

successfully synthesized via a facile one-step “chemical vapor etching & doping” (CVE&D) 

method by using cellulose-made paper, the most abundant and cost-effective biomass, as original 

network-frame precursor. Under a rational design, the BNOCs exhibited interconnected 

microfiber-network structure as expressways for electron transport, spacious accessible surface 

area for charge accumulation, abundant mesopores and macropores for rapid inner-pore ion 

diffusion, and lots of functional group for additional pseucapacitance. Being applied as binder-

free electrodes for supercapacitors, BNOC-based supercapacitors not only revealed a high 

specific capacitance of 357 F g-1, a high capacitance retention of 150 F g-1 at 200 A g-1, a high 

energy density of 12.4 Wh kg-1 and a maximum power density of 300.6 kW kg-1 with aqueous 

electrolyte in two electrode configuration, but also exhibited a high specific capacitance of up to 

242.4 F g-1 in all solid state supercapacitor. 

 Developing low-cost and high-performance energy storage systems (EESs) has become a 

crucial factor to meet the growing needs of new-generation electronics.1-3 Among promissing 

technologies such as batteries, fuel cells and supercapacitors2, 4, 5, electrochemical double layer 

supercapacitors (EDLSs), where capacitance comes from pure electrostatic charge accumulation 
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 3

at the interface of electrode (such as carbon-based material) and electrolyte, have drawn prime 

attentions due to their high power density, long cycle lifetime and fast charge/discharge rates. 6-8 

To date, activated carbons (ACs) have principally been used as electrode materials for industrial 

supercapacitors due to their high surface area, good stability and low-cost preparation.9, 10 

However, the structural shortcomings, such as powder morphology, non-beneficial pore size 

distribution, and limited surface functionalization make ACs suffer from limited energy density, 

low conductivity and slow inner pore ion diffusion.4, 9 Especially, AC based supercapacitors need 

insulated polymer binders, such as polytetrafluoroethylene (PTFE) and polyvinylidenefluoride 

(PVDF). The additive insulated binders introduce extra cost, needless weight, and high contact 

resistance, which are not compatible with next-generation electronic devices such as roll-up 

displays, hand-held devices, and wearable multi-media.11-13 

Enormous efforts have therefore been spent on developing novel porous carbon architectures 

with more benificial pore structures and surface functionalizations. Recently, 3D interconnected 

carbon architectures, such as 3D graphene membranes, 3D carbon nanotubes and 3D carbon 

fiber networks, are believed to be promising supercapacitor candidates due to their binder-free 

processing and excellent conductivity.14-34 Especially, heteroatom (such as B, N, O, P and S) 

doping in 3D porous carbon architectures22-27, which provides extra pseudocapacitance and 

significantly enhances the energy density, has been the focus of research. Comparing with other 

carbon materials, hierarchical porous carbon fiber networks have many advantages: (i) the 1D 

fiber network feature is beneficial for fast electron transport35, 36; (ii) the extremely high length-to 

diameter ratio and hierarchical porous structure provides a reduced ion diffusion pathway and 

high contact area between the active sites and the electrolyte37, 38; (iii) the overall hollow network 

structure guarantees fast ionic transport in electrolyte39. Therefore, various strategies have been 
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 4

developed to make hierarchical porous carbon fiber networks3, 13, 23, 32, 35, 36, 39-45. For instance, 

Zhang group synthesized meso-macroporous carbon fiber network by electrospinning of 

polymer/SiO2 blended solution, followed by pyrolysis and SiO2 removal processes42; Lou group 

developed an electrospinning and carbonization method to prepare hollow particle-based N-

doped carbon nanofibers using ZIF-8 as template to form hierarchical porous structures43. Song 

et. al, reported that high-surface-area carbon nanofiber films can be obtained  by KOH-coating 

and heat treatment of electrospun phenolic-based nanofiber paper41. However, the current 

prevailing strategies, including template-directed synthesis and polymer-derived fabication, need 

costly ingredients or complex synthetic procedures as well as additional doping or active 

processes, which are unfavourable for scalable production46, 47. A one-step and cost-effective 

synthesis without additional activation process and costly ingredients toward obtaining 3D 

carbon fiber networks is highly imperative for the compact design of new energy storage devices. 

Paper, one of the most ancient flexible products, is a promising precursor due to their wide 

availability, low cost, light weight, recyclability, and bendability. Especially, its network-frame 

morphology is quite suitable as a precursor for the preparation of carbon fiber networks. 

