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Valorising lignocellulosic biomass R
to high-performance electrocatalysts
via anaerobic digestion pretreatment
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Abstract

Anaerobic digestion (AD) was initially evaluated as a potential preprocessing method for preparing biomass-based
carbon electrocatalysts in this study. The AD pretreatment succeeded in the structural depolymerization and nitro-
gen enrichment of Hybrid Pennisetum, which provided favorable conditions to achieve efficient and homogeneous
nitrogen introduction due to microorganism community enrichment and provided a porous structure by degrada-
tion of the biodegradable components. The resulted biochar exhibited improved physiochemical properties includ-
ing higher specific surface areas, nitrogen content and graphitization degree than that obtained from pyrolyzing raw
biomass. These improvements were positively correlated with the AD time and showed to have enhanced the perfor-
mance in oxygen reduction reaction and practical microbial fuel cell applications. Amongst the investigated samples,
the obtained biochar pretreated by AD for 15 days exhibited the most excellent performance with an onset potential
of 0.17 V (VS. saturated calomel electrode) and the maximal power density of 543.2 mW cm ™ assembled in microbial
fuel cells. This study suggested applying AD as a new biological pretreatment in the preparation of biomass-based
electrocatalysts, and provided a unique pathway for fabricating high-performance biochar-based catalysts by struc-
ture optimization and N-containing active sites construction via gentle biological method, thereby providing a cost-
effective method to fabricate metal-free catalysts for oxygen reduction reaction.

Highlights

-+ Anaerobic digestion pretreatment was conducted to assist electrocatalyst preparation.
- The biological pretreatment succeeded in carbohydrates decomposition and nitrogen enrichment.
- Pretreatment derived biochar significantly increased the ORR activity and microbial fuel cell performance.
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1 Introduction

The sustainable development of human beings is chal-
lenged by energy crisis and environmental pollution,
and advanced technology is called for to realize cir-
cular bio-economy. to enable a circular bioeconomy.
The application of microbial fuel cells (MFCs) is con-
sidered as an efficient and environmentally friendly
approach that can achieve mild conversion of biode-
gradable organic wastes into green electricity. However,
the practical implementation of MFC technologies is
hindered by their sluggish oxygen reduction reaction
(ORR) kinetics (Wan et al. 2020). Platinum (Pt)-based
catalysts are extensively used as cathode materials for
the ORR because they generate high catalytic activity,
but they are also costly, scarce, and prone to poisoning
(Li et al. 2022; Liu et al. 2022b). Therefore, it is impera-
tive to develop electrocatalytic materials with high
efficiency, low cost, high-activity ORR to replace this
precious metal.

Biomass-derived carbon materials are promising sub-
stitutes for Pt-based catalysts because of their advan-
tages such as low cost, stable structure, and excellent
catalytic activity (Li et al. 2020). In previous studies, the
preparation of biochar from various biomass resources,
such as giant water hyacinth (Liang et al. 2018), Entero-
morpha (Zhang et al. 2019), microalgae (Ma et al. 2020),
pomelo peels (Maliutina et al. 2021), and cornstalks
(Liu et al. 2022a), as well as their application for ORR
were reported. However, pristine biochar materials gen-
erally exhibit poor catalytic activity (Ma et al. 2021).

Pretreatment is therefore necessary to improve the ORR
catalytic performance of biochar.

Pretreatment techniques can be categorized into
physical, chemical, thermal and biological techniques
(Fakayode et al. 2020; Yaashikaa et al. 2023). Physical
pretreatment methods such as ball milling, densifica-
tion, and extrusion can improve the physical properties
of the biomass and its derived biochar (Meng & Wang
2020; Wannasen et al. 2022). However, the physical and
chemical properties of biochar can be only improved
to a limited extent. Thermal and chemical pretreat-
ments effectively improve the properties of biomass
derived biochar. However, their further development was
restricted by the requirement of heat input and the use
of hazardous chemicals, such as acids (Chu et al. 2018),
alkalis, salts (Chen et al. 2021), and processes are energy
intensive.

