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Abstract

Biochar as an absorbent is used to remove heavy metals from industrial wastewater, while the disposal of the residual
has received little attention. This study attempted to convert the waste Ni-laden biochar into the pseudo-capacitive
materials by hydrothermal treatment, investigated the optimal temperature (90-180°C) and Ni content (100 and
500mgg~"), and explored the role of Ni-C interactions in the formation of the pseudo-capacitive materials. The
highest pseudo-capacitance of 386.7F g~ ' was obtained with the highest Ni content and the lowest temperature.
The high temperature (180 °C) induced thicker lamellar crystal Ni(OH),, while thinner flower-like Ni(OH), crystal was
observed at 90°C. Low temperature enabled the Ni(OH), crystals to disperse homogeneously on the carbon surface.
The infrared spectroscopy showed that Ni promoted the disappearance of functional groups, indicating the catalytic
effect of Ni on carbon structure, which also benefited their recrystallization and mutual encapsulation. Moreover,

a combination of X-ray diffraction and thermogravimetry verified that Ni inserted into biochar graphite layer and
enlarged the layer distance. This study provides a strategy for transforming hazardous nickel-laden biochar into

the capacitive material and reveals that nickel can amplify the graphite layer and improve the stability of biochar-
based pseudo-capacitive material during the hydrothermal treatment.

Highlights

- Waste biochar with Ni adsorbed was reclaimed to produce the pseudo-capacitive materials by hydrothermal
treatment.

« Lower temperature of 90°C helped the formation of flower-like Ni(OH), crystal with highest capacitance of
386.7Fg™ .

- Niinserted into biochar graphite layer, enlarged the layer distance and improved the stability of Ni(OH), and carbon.
Keywords: Nickel-laden biochar, Ni(OH), crystal, Hydrothermal treatment, Pseudo-capacitive material, Graphite layer

*Correspondence: wszhaoling@sjtu.edu.cn

! School of Environmental Science and Engineering, Shanghai Jiao Tong
University, Shanghai 200240, China
Full list of author information is available at the end of the article

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44246-022-00015-3&domain=pdf

Li et al. Carbon Research (2022) 1:16

Page 2 of 14

Graphical Abstract

Ni(OH),

Waste
nickel-laden biochar

00 : MO, or M,OH,
Pseudo-capacitive material

1 Introduction

Biochar produced from the pyrolyzation of organic bio-
mass, always being 300-700°C and O,-starved atmos-
phere, has attracted wide attention of researchers in
environmental application areas. It has broad applica-
tions as a low-cost heavy metal adsorbent and carbon
sequestration material (Xue et al. 2012). In recent years,
many studies focused on the application of biochar in
the treatment of heavy metals contaminated indus-
trial wastewater (Inyang et al. 2012; Kili¢ et al. 2013;
Joseph et al. 2019; Wang et al. 2019), and studies have
proved that biochar has a rewarding adsorption capac-
ity (87.15mgg ™! and 115.2mgg™') of nickel (An et al.
2019; Guo et al. 2020). However, the disposal or reuse of
these waste biochar containing heavy metals has become
a new challenge, and so far, there is no effective strategy
to achieve large-scale recycling.

Researchers have attempted to convert these metals-
laden carbon materials into electrochemical energy
storage materials through microwave oxidation, direct
carbonization, and KOH activation. The microwave oxi-
dation can transfer Ni*" to NiO and increase the Ni con-
centration in solid-phase from 16mgg~' to 55mgg~},
leading to a material with the capacitance of 123Fg™*
(at 5mVs~') (Wang et al. 2017). However, the insta-
bility of NIOOH in KOH solution and the high solu-
tion resistance of NiO limit the practical applications
of microwave oxidation (Huang et al. 2007). Research-
ers used direct carbonization at 800°C to enhance the
conductivity of carbon skeleton. With simultaneously
transferred the adsorbed metal ions, Cr®", into metallic-
carbon materials, they obtained capacitive materials with
the capacitance of 122.5Fg~ ' at 1 A g~ ! (Hu et al. 2013)

and 144.9Fg™! at 2mVs~! (Hao et al. 2018). In addi-
tion, the H,0O, oxidation helped to enhance the capaci-
tance of carbonized materials from 65Fg™! to 265Fg™*
at 1 A g~ !, where Mo,0,,°~ had been loaded as the pre-
cursor for carbonization (Tao et al. 2014). Furthermore,
our previous study used KOH activation to control the
porous structure of nickel-laden biochar and produced a
mesoporous carbon material (Sppp was 1181 m? g~ ') with
a layer capacitance of 188.9Fg™" at 0.5 A g~ ! (Li et al.
2021). However, we found that it was not suitable to pre-
pare layer capacitor (97.3Fg™!) in the case of high metal
concentration (500mgg™?).

