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Sponge-like N-doped carbon materials with Co-
based nanoparticles derived from biomass as highly
efficient electrocatalysts for the oxygen reduction
reaction in alkaline mediaf
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The development of highly efficient and low-cost catalysts towards Oxygen Reduction Reaction (ORR) is of
significance for renewable energy technologies such as proton-exchange membrane fuel cells and metal—
air batteries. This study is to utilize the biomass of soybean straw as the supporting carbon materials to
prepare nitrogen and cobalt dual-doped porous biocarbon electrocatalysts (CONASS) possessing high
content of N (1.92%), embedding cobalt nanoparticles and sponge-like structure with high specific
surface area (1185.00 m? g~!) as well as appropriate pore diameter (~2.17 nm). Meantime, CoNASS
exhibits a good electrocatalytic activity with a half-wave potential of 0.786 V (vs. RHE), comparable to
a half-wave potential of 0.827 V (vs. RHE) for the commercial Pt/C. The detections of electrochemical

kinetics show the electron transfer number of CoNASS is in the range of 3.84-3.92, which indicates 4-
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Accepted 25th January 2019 electron pathway dominantly occurs in ORR. And the limiting diffusion current density of CoNASS at

1600 rpm is around 5.8 mA cm~2 slightly higher than that of the benchmark Pt/C (5.6 mA cm~2). This

DOI: 10.1039/c8ral0462) work opens a new avenue to utilize soybean straw, one of agriculture waste of large quantity, to prepare
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Introduction

The development of efficient, low-cost catalysts for the Oxygen
Reduction Reaction (ORR) is very critical to emerging technol-
ogies for renewable energy including proton-exchange
membrane fuel cells and metal-air batteries."™ So far, plat-
inum (Pt) and Pt-based catalysts are still commonly considered
to exhibit excellent catalytic activities for ORR.*® However, the
low abundance and high cost of Pt have limited its application
in ORR catalysis.”"® Consequently, great efforts have been
devoted to exploring cost-efficient ORR catalysts as the alter-
native to Pt-based catalysts. Various ORR electrocatalysts con-
taining heteroatom doped (e.g Fe, Co, N and S) carbon
materials have been extensively investigated and prepared in
recent years, where their precursor are heteroatom-doped gra-
phene,**> carbon nanotubes,**™** carbon fibers,'® polymer*”'® as
well as metal-organic framework' as supporting carbon mate-
rials (SCM). The performance enhancement of the

“Key Laboratory of Bionic Engineering (Ministry of Education), College of Biological
and Agricultural Engineering, Jilin University, Changchun, Jilin Province, 130022, P.
R. China. E-mail: guolonglu@jlu.edu.cn; Liu_zhenning@jlu.edu.cn

College of Engineering, Changchun Normal University, China. E-mail: wangmi3214@
126.com

T Electronic  supplementary
10.1039/c8ra10462j

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2019

high efficient and low-cost catalysts for ORR.

abovementioned electrocatalysts is usually attributed to the
inclusion of Fe or Co nanoparticles as well as N species such as
pyridinic N, pyrrolic N, graphitic N and Fe/Co-N, complex.***°
Nonetheless, the cost of SCM in these electrocatalysts is still
relatively high and limits the practical application.

Therefore, it is desirable to develop low-cost SCM, particu-
larly from natural biomass, for the heteroatom doping of ORR
electrocatalysts.*** More recently, Borghei group has shown
that coconut-shell-derived and N-doped carbon materials
exhibit high specific surface area (1216 m> g~ ') and good elec-
trocatalytic activities towards ORR, which are comparable or
even better than the commercial Pt/C.>** Shao group has
reported N, P co-doped porous carbon including LaMnO;
nanoparticles derived from renewable natural okara is capable
of excellent ORR catalysis.*® Yet, it is still under extensive
research to explore other biomass of large quantity to achieve
cheaper ORR electrocatalysts with acceptable performance via
a simpler approach.

