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A novel biomass pyrolysis technique was proposed that introduced exogenous nitrogen for the pro-
duction of nitrogen-containing chemicals and nitrogen-doped bio-char materials. The influence of
NH; and KOH addition on bamboo pyrolysis was investigated using micro-gas chromatography, gas
chromatography-mass spectroscopy, accelerated surface area and porosimetry, X-ray photoelectron
spectroscopy and electrochemical analysis. The introduction of NHj3 slightly increased bio-oil yield and
the production of nitrogen-containing species at the expense of phenols and aromatics. Specific surface
area, overall nitrogen content and the number of nitrogen-containing functional groups of the solid bio-
char also increased significantly, while H, content of the evolved gas spiked significantly. Meanwhile,
the addition of KOH increased bio-char yield with an increased in specific surface area up to 1873 m2 g 1.
Furthermore, the specific capacitance of the bio-char electrodes reached to 187 Fg~', indicating excellent
capacitive performance. Results showed biomass nitrogen-enriched pyrolysis was a promising method
for more efficient utilization of biomass resources.
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1. Introduction

Biomass is a clean, renewable and abundant resource that can
be converted to bio-char, bio-oil and fuel gas through various ther-
mochemical processes [1,2]. Conversion of biomass for high value
products is an important development direction for biomass uti-
lization, which has attracted more attention [3,4]. Most notably,
biomass pyrolysis can produce both nitrogen-containing com-
pounds and nitrogen-doped bio-char [5,6]. Nitrogen-containing
compounds like pyrrole, pyridine, indol and their derivatives can
be used to produce pharmaceuticals, dyes, perfumes and other
commercial products [6,7]. Meanwhile, nitrogen-doped carbon
materials can be used in catalysis, CO, adsorption and electrode
materials for supercapacitors and batteries [8-10].

Ferrera-Lorenzo et al. [11] found high pyrrole and pyri-
dine content in the bio-oil product from macroalgae waste
pyrolysis. Likewise, Marcilla et al. [6] determined that pyrrole
and pyridine derivates (2,2,6,6-tetramethyl-1,4-piperidinone and
6-methyl-2,2’-bipyridine-1-oxide) were the highest yielding com-
pounds in the liquid oil resulting from tannery waste pyrolysis. In
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addition, Wang et al. [12] prepared biomass-based activated car-
bons with high nitrogen content from willow catkins; the resulting
material showed high specific capacitance. Furthermore, Li et al. [9]
synthesized excellent carbon electrode materials for supercapaci-
tor with 8% nitrogen derived from chicken eggshell membranes.

However, the nitrogen content of most agricultural and forestry
waste is quite low, consequently the yield and quality of nitrogen-
containing products is very limited [13]. Hence, it is necessary
to optimize any processing procedures and, frequently, to intro-
duce exogenous nitrogen, often accomplished using NHs, urea,
melamine or aniline, among others. For example, Xu et al. [14]
reported that bio-derived furans could be converted to indoles
directly by treating them with NH3 over acidic catalysts. In addition,
Zhou et al. [15] prepared nitrogen-doped porous carbons materials
with good capacitance characteristics from the pyrolysis of poly-
merized ethylenediamine and carbon tetrachloride. Furthermore,
Sun et al. [16] synthesized nitrogen-enriched carbon materials by
the co-pyrolysis of tetraethyl orthosilicate, nickel nitrate, glucose
and melamine; again, the resulting materials showed excellent
capacitive behavior. However, all previous work has concerned
only the production of a single product from model compounds
or biomass derivatives; there are no reports of the overall pyroly-
sis, including procedural information and product characterization,
of a biomass after the addition of exogenous nitrogen.

This study analyses the effects of NH3, as an exogenous nitro-
gen source, on bamboo pyrolysis. Both the overall process and the
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Fig. 1. The fixed bed nitrogen-enriched pyrolysis system.

Table 1
Compositions and low heating value of gas product from bamboo pyrolysis (vol.%).

