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Processing Agricultural Cornstalks toward High-Efficient
Stable Bifunctional ORR/OER Electrocatalysts

Yinghui Li, Yuanju Qu, Chaocheng Liu, Jiedong Cui, Ke Xu, Yang Li, Haoyu Shen,

Zhouguang Lu, Hui Pan, Tao Xu, and Detao Liu*

Bifunctional oxygen reduction/oxidation reaction (ORR/OER) electrocatalysts
derived from biomass are one of the most valuable materials in terms of sustain-
ability, ecological economy and industrial manufacturing, and are emerging as a
desired alternative to the commercial Pt/C and IrO, catalysts. This work dem-
onstrates the processing of agricultural cornstalk waste of cornstalks into stable
bifunctional ORR/OER catalysts with high-performance by a simple and cost-
effective strategy. Rich hydrophilic active groups (e.g., hydroxyl groups) in the
hierarchical porous structures of the native cornstalks enable the sufficient facile
combination with transition metals (e.g., Co, Fe, Zn) and heteroatoms (e.g., B,
N) from soluble Co(NOs),, ZnCl,, H;BO3, NH,Cl in a hydrothermal reaction. The
pyrolytic evaporation of Zn?* in a high-temperature carbonization process facili-
tates the generation of abundant micropores and mesopores to increase specific
surface areas (941.44 m? g') and also hinders aggregation between neighboring
transition metals. The synergistic effects of N, B, Fe and Co doping in hierarchical
porous biochar-structures contributes to outstanding bifunctional ORR/OER
activities and working stabilities, outperforming commercial Pt/C and IrO, cata-
lysts. Computational results further verify the valuable synergistic contributions
based on density-functional theory (DFT). This approach opens up a new pos-
sibility for the fabrication of bifunctional biochar-based ORR/OER catalysts from
artificial engineering and green processing for sustainable agricultural wastes.

1. Introduction

atomically Co sites to significantly improve ORR properties!

Reaction (ORR) are two crucial reactions
for cathode materials, playing a significant
role in emerging electrochemical energy
technologies.> Nowadays, noble metals
of such Pt-based matrix are reported to
be the most efficient commercial ORR/
HER catalysts while Ir/Ru-based matrix
is the ideal commercial OER electrocata-
lysts, due to their outstanding electrocata-
lytic activities and working stabilities.l>l
However, the main drawbacks of them
including high costs, raw material scarcity,
and poor stability restrict their large-scale
productions,’® making it utmost urgency
to exploring other potential alternatives.
Synergetic  contributions from the
hybrid carbonous (etc., graphene,”) carbon
nanotubes (CNTs), and polypyrrolel')
electrocatalysts had been demonstrated as
the most promising strategy,>¥ due to
its satisfactory electron conduction, good
catalytic activities, and also the exposed
active  sites. 1% For example, porous
rGO-Cos 4N electrocatalystsl”) was demon-
strated with high half-wave potential and
excellent cycling stabilities; and B, N-doped

carbon nanotube is used to disperse
18]

Rechargeable metal-air batteries and fuel cells have attracted
worldwide attentions with clean and renewable energy harvesting
owing to their high theoretical specific energy (1086 Wh kg}),
low production costs, and environmental friendliness."2 Gen-
erally, Oxygen Evolution Reaction (OER) and Oxygen Reduction

Zou et all® reported the 2D Fe/Co and N/B Co-doped
mesoporous carbon nanosheets (FeCo/NB-Cs) that were synthe-
sized to strategically boost kinetics of oxygen reduction/evolu-
tion reaction (ORR/OER). Although the resulting ORR or/and
OER electrocatalyst activities are satisfactory, there is still under
debate on their practical applications due to the disadvantages of
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high-costs, unsustainability, and the complicated fabrication pro-
cesses with pollutants releases.

One of the most promising routes is effectively exploring
the biobased carbonous precursors from renewable wood or
agricultural wastes.[?0-211 Tt is convinced that these bioresources
have natural superiorities of rich active groups within hierar-
chical porous structures, possessing high carbon contents and
low costs.[?Z Efforts to explore the fabrication of biochar pre-
cursors from porphyra,?3 agaric,?! chitosan,?>-2¢l cornstalk
cores?’l and wood[?® have been recently made in past years. For
example, Zhou et al. reported that nitrogen-doped Fe;Se,/FeSe/
partially graphitized carbon (Fe;Se,/FeSe/NPGC) composites
as non-precious-metal air-cathode (ORR) catalysts are obtained
using waste biomass (cornstalk cores) as raw material.l’]
Zhang et al.l?® processed the wood into N-doped hierarchically
porous carbonous precursors (N/HPC) which exhibited perfect
ORR performances, however, the investigations of OER activi-
ties are not reported. Wang et al.[?% fabricated N-doped biochar
precursors using a walnut kernel, but it cannot be used as
bifunctional electrocatalysts due to their poor OER activities.[3%
Hence, the improved strategies are required when we aim to
design well-dispersed and hierarchical porous architectures
with high surface areas to maximize catalytically active sites for
the biochar-based ORR/OER catalysts.

