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A novel method for preparation of graphene-containing biochar
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New carbon-based materials have drawn tremendous attention in several technological
applications. Here, the synthesis of graphene-containing biochar was prepared through
carbonation and activation processes, using pre-oxidized magnolia flowers. In particular,
the activation method was conducted in copper foil under high pressure, which led to the
high biochar yield and excellent electrical conductivity of biochar for graphene-containing
hybrid. Furthermore, heteroatoms (including nitrogen and oxygen) were successfully
doped into the biochar. As a result, the hybrid demonstrated excellent electrical properties,
at high nitrogen (1.02 %) and oxygen levels (14.80 %). The as-prepared biochar was used
to produce an all solid state symmetric superconductor with a capacitance of 261.8 F g at
a specific current of 0.5 A g, and energy density of 6.9 Wh kg_, at powder density of 20
kW kg'.The enhanced electrochemical performance was attributed to the positive effect of
synergy between highly conductive graphene-containing biochar and heteroatoms doping.
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1. Introduction

With the increase in demand for energy, supercapacitors have recently gained extensive
attention"?. Biochar materials derived from biomass, have the characteristics of low-cost and
environmental friendliness, which are suitable for the supercapacitor applications®™*. It is
generally believed that suitable pore distribution in biochar favors the electric double-layer
capacitance (EDLC) performance of the supercapacitor. Until now, the chemical activation method
is regarded as one effective way to obtain these expected biochar materials. Li"”! et al. prepared
biochar from pomelo peel using a chemical activation method, and the ratio of KOH/pomelo peel
was 4:1. Lian'® et al. synthesized biochar from pine coneand the results showed that, with KOH,
activation ratio was increased from 2 : 1 to 4 : 1, thus, pore size of the biochar material was
dimensionally transformed from small to larger micropores. Therefore, a major challenge with the
current studies is the fact that the mass ratios of activation agents in the prepared biochar are high,
and production is generally accompanied by the large waste of activation agent and resultant low
biochar yield"*.

In addition, the poor performance of biochar, resulting from inadequate electron
conductivity™'", limits its further applications. Incorporating conductive materials, such as carbon
nanotubes''"!, graphene!'”; etc., into biochar is generally considered as an optimal strategy to
enhance its properties. Among the electroactive materials, graphene has been extensively explored
because of its intrinsic remarkable electrical and mechanical properties'”. For instance, Chen'*
reported a composite of biochar/graphene by a one-step self-assembly method and obtained a
hybrid structure, achieving a significantly improved areal capacitance of 1625 mF cm™. However,
there are no current reports on biochar materials with excellent electrical conductivity, as well as
high biochar yield, synthesized by activation method.
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With respect to the preceding discussion, a novel activation method was adopted to mix
powders of biomass and activation reagents (mass ratio of 1:1) and molded into a Cu foil under
high pressure. The benefit of this method is not limited to a reduced amount of activation reagent
to obtain higher yield of biochar, but also, excellent electrical properties of biochar, as a result of
CVD-synthesized graphene embedded within the framework of the biochar. Furthermore, the
reversible Faradaic reactions can be enhanced by doping the biochar with nitrogen (N) and oxygen
(O). The as-prepared biochar was used to synthesize a solid state supercapacitor of capacitance of
261.8 F g at a specific current of 0.5 A g, and energy density of 6.9 Wh kg™ at powder density
of 20 kW kg™'. Our finding provided a new method to synthesize high yield biochar and further its
application in supercapacitor production.

2. Experimental details

2.1. Materials

The magnolia flowers were obtained from Loudi district of Hunan province. Polyvinyl
alcohol (PVA, 1799), potassium hydroxide (KOH), concentrated sulfuric acid (H,SO,) and
concentrated hydrochloric acid (HC1) were purchased from Aladdin Co. Ltd.

2.2. Materials synthesis

50.0 g of magnolia flowers were cleaned by ultrasonic cleaning, and then heated in an
oven at 300 °C for 1 h. Afterwards, the obtained solid was crushed using a grinder ground and then
mixed with KOH (mass ratio of 1 . 1). The obtained granules were wrapped by Cu foil and
molded under a pressure of 5 MPa for 5 min. Here, KOH and magnolia pollen in copper foil
formed a dense mixture before activation. The dried mixture was carbonized under nitrogen
atmosphere at a rate of 5 °C/min and heated to temperatures of 700 °C, 800 °C, and 900 °C, then
held at these activation temperatures for 1 hour, and cooled to room temperature. Finally, the
samples were washed with 1M HCI and rinsed with deionized water repeatedly, until the quality of
the filtrate was close to neutral. Thereafter, the samples were labelled GC-700, GC-800, and
GC-900, according to their activation temperatures. For comparison, the matched group
carbonized under 800 °C obtain from the simply mixing KOH with magnolia pollen was labeled
C-800.