The above efforts to improve the capacitance per-
formance of metals-laden biochar show that there are
still bottlenecks that limit the further increase of the
capacitance of these materials. Firstly, the concentra-
tion of metal adsorbed by biochar is not high enough to
meet the needs of producing high-performance capaci-
tors. Secondly, the formation of the crystal structure of
the adsorbed metal is not well controlled, so only the
unevenly formed metal oxides on the surface of biochar
contributes to the capacitance. Thirdly, it is difficult for
the biochar bulk to participate in the electrochemical
energy storage process, resulting in unsatisfactory elec-
trochemical performance (Guo et al. 2013; Jiang et al.
2015). Moreover, as the lower conductivity of pure metal
oxide/hydroxide (1072~107% S cm™ ! for NiO/Ni(OH),)
hinders its application (Zhang et al. 2019a), the intro-
duction of carbon materials in metal oxide/hydroxide on
the nanoscale has been widely explored for producing
excellent capacitive materials (Patil et al. 2014; Sun et al.
2016; Makgopa et al. 2019). Simultaneously, the inter-
action between the metal and carbon skeleton affects
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the electrical conductivity of the material, affecting the
charge transfer impedance of the capacitive material
(Cheng et al. 2021). The previous work has mentioned
that the homogeneous combination of NiO nanoflake
and graphene could contribute to high power density
(138 Whkg ™! at 5.25kW kg~ ') (Wang et al. 2014).

Numerous studies have demonstrated that the hydro-
thermal recrystallization can control the formation of
metal crystal structures, such as the shape or thickness
of metal hydroxides (Yang et al. 2013, 2014). This method
has been used to prepare the pseudo-capacitive materials
of nickel hydroxide and high capacitances of 1450 Fg~!
(at 5 A g7 ') and 2653.2Fg! (at 2 A g~ !) were attained
(Tang et al. 2014; Jiang et al. 2015). However, few studies
have been conducted to convert the waste metals-laden
biochar into the capacitive material by the hydrother-
mal recrystallization, which distinguishes this study
from others. In this system, according to the reference it
hypotheses that metals would react with biochar organic
functional groups and interact with carbon skeleton, with
possible facilitation of secondary nucleation process and
a subsequent promotion of uniformly dispersed metals
crystallization (Lin et al. 2015).

Therefore, this study aimed to develop a hydrothermal
method for recycling the waste metals-laden biochar
into the capacitive materials with both the metals and
the carbon structure fully utilized. We selected com-
monly industrial wastewater, electroplate water, which
usually contains a high concentration of nickel ions (Cai
et al. 2018), as the treatment objects. Biochar was used
to adsorb Ni** from two simulated concentrations of
Ni wastewater, and then the waste biochar was used to
prepare the capacitive materials at different hydrother-
mal temperatures. The mechanisms relevant to the inter-
action of Ni and carbon were explored by instrumental
analyses such as powder X-ray diffraction (XRD) and
thermogravimetric analyses (TGA) to guide the regener-
ation of metal-laden biochar into high-quality capacitive
materials.

2 Experimental section

2.1 The origin of waste nickel-laden biochar

This study selected traditional biomass, peanut shells, as
the precursor to produce biochar. The peanut shell was
collected from Shanghai, China. After being washed
with deionized water, air-dried, and crushed, the peanut
shell was placed into a pyrolysis system with a heating
rate of 10°Cmin~' and a N, flow of 200mL min~!. The
temperature was finally increased to 600°C and held for
2h (Li et al. 2021). The biochar product was named ‘PS6.
The basic properties of the precursor and the biochar
were exhibited in Table S1, which were measured with
an elemental analyzer (Vario Macro Cube, Germany)
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and Brunauer-Emmete-Teller (BET, JW-BK222, JWGB,
China).

Considering that the nickel content adsorbed on the
surface of biochar should be the most important factor
influencing the electrochemical properties of a mate-
rial, this study firstly obtained biochars with different
amounts of nickel absorbed by an alkali-carbon deposi-
tion. Our steps were: 0.5g of PS6 was added to 500mL
NiCl, solution (made from NiCl,-6H,0, Sinopharm
Chemical Reagent Co., Ltd) with two concentrations
(100mgL~! and 500mgL~! for Ni*"), and the pH was
slightly adjusted to 9.0 with KOH solution (Yonghua
Chemical Technology Co., Ltd). Then the Ni-laden bio-
char was separated by filtration as the solid component
(PS6-Nil and PS6-Ni5) for producing the capacitive
material. In this step, adjusting the pH of wastewater to
9.0 could guarantee that all of the Ni*" in wastewater
would be deposited on the surface and pores of biochar
as Ni(OH),. In the real industrial wastewater treatment
process, adjusting the pH to 9.0 with alkali is an effective
and commonly used strategy to guarantee the removal of
almost all kinds of heavy metals.

