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Abstract

Affordable, efficient electrocatalysts for oxygen reduction reactions (ORR) and oxygen evolution reactions
(OER) are critical for various energy technologies. Herein, we report that an activated carbon sheet (ACS)
derived from chitin is an efficient non-metal bifunctional electrocatalyst for both ORR and OER. In
alkaline media, the as-prepared ACS exhibited remarkable electrocatalytic activity for the oxygen
reduction reaction, which was significantly superior to an unactivated carbon sheet (CS) and comparable to
the commercial Pt/C catalyst with excellent durability and resistance to the crossover effect. Meanwhile,
the same ACS also presents high catalytic activity towards OER, with a small overpotential of ~ 1.64 +
0.02 V versus RHE. The excellent electrocatalytic properties of the ACS originated from the combined
effect of optimal nitrogen doping, high surface area, and porous architecture. This work demonstrates that
the ACS is a promising material candidate with high-performance in electrocatalytic applications in energy
technologies.

Key words: activated carbon sheet; chitin; oxygen reduction reaction; oxygen evolution reaction;

microbial fuel cell
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Graphical abstract

Highlight:Nitrogen-doped activated carbon sheets were derived from chitin, which exhibited remarkable a

ctivity for ORR and high catalytic activity towards OER.
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1. Introduction

There is a growing interest in oxygen electrode catalysts, as conversions between O, and H,O play a key
role in a wide range of renewable energy te(:hnologies.l’2 Oxygen reduction reactions (ORR) is the
ubiquitous cathodes reaction in fuel cells and metal-air batteries and the current bottleneck for fuel cells
lies in the sluggish kinetics of ORR, which causes severe energy efficiency loss, while oxygen evolution
reactions (OER) is the anode reaction and plays a key role in energy conversion and storage such as solar
fuel synthesis and rechargeable metal-air batteries. These two processes can be combined in a regenerative
fuel cell, which represents as a promising energy storage device which works as a fuel cell and in reverse
as a water electrollyzer to feed the fuel cell.>* However, both reactions are complicated by multi-electron
transfer, leading to sluggish kinetics. To date, platinum (Pt)-based materials are the most widely used
catalysts for ORR, but Pt has only moderate activity for OER. Ruthenium and iridium oxides are the best
OER catalysts, but they are not as active as Pt for ORR.” On the other hand, these metals are both scarce
and expensive and hence not practical for large-scale applications. Therefore, it is imperative to develop
efficient and cost-effective electrocatalysts for both ORR and OER.

To date, various metal-free carbon materials that serve as the bifunctional electrocatalysts for both ORR
and OER have attracted much attention due to their high catalytic activity, low cost, long durability, and
abundance. For example, Tian et al. demonstrated that nitrogen-doped carbon-coated carbon nanotube
(CNT) coaxial nanocables could be efficient catalysts for both ORR and OER.® Cheng et al. reported that
boron-doped CNTs could catalyze both ORR and OER.” On the other hand, Lin et al. discovered that
nitrogen-doped graphene prepared by pyrolysis of graphene oxide with polypyrrole also efficiently
catalyzed both ORR and OER.® However, these metal-free carbon catalysts are mainly based on

heteroatom-doped carbon nanotubes and graphene. The preparation of heteroatom-doped carbon nanotubes
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and graphene are currently still costly and involve complex synthetic steps and face the challenge of
large-scale production to scale up for usage in fuel cell (FCs) systems. Recently, directly achieving
heteroatom-doped carbon materials from natural resources has been reported to be a potential alternative to
synthesized carbon materials for use as electrocatalysts. For example, Song et al. described
seaweed-derived porous carbon as efficient for ORR.’ Other natural materials (e.g., Typha orientalis,
amaranthus, and ginkgo leaves) have also been reported as capable of being converting into

high-performance electrocatalysts.'*"

However, there is concern about the ORR activity of these materials
and an extra annealing process in an NH; atmosphere is usually adopted to increase the N content in the
as-prepared carbon materials."" Limited studies have been made to directly convert natural biomass into
highly active electrocatalysts for both ORR and OER activity.