As we can know, ORR and OER require distinctly different
conditions of such electric potential that limits the choose of

www.advsustainsys.com

materials capable of bifunctionally catalyzing both reactions.}1-32

Many studies have previously demonstrated that doping single/
dual transition metals (e.g., Fe, Ni, Co, and Cu) or/and heter-
oatom (e.g., N, S, B, and P) significantly enhanced the electron
transport property and ORR/OER catalytic activity of carbonous
electrocatalysts.}'33273433 In this work, we reported a simple
two-step strategy of initial hydrothermal reactions and subse-
quent carbonization process to process agricultural cornstalks
toward stable high-performance bifunctional ORR/OER electro-
catalysts doped with Co, Fe, B, N, which derived from the initial
treatment with soluble inexpensive Co(NOs),, ZnCl,, H3;BO;,
NH,CI in hydrothermal reaction. The synergistic effects resulted
from highly dispersed transition metals and heteroatoms in hier-
archical porous biochar-structures contribute high-performance
bifunctional ORR/OER activities.

2. Results and Discussion

2.1. Structural and Morphological Characterizations

As a typical agricultural waste, cornstalks are processed from
annual agricultural corn harvestings, and have similar biolog-
ical porous structures and characteristics compared to those of
straws and bamboo, but not the wood (Figure 1a—c). It has com-
parative C element (around 50.19 wt%) and O element (around

50.19
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Figure 1. a) Picture of corn crops. b,c) SEM images of microstructures on cross section (upper) and longitudinal section (bottom) of the native
cornstalks. d,e) Totally native elements within the cornstalks. f) EDS images of C, O, Fe, Si distribution in cornstalks. g) Schematic illustration of the

synthesis methods for ORR/OER catalysts.
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44.02 wit%) contents with the original wood (Figure 1d,e),
implying their promise alternatives for other biomass resources
of such wood. It also was found that the cornstalks comprise
of native Si element (around 1.78 wt%) and transition metal Fe
element (around 0.49 wt%) probably resulted from the process
of corn's natural growth (Figure 1d—f). More importantly, the
inherent advantages of the existing transition metal Fe element,
are beneficial to generate more active sites for enhancing cata-
lytic activities.

Figure 1g illustrated the schematic illustration of the syn-
thesis methods for bifunctional ORR/OER electrocatalysts from
the cornstalks. The objective of this work was that it provided
a two-step strategy of initial hydrothermal reactions and sub-
sequent carbonization process to fabricate electrocatalysts.
The native cornstalks powders are pretreated by impregnation
in aqueous Co(NOs),, ZnCl,, H;BO;, and NH,CI followed by
the hydrothermal reactions under 180 °C for 10 h, enabling the
efficient dispersions and neighboring combination between
active groups (e.g., rich hydroxyl) by doping Co?* and Zn?,
both intra-pores and inter-pores. The resulted hydrothermal
products were named as the HPs samples. The secondary car-
bonization process was performed at different temperatures
of 700, 800, and 900 °C for 2 h which was defined respectively
as the T-700, T-800, and T-900 samples. We used ZnCl, as
the pore forming agent due to its easier pyrolytic evaporation
in high-temperature carbonization process, which facilitates
the generation of micropores and mesopores and also avoids
the neighboring aggregations of transition metals. Additionally,
the samples without the addition of ZnCl, carbonized at 800 °C
were named as NP-T-800 samples and were also prepared for
comparison by the same methods as abovementioned. In par-
ticular, NH; released from the unstable NH,* expedites the
cornstalks to decompose gradually in hydrothermal reaction
and also the carbonization process (Figure 1g).

The comparative studies on the morphology of the native
cornstalks, HPs, and T-800 samples were investigated respec-
tively (Figure 2). Compared to the smooth surface of native
cornstalks with petaloid-like structures (Figure 2a), the in
situ grown particles with different morphologies of spherical
(50 — 200 nm) or/and snowflake-like (10 — 100 nm) are clearly
observed on the surface of HPs samples after hydrothermal
reactions (Figure 2b). The pyrolytic vaporization of Zn?* fur-
ther accelerates the corrosions and subsequently destroys the
native microstructures of cornstalks in high-temperature car-
bonization processes. These were testified by clearly observing
amounts of new micropores and mesopores on the surface of
the T-800 samples (Figure 2c). Transmission electron micros-
copy (TEM) images further indicated significant mesoporous
structural nature (Figure 2d). The edge-like graphitic struc-
ture was observed in the carbon skeleton revealing that the
biochar materials resulted from cornstalks have promising
electrical conductivities,?® even under the probably negative
effects resulted from discontinuous new pores. Traditionally,
the transition metals of such Co and Fe deposited on the tra-
ditional carbon materials are easily aggregated under a high-
temperature carbonizing process,’’”! further weakening or
even invalidating the catalytic activities. In contrast, the native
cornstalks have rich hydroxyl and carboxyl group which ena-
bles the sufficient combination with neighboring metal ions
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in hydrothermal growth. As the deduction abovementioned,
it was especially noted that Zn?* is deposited and grew within
the porous cornstalks in hydrothermal reaction which also can
serve as an efficient space isolator to disperse the neighboring
Co and Fe metals.

The Energy-Fispersive X-ray Dpectroscopy (EDS) mapping
images in Figure 2e demonstrated the uniform distributions of
C, N, O, B, Co on the surface of the obtained T-800 samples.
The results demonstrated that the present two-step strategy
that possesses their ability to sufficiently disperse transition
metals while operating in easily controlled environments. The
comparative studies were investigated the influences of adding
ZnCl, on the dispersions of Co, Fe. It was observed that the
samples without ZnCl, caused significant aggregations of Co
and Fe in high-temperature carbonization (Figure 2f,g). As
one of the alternatives, the direct addition of ZnCl, in hydro-
thermal reactions enables huge nanopore production during
high-temperature carbonization, and avoids Co and Fe aggrega-
tions, which provided a new effective pathway with metals dis-
persions (Figure 2h,k).