Soybean straws are abundant renewable biomass riched in
celluloses, hemicelluloses and lignin®+** and these contents can
contribute to enhancing the activity of ORR catalysts.*»** To the
best of our knowledge, there is no report about a facile method
to synthesize ORR catalysts derived from soybean straws.
Herein, the electrocatalysts (CoONASS) with N and Co co-doped
spongiform porous carbon materials were prepared by a two-
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step method. The obtained CoNASS has a three-dimensional
sponge-like porous structure with a high specific surface area
of 1185.00 m> g~ '. More importantly, the CoONASS exhibits an
excellent electrocatalytic performance with a 4-electron oxygen
reduction mechanism and electrocatalytic activities with ORR
peak (0.81 Vvs. RHE) in alkaline media which are comparable to
those of the commercial Pt/C. The observed electrocatalytic
properties of CoNASS can be attributed to the presence of
pyridinic N, graphitic N and CoO nanoparticles as well as the
interconnected hierarchical porous structure, which synergis-
tically enhance electron transport and oxygen diffusion, then
provide more active sites and improve ORR activity.

Experimental section
Catalyst preparation

Scheme 1 shows the process of catalyst synthesis.

Preparation of soybean straw powder (SS). Soybean straws
were cleaned, purified with ethanol, and oven-dried at 80 °C for
24 h. The resulting product was grounded into powder for use.

Preparation of activated SS (ASS). SS and KOH were
impregnated in deionized water at a mass ratio of 3:1,
intensely stirred for 12 h until homo-dispersed and oven-dried
at 80 °C for 72 h. The obtained uniform mixture was pyro-
lyzed under N, flow at a rate of 5 °C min~" to 800 °C and kept
there for 1 h.

Preparation of N-doped ASS (NASS) or N/Co co-doped
material (CoNASS). ASS (20 mg) with no additives or the
mixture of ASS and cobalt(u) chloride (20 mg, 2 mg), and
dispersed in 20 mL of deionized water. The obtained material
was filtrated, dried at 80 °C for 12 h, heated under NH; flow at
the rate of 5 °C min~" to 800 °C and kept there for 1 h. The
obtained product was dispersed in 3 M HCI, washed, filtered
and dried at 80 °C.

Characterization

Scanning electron microscopy (SEM) images were collected on
a JEOL JSM-7500F field emission scanning electron microscope
(FE-SEM). High-resolution transmission electron microscopy
(HRTEM) images were obtained with a JEOL-2010 electron
microscope operating at 200 kV. X-ray diffraction (XRD) was
performed on a Rigaku X-ray diffractometer (D/max rA) using
Cu Ko radiation at a wavelength of 1.542 A, and the data were
collected from 20° to 80°. The nitrogen adsorption-desorption
isotherms were obtained on an automated gas sorption analyzer
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Schemel Schematic diagram for the preparation of the N and Co co-
doping CoNASS.
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(ASAP 2020M-Physisorption Analyzer) at 77 K. The specific
surface area and pore size were calculated by the Brunauer-
Emmett-Teller method. Raman spectra were recorded on
a laser microscope system (B&W TEK BTC 162E) with an exciting
laser of 532 nm. X-ray photoelectron spectroscopy (XPS) was
conducted with an ESCALAB 250Xi (Thermo Scientific).

Electrochemical measurements

Electrochemical tests were evaluated on the electrochemical
workstation (CHI 750E) with three-electrode cell at room
temperature. Pt wire, Ag/AgCl and glassy carbon electrode were
used as a counter, reference and working electrode, respectively.
The working electrode slurry was prepared as follows: 5 mg
catalyst and 50 pL Nafion (5 wt%, Dupont) was ultrasonically
dispersed in 1 mL isopropanol and further sonicated for 1 h to
form a uniform catalyst ink. Then, 15 pL of catalyst ink was
deposited onto the surface of rotating ring-disk electrode
(RRDE, d = 5.5 mm) and dried in air. The ORR activity was
evaluated by cyclic voltammetry (CV) and linear scan voltam-
metry (LSV) in O,-saturated and Ar-saturated 0.1 M KOH solu-
tion with a scan rate of 10 mV s~ '. The reversible hydrogen
electrode (RHE) was calculated by

VRuE = Vagagct + Vagiagct v naE + 0.059pH (1)

The transferred electron number (n) of RRDE was expressed
by

n—= 4Id/(1d + Ir/N) (2)
% H,05 = 200L/[N(Ig + I/N)] (3)

where I is the disk electrode current, I, is the ring electrode
current, N = 38% is collection efficiency of the ring.