Chitin is the most abundant nitrogen-bearing compound in nature and the second-most abundant
biopolymer on earth after cellulose and is extracted from shrimp, crab, crayfish and krill shells after their
consumption as food.'” Due to its renewable and biodegradable character, extremely small size, low
density, chemical stability, biological activity, and noncytotoxicity, chitin is extensively used in medical
applications,12 nanocomposite fields,” and water treatment."* Moreover, a literature search revealed that
chitin is suitable for converting into carbon materials with high porosity, which can be used as
supercapacitor electrode materials. For instance, Nguyen et al. reported the pyrolysis of chitin with a
designed nanorod structure to obtain a mesoporuos nitrogen-doped carbon material for a supercapacitor.'
Herein, a low-cost N-doped carbon sheet derived from chitin was prepared as a high-efficiency ORR/OER
catalyst. To increase its electroactivity, the carbon was chemically activated with ZnCl,. When utilized as a

metal-free electrocatalyst for ORR, the activated chitin-based carbon sheet exhibited comparable catalytic

activity and enhanced long-term stability in comparison with a commercial Pt/C catalyst in a microbial fuel
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cell (MFC) system. On the other hand, the ACS also showed excellent activity for catalyzing OER.

2. Experimental

2.1 Preparation of activated carbon sheet from chitin

The chitin-derived carbon was prepared by carbonizing the hydrothermal product of chitin (purchased
from Shan dong, Wei fang), which has been reported elsewhere.'® In brief, 5 g of chitin and 40 mL
deionized water were placed in a commercial Teflon-lined autoclave with a capacity of 50 mL, and the
autoclave was sealed and heated at 180 °C for 12 h. The resulting hydrothermal carbonaceous solid was
recovered and washed with ethanol and deionized water several times, dried in an oven at 60 °C, and
ground in an agate mortar. Subsequently, the carbonaceous solid was thermo treated at 750 °C for 2 h
(dwell time) at a heating rate of 5 °C/min in a tube furnace under an inert atmosphere to obtain unactivated
chitin-based carbon sheet (CS). Activated chitin-based carbon sheet (ACS) was obtained by physically
mixing ZnCl, with CS using an activating agent/carbon ratio of 3/1 (g/g) and then thermo treating under
the same conditions as the CS preparation (Fig. lA).l7 After cooling the excess zinc chloride present in the
carbonized material was leached out by immersing in 1 mol/L HCI solution or 6 mol/L HCI and magnetic
stirring for about 24 h in an oven at 80°C. Then the materials were extensively washed with water to get rid
of traces of HCl and ZnCl,, filtered and dried at 105 °C. The metal impurities of the treated ACS materials
were detected by inductively coupled plasma mass spectrometry (ICP-MS) (NexION-300).

2.2 Preparation of ACS cathodes and MFC operation

An air cathode was constructed as previously proposed by Yuan et al.'"® MFC chambers were cylindrical
with an inner volume of 12 mL, with a water-proof and catalytic layer coating both sides of a wet-proof

carbon cloth; the surface area of both the anode and cathode was 7 cm’. The catalytic layer was prepared
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by mixing 50 mg ACS or 20 mg Pt/C (10%, Pt loading, HESEN, China) with 30 pL water, 5 pL Nafion

solution (5% wt Sigma-Aldrich) and 50 uL ethanol, and the mixture was ultrasonicated for approximately

15 minutes to prepare a homogenous catalyst ink mixture. The obtained slurry was painted on one side of

the air cathode using a brush and dried overnight at room temperature.

The culture media in the MFCs were 1 g/ sodium acetate solution in 50 mM phosphate buffer

containing 12.5 mL/L mineral solution and 5 mL/L vitamin solution. MFCs were operated in batch mode

with 1 kQ external resistance. After stable voltage outputs were achieved, power density curves were

obtained by changing the circuit resistor from 10000 Q to 50 Q, and individual electrode potentials were

measured vs. a saturated calomel electrode (SCE). All tests were conducted in batch mode in a 30°C

incubator. The power was normalized by the projected surface area of the anode. All tests were conducted

in triplicate, and the mean values are presented here.

2.3 Physical characterization

X-ray power diffraction (XRD, X’Pert-PRO, PANalytical, Netherlands) analysis was performed with

a Cu Ka target (A= 0.154056 nm) radiation source. SEM was conducted with a field emission scanning

electronic microscope (FE-SEM, Model S-4800, Hitachi Ltd., Tokyo, Japan). XPS was performed using

energy-dispersive X- ray spectroscopy (EDX, INCA 300). The specific surface areas were measured by the

Brunauer-Emmett-Teller (BET) method, in which N, adsorption was applied at 77 K and a Carlo Erba

Sorptometer was used.