Fourier Transforms Infrared Spectroscopy (FTIR) was uti-
lized to investigate the basic chemical bonding configurations
of native cornstalks. It showed that the typical peaks of native
cornstalks are located at 3457 and 1637 cm™!, which attribute to
stretching peaks of the -OH and C=O0, respectively (Figure 3a).
The band at 1061 cm™ is due to the C-O-C pyranose ring
skeletal vibration. The results showed that cornstalks have
rich hydroxyl group and carboxyl group, which conduce the
effective chelation with metal ions.3¥3% The X-ray Photoelec-
tron Spectroscopy (XPS) survey spectra further demonstrated
the chemical structures of native cornstalks (Figure 3b). The
high-resolution of Cls spectra is deconvoluted into three main
peaks of C—C at 284.7 eV, C—O at 286.44 eV, and O—C=0 at
288 eV, respectively. This result also verified the existence of
hydroxyl and carboxyl group in the native cornstalks, which
is consistent with the FTIR results. The corresponding X-ray
diffraction (XRD) patterns of T-800 samples are displayed in
Figure 3c. It indicated that there are two strong broad diffrac-
tion peaks centered at 20 = 23.5° and 43°, corresponding to the
(002) and (100) crystal planes of graphitized carbon, respec-
tively. However, it can be problematic that there is unconspic-
uous Co, Fe-containing phase peak in the XRD spectra, which
is probably attributed to the much lower content in native
cornstalk.*l The graphitization and defect degree of the T-700,
T-800, and T-900 samples were examined by Raman spectros-
copy. Figure 3d typically displays two obvious peaks at 1348 and
1584 cm™! corresponding to carbon structures, indicating the
defective/disordered carbon (D band) and the crystallized
graphitic carbon (G band), respectively. Specifically, the rela-
tive intensity ratio of the D band and G band (Ip/Ig) reflects
the graphitization and defect degree of carbon materials.[*!
The T-700, T-800, and T-900 samples were prepared through
high-temperature carbonization, in which a broader 2D peak
appeared at around 2800 cm~), indicating a higher degree of
graphitization. The comparative studies on Ip/l; intensity
ratios of T-700, T-800, and T-900 samples are 1.22, 1.13, and
0.96, respectively. When increasing carbonization tempera-
ture, the degree of graphitization becomes much higher, indi-
cating the changes of carbon structure leading to graphitizing

© 2021 Wiley-VCH GmbH
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Figure 2. a—c) SEM images of native cornstalks (left), HPs (middle) and T-800 samples (right). d

) TEM mapping images of T-800 samples with mag-

nification by 200, 100, and 10 nm scale bar respectively. ) EDS mapping images of T-800 samples corresponding to the element distribution of C,
N, Co, O, B respectively. f,g) EDS mapping images of aggregation of Co (left), Fe (right) without addition of Zn?* after 800 °C carbonization process.
h,k) Perfect dispersions of Co (left), Fe (right) with addition of ZnCl, in carbonization process at 800 °C.

occurrence. The results demonstrated that the graphitization of
the porous bio-char was intensified as the carbonization tem-
perature increased. At the same time, the higher degree of gra-
phitization is beneficial for enhancing the catalytic activities.*2!

The quest for both higher specific surface areas and suit-
able pore structures is perpetual in advanced electrocata-
lysts design. The specific surface area and pore volume were
investigated by Brunauer-Emmett-Teller (BET) method with
the typical nitrogen adsorption-desorption isotherms. As
shown in Figure 3e, the isotherm curves are assigned to the

Adv. Sustainable Syst. 2021, 2100343

2100343 (4 of 13)

typical type IV patterns with an obvious hysteresis loop at
P/Py = 04 — 1.0, indicating the characteristics of both
micropores and mesopores in carbonized samples. It was
also revealed that the T-800 samples showed a much higher
BET surface area of around 941.0 m? g! than that of NP-T-800
(around 530.0 m? g™!) without ZnCl, addition, indicating that
ZnCl, not only disperses efficiently metal ions, but also signifi-
cantly increases the specific surface areas due to the generation
of abundant micropores and mesopores in carbonization pro-
cess (Figure 2c). The results in the further studies confirmed

© 2021 Wiley-VCH GmbH
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Figure 3. a) FTIR spectra of native cornstalks. b) High-resolution Clg spectra of cornstalks. c¢) XRD patterns of T-800 samples. d) Raman spectra of

carbonized samples at various temperatures (T =700, 800, and 900 °C).
the BJH method for the different samples (T =700, 800, and 900 °C).

that 800 °C is a promising carbonization temperature for pro-
moting the specific surface areas, outperformed those at higher
900 °C or lower 700 °C (Figure 3e). The carbonized structures
basically retained the native anisotropic morphology of the
cornstalks, but created much more nanopore structures on the
cell walls, showing a smaller pore size owing to the collapse
and shrinkage in pyrogenic decomposition. In all cases by var-
ying carbonization temperature, the pore size of the obtained
samples generally ranges from 0.5 to 0 nm (Figure 3f), indi-
cating the basic characters of micropores and mesopores.
However, it still showed a much higher specific surface areas
at 800 °C carbonization temperature. Notably, the nanometer-
scale distribution of electrocatalyst centers on the electrode
surface with abundant specific surface areas mostly contrib-
utes to obtain ORR or/and OER electrocatalytic activities. The
previous reports had demonstrated that mesopore could pro-
vide effective channels for ion transport and thus enhances the
transferring rate. Moreover, micro- and nanopore mainly offers
more active sites for the storage of electrolyte ions. 3D hierar-
chical porous structure within biochar with high specific sur-
face areas and abundant defect sites, is of special interest due
to its potential for promoting electrocatalytic performances.2®!
Our study sets out with a broad exploration of a kind of suit-
able biochar materials from cornstalks production, and the
structure—composition—activity relationship of the selected
materials was investigated by doping transition metals and het-
eroatoms under different preparation conditions.

