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Heteroatom-doped nanoporous carbon from
recyclable Pueraria lobata and its dual activities for
oxygen reduction and hydrogen evolution
reactionsT
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Many efficient and non-precious metal catalysts for oxygen reduction or hydrogen evolution reactions have
been developed, but bifunctional catalysts for both oxygen reduction reaction and hydrogen evolution
reactions are seldom reported despite their advantages. Herein, we designed the bulk preparation of
heteroatom-doped nanoporous carbon catalysts using widely available and recyclable Pueraria lobata
powder as the carbon source. The typical product was N, P and Fe Tri-doped nano-porous carbon
(N,P,Fe-NPC) with high surface area (BET surface area of 776.68 m? g~* and electrochemical surface area
of 55.0 mF cm™2). The typical N,P,Fe-NPC sample simultaneously exhibited high activities for oxygen
reduction and hydrogen evolution reactions. Because of the high surface area and the tri-doping of N, P
and Fe elements, the prepared material may have applications in other fields such as gas uptake, sensors,
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Introduction

Due to the increasingly serious problems of energy crisis and
environmental pollution, many researchers across the world
have focused their attention on the development of various new
and renewable energy sources. Fuel cells have excellent ability
to directly and efficiently convert chemical energy into electric
energy at near room temperature and thus, they are a good
choice."” However, the output power and the energy efficiency
of this technology do not reach the standards of commerciali-
zation owing to the slow kinetics of the cathodic oxygen
reduction reaction (ORR). Therefore, it is of great importance to
explore and find high-performance ORR catalysts.>” Hydrogen
is usually used as the fuel for fuel cells. So far, many methods
have been reported for producing hydrogen. Electrolysis of
water for hydrogen evolution is advantageous because of its rich
resources and environmental friendliness, but this method
requires high energy consumption. Therefore, it is still a chal-
lenge to prepare electrode materials with high catalytic activity
for hydrogen evolution reaction (HER).*® In the future, to
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sewage treatment, and supercapacitors. The suggested approach is low-cost, simple and readily scalable.

improve the energy efficiency, it may be possible to design
a device for the combination of water decomposition and the
fuel cell. Currently, many significant ORR and HER catalysts
have been developed, but bifunctional catalysts for both ORR
and HER are seldom reported despite their importance.*®"

So far, the noble metal Pt has been recognized as an excellent
catalyst for ORR and HER; however, its disadvantage is its global
scarcity.'” Therefore, it is necessary to find alternative catalysts
that have low prices and bulk production. In the past several
years, many effective catalysts for HER have been reported. Non-
precious metal (Ni, Co, Fe, Mo and W)-based nanocomposites
have good catalytic performance for HER.>'**?

Recently, heteroatom (e.g., N, B, P and S)-doped carbon
materials have been developed as effective non-precious metal
electrocatalysts for ORR.**** Some N-doped carbon materials
(e.g., mesoporous carbon, carbon nanotubes,® graphene and
carbon nanotube-graphene complex'*'’) have shown excellent
activities and stabilities. It was reported that carbon materials
with the co-doping of certain transition-metal elements (e.g., Co
and Fe) and nitrogen showed a remarkable promotion of the
ORR activity in acidic or alkaline media, because of the coor-
dination between the transition-metal cation and nitrogen.
With respect to the electrocatalysts of HER or ORR, it is very
important to obtain catalysts with large surface areas and
interpenetrated network structures, which effectively accelerate
the reactant and electron transport.'”** Nanoscale porosity is
highly desirable and can facilitate high mass transfer fluxes.

This journal is © The Royal Society of Chemistry 2018
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Recently, considerable attention has been paid to carbon
materials derived from biomass, because biomass is widely
available, accessible and recyclable. Preparation of carbon
materials from biomass is meaningful and crucial since it has
potential applications. Pueraria lobata is a perennial vine native
to Southeast Asia. It is commonly known as kudzu root or
Gegen. The powder of Pueraria lobata can be obtained from the
dried root of Pueraria lobata, and it contains many poly-
saccharides. This powder has been used as a functional food
and as a medicinal herb for treating dysentery, fever, diabetes,
hypertension, etc.'* Every year, large quantities of biomass are
produced (powder of Pueraria lobata), and they are available at
no (or low) cost.>**' Therefore, the powder of Pueraria lobata is
an excellent choice for the bulk production of carbon materials
as electrocatalysts with low cost.