2.2 Hydrothermal treatment

The solid components (PS6-Nil and PS6-Ni5) were
dispersed into 20mL deionized water, and the pH was
adjusted to 7.0 with hydrochloric acid (Sinopharm
Chemical Reagent Co., Ltd), then it’s followed by ultra-
sonic treatment for 10 minutes. At this stage, the nickel
was completely dissolved in the form of Ni*" and dis-
persed into the solution. The pH of 7.0 could ensure that
hydrochloric acid was exhausted, and would not affect
the subsequent treatment.

Deionized water was added into the solution up to
80mL, and the pH to 9.0 was adjusted with ammonia
(Shanghai Titan Scientific Co., Ltd) drop by drop. After
that, the solution was transferred to a 100mL autoclave,
and reacted at 90°C, 120°C, 150°C and 180°C for 4hours
(Tang et al. 2014). Then the system was cooled down nat-
urally, and the collected materials were washed several
times and dried at 60°C. The samples were designated
as PS6-Nix-Hy, where x represents the nickel concen-
tration and y stands for the hydrothermal temperature,
e.g., PS6-Nil-H180 delegated the samples produced with
nickel concentration of 100mgg~' and the hydrothermal
temperature of 180°C.

2.3 Electrochemical measurement

The electrochemical properties of the produced
biochar-based pseudo-capacitive material were
measured in a three-electrode system on an electro-
chemical workstation (Vertex. One, IVIUM, Neth-
erlands) with Hg/HgO as the reference electrode,
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Fig. 1 Schematic illustration for the preparation of pseudo-capacitive materials from waste nickel-laden biochar

platinum plates as the counter electrode, and 1M
KOH as electrolyte. This method has been reported
in our previous work, including the details of the
electrode system and the preparation of the working
electrode (Li et al. 2021).

Cyclic voltammetry (CV) curves were conducted
at 5mVs~! from 0.1V to 0.65V, indicating the main
pseudo-capacitance reaction of Ni(OH), and capacitive
performance (Tang et al. 2014; Jiang et al. 2015). The
electric discharge curves directly exhibit the potential
platform of the material to store electric energy (Hao
et al. 2018; Nwanya et al. 2019), the capacitance, and
the applicable current density. The electric discharge
performances of the pseudo-capacitive materials were
measured under different current densities and the
capacitance was obtained in the three-electrode system
by the following equation:

IAt
mAV

Cp =

Where I (A) is the applied current, m (g) is the
mass of sample, At (s) refers to the time of discharg-
ing and AV (V) represents the potential window (Zhi
et al. 2013; Jia et al. 2019). The electrochemical imped-
ance spectroscopy (EIS) exhibits the conductivity of
the electrode, the electron transfer resistance of the
electrode - electrolyte interface, and the mass transfer
resistance of the electrolyte (Murali et al. 2019). The

EIS was measured from 0.01Hz to 100kHz with the
potential of 5mV (Yang et al. 2018).

The preparation of the pseudo-capacitive materials
from waste nickel-laden biochar and the prepared elec-
trodes can be found in Fig. 1. Similar to the layer capaci-
tive materials (Li et al. 2021), it is necessary to know
whether the concentration of heavy metals and tempera-
ture will affect the structure and performance of the final
materials during the hydrothermal process.