2.4 The Electrochemical measurement

The electrochemical measurements were carried out in 0.1 mol/L KOH at room temperature using a

CHI 605C electrochemical workstation (CHI Inc., USA). A Pt wire and a SCE were used as the counter and

reference electrodes, respectively, and the catalysts coated glassy carbon (GC, 5.0 mm diameter)
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electrodes/rotating disk electrode were used as working electrodes. To prepare the working electrode, 2.0
mg of the prepared catalyst was mixed with 10 pL Nafion solution (5% Nafion) and 1 mL ethanol. The
mixture was sonicated and 20 pL suspensions were then applied on glassy carbon and then fully dried.
Prior to cyclic voltammogram (CV) scans, O, (or N;) was bubbled through the electrolyte solution for 30
min to create an aerobic (or anaerobic) environment. ORR measurements were performed from 0.2 V to -
0.8 V, and OER measurements were performed from - 0.2 V to 1.0 V. For the purposes of comparison,
commercial Pt/C (20 wt% platinum on carbon) was tested following the same procedure. The impedance
of each MFC equipped with various cathodes was measured by electrochemical impedance spectroscopy
(EIS) over a frequency range of 1 x 10° to 0.1 Hz with sinusoidal perturbation amplitude of 5 mV. The
ohmic resistance (R;) was obtained from the Nyquist impedance plots at the point where Z" was equal to
zero at high frequency. The charge-transfer resistance (R.) for each MFC was estimated from a
semi-circular fit of the charge-transfer impedance in the Nyquist plots.

3. Results and Discussion

3.1 Morphology and crystal structure

The surface morphology of the prepared samples was analyzed by the field scanning electron microscope
(SEM) and is shown in Fig. 1 B, C, D and E. The SEM micrographs show that the chitin-based carbon had

sheet morphology and composed of different porous structures. It seems that the chitin-based carbon after

chemical activation (ACS) contained more and bigger cracks than the unactivated chitin-based carbon (CS).

In addition, the Brunauer-Emmett-Teller (BET) surface areas are significantly different. ACS exhibits a
surface area of 300.7 cmz/g and a total pore volume of 0.31 cmz/g, which was significantly larger than
those of CS with a surface area of 100.0 cm*/g and a total pore volume of 0.06 cm’/g (Fig. 1F and G). The

pore size distribution (Fig. 1G) calculated from the adsorption branches of the isotherms using
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Barrett-Joyner—Halenda method reveals the presence of relatively uniform mesopores with the same
centered pore diameter of 3.81 nm in both samples. However, a wider pore-size distribution was observed
for ACS compared to CS. The increased BET surface area, total pore volume and pore-size distribution of
ACS can be attributed to the chemical activation treatment, which is a very efficient method to obtain
activated carbon from natural materials with high surface area and micro-pore distribution.'” The chemical
activation with ZnCl, is a redox reaction between chitin-based carbon and ZnCl,; ZnCl, gets intercalated
into the carbon matrix by impregnation then alter the pyrolysis behavior of carbon precursor. Upon
pyrolysis, the impregnated ZnCl, causes dehydration of the carbon precursor leading to charring and
aromatization along with the creation of pores. During the process of activation, liquid ZnCl, is formed
above the melting point of ZnCl, (556 K), and which is mobile. Further increase in the temperature of
activation, beyond the boiling point of ZnCl, (1003 K), interaction between carbon atoms and Zn species
takes place resulting in a significant widening of the interlayers of carbon creating pores in the carbon
matrix. During such severe interaction with carbon, ZnCl, aids removal of water from carbon structure by
stripping off hydrogen and oxygen of the carbon precursor,19 which causes a high portion of micro-pores.
All of the above indicated that chemical activation plays a critical role in the preparation of carbon
materials with larger specific surface areas and larger micro-pores and also hinted at their different
electrochemical performance. However, chemical activation does not seem to exert any significant
influence on the crystal forms of the carbon materials, with both XRD patterns of CS and ACS showing
five broad peaks (Fig. S1) at 20 of approximately 38°, 44°, 65°, 72° and 78°, revealing the amorphous
nature of the prepared carbon materials.