The transferred electron number (7) of RDE was analyzed by
Koutecky-Levich (K-L) equations

F =g+ = (0.035nFAC,) !
+ (0.62nFAC, Dy v 00" 4)

where jy is kinetic current, j; is limiting current, F = 96486.4 C
mol ' is Faraday constant, C, = 1.2 x 10~ ° mol cm * is the
concentration of O, in 0.1 M KOH solution, D, = 1.9 x 10>
mol* s~ is the coefficient of O, in 0.1 M KOH, w is rotation rate,
Ais electrode area, v = 0.01 cm?> s~ is the kinematic viscosity of
the electrolyte.**>

Result and discussion

The morphologies of as-prepared catalysts were characterized
by SEM (Fig. 1a and b). As shown in Fig. 1a, massive structures
with no obvious pores can be found on the SS surface. In
contrast, hollow sponge-like structures with abundant macro-
pores (0.5-1.5 um) evenly distribute in CoNASS (Fig. 1b). Such
a porous structure is known as a result of KOH activation during
pyrolysis,* as described by following reactions (5)-(9).

6KOH + 2C = 2K,CO; + 2K + 3H, (5)

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images of SS and CoNASS, respectively (a and b). N,
adsorption/desorption isotherms (c) and the corresponding pore size
distribution (inset). Raman spectra of CoNASS, CoASS, NASS, ASS and
SS (d).

K,CO; = K,0 + CO, (6)
CO, + C=2CO (7)
K,CO; + 2C = 2K + 3CO (8)
C+K,0=2K +CO 9)

Next, nitrogen adsorption-desorption porosimetry was con-
ducted to further examine the porosity and specific surface area
of the catalysts. As illustrated in Fig. 1c, the nitrogen adsorp-
tion-desorption isotherms (NADISs) of SS, ASS, NASS, CoASS and
CoNASS represent type I isotherm with a rapid uptake under low
relative pressure and a narrow hysteresis loop. It suggests the
existence of numerous pores in ASS, NASS, CoASS and CoNASS,
whose specific surface area/pore size is in the order: CoNASS
(1185.00 m* g~ /2.17 nm) > CoASS (1132.95 m* g~ /2.19 nm) >
NASS (1084.86 m> g~ /2.20 nm) > ASS (1021.40 m* g~ '/2.12 nm),
indicating that Co doped, N doped or Co, N dual-doped creates
more pores and improves specific surface area, yet has little
effects to average pore size. Together with the macropores
found in SEM, it is assumed that CoNASS possesses an inter-
connected hierarchical porous structure, which could promote
efficient mass transfer and afford good accessibility to plenty of
active sites. However, the specific surface area of SS is as low as
109.81 cm” g ', consistent with the morphology observed by
SEM (Fig. 1a).

Then, the defect of as-prepared catalysts was conducted by
Raman spectra (Fig. 1d). Disordered graphitic carbon and
crystalline graphite correspond to the D and G bands around
1350 cm " and 1590 cm ™' in Raman spectra, respectively.***
Therefore, the ratio of D band to G band (Ip/Ig) was calculated to
evaluate the degree of defect for the pyrolyzed catalysts. The I/
I ratio of SS (Ip/Ig = 1.00) is lower than that of ASS (Ip/Ig =
1.03), NASS (Ip/Ig = 1.06), CoASS (Ip/Ig = 1.05) and CoNASS (Ip/

This journal is © The Royal Society of Chemistry 2019
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1.18). These results suggest that KOH activation, Co
doping, N doping or Co, N co-doping causes more defects and
disorder of the catalysts, which is in line with the findings from
SEM and NADIs.