Recently, biological pretreatments have been used to
assist the synthesis of high-efficiency ORR biochar cata-
lysts. For instance, Wang et al. prepared porous carbon
with ultrahigh specific surface area using the superior
infiltrability and biodegradability of white-rot fungi on
a lignocellulosic substrate (Wang et al. 2019). Peng et al.
fabricated N-doped hierarchical porous carbon via enzy-
matic treatment and subsequent pyrolysis with ammo-
nium chloride (NH,Cl) (Peng et al. 2019). It was also
suggested that the addition of NH,CI can impact the
decarbonylating and decarboxylation reactions during
the pyrolysis of oat straw, thereby promoting the degree
of carbonization (Jerzak et al. 2023). The results of both
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studies demonstrated that biological methods can effec-
tively improve the physicochemical properties of biomass
derived biochar.

Applying anaerobic digestion (AD) as a mild pre-
treatment also provides an opportunity to optimize the
physiochemical properties of biochar. Compared with
single-enzyme bacterial treatment, AD is also capable to
partially decompose the biomass structure. In addition,
microorganisms can be used as nitrogen sources possi-
bly leading to the synthesis of N—doped carbon materi-
als. Partial decomposition and nitrogen sources provide
opportunities to produce porous N-doped biochar, which
is promising for achieving the desired electrocatalytic
performance. The AD process also produces biomethane
as an added value, and the co-production of biogas and
high-performance biochar will enable the complete val-
orisation of biomass resources. However, the application
of AD to fabricate lignocellulosic biomass and enhance
the properties of the resulting carbon materials has rarely
been reported.

The aim of this study was to develop a proof-of-con-
cept of using AD as a pretreatment for the preparation
of N-doped carbon materials with Hybrid Pennisetum
(HP) as the raw material. The effect of AD pretreatment
on the physicochemical properties of the pretreated bio-
mass and derived biochar materials was investigated. The
obtained biochar was further used as a catalyst for the
ORR and microbial fuel cells to investigate its electrocat-
alytic performance. Furthermore, the effects of AD pre-
treatment were compared with those of other previously
used methods. The results of this study provide guidance
for the development of mild and effective methods for
valorising biomass to valuable products.

2 Experimental

2.1 Materials

HP was collected from Dingnan City, Jiangxi Province,
China. Before using, the HP was washed with deionized
water to remove surface impurities and then crushed.
The inoculum obtained from the AD of the cow dung in
a dairy farm in Guangzhou was domesticated in the labo-
ratory for more than 2 weeks.

2.2 Pretreatment of catalyst precursors

AD was employed for HP pretreatment. Details are
reported in our recent study (Yang et al. 2023a). Briefly,
biomass pretreatment was performed in batch reactors
(2 L). For each sample, 150 g of wet HP and 1600 mL
of inoculum were mixed and kept at a mesophilic tem-
perature (37+1 °C) for up to 15 days. The solid diges-
tate was collected after the hydraulic retention times of
3,9, and 15 days. Solid products were dried and crushed
into biochar catalyst precursors. The obtained biomass
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precursors were named as PH-X (where PH represents
the raw material and X represents the days of digestion).

2.3 Preparation of biochar catalysts

Biochar catalysts were prepared via the pyrolysis of vari-
ous pretreated HP. Pyrolysis experiments were carried
out at 800 °C in a programmed temperature-controlled
tube furnace. In each run, 2 g raw material was placed
in the middle of a quartz tube, heated to 800 °C at 5 °C
min™ under a N, atmosphere with a flow rate of 200
mL min and retained for 2 h. The solid product was col-
lected when it reached room temperature. The collected
product was washed with 1 M HCI solution for 24 h, fil-
tered with deionized water until it reached a neutral pH,
and then dried overnight at 60 °C. The obtained catalysts
were named as C-PH-X (where PH represents the raw
material and X represents the days of digestion).