2.4 Exploring the nickel-carbon interaction

The Powder X-ray Diffraction (XRD, D/max-2200/PC,
Rigaku, Japan) equipped with Cu Ka (A =1.540598 A) was
applied to probe the structure of Ni(OH), crystal from 10°
to 80° at a scanning rate of 2° min~ . The functional groups
of biochar and nickel carbon interaction were measured by
Fourier Transform Infrared spectroscopy (FTIR, Prestige
21 FTIR, Shimadzu, Japan) and X-ray photoelectron spec-
troscopy (XPS, Kratos AXIS Ultra DLD, Shimadzu, Japan).
The morphology of the materials was observed via scan-
ning electron microscope (SEM, TESCAN-MAIA 3 GMU
model 2016/ WITec apyron, Czech). Besides, thermogravi-
metric analysis (TGA, DSC1/1600HT, Mettler Toledo,
Switzerland) was performed to study the thermal stability
of Ni(OH), crystals and the combustion process of carbon
structure at temperatures ranging from 30°C to 600°C
under air atmosphere, which could reflect the combination
of Ni(OH), and biochar after the hydrothermal process.
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Fig. 2 The CV curves, electric discharge curves and the specific capacitance at different current density from 0.5 to 5 A g™ for the
pseudo-capacitive materials with different nickel content ((a, c and e): 100 mg g™, (b, d and f): 500 mg g™') and hydrothermal temperature. The CV
curves were measured at 5 mV s in a three-electrode system and the potential window from 0.1V to 0.65 V (vs. Hg/HgO). The electric discharge

3 Results and discussion
3.1 Dominant role of biochar-adsorbed Ni in capacitive
performance

By comparing the electrochemical characteristics of the
capacitive materials with high and low Ni content and
Ni-free biochar, we demonstrate that Ni adsorbed by
biochar plays a key role in electrochemical performance.
Figure 2 shows the electrochemical characteristics of the
pseudo-capacitive material produced from Ni-laden bio-
char. As can be seen from the CV curves, two distinct

oxidation peaks were observed around 0.5V and 0.55V
during the positive scan, while a weak reduction peak
(~0.45V) and a powerful reduction peak (~0.35V) could
be observed during the reverse scan (Fig. 2a and b). The
two oxidation peaks at 0.4-0.6V and the reduction peak
at 0.3-0.4V could be attributed to the electrochemical
reaction between Ni(OH), and NiOOH (Tang et al. 2014;
Jiang et al. 2015; Xu et al. 2019). Another possible con-
tribution might come from the functional groups and
the endogenous minerals of biochar, which are reported
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to be involved in faradic reactions, like -NH-, —COOH,
—C=0, etc. (Oh et al. 2014; Yan et al. 2014; Chen et al.
2017). However, our following experimental data did not
support the direct participation of biochar components
in capacitive reactions.

It can be seen from Fig. 2a and b that the area of
CV curves for the samples with high nickel content
(500mgg~') was much larger than that for the samples
with low nickel content (100mgg™!). The higher Ni con-
tent leads to a remarkable pseudo-capacitance perfor-
mance, indicating that Ni compounds play a dominant
role in the faradaic reaction. The electric discharge curves
measured at 0.5 A g~ ! directly reflect the capacitance of
materials (Rong et al. 2015). As seen in Fig. 2c and d, the
capacity of samples after hydrothermal treatments (90°C,
120°C, 150°C, and 180°C) showed a significant variation
between high Ni content (approximate 210-390Fg™!)
and low Ni content (approximate 43-56Fg~1). The dis-
charge time of the high Ni samples was much longer
(200-400s) than those with low Ni content (40-60s)
(Fig. 2c and d). As the current density increased from 0.5
A g 'to5 A g}, the capacitance of the high Ni content
biochar material decreased from around 200-400Fg™*
to 100-200Fg~!, while the low Ni content biochar
decreased from 40 to 60Fg~' to 10-20F g™ (Fig. 2e and
f). These results suggest that Ni adsorbed by biochar
plays a crucial role in the electrochemical performance of
the reclaimed biochar.

To clarify the effect of the hydrothermal process on the
original biochar without adsorbed Ni, the control sample
of original biochar was directly used for hydrothermal
treatment for 4h at 180°C (PS6-H180). Compared the
original biochar before hydrolysis (PS6) and after hydrol-
ysis (PS6-H180), they had two reduction peaks with spe-
cific capacitances of 17.2Fg~! and 7.4F g™, respectively,
according to the discharge curve with a current density of
0.5 A g~ ! (Fig. S1). The low pseudo-capacitance indicated
that the metal-free biochar could not be used for the pro-
duction of faradic capacitor directly.

We also find that the area of CV curves and discharge
time of PS6-H180 are much lower than those of the
original biochar (PS6), suggesting that the hydrother-
mal treatment is unexpectedly detrimental to the pro-
duction of the capacitive materials from the biochar
alone without metals loading. Previous work also sug-
gests that the hydrothermal process interferes with the
faradic reactions of the biochar (Song et al. 2019). The
most likely reason is that hydrothermal treatment leads
to the hydrolysis of functional groups and the dissolu-
tion of metal oxides in biochar, which are involved in the
faradaic reaction, although their contribution is not sig-
nificant (Oh et al. 2014; Song et al. 2019). The results vali-
date that the Ni in electroplating plant wastewater could
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be recycled by adsorption and subsequent hydrothermal
treatment of biochar as a capacitive carrier, while the
functional groups and minerals of biochar contributed
little to the faradaic reaction.