Compositions  BC BC-N BC-0.1-N BC-0.2-N BC-0.3-N BC-0.4-N

Hy 156 38.0 579 55.9 55.4 53.4
CHa 179 137 6.6 6.5 6.0 6.0
co 447 327 174 22.1 23.6 26.9
CO, 175 9.1 8.0 8.2 8.2 8.0
CyHy 33 22 1.0 1.1 1.1 1.1
CHe 1.0 0.8 0.5 0.7 0.7 0.7
\} - 35 8.6 5.5 5.0 3.9
LHV (MJNm~—3) 16.62 15.67 12.96 13.06 12.96 13.03

products were reviewed in detail. Furthermore, the influence of
KOH was assessed, as it is a commonly used activator for increasing
the specific surface area and porosity of nitrogen-doped bio-char
[17-19]. And the mechanism of migration and transformation of
nitrogen in the products was explored. The results will be helpful
for realizing more efficient utilization of biomass resources.

2. Methods
2.1. Samples

Bamboo chips were obtained locally. They were dried at 105°C
for 24 h, crushed and sieved to yield bamboo particles 0.25-0.6 mm
in size. Detailed information about the bamboo chips is presented
in Table S1.

KOH (>99.5, AR) was obtained from Sinopharm Chemical
Reagent. Bamboo chips samples were treated with KOH solution at
KOH/bamboo chips weight ratios of 0.1, 0.2, 0.3 and 0.4 (solution-
to-feedstock was 15mLg~1); these samples were named BC-0.1,
BC-0.2, BC-0.3 and BC-0.4, respectively. After treatment, water was
evaporated by heating the samples at 60°C under stirring with
nitrogen.

2.2. Pyrolysis experiment

Fast pyrolysis of bamboo chips was carried out in a fixed bed
system, as shown in Fig. 1. The system included a fixed bed reactor
(1000 mm height, 45 mm inner diameter), electric furnace, tem-
perature controller, condensing system, gas cleaning and drying
system.

For each trial, the reactor was first heated to a preset tem-
perature 800°C under a flow of 500mLmin~! Ar (99.99%), after
which 50 mLmin~! NH; (99.99%) was introduced as Ar flow rate
was decreased to 450 mLmin~!. When the system reached the

steady state, the sample (~2 g) was promptly fed into the reactor
and retained for 60 min. Bamboo particles were heated up, and the
volatiles evolved out quickly. The condensable volatiles were col-
lected in the condensing system using an ice-water mixture, while
the non-condensable components were cleaned by the washing
bottle with water solution. Gas product was filtered and dried in
a cotton wool filter with silica gel, after which they were collected
with a gas bag for further analysis.

After pyrolysis experiment, the reactor was cooled to ambient
temperature under a flow of 500 mL min~! Ar. The bio-char, bio-oil
and gas were collected. Bio-char yield was calculated by weighing
the solid sample, while bio-oil yield was obtained by measuring the
mass difference of the condensing system. Likewise, gas yield was
measured by combing the volumes of the gas products collected
during the pyrolysis process. The bio-oil in the condenser system,
which could be collected directly with good fluidity, was named the
aqueous phase, while the bio-oil, condensed in the gas-line tube
and collected with acetone, was named the non-aqueous phase.
Each experiment was performed three times with good repeatabil-
ity (5 relative standard deviation (RSD)%), after which the data took
the average.

All the resultant bio-chars were immersed with 1M HCl
to remove potassium contained compounds, and subsequently
washed with deionized water until the pH value of the filtrate
was approximately 7. They were then dried in an electrical oven
at 105°C for 24 h. The samples pyrolysis with a mixture of Ar and
NH3; were named BC-N, BC-0.1-N, BC-0.2-N, BC-0.3-N and BC-0.4-
N with respect to the names of the samples prior to treatment. As
a comparison, an untreated sample was pyrolyzed at 800°C with
pure Ar (500 mLmin~!) and was named BC.

