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Introduction

Pine needle-derived microporous nitrogen-doped
carbon frameworks exhibit high performances in
electrocatalytic hydrogen evolution reaction and
supercapacitorst

Guoyin Zhu,1? Lianbo Ma,1® Hongling Lv,? Yi Hu,? Tao Chen,? Renpeng Chen,?
Jia Liang,® Xiao Wang,® Yanrong Wang,® Changzeng Yan,® Zuoxiu Tie,® Zhong Jin*?
and Jie Liu*®®

The design of electrochemically active materials with appropriate structures and compositions is very
important for applications in energy conversion and storage devices. Herein, we demonstrate an effective
strategy to prepare microporous heteroatom-doped carbon frameworks derived from naturally-abundant
pine needles. The preparation procedure is based on the carbonization of pine needles, followed by KOH
activation at a temperature range of 700-1000 °C. The resultant nitrogen-doped carbon consists of
abundant micropores and an ultrahigh specific surface area (up to 2433 m? g™), leading to high perform-
ances in electrocatalytic hydrogen evolution reaction (HER) and supercapacitors. Specifically, when the
pine needle-derived carbon (activated at 800 °C) serves as a HER electrocatalyst, it exhibits a low onset
potential (~4 mV), a small Tafel slope (~45.9 mV dec™) and a remarkable stability over long-term cycling.
When evaluated as an electrode material for supercapacitors, the pine needle-derived carbon (activated
at 900 °C) demonstrates high specific capacitance (236 F g™ at 0.1 A g™%), remarkable rate capability
(183 F g* at even 20 A g7%) and good long-term stability. Notably, the specific capacitance at 2.0 A g™*
increased from ~205 to ~227 F g™t after cycling for 5000 times, owing to the further activation and
wetting of the electrodes. This novel and low-cost biomass-derived carbon material is very promising for
many applications, especially in electrocatalytic water splitting and supercapacitors.

Porous carbon materials possess many advantageous
properties, such as large surface area, adjustable porosity,

With the increasing global crisis of environmental pollution
and energy problem, the development of novel technologies
for clean and sustainable energy has attracted considerable
attention.”™ In particular, hydrogen energy and super-
capacitors have been regarded as “green” energy technologies
because of their high efficiency and eco-friendliness.*”
However, there are still some critical issues restricting their
development, such as slow kinetics and expensive electro-
catalysts for the hydrogen evolution reaction (HER)*® and low
energy density for supercapacitors.'***
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high electrical conductivity, versatile morphology, chemical
inertness and abundant electrocatalytic active sites.">'® With
these properties, porous carbon materials have become a class
of promising candidates for the applications in oxygen
reduction reaction’'® and supercapacitors.'® Moreover,
covalently-doped porous carbons with bound heteroatoms
(e.g., N, P and S) can show better wettability and enhanced
performances.”” " Specifically, nitrogen-doped  carbon
materials were proved to be effective for energy conversion,
such as the HER.*® Besides, recently nitrogen-doped micro-
porous carbon sheets have been reported to show good rate
capability and high specific capacitance for supercapacitors.*’
Therefore, nitrogen-doped microporous carbons hold signifi-
cant promise for energy conversion and storage applications.
However, the structural design and controllable synthesis of
heteroatom-doped carbon materials with a favorable pore size
and a large pore volume is still challenging.

Recently, carbon-enriched biomass has become attractive
precursors for the preparation of a variety of carbon
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materials.**”>® In plant tissues, the transport channels of water
and nutrients can provide diverse pore structures. Besides,
since many kinds of biomass contain different doping
elements, such as N, S, and P, it is convenient to prepare
heteroatom-doped carbon materials through the controlled
pyrolysis of biomass. Moreover, biomass-derived carbon
materials are eco-friendly and can be produced on a large
scale for practical applications. So far, many natural materials,
such as coconut shells,”® bamboo,** peanut root nodules,>
silk,>® leaves®” and hairs,*® etc., have been widely used to
prepare porous carbon. The biomass precursors greatly reduce
the cost of production and also retain the structural diversity
of source substances. In order to improve the performance of
biomass-derived carbons obtained from thermal carboniz-
ation, further activation processes are usually required.
Biomass-derived carbon materials with high porosity, good
electrical conductivity and abundant heteroatom contents are
particularly promising for the applications of energy devices.

