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Abstract

Carbon fibers (CFs) demonstrate a range of excellent properties including (but not limited to) microscale diameter, high
hardness, high strength, light weight, high chemical resistance, and high temperature resistance. Therefore, it is necessary
to summarize the application market of CFs. CFs with good physical and chemical properties stand out among many mate-
rials. It is believed that highly fibrotic CFs will play a crucial role. This review first introduces the precursors of CFs, such
as polyacrylonitrile, bitumen, and lignin. Then this review introduces CFs used in BESs, such as electrode materials and
modification strategies of MFC, MEC, MDC, and other cells in a large space. Then, CFs in biosensors including enzyme
sensor, DNA sensor, immune sensor and implantable sensor are summarized. Finally, we discuss briefly the challenges and
research directions of CFs application in BESs, biosensors and more fields.

Highlights e CF is a new-generation reinforced fiber with high hardness and strength.
e Summary precursors from different sources of CFs and their preparation processes.

e Introduction of the application and modification methods of CFs in BESs and biosensor.
e Suggest the challenges in the application of CFs in the field of bio-electrochemistry.

e Propose the prospective research directions for CFs.

Keywords Carbon fiber material - Bioelectrochemistry - Microbial fuel cell - Microbial electrolysis cell - Modified -
Biosensors

Introduction

The technological era has increased the demand for new
materials that can overcome the limitations of traditional
materials [1, 2]. In virtue of their outstanding physical
and chemical properties, carbon fibers (CFs) have become
widely used in defense, aerospace, healthcare, construction,
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and other industries [3—5]. CF has a long history of devel-
opment (Fig. 1a). Domestic CF industry started late, still
lagged behind the world’s advanced level, and failed to seize
the market first (Fig. 1b). It can be seen from the national
policy that the country promotes and applies CF as a new
material, continuously guides the development of domes-
tic CF, and thus attracts the attention of many researchers.
Typical CFs are long filamentous materials with diameters
in the micron range and carbon contents exceeding 95% [6].
From the perspective of the crystal structure of CFs, the
crystal faces are almost parallel to the axis of the fiber. It is
this parallel arrangement that makes CFs stronger than other
fibers [7-9]. The original CFs are divided into two types:
one is CF, which is prepared in the temperature range of
1000-1500 °C; the other is called graphite fiber, which is
prepared above 2000 °C. In the process of development, the
differences between them have been removed, and both are
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considered to be CFs. The CFs prepared at low temperature
are high-strength CFs, and the CFs prepared at high tem-
perature are high modulus CFs. CFs are stronger than steel
but lighter than aluminum. CFs are used in the treatment of
fibrosis (a lung disease resulting from damage and scarring
of lung tissue), as they process both the inherent character-
istics of carbon and the softness and processability of textile
fibers. Besides being more lightweight, harder, and stronger
than existing materials, CFs have high chemical and tem-
perature resistance. CFs pyrolyzed from suitable precursor
fibers [10] at low and high temperature are known as “high-
strength CFs” and “high-modulus CFs”, respectively. The
first CFs were constructed from cellulose fibers by Thomas
Edison in the 1870s [4]. Compared with other fibers, CF has
more regular fiber structure, coupled with its high fibrous
structure in various fields of application occupy a leading
position [6]. In the 1960s, CFs were used as lightweight
reinforcement materials in composites, as their structural
properties are superior to those of synthetic rayon precursor
[10]. The global annual growth of CFs was approximately
58,000 tons in 2015 [11], and the volume of CF-polymer
composite materials is projected to reach 197,000 tons by
2023 [12].

