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Abstract

:

All-vanadium redox flow batteries hold promise for the next-generation grid-level energy storage technology in the future. However, the low electrocatalytic activity of initial graphite felt constrains the development of VRFBs. Furthermore, the positive VO2+/VO2+ reaction involves complex multistep processes and more sluggish kinetics than negative V2+/V3+ reaction. Therefore, enhancing the kinetics of positive reaction is especially important. Heteroatom doping is one of the effective strategies for preparing carbon electrodes with high electrocatalytic activity and good stability. Here, a nitrogen, phosphorus co-doped graphite felt is prepared. Nitrogen introduces more negative charge into the carbon lattice due to the higher electronegativity, and more oxygen-containing functional groups will be introduced into the carbon lattice due to phosphorus-doped graphite felt. N, P co-doping provides more adsorption sites for vanadium ions. As a result, nitrogen, phosphorus co-doped graphite felt shows high electrochemical activity and good stability, and the corresponding VRFB presents a good voltage efficiency of 75% at a current density of 300 mA cm−2, which is 11% higher than the pristine graphite felt. During 100 charge/discharge cycles, the energy efficiency and voltage efficiency remain at 84% and 86% under the current density of 150 mA cm−2.
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1. Introduction


Renewable energies are a key component of the next-generation energy system. However, renewable energies, such as wind energy and solar energy, need a large-scale energy storage system to achieve stable utilization due to their instability and volatility. Hence, a large-scale energy storage system is an important equipment foundation and a key supporting technology for building next-generation power systems and promoting green and low-carbon transformation of energy [1,2]. Among large-scale energy storage systems, all-vanadium redox flow batteries (VRFBs) have become one of the promising grid-level energy storage technologies because of their advantages of long cycle life, design flexibility, and high safety [3,4,5,6,7,8]. However, the high cost limits the extensive application of VRFB. The cost of a stack is approximately 40% of the total cost [9]. Improving the power density of VRFBs is regarded as an efficient way to lower the unit cost [10]. As one of the key materials of VRFBs, electrode determines the power density and energy efficiency of VRFBs. Carbon felt, carbon paper, carbon cloth, and other carbon-based materials have been widely used as the electrode of VRFBs owing to their excellent conductivity, high stability, and low cost [5,6]. However, the lack of active sites and poor wettability limit their electrocatalytic activity. Besides, a positive VO2+/VO2+ reaction involves complex multistep processes and exhibits more sluggish kinetics compared with a negative reaction. Therefore, various carbon electrode modification strategies have been proposed to enhance positive reaction rates. At present, the reported modification methods for carbon electrodes mainly include acid or thermal treatment, surface etching, modified electrocatalysts, and heteroatom doping. Acid or thermal treatment is the typical approach to introduce more oxygen functional groups on the electrode by oxidation [11,12]. However, excessive oxidation treatment may reduce the conductivity of the electrodes. Surface etching mainly creates holes on the surface of carbon fibers to enhance the electrochemical area of the electrode, such as KOH [13], FexOy [14], Zn(NO3)2 [15], and CO2 [16] etching. However, surface etching of commercial carbon electrodes is faced with the problem of nonadjustable pore size and volume, which makes it difficult to optimize the electrode structure. Introducing electrocatalysts is another effective approach to enhance catalytic activity. The catalysts commonly used in VRFBs are mainly metal compounds (Ta2O5 [17], NiCoO2 [18], Mn3O4 [19], CeO2 [20], W18O49 [21], etc.) and carbon materials (graphene oxide nanoplatelets [22], graphene quantum dot [23], and carbon aerogels [24]). However, the conductivity of the catalyst and the uniformity of the catalyst distribution are problems that need to be solved. In addition, these catalysts are easy to fall off during electrolyte scouring or RFB charging and discharging, which may lead to poor stability. Heteroatom doping is an effective strategy to prepare carbon electrodes with high electrocatalytic activity and reasonable stability. The main doped elements include O, N, B, P, and S [25,26,27,28,29,30]. Nitrogen, as the adjacent element to carbon in the periodic table, has a similar radius to carbon with higher electronegativity [27]. Therefore, the introduction of nitrogen into carbon materials binds amount of negative charges to enhance the adsorption of vanadium ions, and the polarity of carbon–nitrogen bonds can also improve the hydrophilicity of carbon materials [31,32,33]. It has been reported that N-doped carbon materials are promising electrocatalysts for vanadium batteries [28,31,34,35]. For instance, a N-doped porous graphite felt prepared by ZIF-67 modified graphite felt presents a peak power density of 1006 mW cm−2 due to the introduction of mutiscale pores and N-containing functional groups [35]. Phosphorus doping could improve the electrocatalytic activity of carbon electrodes by introducing abundant oxygen-containing functional groups, such as P-O and P=O [36,37]. Moreover, P-doping could also increase the interlayer spacing and stabilize the electrochemical interface between the electrode and the electrolyte [38]. For instance, Li et al. [36] proposed that the P-OH group is the main active site of VO2+/VO2+ electrochemical reaction, and consequently, VRFB using P-doped graphite felt shows a high energy efficiency of 81% at a current density of 200 mA cm−2. Besides, numerous studies have shown that dual-doped carbons have higher electrocatalytic activity than single-element doped carbons [39,40,41], which is mainly due to more active sites and defects by different elements. The above advantages make it possible for a N, P co-doped electrode to be widely used in VRFBs. Some studies have proved that N, P co-doping is an effective approach to improve the electrocatalytic activity of electrodes [42,43]. However, complex processes, poor stability, and toxic raw materials limit their large-scale application.