Herein, we demonstrate an efficient strategy for the prepa-
ration of pine needle-derived microporous and nitrogen-doped
carbon frameworks (PNCs) as an advanced electrode material
for electrocatalytic HER and supercapacitors. Compared to
other commonly-used biomass precursors, the natural abun-
dance and the low cost of pine needles are very attractive. By
temperature-controlled KOH activation of pre-carbonized pine
needles, unique microporous carbons with adjustable pore
structure, moderate nitrogen doping and high specific surface
area were prepared. Owing to the well-designed nanoarchitec-
ture, the PNCs activated at 800 °C exhibit remarkable HER
activity with a low onset potential and long-term cycle life com-
pared to existing carbonous materials reported in the literature
(Table S11).>>2°% Furthermore, the PNCs activated at 900 °C
show large specific capacitance, great rate capability and
high cycling stability over 5000 cycles in supercapacitors,
superior or comparable to other biomass-derived carbons
(Table $21).>®?%** These results show the great potential of
cheap and scalable PNCs for the applications in clean energy
systems.

Experimental
Synthesis of PNCs

The dry pine needles (Asian Red Pine, Pinus koraiensis Siebold
et Zuccarini) were collected from East China in May. All other
chemicals were purchased from Sinopharm Chemical Reagent
Co., Ltd and used as received without further treatment. The
pine needles were firstly washed with deionized water several
times to remove impurities and dried at 110 °C for 4 h. Then
the pine needles were pre-carbonized at 600 °C for 1 h under
an Ar atmosphere. The yield was approximately 40% after car-
bonization. The resultant was ball-milled by using a planetary
ball miller (XGB2, Nanjing Boyuntong Corp.) with a 50 mL
stainless steel tank and stainless steel beads at 500 rpm for
30 min. The product was mixed with KOH (weight ratio of
KOH:carbon = 4:1) and pyrolyzed in a horizontal tube
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furnace under a N, flow of 50 mL min~* and a heating ramp
rate of 5 °C min~" at 700, 800 or 900 °C for 1 h. The product
was washed thoroughly with excess HCI solution (10 wt%) and
deionized water, and finally dried overnight at 110 °C. The as-
obtained PNC samples are termed PNC-T, where T is the temp-
erature of activation. For comparison, two control samples
were prepared by direct carbonization at the temperature of
800 °C and 900 °C without KOH activation, and termed
d-PNC-800 and d-PNC-900, respectively.

Characterization

The samples were examined by scanning electron microscopy
(SEM, HITACH S$-4800), transmission electron microscopy
(TEM, JEM-2100) and energy-dispersive X-ray spectroscopy
(EDX) in conjunction with SEM. Powder X-ray diffraction
(XRD) patterns were obtained with a Shimadzu XRD-6000 X-ray
diffractometer equipped with a Cu Ko radiation source (4 =
1.54178 A). Raman spectra were obtained using a JY LabRAM
Evolution instrument with an excitation wavelength of 473 nm.
Nitrogen adsorption-desorption isotherms were measured at
77 K using a Quantachrome Autosorb-IQ-2C analyzer at 77 K.
The specific surface area was calculated by the Brunauer-
Emmett-Teller (BET) method and pore size distribution was
calculated from the desorption branch of the isotherms based
on the Quenched Solid Density Functional Theory (QSDFT)
model. X-ray photoelectron spectra (XPS) were obtained using
a PHI-5000 VersaProbe X-ray photoelectron spectrometer with
an excitation source of Al Ka X-ray radiation.

Measurements of electrocatalytic HER

Firstly, 980 pL of ethanol, 20 pL of Nafion (5 wt%) and 5 mg of
the above mentioned PNC sample were mixed and sonicated
for 1 h to form a homogeneous slurry. Then, 5 puL of the slurry
was cast and dried on a freshly-polished glassy carbon elec-
trode (GCE, 3 mm in diameter) as the working electrode. The
Pt wire and the saturated calomel electrode (SCE) were used as
the counter electrode and the reference electrode, respectively.
The electrochemical measurements were carried out with a
Chenhua CHI-760 electrochemical workstation. Linear sweep
voltammetry (LSV) was carried out at a scan rate of 5 mV s~ " in
0.5 M H,SO,. The electrolyte was degassed by bubbling high-

purity nitrogen to eliminate dissolved oxygen.