2.3. Measurement of gas and bio-oil

A dual-channel micro-gas chromatography system (Micro-GC
3000A, Agilent Technologies, USA) with thermal conductivity
detectors was used to analyse the gaseous products quantitatively.
The detailed analytical method has been described elsewhere [20].
The low heating value (LHV) of the gas products can be calculated
as follows [21]:

LHV(MJNm~3) = 0.126 x CO + 0.108 x Hy +0.358 x CH,4
40.665 x CoHm 1)

where CO, Hy, CH4 and ChHpy, (ChHmy = CoHy + CoHy + CoHg) are the
volume fractions of those species.
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Table 2
Classification of aqueous phase and non-aqueous phase (% of total peak area).

Classifications BC BC-N BC-0.1-N BC-0.2-N BC-0.3-N  BC-0.4-N

Aqueous phase

N compounds 23 580 497 46.1 53.9 53.6
N/O compounds - 289 29.6 40.5 25.3 37.3
O compounds 243 4.1 4.7 4.7 8.1 3.7
phenols 734 - - - - -
Non-aqueous phase

N compounds 28 275 303 22.8 61.4 14.9
N/O compounds - 28.7 6.6 22.6 7.1 18.8
O compounds 51 110 94 8.6 6.3 10.8
aromatics 253 3.0 10.0 4.7 3.8 15.2
phenols 38.7 111 299 214 5.4 25.8

“(i) N compounds, compounds in which the only heteroatom is N; (ii) N/O com-
pounds, compounds in which both N and O are present; (iii) O compounds,
compounds in which the only heteroatom is O (excluding phenols).

The nitrogen-containing gas component was measured with a
Gasmet Dx-4000 Fourier transform infrared spectroscopy (FTIR)
multicomponent gas analyzer (Temet Instruments OY, Finland)
[22,23]. This device included a FTIR spectrometer, a temperature-
controlled sample cell and signal processing electronics. The
transfer line and the gas cell were kept at 180 °C to avoid conden-
sation or adsorption of semivolatile products.

The main chemical species of the bio-oil were identified using
gas chromatography-mass spectroscopy (GC-MS, HP7890 series
GC with an HP5975 MS detector) with a capillary column (Agi-
lent: HP-5MD, 190915-433; 30 m x 0.25 mmi.d. x 0.25 wmd.f.). The
GC1034C Chemstation, with a National Bureau of Standards library
(NIST2011), was used to identify each compound based on the
retention time and the matching mass spectrum of the standards
in the spectral library. The analytical method used here is detailed
in our previous study [2].

The water content of the bio-oil was measured using a Karl-
Fischer titration (TitroLine KF-10, Schott, Germany). The pH value
of the bio-oil was determined using an Ohaus electrode.

2.4. Characterization of bio-char

Solid char composition was determined through ultimate anal-
ysis using a CHNS/O elementary analyser (Vario Micro Cube,
Germany). Proximate analysis were measured following the Amer-
ican Society for Testing and Materials standards to obtain the
moisture, volatile, fixed carbon and ash content. The LHV of the
bamboo chips was measured using bomb calorimetry (Parr 6300,
USA).

The porous characteristics of bio-char were measured using
nitrogen isothermal adsorption at 77 K with an accelerated sur-
face area and porosimetry system (ASAP 2020, Micromeritics, USA).
The CO, adsorption isotherm at 273 K was obtained at relative
pressures (P/Py) ranging from 106 to 0.3, in order to calculate
narrow micropore structure. Prior to the adsorption, the samples
were degassed at 150°C for 10 h. BET specific surface area (Sggr)
was determined by the Brunauer-Emmett-Teller (BET) equation.
Micropore surface area (Sy,;c) and Micropore volume (Vi) were
determined by t-plot method. The total pore volume (Via) was
determined by single point adsorption total pore volume analy-
sis. Average pore diameter (D) was determined by 4 V/Sggr based
on BET method. The narrow micropore surface area (S,_mic) and
narrow micropore volume (V,_mic) were obtained by Dubinin-
Astakhov (DA) method. The pore size distribution plot was obtained
by the density function theory method.