In this work, a N, P co-doped graphite felt electrode (NPGF) was prepared via a one-step method based on ethylenediamine tetra(methylene phosphonic acid) (EDTMPA), as shown in Scheme 1, and its electrocatalytic activity for vanadium couples was studied. Benefitting from the introduction of abundant nitrogen and phosphorus heteroatoms and oxygen-containing functional groups, NPGF rendered improved electrocatalytic activity for VO2+/VO2+ and excellent stability. The corresponding VRFB exhibited a voltage efficiency of 75% at a current density of 300 mA cm−2 and outstanding stability for 100 charge/discharge cycles.




2. Materials and Methods


2.1. Preparation of the Aqueous Solution of EDTMPA


An amount of 20 mg of EDTMPA powder was dissolved into 20 mL H2O; then the suspension was heated at 120 °C to accelerate EDTMPA dissolution, followed by natural cooling to room temperature.




2.2. Preparation of NPGF


Initial graphite felt (GF) was heated in an air atmosphere at 500 °C for 5 h to form thermally treated graphite felt (TGF) in order to enhance the wettability of GF. Then, TGF was soaked in EDTMPA solution overnight and dried at 60 °C. The samples were treated at 700, 800, and 900 °C for 3 h under nitrogen atmosphere, respectively. Finally, the carbonized electrode was washed with 1.5 M HCl and ultrapure water three times to obtain the NPGF electrode. NPGF was prepared at a different temperature, and the samples were named NPGF-x (x = 700, 800, and 900).




2.3. Characterization of the NPGF


The surface morphology and elemental mapping were characterized by a scanning electron microscope (SEM, ZEISS Sigma 500) with an energy dispersive X-ray spectroscope (EDS). The types and chemical states of elements on the electrode surface were obtained by X-ray photoelectron spectroscopy (XPS, Thermo Escalab 250Xi). Raman spectroscopy was performed to characterize the structural disorder of the electrode materials.




2.4. Electrochemical Characterization


Cyclic voltammetry (CV) was conducted using a CHI760E electrochemical workstation, and electrochemical impedance spectroscopy (EIS) was carried out by a VersaSTAT 4 electrochemical workstation. All electrochemical measurements were conducted in a three-electrode system in the N2 atmosphere at 25.0 ± 1.0 °C, where the as-prepared electrode sample served as the working electrode, the GF and saturated calomel electrode (SCE) were used as counter and reference electrodes, respectively. In CV and EIS measurements, the electrolyte consisted of 0.1 M VOSO4 and 3M H2SO4, the potential ranged from 0 to 1.5 V (vs. SCE), and the scan rates varied from 10 to 50 mV s−1. The EIS was measured over the frequency ranging from 0.01 Hz to 100 kHz.