CFs have been widely used in bio-electro-chemistry
applications, such as bio-electrochemical systems (BESs),
biosensors, biological supercapacitors, and biological elec-
trochemical reactors. The present reviews focus on the
applications of CFs in BESs and biosensors. The electrode
materials are the highest proportion of CF used in BESs. To
meet various functional design and application requirements,
CF is used as a matrix to be synthesized into different forms
for electrode materials. Although conventional CF materials,
such as CF cloth, carbon felt, CF paper, and CF nanomateri-
als, are relatively stable and have good electrical conductiv-
ity [13], their uses in BESs and biosensors are limited by
various disadvantages (small surface area, large aperture
and corrosion vulnerability). Moreover, as CF materials are
inherently hydrophobic, they exhibit poor biological adhe-
sion and low electron transfer capacity. These problems are
further exacerbated by secretions from microorganisms [14,
15]. The poor application efficiency, requiring CF modifica-
tion. Surface treatment of fiber materials can improve the
adhesion between the fiber surface and polymeric resins [7].
Recently, the surface modification of CFs has become an
interesting research area.

This paper discusses three sources of CFs from different
raw materials: polyacrylonitrile (PAN), bitumen, and ligno-
cellulose. As illustrations of recent CF applications in bio-
electro-chemistry, we discuss the developments in the gas
phases of these three sources, BESs, and biosensors. After
presenting the research progress of conventional CFs and
the advantages of modified CFs, we list some modification
methods. Finally, we highlight the challenges faced by CF
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applications and future research direction in this field. The
production of CF is the first and crucial step in the applica-
tion of CF, and the first step of production is to select the
appropriate precursor. The precursor determines the perfor-
mance and application of CF, that is, a good precursor lays
the foundation for the opening of the application market of
CF.

CFs with Different Precursors and Their
Advantages

CFs are produced by heat-treating precursor fibers through
at least two stages of stabilization and carbonization [7].
In theory, almost any fiber containing carbon atoms can be
converted into CF via heat treatment. The earliest CFs made
from human-made precursor fibers delivered insufficient ten-
sile strength and strength. PAN, bitumen, and lignocellu-
lose precursors were significantly improved. Table 1 clearly
shows the performance comparison of PAN, bitumen, and
lignin precursors.

PAN-Based CF

PAN is widely used in textiles, for air filtration, as protective
clothing, and for water purification. CFs made from PAN
silk are the most valuable additives [16]. Acrylic fiber with
an acrylonitrile content of > 85% is an ideal precursor mate-
rial for CF production. PAN-based CFs are mainly used as a
reinforcement of composite materials (Fig. 2a). PAN endows
the CFs with high melting point and high carbon yield
50-60% [17]. Based on their mechanical properties, PAN-
based CFs are divided into high-strength CFs, high-modulus
CFs, and high-strength high-modulus CFs. By virtue of their
low density, high chemical stability, and excellent mechani-
cal properties, PAN-based CFs are widely used in aero-
space, bio-electrochemistry, and other fields [18]. Today,
PAN-based CFs comprise over 90% of the commercial CFs
[19]. PAN molecules are composed of hydrocarbon main
chains and repeated nitrile chains [20] with a simple struc-
ture and stereotactic properties (Fig. 2b). The stereotactic
polymers formed by PAN usually have different mechanical
and chemical properties [20].

As PAN precursor dominates the CF market, understand-
ing the formation of PAN precursors is necessary for produc-
ing high-performance CFs. The literature mentions wet [22],
dry, and dry—wet jet-spinning techniques for manufacturing
acrylic fibers. In the wet technique, a polymer is dissolved
in a solvent and then poured into a solidified liquid contain-
ing a non-solvent liquid to form the primary fiber. The sol-
vent is separated from the polymer coating in a coagulation
bath and the non-solvent portion diffuses through the poly-
mer. The excess solvent is then washed, rinsed, stretched,
and dried in a bath and hot roller [22]. PAN-based CFs are
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Fig. 1 a Development history of carbon fiber in the world; b comparison of development process of overseas and domestic carbon fiber industry