The nitrogen-containing functional groups on the surface of bio-
char were analysed with X-ray photoelectron spectroscopy (XPS,
Axis Ultra DLD, Kratos, UK) using Al Ka line (15kV, 10 mA, 150 W)
as a radiation source. C1s peak position, set at 285 eV, was used as
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Fig. 2. The products distribution of different samples pyrolysis.

an internal standard. The curves on N1s peaks were fitted by XPS-
peak4.1 software. The content of each element was determined by
the corresponding peak area and calibrated by the atomic sensitiv-
ity factor with C as reference.

The electrochemical property of bio-char was measured in
a three-electrode system with an electrolyte of 6 M KOH using
a CHI760 (CH Instruments, USA) electrochemical workstation at
ambient temperature. A Platinum plate and saturated calomel
electrode were used as the counter and reference electrode, respec-
tively. The working electrode was prepared as follows: The bio-char
(80%) with acetylene black (10%) and poly(vinylidene fluoride)
(PVDF, 10%) were mixed uniformly and dispersed in N-methyl-2-
pyrrolidone (NMP) to form the slurry. Then the slurry was coated
ontoa1cm x 1 cm nickel foam current collector, and dried at 110°C
for 12 h in the vacuum oven. Finally, it was pressed at a pressure
of 10 MPa, and the mass difference was obtained to calculate the
mass of the bio-char on the working electrode. The cyclic voltam-
metry (CV) was performed at different scan rates. The galvanostatic
charge/discharge (GCD) properties were carried out at different
current densities. The electrochemical impedance spectroscopy
(EIS) measurements were performed at frequencies from 0.01 Hz
to 100 kHz in a voltage amplitude of 5mV.

3. Results and discussion
3.1. Property of bamboo pyrolysis

The bio-char, bio-oil and gas product yields of variant sam-
ples pyrolysis are shown in Fig. 2. Solid char yield was quite low
(~17.5wt.%) for pure Ar, while gas and liquid oil yields were very
high, at about 45.8 and 36.7 wt.%, respectively. This was due to
the high volatile content and high pyrolysis temperature [24,25].
When NH3; was added, the gas yield decreased greatly while the
bio-oil yield increased accordingly, however, no obvious change
was observed for the bio-char yield. The addition of KOH increased
the yield of bio-char significantly and with respect to the amount of
KOH used, an effect that was in part due to the excess KOH remain-
ing after pyrolysis; the bio-oil content did decrease, though more
gradually than the increase in bio-char content, while no obvious
effects were observed for gas yield, which kept constant at around
36 wt.%.
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3.2. The releasing property of pyrolysis gas

Table 1 shows the properties of gas products from bamboo
pyrolysis. Pure Ar gave a gas mainly consisted of CO with some
CHg4, Hy, CO; and trace C;H4 and CyHg. The LHV was slightly over

16 MJNm~3, which corresponded to medium heat value gas fuel
that can be used in industrial boilers [26]. Adding NH3 increased
the H; content drastically, to 38.0 vol.%, while CO, CO, and CH4 con-
tent decreased accordingly. This suggested that NH3 reacted with
biomass at high temperature, generating H atoms and the corre-
sponding NH, and NH radicals; merger of the H atoms would have
then led to the increase in Hy. A possible pathway of H, generated
can be described as follows [27,28]:

(C)piomass + NHz — C* +H* + NH* + NH; — Hz +C — NH + C — NH; (2)

In addition, NH3, NH," and NH" can react with carbonyl groups
through Maillard reaction [29], suppressing decarbonylation and
decarboxylation and inhibiting CO and CO, formation.

