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In this study, three catalysts (BC-Zn, BC-HP and BC-Na) were prepared by pyrolyzing corn stalk
biomass with ZnCl>, H3PO4 and NaOH acting as activator. We compare and summarize the structure
and electrocatalytic activity of these carbon materials for oxygen reduction reaction (ORR). A high-
performance doped carbon catalyst (BC-Na) with a BET surface area of up to 1337.27 m? g was
prepared by using NaOH as an activating agent. For ORR in alkaline media, BC-Zn exhibited a more
negative shift of -0.42 V (vs Hg/HgO) in contrast to BC-HP (-0.31 V) and BC-Na (-0.31 V). Even though
BC-Na showed a negative ORR onset potential (E=-0.21 V) in comparison with Pt/C (E=0.09V), its
current density reached up to 5.72 mA-cm, which is much higher than Pt/C (3.25 mA-cm™). It is
supposed that the excellent electrocatalytic property of BC-Na originated from the combined effect of
high specific surface area and N doping. The low-cost and simple approach used in study provides a
straightforward route for the preparation of ORR electrocatalysts from biomass.
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1. INTRODUCTION

Currently, the great challenges in energy crisis and environmental pollution urge the
development of green and sustainable energy systems. Fuel cells are considered to be the most promising
technology for the portable energy supply devices, which can generate electric energy by
electrochemical reaction between hydrogen and oxygen (or air) without combustion process. However,
the kinetics of oxygen-reduction reaction (ORR) at the cathode is limited [1,2]. So far, the reported high-
performance electro-catalysts almost exclusively relied on Pt-based electro-catalysts due to the superior
catalytic activity and stability [3-5]. Such as it is, the drawbacks of high cost, scarcity of raw materials
and poor stability of Pt-based catalysts fundamentally hamper the further development of fuel cells [6].
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Therefore, the development of efficient, inexpensive, more stable and commercially available catalysts
for ORR is highly desired.

Recently, the use of nitrogen-doped (N-doped) carbon nanotube [7], N-doped graphene [8,9],
graphene/carbon nanotube nanocomposite [10,11], mesoporous N-doped carbon [12], and N-doped
carbon nanocages [13] as metal-free electro-catalysts for ORR have been widely studied. In addition, the
pyrolytic product of crab shells [14], ovalbumin [15], ginkgo [16], egg shell [17], shrimp shells [18] and
even human hair [19] have also been successfully used for the electrode materials of fuel cells. Apart
from these, biomass materials were also proven as the attractive precursors of ORR catalysts since they
are usually rich with sulfur, nitrogen, phosphorus elementals, and sometimes heavy metals (cumulative
plant). All of these elements were reported to be involved in can develop candidate ORR active sites and
thus significantly increase the activity of carbon-based catalysts [20,21].

To develop high-performance ORR material, some activation steps are frequently employed in
the preparation of electrode from biomass. The common activating agent includes ZnCl, KOH, NaOH,
and HsPO4. For example, Liu et al [22] used ZnCl: as an activation reagent to synthesize nitrogen self-
doped porous carbon by a facile procedure based on simple pyrolysis at controlled temperatures (600-
800 °C) using water hyacinth (Eichhornia Crassipes) as feedstock. Zhou et al [23] used intrinsically
porous biomass (soybean shells) as a carbon and nitrogen source to synthesize porous nitrogen-doped
graphene via calcination and KOH activation. Our previous study [24] also used KOH to prepare high-
active ORR catalyst by direct co-pyrolysis of biomass with activating agent. However, the reactions
between KOH and biomass are too vigorous and liable to cause the fragmentation and collapse of porous
structure, and therefore affect the catalytic performance of electrode materials. For this reason, some
mild activation methods are essential to be developed in the pyrolysis of biomass.

In this work, we used a common agricultural bio-waste, corn straw, as carbon and nitrogen source
to prepare carbon materials (biochar) with some sample methods, including one pot co-pyrolysis of
biomass with activators (ZnClz, HsPOs, and NaOH) and part of thermal cracking carbide with high
temperature annealing. The choice of activator and synthesis methods have the following advantages: 1.
sustainable biomass as precursor which obtain organic and inorganic nitrogen; 2. pyrolysis process is
simple and can be manipulated without template. The obtained carbon materials were further tested as
catalysts for ORR. These biochars have a high specific surface area, evenly distributed pores and uniform
nitrogen doping. In alkaline media, some of the biochar exhibited similar catalytic activity as compared
with commercial 20% Pt/C.