The surface chemistry and the valance state of various ele-
ments in T-800 samples were scrutinized by XPS. The full
spectra of the samples indicated the coexistence of C (75.85 at%),
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e) N, adsorption — desorption isotherms. f) Pore size distributions based on

N (5.79 at%), B (2.04 at%), O (15.56 at%), and Co (0.58 at%)
in the cornstalks with the native Fe (0.18 at%) (Figure 4a).
Figure 4b indicated that the Cls spectrum is deconvoluted into
three peaks of C—C at 284.6 eV, C=N at 285.4 eV, and O—C=0
at 288.4 eV, respectively. The existence of the C=N bond further
confirmed the successful incorporation of N into the cornstalks,
which is emerging as an effective alternative for providing
more active sites and O, adsorption sites. The high-resolution
XPS spectrum of Co 2p exhibit two dominating peaks with
binding energy at 780.2, 794.8 eV, corresponding to Co 2ps,
and Co 2py,, respectively (Figure 4c). The Co 2p spectra can be
classified into three characteristic peaks of Co® (779.2 eV), Co*"
(780.2 eV), and Co** (782.9 eV).

After pyrolytic evaporation of NH;3 from NH," in carboni-
zation process, the resulted N content in the T-800 samples
increased significantly, indicating the N-doping structures of
biochar from cornstalks were expected, leading to a high 5.79%
N content occurrence. For N 1s spectrum, it can be deconvo-
luted into four peaks, indicating pyridinic-N (398.2 eV), Co-Nx
(399.4 eV), pyrrolic-N (400.9 eV), and graphitic-N (401.9 eV),
respectively (Figure 4d). To improve their electrocatalytic activi-
ties for ORR and OER,®! and ultimately realize the technical
expectation of bifunctional ORR/OER catalysts, it is imperative
to understand the effects of pyridinic N and graphitic N. The
pyridinic N is often associated with promoting onset potential,
while the graphitic N is associated with facilitating the four-
electron transfer paths.*! The previous literatures had verified
that the formation of Co-N groups plays a key role in enhancing
both the ORR and OER electrocatalytic activities.*”] In addi-
tion, Figure 4e showed that B 1s spectrum is deconvoluted into

© 2021 Wiley-VCH GmbH
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Figure 4. High-resolution XPS spectra of T-800 samples with a) full spectra, b) C 1s, ¢) Co 2p, d) N Ts, €) B 1s, f) Fe 2p.

two distinct peaks of B-N—C and B-O species, at 191.78 and
192.98 eV, respectively. As shown in Figure 4f, the observation
of peak existence of Fe from native cornstalks without artifi-
cially doping is also conducive to improve the electrocatalytic
activities.

2.2. Electrochemical Characterizations

The ORR performances of our catalysts and the commercial
Pt/C (20 wt%) were comparatively investigated in the same
N,- or Op-saturated 0.1 m KOH using a typical three-electrode
system at room temperature. Cycle Voltammetry (CV) measure-
ments were performed to study the behaviors of T-800 samples,
and the commercial Pt/C electrodes in N,- and O,-saturated
electrolytes, respectively. It should be noted that it tolerates the
almost no absence of oxygen reduction peak in Nj-saturated
electrolyte while arising significant peak in the O,-saturated
electrolyte, which appears closer to positive location than the
commercial Pt/C catalysts (Figure 5a). These results implied
that ORR catalytic reaction is highly intensified in the T-800
samples under the same O,-saturated electrolytes, because
oxygen reduction via the Co, Fe, B, N doping requires not only
the mesoporous structures, but also the synergetic effects of
sufficient active sites and O, adsorption sites within biochar
structure from cornstalks. In a further study by Linear Sweep
Voltammetry (LSV) measurements demonstrated that 800 °C
carbonization temperature is favored at achieving the best ORR
catalytic activity, with the most positive half-wave potential
(Eyj2) of 0.857 V, much higher than those samples at 700 and
900 °C. It is ascribed to the appropriate carbonization process
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that facilitates the formation of Co, Fe, B, N-doping active sites
in the efficient pyrolytic mesoporous structures (Figure 5b). As
the above demonstrated pyrolytic evaporation of ZnCl, exhib-
ited significant impacts on the specific surface areas and car-
bonous structures, further investigations were carried out to
achieve a fundamental understanding of its influences on ORR
catalytic activity. The NP-T-800 samples without ZnCl, doping,
however, exhibits unsatisfactory ORR performance with a lower
half-wave potential of 0.782 V. It generates a perfect half-wave
potential superior to the commercial Pt/C (0.834 V) when
doped ZnCl,. In a conclusion, the experimental results guaran-
teed the outstanding ORR performances of T-800 samples and
ensured its capability as a nonnoble but cost-effective ORR elec-
trocatalyst for practical applications.