With reference to functionality grafting, XPS is one of the surface analytical techniques that can provide

useful information on the nature of the functional groups. The inset table in Fig. 2 provides the summary of
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element compositions of different samples determined by XPS. The ACS has a higher oxygen and nitrogen
concentration than the CS. the XPS C 1s (284.78 e¢V), N 1s (400.88 eV) and O 1s (532.65 e¢V) peaks and
some of the corresponding spectra of the prepared ACS material are presented in Fig. 2. Deconvolution of
the C 1s spectrum of ACS (Fig. 2B) showed the main peak of graphite (284.77 eV) and two Gaussian
peaks centered at 286.04 and 289.72 eV. The main peak at 284.77 eV originates in both spz-hybridized
graphite-like carbon atoms and in carbon atoms bound to hydrogen atoms, which is observed in amorphous
carbons, and their relative intensity correlates with the degree of graphitization.”’ Peaks with higher
binding energies located at 286.04 and 289.72 eV are considered to originate in carbon atoms bound to
nitrogen atoms or oxygen atoms, respectively.21 The bonding energy of O 1s at 532.07 and 533.54 eV (Fig.
2C) was assigned to O=C and O-C bonds, respectively, which confirmed the presence of some carboxylic
and hydroxyl groups on the ACS.** The complex XPS N Is spectra (Fig. 2D) were fitted to three
components of the binding energy, including pyridinic-N (398.20 eV), pyrrolic-N (399.40 eV) and
graphitic-N (400.80 eV).>** Among them, pyridinic-N is a nitrogen atom that bonds to two carbon atoms
on the edge of a carbon plane and a carbon vacancy that is capable of adsorbing molecular oxygen and its
intermediates in an oxygen reduction reaction. Meanwhile, pyridinic-N contributes one p-electron to the
aromatic -system and has a lone electron pair in the plane of the carbon matrix.*' This will increase the
electron-donating ability of the catalyst, thus promoting the electrocatalysis of the oxygen reduction
reaction. In addition, as shown in Fig. S2 and Fig. S3, the XPS spectrum for the CS material is very similar
to the ACS material, but the fractions of nitrogen groups are different, especially the fractions of
pyridinic-N in the ACS (3.2%), which were higher than that in the CS (2.7%), and pyridinic-N was active
for electrocatalysis of the oxygen reduction reaction. Therefore, the prepared ACS with high nitrogen
content, high pyridinic-N fraction and porous structure leads to more active sites for the facilitation of

10
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oxygen reduction, which may result in higher electrocatalytic activity in ORR.

3.2 ORR activity of ACS electrocatalysts

Fig. 3A presents the CVs of Pt/C, ACS and CS supported glass carbon electrodes in 0.1 mol/L KOH
solution with O, vs. N-saturation, and all data were recorded by cycling the potential at a scan rate of 10
mV/s until reproducible CVs were obtained. In the N,-saturated solution, featureless voltammetric currents
within the potential range between 0.2 V and - 1.0 vs. SCE can be observed either for ACS or CS
samples. In contrast, both the samples demonstrated well-defined cathodic peaks for O, reduction when the
electrolyte solution was saturated with O,, which is attributed to the electrocatalytic reduction of oxygen
on the electrode. Remarkably, the ACS samples showed a positive peak potential at - 0.24 V vs. SCE, and
this activity can be assigned to nitrogen-doping in the prepared carbon, according to a previous study.25 In
addition, the chemical activation increased the surface area, in particular, adding surface functional groups
and active sites onto the as-prepared material,***’ which can be the dominant control on electrochemical
activities by the ACS. Then, ACS obtained higher cathodic currents than CS (Table S1).

To explore the ORR mechanism on the ACS and CS electrodes, rotating disk electrode (RDE)
measurements were performed using various rotation speeds from 500 to 2000 rpm. The resulting I-V
curves showed that the limited current density increased with increasing rotation speeds, suggesting that
the diffusion distance was smaller at high speeds. The ORR polarization curves of the Pt/C, ACS and CS
were recorded in O,-saturated 0.1 M KOH at room temperature at a scan rate of 10 mV/s (Fig. 3B). The
onset potential of the ACS (at about - 0.15 V vs. SCE) was close to that of commercial Pt (at about - 0.13
V vs. SCE) and was approximately 70 mV more positive than that of CS and considerably superior to most
other reported carbon-based cathode catalysts (Table S2). The corresponding Koutecky-Levich (K-L)
equations of the samples were applied to analyze the kinetic parameters including the electron-transfer