2. EXPERIMENTAL MATERIALS AND METHODS

2.1 Preparation of catalysts

Corn stalk used in this experiment was collected from Chongming Island, Shanghai, China. The
biomass was washed extensively by deionized water to remove impurities and air-dried for days. Before
pyrolysis, raw biomass was cut into pieces, ground to powder in a mortar, screened by a 100-mesh sieve
and oven-dried at 105 °C for 24 h.
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ZnCl> modified biochar (marked with BC-Zn) was prepared by following steps: 6.0 g corn stalk
powder and 1.0 g ZnCl> powder (AR) was thoroughly mixed and placed into a tube furnace and heated
at a rate of 10 °C-min™ to 700 °C for 2 h under N, flow (100 mL-min). After cooling to room
temperature under N gas, the carbonized product was alternately rinsed with 0.5 M HNOz and 1 M HCI
to remove metal deposits. The product was further washed with deionized water to stable pH and dried
in an oven at 80 °C. Phosphoric acid modified biochar (BC-HP) was prepared by following steps: 5.0 g
biomass of corn stalk was dispersed in 20 mL phosphoric acid (85%). After 12 h, the solution was filtered
and the recovered solid was oven-dried at 80 °C for 4 h. The biomass was subsequently placed into a
tube furnace and heated at 850 °C under N2 flow (100 mL-min™) for 30 min at a heating rate of 5 °C-min-
L After pyrolysis, the furnace was cooled down to room temperature under N2 gas, and the carbonized
product was withdrawn and rinsed with 0.5 M NHs-H20 and deionized water until stable pH. The rinsed
sample was further dried in an oven at 90 °C for 12 h. NaOH maodified biochar (marked with BC-Na)
was prepared by following steps: 10.0 g biomass was first placed into a tube furnace and heated at 250
°C under Nz flow (100 mL-min™) for 2 h. Afterward, the roasted solid was mixed with NaOH powder
(AR) at a mass ratio of 1:3, and the mixture was heated at 600 °C under N2 flow (100 mL-min™) for 1 h
at a heating rate of 10 °C-min. After pyrolysis, the furnace was cooled down to room temperature under
N> gas, and the carbonized product was rinsed with 1 M HCI and deionized water to stable pH. After
drying in an oven at 100 °C for 12 h, the solid was annealed in N2 atmosphere at 900 °C for 3 h. All
samples were stored under N2 atmosphere before use.

2.2 Sample characterization

BET analysis of sample was performed on a Micromeritics ASAP 2020 using N2 as adsorbate at
-195.74 °C. Infrared spectra of biochar were collected on a Thermo Scientific FTIR 380 spectrometer at
400 - 4000 cm™ with each sample mixed with KBr at 1:100 (w/w). Sample surface morphology was
characterized by a JEOL JSM6700 scanning electron microscope equipped with an energy dispersive
spectroscopy (EDS) detector and a high-resolution transmission electron microscope (HRTEM, JEOL
JEM-2010). Elemental composition and chemical state on sample surface were detemined by XPS
(ESCALAB 250 Xi, USA) analysis. Crystalline structure of biochar was characterized by a D/max-2500
X-ray diffractometer (XRD) with Cu-ka radiation (40 Kv, 250 Ma, k = 0.1789 nm) at a speed of 4°-min’
! and a scan 20 range of 5° - 80°.