Measurements of supercapacitors

Supercapacitive performance of the samples was measured by
using a two electrode system. Briefly, 80 wt% of the as-
prepared PNC sample, 10 wt% of acetylene black and 10 wt%
of PTFE binder (60 wt% dispersion in water) were homoge-
neously mixed and then cast onto a nickel foam (JYS01,
Kunshan Jiayisheng) with a thickness of 3 mm as the current
collector. The loading mass of the PNC sample was ~6
mg ecm~> on nickel foam. After drying under vacuum at 120 °C
for 6 h, two PNC based electrodes were assembled in a CR2032
coin-type cell with a porous cellulose membrane as the separa-
tor and 6.0 M KOH as the electrolyte. Electrochemical imped-
ance spectroscopy (EIS) was performed with an AC voltage
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amplitude of 5 mV in a frequency range from 0.01 Hz to 100
kHz. The specific capacitance (Cs, F g™') of supercapacitors
was calculated according to the following equation:

Cs = (2xIxXAt)/(mx AV) (1)

where I (A) represents the discharge current, m (g) is the
loading mass of active materials on the electrode, At (s) is the
discharge time and AV is the potential drop during discharge
processes. Meanwhile, the energy density (E, Wh kg™') of
supercapacitors was calculated by:

E=CsxV?/(2 x4 x3.6) (2)

where V is the voltage at the beginning of discharge steps.
By dividing a factor of 3.6, the unit of E was converted from
J ¢ to Wh kg™". The average power density (P, W kg™"') was
obtained by:

P =E x 3600/ At (3)

Results and discussion
Preparation and characterization of PNCs

The schematic diagram for preparing PNCs through an
effective thermal carbonization and activation approach is
illustrated in Fig. 1a. A photograph of pine needles before col-
lection is shown in Fig. 1b. The cleaned pine needles were pre-
carbonized at 600 °C under an Ar atmosphere to obtain an
intermediate carbonous product (inset in Fig. 1b). As shown in
Fig. 1c, the pre-carbonized pine needles possess many tiny
tubules with diameters of about 20-30 um. After ball-milling
and activation by KOH at 900 °C, the pine needles were turned
into microporous carbon frameworks, termed PNC-900
(Fig. 1d and e). TEM characterization was also performed to

600°C /lﬁ\ ball-milling KOH ST e
Carbonization V Activation ¢

Pine needles PNCs

Fig.1 (a) Schematic illustration of the synthesis process of PNCs.
(b) Photo of raw pine needles. Inset in (b) shows a photo of pine needles
after pre-carbonization at 600 °C. (c) Cross-section SEM image of pine
needles after pre-carbonization at 600 °C. (d, e) SEM images of
PNC-900. (f) TEM image of PNC-900. (g) HRTEM image of an edge area
of PNC-900.
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investigate the morphological characteristics and nano-
structures of PNC samples (Fig. 1f, g and S17). All the samples
exhibited a similar appearance and nanostructure compared
to those of PNC-900. The carbon frameworks are composed of
well-developed porous structures, providing favorable pathways
for the diffusion and absorption of ions.

As shown in Fig. 2a, wide-angle X-ray diffraction (XRD) was
employed to confirm the crystallographic structures of the as-
prepared PNC materials. With the increase of carbonization
temperature, the diffraction peak between 20 and 30° attribu-
ted to the (002) planes of graphitic carbon gradually shifted to
higher angles. Furthermore, the increase of diffraction inten-
sity at low scattering angles indicates the increased amount of
micropores in the samples.”®***>%¢ [n the XRD patterns of
PNC-700, PNC-800 and PNC-900, a weak peak emerges at
approximately 43° which is attributed to the (100) planes of
graphitic carbon, indicating a relatively low graphitization
degree.”” When the carbonization temperature reached
1000 °C, this peak is very minimal owing to the improved gra-
phitization degree.