However, the state-of-art porous carbon materials obtained using paper as precursor are either 

non-flexible48 or suffering from limited energy density49, which limited their practical usage. In 

the present work, a series of flexible B, N, O co-doped 3D nanoporous carbon microfiber 

networks (BNOCs) with controllable pore sizes were successfully synthesized via a facile one-

step “chemical vapor etching & doping” (CVE&D) method by using cellulose-made paper, the 

most abundant and cost-effective biomass, as the original network-frame precursor. After such 

CVE&D process, not only the interconnected microfiber network structure was well maintained 

within the as-synthesized BNOCs, but also hierarchical porous structures within their fiber units 
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 5

were controllably created. The regarded unique network architectures could enable a spatially 

continuous convenience toward high-efficient electron transport, whereas the hierarchical porous 

structures endowed high surface area and rapid inner-pore ion transport. Serving as binder-free 

flexible electrodes, BNOCs demonstrated good performances in EDLSs with aqueous electrolyte 

(specific capacitance of 357 F g-1 at 0.1 A g-1 and 150 F g-1 at 200 A g-1, energy density of up to 

12.4 Wh kg−1 and maximum power density of 300.6 kW kg-1), as well as in all solid state 

supercapacitor (specific capacitance of 242.4 F g-1 at 1 A g-1).  

Results and discussion 

Synthesis and characterization of BNOCs.  

The general CVE&D strategy for fabricating BNOCs is illustrated in Figure 1. In the process, 

filter papers (99% α-cellulose) were carbonized when the temperature went to 1000 ℃, resulting 

in solid carbon microfibers with a smooth surface (Figure S1). Meanwhile, vaporised boric acid 

carried by the flowing ammonia gas reacted with the obtained carbon microfibers44, 49, generating 

abundant nano-pores and resulting in in-situ B, N, and O doping. In this way, BNOCs with 

different specific surface areas, pore size distributions and elemental contents were fabricated by 

adjusting the CVE&D time from 10 min, 20 min, 30 min to 40 min (denoted as BNOC-10, 

BNOC-20, BNOC-30 and BNOC-40, respectively.).  

The BNOCs exhibited flexibility as good as the original paper precursor (Figure 2a, 

Movie S1). The typical scanning electron microscope (SEM) images of BNOC-30 

revealed a membrane morphology (thickness of ~ 40 µm, as shown in Figure 2b) 

consisting of intertwined microfibers (Figure 2c). These intertwined microfibers 
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 6

interconnected with their branches, and formed a continuous network, as depicted in 

Figure 2d. The fiber units of BNOCs possessed a rough surface (different from that of the 

original carbonized fiber with smooth surfaces, seen in Figure S1), and had a lot of pores 

consisting of multilayered ultrathin walls inside their bodies (Figure 2e-f, the magnified 

SEM and TEM features). More interestingly, the ultrathin BNOC films (thickness of ~ 10 

nm, as shown in Figure 2g and h) were obtained when the sample experienced strong 

ultrasonic exfoliation. An average distance between randomly oriented graphitic planes 

(Figure 2h) was detected as ~ 0.345 nm from the films’ folded parts; some turbostratic 

graphitic layers were clearly observed from the in-plane images. Domain boundaries and 

holes were seen between the lattices, which might be caused by a loss of volatile species 

or etching of amorphous carbon by ammonia gas or boric acid.20 It is considered that an 

additional increase in surface area could be resulted from these abundant edges and holey 

structures. Moreover, two Raman peaks located at ~1590 cm-1 (G band) and ~2800 cm-1 

(2D band) in BNOC-30 sample’s Raman spectrum (Figure 2i) indicated that these few-

layered graphitic structures have some extent of graphitization, while the D band (1340 

cm-1) indicated the presence of some turbostratic motifs and numerous defects, such as 

edges and holes.20, 23 

Elemental contents and species distribution of BNOCs were studied by Electron energy loss 

spectroscopy (EELS) and X-ray photoelectron spectroscopy (XPS), as shown in Figure 3. The 

EEL spectra revealed that B, N, O atoms were effectively incorporated and nearly 

homogeneously distributed throughout the microfibers (Figure 3a-e). B and N contents at the 

microfiber edge were higher than those in its center, demonstrating a peculiar outside-in doping 

process during the CVE&D reaction. XPS data provided the specific contents of the elements 
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 7

(Figure S2, Figure 3f) and also confirmed the detailed chemical states of both host- (C) and 

hetero- (B, N and O) elements on the topmost surfaces (Figure 3g-j).50 For the samples without 

any doping, no B and N traces could be detected, only a small O content (~2.4 at.%) appeared. 

Along with the increase of doping time, the contents of doping elements all progressively 

increased, and maximized at BNOC-40, for which atomic fractions were 8.8 %, 9.7 % and 9.7 % 

for B, N, and O, respectively. The amount of protons were detected by elemental analyser, and 

the ratios of protons in weight were 2.78 wt%, 2.99 wt%, 3.55 wt% and 3.86 wt% for BNOC-10, 

BNOC-20, BNOC-30 and BNOC-40, respectively. The asymmetric C 1s peak of BNOC-30 

could be fitted into four peaks (at 284.6 eV, 285.2 eV, 286.1 eV, and 289.6 eV), corresponding 

to the chemical environment of carbon atoms bonded to C, B, N and O11. Two peaks (at 191 eV 

and 192.3 eV) of B 1s spectrum suggested that certain amounts of boron atoms were directly 

bonded to carbon or nitrogen atoms in the form of B-C and B-N configurations, and with oxygen 

in the form of B-OH bonding 11. The N 1s could be fitted as pyridinic N (398.1 eV), pyrrolic N 