manufactured by a three-stage process of polymer-precursor
synthesis, fiber spinning, and heat treatment. The heat treat-
ment stage includes two main steps: (1) thermal stabilization
in an air environment and (2) carbonization at high tempera-
tures in a nitrogen/argon environment [23, 24]. The thermal
stabilization step is a slow and energy-intensive process,
consuming 65% of the total energy of converting PAN to
CFs. This high energy consumption significantly increases
the cost of PNA-based CFs [25-28]. Wet—dry jet-spinning
is beneficial for stretching and improving the molecular ori-
entation of the filaments. It also avoids the high diffusivity
caused by the temperature difference between the spinning
stock and filaments in a coagulation bath [29]. PAN-based
CFs and their composites are promising structural materials
with excellent properties and low weight but the high cost
of PAN limits their application potential. Thus, the develop-
ment of lower-cost precursor materials is essential.

As for the cost of CF, because PNA-based CF has excel-
lent quality and fine mechanical properties, which account
for the highest proportion in CF. Consequently, we take
PAN-based CF as an example to analyze the production cost
of CF. The production and preparation costs of PAN-based
CF mainly include PAN proto-filament, peroxidation, low

temperature, and high temperature carbonization, and then
sizing and winding cists. Among them, PAN proto-filament
accounts for 51%, which is the main factor affecting CF
production. The second is peroxidation and carbonization,
accounting for 16% and 23% respectively. Proto-filament
preparation is the core link of production, and peroxidation
and carbonization are the central links of production. Both
are the keys to CF production and preparation processes, and
the processes are shown in Fig. 3.

Bituminous-Based CF

To expand the CF market, the production costs must be
reduced as mentioned above [30]. The costs of PAN and
spinnable bitumen precursors are almost 50% of the total
production cost [31]. One lower-cost alternative is bitumen
material, a solid-tar-like substance with high viscosity at
room temperature and a very high carbon content. Bitumen
is sourced from natural products, such as petroleum distil-
lates and hydrated coal, or from synthetic materials, such
as pyrolyzed poly-aromatic compounds and polymers [32].
Bitumen has a low molecular weight and comprises hun-
dreds of different substances (mainly polycyclic aromatic
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Table 1 Comparison of three precursor fibers

Precursor Source Processing/ Preparation Carboniza- Tensile Elastic Market share Cost
modification technology tion yield (row  strength modulus
technology materials) (GPa) (GPa)
PAN Propylene from  Solution spin-  Simple 40% - 140 >90% Highest
crude oil ning
Carbonization
1000 °C
PAN Propylene from  Solution spin- Simple 40% - 414 >90% Highest
crude oil ning
Carbonization
2500 °C
Isotropic bitu- Petroleum, coal ~ Melt-spinning Complex 85-90% 2.05 54.5 7% Low
men tar Carbonization
1100 °C
Mesophase bitu- Petroleum, coal ~Melt-spinning ~ Complex  85-90% 1.87-2.52  366-605 7% Low
men tar Carbonization
1300-2500 °C
Lignin Cellulose (wood Electrospinning ~ Simple 40-50% 0.089 >5 1% Low renewable
pulp) Carbonization
1400 °C

hydrocarbons) that increase the CF quality [32]. With a car-
bon yield of up to 85%, bitumen was one of the early candi-
dates for CF precursors. The preparation process is shown
in Fig. 4a.

Yang et al. [30] prepared CFs using emulable bitumen
developed from the tetrahydrofuran-soluble portion (THFS)
of hyper coal (HPC). The CFs were stabilized at 270 °C for
1 h and carbonized at 800 °C for 5 mins. Scanning electron
microscopy (SEM) (Fig. 4b—e) revealed a smooth and uni-
form fiber surface with no evidence of melting. The cross
section of the CFs was randomly structured, indicating an
isotopic THFS fraction of the HPC-derived spacing. As HPC
has a very low ash content and excellent thermoplasticity
[33], it impregnates bitumen and facilitates CF production
from imitated bitumen raw materials. HPC-derived bitu-
men usually reduces the CF production cost, and the tensile
strength of the resulting CFs exceeds 800 MPa (Fig. 4f).
HPC has been proven as an effective bitumen-based precur-
sor of low-cost CFs. The excellent properties of bitumen as
a precursor material are conferred by the large size of the
graphite micro-crystallites and the ability to produce ultra-
high-modulus CFs.