The addition of KOH increased H, content significantly and
largely decreased CO, CO,, CH,4, C;H4 and CyHg content. This could
be the result of reaction between KOH and carbons to form Hy,
K;CO3 and some K metal during biomass pyrolysis process listed
as follows [30-32]:

6KOH + 2C < 2K + 3H, + 2K,CO;3 3)

As KOH content increased, H, content decreased slightly and CO
concentration increased, with no obvious change for the other
gases. Combining the effects of both KOH and NH3 gave the highest
observed H; content of 57.9 vol.%; only 17.4 vol.% CO was observed
at a KOH/bamboo chips weight ratio of 0.1. In addition, the addi-
tion of NH3 and KOH decreased the LHV of gas product, while the
effect of concentration of KOH was fairly small. The gas product
of nitrogen-rich pyrolysis still gave relatively high LHV of about
13 MJNm3.

Furthermore, N, was detected in the gas products of pyrolysis
using NH3 at fairly high concentrations of 3.5-8.6 vol.%; this might
be the bio-char catalyzed reduction of NO, in turn produced from
the reaction of NH3 with biomass [33]; And part of NO could be
reduced by NH3 to form N5 with char as the catalyst [34]; NH3 also
could have been decomposed catalytically directly to N, and H;
in the presence of bio-char. Overall N, content decreased as the
KOH/bamboo chips ratio increased.

Importantly, NH3 was not detected during multicomponent gas
analyzer, meaning that it was completely removed during washing,.
Furthermore, no NO,, NO, N,O or HCN were detected, meaning
that the gas products can be used as high quality fuel without the
problem of nitrogen contained pollution.

3.3. Property of the nitrogen-containing bio-oil

Aqueous phase bio-oil products accounted for 90-93 wt.% of
all obtained bio-oils. This phase was yellow and non-viscous. In
fact, the aqueous product from bamboo pyrolysis without NH3 and
KOH was nearly colorless. The moisture content of the aqueous
phase was quite high, at 52-62 wt.%. However, the non-aqueous
phase was black and extremely viscous, simultaneously, the water
content was undetectable.

The typical chemical compositions of aqueous and non-aqueous
phase are listed in Tables S2 and S3 (see the Supplementary mate-
rials, to simply the data processing and analyzing, the compounds
with peak area less than 1% and quality matches below 60% were
not included). The total percentage of GC-MS area showed here
around 72-100%. The main organics in the aqueous phase (Table
S2) for pure Ar pyrolysis were acetic acid, phenol and p-cresol.
However, with the introduction of NH3, acetic acid was diminish-
ing, which might be due to the acid-base neutralization reaction
between NH3 and acetic acid volatile; indeed, the aqueous phase

Table 3

Porous characteristics of bio-char.
Samples  Sger Smic Viotal Vinic D

(m?g1) (m?g1) (cm?g™) (emg1) (nm)

BC 158 148 0.075 0.069 1.898
BC-N 521 470 0.248 0.219 1.902
BC-0.1-N 774 693 0.367 0.323 1.897
BC-0.2-N 1205 1039 0.573 0.481 1.901
BC-03-N 1522 1032 0.735 0.477 1.932
BC-0.4-N 1873 522 0.939 0.219 2.006

was weakly alkaline, with a pH of about 9. This loss of acidity is an
added benefit with respect to downstream utilization.

Moreover, NH;3 addition resulted in the formation of
nitrogen-containing compounds, specifically 1-(dimethylamino)-
2-butanol, N-(1-methylpropylidene)-2-propanamine and
2,2,6,6-tetramethyl-4-piperidinone [6]. Again, these compounds
might have resulted from the reaction of NH3, NH," and NH’
with carbonyl groups and formed the nitrogen-containing func-
tional groups (such as —CH(OH)—NH,, —CH(OH)—NH—, —CH=NH,
—CH=N— etc.), then they might occur the dehydration or con-
densation reaction and formed heterocyclic nitrogen compounds
[35] and the other nitrogen-containing compounds. However, the
detailed formation mechanism is still unclear and will need to
be investigated in the future. Meanwhile, the addition of KOH
replaced 1-(dimethylamino)-2-butanol with 4-amino-4-methyl-
2-pentanone [7] as the main nitrogen-containing compounds.
There was no clear correlation between KOH concentration and
the composition of the nitrogen-containing compounds, although
the listed compounds were still the highest yielding in each trial.