2.4 Characterization

The elemental analysis of raw materials was carried
out by using an elemental analyzer (ario EL, Elementar,
Germany). The contents of cellulose, hemicellulose and
lignin were measured according to the National Renew-
able Energy Laboratory (NREL) standard (Wu et al.
2021). The morphologies and the texture properties of
the prepared materials were estimated using the scan-
ning electron microscope (SEM, JEOL JSM-7600F). A
nitrogen adsorption—desorption test was performed
using a gas adsorption analyzer (ASIQMO002-2). The
specific surface area of catalyst was evaluated by the
Brunauer — Emmett — Teller (BET) method, and the pore
size distribution of catalyst was calculated based on the
density functional theory (DFT) method. The crystalline
phase of the obtained catalyst was analyzed by X-ray dif-
fraction (XRD, Model D/max-rC) using a Cu K« radia-
tion source with \ of 1.5406 A. The content and species
of nitrogen on the catalyst surface were determined
by X-ray photoelectron spectra (XPS, Thermo Fisher
ESCALAB250Xi spectrometer). The types of functional
groups on the surface of the gained catalyst were ana-
lyzed by Fourier transform infrared spectrometer (FTIR,
Bruker, TENSOR27).

2.5 Electrochemical tests

The electrochemical measurements were carried out in a
conventional three-electrode cell connected to the CHI
760E electrochemical workstation (Chenhua Co., Ltd.
Shanghai, China). A glassy carbon electrode, a Pt wire
and a saturated calomel electrode (SCE) were used as the
working electrode, counter electrode and reference elec-
trode, respectively. The cyclic voltammetry (CV) and lin-
ear-sweep voltammetry (LSV) curves were measured by
the rotating disk electrode (RDE) in N, or O, saturated
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50 mM phosphate buffer solution (PBS) at 10 mVs ~*. The
Tafel slopes were calculated according to our previous
work (Yang et al. 2023a), where i, is the kinetic current
density.

Rotating ring disk electrode (RRDE) tests were per-
formed to evaluate the number of electron transfer (n)
and hydrogen peroxide (H,O,) yield. These tests were
performed under N, or O, in saturated 50 mM PBS at
10 mVs ~! with 1600 rpm. The electron selectivity of the
catalysts was evaluated based on the electron transfer
number (n) and H,O, yield, which were determined by
the following equations (Gong et al. 2020):

1;
a2 (1)
Id + Ir/N
I/N
H202%=200———
=L TN @)

where 1 is the disk current, I, is the ring current, and
N =0.37 is the current collection efficiency of Pt ring.
The assembly of the MFCs was carried out accord-
ing to the method introduced in a previous study (Yang
et al. 2023b). The detailed description is presented in the
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Fig. 1 SEM images of HP (a), HP-3 (b), HP-9 (c), and HP-15 (d)
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supplementary information (SI). The voltage output was
recorded by a data collector (Tektronix, Keithely 2700E)
and the polarization curves of MFCs were measured
according to the steady discharging method.

3 Results and discussion
3.1 Physiochemical properties of biomass
and AD-pretreated biomass

The SEM images of the raw HP and AD-pretreated sam-
ples are shown in Fig. 1. The biomass morphologies of
biomass were significantly different with the increas-
ing AD time. Undigested HP (Fig. 1a) displayed a highly
compact and intact surface texture, whereas HP treated
with AD showed a porous and rough surface (Fig. 1b—d),
as well as many shallow nanoholes. After AD treatment
for 15 d (Fig. 1d), the surface structure of HP-15 was
severely etched and abundant channels with varying ero-
sion holes appeared. These results can be mainly attrib-
uted to the digestion of biomass components (cellulose
and hemicellulose) with the increase of AD time. Specific
compositional changes are shown in Additional file 1: Fig.
S1. After AD pretreatment for 15 d, the relative contents
of cellulose and hemicellulose decreased from 34.73% to
10.99% and 20.53% to 8.42%, respectively, and 75 wt.%