2.5. Single-Battery Tests


A single battery consists of a negative electrode, a positive electrode and a Nafion®212 membrane with an active area of 2 × 2 cm2. The negative electrolyte was 1.5 M V3+ + 3 M H2SO4, and the positive electrolyte was 1.5 M VOSO4 + 3 M H2SO4. The volumes of positive and negative electrolytes were both 10 mL, and the electrolyte flow rate was 60 mL min−1 controlled by an electric pump (Kamoer New KP). The rate performance was tested under the current density changing from 50 to 300 mA cm−2. The stability of VRFB was tested at 150 mA cm−2 after the rate performance. The cut-off voltage was set at 0.8 and 1.7 V during all battery tests. The electrolyte was inserted with nitrogen gas for 30 min before the battery test and all battery performances were measured using a Neware 5V3A battery test system (Neware, Shenzhen, China) at 25 ± 1.0 °C.





3. Results and Discussion


3.1. Structure and Elemental Composition of NPGF


NPGF was prepared by heating EDTMPA-modified TGF at high temperatures under nitrogen flow, and the details of the experiment can be acquired in the experiment section. The surface morphology of GFs was characterized by SEM. As shown in Figure 1a, there were solids attached to the carbon fiber of graphite felt, indicating that EDTMPA was successfully modified on graphite felt. Then EDTMPA-modified graphite felt was calcined under high temperatures to obtain NPGF, showing a smooth surface (Figure 1b). Furthermore, EDS was carried out to observe the composition and distribution of elements. Element mapping images of NPGF are shown in Figure 1c–f. A uniform distribution of the C, N, O, and P elements on NPGF was present. This indicates that N and P were successfully doped on the surface of graphite fibers.



To further study the structure and elemental composition of NPGF, Raman spectroscopy was performed to compare the structural disorder degree of different electrode samples, as shown in Figure 2a. The peaks at 1336.7 and 1591.7 cm−1 correspond to the D and G bands of carbon materials [44], respectively. The intensity of the D band, corresponding to disorder defects, was much higher than the G bands, corresponding to the ordered graphitic structure. Hence, extensive defects existed in NPGF and TGF. NPGF exhibited a higher ID/IG value (1.98) than TGF (1.83), implying that NPGF possessed a higher degree of defects. Therefore, heteroatom doping induced abundant defects in the carbon lattice [37,39].



X-ray photoelectron spectroscopy (XPS) was performed to reveal functional groups and the actual amount of N and P in NPGF. In Figure 2b, the existence of N 1s and P 2p peaks in the survey spectra of NPGF samples confirms the existence of the N and P elements with contents of 2.29 at.% and 1.84 at.%. As shown in Figure 2c,d, the high-resolution N 1s spectra can be fit to four peaks [41] corresponding to pyridinic-N (398.6 eV), pyrrolic-N (400 eV),graphitic-N (401.4 eV), and N-O (402.9 eV). Here, graphitic-Ng was the main nitrogen species. Besides, P 2p can be fitted to P-C (132.5 eV), P-O (133.3 eV), and P-O/P-N (134.1 eV) [41,45], indicating that P was successfully doped in the graphite felt electrode and P-O was the main phosphorus species. The annealing temperature was an important factor that influenced the concentration and form of heteroatom species [19]. We had prepared NPGF at a different annealing temperature, ranging from 700 to 900 °C. The degree of carbonization and the relative content of C, N, O, and P are shown in Table 1. The concentration of N reduced with increasing annealing temperature. Here, the N content was found to be 2.39 at.%, 2.29 at.%, and 1.55 at.% after annealing at 700, 800, and 900 °C, respectively. The P content in the NPGF-800 sample was found to be 1.84 at.%, which was higher than NPGF-700 (1.53 at.%) and NPGF-900 (0.91 at.%). This was because doping reactions cannot be carried out at lower temperatures. Besides, as shown in high-resolution N1s and P 2p spectra (Figure 2c,d), the content of C-N (mainly graphite nitrogen) and C-P increased, whereas the content of P-O and P-N and N-O decreased as the increase in annealing temperature. When the annealing temperature was too high, carbon materials became more graphitized and defects were reduced. In addition, because the atomic radius of phosphorus was greater than that of carbon and nitrogen, P doping in the carbon lattice was more difficult. Therefore, the P content initially increased with the increase in annealing temperature, followed by a gradual decrease. Overall, NPGF-800 showed the highest total nitrogen and phosphorus content (4.13 at.%) and the highest oxygen content (10.32 at.%). This indicated that NPGF-800 possessed abundant electrochemical reaction active sites and was expected to render superior electrocatalytic activity for VO2+/VO2+ electrochemical reaction.