TEM and HRTEM mapping were characterized to reveal the
element distribution in the catalyst of CoNASS (Fig. 2). As
shown in Fig. S1,f numerous nanoparticles (NPs) exists in
CoASS, while no NPs were found in the TEM image of ASS,
indicating Co doping could lead to producing nanoparticles
after pyrolysis. In CoONASS, abundant NPs with a range size of
20-100 nm were also observed (Fig. 2c and S2}). The NPs in
CoNASS were verified by lattice fringe on the HRTEM image, as
the d-spacing of 0.245 nm corresponds to the (111) plane of the
Co0. Next, XRD was conducted to be further verified the
structure of NPs. As shown in Fig. S3,7 the diffraction peaks of
CONASS at 36.5°, 42.4°, 61.5° and 73.7° correspond to the (111),
(200), (220) and (331) planes of CoO according to the JCPDS No.
43-1004. Meantime, HRTEM element mapping images of

IG:

CoNASS also show the majority of Co and O element was
gathered at same place, while the doped N is evenly distributed
on the carbon substrate (Fig. 2c). Together these results indicate
that CoO indeed exits in catalysts of CoNASS, which could
function to enhance the electron transfer and ORR
performance.***’

To further investigate the contents and chemical states of the
elements in the as-prepared carbon samples, XPS was con-
ducted (Fig. S4t). As summarized in Table S1, C, N and O
elements are observed in all samples. The N contents of NASS
and CoNASS are 2.13% and 1.92% respectively, due to the post-
treatment of chemical impregnation. It suggests the mixing
with NH; can effectively improve the doped N content. The N
species in CONASS catalyst can be corresponding to pyridinic-N
(398.2 eV), graphitic-N (401.1 eV), pyrrolic-N (399.7 eV) and
oxidized-N (403.2 eV).*** As shown in Fig. S4c and Table S1,f
the majority of N element in CoNASS is composed of the

800 nm

Fig. 2 TEM (a) and HRTEM images (b and c) and HRTEM element
mapping of CoNASS (d).
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pyridinic N and graphitic N, as well as pyrrolic N. The
pyridinic N could enable adjacent carbon atoms to be active
sites for O, adsorption and ORR initiation.*® The graphitic-N is
known as good electron-donor with good charge mobility,
which could reinforce the catalytic activity of carbon via electron
transfer and improve electrochemical performance.** The Co
content increases from 2.30% in CoASS to 2.71% in CoNASS,
which could be due to the synergistic effect of NH; addition and
cobalt ion coordination. Meantime, as shown in Fig. S5,1 the
C, N and O elements also were observed in the EDS of CONASS
agreed with element mapping and XPS (Fig. 2c and S4t). The
inclusion of pyridinic-N and graphitic-N, together with the
embedded CoO nanoparticles, could synergistically contribute
to the ORR performance of CONASS.

To evaluate the electrocatalytic activity of the catalysts (SS,
ASS, NASS, CoASS, CoNASS and Pt/C), we first performed cyclic
voltammetric (CV) measurements using rotating disk electrode
(RDE) with the potential range from 0.0 to 1.2 V (vs. RHE) in O,-
or Ar-saturated 0.1 M KOH solution at a scan rate of 10 mV s~ .
As control, 20 wt% Pt/C catalyst was served and compared with
as-prepared catalysts, where there is a well-defined cathodic
oxygen reduction peak in O,-saturated for all as-prepared elec-
trocatalysts, but not in Ar-saturated electrolytes. Compared with
the peak potential 0.61 V of non-activited SS materials, all the
activated catalysts show a more positive peak potential at 0.71 V
for ASS, 0.80 V for NASS, 0.76 V for CoASS, as well as 0.81 V for
CoNASS which is only slighter lower than 0.86 V for Pt/C
(Fig. 3a). According to the above electrochemical results, CoN-
ASS (N, Co co-doped) exhibits the most enhanced ORR activity
than ASS (only activated), NASS (N-doped), CoASS (Co-doped),
which indicates Co, N co-doped carbon materials is an effi-
cient way to improve the activity of ORR catalysts. To gain
further insight into the ORR performance of catalysts, linear
scan voltammetry (LSV) measurements were conducted at
1600 rpm in O,-saturated 0.1 M KOH solution. As shown in
Fig. 3b, the ORR activity of CONASS with E, s (Onset potential)
0.87 V and E;, (half-wave potential) 0.79 V is only slightly lower
than that of the commercial Pt/C with E,,s 0.94 V and Ey,
0.83 V, where the electrocatalysis activities of CONASS are well
agreed with that found by CV(Fig. 3a).