In order to understand the ORR kinetics, LSV curves were
further compared for different rotating speeds (Figure 5c). The
Kentucky-Levich (K-L) plots display distinctly linear tendency
at different electric potentials from 0.2 to 0.7 V, demonstrating a
typical first order kinetic process (Figure S1, Supporting Infor-
mation). The calculated electron transfer number is closer to
4.0 conforming to a pathway of four-electron reaction. Figure 5d
showed the Tafel curves from experiments in which the T-800
samples have much lower Tafel slope of 95.01 mV dec™! than
105.43 mV dec™! of the commercial Pt/C. The results suggested
that the electron transfer efficiency and catalytic kinetics of the
ORR catalytic reaction are highly intensified due to the syner-
gistic contributions from nonmetal N, B and transition metal
Co, Fe in unique 3D porous biochar structures. But it's impor-
tant to know that the NP-T-800 samples without ZnCl, addition
showed higher Tafel slope of 103.2 mV dec™! closing to the com-
mercial Pt/C.

© 2021 Wiley-VCH GmbH
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Figure 5. a) CV curves of the T-800 samples, and commercial Pt/C. b) LSV curves of 20 wt% commercial Pt/C and the electrocatalysts with different
temperatures and ZnCl, addition for comparison (at 1600 rpm in O,-saturated 0.1 M KOH, respectively). c) LSV curves of T-800 samples at different
rotation rates. d) Tafel slopes of 20 wt% commercial Pt/C and the electrocatalysts. e) Current—time chronoamperometric measurements of T-800
samples and the commercial Pt/C through 20 000 s cycle stability tests. f) LSV curves of the T-800 samples before and after 2000 cycles in 0.1 v KOH.

The evaluation of ORR durability is currently a matter of
intensive concerns due to its vital importance to scale up for
practical applications. After testing ORR stability with CV scan-
ning for 2000 cycles, the T-800 samples electrocatalyst only
displayed a slight decrease in LSV curves (Figure 5e). Current—
time (i—t) chronoamperometric measurements were carried out
for evaluating its stability behaviors for ORR activities. It was
also found that after 20 000 s cycle stability tests, the electrocat-
alysts still maintained at higher 82.56% relative current, supe-
rior to 60.83% of the commercial Pt/C.

The inevitable structural defects in the Co-Fe, B-N-doped bio-
char matrix could act as OER active sites to enhance catalytic
activities, besides the ORR activity. To demonstrate the OER
performances of our electrocatalysts, various investigations
were performed by using a three-electrode system with 1.0 M

Adv. Sustainable Syst. 2021, 2100343 2100343

O,-saturated KOH solution. As shown in Figure 6a, the T-800
samples carbonized at 800 °C showed the superior OER activity
with the lowest overpotential of 383 mV at the current density
of 10 mA cm™2, much lower than that at 700 °C (474 mV), and
at 900 °C (415 mV). However, the NP-T-800 samples without
the incorporated ZnCl, have a much higher overpotential of
456 mV at the current density of 10 mA cm=2. The results fur-
ther demonstrated that the effective and convenient method to
deal with ZnCl, displays a vital role in achieving bifunctional
ORR and OER performances. The overpotential of the electro-
catalysts is still competitive, in spite of its slightly larger than
the commercial IrO, catalyst (343 mV). However, it is worth
noting that the T-800 samples generated a current density of
114 mA cm™ at 1.9 V (vs RHE), which is almost equal to the
commercial IO, catalyst (114 mA cm™?) (Figure 6a).

(7 of 13) © 2021 Wiley-VCH GmbH
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Figure 6. a) LSV curves of T-700, T-800, T-900, NP-T-800, and commercial IrO,/C in 1 m KOH. b) Tafel slopes of T-700, T-800, T-900, NP-T-800, and
commercial IrO,/C. ¢) it chronoamperometric responses of T-800 and IrO,/C. d) Polarization curves of as-prepared catalysts for bifunctional cata-
lytic activity, 1# stands for T-700, 2# stands for T-800, 3# stands for T-900, 4# stands for NP-T-800, and 5# stands for the commercial Pt/C and IrO,.

To reveal the catalytic kinetics in the OER activities, and fur-
ther verify the contribution in improving oxygen utilization
in the Co-Zn, B-N-doped biochar matrix, we conducted com-
parative experiments under different carbonization tempera-
tures. Figure 6b indicated that all the samples showed similar
Tafel slopes around 100 mV dec™!, lower than that of IrO,
(145.99 mV dec!) and the NP-T-800 (138 mV dec™}), demon-
strating them with favorable OER kinetics. We measured the
current—time (i-t) chronoamperometric measurements of
the T-800 samples to evaluate their stability. Figure 6c¢ illus-
trated that the stability of the T-800 samples still maintains
about 8708%, whereas that of the commercial IrO, decreases
to 59.25% after 10 000 s times. The results also testified that
the T-800 performed better durability than the commercial IrO,
catalyst in alkaline electrolytes.

The further evaluations were investigated by comparing
the potential differences between OER and ORR (noted as
AE = Eio — Eyj3, Ejyo which represents the potential required to
generate a current density of 10 mA cm™2 for OER) (Figure 6d).
The results implied that the T-800 samples showed the smallest
potential difference of 0.756 V AE showing an excellent bifunc-
tional electrocatalytic activities for both ORR and OER require-
ments, while the NP-T-800 samples without the addition of
ZnCl, displayed a much higher potential difference (AE =
0.904 V).