(400.1 eV), graphitic N (401.3 eV) and C-N-B species (399.2 eV)11. Two peaks of O 1s spectrum 

were identified as OH and adsorbed water and/or oxygen (Figure 3j)51. The existence of C-N, C-

B, C-O bonds is a solid evidence that the doped N, B, O atoms were bonded to the carbon lattice 

rather than physically adhered to the surface. Moreover, a large amount of functional groups 

(generated by B, N and O doping) were distributed on the outermost surface of BNOC, which are 

extraordinarily active and provide additional high pseudocapacitance. 52, 53  

Furthermore, we achieved an adaptive pore size distribution by utilizing the 

controllable CVE&D process. As illustrated in Figure 4a, BNOCs fabricated over various 

CVE&D times exhibited clearly distinguishing nitrogen adsorption/desorption isotherms. 

For instance, BNOC-10 exhibited type I isotherm. And the steep region at very low 
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 8

relative pressure (less than 0.05) indicated filling of very narrow micropores, while 

limiting uptake was dependent on the accessible micropore volume. Correspondingly, 

there was a major microporous fraction (1.35 nm) and a puny amount of mesopores (2.3 

nm) in BNOC-10 (Figure 4b). BNOC-20 had type I isotherm as well, but showed a 

secondary uptake at about P/P0=0.01 and P/P0=0.3, indicating the presence of another 

nanoporous window, which agreed with the mesoporous peak at 2.6 nm in Figure 4b. The 

secondary uptake of BNOC-30 seen from P/P0=0.01 to P/P0=0.5, indicated larger 

nanopores than in BNOC-20 (in according with the existence of two peaks at 3.2 and 4.0 

nm in the pore size distribution). As regard to BNOC-40, type IV isotherm was observed 

with a H3 hysteresis loop, indicating clear existence of large slit mesopores (as agree with 

pore sizes peaking at 3.7 nm and 5.1 nm in Figure 4b). Thus, it is easily seen from Figure 

4b that all the BNOCs exhibited hierarchical porous structures. The micropore sizes of 

BNOCs could be adjusted from 1.35 to 1.78 nm, and the mesopore sizes varied from 2.3 

to 5.1 nm, by increasing the E&D time.  

The textural parameters including specific surface area (SBET), total pore volume (Vp), 

micropore area (Smicro), mesopore area (Smeso), micropore volume (Vmicro), and mesopore 

volume (Vmeso) of BNOCs are presented in Figure 4c,d and Table 1. BNOC-10 was 

mainly composed of micropores. Thus, it exhibited the highest Smicro (1145.6 m2 g-1) and 

Vmicro (0.397 cm3 g-1), but the smallest Vp (0.450 cm3 g-1), Smeso (59.6 m2 g-1), and Vmeso  

(0.052 cm3 g-1). With the increase of E&D time, Vp, Smeso, and Vmeso showed a continuous 

increase with the increase of reaction time, while Smicro and Vmicro exhibited a step-by-step 

decrease. When the CVE&D time reached 40 min, the pore volume went up to 1.52 cm3 

g-1 and the most of the contribution was provided by mesopores (91.5%). This result 
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 9

indicated that many mesopores were generated, while some micropores were etched out. 

BNOC-20 hold the highest surface area (1456.4 m2 g-1), and the surface area of BNOC-10, 

BNOC-30 and BNOC-40 decreased to  1205.2 m2 g-1, 1382.5 m2 g-1 and 1149.4 m2 g-1, 

respectively. Therefore, it’s concluded that ammonia gas and boric acid etched carbon at 

1000 oC and generated mesopores. With the reaction time increasing, the size of 

mesopores also gradually and controllably increased. The contribution of mesopores to 

the specific surface areas arose with the increase of CVE&D time as well. However, since 

more and more carbon species with micropores were etched out, the contribution of 

micropores to the total surface area decreased with the increase of reaction time. Thus, the 

maximum specific surface area was natural to BNOC-20. In brief, the pores of BNOC 

membranes were hierarchically structured, with micropore size ranging from 1.35 to 1.78 

nm and mesopore size adjustable within a range of 2.3 to 5.1 nm, which was well 

controllable by CVE&D time. 

Growth process of chemical vapor etching & doping for BNOCs 

The detailed “chemical vapor etching & doping” (CVE&D) process of converting 

cellulose-made paper into B, N, O co-doped 3D nanoporous carbon microfiber networks 

(BNOCs) is illustrated in Figure 5. First of all, the papers which are made of α-cellulose 

were carbonized when the temperature reached 1000 oC. The network morphology was 

well maintained when cellulose was carbonized into carbon (Equation 1), while solid 

carbon fibers with smooth surface (seen from the SEM images, Figure S1a and b) and 

turbostratic graphite structure (confirmed by the Raman spectra, Figure S1c) were 

generated, as confirmed by paper annealing at 1000 oC in Ar atmosphere for 30 min 