Recently, we focused on carbon-based ORR electrocatalysts.
We reported the nitrogen-doped graphene/carbon nanotube
nanocomposite and discussed its synergistic effect on ORR
activities.” We prepared the N-doped carbon framework with
Co/Co;0, nanoparticles and found that improving the
conductivity of the nanocomposite and doping of the N element
contributed to the improvement of electrochemical activity.?
We also prepared nitrogen-doped nanoporous carbon nano-
sheets from the recyclable plant Typha orientalis, and we found
that the doping of nitrogen and high surface area were helpful
for obtaining high ORR activity and stability.’* N-, Fe- and Co-
tridoped carbon nanotube/nanoporous carbon* and CMK3/
graphene-N-Co nanocomposite** were prepared, and their ORR
activities clearly increased because of the N-, Fe- and (or) Co-
doping. Very recently, we reported nanoporous ORR electro-
catalysts from the corn silk of the corn plant.®

Based on the above-mentioned discussion and our previous
studies, herein, we reported the bulk preparation of an N, P and
Fe tridoped nano-porous carbon (N,P,Fe-NPC) catalyst using
widely available and recyclable Pueraria lobata powder as the
carbon source. The typical product exhibited high surface area
and high total pore volume. Importantly, the catalyst simulta-
neously exhibited high activities for ORR and HER.

Experimental method
Materials

Pueraria lobata powder was purchased from Zhongxiang
Pueraria powder Industrial Co., Ltd. (Hubei, China). Fe(NOj3);-
-9H,0 (analytical reagent) and KOH were brought from Aladdin
Industrial Corporation (Shanghai, China). H;PO, (analytical
reagent) was brought from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). NH; (99.99%) was brought from Shang
Yuan Company (Nanjing, China).

Preparation of typical N,P,Fe-NPC

First, 2.7 g of Fe(NO3);-9H,O was dissolved in 50 mL of
deionized water and then, Pueraria lobata powder was added to
form a mixture; next, 97.0 mL of 0.2 M H;PO, was put into
162.5 mL of boiling water, and this was added to the mixture to
form a gel. After washing by filtration and freeze-drying for 12 h,
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the precursor was obtained. For the final product, the precursor
was annealed in NH; atmosphere at 950 °C for 1 h with a heat-
ing rate of 5 °C min™".

As the control, the product-N, was prepared by the same
method used for N,P,Fe-NPC, but it was annealed in an N,

atmosphere at 950 °C for 1 h with a heating rate of 5 °C min™ .

Characterization

An ESCALAB MKII X-ray photoelectron spectrometer was used
to obtain X-ray photoelectron spectroscopy (XPS) data. An XD-3
X-ray diffractometer was used to record the X-ray diffraction
patterns (XRD). The scanning electron microscopy images were
obtained by a JEOL-6700F field emission scanning electron
microscope. The scanning transmission electron microscopy
(STEM) images were recorded on JEM-2100F. The BET specific
surface area was measured by a Micrometrics ASAP2020
analyzer (USA).

Electrochemical activities

HER and ORR performances of the samples were measured
using the CHI750E electrochemical workstation (Shanghai
Chenhua, China) with a rotating disk glassy carbon electrode by
the conventional three-electrode method at room temperature.
The ink of each sample was prepared as follows: 5 mg of the
catalyst was dispersed in 1 mL of 3:1 v/v deionized water/
isopropanol mixed solvent containing 40 pL of Nafion solu-
tion (5 wt%). Then, the mixture was ultrasonicated for 40 min to
achieve a homogeneous catalyst ink.'®***” Finally, 10 uL of the
ink was adhered on to the GC disk electrode, forming the
catalyst loading of 0.250 mg cm > for ORR and HER
measurements.