2.3 Electrochemical measurement

Electrochemical test was conducted on a CHI660A electrochemical workstation (CH instrument
Co., China) with a three-electrode cell equipped with a gas-flow system. Counter and reference
electrodes were a platinum sheet and a Hg/HgO (2 M KOH solution) electrode, respectively. Working
electrode was a ®3 mm glassy carbon electrode. In a typical electrochemical test, 5.0 mg biochar was
added into 2 mL ethanol and 10 puL Nafion solution (1wt%, Alfa Aesar) and sonicated for 30 min to
form a well-dispersed ink. Afterward, 10 pL dispersion was evenly spread on the glassy carbon electrode
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and dried at room temperature for 2 h to develop a catalyst thin film. Commercial Pt/C catalyst was
loaded onto the surface of electrode by the same method and used as reference in this experiment. After
alkaline electrolyte (0.1 M KOH) was purged with high-purity N2 or Oz gas (99.99%) for 30 min to
ensure gas saturated, cyclic voltammetry (CV) measurements were conducted over the potential range
of -0.8 to +0.2 V (vs Hg/HgO) with a scan rate of 50 mV-s*. Linear sweep voltammetry (LSV)
measurements were conducted at a scan rate of 50 mV-s™*. The accelerated durability test (ADT) [28]
was carried out in No-saturated 0.1 M KOH at -0.8 - +0.2 V with a scan rate of 50 mV-s™.

3. RESULTS AND DISCUSSION

3.1 The morphology and composition of the catalyst

Scanning electron microscope (SEM) and transmission electron microscopy (TEM) were first
used to analyze the physical morphology of the pyrolytic carbon materials. SEM image (Fig. 1a) shows
BC-Zn contained a lot of curved fragments, which should be caused by the intense cleavage of biomass
during pyrolysis owing to the catalytic role of ZnCl,. High resolution SEM image (Fig. 1b) reveals the
fragment of BC-Zn displayed a spongy-like structure, suggesting a large specific surface area of this
sample. TEM (Figs. 1c and 1d) further confirms the presence of pore structure with varying sizes and
open edge sites in BC-Zn. Published works reported that open edge sites and higher curvatures on carbon
catalyst are favorable for ORR, because these structures may assist oxygen molecule to access
conveniently and effectively to the electro-catalytic active sites [25-26].

Fig. 2 depicts the SEM (Figs. 2a and 2b) and TEM (Figs. 2c and 2d) images of BC-HP. From
Fig. 2a, it can be seen that BC-HP comprised of many particles with different sizes. High-magnification
SEM image (Fig. 2b) further reveals these particles had a rough surface with limited porous structures.
TEM images (Figs. 2c and 2d) highlight the particle of BC-HP were not in the single-layer structure but
had irregular open edges.

Figure 1. SEM (a and b) and TEM (c and d) images of BC-Zn
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Figure 3. SEM (a and b) and TEM (c and d) images of BC-Na

Different from BC-HP and BC-Zn, BC-Na (Fig. 3a) was rich with micro/meso- pores, which
were separated by regular interconnected channels (as shown in Fig. 3a insert). High-magnification SEM
image (Fig. 3b) further reveals that the wall of the interconnected channel was rich with small bubbles
(30-60 nm in diameter). TEM (Fig. 3c) indicates that BC-Na had an irregular, open edge and graphene-
like structure. The microporous and mesoporous structure of BC-Na can also be confirmed by Fig. 3d.

The results of element analysis of samples are compiled in Table 1. It can be founded that
nitrogen content in samples were 4.24%, 3.62% and 2.06% for BC-Zn, BC-HP and BC-Na, respectively
(Table 1). Since no extra N was introduced in the preparation of biochar, it is considered that these N
species come from the feedstock itself. Previous study reported N doping can significantly improve the
oxygen reduction performance of catalyst [27]. Therefore, it is expected that these samples may have
potentials in catalytic activity for oxygen reduction.



Int. J. Electrochem. Sci., Vol. 15, 2020 6307

Table 1. Elemental analysis of BC-Zn, BC-HP and BC-Na

Samples C (%) N (%) H (%) 0 2 (%)
BC-Zn 75.99 4.24 1.85 17.92
BC-HP 66.44 3.62 4.20 31.74
BC-Na 62.03 2.06 1.24 34.67

2 assumed from the remainder of 100%, which didn’t consider ash.