2:0kV: x40k
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of the raw biomass was degraded. It can be assumed
that this drastic decrease effectively altered the biomass
structure, as presented in Fig. 1. Thus, loose and porous
structured biomass can be used as an ideal feedstock to
produce porous biochar. The ultimate analysis results for
all biomass precursors are presented in Additional file 1:
Table S1. With an increase in the AD time, the relative
contents of C and O decreased, whereas the N concen-
tration increased, indicating that mainly carbohydrates
(hemicellulose and part of cellulose) in the biomass were
consumed during AD, and microbial cells (rich in N)
constantly accumulated in the solid digestate (Wang et al.
2023). The accumulation of N provides favorable condi-
tions for the synthesis of N-doped biochar.

3.2 Physiochemical properties of biochar materials

The obtained AD-pretreated biomass was pyrolyzed
under the same conditions (800 °C for 2 h) to produce
biochar. The SEM images of various samples are shown
in Additional file 1: Fig. S2. C-HP displayed a smooth
surface, which became rougher with visible pores and
channels after AD pretreatment. This observation was
consistent with the SEM characterization of pretreated
biomass. To further analyze the changes in structural
features, the pore structures of the samples were meas-
ured using N, adsorption-desorption isotherms. As
shown in Fig. 2a, all samples exhibited typical hysteresis

= of
C-HP-9 o]

n 174 .
T ) )Ar"gﬁcﬁy
e 116 | /7,9::\,70‘
2 s8f o -
S 0 A
b5t
2 5jg[C-HP3
=
2 146
3
<73
‘é’ \
E 0
= 105
> 70

35

0

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P )

Page 5 of 12

loops, which strongly implied the existence of mesopores
(Qunying et al. 2014). Compared with the other samples,
C-HP-15 showed a drastic increase in N, adsorption at
a relatively low pressure (P/P,<0.01), indicating that it
contained more well-developed micropores. The specific
surface areas and pore volumes of all samples are sum-
marized in Table 1. The specific surface area of obtained
biochar materials increased with the extension of AD
time in the order of C-HP-15 (225 m’g™!) > C-HP-9 (209
m?g™)>C-HP-3 (175 m’g™!)>C-HP (120 m’g™!). The
pore size distribution also confirmed the microporous
structure of C-HP-15 (Fig. 2b). In contrast to other bio-
char materials with a main pore size ranging from 2.4 to
10.0 nm, C-HP-15 pore size fell in the range of micropo-
res (1.3-2.0 nm).

The crystallinities of the biochar catalysts were deter-
mined using XRD. As shown in Fig. 3a, all the sam-
ples exhibited peaks at 25° and 43.5°, corresponding to
the (002) and the (100) crystal plane of carbon, respec-
tively. The (002) and (100) diffraction peaks indicated a
layer-to-layer d-spacing of 0.34 and 0.243 nm, respec-
tively, which can be attributed to the diffraction of the
graphitic structure. The broad diffraction halo peak at
25° and relatively weak diffraction peak at 43.5° indi-
cate that carbon is disordered. FT-IR spectroscopy was
employed to investigate changes of surface functional
groups of the biochar catalysts. Figure 3b reveals that all
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Fig. 2 N, adsorption—desorption isotherms (a) and pore size distribution (b) of C-HP, C-HP-3, C-HP-9, and C-HP-15
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Table 1 Summary of textural parameters obtained from nitrogen adsorption analysis of C-HP, C-HP-3, C-HP-9, and C-HP-15
Sample SBE2T Smizcrc» Sm SO Vto al Vm'cro vm SO
(m*g™") (m?g™) (m?*g™") (m?g™") (mg™) (m?g™")