HER performance. Rotating disk glassy carbon electrode
(GC, PINE, 5 mm diameter, 0.196 cm?), Ag/AgCl (saturated by
KCl) electrode and a graphite rod were used as the working
electrode, reference electrode and the auxiliary electrode,
respectively. Polarization curves were obtained with a scan rate
of 5mVs " and a speed of 1600 rpm in 0.5 M H,SO, and 0.1 M
KOH. Cyclic voltammograms (CVs) were obtained at different
rates from 20 to 200 mV s~ . The iR-compensation was used in
the measurements.

ORR performance. Rotating disk glassy carbon electrode
(GC, PINE, 5 mm diameter, 0.196 cm?), Hg/HgO electrode and
a platinum plate were used as the working electrode, reference
electrode and the auxiliary electrode, respectively. The working
electrode was scanned at a rate of 20 mV s~ " with rotating speed
from 400 rpm to 2000 rpm in O,-saturated 0.1 M KOH.

Potentials were converted to the RHE reference scale.

Results and discussion
Preparation

Scheme 1 illustrates the typical N,P,Fe-NPC preparation; the
procedure contains the following steps: First, the Pueraria
lobata powder was obtained from the mechanical grinding of
a Pueraria root. The Pueraria lobata powder sol was formed by
adding Fe(NO;);-9H,0O. The Pueraria sol contained many

RSC Adv., 2018, 8, 24392-24398 | 24393
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Illustration of the typical N,P,Fe-NPC preparation. Photographs of Pueraria lobata powder (a), Pueraria lobata gel containing HzPO,4

and Fe(NOs)s-9H,0 (b), the material precursor obtained from the gel (c), and typical N,P,Fe-NPC (d).

functional groups such as hydroxyl and carboxyl groups, which
can coordinate with Fe*'. Then, H;PO, in boiling water was
added to the sol, and the Pueraria gel was immediately formed.
Second, the material precursor having P and Fe was obtained
from the gel by freeze-drying. Finally, N,P,Fe-NPC was achieved
by heat treatment in NH;, where carbonization occurred, and N,
P and Fe were tri-doped in the carbon sample. NH; was not only
used as the N source to dope the carbon but also to gasify the
carbon to form many nanopores.

The main possible reactions can be expressed as
follows: #2829

ZNH'; - N2 + 3H2 (1)

C+ 2H2 i CH4 (2)

Doped Fe was obtained from Fe(NOs);-9H,0, and P was
obtained from H;PO,; N was obtained mainly from NH;.
Pueraria powder is a widely available and recyclable plant bio-
mass. N,P,Fe-NPC preparation is a low-cost, simple and readily
scalable approach. It is of great importance to design bulk
production of carbon-based nanomaterials from available and
recyclable biomass by a low-cost method.

Characterization

According to SEM images (shown in Fig. 1a—c), typical N,P,Fe-
NPC is made up of carbon sheets with many pores; the diam-
eters of these pores range from 0.9 to 3.5 um.

The STEM image of typical N,P,Fe-NPC is shown in Fig. 2a,
from which it can be deduced that the typical product has
a clear nanoporous structure. The elemental mapping images
(Fig. 2b-f) show the distribution of C, N, O, P and Fe. The results
indicate the presence of C, N, O, P and Fe; they are homoge-
neously distributed in the sample. With respect to the control
sample, the product-N, has a clear porous structure, as shown
in Fig. Sla and b.}