3.2 Low hydrothermal temperature, high capacitive
performance

The capacitance of the materials was found to
decrease with the increase of the hydrothermal tem-
perature for both high and low nickel concentrations,
and the effect of temperature was more considerable
for samples with high Ni content than for those with
low Ni content (Fig. 2). As shown in Fig. 2b, the area
of CV curves for PS6-Ni5-H90 was much larger than
the other samples produced at 120-180°C; Fig. 2c,
d shows that the discharge time decreased to a large
extent as the hydrothermal temperature increased;
Fig. 2e, f shows that the capacitance of the samples
with low Ni content (PS6-Nil-H90, 120, 150, 180) was
55.6, 49.8, 47.6 and 43.2Fg~!, at 0.5 A g~ ! respec-
tively. Those data with high Ni content (PS6-Ni5-
H90, 120, 150, 180) was 386.7, 371.0, 268.2, and
215.4F g~ !, respectively. Therefore, the highest capac-
itance of 386.7Fg~! was achieved with the material
of 500mgg ! nickel content and 90°C hydrothermal
temperature (PS6-Ni5-H90).

Further characterization for the materials with
nickel concentration of 500mgg~! was carried out to
explore its more electrochemical properties as energy
storage materials. The cycling stability of pseudo-
capacitive material was evaluated by the capacitance
retention after 1000 charge-discharge cycles at 2 A
g~ . Results showed that the hydrothermal tempera-
ture had a slight influence on the cycling stability of
the samples, and higher treating temperature led to
higher cycling stability. For instance, for the materi-
als produced at 90°C, 120°C, 150°C and 180°C, the
cycling rates corresponded to 79.2%, 83.5%, 86.4% and
87.2%, respectively (Fig. 3a). The specific capacity loss
of sample prepared at 90 °C had already reached more
than the acceptable 20% (Chaari et al. 2011; Liu and Li
2020), thus this study only explored the temperatures
above 90°C.

The electron transfer impedance of four samples
was measured from the impedance spectrum (Fig. 3b)
(Wang et al. 2013). The equivalent series resistance
(ESR) was calculated from the X-intercept of the
impedance spectrum in the high-frequency region,
which takes the resistance of current collector, the
interconnection between current collector and capaci-
tive material, the pseudo-capacitive materials, and
electrolyte into consideration (Wei and Yushin 2011).
The ESR of the electrode was stabilized in 2.2-2.3Q
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content of 500 mg g

Table 1 The cycling stability and electrochemical properties
measured by EIS

Sample ESR (Q) Rct(Q) Retention after
1000 cycle (%)
PS6-Ni5-H90 237 9.19 79.2
PS6-Ni5-H120 2.23 6.62 835
PS6-Ni5-H150 227 9.63 86.4
PS6-Ni5-H180 2.21 11.19 87.2

EIS Electrochemical impedance spectroscopy, ESR Equivalent series resistance,
Rct Charge-transfer resistance

(Table 1). The charge-transfer resistance (Rct) was esti-
mated with the circuit model of R(C(RW))(C) (Wang
et al. 2015; Teng et al. 2017). Unlike the layer capaci-
tive materials in our previous work (Li et al. 2021), the
charge-transfer resistance (Rct) of pseudo-capacitive
material was higher than that of the layer capacitor,
indicating that the electron was difficult to transfer
from the electrode surface to the connected ions in the
electrolyte (Murali et al. 2019). With all aspects being
taken into consideration, regarding capacitance per-
formance, heating cost, cycling stability, and lower Rct,
the 90°C hydrothermal treatment was still the pre-
ferred condition.

Based on the electrochemical properties of these
materials clarified above, the following issues should
be further characterized: probing the crystal structure
and morphology of Ni(OH),; determining the evolu-
tion of the carbon structure of the biochar; exploring
the interactions between Ni(OH), and carbon skeleton.
All of these characterizations would allow us to gain
insights into the role of Ni and carbon in the conver-
sion of Ni-laden biochar into the pseudo-capacitive
materials.