Figs. 4 and 5 show the DES analysis of BC-HP and BC-Na. It can also be found that BC-HP and
BC-Na contained nitrogen, phosphorus and sulfur elements. The abundant P species in BC-HP is
considered to derive from the phosphates deposit during the reaction of phosphoric acid and inherent
alkaline-earth metals of biomass in pyrolysis. Moreover, N spots were detected in the EDS images of
both BC-HP and BC-Na further confirmed that these nitrogen contents come exclusively from inherent
N species of raw biomass.

NKa1_2

Figure 4. EDS images of BC-HP

CKa1_2 NKa1_2

SKat

Figure 5. EDS images of BC-Na
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Fig. 6a displays the X-ray diffraction (XRD) profile of three samples. As can be observed, all
samples showed two obvious diffraction peaks at 26 of 23.6° and 43.5°, with can be assigned to the (002)
and (100) planes of a typical turbostratic carbon, respectively. This result demonstrates the graphitic
carbon was developed in all samples after pyrolysis [28]. In addition, BC-Na exhibited four sharp peaks
around 30.7°, 36.3°, 44.2° and 65.0°. According to XRD database, these peaks come from a high-degree
graphitization structure of graphite, which is consistent with the result from SEM of BC-Na. Therefore,
it can be inferred that a higher degree of structural alignment is more easily formed at high temperature
pyrolysis.

N2 adsorption-desorption isotherms were used to further analyze the porosity of BC-Na. As
shown in Fig. 6b, the occurrence of the hysteresis loop at high pressure indicates the existence of
mesopores in BC-Na, which is also in line with the SEM result. However, the sharp increase below a
relative pressure of 0.1 is supposed to be caused by the micropores in sample. These results indicate BC-
Na had both meso- and micro- pore structures. The pore size distribution calculated by the density
functional theory (DFT) method indicates the prevalence of pores with a diameter of 2-4 nm in BC-Na.
Surprisingly, the BET surface area, total pore volume and micropore volume of BC-Na reached 1337.27
m2-g%, 0.847 cm3-g?, and 0.507 cm®-g%, respectively. These results indicate the etching effect of NaOH
during the high temperature pyrolysis made the raw biomass transform into a porous nanomaterial. High
porosity with mesoporous structure was also considered to be beneficial for ORR activity due to the
increased surface area and abundance in catalytic sites [29].
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Figure 6. (a) XRD patterns of BC-HP, BC-Zn and BC-Na and (b) Nitrogen adsorption (A)-desorption
(B) isotherms at 77 K and DFT pore-size distribution (inset) of BC-Na

The XPS scan, high-resolution N1s spectra and high-resolution S2p were used to further
investigate the nitrogen and sulfur configuration in BC-Na. As shown in Fig. 7a, BC-Na displays a
typical C1s peak at 284 eV, N1s peak at 400 eV and an O1s peak at 532 eV, which proved that this
sample is indeed a nitrogen self-doping carbon material. The ORR activity of N-doped carbon catalyst
depends highly on nitrogen configuration. To analyze the nitrogen bond configuration, the N1s peak
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(Fig. 7b) was deconvoluted into four nitrogen groups, pyridinic-N (398.2 + 0.3 eV), pyrrolic-N (400.5
+0.3 eV) and quaternary or graphitic-N (401.1 + 0.3 eV), respectively [30-32]. As can be observed, BC-
Na was rich with pyridinic-N and pyrrolic-N, which have planar structure and are active to ORR [33].
The binding energy of XPS-S2p was also used to analyze sulfur doping. As shown in Fig. 7c, the former
two peaks are S2p 3/2 (162.9£0.2 eV) and S2p 1/2 (164.9+0.2 eV), which were assigned as the vibration
of spin-orbit coupling of thiophene-S [34,35]. According to above results, both N and S was doped into
the carbon skeleton BC-Na.
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i Graphitic N
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Figure 7. XPS spectra of surface chemical composition (a) and high-resolution N1s spectra of (b), high-
resolution S2p (c) of BC-Na

3.2 Electrocatalytical activities

The electro-catalytic properties of three catalysts were first investigated under alkaline (0.1 M
KOH) condition at room temperature by cyclic voltammetry (CV) in Oz-saturated solution and N»-
saturated solution from -0.8 to +0.2 V (vs Hg/HgO), respectively.