Lignocellulosic-Based CF

As an abundant renewable biopolymer resource, cellulose
is low-cost, easily obtained, nontoxic, renewable, and ecof-
riendly. For these reasons, the production of cellulose-based
materials has attracted significant research attention [34].
Lignin, a byproduct of cellulose production, is produced
in large amounts annually. With its unique biodegradabil-
ity, high thermal stability, and antioxidant properties [35],
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lignin is a renewable resource with a high potential for CF
production. The basic structural unit of lignin is shown in
Fig. 5a. Chitin vies with lignin as the second-most abundant
organic macromolecule in nature [36]. Lignin is contained
in all vascular plants [37] and when used as a precursor, it
reduces the CF production cost by >35%, demonstrating the
excellent use of renewable byproducts on a large scale [38].
Lignin precursor delivers high productivity, low energy con-
sumption per kilogram of fiber, and high carbon yield while
being less toxic than other precursors. Furthermore, lignin
precursors are independent of fossil energy sources [38].
Lignin-based CFs are promising and have attracted interest
from some researchers in the field.

At present, lignin-based CFs are best prepared by extract-
ing and preparing a suitable lignin, which is then melted and
spun into fibers in an inert atmosphere. The resulting lignin
fiber is oxidized, stabilized, and carbonized to produce CFs.
This process is complex (Fig. 5b) and requires careful con-
trol of the spinning conditions and treatment temperatures to
obtain high-strength CFs. Lignin is cheaper and more renew-
able than other precursors and can be oxidized and ther-
mally stabilized at a faster rate [31]. Kadla et al. [39] inves-
tigated CF production from three types of lignin: hardwood
lignin, cork sulfate lignin, and hardwood sulfate lignin. They
showed that hardwood lignin is easier to melt into a fiber
than the other lignin, whereas cork lignin has lower thermal
stability. Some researchers have fabricated CFs using lignin
from the wood-strengthening process. Unlike the traditional
sulfate-pulping processes, this process first recovers highly
purified lignin from the lignin-rich portion. The pure lignin
is burned in a boiler to recover the pulp mill chemicals and
provide energy. The lignin is precipitated for pulping, then
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washed, and recycled with dilute acid. The lignin obtained
using this method is more carbohydrate- and salt-free than
traditional sulfate lignin [40].

In general, the increasing demand for CF has resulted in
the increasing demand for precursors, which are manufac-
tured on a commercial scale using PAN, bitumen and lignin.
The quality of precursor determines the performance of CF
and plays a crucial role in the production of CF. Under the
condition of sufficient preparation, CF has many outstanding
properties that other materials cannot surpass. It has formed
an important new material system and been applied in many
fields.

CF Material for BESs

BES is a sustainable power generation technology that has
been rapidly developed for wastewater treatment in the
past decade [41]. BESs can cleanly produce high-value
chemicals and fuels [42] via reduction and oxidation reac-
tions at the cathode and anode, respectively. The resulting
potential difference drives the spontaneous flow of elec-
trons from a low to a high potential [43]. The microbial
fuel cell (MFC) in BESs generates electricity by degrading
organic matter in an anode chamber. MFC uses microor-
ganisms to produce a low redox potential for organic oxi-
dation at the anode and a high redox potential for oxygen
reduction reactions (ORRs) at the cathode [44]. Microbial
electrolysis cell (MEC) drives chemical production when a
certain external voltage is applied to the cathode potential
[45]. Microbial electrosynthesis (MES) reduces CO, or
organic molecules to higher-value organic molecules at the
cathode [46]. Microbial desalination cell (MDC) is used in
water desalination [47]. All BESs require two electrodes
for biofilm formation and redox reactions, which occur in
two-stage chambers [48]. The electrode material of BESs
is typically a conventional CFs, such as CF cloth, car-
bon felt, or CF paper. Although conventional CFs often
exhibit relatively stable and conductive properties, their
hydrophobic characteristics inhibit microbial adhesion and
lower the electron transfer ability and output power. There-
fore, some researchers have developed electrode modifica-
tion methods to improve the output power.