The main species in the non-aqueous phase (Table S3) for pure
Ar pyrolysis were phenol, p-cresol and 4-vinyl phenol. The addition
of NH3 and KOH gave compositions and pH that were similar to the
aqueous phase, although they were admittedly more complex.

The two phases are classified [6] in Table 2. Phenols were the
major component of the aqueous phase for pure Ar pyrolysis, at
73.4%. However, the addition of NH3 changed this significantly,
with N and N/O compounds accounting for 79-91%. Alternatively,
phenols and aromatics together accounted for just 64.1% of the
non-aqueous phase derived from pure Ar pyrolysis. The addition of
NHj increased significantly O compounds, aromatics and phenols
yields. However, N and N/O compounds were still the major compo-
nents, at 34-69%. As seen previously, there was no clear correlation
between phase composition and extent of KOH addition.

3.4. Physical and chemical property of the nitrogen-doped
bio-char

The porous properties of the different bio-chars are listed in
Table 3. The bio-char produced using pure Ar showed lower Sggt,
with a value of 158 m2 g~1. BC-N, meanwhile, showed a signifi-
cantly increased Sggr and Vg of 521m2g~! and 0.248cm3 g1,
respectively. This is consistent with Reaction (3), in that the H’,
NH," and NH" can etch carbon fragments and significantly open
the material pores through the formation of nitrogen-containing
functional groups [27,28,36].

KOH addition, meanwhile, gave even greater increases in Sggr
and Vo, with values of 774m2 g~ and 0.367 cm3 g1, respec-
tively, for BC-0.1-N. This effect became more pronounced as KOH
concentration increased, with corresponding values of 1873 m2 g~!
and 0.939cm3 g1, respectively, for BC-0.4-N. This is consistent
with Reaction (3), which demonstrates the possible formation of
K metal. This metal has a boiling point of 762 °C; as such, it is pos-
sible that some of the material is removed from the carbon matrix,
while the rest is intercalated, which produces the pore opening to
generate the micropores and mesopores [31]. Furthermore, as the
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Table 4
Result of elemental and XPS analysis and specific capacitance of bio-char.
Samples Elemental analysis/wt.% XPS/atomic % N 1s/area % Cspec/(Fg™1)
Caat Naat C N 0 N-1 N-2 N-3 N-4
BC 80.6 0.8 95.0 0.3 47 - - - - -
BC-N 90.6 7.3 92.1 40 3.9 37.7 25.6 27.6 9.1 39
BC-0.1-N 83.2 10.4 89.7 6.4 3.9 35.1 33.1 10.7 21.0 133
BC-0.2-N 89.3 9.6 90.9 6.3 2.8 32.7 324 8.2 26.7 146
BC-0.3-N 759 9.6 90.6 6.6 2.8 325 403 12.8 14.4 161
BC-0.4-N 705 9.1 90.5 7.0 2.5 36.0 37.2 9.5 17.3 187
daf: dry ash-free basis.
K metal can be swept out by carrier gas Ar, more K metal will be (3)1 4
evaporated out to make the reaction equilibrium. It can increase 1 Pt
the reactivity between KOH and bamboo chips further [37]. 1.2 ’:' \l‘ =—BC
On the other hand, Spic and V. initially increased with i 1 I % —e BC-N
the addition of KOH, though this effect reversed itself as the c1.0 4 *¢
. . . S ' \ - -A- -BC-0.1-N
KOH/bamboo chips weight ratio increased above 0.2. This indicates % 1 i \ —v—BC-0 2-N
that more mesopores were formed and it was consistent with the 0.8 » ' —e-BC 0'3 N
changing trend of average pore diameter. g 1 o5 . -—--BC 0'4 N
The narrow micropore characteristics of the bio-char, as deter- ‘50-6 7 h *\ 4 el
mined by CO, adsorption, are shown in Table S4. The narrow RS < %
micropore surface area (S,_mic) and narrow micropore volume %0-4' N %
(Vp-mic) increased dramatically with NH3 and KOH introduced 1 v = \‘
in. Sy_mic and Vy_mic increased to 2198 m2g-! and 0.778 m3 g1, 0.2 A X .
respectively, at KOH/bamboo chips weight ratio of 0.4. 0.0 ] o -~
Fig. 3a shows the pore size distribution curves of the different I
bio-chars. The addition of NH3 resulted in a significant increase of 1 é : ; '
; e 3 4 5 6
the pore volume at the pore diameter of 2.0-2.7 nm. KOH addition Pore diameter[nm]
gave an initial increase of the pore volume at the pore diameter ( )
of ~2 nm, though this value increased with concentration, yield- 2.0 — BC
ing many pores with 2-3 nm diameters for KOH/bamboo chips - e BC-N Y
ratios over 0.3. The continual increase of the pores with 2-4nm . ..a--BC-01-N LN *
diameters resulted in mesopores becoming dominant over micro- ‘TE 154 —w--BC 0'2 N ﬁ i i
pores, accounting for 70% of all pores in the sample at the highest c . BC-0'3-N i'l!. a 1 3
ratio. This coexistence of micropores and mesopores is believed to < 1 b L h L
be ideal for supercapacitors, which can be ascribed to the actual --<-- BC-0.4-N I &