Page 9 of 42

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

(Denoted as C-30). However, those carbon networks showed a low surface area of 867.8 

m2 g-1, where 95% of the surface area was contributed from micropores (Figure S1d and 

Table 1). During the CVE&D process, vaporized boric acid carried by flowing ammonia 

gas reacted with the obtained carbon micro-fibers following the reaction described by 

Equation 2 and 344, 49. The gas-phase product left away with the carrying gas and 

generated abundant nano-pores, leaving hierarchical porous carbon fiber networks 

composed of crystallized ultrathin carbon sheets. This technology can also guaranteed a 

homogeneous in-situ B, N, and O doping inside each crystal along with the reactions: 

(C�H��O�)

����	℃

����� C + H�O                                                         (1) 

NH� + C → CH� + N�+C�N�                                                        (2) 

H�BO� + C → H�O + CO + C�B�O�                                           (3) 

Supercapacitive properties of BNOCs  

The microfiber-network structure of BNOCs provides a multi-dimensional 

interconnected electron freeway, ensuring from a fast electron transfer.54 Besides, their 

huge surface areas of up to 1456 m2 g-1, contributed by the abundant micropores can 

effectively adsorb ions, while the controllable mesopores enable quick ion diffusion7, 

being in favor of application in supercapacitors. Given this, we investigated their 

capacitive properties in a 1 M H2SO4 aqueous electrolyte using a two electrode setup 

reflecting the electrochemical performance of a real capacitor.55. In the cyclic 

voltammetric (CV) curves of BNOC-based supercapacitors (Figure 6a, Figure S3), their 
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 11

rectangular shapes indicated the near-ideal capacitive electrical double layer behavior 

with small equivalent series resistance and high equivalent parallel resistance. Comparing 

with the undoped sample (C-30) and a previous carbon-type AC based supercapacitor 

(Figure S3d), whose capacitances decreased dramatically at high scan rates, the BNOC 

electrodes retained their high capacitance values and rectangular shape even at the 

ultrahigh scan rates up to 200 mV s-1.  

Then, under the current density ranging from 0.1 to 200 A g-1, we investigated the 

galvanostatic charge/discharge (GCD) curves of BNOCs vs. C-30 and AC performances 

(Figure S4). We calculated their associated specific capacitances by means of their GCD 

at different current densities (Figure 6c). At 0.1 A g-1, BNOC-30 showed the highest 

capacitance of 357 F g-1, among all the BNOC samples (e.g., BNOC-10, BNOC-20 and 

BNOC-40, which also revealed rather high values of 236, 308 and 263 F g-1, respectively). 

This number is 2.5 times higher than that of AC and 1.7 times higher than that of C-30. 

The result indicated that the final specific capacitances of BNOCs are not only dependent 

on their samples’ specific surface areas. For example, BNOC-20 holded the highest 

surface area but BNOC-30 exhibited the highest specific capacitance. Considering that 

the B, N, and O contents of BNOC-30 are much higher than those in BNOC-20, we 

believe that the hetero-atom doping played an important part in improving the capacitance 

by introducing additional high pseudocapacitance.  

The capability of retaining high capacitance during ultrafast charging/discharging 

current is critical for high-performance supercapacitor devices. The powder nature of AC 

resulted high contact resistance as well as limited ion diffusion, and therefore, the specific 
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 12

capacitance of the AC based supercapacitor dropped rapidly from 142.8 F g-1 at 0.1 A g-1 

to 10 F g-1 at 50 A g-1, and no capacitance was maintained at a higher current density of 

100 A g-1. The undoped sample (C-30) exhibited no better performance, whose 

capacitance could only be measured at current densities below 10 A g-1 and dropped 

rapidly from 211.6 F g-1 at 0.1 A g-1 to 64 F g-1 at 10 A g-1. The microfiber network 

structure of BNOCs allows fast electron transfer through the interconnected network and 

the abundant mesopores ensure effective ion diffusion. Thus, all the BNOC samples could 

applied in supercapacitors with high charge/discharge current density of 100 A g-1. It is 

noticeable that the capacitance retentions of BNOCs increased with the increasing amount 

and size of mesopores. With the minimum mesopores (11.5 %) and the smallest mesopore 

size (2.3 nm), BNOC-10 retained 20% of its initial capacitance when the current density 

was increased up to 100 A g-1. BNOC-20 had more mesopores (52.0 %) and larger 

mesopore size (2.6 nm), and its capacitance retention at 100 A g-1 was increased to 44 %. 

With the further increased amount of mesopores (78.5 %) and their much larger pore size 

(3.5 nm), BNOC-30 retained 51% of its initial capacitance at 100 A g-1. Noticeably, the 

capacitance of BNOC-30 decreased slowly to 150 F g-1 at a high current density of 200 A 

g-1, indicating its excellent power capability. Such outstanding rate capability is attributed 

to the two inherent factors of the BNOC samples: fast ion diffusion rate caused by the 

optimized hierarchical porous structures7 and small electron transfer resistance provided 

by the cross-linked 3D network structure54. BNOC-40 held the highest ratio of mesopores 

(91.4 %) and the largest pore size (5.1 nm), but the ratio of capacitance retention was the 

same with BNOC-30, indicating that the rate of ion diffusion in BNOC-30 had reached 
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the maximum, while further increase of pore volume and pore size would not benefit the 

ion diffusion anymore.  