Compared the previously reported ORR/OER electrocata-
lytic activities with the commercial Pt/C and IrO,, respec-
tively, the Co-Fe, B-N-doped biochar matrix shows advantages

Adv. Sustainable Syst. 2021, 2100343

2100343 (8 of 13)

of: 1) using agricultural waste of cornstalks without fossil fuel
consumptions; 2) being eco-friendly doping process without
organic compounds and noble metals use, and wastes
releasing; 3) utilizing the 3D porous biochar structure within
cornstalks; 4) possessing high-performance bifunctional
ORR/OER catalytic activities with outstanding working sta-
bility compared to the commercial Pt/C and IrO, catalysts,
and 5) having low production cost with sustainability for
large-scale fabrications.

2.3. Computational Analysis

It was theoretically demonstrated the fact that valuable syn-
ergistic contributions from nonmetals and transition metals
significantly enhance the ORR/OER activities by the computa-
tional method of Vienna Ab Initio Simulation Package (VASP)
on the basis of the density-functional theory (DFT). Initially,
we constructed pure graphene with 80 carbon atoms in total,
then introduced Co, N, B co-doping into the graphene, and the
optimized structures exhibit minor curvature, indicating typical
graphene in ambient condition (Figure 7).

Graphene doped with Co atoms far away and with Co atoms
close to each other are denoted as Co-far-away and Co-close in
this work. It can be seen from Figure 8 that Co-far-away and
Co-close showed distinct characteristics in both OER and ORR.
For example, the Co-close binds hydroxide strongly indicated by
a large negative AG of —1.20 eV, and the OH bonds with two Co
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Figure 7. Relaxed heterostructures of a) pure Ni3S,-NiOOH and b) pure Ni;S,-NiOOH with S vacancy, c) Fe-doped Ni;S,-NiOOH and d) Fe-doped

Ni3S,-NiOOH with S vacancy.

atoms in the same hexagon carbon ring tightly in OER (Fig-
ures 7a and 8a).

This scenario is detrimental to OER reaction, and the tight
bonding between Co and OH overcomes large amounts of
energy to release O, in the latter step. And the calculated results
further confirmed our previous assumption with a gigantic
energy barrier in the last step of 5.06 eV (Equation (1d)). In the
same way, the determining overpotential of OER for Co-close is
calculated to be 3.83 V (Figure 8a).

Whereas, Co-far-away achieved more thermal neutral initial
absorption of hydroxide (—0.35 eV), which is about ¥4 compared
with that of Co-close (Figures 7d and 8a). The determining
step occurs when Co-far-away absorbs the second hydroxide
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on O%, and it shows an energy barrier of 2.74 eV, rendering
a determining overpotential of 1.51 V less than half of that in
Co-close (3.83 V) (Figures 7e,f and 8b). In terms of ORR, Co-far-
away also exhibits better performance than Co-close. Although
Co-close bonds O, effortlessly compared with Co-far-away
(—3.83 eV vs —0.79), Co-far-away outperformed Co-close in their
common determining step — desorption of OH (Equation (2d)).
Specifically, Co-close only requires an overpotential of 1.58 V
compared with Co-far-away (2.43 V), which is 35% less energy
required (Figure 8).
For OER process, we investigated the active sites on the sur-
face of doped graphene by calculating the total energies of OH
intermediate adsorbed on five different sites on the catalyst
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Figure 8. Calculated ORR and OER reaction coordinates of doped graphene with a) Co atoms far away from each other and b) Co atoms close to each

other.
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surface (Figure S2, Supporting Information). The five possible
OH adsorption sites are: 1) bridge between N and Co, 2) center
of hexagon, 3) top of Co, 4) top of N, and 5) top of B. In the con-
text, we denote graphene doped with Co-close pattern as G-Co-
close, and graphene doped with Co-far-away as G-Co-far-away.
We found that, after optimization, Co site in both G-Co-far-away
and G-Co-close is the major active site for OER to initiate due
to the lowest calculated total energies of —729.47598 (Figure
S2b, Supporting Information) and —731.13024 eV (Figure S2i,
Supporting Information), as also shown in Table S1 (Supporting
Information). It was also found that the calculated total energies of
OH on Boron gives relatively larger value than that on Co, which
means B site is not an active site compared to Co. For ORR pro-
cess, we conducted similar calculation and found that Co is the
main adsorption site of O, molecule for both G-Co-far-away and
G-Co-close, with lower energies than that on Boron (Table S1,
Supporting Information). Specifically, G-Co-far-away gives
—729.86274 eV on Co, which is lower than —726.87536 eV on
Boron (Figure S3ab: Supporting Information); meanwhile,
G-Co-close gives —731.46475 eV on Co, which is lower than
—72770228 eV on Boron (Figure S3c,d: Supporting Informa-
tion). Interestingly, G-Co-close binds intermediates of OH and
O, stronger than G-Co-far-away counterpart, which would posi-
tion the catalytic active Co sites in G-Co-close. Other than the
porous structures with large surface areas, and high graphitiza-
tion degrees. It was identified the metal and non-metals doping
account for the outstanding performance in our catalysts. We
conducted partial density of states to elucidate the mechanism
(Figure S4, Supporting Information). We also found that, for
G-Co-far-away, d band electrons in Co contribute major car-
rier density around the Fermi level, whereas, p electrons in C
and N only account for small amount of free carrier density
(Figure S4a, Supporting Information). The p electrons con-
tributed by Boron is even less indicated by the flat spectrum
around Fermi level. For G-Co-close, similar trend was observed,
Co accounts for major carrier density among other types of
atoms around Fermi level (Figure S4b, Supporting Informa-
tion). Interestingly, free carrier density from Co, N and C in
G-Co-far-away show higher peaks than that in G-Co-close,
which means G-Co-far-away shows overall better conductivity
than G-Co-close.