3.2. Electrochemical Performance of NPGF


The electrochemical activity of GFs for VO2+/VO2+ was characterized by CV using a three-electrode system at an electrolyte of 0.1 M VOSO4 and 3M H2SO4. As shown in Figure 3a, the annealing temperature presented a significant effect on the electrocatalytic activity of NPGF. NPGF-800 exhibited the highest electrocatalytic activity as its smallest peak difference and the highest peak current density, which could be attributed to higher total nitrogen and phosphorus content, rendering abundant oxygen-containing groups to facilitate the VO2+/VO2+ reaction. As shown in Figure 3b, compared with GF (Ipa = 9.08 A g−1, Ipc = −5.51 A g−1, −Ipc/Ipa = 0.61, ∆Ep = 1135 mV) and TGF (Ipa = 9.34 A g−1, Ipc = −6.94 A g−1, −Ipc/Ipa = 0.71, ∆Ep = 794 mV), NPGF-800 showed a higher peak current density, a smaller peak difference, and a redox peak current ratio closer to 1 (Ipa = 12.61 A g−1, Ipc = −9.68 A g−1, −Ipc/Ipa = 0.74, ∆Ep = 662 mV). Figure 3c–e shows the CV curves of VO2+/VO2+ for NPGF-800, GF, and TGF at different scan rates. Their peak potential differences at different scanning rates are presented in Figure 3f, where NPGF exhibits the smallest peak potential difference at all scan rates. These results revealed that NPGF possessed excellent electrocatalytic activity towards VO2+/VO2+ reaction.




3.3. Redox Flow Battery Performance


The outstanding electrocatalytic activity of NPGF resulted in better VRFB performance. The performance of batteries with a different positive electrode is shown in Figure 4. Figure 4a shows the charge/discharge curves of RFBs using three graphite felt samples. At the current density of 50 mA cm−2, the VRFB with NPGF showed a slightly higher discharge specific capacity (16.1 Ah L−1) than TGF (15.7 Ah L−1), achieving 80.1% of the theoretical capacity (20.1 Ah L−1). Moreover NPGF and TGF were higher than GF (13.9 Ah L−1). The discharge plates of VRFB using NPGF and TGF were also close, and both were higher than GF. However, the VRFB with NPGF demonstrated a significant rate performance at higher current densities. As shown in Figure 4b, at high current densities of 150 to 300 mA cm−2, the VRFB assembled with NPGF achieved the highest voltage efficiency compared with pristine GF and TGF. At the current density of 300 mA cm−2, the voltage efficiency of VRFB using NPGF was 75%, which was higher than that of GF (64%) and TGF (73%). This indicated that the VRFB with NPGF had better performance at high current densities. Moreover, when the current density was restored to 50 mA cm−2, the VE of the VRFB using NPGF was consistent with the initial value, while the VE of the VRFB using the other two electrodes decreased slightly, indicating that the RFB using NPGF had better rate performance. Figure 4c exhibits the charge/discharge curves of the VRFB with NPGF-800 at different current densities ranging from 50 to 300 mA cm−2. With the increase in current density, the charging platform gradually increased, the discharge platform gradually decreased, and the specific capacity gradually decreased. At the current density of 300 mA cm−2, the specific capacity remained at 9.6 Ah L−1, which corresponded to 48% of the theoretical capacity. Besides, the cycle stability of the VRFB using the NPGF electrode is presented in Figure 4d. During 100 charge/discharge cycles, whereas the coulombic efficiency slowly increased from 96% to 98%, the energy efficiency and voltage efficiency remained at 84% and 86% at the current density of 150 mA cm−2. The stability test was 59.44 h duration. The capacity of the battery remained at 80% after 100 cycles, and the decay of the capacity was mainly due to vanadium ions’ crossover membrane.



