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1 (A) GF, (B) NGF-3, (C) NGF-6, (D) NGF-9 [ SEM &%
Fig. 1 SEM images of (A) GF, (B) NGE-3, (C) NGF-6, (D) NGF-9
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2. (A) GF. NGF-3. NGF-6 #l NGF-9 [ XPS 4= i%; (B) NGF-3. NGF-6 fil NGF-9 § N 1s J% if%; (C) NGF-3. NGF-6 fll
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PR

Fig. 2. (A) XPS wide scan survey spectra of GF, NGF-3, NGF-6 and NGF-9; (B) XPS N 1s spectra of NGF-3, NGF-6 and NGF-9;
(C) Nitrogen functional groups contents of NGF-3, NGF-6 and NGF-9; (D) Raman spectra of GF, NGF-3, NGF-6 and NGF-9; (E)
Hydrophilicity tests of GF, NGF-3, NGF-6 and NGF-9.

% 1 GF. NGF-3. NGF-6 il NGF-9 £ 5 1) XPS St h C. O Al N #5150 41
Table 1 Atomic fractions of C, O and N from XPS spectra of GF, NGF-3, NGF-6 and NGF-9 samples.

Electrode C (at. %) O (at. %) N (at. %)
GF 94.76 5.24 0
NGE-3 92.36 6.01 1.63
NGE-6 91.71 6.45 1.84

NGF-9 91.65 6.43 1.92
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Fig. 3 (A) CV curves of GF, NGF-3, NGF-6 and NGF-9 in 1 mmol-L™" 2,6-DHAQ+1 mol-L™" KOH at sweep rate of 30 mV-s™; CV
curves of (B) GF and (C) NGF-6 in 1 mmol-L™" 2,6-DHAQ+1 mol-L™" KOH solution at different scan rates; (D) The fitting curves for the
peak currents of GF, NGF-3, NGF-6 and NGF-9 electrodes relative to the square root of the scanning rate.
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Table 2 Electrochemical surface area of different carbon electrodes.

Electrode GF NGF-3 NGF-6 NGF-9
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Table 3 EIS parameters of different types of electrodes.

Electrode R, (mQ) R (mQ) R, (mQ) R, (mQ)
GF 369.5 78.3 30.8 119.8
NGE-3 308.3 64.2 24.2 103.0
NGEF-6 312.5 31.7 17.3 70.7
NGF-9 377.5 62.5 28.2 102.1
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Fig. 4 (A) Structure of quinone-based flow battery; (B) Voltage efficiency (VE) and (C) energy efficiency (EE) of batteries assembled
with GF, NGF-3, NGF-6 and NGF-9 electrodes at different current densities; (D) charge/discharge curves of batteries assembled with
NGF-6 electrode at different current densities; (E) charge/discharge curves of batteries assembled with GF and NGF-6 electrodes at 100
mA-cm; (F) polarization curves of batteries assembled with GF and NGF-6; (G) Energy efficiency, voltage efficiency, and coulombic
efficiency (CE) with NGF-6 electrode at 100 mA-cm ™ during 100 cycles.
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Fig. 5 (A) Electrochemical impedance spectra of batteries assembled with GF, NGF-3, NGF-6 and NGF-9 electrodes; (B) EIS plot of the

battery with NGF-9 electrode measured at the static state (the flow rate controlled to be 0); (C-F) Nyquist diagrams and fitting curves

of battery anodes with GF (C), NGF-3 (D), NGF-6 (E) and NGF-9 (F) electrodes.
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Abstract

Modification of electrode is vitally important for achieving high energy efficiency in aqueous quinone-based redox
flow batteries (AQRFBs). The modification of graphite felt (GF) was carried out by means of urea hydrothermal reaction,
and simultaneously, the effects of hydrothermal reaction time on the functional groups and surface structure of nitrogen-
doped graphite felt were studied. The surface morphology and defect, element content and surface chemical state of
the modified electrode were characterized by scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) test,
Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). The electrochemical performance of the modified
electrodes was evaluated by cyclic voltammetry, electrochemical impedance spectroscopy and single cell test. These
results indicate that the specific surface area, hydrophilicity and conductivity of GF have been improved by nitrogen
doping. The nitrogen-doped graphite felt (NGF) demonstrates an outstanding electrochemical catalytic activity and less
charge transfer resistance. With the NGF, the battery exhibited 8.0% increase in the energy efficiency of aqueous quinone
redox flow batteries at 100 mA-cm™.

Key words: Nitrogen-doped graphite felt; Energy efficiency; Aqueous quinone-based redox flow batteries; Charge
transfer resistance; Hydrophilic