2.3. Materials characterization

The morphology of the carbon materials was investigated by Hitachi S4800 scanning
electron microscopy (SEM) and JEM2100 transmission electron microscopy (TEM). The crystal
structure was analyzed by X-ray diffraction (D8, ADVAHCL) with Cu Ka radiation. The chemical
and electronic states of the sample surface were obtained through X-ray photoelectron
spectroscopy measurements (XPS, Thermo K-Alpha). The graphitization degrees were measured
by Raman spectrum (Renishaw, RM-1000).

2.4. Electrochemical measurements of electrodes

In a three-electrode system (reference eclectrode: saturated calomel electrode (SCE);
counter electrode: platinum foil), the electrochemical evaluation of biochar was tested in 1 M
H,SO, electrolyte. The working electrodes were conducted as follows: First, biochar was ground
in a ball and sieved to a uniform size. Then, electroactive materials (85 wt. %), acetylene black (10
wt.%), PTFE binder (5 wt. %) were mixed using ethanol as a solvent and rolled into a thin sheet. It
was cut into smaller pieces with dimensions of 1 cm x 1 c¢cm and pressed on the stainless-steel
mesh (1 cm x 1 cm), followed by vacuum drying in oven at 60 ‘C for 24 h. The load mass of each
electrode was approximately 5.0 mg. The electrochemical tests were performed on a CHI 760E
electrochemical workstation. Electrochemical impedance spectroscopy (EIS) was performed in the
frequency range of 0.01 to 100,000 Hz.
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2.5. Electrochemical measurements of all-solid-state symmetric supercapacitors

A gel electrolyte was fabricated according to the following steps: PVA powder (1 g) was
dissolved in 10 mL deionized water and stirred at 85 °C for 3 h. After cooling, H,SO, (1 g) was
added, in a dropwise manner, to the above solution with constant stirring; thus, a PVA-H,SO, gel
electrolyte was obtained. Electrode material was coated onto the surface of stainless-steel mesh,
where the electroactive material area was 1 cm x 1 cm. Following vacuum drying in the oven at
60 ‘C for 24 h, two electrodes with the same mass loading (5 mg/cm®) were immersed into the
PVA-H,SO, electrolyte for 0.5 h and then evaporated the excess water. The biochar electrode was
prepared by the same method described earlier. Finally, an all-solid-state supercapacitor was
fabricated by assembling a pair of biochar electrodes and PVA-H,SO, electrolyte as separator in a
sandwich configuration.

The specific capacitance (C3s in the three-electrode system and C2s in the two-electrode
device), energy density (E, Wh kg') and power density (P, W kg') of the symmetric
supercapacitors are calculated from the galvanostatic discharge curve using the following
equations:

o I
M e (1)
Che = EEELY
A = )
_ Cax(AF)
P 36 E
t 4)

where I, At, AV, m are the discharge current (A), discharge time (s), voltage window (V), and
loading mass (g) of the active material on a single electrode, respectively.

3. Results and discussion

The structure of carbon products was analyzed by X-ray diffraction (XRD). As shown in
Fig. la, two typically broad peaks at 25.0° and 43° of the four samples corresponded to the (002)
and (101) planes of graphite, indicating an amorphous nature of all samples'”.. In addition, a
relatively stronger peak at 43° for GC-800 implied the existence of more amount of graphene in
the biochar samples!'®. Raman spectra reflected the defect feature of carbon materials and the two
main peaks at 1350 cm™ (sp’-hybridized D peak) and 1585 cm™ (sp>-hybridized G peak) could be
clearly seen''”). The values of Ip/I; of C-800, GC-700, GC-800, GC-900 was 1.23, 1.15, 1.08, 1.18,
respectively, indicating that a high degree of graphitization is achieved by GC-800"*. Furthermore,
GC-700, GC-800 and GC-900 showed a faint 2D peak around 2700 c¢m™, which strongly proved
that graphene had integrated into the biochar frameworks during heat treatment in the copper
foil"”). Besides, the most obvious peaks of the 2D-peak for GC-800 implied the more amount of
graphene in the biochar®. Therefore, improved electrical conductivity of biochar could be
achieved and the high power for the pseudo-supercapacitors can be facilitated*"),
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Fig. 1. (a)XRD pattern, (b)Raman spectra of the samples.
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Fig. 2. XPS curves of the GC-800,(a) the survey spectra, (b) the C core level (1s) spectra, (c) the O core
level (1s) spectra, (d) The N core level (2p) spectra .