According to the results of X-ray photoelectron spectroscopy
(XPS), typical N,P,Fe-NPC exhibits the atomic percentages of
6.43 at%, 1.54%, 1.11 at%, 76.59 at% and 14.33 at% for N, P, Fe,
C and O, respectively. Fig. 3a indicates that typical N,P,Fe-NPC
contains pyridinic (398.3 eV), pyrrolic (399.7 eV) and graphitic
(401.0 eV) N.*** The high-resolution P 2p XPS spectra (Fig. 3b)
show that typical N,P,Fe-NPC exhibits four peaks at 129.4 eV,
130.1 eV, 132.8 eV, and 133.6 eV. The peak at 132.8 eV is
assigned to the P-C bond, and the peak at 133.6 eV can be
assigned to the P-N bond.” Fig. 3c indicates that Fe(u) ions
(peaks at 709.0 eV and 713.2 eV)**?*?¢ exist in the typical N,P,Fe-
NPC sample. These results indicate that the elements N, P, and
Fe are doped in N,P,Fe-NPC. As the control, the product-N, has
the atomic percentages of 2.19 at%, 0.94%, 0.62 at%, 75.62 at%
and 20.63 at% for N, P, Fe, C and O, respectively. Clearly, the
product-N, has lower N content than the typical N,P,Fe-NPC
sample. Fig. Sict indicates that the product-N, contains pyr-
idinic and graphitic N. From the Fig. S1df (high-resolution P 2p
XPS spectra), it can be seen that the product-N, exhibits a peak
at 133.6 eV, which can be assigned to the P-N bond. The XRD
data (Fig. 3d) demonstrate that the state of the carbon is
amorphous. From Fig. 3e and f, the BET surface area, the total
pore volume and the micropore volume of the typical N,P,Fe-
NPC sample are found to be 773.7 m* g ', 0.74 cm® g * and
0.28 cm® g™, respectively. As a control, the product-N, has
a BET surface area of 458.0 m* g~ . Clearly, the typical N,P,Fe-
NPC sample has higher BET surface area than the product-N,

Electrochemical activity for HER

Electrochemical activities of the samples (including that of
commercial Pt/C) for HER were investigated in 0.5 M H,SO, and
0.1 M KOH. Fig. 4a shows the polarization curves for
typical N,P,Fe-NPC, commercial Pt/C and product-N, in 0.5 M
H,SO, with a scan rate of 5 mV s~ . When the current density
was 10 mA cm >, the potentials of typical N,P,Fe-NPC,

Fig. 1
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(a—c) The representative SEM image and the magnified SEM image of typical N,P,Fe-NPC.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2

commercial Pt/C and product-N, were —0.073 V, —0.039 V and
—0.427 V, respectively. Clearly, typical N,P,Fe-NPC showed good
performance for HER, which was only 34 mV more negative
than that of the state-of-the-art Pt/C sample. Compared with the
product-N, (as a control), the typical N,P,Fe-NPC exhibited
remarkably high activity for HER. Stability is important for HER
electrocatalyst in practical applications. Fig. 4b gives the
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RSC Advances

current-time  (i-tf) chronoamperometric  response  of
typical N,P,Fe-NPC at —0.076 V (vs. RHE) for 20 000 seconds in
N,-saturated 0.5 M H,SO,. According to Fig. 4b, the
typical N,P,Fe-NPC sample suffered only 5.0% decrease in
current density. Fig. 4b indicates that typical N,P,Fe-NPC has
good durability. Fig. 4c shows the polarization curves of
typical N,P,Fe-NPC and commercial Pt/C in 0.1 M KOH. The

(a) STEM image of typical N,P,Fe-NPC; (b—f) C, N, O, P and Fe elemental mappings.

a = Raw b — Raw C
N1s e Fitting P2p —— Fitting Fe
—3083eV — 12940V
5 ——399.7 eV oy —130.1 eV ~
A ——401.0 eV g ——1328eV s
LA S ——1336 eV <
7]
s 5 5
5 < =
—— —————————— T T T v
397 398 399 400 401 402 403 404 130 132 134 136 710 720 730 740
Binding energy (eV) Binding energy (eV) Binding energy (eV)
d € 5001 —a— Adsorption . f 204
a o Desorption / .
& 450- 2
—~ 2 c
S o 4001 ’ o 1.5
S "’E o o
g 5 3504 o £
3 1 o N2
2 @ 3004 JPTE o o 1.04=
2 £ e |l
= 2 2504 =]
B 2 0s :
<L 200{ » e i
g 7 S i -"’."\'
c 1504 a - -
S T T T T T : 0.0 . r r y v
(] 0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30 40 50 60