In order to comprehensively compare the performance of NPGF-800 used in VRFB, Table 2 lists the parameters and output performance of VRFB reported in recent years. The output performance of VRFB with NPGF-800 stood out from the recently reported VRFBs.





4. Conclusions


In summary, a nitrogen, phosphorus co-doped graphite felt was prepared by a simple one-step method successfully. There were abundant defects in the carbon lattice after N and P were doped. The XPS results demonstrated the successful doping of both N and P and the increase in the concentration of oxygen-containing functional groups. Compared with GF and TGF, NPGF-800 showed higher electrocatalytic activity on vanadium redox reaction, and the battery assembled with the NPGF electrode exhibited a higher voltage efficiency. At a high current of 300 mA cm−2, the voltage efficiency of VRFB assembled with NPGF as a positive electrode was 75%, which was 2% higher than that of TGF and 11% higher than that of pristine GF. Besides, the NPGF battery showed favorable stability. During 100 charge/discharge cycles, the energy efficiency and voltage efficiency remained at 84% and 86% at a current density of 150 mA cm−2.
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Scheme 1. Fabrication of EDTMPA-modified thermally treated graphite felt and nitrogen, phosphorus co-doped graphite felt. 
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Figure 1. SEM image of (a) TGF/EDTMPA and (b) NPGF. (c–f) Corresponding C, N, O, and P elemental mapping image of NPGF. 
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Figure 2. Characterization of the microstructure and element composition of the electrode materials. (a) Raman spectroscopy of TGF and NPGF electrode materials. (b) Xray photoelectron spectroscopy survey spectra of TGF and NPGF-800 samples; (c,d) high resolution of N 1s and P 2p spectra of NPGF prepared by a different annealing temperature. 
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Figure 3. Electrochemical properties of GF, TGF, and NPGF. (a) Cyclic voltammograms of NPGF-700, NPGF-800, and NPGF-900, the scan rate is 50 mV s−1. (b) Cyclic voltammograms of GF, TGF, and NPGF-800, the scan rate is 50 mV s−1. (c–e) Cyclic voltammograms of NPGF-800, GF, and TGF, the scan rates range from 10 to 50 mV s−1. (f) The relationship between the peak potential difference and the scan rate from (c–e). 
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Figure 4. (a) Charge/discharge curves of batteries with GF, TGF, and NPGF-800 electrodes at a current density of 50 mA cm−2. (b) Voltage efficiency of VRFBs with GF, TGF, and NPGF-800 electrodes at current densities ranging from 50 to 300 mA cm−2. (c) Charge–discharge curves of VRFB with NPGF-800 as a positive electrode at a current density of 50 to 300 mA cm−2. (d) Capacity, coulombic efficiency, energy efficiency, and voltage efficiency of NPGF-800 batteries during the cycling test. 
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Table 1. Element concentration of TGF, NPGF-700, NPGF-800, and NPGF-900.
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	Carbon Material
	C (at.%)
	N (at.%)
	P (at.%)
	N and P (at.%)
	O (at.%)





	TGF
	89.07
	1.19
	-
	1.19
	9.74



	NPGF-700
	88.02
	2.39
	1.53
	3.92
	8.07



	NPGF-800
	85.54
	2.29
	1.84
	4.13
	10.32



	NPGF-900
	90.10
	1.55
	0.91
	2.46
	7.44
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Table 2. Parameters and output performance of VRFB reported in recent years.






Table 2. Parameters and output performance of VRFB reported in recent years.





	
Electrodes

	
Membrane

	
Max J

(mA cm−2)

	
CE

(%)

	
VE

(%)

	
EE

(%)

	
J

(mA cm−2)

	
Ref.