11



RSC Advances

number (n) and kinetic current density (ji):**

1/j=1/ji+1/Bw'"? (1)

B=0.2nFC (D) **v'"® ()

where j is the measured current density, ji is the kinetic limiting current density, 1/B is the Levich slope, ®
is the rotation speed, n is the total number of electrons transferred during the ORR, F is the Faraday
constant, C is the bulk O, concentration in the electrolyte, D is the O, diffusion coefficient, and v is the
kinematic viscosity of the electrolyte. In the K-L plots of the electrodes, the relationship between 1/j and
o was linear between — 0.5 V and — 0.8 V, then j, and n was calculated from the slops and intercept of
their linear fit lines (Fig. 3B). The ji values at -0.7 V are 20.0 mA/cm® for ACS, which is significantly
superior to that of CS (4.3 mA/cmz), and only slightly lower than that of Pt/C (25 mA/cmz) (Fig. 3C and
D). To qualify the ORR processes on ACS and CS, Fig.1E and Fig. S4 shows four linear K-L plots based
on the reaction current density on the LSVs at various rotating speeds, which suggested first-order reaction
kinetics toward the concentration of O, for ACS, CS and Pt/C from -0.5 to -0.8V. Note that there is no
well-defined diffusion limiting current plateau for all carbon samples, which is similar to other non-metal
carbon-based catalysts for ORR.” This phenomenon resulted from the complicated mass transport process
due to the presence of a rather thick film on the disk and the complex rough surface of the carbon-based
catalysts. In addition, the electrocatalytic active sites of the catalysts are not homogenously distrusted,
which can also result in the inclined current response to polarization.*® The electron transfer number (n) of
ACS was calculated as 3.87-3.99 at potentials ranging from -0.5 to -0.8 V, which was comparable to the
number of electrons transferred by Pt/C under various potentials (Fig. S4A and 4B), indicating a
four-electron process toward ORR on the ACS. However, the electron transfer number of the CS was
calculated as 3.42-3.78, suggesting that the CS involves mixed four-electron and two-electron reduction

12
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processes with H,O, as the intermediate agent (Fig. S4C and 4D). Clearly, the positive shift in the onset

potential and enhancement in the ORR reduction current on the ACS electrode indicated that the ACS

exhibited excellent catalytic activity, suggesting that chemical activation does contribute to lowering the

overpotential of the ORR. However, metal impurities contained in original chitin should also be considered

as factors that affect ORR activity because metallic impurities are often considered as the possible active

center for ORR. According to previous reports, an optimal metal content of 0.2-4 wt% in carbon materials

have been considered to involve in the catalytic reaction for the oxygen reduction.’"?

However, as

detected by ICP-MS, the ACS contains very low contents (0.0002 ~ 0.03% wt%) of Fe, Cu, Co and Ni

impurities (Table S3). Moreover, the ACS with lower contents of impurities was obtained from the

treatment by 6 M HCI than that from the 1 M HCI (Table S3). However, the similar catalytic activities for

the ORR were achieved from these two ACS materials (Fig. S5). The above-mentioned results

demonstrated that the metal impurities unlikely contributed towards the catalytic activity of the ACS for

ORR. Besides, possible release of Pt from the counter electrode may contribute to the catalytic activity of

the developed catalyst for the ORR. A two-compartment electrochemical cell was designed to avoid the

interference of Pt dissolved from the counter electrode (Fig. S6A). As shown in Fig. S6B, the ACS still

showed comparable activity for the ORR to the Pt/C in this two-compartment electrochemical cell, which

ruled out the possible effect of the released Pt from the counter electrode on the measured catalytic activity

of the ACS. Moreover, the metal impurities in electrolyte before/after ORR measurements were also

detected by ICP-MS (Table S4). Extremely low contents of metal impurities were examined in the

electrolytes, which eliminated the possible effect of the metal impurities in the electrolyte on the catalytic

activity of the ACS. However, it is worth mentioning that possible effects of metal impurities on the

observed excellent ORR performance of the ACS could still be a matter of controversy unless absolutely

13
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metal-free N-doped carbon materials could be produced from chitin.