Raman spectra (Fig. 2b) of the samples show two obvious
peaks around 1350 cm™" and 1580 cm™, corresponding to the
characteristic D (defects and disorder) and G (graphitic) bands
of carbon materials, respectively. It is known that the ratio of
band intensities (Ip/Ig) indicates the degree of structural dis-
order and defect intensity.*® The Ip/Ig of PNC-700, PNC-800,
and PNC-900 was measured to be 0.99, 0.96, and 0.94, respect-
ively, reflecting the existence of abundant structural defects.
However, the Ip/Ig of PNC-1000 sharply decreased to 0.45,
suggesting a higher graphitization level.

The N, adsorption-desorption isotherms (Fig. 2c) of
PNC-700, PNC-800, PNC-900, and PNC-1000 are typical type I
curves, indicating the existence of a large amount of micro-
pores. The abundant micropores are very beneficial for ion
storage during charge-discharge processes.**' The specific
surface area of PNC-900 was found to be 2433 m? g™, higher
than that of PNC-800 (1931 m* g~') and PNC-700 (985 m”> g™ ).
The specific surface area of PNC-1000 (2300 m?> g™') is slightly
lower than that of PNC-900, owing to the partial pore collapse
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Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) nitrogen adsorption—
desorption isotherms, (d) pore size distributions and (e) XPS spectra of
PNC-700, PNC-800, PNC-900 and PNC-1000 samples in N 1s region,
respectively.
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arising from higher carbonization temperature. All the N,
adsorption-desorption isotherms show narrow knees, indicat-
ing the presence of narrow pore size distribution. The corres-
ponding pore size distributions of the samples estimated by
the QSDFT method (Fig. 2d) show the presence of micropores
with the pore size between 0.5 and 2.0 nm, which is favorable
for the formation of electrical double layers.>” A small fraction
of mesopores with diameters between 2.0 and 5.0 nm was also
observed, which is beneficial to the ion diffusion and rate
performance.

Biomass-derived carbon materials usually contain nitrogen
heteroatoms originating from the -NH, groups.”> In this
study, the nitrogen element was found in all PNC materials by
XPS analysis (Fig. 2e). The total content of nitrogen atoms in
PNC-700 was measured to be 1.5 at%. With the increase of
pyrolysis temperature, the N content of PNC-800, PNC-900 and
PNC-1000 decreased to 1.4, 1.1 and 1.0 at%, respectively. In
accordance with the literature,”*™>° five different forms of
nitrogen species were found in PNC materials: pyridinic-N
(N-6, 398.4 + 0.2 eV), pyrrolic-N (N-5, 400.3 + 0.2 eV), graphitic
N (N-Q, 401.5 + 0.2 eV), pyridine-N-oxide (N-4, 403.5 + 0.2 eV)
and N, (405.0 + 0.1 eV).>**” The N-6 and N-5 species made a
major contribution to create additional active sites for the
enhancement of electrocatalytic activity towards the HER and
the charge storage in supercapacitors.®*>*>%%°