3.3 Homogeneously dispersed Ni(OH), crystals on carbon
surface

The XRD patterns of the pseudo-capacitive materi-
als were presented in Fig. 4a and b. Accompanied
with a small amount of graphite structure (20 ~26.5°),
the nickel in the pseudo-capacitive materials mainly
existed as the form of Ni(OH), (PDF#03-0117).
Moreover, the higher the hydrothermal temperature,
the stronger the XRD peak of Ni(OH), was observed,
consistent with previous studies (Jiang et al. 2015).
It is also evident from Fig. S2a, b, and Fig. 5 that the
hydrothermal temperature has a direct effect on the
grain size and shape of Ni(OH),. According to the
simulation based on Scherer formula (Bharath et al.
2019), the grain sizes of PS6-Ni5-H90, PS6-Ni5-H120,
PS6-Ni5-H150, and PS6-Ni5-H180 were 13.0nm,
9.5nm, 15.0nm, and 16.1nm, respectively. Among
them, PS6-Ni5-H90 and PS6-Ni5-H120 showed a
smaller size, while PS6-Ni5-H180 had the largest
grain size. It is speculated that the high hydrothermal
temperature leads to a relatively long cooling pro-
cess, which induces the formation of a larger Ni(OH),
grain size. This phenomenon was consistent with the
Rct calculated from EIS in Table 1, indicating that the
smaller the grain size of Ni(OH), leads to a lower Rct
of the capacitor material, as in the previous research of
RuO, (Li et al. 2018). In Fig. S2a and b, it can be found
that the XRD peaks (102), (110), and (111) of Ni(OH),
showed the same trend in intensity with the increase of
the temperature, while the main peaks (001), (100) and
(101) have different trends at 120°C. This indicates
that lower temperatures of 90°C and 120°C are bet-
ter than higher temperatures to produce the capacitive
materials with smaller grain sizes and lower Rct.

The morphology of the capacitive materials was exhib-
ited by SEM images shown in Fig. 5. As the samples
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Fig.5 SEM images of PS6-Ni5-H90 (a, b& c) and PS6-Ni5-H180 (d, e &f)

only carried out for PS6, PS6-H180, PS6-Ni5-H90 and
PS6-Ni5-H180. The homogeneously dispersed flower-like
Ni(OH), was obtained in PS6-Ni5-H90 (Fig. 5a, b, and ¢),

prepared at lower temperatures (90°C, 120°C) exhibited
closer properties and so were those prepared at higher
temperatures (150°C, 180°C), the SEM measurement was
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and the nano lamellar structure of Ni(OH), was observed
in PS6-Ni5-H180 (Fig. 5d, e and f). With the increase
of the hydrothermal temperature, the cyclic stability of
the material increased slightly, which was related to the
thicker crystal structure and the grain size of Ni(OH),
(Zhang et al. 2019b). Therefore, Ni(OH), crystal at the
carbon surface with uniform distribution could be pre-
pared at a low temperature of 90°C, which was better for
ion transfer in electrolyte than those produced at 180°C.
The results mean that more Ni(OH), could participated
in the faradic reaction during the charging and discharg-
ing process, leading to a better capacitance performance
and cyclic stability.

3.4 Nickel-carbon interaction enhanced
the electrochemical stability of Ni(OH),

The interaction between nickel and carbon in the hydro-
thermal regime can be inferred from the various func-
tional groups on the surface of the biochar, and the
distance of the graphite layer in the biochar before and
after the hydrothermal process (Oh et al. 2014; Chen
et al. 2017). This can affect the electrochemical stability
of Ni(OH),, which plays an important role in improv-
ing the potential applications of these capacitive materi-
als. As can be seen from the FTIR spectra in Fig. S3, the
peaks representing the -OH and Ni-O bonds of Ni(OH),
at 3640cm™! and 524cm™! (Lokhande et al. 2018) are
detected more sharply for samples with 500mgg™*
nickel (Fig. S3b) than those with a Ni concentration
of 100mgg~"' (Fig. S3a). It is clearly from Fig. S3b that
the intensity of the peaks decreases as the hydrother-
mal temperature increases. This indicates that insolu-
ble substances like Ni(OH), dissolve first and disperse
homogenously in the solution under the hydrothermal
treatment.

Bending vibrations of small molecular functional
groups such as N-H, C-N, etc. were detected at 1558 cm ™!
(An et al. 2019; Silva et al. 2020) and 1385cm ™! (Asyana
et al. 2016), respectively. Distinct C-H bending vibration
peaks at 875.5cm ™! (Zhong et al. 2019) and C-H out-of-
plane vibrations of 669cm™! (Trivedi et al. 2015; Iurch-
enkova et al. 2020) were also observed. All these peaks
were in particular sharp for the samples of the original
biochars (PS6 and PS6-H180) and the biochars with
low Ni concentration (100mgg~") (Fig. S3a), while the
peaks seemed weak for the samples of 500mgg~ " nickel
(Fig. S3b). Besides, all these peaks strength did not vary
with the change of the hydrothermal temperature. Those
peaks inferred that even in the hydrothermal system with
relatively higher temperature and pressure, the functional
groups on the biochar were stable and could resist the
thermal decomposition. However, the peak (875.5cm™?)
of PS6-Ni5-H180 is weaker than PS6 and PS6-H180,
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indicating that the catalytic effect of metal on the carbon
structure.