3.3 Performance of ACS cathode in MFCs

Microbial fuel cells (MFCs) are capable of using wastewater as anodic “fuel” to generate electricity and
accomplish pollutant treatment simultaneously.33 However, the prohibitive cost, scarcity and low stability
of Pt hampered the large-scale commercialization of these technologies.”* To further demonstrate catalytic
capability for the ORR and the stability of the ACS, the ACS was applied in MFCs as the cathode catalyst.
For comparison, a Pt/C catalyst is used as benchmark control. After the cell voltages were stabilized, the
cell voltage curves, anode and cathode polarization curves, and power density curves were evaluated. As
shown in Fig. 4A, the maximum power density of the MFC with the ACS catalyst air cathode is 705 + 5
mW/m?, which is much higher than that of the CS catalyst air cathode (474 £ 5 mW/mz) and comparable to
that of the Pt/C cathode (727 £ 5 mW/mz). This result suggests that the ACS cathode performs high
catalytic activity and improves the power generation. Curves of the individual cathode or anode potential
versus current density are shown in Fig. 4B. The anode potentials of the MFCs with different cathodes
have few differences, while the cathode potentials are greatly different, indicating that the differences in
the MFC performances mainly resulted from the variations in the catalytic activities of the cathode
catalysts.

The power outputs of MFCs were related to the measured impedance values (Fig. S7A and Table S1).
Due to the identical anode configuration in all MFCs, the varied impedance values should result from the
cathodes. The Nyquist plots were measured on the electrodes with different catalysts. All the Nyquist plots
of the electrode with different catalysts intercept the real axis and the diameter of the first semicircle in
the spectra over the high-frequency to obtain the ohmic (R;) and charge-transfer resistances (R.). The

14
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MFC with the CS cathode had the highest impedance (R; =49 + 2 Q and R, = 45 £+ 3 Q), which was
higher than that of the ACS cathode (R; =48 =2 Q and R, = 35 £2 Q). For the ACS and CS cathodes,
the R values are identical but a little higher than the Pt/C cathode (Rs = 36 + 2 Q). However, the value
of R for the ACS was comparable to the Pt/C (31 &+ 3 Q) cathodes. Because a faster electron-transfer
rate could be indicated by a smaller R, the low R, of the ACS electrode suggested an improved
electron transfer resistance and increased reaction rate compared to the CS electrode. This result could
be explained by the greater catalyst surface area and more active sites of the ACS.

The long-term operation of the MFCs was studied to evaluate the stability of the prepared
catalysts. Approximately 60 full discharging — charging cycles with 1 kQ external loading were tested.
As shown in Fig. 4C and 4D, the output of the MFC with the Pt/C cathode decreased to only 73% of
the initial voltage after 60 days, which was much lower than that of the ACS (97%) and CS (96%),
suggesting that the prepared catalysts had outstanding stability in the MFCs. In addition, the MFC
with the Pt/C cathode had the highest voltage output at the beginning, but it decreased significantly
and became lower than the ACS or CS approximately 20 and 40 days later, respectively,
demonstrating that the ACS catalyst can be a potential alternative to Pt/C in MFCs for sustainable
energy generation. Moreover, the ORR performance of Pt/C is substantially diminished due to the
crossover of substrates and metabolites that results in the formation of mixed potentials and the flow
of internal currents.” As shown in Fig. S7B, the ORR amperometric current of the Pt/C electrode was
significantly affected by the addition of methanol. However, the ACS electrode current was not
affected, demonstrating that the crossover effect was smaller in the ACS, and therefore, the ACS were
more stable in the fuel cell. It is believed that the prepared carbon shows several advantages as the
electrocatalysts for ORR. First, the cost of the ACS catalyst is ultra-low. Second, the prepared ACS

15
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catalyst showed high activity, improved kinetics and excellent stability in the MFC environment.