C-HP 120 120 0.13 0 0.13
C-HP-3 175 175 0.26 0 0.26
C-HP-9 209 209 0.30 0 0.30
C-HP-15 225 78 147 0.39 0.04 0.35
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Fig. 3 XRD (a) patterns and FT-IR spectra (b) of C-HP, C-HP-3, C-HP-9, and C-HP-15

biochar catalysts had similar peaks at 763, 1056, 1361,
1608, 2829, and 3448 cm™}, corresponding to the tensile
vibrations of C(aryl)-CHy, C-O, -aryl, C=0, —CHy and
—OH, respectively (Najbjerg et al. 2011; Sun et al. 2018).
The peak intensities of C(aryl)~-CHy and -aryl increased
in the order of C-HP-15>C-HP-9>C-HP-3>C-HP,
indicating that an increase in the AD time improves the
graphitization of the obtained biochar catalyst. In addi-
tion, the peak intensities of several oxygenated functional
groups, such as C=0 and —OH, decreased in the order
C-HP-15<C-HP-9 < C-HP-3 < C-HP. This may be attrib-
uted to the increase in the degree of degradation of the
hydroxy-rich cellulose and hemicellulose in the biochar
precursor with increasing AD time, because many oxygen
bearing substances mainly originate from cellulose and
hemicellulose in the pyrolysis process (Xiong et al. 2023).
Raman spectroscopy was conducted to determine the
degree of graphitization and defects in the biochar cata-
lysts. As depicted in Additional file 1: Fig. S3, two peaks
can be observed at 1350 and 1590 cm™!, which can be
attributed to the D (disordered carbon) and G (graphitic
carbon) bands of the biochar catalyst. The G-band origi-
nates from in-plane stretching vibrations of all sp® hybrid
atoms in the graphitic structure. The D-band is related
to defects and disordered structures caused by vacancies

and heteroatom doping. The I/l ratio is generally used
to characterize the defects and graphitic degree of car-
bon materials. An increase of the I/I ratio indicates an
increase in the defect degree (Wu et al. 2018). The I,/I
ratio of the biochar catalysts varied from 1.06 to 1.11, and
no significant changes were observed.

XPS characterization was conducted to investigate the
types of N-doping on the carbon structure. As shown in
Fig. 4, the N 1s spectra of all catalysts can be resolved
into four peaks at 398.4, 398.4, 401.4, and 402.0 eV,
which correspond to pyridinic-N, pyrrolic-N, graphitic-
N, and oxidic-N, respectively (Hu et al. 2020; Ma et al.
2020). Compared with C-HP, the intensities of the N 1s
peaks of C-HP-3, C-HP-9 and C-HP-15 were enhanced,
indicating that the biochar catalysts (C-HP-3, C-HP-9
and C-HP-15) obtained after AD treatment contained
more N in the carbon skeleton than the untreated bio-
char catalyst (C-HP). Furthermore, N enrichment in the
precursor after AD treatment could effectively increase
the N-doping amount of the biochar. It is worth noting
that the relative contents of pyridinic-N and graphitic-
N in the biochar catalysts increased in the order C-HP-
15> C-HP-9> C-HP-3>C-HP (Table 2). Pyridinic-N and
graphitic-N have been reported to be responsible to the
ORR activity of biochar catalysts (Guo et al. 2016). This



Yang et al. Biochar (2024) 6:23

~~
oS}
N’

™™ Pyridinic-N C-HP
_ | Pyrrolic-N
S |7 Graphitic-N
S | ™™ Oxidized-N
2
RZ)
=
Bt
=
Pt
404 400 396
Binding energy (ev)
(©)
C-HP-9

Intensity (a.u.)

404 400 396
Binding energy (ev)
Fig.4 N1sspectrum of C-HP (a), C-HP-3 (b), C-HP-9 (c), and C-HP-15 (d)

408

(®

~
ol
~'

Page 7 of 12

N’

C-HP-3

Intensity (a.u.)

460
Binding energy (ev)

C-HP-15

Intensity (a.u.)