As aresult, under Ni catalysis, the functional groups on
the surface of biochar were decomposed and converted
into reactive carbon-containing small molecular frag-
ments, such as hydroxyl radicals (Krysanova et al. 2019).
So far, there is no definite evidence that Ni can form
compounds with carbon in such relatively high-temper-
ature and high-pressure solutions. However, their mor-
phology and structures should have been reorganized
and possibly fused, especially in the cooling phase with
recrystallization of Ni(OH),. At different stages, includ-
ing the warming, the holding, and the cooling, Ni and C
may mutually wrap, as previously reported for Si and C in
pyrolysis systems (Xiao et al. 2014).

In order to figure out the changes of carbon structure,
the XPS was applied to prove the variation of functional
groups and nickel-carbon interaction. A small amounts
of metals like potassium and calcium were detected in
the spectrum (Fig. S4). However, after the hydrothermal
treatment, the peaks of metals in PS6-H180 were disap-
peared. Compared with PS6, the surface functional group
of C-O and O-C=0 decreased for PS6-H180, which led
to a smaller capacitance (Fig. S1), from the high-reso-
lution spectrum of C 1s in Table S2, O 1s in Table S3,
Fig. 6 and Fig. S5. Furthermore, the lower nickel concen-
tration (100mgg~') could help the formation of C-O,
while the higher concentration (500mgg~!) facilitated
the decrease of C-O. Besides, the C=N increased after
the hydrothermal treatment at 180°C with 500mgg~*
nickel concentration, meaning that a part of the ammo-
nium was added onto the surface of carbon skeleton.
It was a coincidence that pyridinic and pyrrolic nitro-
gen increased for all the samples after hydrothermal
treatment (Table S4). And the small amount of nickel
(100mgg~1) could help the formation of pyridine-N-
Oxide at 180°C, while larger nickel particles from higher
nickel concentration (500mgg~') restrained it (Table
S4). Those results suggested that large particles of nickel
hydroxide could promote the erosion of carbon skeleton
(C-O decreasing) and restrain the contact of ammonium
and carbon, while small particles facilitate the formation
of C-O and improve the interaction of ammonium and
carbon skeleton.

3.5 Thermal stability of the materials characterized
by combustion curves

To explore the binding mode of Ni and carbon skeletons,
we have attempted to observe their microscopic mor-
phology directly using combined energy dispersive spec-
troscopy and scanning/transmission electron microscopy
(Li et al. 2021). However, since most of the carbon was
amorphous carbon and the carbon skeleton was always
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covered by Ni(OH), crystal in Fig. 5 and Fig. S7, it was
difficult to observe the nanoscale interaction. TGA was
then employed to study the combustion process of the
pseudocapacitive materials in air to analyze the nickel-
carbon linkage. It is clear from the weight loss curves
(Fig. 7a) and the derivative of thermogravimetric (DTG)
curves (Fig. 7b) that all the Ni-laden biochar capacitive
materials have a weight loss around 300°C, while the
nickel-free materials do not have this weight loss. For
the dehydration stage of Ni(OH),, the weight loss of the
samples prepared at 90°C, 120°C, 150°C and 180°C were
6.6%, 6.2%, 6.5% and 6.2% (245-320°C), respectively.

The substantial weight loss of the material occurs at
temperatures of 400-600°C indicates the combustion
of the carbon fraction. The bulk decomposition tem-
peratures and combustion rates can reflect the ther-
mal stability of the carbon skeleton in combination
with Ni. Interestingly, there are significant deviations
in combustion temperature and burning rate as well as
heat flow between raw biochar (PS6) and hydrother-
mal treated biochar (PS6-H180). The former began
to degrade from around 300°C and ended at about
530°C, while the latter initiated its degradation from
380°C and finished at almost 600°C (Fig. 7b and c). It
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suggests that hydrothermal treatment can increase the
combustion resistance of the carbon fraction to a large
extent.