In order to quantify the kinetics of the ORR, LSV curves of
CoNASS at different rotation speeds from 100 to 2500 rpm in O,-
saturated 0.1 M KOH solution were further tested. The LSV
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Fig. 3 CV curves of SS, ASS, NASS, CoASS, CoNASS and Pt/C in O,-
and Ar-saturated 0.1 M KOH solution (a) and LSV curves of SS, ASS,
NASS, CoASS, CoNASS and Pt/C in O,-saturated 0.1 M KOH solution at
1600 rpm (b).
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Fig. 4 The LSV curves of CoNASS at the rotation speeds of 100, 225,
400, 625, 900, 1225, 1600, 2025 and 2500 rpm (a) obtained from RDE
measurements. The corresponding Koutecky-Levich (K-L) plots (b)
and electron transfer numbers (n) of CoNASS and Pt/C (c). The LSV
curves of CoNASS and Pt/C in 0.1 M KOH solution at 1600 rpm (d and
e) respectively obtained from RRDE measurements. The H,O, yield
and n value of CoNASS and Pt/C calculated with egn (2) and (3) (f).

curves shown in Fig. 4a exhibit that the limiting current density
increases with increasing of rotation speed. Electron transfer
number (n: 2-electron or 4-electron), which stands for the
generation of H,O or H,0,, is a major factor to evaluate ORR
properties.** The n of CoNASS calculated from the slope of the
K-L plots (Fig. 4b) using Koutecky-Levich (K-L) equation (eqn
(2)) is 4.03 (Fig. 4c) which is closed to 4.08 for 20 wt% Pt/C
(Fig. S67), indicating the ORR mainly proceeds via a one-step,
4-electron ORR pathway. To verify the n values and peroxide
yield, LSV measurements with rotating ring-disk electrode
(RRDE) were performed at 1600 rpm in O,-saturated 0.1 M KOH
and the corresponding n values and peroxide yields were
calculated according to eqn (2) and (3) (Fig. 4d). As shown in
Fig. 4d-f, 4-electron reaction dominates catalysis by CoNASS
(average n = 3.75) with low production of H,0, (less than
12.14%), while Pt/C also exhibit a 4-electron pathway (average n
= 3.95) with the production of H,0, (around 5.3%), which is
consistent with the results from K-L plots. These results clearly
demonstrate a major four-electron transfer pathway for CONASS
as similar as that for commercial Pt/C in alkaline media.

Conclusions

In summary, N and Co dual-doped catalyst (CONASS) utilizing
biomass, i.e. soybean straw, as supporting carbon material was
prepared, characterized and tested in alkaline media as elec-
trocatalysts towards ORR. The electrocatalyst of CoNASS
possesses an interconnected hierarchical porous structure with
a high specific surface area and contains catalytically active
pyridinic N and graphitic N as well as encapsulated CoO
nanoparticles. Meantime, CoNASS shows more excellent ORR
activities in alkaline media than that of SS (non-activation), ASS
(activation), NASS (only N doped), CoASS (only Co doped), even
exhibits comparable ORR activities to commercial Pt/C. The
work opens a new avenue to utilize biomass to prepare high
efficient and low-cost ORR electrocatalysts as an alternative to
replace commercial Pt/C for potential renewable energy tech-
nologies, such as metal-air batteries and fuel cells.

This journal is © The Royal Society of Chemistry 2019
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