400

205
Binding energy (ev)

Table 2 The relative content of the sum of pyridinic-N, pyrrolic-N, graphitic-N and oxidized-N for C-HP, C-HP-3, C-HP-9 and C-HP-15

Name Pyridinic-N (%) Pyrrolic-N (%) Graphitic-N (%) Oxidized-N (%)
C-HP 11.0 64.3 19.5 5.2
C-HP-3 17.8 39.7 237 18.8
C-HP-9 18.1 295 289 235
C-HP-15 226 243 29.0 241

is because (1) pyridinic-N produces active sites during
the chemisorption of oxygen; thus, the reduction of O,
is more efficient (Wang et al. 2018), and (2) graphitic-N
might be responsible for the reduction of oxygen through
a four-electron pathway (Duan & Henkelman 2020; Liu
et al. 2016).

3.3 The ORR electrochemical performance and practical
MFC application performance

To examine the electrocatalytic activity of the biochar
catalysts, CV was conducted in 50 mM PBS with oxy-
gen or nitrogen. As shown in Additional file 1: Fig. S4,
all the biochar catalysts showed distinct peaks in the
O,-saturated solution, whereas ORR peaks were not
observed for any sample in the N,-saturated solution.
These results revealed that all biochar catalysts exhibited
ORR catalytic activity. Furthermore, LSV measurements

were performed in an O,-saturated 50 mM PBS environ-
ment at 1600 rpm. Generally, a positive onset potential
(Eonset) Of an electrocatalyst indicates its high electro-
catalytic ORR performance. Figure 5a shows that the
E nset Of the catalysts ranked as follows: C-HP (-0.07 V
vs. SCE) < C-HP-3 (0.12 V vs. SCE) <C-HP-9 (0.15 V vs.
SCE) < C-HP-15 (0.17 V vs. SCE). This indicates that the
ORR activity of the obtained biochar catalyst increased
and oxygen more easily electrochemically reduced with
increasing AD time (Yang et al. 2018). To gain insights
into the kinetics parameters of ORR catalysis, the Tafel
slope was calculated. A low Tafel slope implied enhanced
kinetics (Jose et al. 2021). As shown in Fig. 5b, the Tafel
slopes of the biochar catalysts decreased in the order of
C-HP-15<C-HP-9<C-HP-3<C-HP, which further con-
firms that the ORR activity and kinetics increased with
the increase of AD time. This improvement is likely due
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Fig.5 LSV curves of samples in O,-saturated 50 mM PBS at 1600 rpm (a) and corresponding Tafel slope (b); RRDE tests of the ORR on samples
in O,-saturated 50 mM PBS electrolyte at a rotation rate of 1600 rpm (c); Hydrogen peroxide yields (H,0,%) and the electron number (n) calculated

from RRDE on C-HP, C-HP-3, C-HP-9 and C-HP-15 (d)

to the increase of the graphitic-N and pyridinic-N (Li
et al. 2016).

Generally, the ORR is a multi-step process, which
mainly occurs through 2e- and 4e- pathways (Zhang and
Xia 2011). As shown in the equations of (3, 4), it is worth
noting that the 4e™ pathway is the desired one for the
ORR process as the 2e- pathway generates H,O,, which
can lead to the increase of over potential (Li et al. 2021).

02 +4H" + 4e” (3)

2H20

02+ 2H" +2e~ = H202 (4)

The electron transfer number is an important index
for evaluating the reaction kinetics of ORR electrocata-
lytic materials (Zhou et al. 2023). The disk ring currents
of the biochar catalysts were determined using RRDE
measurement (Fig. 5c), and the electron transfer num-
bers (n) were calculated using Eq. (1). When the AD
time increased to 15 d, the electron transfer number of
the obtained biochar catalyst reached nearly 4, indicating