	
NPGF-800

	
Nafion®212

	
300

	
96

	
86

	
82

	
150

	
This work




	
NPGF-800

	
Nafion®212

	
96

	
82

	
79

	
200




	
NPGF-800

	
Nafion®212

	
97

	
77

	
75

	
250




	
NPGF-800

	
Nafion®212

	
97

	
73

	
72

	
300




	
PGF a

	
Nafion®212

	
400

	
96

	
82

	
79

	
150

	
[46]




	
B-CF b

	
Nafion®117

	
100

	
95

	
85

	
81

	
100

	
[47]




	
OA-CF c

	
PSAM j

	
300

	
-

	
-

	
73

	
300

	
[48]




	
N-PGF d

	
Nafion®212

	
300

	
-

	
-

	
72

	
300

	
[35]




	
PEI-DA-CF e

	
PSAM j

	
300

	
-

	
-

	
74

	
300

	
[32]




	
B/O-GF f

	
Nafion®117

	
170

	
97

	
89

	
86

	
50

	
[49]




	
SPHC g

	
Nafion®212

	
300

	
99

	
79

	
78

	
200

	
[50]




	
GF-NP h

	
Nafion®117

	
100

	
94

	
80

	
75

	
70

	
[42]




	
NPCF i

	
Nafion®212

	
100

	
94

	
84

	
79

	
100

	
[43]








a Phosphorus-doped graphite felt, b boron-functionalized carbon felt, c ozone-accelerated acid-treated carbon felts, d nitrogen-doped porous graphite felt, e interfacial copolymerization-derived nitrogen-doped carbon, f B/O-doped graphite felt, g sandwich-like multiscale hierarchical porous carbon, h N- and P-co-doped catalyst-coated graphite felt, i N, P co-doped carbon felt, j perfluorinated sulfonic acid membrane.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  batteries-09-00040


  
    		
      batteries-09-00040
    


  




  





media/file8.jpg
[

Voltage (V)

o

Voltage (V)

b _ 1o
)
3 50 iages #
§ 55|  TETaon
§ ™ i
S . e
-3 - [
Enl our (.,
S e| oTr
2o 2w o
w
O I —— % %
Specific capacity (Ah L Cycle number
Time (h)
FIRER S
184 Ty 5 100 ety 1
b = e
1 -
1] & 1
14 ) 1
1 g s
= 3 71 o cosombicatcney .
£ | ey eticeney 4
601 - Vatage ficioncy 5
2 4 6 8 10 12 14 16 18 20 L s

Specific capacity (Ah L™

0 70 20 30 40 % 60 70 80 50 100
Cycle number

Specific capacity (Ah L)





media/file6.jpg
5,

a
%
<
H
£
3

Current Density (A

Potential (V vs.SCE) Potential (V vs. SCE)

T s

Current Density (Ag™) O
Current Density (g™)

Potential (V vs. SCE) Potential (V vs. SCE)

R

T heorann

e

\

Current Density (Ag™) (D

‘Scan rate (mVs™")

E]





media/file1.png
% modlflcatlon # carbomzatlon

TGF/EDTMPA

dc O~

J H Qo






media/file7.png
Current Density (Ag™") O Current Density (Ag™") Q)

Current Density (Ag™) (D

15
= NPGF-700
e NPGF-800
e NPGF-900
0.0 0.2 0.4 0.6 0.8 1.2 1.4
Potential (V vs. SCE)
15
—10mVs™
—20mVs™"
0 3omvs
—40mVs™
SF —50mvs™
0
-5
NPGF-800
10 F
0.0 0.3 0.6 0.9 1.2 1.5
Potential (V vs. SCE)
10
--=10mVs™ TN,
—-=20mvs™ J2. N\
—e=30mVs™" \".- AN
St -1 & NN\ N
-s=d0mVs ’\--’ .\ '\"*.
—--=50mVs™ é 7 N7
.“ F—Xid
0F ..-"'_J.J..n—-—-—"’"
RS~ '
VWSS USSP
NS -~ ot
SN =
St NS, "-.?,."
'\ T
t—. TGF
_10 L 1 1 1
0.0 0.3 0.6 0.9 1.2 1.5