XPS analysis of the GC-800 sample showed the characteristic peaks at 284.8eV (C 1s),
400.1 eV (N 1s), and 532.6eV (O 1s), implying the existence of C, O and N elements (Fig. 2a).
From the result of XPS analysis, the atomic ratios of C, O, and N were 84.18%, 14.80%, and
1.02%, respectively. The deconvoluted C;s peaks showed four peaks, including C=C (284.6 eV),
C=0 (285.6 eV), C-N/C-O (287.1 eV), and O-C=0 (289.9) (Fig. 2b). The amount of C=C bonds
was approximately 80 at.%, and the rest of the C atoms existed in other forms of functional groups.
These result confirmed that the frameworks were mainly filled with C atoms'**. The deconvoluted
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O, peaks showed three peaks that included C=0 (531.3 eV), C-O (532.2 e¢V), and O=C-O (533.4
eV), respectively, (Fig. 2c¢). The polar O-contained groups could favor the surface wettability and
pseudo-capacitance!™!. The Ny, peak could be deconvoluted into three peaks at 399.0 eV, 400.2 eV,
401.4 eV (Fig. 4d), corresponding to pyridinic N (N-6), pyrrolic N (N-5), quaternary N (N-Q). The
quaternary N favors the charge mobility and the pyridinic N with pyrrolic N could serve as a good
electron-donor®. It proved that a certain amount of nitrogen and oxygen atoms have been
successfully doped into the carbon surface, which could benefit for the electron transfer and the
pseudo-capacitance of the carbon electrodes.

54800 5.0kY 10.4mm x10.0k SE{M) 5.00um S4 kY 10.8mm x1

Fig. 3 SEM of (a) C-800, (b) GC-700, (c)GC-800, (d) GC-900 samples.

The morphology of the samples was investigated using scanning electron microscopic
(SEM). As shown in Fig. 3a, C-800 exhibited a lumpy and laminar morphology with smooth
surface. On the other hand, a wrinkled topography was observed on the surface of GC-700, which
suggested the strongly connection between the active carbon and graphene layers, implying that
graphene had grown in the biochar frameworks inside the copper foil. As the activation
temperature increased to 800 °C, an increased fraction of wrinkled surface was observed, indicating
the robust quantity of graphene in the bulk. However, with the increase of activation temperature
to 900 °C, the smoother surface of the bulk indicated the decreasing content of graphene in the
composites. All these results showed that activation process on the Cu foil led to the uniform
growth of graphene in the biochar, which could contribute to the enhancement of electrical
conductivity of biochar.
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Fig. 4. (a)TEM images, (b) HRTEM lattice image, (c-f) elemental mapping images of GC-800.

Transmission electron microscopy (TEM) was employed to analyze the structural
properties of GC-800. As shown in Fig. 4a, graphene sheets were tightly coated on the framework
of the entire biochar, to provide a better electron conductive pathway and support electron transfer.
No obvious lattice fringe in HRTEM images (Fig. 4b) indicated the amorphous carbon of
biochar™. Energy dispersive X-ray spectrometry (EDS) mapping in Fig. 4c-f displayed the
distribution of elements and it revealed that GC-800 was composed of C, O and N elements,
further confirming the successful doping of O, N into the carbon framework. This type of

meaningful structure was helpful to promote the electron transferring and improve the
pseudo-capacitance.
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Fig. 5. Electrochemical performance of the samples in three-electrode systems: (a) CV curves of different
samples at a scan rate of 100 mVs”, (b) CV curves of GC-800 at different scan rates, (c) GCD curves of
different samples at a various current densitie of 1 A g, (d) GCD curves of GC-800 at various current
densities, (e) C3s at different current densities, (f)Nyquist plots of different samples electrodes.