that the ORR of using C-HP-15 is mainly through the
4e- transfer pathway. Furthermore, to verify the electron
transfer pathway of the catalysts, the H,O, yield was ana-
lyzed. As the reaction approaches four-electron trans-
fer, the yield of H,O, decreases. Figure 5d shows that
the yield of H,O, decreased in the order of C-HP-
15<C-HP-9<C-HP-3<C-HP, suggesting that the four-
electron ORR strengthened with increasing AD time.
MECs were assembled with various biochar as cath-
ode catalysts to investigate their practical applica-
tion performance (Additional file 1: Fig. S5). The MFCs
using biochar as air—cathode materials remained sta-
ble within 6 operating cycles (Fig. 6a). During each of
the running cycle, the output voltage of MFCs with
different cathode catalysts increased in the order of
C-HP-15>C-HP-9>C-HP-3>C-HP, and the maximal
output voltage of MFCs reached 303 mV with C-HP-
15 as the cathode, which is 1.4 times higher than that
of the C-HP (221 mV). This indicates that the AD pre-
treatment derived biochar as cathode catalyst enhanced
ORR performance and improved the power generation
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Fig. 6 The run cycles (a), Power-density curves and cell-polarization curves (b) of MFCs with C-HP, C-HP-3, C-HP-9 and C-HP-15

performance of MFCs. According to the power density
curves in Fig. 6b, the peak power densities of the MFCs
with different catalysts were 543.2, 473.2, 442.5, and 360.1
mW cm™? for C-HP-15, C-HP-9, C-HP-3, and C-HP,
respectively. Considering that the experiments were per-
formed under the same conditions except for the cathode
catalyst, the output voltage and power density should be
attributed to cathodic biochar and C-HP-15 was shown
to have the most significant performance. This further
confirms that increasing the AD pretreatment time
enhanced the power generation performance of MFCs,
which is consistent with the output voltage analysis.

3.4 Further discussions

Electrochemical catalytic performances of carbon mate-
rials strongly depend on their physicochemical proper-
ties. Achieving excellent ORR activity in carbon catalysts
requires multi-dimensional engineering including appro-
priate heteroatom doping, porous structure adjustment,
and high graphitization (Xu et al. 2021). Specifically,
increasing the abundance of mesopores could benefit
mass transport during the reaction (Xu et al. 2021). A
higher specific surface area provides more opportuni-
ties to obtain more active sites (Kaur et al. 2019). Higher
graphitization indicates a better electrical conductivity of
biochar. N-doping with higher graphitic-N and pyridinic-
N concentrations can yield numerous active sites (Li et al.
2016).

In this study, AD successfully achieved the partial deg-
radation of lignocellulosic biomass composites, and 75%
of the hemicellulose and cellulose were digested, result-
ing in a lignin-rich residue. In addition, the surface struc-
ture was altered with an abundant porous structure,
which enhanced the specific surface area of the obtained
biochar. Similar results were also achieved by physical

and chemical methods (Gao et al. 2020). Interestingly,
both the pretreated biomass and resulting biochar
had higher nitrogen contents, which eventually led to
higher abundance of graphitic-N and pyridinic-N, both of
which have been previously reported as keys to enhance
the ORR performance of biochar (Duan & Henkelman
2020). The improved MFC application performance of
AD-pretreated biochar further confirmed that this mild
pretreatment is viable for enhancing the electrocata-
lytic properties of biochar. The analysis results showed
that the biochar obtained with AD pretreatment had a
richer mesopore structure, larger specific surface area,
higher graphitization, and higher contents of graphitic-
N and pyridinic-N than untreated biochar. Each of these
improvements is beneficial for achieving a better catalytic
performance.