Performances of PNC based electrodes towards the HER

The electrocatalytic HER performances of PNC samples were
examined in 0.50 M H,SO, using a standard three-electrode
system with a loading amount of 0.35 mg cm™. Fig. 3a shows
the LSV polarization curves of PNC samples. For comparison,
the HER performance of the d-PNC-800 control sample was
also measured (Fig. 3a), showing a poor electrocatalytic activity
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Fig. 3 (a) LSV curves and (b) corresponding Tafel plots of PNC samples
for HER in 0.50 M H,SO4. (c) Polarization curves of PNC-800 recorded
before and after 1000 potential sweeps (0.2 to —0.8 V vs. RHE) in 0.50 M
H,SO,. (d) Time-dependent current density of the PNC-800 electrode
at the potential of —0.1V vs. RHE.
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compared to KOH-activated PNC samples. Among the PNC pro-
ducts, the onset overpotentials of PNC-800, PNC-900 and
PNC-1000 are only —0.004 V, —0.004 V and —0.009 V, respect-
ively, owing to their high catalytic activity and large surface
area. Compared to other carbon-based materials or transition
metal chalcogenides in the literature (Table S17),>>?°° the
PNC samples have much lower onset overpotentials. The over-
potential (i) reflects the polarization degree upon the passage
of Faradaic current (in this case due to H, evolution);** a lower
n at the same potential suggests better catalytic activity for pro-
ducing H,. The 5 of PNC-800 at 10 mA ¢cm™? is —62 mV, much
lower than that of PNC-700 (=116 mV), PNC-900 (—74 mV) and
PNC-1000 (=120 mV), indicating the smooth electron transfer
through the PNC-800 based electrode. The linear portions of
Tafel plots were fitted well to the Tafel equation (; = b(logj) +
a), where j is the current density, and b is the Tafel slope. As
shown in Fig. 3b, the Tafel slopes of PNC-700, PNC-800,
PNC-900 and PNC-1000 are 71.2, 45.9, 64.3 and 79.9 mV dec™?,
respectively. These results also confirm that PNC-800 exhibits
the best HER activity among all the samples. The high HER
activity of PNC-800 could be attributed to the synergistic effect
of the high nitrogen content and the high surface area, which
may significantly enhance the HER activity by generating a
large number of active sites and decreasing the adsorption free
energy of the H atoms.>™®* The catalytically-active surface area
of carbon materials can be estimated by the capacitance of
electrical double layers at the solid-liquid interface.®® As
shown in Fig. S2,f the double layer capacitance of PNC-800
was calculated to be 2.4 mF ecm™? (Fig. S2et), much higher
than those of PNC-700 (0.94 mF cm ™), PNC-900 (1.1 mF ¢cm?)
and PNC-1000 (0.87 mF cm™?), suggesting that PNC-800 pos-
sesses more active sites.

The long-term stability is an important parameter to evalu-
ate the performance of electrocatalysts. The cycling stability of
PNC-800 in acidic solution was studied by sweeping for 1000
cycles (Fig. 3c), showing only a slight decrease of cathodic cur-
rents. Furthermore, the practical long-term stability operating
at a constant potential was also examined (Fig. 3d and S37);
the current values of all the samples remained almost constant
at the overpotential of —0.1 V after cycling for 10 h. Small
serrate fluctuations are observed in the inset of Fig. 3d, owing
to the consumption of H' and the intermittent accumulation
of H, bubbles.?® Overall, PNC-800 shows the best electro-
catalytic performance towards the HER among all the samples.

Performances of PNC based electrodes in supercapacitors

The supercapacitive performances of PNC based electrodes
were evaluated by the measurements of two-electrode coin-type
supercapacitors with 6.0 M KOH as the electrolyte. For com-
parison, the capacitive behavior of the d-PNC-900 control
sample was also studied. Fig. 4a and S41 show the CV curves
of d-PNC-900 and PNC based electrodes in a potential window
of 0-1.0 V at different scan rates. The CV curve of d-PNC-900
shows very poor capacitive performance. In contrast, the quasi-
rectangular-shaped CV curves of PNC samples indicate that
the capacitances originate from the electrical double layers at

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) CV curves of PNC based electrodes at a scan rate of 5 mV s~

(b) Galvanostatic charge—discharge curves at a current density of 1.0 A
g7%. (c) Specific capacitances of PNC based electrodes as a function of
charge—discharge current density. (d) Corresponding Ragone plots
(specific energy vs. specific power) of PNC based supercapacitors. (e)
Nyquist plots of PNC based electrodes in a frequency range of 0.01 Hz
to 100 kHz. (f) Cycling stability of the PNC-900 based supercapacitor at
a current density of 2.0 A g~* for 5000 cycles. The inset shows the first
and the last 3 cycles during the 5000 cycles of galvanostatic charge—
discharge curves, indicating the increase of specific capacitance attribu-
ted to the further activation and wetting of PNC-900 based electrodes.