26 (degree)

Fig. 3

Relative Pressure (P/Po)

Pore Diameter (nm)

(a—c) The high-resolution N 1s, P 2p and Fe 2p XPS spectra of typical N,P,Fe-NPC; (d) X-ray diffraction pattern of typical N,P,Fe-NPC; (e

and f) the nitrogen adsorption—desorption isotherm and the pore distribution of typical N,P,Fe-NPC.
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Fig.4 (a) Polarization curves for typical N,P,Fe-NPC, commercial Pt/C and product-N, in 0.5 M H,SO,4 with a scan rate of 5 mV s, (b) Current—
time (i—t) chronoamperometric response of typical N,P,Fe-NPC at —0.076 V (vs. RHE) in N,-saturated 0.5 M H,SO, at a rotation rate of 1600 rpm.
(c) Polarization curves for typical N,P,Fe-NPC and commercial Pt/C in 0.1 M KOH with a scan rate of 5mV s* (d) CVs for typical N,P,Fe-NPC with
different rates from 20 to 200 mV s, (e) Capacitive current at 0.10 V as a function of the scan rate for typical N,P,Fe-NPC (Ajo =, — jo). (f) CVs for

the product-N, (as a control) with different rates from 20 to 200 mV s

state-of-the-art Pt/C sample (—0.078 V at —10 mA cm ™ %) showed
excellent HER activity. Typical N,P,Fe-NPC (—0.355 V at —10 mA
cm ™ ?) also showed good performance for HER, which was about
270 mV more negative than Pt/C.

To estimate the electrochemical surface area (ESA), we
measured the capacitance of the double layer. The cyclic vol-
tammograms (CVs) were obtained in the region from —0.05 to
0.25 V, where the current response is only due to the charging of
the double layer (Fig. 4d). Fig. 4e shows the capacitive current at
0.10 V as a function of the scan rate for typical N,P,Fe-NPC (4j,
=Jja —Jjo)- From Fig. 4d and e, the capacitance of typical N,P,Fe-
NPC was found to be 55.0 mF cm 2. Therefore, we inferred that
the typical N,P,Fe-NPC sample had high surface area. Fig. 4f
gives CVs of the product-N,, which were obtained in the region
from —0.05 to 0.25 V. From Fig. 4f and S2,7 we can infer that the
product-N, (as a control) had a capacitance of 29.0 mF cm 2,
Clearly, the typical N,P,Fe-NPC sample had higher ESA than the
product-N,.

Electrochemical activity for ORR

Rotating disk electrode (RDE) measurements were performed to
investigate the ORR activities. Electrochemical activities of the
samples (including that of commercial Pt/C) were investigated
in 0.1 M KOH. From Fig. 5a, the onset potentials of commercial
Pt/C (20%) and typical N,P,Fe-NPC were found to be 932 and
957 mV (vs. RHE), respectively. Clearly, the onset potential
of N,P,Fe-NPC was 25 mV more positive than that of Pt/C. In
addition, the half-wave potential of N,P,Fe-NPC (862 mV vs.
RHE) was 32 mV more positive than that of Pt/C (830 mV vs.
RHE). This indicated that N,P,Fe-NPC had superior activity

24396 | RSC Adv., 2018, 8, 24392-24398
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compared to commercial Pt/C in alkaline media, and it also
exhibited superior activity than most of the non-precious metal
ORR catalysts reported in literature.'®'%>*?>3134 Fig. 5b gives the
RDE voltammograms of typical N,P,Fe-NPC at different rotation
speeds. Koutecky-Levich plots (Fig. 5¢) were used to analyze the
number of electrons transferred during ORR. The Koutecky-
Levich equation is as follows:**3**3*

1 1 1

i g ~ Bw'?

here, j stands for the measured current density, ji stands for the
kinetic-limiting current density and w stands for the electrode
rotation rate; B is the value of the Levich slope, which can be
obtained from the following formula:****