Figure 6b illustrates comparative GCD curves of BNOCs vs. AC at a current density 

of 10 A g-1. The BNOC-20-, BNOC-30- and BNOC-40-based supercapacitors showed 

ideal linear and symmetrical profiles without obvious IR drops. By contrast, the AC based 

supercapacitor revealed a large IR drop of 0.12 V and C-30 based supercapacitor 

exhibited an IR drop of 0.52 V at a current density of 10 A g-1. The initial voltage drops 

were proportional to the discharge currents (Figure 6d), determining the direct current 

internal resistances (Ri,DC), which reflects the electron transfer resistance in the active 

materials and ion diffusion resistance in the electrolyte.35 The Ri,DC of BNOC-30 was only 

0.6 Ω , which is one fifth of that of AC (3.1 Ω), indicating that they may deliver 

extremely high discharge power. Electrochemical Impedance Spectroscopy (EIS) was 

then employed to analyze the electrochemical behavior. As shown in Figure 6e, there 

were three critical factors in the equivalent circuits of BNOC-30 and AC: (i) the series 

resistance (R1) which reflected the electron transfer resistance between current collector 

and carbon material and the ionic resistance of the bulk electrolytes; R1 of BNOC-30 was 

0.38 Ω, smaller than that of AC (0.47 Ω), indicating the better conductivity of BNOC-30; 

(ii) the channel resistances inside the cavities (R2) reflecting the ionic resistances of 

electrolytes inside the pores; R2 was only 0.19 Ω for BNOC-30 and increased to 0.34 Ω 

for AC based supercapacitor, which reflecting fast ion transfer in the pores of BNOC-30; 

(iii) the contact resistances of electrode materials (R3). BNOC-30 had an interconnected 

network structure, which provided a perfect pathway for electron transfer. Therefore, the 

resistance within the electrode materials was only 0.27 Ω for BNOC-30. However, R3 
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 14

was 1.45 Ω for AC, owing to the massive interparticle contact resistances. Such small R1, 

R2 and R3 values of BNOC-30 resulted in a low initial voltage drop of BNOC-based 

supercapacitor and higher available output power and energy20 , as summarized in the 

Ragone Plots (Figure 6f). Especially for the BNOC-30-based supercapacitors, their 

available power density can reach 102.4 kW kg-1, while the maximum power density 

(Pmax) of BNOC-30 can reach 300.6 kW kg-1, which is very close to an aluminum 

electrolytic capacitor,20, 56and surpasses most of EDLSs based on 3D carbon fiber 

networks13, 57, 58, 3D graphene,11, 18, 56 graphene–cellulose papers,59 3D RGO hydrogels,11, 

28 CNT/graphene hybirds,17, 60, 61 and other 3D carbon architectures23, 29, 30, 32, 34, 49, 62. The 

unique structure of BNOCs also enabled them great cycling stability. As shown in Figure 

S5, the cycling stability was evaluated for 10000 charge-discharge cycles at a current 

density of 100 A g-1. Capacitive retention was found to be nearly 100% even at such high 

charge-discharge current density. And the last ten cycles still displayed the same 

symmetrical triangular shape, indicating excellent cyclability.   

All solid state supercapacitor based on BNOC-30 

Aiming at the development of a power source with good electrochemical and well-

flexible properties, we fabricated a symmetric flexible ASSS assembled with BNOC-30 

as flexible electrodes(Figure 7a). two kind of gel electrolytes (PVA/H2SO4 gel63 and 

PPDP/LiCl64) were chosen as the solid-state electrolytes. PVA/H2SO4 gel is the most 

commonly used solid state electrolyte. However, in contrast to the supercapacitors with 

liquid electrolyte, whose CV curves retained their high capacitance values and rectangular 

shape even at scan rates of up to 200 mV/s (Figure 6a), the capacitance of ASSS based on 
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PVA/H2SO4 gel electrolyte exhibited a relatively quick drop with the increase of scan 

rates (Figure 7b). Such decrease of capacitance is usually attributed to the discrepant 

insertion/deinsertion behaviors of ions from electrolyte to the active materials.63, 65 

However, considering the abundant mesopores in BNOC-30, which acts as effective ion 

diffusion pathways, the decrease may be attributed to the slow ion-transport inside the 

solid state electrolyte as well. To confirm this assumption, ASSS was test with 

PPDP/LiCl gel electrolyte, which has the ability of bringing ion migration channels to the 

ions and allows more effective ion diffusion in electrolyte. As shown in Figure 7c, the 

ASSS with PPDP/LiCl gel electrolyte retained its high capacitance values and nearly 

rectangular shape even at ultrahigh scan rates up to 100 mVs-1, suggesting their high-rate 

capability due to the effective ion diffusion. The capacitances obtained by the 

galvanostatic charge/discharge measurements at a current density between 1 and 10 A g-1 