3.4 OER activity of ACS electrocatalysts

Apart from the ORR activity, excellent OER activity is also achieved with the ACS. To study the
electrocatalytic activity of the as-prepared catalyst in OER, a three-electrode system with polarization
experiments with the potential extended to the water oxidation regime (from —0.2 to 1.0 V) was used.
To examine the onset of the electrocatalytic OER, LSVs of the catalysts are shown in Fig. 5 with a
sweep rate of 10 mV/s. As seen in the LSVs, the catalytic current was observed at approximately 0.05
V, 0.63 V and 0.61 V vs. SCE (approximately 1.06 V, 1.64 V and 1.62 V vs. RHE) for the activated
chitin-based carbon (ACS), unactivated chitin-based carbon (CS) and Pt/C catalysts, respectively, and
its OER current density at 1.0 V reached — 20.7, — 3.9 and — 12.4 mA/cm’, respectively. The OER
activity on the CS is quite faint, while excellent OER activity of the ACS catalyst was observed,
which is much more active than other carbon-based materials (Table S2). Furthermore, as reported by
Zhao et al., the potential required to oxidize water at the current density of 10 mA/cm” is usually used to
judge the OER activity.36 The ACS catalyst generated a current density of 10 mA/cm’ at a current of
0.64+0.02 V versus SCE (approximately 1.64 £0.02 V versus RHE), which is similar to that of IrO,/C
materials (10 mA/cm?, 1.60 +0.01 V versus RHE) and nitrogen-doped graphene/single-walled CNT
hybrids.*® However, the CS afforded a current density of 10 mA/cm” at a much higher overpotential than
that of the ACS, implying the superior OER activity of ACS due to chemical activation. As for the Pt/C,
the potential acquired for the current density of 10 mA/cm” would be much more positive, as deduced from
the corresponding current trend. The Tafel slope for the ACS catalyst was approximately 90 mV/decade
(Fig. 5B), much smaller than that of the CS (116 mV/decade) and the commercial Pt/C (104 mV/decade),
which further confirmed the superior electrocatalytic OER performance of ACS. N-doped non-metal

16
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carbon materials have been demonstrated to be active for the OER. For instance, Zhao et al. revealed that
nitrogen-related species is the active centre of OER activity, and with the increasing levels of pyridinic-N
and quaternary-N, the OER activity of the N/C catalyst improved.’® As shown in the inset table of Fig. 1
and in Fig. S3, the N-content (4.99%) and specific surface area (300.7 mz/g) of the ACS were higher than
those of the CS (3.69%, 106.4 mz/g), especially the fractions of pyridinic-N in the ACS was about 3.2%,
which may the main reason for the resultant high OER activity of the ACS material.

4. Conclusions

In conclusion, the CS and ACS were successfully fabricated from chitin by a facile and cost-favorable heat
treatment, and their electrochemical characteristics were investigated to determine their potential use in
energy technologies. The prepared ACS possess large surface area, high nitrogen content and porous
structure, leading to more active sites for the facilitation of oxygen reduction, which was superior to the CS
and comparable to the commercial Pt/C catalyst with excellent durability and resistance to the crossover
effect in an alkaline electrolyte. We also found that the ACS presented high catalytic activity towards OER.
This work provides a platform towards the design of simple, inexpensive and non-metal materials with
extraordinary electron pathways that can be used as high—performance bifunctional oxygen electrode

activity for both ORR and OER.
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Figure captions
Figure 1. SEM images of the as-prepared carbon materials: (B and D) CS; (C and E) ACS (D and E are
higher magnification images of CS and ACS, respectively); (F and G) pores distribution of CS
and ACS
Figure 2. A) XPS survey of the ACS showing C, O and N as the main elements; B) The XPS C 1s spectra;
C) O 1s spectra; D) N 1s spectra
Figure 3. (A) CVs of electrodes with different catalysts in O,- or Nj-saturated 0.1 M KOH; (B) RDE
voltammograms of the CS, ACS and Pt/C at 1500 rpm; (C) K-L plots at -0.7 V from ACS, CS
and Pt/C D) Electrochemical activity given as the kinetic current (ji) at -0.7 V for ACS, CS and
Pt/C. E)RDE voltammograms of the ACS in O,-saturated 0.1 M KOH collected with a sweep
rate of 10 mV/s at various rotation speeds; (F) corresponding Koutecky-Levich plots (5 vs.
o) at different potentials on the ACS electrode
Figure 4. (A) Polarization curves of MFCs with different cathodes; (B) individual potential (vs. SCE) vs.
current density curves; (C, D) long-term stability tests of the MFCs (the voltage outputs were
examined at 1000 Q)
Figure 5. (A) OER current of Pt/C, ACS and CS electrode on 0.1 mol/L. KOH solution at a scan rate of 10

mV/s. (B) Tafel plots derived from (A).
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