The capacitive materials obtained from Ni-laden bio-
chars started the weight loss of carbon skeleton at higher
temperatures and lower heat fluxes than those not loaded
with nickel. Their combustion rates were significantly
lower than those of PS6 and PS6-H180 (Fig. 7c). These
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curves can verify that the Ni-C cross-linked structure
enhances the stability of the carbon skeleton. Moreover,
the samples produced at higher hydrothermal tempera-
tures (150°C and 180°C) showed a lagged combustion
onset, longer combustion time, and lower heat flow than
those produced at lower hydrothermal temperatures
(90°C and 120°C). It can be concluded that increasing
the temperature further enhanced the stability of the car-
bon skeleton.

It was noteworthy that the combustion process
showed two exothermic peaks, one at around 450°C,
and the other at approximately 520 °C. They were espe-
cially obvious for the samples produced at higher tem-
peratures (Fig. 7c). Moreover, the shape of the curves
provided another information that the carbon skel-
eton burnt slowly at the first step near 450°C, while
it burnt quickly around 520°C at the second step. It is
speculated that the first combustion step was related
to the dissociation of Ni and carbon facilitating the
occurrence of the second combustion step (Fig. 7c).
Therefore, the results of this section illustrated that
hydrothermal treatment could significantly increase
the thermal stability of the carbon skeleton (Kruse and
Zevaco 2018), and the presence of Ni reinforced this
thermal stability, which was especially obvious for the
samples produced at a higher temperature.

3.6 Nickel inserted into biochar graphite layer improving
its thermal stability

To figure out the subtle changes of carbon skeleton
with Ni, we amplified the regions of XRD curves at
25-28 degrees (20) (Fig. 4a and b), as displayed in
Fig. 4c and d. Comparing the peaks of PS6 and PS6-
H180, we found that the peaks became sharper after
the hydrothermal treatment at the same position, indi-
cating that the hydrothermal treatment increased the
graphite structure, while the distance of the graphite
layer did not change. However, for the samples with Ni
laden, the peaks of graphite kept shifting to the small
angle with the rising of temperature, which meant that
the presence of Ni promoted the expansion of graphite
layer distance.

It is hypothesized that Ni could embed into the
graphite layer of biochar, thus increasing its layer
distance. It can be inferred from the contrary dur-
ing analyzing the TGA results. As the graphitization
degree of the samples was similar, if no substances
were embedded in graphite layers, the combustion
will be easier for the samples with a larger distance
of graphite layer. However, the results in this study
(Fig. 7) showed that the larger the distance of the
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graphite layer was, the combustion process of the
carbon skeleton would be more difficult, since the
combustion need a higher temperature. Therefore,
it can be inferred that the nickel was embedded into
the graphite layer of biochar and protected the graph-
ite structure, which led to the delay of combustion
process and improved the overall stability of these
pseudo-capacitive materials.

Previous studies have shown that metal particles can
insert into graphite layers in extremely high-temper-
ature environments (Huang et al. 2020). Presumably,
this phenomenon is consistent with a previous study
which showed that nickel hydroxide could insert into
graphite layers during electrodeposition (Qu et al.
2017) and improve the stability of Ni(OH),. In this
study, the firmly bonded nickel-carbon structure con-
tributes to the overall electrochemical performance of
the material. As a result of these discussions, explor-
ing the combination mode and structure of nickel-
carbon materials during hydrothermal processes is
beneficial to achieve the synthesis of nickel-carbon
structures with high electrochemical stability in the
future.

4 Conclusions

In this study, the hydrothermal method was employed
to recycle waste nickel-laden biochar for the produc-
tion of the pseudo-capacitive materials. The high-
est capacitance of 386.7Fg~' with cyclic stability of
79.2% was obtained for the samples prepared at 90°C,
while samples prepared at 180°C showed a capaci-
tance of 215.4Fg~! with the stability of 87.2%. The
results confirmed that Ni adsorbed on the biochar
played a significant role in the electrochemical per-
formance of the reclaimed biochar and that higher
capacitance can be obtained at the hydrothermal tem-
perature of 90°C. Homogeneously dispersed flower-
like Ni(OH), crystals on the carbon surface could
be observed in the sample at a low temperature of
90°C, while higher temperature of 180°C induced
thicker flake structures of Ni(OH),. In this system,
nickel-carbon interactions, such as nickel-catalyzed
the hydrolysis of functional groups, as well as nickel
inserting into biochar graphite layer, enhanced the
electrochemical stability of Ni(OH), and improved
carbon thermal stability. This work provides a pro-
spective strategy idea for recovering metals-laden
biochar and using the interaction of metals and car-
bon to its maximum advantage. Further work can fig-
ure out the properties of real capacitor facilities from
those materials. The cost and benefit for this strategy
could also be considered.
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