CF Materials in MFC
Anode and Modifications

MEFC is a bio-electro-chemical method that harnesses the
energy produced by bacteria degrading organic matter and
converts it to electricity [44]. MFC contains two chambers,
each containing an electrode, a cathode and an anode, sepa-
rated by a cation exchange membrane [49] (Fig. 6a). As the
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performance of MFC partly depends on the electrode mate-
rial, the electrode is the most important component of MFC.
Meanwhile, the anode is crucial for energy generation and
pollutant removal. It makes direct contact with the bacte-
ria and is responsible for the electron transfer rate from the
electroactive bacteria to the anode surface. The material and
cost of the anode pose challenges in MFC research. Several
potential natural materials and modification strategies for
battery construction are known (Fig. 6b). The anode is made
from conventional fiber materials, such as carbon paper, car-
bon cloth, CFs, and carbon brushes [50]. Among these mate-
rials, CFs are most commonly used owing to their slightly
larger surface area than other carbon materials, large space
gap, and relatively high porosity [49]. It is more flexible and
conductive than ordinary carbon paper, but is costly and its
chemical instability reduces the long-term stability of the
electrode [51]. Conversely, carbon paper is used as an elec-
trode when high cost is not a priority. Carbon brushes are
also disadvantaged by chemical instability and high cost but
their high surface area and area-to-volume ratio are advanta-
geous. Most of the recent research on carbon brushes focuses
on cost reduction. As anodes, carbon veils are cost-effective,
conductive, porous, and efficient energy generators. A sin-
gle-layer carbon veil is brittle and can be folded to form a
three-dimensional (3D) anode [52]. Carbon felt with high
porosity, good electrical conductivity, and high mechanical
stability is also commonly used as a low-cost anode [53].
However, the power outputs of all the above materials are
reduced by defects. Modifying the anode to improve its
output power and optimizing the battery performance are
urgent tasks. As the anode is the attachment point of the
bacteria and receives the electrons generated by substrate
metabolism, a poorly performing anode is a major obstacle
in practical applications. A successfully modified anode can
effectively improve the power generation efficiency of MFC
(Table 2). In addition, the surface properties of a material
can enhance the bacterial properties and improve the contact
between the anode and bacterial species [49].

MFCs can be modified with carbon nanotubes (CNTSs),
to increase their power output [54, 55]. Some conventional
CNTs, despite their high surface area, are insufficiently bio-
compatible, and require modification for bacterial formation
and adhesion. Ci et al. [56] prepared bamboo nanostructured
nitrogen-doped carbon nanotubes (Bamboo-NCNTs) by cat-
alytic pyrolysis of ethylenediamine as modified materials for
MEC carbon cloth anode. They prepared three MFCs, Bam-
boo-NCNTs-MFC, CNTs-MFC, and CC-MFC. Figure 7a
shows that Bamboo-NCNTs-MFC significantly improved the
maximum power density of MFC. By observing the effects
of anode modification on individual potential, it was found
that the cathodic potentials of the three MFCs are similar.
But there were significant differences in the anode potential
(Fig. 7b, c), including that the modification and application
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of CNTs had a great influence on the anode potential, espe-
cially Bamboo-NCNTs. Above results indicated that the
anodic potential of Bamboo-NCNTs was lower and more
electricity could be generated after modification, that is,
Bamboo-NCNTs could significantly improve the anodic per-
formance. Figure 7d and inset of Fig. 7d show that Bamboo-
NCNTs has superior acetate oxidation performance. And the
negative pole of Bamboo-NCNTs has the largest double-
layer capacitor of 0.31F compared with the negative pole of
CNTs (0.031F) and CC anode (0.0088F). The results show
that Bamboo-NCNTs negative electrode has a larger surface