(Figure S8) are plotted in Figure 7d. ASSS in PPDP/LiCl gel electrolyte illuminated much 

higher capacitances than that in PVA/H2SO4 gel electrolyte. A high capacitance of 242.4 

F g-1 was obtained at a current density of 1 A g-1 in PPDP/LiCl gel electrolyte, which is 

also much higher than that in PVA/H2SO4 gel electrolyte, surpassing the ASSSs based on 

activated carbon cloths,66 graphite hybrid,61 carbon nanotube67 and B, N co-doped 

graphene11. Moreover, for ASSS in PPDP/LiCl gel electrolyte, 71.6% of its initial 

capacitance was still retained at 10 A g-1, which is also much better than that of 

PVA/H2SO4 gel electrolyte (58% capacitance retention at 10 A g-1), indicating good rate 

property. The highest energy density in PPDP/LiCl gel electrolyte is 8.4 Wh kg−1 at the 

power density of 125 W kg−1 (Figure S12, Supporting Information) which is comparable 

with those of other reports61, 66, 67. EIS measurements were also carried out. As shown in 
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Figure 7e, the Nyquist plots were composed of two distinct parts, a straight line in low 

frequency region and a semicircle in the high frequency region. The diameter of the 

semicircle corresponds to the charge transfer resistance (Rct). It is obviously seen that 

PPDP/LiCl gel electrolyte had smaller Rct. And the linear parts at low frequency 

corresponds to the diffusion process of the electrolyte ions. The slope of PPDP/LiCl gel 

electrolyte was relative steeper than that of PVA/H2SO4 gel electrolyte, indicating higher 

ion diffusion rate. Therefore, our results demonstrated that, besides the inner pore ion 

diffusion, the ion diffusion in the electrolyte is also a limiting factor toward high 

performance ASSSs. Gel electrolyte with better ion diffusion helps to achieve a good 

performance as well.  

The as-prepared ASSSs also exhibited excellent flexibility and stability as 

demonstrated in Figure 7f. Compared with the non-bending CV curve at a sweep rate of 

100 mV s-1, BNOC-30 based ASSS preserved nearly unchanged CV curves at different 

bending curvatures of 60, 120, and 180º, accounting for a constant capacitance output 

under any degree of extreme bending condition. More strikingly, 100-cycles tests with the 

bending angles of 180° never affected its structural integrity and did not weaken its 

storage performance, reflecting high flexible and recoverable abilities. Additionally, the 

stability tests (Figure S6) showed that the ASSSs could still maintain a high percentage of 

their initial capacitances after 10000-cycles of charge-discharge processes. Such excellent 

bending and cycling stability was rooted in the mechanically outstanding integrity of 

interpenetrating-fiber-network BNOC-30 structures, as well as in the excellent 

interconnected integrity between BNOC-30 and the gel electrolyte.6 To further 

demonstrate the practical usage of the flexible ASSSs based on BNOCs, several ASSS 
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units were serial and parallel connected. CV and GCD measurements (Figure S13) show 

that the potential window was extended from 1.0 V for ASSS unit to 4.0 V for the tandem 

device with four ASSSs in series. And the capacitance doubled when two sets of four 

series ASSSs are in parallel connection. It is worth mentioning that with serial and 

parallel connections of several ASSSs, the resultant device can successfully light a blue-

light-emitting diode (LED) (Movie S2). 

Conclusion 

In summary, from a synthetic perspective, we successfully developed a novel one-step 

chemical vapor etching and synchronously doping route to achieve the scalable heteroatom-

doped 3D interconnected carbon microfiber networks, by using easy-to-get cellulose papers as 

precursors. Special continuous network morphologies, adjustable hierarchical porous structures, 

and controllable elemental contents, which are decently suitable for electrochemical storage, 

were the created features of the 3D BNOCs samples. The inherently interconnected fiber 

network structure provides good conductivity through organizing an electron highway. The 

mesopores provide high surface area needed for efficient ion adsorption. The abundant 

mesopores and macropores are helpful for ion diffusion. And the B, N and O dopants induce 

high pseudocapacitance. All these parameters make BNOCs remarkable electrode materials for 

aqueous and flexible all-solid-state supercapacitor devices.   
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Figure 1 Schematic diagram illustrating the synthetic strategy of BNOCs. 

  

Page 18 of 42

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

http://pubs.acs.org/action/showImage?doi=10.1021/acsami.8b13281&iName=master.img-000.jpg&w=250&h=59


 19

 
Figure 2 a) Digital image of BNOC-30. b) Side view SEM image of BNOC-30. c), d), e) 

Top view SEM images of BNOC-30 under different magnifications. f), g), h) TEM 

images of BNOC-30 at different magnifications. The inset in h) shows the contrast 

intensity profile recorded along the arrows. i) Raman spectrum of BNOC-30. 
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Figure 3 a) Representative energy filtered TEM (EFTEM) image of BNOC-30, scale bar 

is 20 nm. b-e) EELS elemental maps of C, B, N, O. f) Atomic contents of B, N, O and C 

at different doping times. g-j) High-resolution C1s spectrum, B 1s spectrum, N 1s 

spectrum and O 1s spectrum of BNOC-30. 
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Figure 4 a) Nitrogen adsorption–desorption isotherms of BNOCs. b) Pore size 

distribution of BNOCs using the quenched solid state functional theory. c), d) Total pore 

volume and specific surface area comparison of BNOCs. 
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Table 1 The textural parameters (including SBET, Vp, Smicro, Smeso, Vmicro, Vmeso) of the BNOCs 

and C-30. 