The results in the alkaline media (0.1 M KOH) are shown in Fig. 8. The CV curves display quasi-
rectangular voltammograms in N»-saturated 0.1 M KOH solution for all samples. After oxygen was
introduced into electrolyte, a well-defined oxygen reduction cathodic peak can be observed from Figs.
8a-d, demonstrating these samples were active to ORR. In paricular, BC-Zn exhibites a more negative
shift of -0.42 V of reduction peak potential relative to BC-HP (-0.31 V) and BC-Na (-0.31 V). Zhu et al
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[36] used phosphorus doped porous carbon as ORR catalyst and found that the oxygen reduction
potential was -0.285 V, which is close to -0.31 V from BC-HP and BC-Na, but the current density of
phosphorus doped carbon was higher than that in this paper, which may be caused by the difference of
raw material and preparation condition. By using ZnCl> as an activator, Liu et al [37] reported that
biochar can achieve an oxygen reduction potential of 0.81 V, but the current density was 1 mA-cm,
which is lower than BC-Zn. Meanwhile, the net peak current density of BC-Na reached about 2.63
mA-cm by subtracting the background current from the current density. This value is significantly
higher than that of BC-HP (2.45 mA-cm?) and BC-Zn (2.39 mA-cm?). Table 2 compared the
electrocatalytic activities of the biochar with some previous studies. As can be obesrved, the catalysts
obtianed in this expriment, in particular BC-Na, show much higher current density than other
samples[38,39].

Linear sweep voltammetry (LSV) in Oz-staturated 0.1 M KOH solution at room temperature was
also tested, and the results are compiled in Fig. 8e. It clearly demonstrats the difference in ORR activity
of these samples. BC-Na exhibited a more negative ORR onset potential (E=-0.21 V) than Pt/C
(E=0.09V), while its current density (j =-5.72 mA-cm) is higher than Pt/C (j = -3.25 mA-cm2). Wu et
al [40] compared the ORR performance of P-C with Pt/C, and found that both the initial potential and
current density of P-C were lower than Pt/C. In this study, however, BC-Na presneted a much higher
current density in contrast to Pt/C, which highlights the potential of BC-Zn as a catalyst.
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Figure 8. (a~d) Cyclic voltammograms of BC-Zn, BC-HP, BC-Na and 20% Pt/C in N2 (black) and O»-
saturated (red) 0.1 M KOH, (e) Linear sweep voltammetry (LSV) measurement of BC-Na and
20% Pt/C

Based upon above results, BC-Na demonstrated the better ORR electro-catalytic activity than
BC-Zn and BC-HP. In this study, BC-Na was prepared by first pyrolyzing the biomass at 250 °C to make
the cellulose in feedstock cracked to develop internal channel. After that, NaOH powder was introduced
to react with biomass under mild condition (600 °C) to expand these channels. Finally, high temperature
annealing under 900 °C led to the formation of an orderly structure of graphite carbon in BC-Na. Both
the large specific surface area and orderly graphite structure [41] contribute the better ORR performance.
This may be the reason of high ORR performance of BC-Na.

Table 2. The eletrocatalytic properties of ORR catalysts prepared by difference methods

Limiting current density ~ Onset potential

Sample (MA-cm?) V) Reference
MC - -0.203
MC-IP - -0.188 [36]
MC-OP - -0.174
WHC-600 0.21 +0.84
WHC-700 1.04 +0.98 [37]
WHC-800 0.59 +0.91
PN-rGO 0.96 -0.21 [38]
NPC@AC-0.7 1.07 +0.15 [39]
BC-HP 2.45 -0.31
BC-Zn 2.39 -0.42 This work
BC-Na 2.63 -0.31

4. CONCLUSIONS

In this work, a facile and mild approach was proposed to fabricate porous nitrogen doped catalyst
with a high surface area (up to 1337.27 m?-g) from corn stalks, a natural, abundantly available, and
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recyclable biomass. Benefiting from the favorable structure and chemical composition, the ORR electro-
catalytic activity of BC-Na is higher than BC-Zn and BC-HP. The ORR performance of BC-Na is
comparable to 20% commercial Pt/C catalysts with an oxygen reduction current density up to 5.72
mA-cm=,
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