Cyclic voltammetry (CV) was examined with a three-electrode system in 6 M KOH
aqueous solution. As shown in Fig. Sa, all the CV curves of the electrode displayed a nearly
rectangular curve, demonstrating that the EDL capacitance was the main form of the total
capacitance™. Among them, GC-800 had the largest integrated area of the CV curve. It was
suggested that the modification of biochar with highly interconnected graphene provided a
significant improvement in the electron transport properties, resulting in facilitating electrolyte
infiltration. Particularly at a high scan rate of 100 mV s (Fig. 5b), GC-800 still had an excellent
rectangular shape, revealing outstanding rate performance and rapid charge-propagation capability.
It could be also clearly seen that the discharge time of the GC-800 compound was much longer
than the discharge times of C-800, GC-700 and GC-900 at the same current density (Fig. 5c). The
high-rate capability supported high power density and their outstanding performance due to the
strong adhesion of graphene onto biochar, facilitating a fast diffusion and transport for electrolyte
ions. The charge-discharge profiles (Fig. 5d) of GC-800 showed highly symmetrical linearity,
confirming its excellent electrochemical reversibility and good Columbic efficiency. As shown in
Fig. Se, the retentions of the specific capacitance of samples at 10 A g were 42.4% for C-800,
51.0% for GC-700, 64.6% for GC-800, and 42.4% for GC-900, respectively. Due to excellent
electrical conductivity of graphene-containing biochar materials, it could enhance the electron
transport capacity and improve the rate performance. Fig. 5f presented the Nyquist plots of the
different samples. It was found that C-800 had the largest arc diameter in the high-frequency
region, indicating its large charge transfer resistance (Rct). The Cu-coated biochar samples
obtained (GC700, GC 800, and GC 900), showed smaller semicircle, which implied lower charge
transfer resistance. The decrease in electrical resistance was caused by the formation of highly

conductive graphene'”.
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Fig. 6 Electrochemical performance of GC-800 based symmetric supercapacitors: (a) CV curves at different
scan rates, (b) GCD curves at different current density, (c) Nyquist plot, (d) C2s at different current densities,
(e) Cycle stability at 20 A g, (f) Ragone plot .

To further evaluate its potential for practical applications, two-electrode symmetric
supercapacitors were assembled. As seen from Fig. 6a, when the scanning speed was increased,
the CV curve remained similar to a rectangle, which indicated an adequate electrochemical
reversible behavior®™. At different scan rates, the GCD curves of GC-800 presented symmetrical
triangular shapes (Fig. 6b), which indicated that the GC-800 presented ideal double-layer
capacitance characteristics. The EIS line of device was nearly perpendicular to the actual axis (Fig.
6¢) and the diameter of the semicircle related to the charge transfer resistance (Rct) was about 6 Q;
nearly similar to the ideal capacitor. The calculated specific capacitance, based on GCD curves
illustrated in Fig. 6d, were 261.8, 258.4, 250.4, 226, 216 and 200 F g‘1 at a current density of 0.5,
1.0, 2.0, 5.0, 10 and 20 A g, respectively. The Nyquist plot was given in Fig. 6¢c. To evaluate the
property of device, GCD test at 20 A g' was conducted to characterize the long-term
charge-discharge behavior. The specific capacitance retained 90% of the original capacity after
12500 cycles (Fig. 6e). Fig. 6f showed Ragone plots, which described the performance of the
electronic energy storage devices. The specific energy density, based on supercapacitor, was
calculated, and found to be about 9.1 Wh kg™ at 250 W kg™ and 6.9 Wh kg™ at 20 kW kg-1, which
was higher than the values given in the Ref [30].

4. Conclusions

In summary, graphene-containing biochar materials were synthesized using carbonation
and activation process. The activation step was carried out in a Cu foil under high pressure,
resulting to a high yield biochar with excellent electrical conductivity. The biochar exhibited both
unparalleled gravimetric capacitance in aqueous electrolytes. The biochar GC-800 all-solid-state
symmetric supercapacitor had a capacitance of 261.8 F g at 0.5 A g, and energy density of 6.9
Wh kg at powder density of 20 kW kg™'. The large capacitance performance could be attributed to
excellent electrical conductivity of graphene-containing biochar and enhanced the reversible
faradaic reactions by doping heteroatoms. This study offers a cost-saving method to fabricate a
high-performance supercapacitor for practical application.
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