Sample SBET 

(m2 g-1) 

Vp 

(cm3 g-1) 

Smicro/Smeso 

(m2 g-1) 

Vmicro/Vmeso 

(cm3 g-1) 

BNOC-10 1205.2 0.450 1145.6/59.6 0.397/0.052 

BNOC-20 1456.4 0.757 917.1/539.3 0.363/0.394 

BNOC-30 1382.5 0.973 498.0/884.4 0.210/0.764 

BNOC-40 1149.4 1.520 158.9/990.5 0.130/1.390 

C-30 867.8 0.330 822.9/44.9 0.257/0.073 
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Figure 5 Schematic diagram showing the reaction process under the developed chemical 

vapor etching & doping strategy. 
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Figure 6 a) CV curves of BNOC-30 at different scan rates. b) GCD profiles of BNOC-10, 

BNOC-20, BNOC-30, BNOC-40, C-30 and AC at a current density of 10 A g-1. c) 

Specific capacitance of BNOC-10, BNOC-20, BNOC-30, BNOC-40, C-30 and AC as a 

function of current densities. The inset shows the magnifying figure of curves in the red 

frame. d) Initial voltage drops of BNOCs and AC at different galvanostatic discharge 

currents. e) High frequency regions of the Nyquist plots of BNOC-30 (top) and AC 

(bottom) and the corresponding equivalent circuits. f) Ragone plots of BNOCs and AC 

based supercapacitors.  
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Figure 7 a) Schematics of the stacked ASSS. b) CV curves of ASSS with PVA/H2SO4 

electrolyte scanned from 10 mV s-1 to 100 mV s-1. c) CV curves of ASSS with PPDP/LiCl 

electrolyte scanned from 10 mV s-1 to 100 mV s-1. d) Specific capacitances as a function 

of current densities. e) Nyquist plots of ASSS with PVA/H2SO4 and PPDP/LiCl 

electrolyte. f) CV curves at different bending angles with scan rate of 100 mV s-1. 
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Experimental section 

Synthesis of BNOCs 

Filtering papers (99% α-cellulose, Whatman) were put in the high-temperature zone of a 

tubular furnace, while boric acid (2g) was put in the low-temperature area of the furnace. After 

filling with ammonia gas, the temperature was raised to 1000 oC at a heating rate of 40 oC /min 

and then kept for 10 to 40 min. The exhaust was cooled by water to absorb the remaining 

ammonia gas and gas-phase products. Afterward, argon (Ar) was filled into the tube instead of 

ammonia gas and the furnace was cooled down to room temperature. The obtained films were 

washed with hot water and dried at 200 oC in a constant temperature oven. BNOCs with different 

specific surface areas, pore size distributions and elemental contents were fabricated by adjusting 

the CVE&D time from 10 min, 20 min, 30 min to 40 min. For comparison, The undoped sample 

(C-30) was prepared by pyrolyzing filtering papers in Ar at 1000 oC for 30 min. 

Characterizations 

The morphologies of BNOCs were visualized by scanning electron microscopy 

(JEOL JSM-6700F) and high resolution transmission electron microscopy (JEOL JEM-

3000F). The crystal structures were characterized by Raman spectroscopy (HORIBA 

Jobin Yvon T6400) and electron energy loss spectroscopy (EELS, attachment of JEOL 

JEM-3000F). The analysis of compositions and chemical states was carried out using an 

X-ray photoelectron spectrometer (XPS, Thermo Scientific Escalab 250Xi) and elemental 

analyzer (elementar vario MICRO cube). The N2 adsorption–desorption isotherms were 

obtained using an automated gas sorption instrument (Quantachrome Autosorb-IQ2 
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System) at 77 K. The total surface area was calculated using Brunauer-Emment-Teller 

(BET) method and the pore size distribution (PSD) was obtained from the adsorption 

branch of the isotherm based on the quenched solid density functional theory (QSDFT).  