B =0.62nFCo Do, v "

here, n is the transferred-electron number in the ORR process, F
is the faradaic constant (96 485 C mol '), Co, is the oxygen
concentration in 0.1 M KOH (1.2 x 10~ ° mol em ™), D, is the
oxygen diffusion coefficient in 0.1 M KOH (1.90 x 10> cm*s™ )
and » is the kinematic viscosity of 0.1 M KOH (0.01 cm” s~ *).3%37

As shown in Fig. 5¢, a good linear relationship between />
andj " can be achieved, from which we can obtain 7 from 3.92
to 3.96 at potentials from 0.30 to 0.60 V (vs. RHE). Clearly, a four-
electron pathway for the ORR process occurs on the
typical N,P,Fe-NPC electrode. To maximize the energy capacity,
four-electron pathways are highly necessary for O, reduction.>?*®

During the actual operation of the fuel cell, fuel molecules
(for example, methanol) may migrate onto the cathode; thus,
the ORR electrocatalysts are required to exhibit tolerance to fuel

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) RDE voltammograms in 0.1 M KOH (at a rotation speed of 1600 rpm) for typical N,P,Fe-NPC and commercial Pt/C; (b) RDE vol-

tammograms on the N,P,Fe-NPC electrode at various rotation speeds; (c) Koutecky—Levich plots at different potentials; (d and e) RDE vol-
tammograms for typical N,P,Fe-NPC and Pt/C with and without methanol (1 M); (f) RDE voltammograms for the N,P,Fe-NPC electrode after

0 and 6000 cycles.

molecules.***> From Fig. 5d and e, we inferred that
typical N,P,Fe-NPC had excellent tolerance to methanol. More-
over, stability is another important requirement for ORR elec-
trocatalysts in the practical application of fuel cells.*** The
electrochemical stability of typical N,P,Fe-NPC was studied by
continuous potential cycles between 0.55 and 0.95 V (vs. RHE)
with a scanning speed of 50 mV s~ *.** From Fig. 5f, only 14 mV
negative shift of the half-wave potential occurred after 6000
cycles, which revealed that typical N,P,Fe-NPC had excellent
durability. Therefore, we can conclude that typical N,P,Fe-NPC
has the characteristics of outstanding catalytic ability, stability
and endurance to methanol.

There could be three probable reasons for the dual activities
for ORR and HER. First, the typical N,P,Fe-NPC electrode has high
surface area (BET surface area of 776.68 m> g~ ' and electro-
chemical surface area of 55.0 mF cm ?) and many pores and
nanopores; these can easily expose the active sites (for both ORR
and HER) for the reaction and facilitation of high mass transfer
fluxes, resulting in accelerated reactant and electron trans-
port.”7*%* Second, the co-doping of N and P elements greatly
contributes to the electrochemical activity;* especially, the pyr-
idinic nitrogen contributes to the electrochemical activity, and
graphitic nitrogen is very important for the improvement in the
reduction current.” Finally, the co-doping of N and Fe can syner-
gistically enhance ORR activities. The doped N and Fe can form
active sites (FeN,), which are very helpful for the ORR activity.>>**

Conclusions

In this paper, we designed the bulk preparation of low-cost,

simple, and non-precious metal catalysts using widely

This journal is © The Royal Society of Chemistry 2018

available and recyclable Pueraria lobata powder as the carbon
source. The typical product was N, P and Fe co-doped nano-
porous carbon (N,P,Fe-NPC) with high surface area (BET
surface area of 776.68 m> ¢~ and electrochemical surface area
of 55.0 mF cm ™ ?) and many nanopores. The typical N,P,Fe-NPC
sample simultaneously exhibited high activities for oxygen
reduction and hydrogen evolution reactions. Due to the high
surface area and the tri-doping of N, P and Fe elements, N,P,Fe-
NPC may have applications in other fields such as gas uptake,
sensors, sewage treatment, and supercapacitors.
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