In summary, Co-far-away outperformed Co-close due to the
moderate adsorption and desorption energy of OH intermedi-
ates. In comparison, strong adsorption of OH in Co-close poi-
sons the catalytic sites in OER, and also hinders the release
of OH in ORR. The calculated results reveal the mechanism
behind the outstanding OER/ORR activities of Co-far-away
with successfully achieving Co separation for enhancing their
performances.

3. Conclusions

In summary, we have successfully fabricated high-performance
bifunctional ORR/OER catalysts made of agricultural wastes
of cornstalks with perfect working stability. The synergetic
effects of sufficient active sites and O, adsorption sites in
biochar structures were highly intensified by incorporating
transition metals of Co and Fe, and heteroatom N, B through
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a facile hydrothermal treatment and carbonization process
(800 °C). It was especially noted that pyrolytic evaporation of
ZnCl, in carbonization process not only prevents the neigh-
boring aggregations of Co and Fe in carbonization process, but
also increased the specific surface areas with creating abundant
smaller micropores and mesopores structures. Those results
produced more active sites for oxygen diffusion and electrolyte
ions transfer, significantly enhancing the ORR and OER perfor-
mances. Our catalysts derived from the native cornstalks pos-
sessed competitive bifunctional ORR and OER performances,
perfect stabilities and also promise cost-effectiveness compared
to the commercial Pt/C and IrO,. These findings accelerate the
developments of next-generation of biochar-based bifunctional
electrocatalysts with sustainability and eco-system.

4. Experimental Section

Materials: All chemicals were obtained from commercial sources and
used without further treatments, which is listed as follows: the cornstalks
were obtained by collecting from farmland in Shandong Province,
Cobalt nitrate hexahydrate (Co(NOs),-6H,0, 299%), Zinc chloride
(ZnCly, 298%,) and Potassium hydroxide(KOH, 285%) were purchased
from Aladdin Industrial Corporation boric acid (H;BO;, >99.5%)
and ammonium chloride (NH,Cl, >99.5%) were purchased from
Shanghai Macklin Biochemical Co., Ltd, China. Ethanol (C,Hs;OH, >95%)
and Hydrochloric acid (HCl, 36-38%) were obtained by Guangzhou
chemistry Co., Ltd, China, Nafion (20 wt%) were purchased by American
DuPont (China) Co., Ltd.

Hydrothermal Reaction: Typically, the pristine cornstalk particles
were milled by a ball mill, followed by sieving through 60 mesh to
obtain cornstalk powders without further purification process. 1.50 g
Co(NO;3),-6H,0, 3.00 g ZnCly, 1.00 g H3BO;, and 5.00 g NH,Cl were
completely dissolved in deionized water, respectively. And then, 1.00 g
cornstalk powder was poured into the above solution with a mixing
process for the initial 2 h, and subsequently stirred for at least 12 h at
room temperature. After completing the mixing process, the resulting
mixtures were sealed in an autoclave reactor for a hydrothermal reaction
carried out at 180 °C for 10 h. Once 10 h had elapsed, the reaction product
was air-cooled down to room temperature. The pretreated samples were
repeatedly washed with deionized water to remove residuals. Then, the
vacuum-drying process was carried out at 60 °C for at least 10 h. The
resulted powder samples were named hydrothermal precursors (HPs).

Carbonization Process: Subsequently, NH,Cl was again required for
treating HPs samples before the carbonization process. A mixture of
1:3 mass ratio of NH,Cl and deionized water was stirred to completely
dissolve. The NH,Cl solution was adequately mixed with the HPs
samples. Then, another vacuum-drying process was carried out at 120 °C
until the treated HPs samples were obtained. The carbonation process
was performed at different temperatures (700, 800, and 900 °C) for 2 h
in a nitrogen atmosphere. After completing the carbonization process,
the resulting samples were etched with 1.00 m hydrochloric acid solution
for 12 h at room temperature, followed by the repeated centrifugation
for washing with excess deionized water. After drying at 80 °C for another
12 hours, the T-700, T-800, T-900 electrocatalysts were obtained respectively.
Furthermore, NP-T-800 samples were also prepared for comparison by
the same methods as abovementioned without the addition of ZnCl,.

Characterizations: X-ray diffraction (XRD) patterns of 10-80° were
measured by a Rigaku diffractometer (D/MAX/IIIA, 3 kW) under 40 kV.
Raman spectra were recorded on a Renishaw in Via Raman microscope
with an Arion laser at the excitation wavelength of 514.5 nm. The
microstructures and morphologies of the native cornstalks, HPs and
T-800 samples were observed by field-emission scanning electron
microscopy (FE-SEM Merlin, Zeiss) at an acceleration voltage of 5 kV and
transmission electron microscopy (TEM) (JEM2100F) at an acceleration
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voltage of 200 kV. The Rucker Vector33 spectrometer was used to record
the Fourier transform infrared (FTIR) spectra of the obtained samples.
The Brunauer-Emmett-Teller (BET) specific surface area and porous
structure were measured at 77 K by using a Micromeritics ASAP 2020
system. The X-ray photoelectron spectroscopy (XPS) of the sample was
measured by Kratos Axis Ultra DLD electron spectrometer, all dates were
corrected using the Cls peak at 284.6 eV as an internal standard.