energy storage occurring predominately in the micropores, while
the mesopores provide fast mass-transport of electrolytes to and
from the micropores [38]. Fig. 3b shows that most narrow micro-
pores of different samples have pore diameters of 0.45-0.65 and
0.75-0.8 nm. The addition of NHj3 significantly increased the pore
volume for diameters of 0.5-0.6 nm. The same effect occurs with
KOH addition for diameters of 0.55-0.65 and 0.75-0.8 nm.

Fig. 4a shows the cyclic voltammetry curves of solid bio-chars.
It could be observed that the CV curve of BC deviated from rectan-
gular shape seriously, indicating the bad capacitive behavior due
to its low specific surface area. The addition of NH3 caused the
CV curve of BC-N to deviate a little from rectangular shape with-
out obvious redox peaks, as the specific surface area was not big
enough with low nitrogen content. Adding KOH resulted in the
CV curves presenting the rectangular-like shapes with a couple
of redox peaks at around —0.8V, indicating the co-existence of
the good electrical double-layer capacitance behavior and pseudo-
capacitive phenomena of the nitrogen-doped bio-char electrodes.

Fig. 4b shows the galvanostatic charge/discharge curves of dif-
ferent samples. Adding KOH resulted in a little deviation from
linear characteristics of the GVD curves, which was due to the
pseudo-capacitive behavior of the nitrogen-containing bio-char
electrodes. However, the deviations of GCD curves of BC and BC-
N from the triangle shape (especially BC, its specific capacitance
was not calculated due to the bad capacitive behavior) were due to
the undesirable capacitive behavior. These results were consistent
with the CV curves analyses. The specific capacitance of bio-char
electrode materials were calculated according to their GCD curves

T T T T T T T
0.4 0.5 0.6 0.7 0.8
Pore diameter [nm]

Fig. 3. Pore size distribution curves of different samples by N, (a) and CO; adsorp-
tion (b).

[16,39] and is listed in Table 4. Cspec increased significantly with
KOH addition, likely due to both an increase in nitrogen content on
the surface as well the discussed increase in Sggr. A maximum value
of 187 Fg~1 was observed for a KOH/bamboo chips weight ratio of
0.4. In addition, the current increased when enhancing the scan
rate, revealing its good rate capability (Fig. S1a). The GCD curves
presented the triangle shape, demonstrating the charge/discharge
reversibility (Fig. S1b). Cspec still retained 85% after 3000 GCD cycles
at 1Ag~!, indicating excellent reversibility and stability (Fig. S1c).