area which could be used for electron transfer. In conclusion,
the anode in MFC was modified by nitrogen-doped CNTs
of bamboo structure, which significantly improved the per-
formance of MFC. Yang et al. [57] synthesized doped and
undoped carbon nanoparticles by chemical vapor deposi-
tion. To modify the carbon cloth anode, ultrasonic treat-
ment was uniformly added into the carbon cloth electrode,
which increased the anodic absorption of flavin secreted
by Shivaella and promoted the shuttle-mediated transfer of
extracellular electrons. Consequently, the performance of the
MFC anode improved and its maximum power density was
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Fig.6 a Structure and working principle of MFC, b anode material and anode electrode synthesis route; reproduced with permission from Ref.

[49], Copyright 2020, Elsevier
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3.5 times greater than that of an unmodified carbon cloth
anode [57].

The MFC electrode is often modified with graphene (Gr).
The unique properties and structure of Gr favor the energy
excitation transfer (EET) between the anode material and
anode microorganisms. Guo et al. [58] prepared Gr-modi-
fied carbon paper anodes using a layer-by-layer method that
exploits the electrostatic adsorption reaction of negatively
charged Gr and positively charged polyethylene imine (PEI).
The functionalized carbon paper electrode was alternately
immersed in positively charged PEI aqueous solution and
negatively charged Gr suspension for washing and hot air
drying. PEI/Gr layered structures were formed, and the
cycle was repeated to form multilayer films. To highlight
the role of Gr in MFCs performance, blank carbon paper
electrodes were used as reference blanks. The results showed
that electrostatic adsorption reaction considerably increased
the number of microorganisms on the anode of graphene-
modified carbon paper. The Gr-modified MFC delivered a
maximum power density of 368 mW-m™2, more than twice
that of the unmodified MFC. Gr is usually modified on a
substrate material [59] such as carbon paper or carbon cloth.
Gr-modified electrodes avoid clogging caused by microbial
attachment, thereby improving the biocompatibility and EET
efficiency [60]. The macro-porous structure of a Gr-modified
material increases the active surface area, enhances the inter-
action between multiple biofilms and electrodes. Meanwhile,
it enhances the electrical conductivity, reduces the polariza-
tion phenomenon, and improves the energy exchange effi-
ciency [61]. Sayed et al. [62] prepared Gr oxide (GO) using
an improved Hummer method. Applying electrophoretic
techniques, they then bound a thin GO layer to a carbon
brush, forming a biological anode for the MFC treatment
of actual wastewater (Fig. 7e). Electrophoretic deposition
of GO on the carbon brush surface improved the MFC per-
formance and power density by more than 10 times. Elec-
trochemical impedance the spectroscopy measurements
showed that Gr improved anodic electrode performance by
improving the electron transfer from microorganisms to the
anodic surface.