electrode-electrolyte interfaces. Among all the samples,
PNC-900 exhibits the highest scanning current densities. The
galvanostatic charge/discharge curves are depicted in Fig. 4b,
where the samples were tested at 1.0 A g~". The specific capaci-
tances were calculated to be 8, 112, 130, 212, and 159 F g~ for
d-PNC-900, PNC-700, PNC-800, PNC-900 and PNC-1000,
respectively. It is clear that the electrochemical capacitances
are remarkably improved by KOH activation at an appropriate
temperature. Fig. S4t1 exhibits the galvanostatic charge-
discharge curves of PNC based supercapacitors at different
current densities, showing highly linear and nearly symmetric
triangular characteristics that indicates good reversibility.
Additionally, the low voltage drops reflect the small internal
resistance of PNC based electrodes. The PNC-900 based elec-
trode shows the longest discharging time compared to those
of other electrodes at the same current densities, consistent
with the CV results. Even at a high current density of 20 A g™*
(Fig. S5fT), PNC-900 based electrodes can also be charged/dis-
charged smoothly with symmetric and linear lines, suggesting
good capacitive performance and fast electron/ion transport.
The specific capacitances of PNC based electrodes calcu-
lated from galvanostatic charge-discharge curves are presented
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in Fig. 4c. At the current density of 0.1 A g~!, PNC-900 shows
the highest specific capacitance of 236 F g~'. Even at a current
density of 20 A g7, the specific capacitance of PNC-900 still
remained at 183 F g~ ' (with a retention of ~78%), reflecting an
outstanding rate capability. This result can be ascribed to the
relatively high graphitization degree that guarantees good elec-
trical conductivity and also the nitrogen doping that improves
the hydrophilicity for electrolyte transportation.'®®* The
Ragone plots (Fig. 4d) confirm that PNC-900 shows the best
performance among all the samples. At the current density of
0.1 A g7, the specific energy density of the PNC-900 based
supercapacitor is 8.2 Wh kg™ (Fig. S67), which is much larger
than that of existing commercial supercapacitors (usually less
than 4 Wh kg ")® and previously-reported supercapacitors
based on other N-doped porous carbon materials (typically 6.7
Wh kg™").""°*7! The area-normalized capacitance of PNC-900
(9.7 uF cm™ at the current density of 0.1 A g') is comparable
with other previously-reported N-doped carbon materials
(Table $3+)."7727°

EIS measurements were also performed at the open circuit
potential with an AC perturbation of 5 mV in the frequency
range of 0.01 Hz to 100 kHz, as shown in Fig. 4e. The Nyquist
plots of PNC samples show a vertical curve in the low-
frequency region, confirming a nearly ideal capacitive behavior.
By extrapolating the vertical portion of the plot to the real axis,
the equivalent series resistance (ESR) of the PNC-900 based
supercapacitor is measured to be 1.03 Q. According to the dia-
meter of the semicircle, PNC-900 also has very small charge
transfer resistance of 0.34 Q owing to its large ion-accessible
surface area."®

Furthermore, the long-term cycling stability of the PNC-900
based supercapacitor was investigated by galvanostatic charge—
discharge measurements between 0 and 1.0 V at the current
density of 2.0 A g* for 5000 cycles (Fig. 4f). Notably, the
specific capacitance gradually increased from 205 to ~226
F g”" in the initial 1500 cycles, and then remained relatively
stable and finally reached 227 F g~ after 5000 cycles. This
result can be ascribed to the further wetting and activation of
the PNC material induced by ion intercalation/de-intercalation
into and out of the micropores.>"”” As shown in the insert of
Fig. 4f, the increase of specific capacitance after long-term
cycling is also evidenced by the galvanostatic charge-discharge
curves of the initial 3 cycles and the last 3 cycles. Moreover,
the galvanostatic charge-discharge curves still remain sym-
metric and undistorted after 5000 cycles, further suggesting
the remarkable stability.

Conclusions

In this work, we report that pine needles can be used as a
promising precursor material for the large-scale production of
microporous N-doped carbon frameworks as a high-perform-
ance HER catalyst and a supercapacitor electrode material.
With the highly-conductive microporous carbon scaffolds and
heteroatom-induced active sites, the PNC material exhibits a
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low onset potential, a small Tafel slope and long-term cycling
stability towards the HER. Additionally, due to the high
surface area and abundant micropores for charge storage and
the nitrogen-substituted surface with high wettability, the PNC
based supercapacitors present large specific capacitance, high
rate performance and long cycling life. These results show the
great potential of the PNC material in the applications of
energy conversion and storage.
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