Electrochemical measurements  

The electrochemical studies were first carried out in a two-electrode system with the 

H2SO4 aqueous solution (1 M) as the electrolyte. This two electrode configuration 

consists of two pieces of free-standing BNOCs with the same size (1cm x 1cm) as 

electrode materials, filtering paper (pore size of 225 nm) as the separator and a pair of Au 

foils as the current collectors. The as-assembled devices were soaked in the electrolyte for 

10 min and wrapped with parafilm before test. For a solid state supercapacitor, a 

PVA/H2SO4 gel electrolyte was prepared as follows: 6 g of H2SO4 was mixed with 60 ml 

of DI water, and then 6 g of polyvinyl alcohol (PVA) was added. The whole mixture was 

heated to 85 oC under stirring till the solution became clear. PPDP/LiCl gel electrolyte 

was prepared as follows: 1.0 g propylsulfonate dimethylammonium 

propylmethacrylamide (PDP), 1.0 mg 4,4’-azobis(4-cyanovaleric acid) (ACVA) and 

4.0 ml distilled water were mixed in a sealed round-bottom reactor, following with three 

times of frozen–degassing–thawing cycles to remove the gas. The reactor was put in oil 

bath at 70 °C for 10 h to form PPDP. Afterwards, the as-prepared PPDP was mixed 

homogeneously with 6.0 ml aqueous solution including 1.0 g LiCl·H2O to obtain the 

PPDP/LiCl gel. Two pieces of BNOC-30 (1cm x 1cm) were immersed in the hot 

electrolyte for 2 min and transferred onto two gold coated PET sheets, which were used 

as the flexible substrate and current collector. The electrode with a thin solution coating 
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layer was left in the fume hood for 24 h to vaporize the water. Then, two pieces of the 

electrodes were pressed together to assemble a supercapacitor.  

    All electrochemical measurements were carried out on a CHI 660E electrochemical 

workstation at room temperature, including cyclic voltammetry (CV), 

chronopotentiometry and electrochemical impedance spectrometry (EIS). Gravimeteric 

specific capacitance (C, F g-1) was calculated from galvanostatic charging/discharging 

using the following equation: 

C =
��

�(��/� )
                                                                                     (1) 

Where I is the constant current applied in the discharging process (A); m is the overall 

mass of two active electrodes (g); dV/dt is the slope of the discharge curves (V s-1).  

The direct-current equivalent internal resistance (Ri,DC, Ω) was obtained by: 

R",$% =
�&'()

��
                                                                                     (2) 

Where Vdrop is the initial voltage drop at the beginning of discharge (V). 

The energy density (E, Wh kg−1) was determined using an equation: 

E =
%�+

,
                                                                                             (3) 

Where V is the effective potential range during discharge. 
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The power density (P, W kg-1) was calculated by: 

P =
����.

 
                                                                                           (4) 

Where t is the discharging time (s). 

The maximum power density (Pmax, W kg-1) was determined by: 

P�/� =
�012

+

��34,51
                                                                                  (5) 

Where VOCV is the open circuit voltage (V). 
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showing the flexibility of  BNOC-30 and the demonstration device with serial and parallel 

connections of ASSSs. (PDF) 
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Figure 1 Schematic diagram illustrating the synthetic strategy of BNOCs. 
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Figure 2 a) Digital image of BNOC-30. b) Side view SEM image of BNOC-30. c), d), e) Top view SEM images 
of BNOC-30 under different magnifications. f), g), h) TEM images of BNOC-30 at different magnifications. 

The inset in h) shows the contrast intensity profile recorded along the arrows. i) Raman spectrum of BNOC-
30. 
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Figure 3 a) Representative energy filtered TEM (EFTEM) image of BNOC-30, scale bar is 20 nm. b-e) EELS 
elemental maps of C, B, N, O. f) Atomic contents of B, N, O and C at different doping times. g-j) High-

resolution C1s spectrum, B 1s spectrum, N 1s spectrum and O 1s spectrum of BNOC-30. 
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Figure 4 a) Nitrogen adsorption–desorption isotherms of BNOCs. b) Pore size distribution of BNOCs using the 
quenched solid state functional theory. c), d) Total pore volume and specific surface area comparison of 

BNOCs. 
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Figure 5 Schematic diagram showing the reaction process under the developed chemical vapor etching & 
doping strategy. 
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Figure 6 a) CV curves of BNOC-30 at different scan rates. b) GCD profiles of BNOC-10, BNOC-20, BNOC-30, 
BNOC-40, C-30 and AC at a current density of 10 A g-1. c) Specific capacitance of BNOC-10, BNOC-20, 

BNOC-30, BNOC-40, C-30 and AC as a function of current densities. The inset shows the magnifying figure 
of curves in the red frame. d) Initial voltage drops of BNOCs and AC at different galvanostatic discharge 

currents. e) High frequency regions of the Nyquist plots of BNOC-30 (top) and AC (bottom) and the 
corresponding equivalent circuits. f) Ragone plots of BNOCs and AC based supercapacitors. 
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Figure 7 a) Schematics of the stacked ASSS. b) CV curves of ASSS with PVA/H2SO4 electrolyte scanned 
from 10 mV s-1 to 100 mV s-1. c) CV curves of ASSS with PPDP/LiCl electrolyte scanned from 10 mV s-1 to 

100 mV s-1. d) Specific capacitances as a function of current densities. e) Nyquist plots of ASSS with 
PVA/H2SO4 and PPDP/LiCl electrolyte. f) CV curves at different bending angles with scan rate of 100 mV s-

1. 
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