Fig. 4cillustrates the Nyquist plots of different bio-char samples.
The Nyquist plot composed of three sections: (1) at low frequency,
the curve were nearly a vertical line, characterizing the electrical
double-layer capacitance behavior, (2) at intermediate frequency,
a nearly 45° diagonal line (Warburg region) was observed, indi-
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Fig. 4. Electrochemical performance of bio-chars: (a) Cyclic voltammetry curves at
10mVs~1; (b) Galvanostatic charge/discharge curves at 1Ag~'; (c) Nyquist plots
(the inset shows the expanded high frequency region of the plot).

cating the ion diffusive resistance within the electrode materials,
(3) at high frequency, a semicircle implied the charge transfer resis-
tance [40,41].The addition of KOH gave more vertical lines, showing
the better electrical double-layer capacitance characteristics at
low frequency. In addition, no obvious semicircle was observed at
high frequency for all electrode materials, demonstrating the low
charge transfer resistance [42]. The values of the equivalent series

(a)

Intensity[a.u.]

T
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T T
406
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Binding energy[eV]
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b 4 s
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pyridinic-N pyrrolic/pyridone-N  quaternary-N  pyridone-N-oxide

Fig. 5. XPS spectra of BC-0.4-N (a) and chemical structure of four nitrogen-
containing functional groups (b).

resistance (ESR) of all the electrodes were relatively low (<0.5 €2),
revealing the good conductivity of the electrode materials.

The elemental composition of the solid char is listed in Table 4.
The introduction of NH3 significantly increased nitrogen content
in the bio-char, while the oxygen content on the surface of bio-
char decreased obviously due to the preferential reaction between
NH3 and the oxygen-containing functional groups [43]. KOH addi-
tion, meanwhile, also increased nitrogen content, with a value
of 10.4wt.% observed for BC-0.1-N. As the proportion of KOH
increased, the nitrogen content increased significantly and oxygen
content decreased accordingly on the surface. Overall, carbon con-
tent decreased with the addition of both NH3; and KOH, an effect
that is consistent with Reactions (2) and (3).

The typical XPS spectrum for the nitrogen-doped bio-chars
are provided in Figs. 5 and S2, with the typical structure of
nitrogen-containing functional groups. The N 1s spectra can
be deconvoluted into four peaks, specifically pyridinic-N (N-1,
398.2 eV), pyrrolic/pyridone-N (N-2, 399.8 eV), quaternary-N (N-3,
400.9 eV), and pyridone-N-oxide (N-4, 403.2 eV) [16,44,45]. Mean-
while, the relative content of these functional groups is shown in
Table 4. Pyridinic-N and pyrrolic/pyridone-N are more dominant
overall, which is especially beneficial given that these two func-
tional groups are helpful in generating pseudo-capacitive behavior
for supercapacitors [44,45]. These functional groups might result
from NHj3 reacting with hydroxyls and carboxyls, while quaternary-
N might result from the transformation of pyridinic-N into a
graphitic substrate [39,46]. The addition of KOH increased the
presence of pyrrolic/pyridone-N and pyridone-N-oxide, decreased
quaternary-N content, and had no obvious influence over the
amount of pyridinic-N.
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4. Conclusions

Nitrogen-containing liquid compounds and nitrogen-doped
bio-char materials were obtained from bamboo pyrolysis. The
introduction of NH3 generated many nitrogen-containing species
while decreasing phenols and other oxygen-containing species.
In addition, the Sggr, overall nitrogen content and the number of
nitrogen-containing functional groups increased significantly. KOH
addition both increased the bio-char yield and Sggr, yielding values
as high as 1873 m2 ¢! for a nitrogen content of 9.1wt.% in BC-
0.4-N. In addition, the electrode materials generated from bio-char
showed highly enhanced Cspec values, with a maximum value of
187 Fg~!. NH;3 and KOH addition also benefited H, formation, with
H, content exceeding 50 vol.%.
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