Potential (V vs. SCE)

-
w,

Current Density (Ag™) O

0.3

0.6

0.9 1.2

0.0 1.5
Potential (V vs. SCE)
d .
—_ ceres 10mVs™ o,
o 20mvs™ o .
<
2
= e
c
[
(]
=
o
=
=
(&)
_10 1 1 1 1 L 1 L
00 02 04 06 08 10 12 1.4
Potential (V vs. SCE)
f 1200
-a— GF
—a— TGF
1000 o NPGF-800
S
E 800
=Y
w
< 600}
400
0 10 20 30 40 50

Scan rate (mVs™)





media/file9.png
Voltage (V)

O

Voltage (V)

| 50mA cm™!

5 10 15
Specific capacity (Ah L™)

20

300 mA cm™~2<e—————50 mA cm” 2

T

T

-

.
- —
C =

o

T

4 6 8 10 12 14 16 18 20
Specific capacity (Ah L™)

2

Voltage efficiency(%)

O
—
=
=3

Efficiency (%)

100
o1 s
90 50mA cw .
85 TR A AL A
801 150
e ] gasaad
200 600056
701 o GF
e5] © TGF 250
A NPGF 300
60 L] T L] L]
0 10 20 30 40
Cycle number
Time (h)
0 10 20 30 40 50
90 4 [ 12
80 -10
8
70 A -
—o— Coulombic efficiency -6
—o—Energy efficiency L 4
60 - —A—Voltage efficiency 2
50 L T L] T L] L L] L] L} O
0 10 20 30 40 50 60 70 80 90 100

Cycle number

Specific capacity (Ah L™)





media/file5.png
QO

O

Intensity (a.u.)

Intensity (a.u.)

D band

Iplig = 1.98

Ipllg = 1.83 TGF

Raman shift cm™)

Graphitic-N
900 0 yrroliGsN idinic-N

404 402 400 398 396

Binding energy (eV)

406

800 1000 1200 1400 1600 1800 2000

(@)

Intensity (a.u.)

O

Intensity (a.u.)

—TGF
—— NPGF-800

1400 1200 1000 800 600 400

Binding Energy (eV)

140 138 136 134 132
Binding energy (eV)





media/file3.png
Y

O %

=
\.
"%

X

b 9

2 um

10 pm

Ty
HV: IRV WO: 8.7 men v

Ly oy
R~ 1]

. ® o
QP. o ** ve * , o%
" . ®ee » .c o &
L . N .. e .- ..
" e Poe ey |
L2 RS ) .
% ° . ‘oo . o
PP “
N '" ..Q.... o..o.f
.
e ® . . ® . e o B
. N L] .. . .
= ™ . » . . -
® .0 * .. B
* o @ ¢ oo ¢ -
. e ‘e o b ot M
@
L §
L ®ee o ' g
X . . * . m
LR
o o*°* * . * 2. ..‘ -m
ee s ° N . e 3
. ™ d N ™ = .m
ic . o * -oo ° . o mm

uv .
. -{o 4
.-
-

!
. -
- o. ~ . ..m
: :
- . m
. . lm
. "y a i

ISR
— - Ry

. 1
2 B §
. -t .vﬁu-. .ol -* z
M .= s L d
.lc”l...‘ﬂ...r'.- s 1! ‘.\. -.om
.... > J‘....’.N“\.l‘...cirﬂ“.\. b m
. ’J.-n’. -‘ ﬂf.aslo..\.,. \\-s.m
i = o : > '
» s f\“\..- ...,.o N'oo lm..m





media/file4.jpg
i)

Intensity (a.u.)

o

Intensity (a.u)

=4
3 o mi |
< T
z s
Il =183 ”"—"/L“L_
5007000 1200 1400 1600 700 700 100 1200 Tom 00 @0 4w 20 0
Raman shift cm) Binding Energy (eV)
N d P
2| m é Sg
£
e
W wr w0 e we I R )

inding energy (eV)

Binding energy (eV)





media/file0.jpg
_@H @B

TGF: TGF/EDTMPA NPGF

I Pc @ @0 @





media/file2.jpg