Recent representative studies using different pretreat-
ment methods for biochar preparation and ORR are
listed in Table 3. Compared with other biochar electro-
catalysts, the samples prepared in this study did not show
a superior reversible E ... This might be owing to vari-
ous factors such as the application of different activation
methods, inconsistency of raw materials, and different
pyrolysis conditions. However, it should be noted that
the AD pretreatment conducted in this study achieved a
maximal increase in E_ ., by 0.24 V in 50 mM PBS. This
enhancement was significantly higher than that reported
in other studies. Furthermore, the increase in E_ ., under
alkaline conditions was measured. Additional file 1: Fig.
S6 and Table 3 show that the maximal increase of E_ .,
in 0.1 M KOH solution was 0.15 V, representing an excel-
lent improvement. The AD pretreatment is a promising
strategy for improving the electrocatalytic properties
of lignocellulosic biomass. Based on the results of this
study, more research should be conducted to optimize
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Original biomass  Pretreatment Pyrolysis ORR activity (E, et Increase of E, Refs.
method condition
Untreated Pretreated
Yuba Ball-milling 850°Cfor2h 0.97Vvs.RHE in 0.97Vvs.RHE in oV (Zhang et al. 2021)
0.1 MKOH solution 0.1 M KOH solution
Pyrrolet Freeze-drying 1000 °Cfor2 h 0.92Vvs.RHE in 0.97Vvs.RHE in 0.05V (Kurian et al. 2022)
0.1 M KOH solution 0.1 M KOH solution
Brown coal Oxidative (O,) treat- 1050 °C for 2 h 0.905V vs. RHE in 0.978V vs. RHE in 0.073V (Liu et al. 2019)
ment 0.1 M KOH solution 0.1 M KOH solution
Bamboo Alkali (NaOH) treat- 900 °C for 1 h ~0.97Vvs.RHE in 0.98V vs.RHE in 01V (Cuietal. 2023)
ment 0.1 M KOH solution 0.1 M KOH solution
Cattail leaves Alkali (@ammonia) 700°Cfor2 h 0.72Vvs.RHE in 0.88Vvs.RHE in 016V (Panomsuwan et al.
treatment 0.1 M KOH solution 0.1 M KOH solution 2022)
Hot-pressed rape-  Acid (mixture 800 °Cfor2h 0.90V vs.RHE in 0.92Vvs.RHE in 0.02V (Juvanen et al. 2022)
seed press cake of HNO; and H,S0,) 0.1 MKOH solution 0.1 M KOH solution
treatment
Microalgae Lipid extraction 800 °Cfor2h 0.75V vs.RHE in 0.82Vvs.RHE in 007V (Wang et al. 2022)
50 mM PBS 50 mM PBS
Raw wood Enzyme treatment 900 °Cfor2 h - 0.988V vs. RHE in - (Peng et al. 2019)
0.1 M KOH solution
Hybrid Pennisetum  Anaerobic digestion 800 °C for 2 h 0.73Vvs.RHE in 0.88V vs. RHE in 0.15V This work
0.1 M KOH solution 0.1 M KOH solution
Hybrid Pennisetum  Anaerobic digestion 800 °C for 2 h 0.58V vs. RHE 0.82Vvs.RHE in 0.24V This work
in 50 mM PBS 50 mM PBS

All potential units were converted to reversible hydrogen electrode (RHE) based on the previously introduced method (Wang et al. 2020; Ye et al. 2021)

the pretreatment and pyrolysis conditions for different
types of biomass.

Furthermore, the proposed AD approach is capable
of producing a fraction of biomethane, achieving added
value from lignocellulosic biomass. Considering that
this process is a mild treatment and that no hazardous
chemicals are used, it is preferable over conventional
chemical pretreatment. The economic viability needs to
be further assessed as an energy-consuming drying pro-
cess if required after AD. Based on the proof-of-concept
developed in this study, the physicochemical parameters
of biochar can be improved. For instance, augmenta-
tion with the desired AD microorganisms will further
enhance the pretreatment performance. The nitrogen
content can be further increased via co-AD with nitro-
gen-rich feedstocks such as food wastes. These research
avenues should be further explored.

4 Conclusion

In this study, proof-of-concept research was conducted
on the application of AD as a pretreatment for electrocat-
alytic biochar preparation. Upon digesting the majority
of the biodegradable carbohydrates (hemicellulose and
cellulose) in lignocellulosic biomass via AD, the porous
structure of the biomass improved and the nitrogen con-
tent increased. Pyrolysis of pretreated biomass resulted
in biochar material with an improved porous structure,

higher specific surface area, enhanced graphitization and
doping with abundant graphitic-N and pyridinic-N. This
multi-dimensional improvement can enhance the ORR
and MFC performances when biochar is used as an elec-
trocatalyst. The results of this study lay the foundation
for integrating AD and pyrolysis to achieve near-com-
plete valorization of grass biomass to valuable products.
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