Electrochemical Tests: The three-electrode system were carried
out on the CHI 760E Electrochemical Workstation (CH Instrument,
Shanghai). The prepared catalyst was coated on the glassy carbon
rotating disk electrode (RDE) as the working electrode, while the Hg/
HgO electrode was the reference electrode. A graphite rod served
as the counter electrode for ORR and OER tests. The catalyst ink was
prepared by ultrasonically dispersing 5 mg the as-prepared catalysts
(including reference catalysts: commercial Pt/C catalysts) in 1 mL of
a mixed solution containing 0.98 mL of ethanol/water (1:1, v/v) and
20 mL of 20 wt% Nafion solution for 30 min. Then, 10 uL catalyst ink
was subsequently pipetted onto the surface of a glassy carbon electrode
surface and dried at room temperature. Cyclic voltammetry (CV)
experiments were carried out in N,/O, saturated 0.1 M KOH solution
at a scan rate of 10 mV s™' at room temperature. The ORR test was
performed by linear sweep voltammetry (LSV) in O, saturated 0.1 m
KOH (pH = 13) solution at a rotating rate of 1600 rpm with a scan rate
of 5 mV s7' at room temperature, where the potential range is 0.2 - 1.1V
(vs RHE). The long-term stability evaluation of the T-800 and Pt/C for
ORR was determined at a constant voltage of 0.6 V versus Hg/HgO in
O, saturated 0.1 m KOH electrolyte at a rotation speed of 1600 rpm. OER
measurements were carried out by loading the catalyst on carbon paper
(1 x 1 cm) with a load of 0.5 mg cm™ at a scanning rate of 5 mV s~
in O, or N, saturated 1.0 m KOH (pH = 14). The long-term stability
evaluation of the T-800 and IrO, for OER was determined at a constant
voltage of 0.383 V versus Hg/HgO. The electron transfer number (n) can
be evaluated by Koutecky-Levich (K-L) equation:['/}

11,1 1 1

LI Y D B o
J ko Jd Bao'? Jk

Where J is measured current, J4 is the diffusion-limiting current,
Ji is the kinetic current, and @ is the electrode rotating rate. B is the
slope of Koutech-Levich (K-L) plots, and the calculation formula is as
follows:

21
B=0.62nFC,D3v & V)

Where n stands for the electron transfer number, F stands for the
Faraday constant (96 485 C mol™), C, stands for the O, concentration in
liquid (1.2 x 107 mol cm~3), and D stands for the O, diffusion coefficient
(1.9% 107> cm? s7') in the 0.1 M KOH, v stands for the kinematic viscosity
(0.01 ecm? s7).

Computational Method: In order to investigate the mechanism behind
their ORR and OER catalytic activities, first-principles calculation were
adopted to study the ORR and OER reaction pathways, involving Co,
N, B co-doped graphene in two patterns of Co atoms far-away and
closely arranged. The Vienna Ab Initio Simulation Package (VASP)
with Projected Augmented Wave (PAW) scheme was used as the
computational method*l on the basis of the density-functional theory
(DFT).7-481 Besides, the Perdew—Burke—Ernzerhof Generalized Gradient
Approximation (PBE-GGA) exchange and correlation functionalsi’ were
further investigated, in which the Monkhorsk-Pack k-point samples
were served as 1 x 1 x 1 for optimization of pure Co, N, B co-doped
graphenes,’% and the cutoff energy of 500 eV was adopted throughout
the relative calculations. Here, the OER via 4e~ pathways,’'% and the
overall and elementary reaction steps were calculated and listed as
following:

2H20(l) = O2 +4H* +4e 3)

H20(l)+%— OH* +e~+ H* (3a)
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OH* - O* +e™ +H* (3b)
H20(l)+0* — OOH" +e~ +H* (3¢)
OOH* - O2(g)+e +H" (3d)

The ORR is the reverse reaction of OER, 2%l which can be described via
the reverse 4e~ pathways with the overall and individual steps as following:

Oy +4H" +4e~ — 2H,0 )
#+02(g)+e +H" - O0OH" (4a)
OOH" +e~ +H* - H0()+ 0" (4b)
O* +e +H* — OH* (4c)
OH* +e™ +H* = H20(l)+* (4d)

o

where * stands for an adsorption site on co-doped graphene, | and g
stands for liquid and gas phases, respectively.

The calculated Gibbs free energy differences (AG) of each reaction
step in OER and ORR are indicators of the energy barriers in each step
involving one electron transfer, which can be expressed as following:

AG = AE + AZPE —TAS (5)
where AZPE and AS are the differences of zero-point energies and

entropy of adsorbates (OH*, O*, OOH¥*), AE is the adsorption energy
calculated as the following equations:

AE(OH*)=E(OH")—E (*)~ E(H20) +1/2E (Hz) (6)
AE(O*)=E(O*)—E(¥)—E(H20)+E(Hz) )
AE(OOH*)=E(OOH")—E () —2EH20 +3/2E (Hz2) 8)

where E(OH"), E(O”), and E(OOH?) are the total energies of catalyst
adsorbed with OH, O and OOH, E(H,0) and E(H,) are the total
energies of H,0 and H,.

Therefore, the OER pathways can be expressed as: AG;, = AGopx,
AGyy = AGox — AGopsy AGre = AGooms — AGow AGry = 4.92 — AGooms
the ORR pathways: AG,, = AGgon+ — 4.92, AG,, = AGo« — AGoon+
AGye = AGops — AGos, AGg = AGoys 5758

The determining overpotential (77) can be calculated to indicate the
largest energy barrier and the catalytic performance for OER and ORR:

AN®ER = max {AGia,AG,AG1;,AG1a } e —1.23 9)

1O = max {AG2a,AG2b,AG2c,AG24} € +1.23 (10)
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