Metal and metal oxide nanocomposites can reduce and
improve the ohmic loss after bacterial cell adhesion [63,
64]. Oxides of Sn, Ti, Mn, Fe, and other metals have been
incorporated into carbon-containing nanocomposites and
used as anode modifiers [13]. Tang et al. [65] improved the
MEFC performance with TiO,. The performance was further
improved after modifying a 3D anode with a nanostructured
capacitance layer, in which TiO, bonded with egg white
protein is integrated into loofah sponge carbon to boost the
capacitance of the 3D electrode. The output power density
was obviously improved from that of the unmodified anode,
thereby enhancing the electrochemical capacitance and syn-
ergistic effect between TiO,. The authors attributed these
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improvements to the unique properties of TiO,, namely
high biocompatibility, high surface area, and surface func-
tionalization for interfacial microbial electron transfer [65].
Fu et al. [66] prepared Gr/Fe,O; composites using a simple
one-step hydrothermal reduction method and incorporated
them into a modified anode for MFCs. CF and Gr/Fe,0;
composites, which removed metal impurities and organic
matter, were transferred to the autoclaves for reflow, cooled
to room temperature. And the prepared Gr/Fe,O5-CFs were
washed and dried with deionized water, and used as modi-
fied anode of MFC. The high output power density (2.59
times that of the unmodified anode) was attributed to good
biocompatibility of Gr/Fe,O; composites. The biocompat-
ibility was likely improved by the high conductivities of Gr
and Fe,0;, which facilitate the transfer of electrons outside
the cell. Therefore, Gr/Fe,O; can effectively improve the
MEC performance [66].

Cathodes and Modification

Although biodegradation occurs in the anode chamber of
MEC, the output power largely depends on the ORR in the
cathode chamber. ORR biological cathode is a reversible
bacterial electrode. Due to the large amount of biomass
preferentially developed in the cathode phase, its periodic
arrangement can make the cathode phase acidified and the
anode phase alkalized, which can improve the electro-cata-
lytic efficiency [94]. ORR comprises three stages: (1) gas—
oxygen-electron acceptor, (2) liquid—electrolyte-reaction
medium, and (3) solid electrode—electron donor.Thus, it is
complex [95]. Electrocatalysis of ORR is a combination of
several different pathways, and electrode materials are one
of the factors affecting the activation or inhibition of this
pathway. Simultaneously, the maximum performance of the
oxygen microbial cathode has not yet reached the optimal
level. With the increase of biofilm thickness, the utilization
of dissolved oxygen is declining, which also becomes one of
the factors limiting the performance of MFC [96]. In addi-
tion, because MFC comprises proton and electron acceptors
and its structural characteristics affect the substrate oxida-
tion efficiency, its performance and economic feasibility are
affected by the cathode material [97]. Therefore, the cathode
process is challenging. In the past few years, numerous CF
materials have been used as electrode materials for cathodes,
because they are outstanding in cost, activity and durabil-
ity, and high-performance electrode materials have been
explored. MFC anode materials, such as CF fabrics, CF felt,
CFs, carbon brushes, and paper fibers, are also employed as
cathode materials, implying that insufficient MFC output
power is due to limitations of conventional CFs. That is,
the cathode must also be modified to enhance the MFC per-
formance and increase the output power density (Table 3).
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Table 2 Performance of MFC with modified anode
Anode modified Reactor configuration Enzyme substrate Power density Inoculums Refer-
ences
LS/CB/H,0, Dual chamber Sodium acetate 62 W/m® MFC effluent [67]
CC/MWCNT-COOH Single chamber Glucose 560 mW/m> Activated sludge [68]
Carbon fiber brush/MWCNT Dual chamber ‘Wastewater 1,278 W/m’® Wastewater [69]
SS/AC Single chamber Acetate 244 mW/m? MEFC effluent [70]
SS/CNT 261 mW/m?
SS/SWCNhorns 327 mW/m?
3D G/MWCNTSs/SS Dual chamber Lactate 502 W/m?® Shewanella oneidensis [71]
GOA-GFB graphite fiber Dual chamber Sodium lactate 54 W/m® Shewanella oneidensis [72]
brush/graphene oxide aerogel MR-1
Nitrogen-doped CNS/CC Dual chamber Sodium acetate 1122 mW/m? Anaerobic sludge [73]
PPy/GF Single chamber Sodium acetate 919 mW/m? Phosphate-buffered solution (PBS) [74]
N_CC Dual chamber Sodium acetate 858.48 mW/m? Phosphate-buffered solution (PBS) [75]
N_H_CC 883.62 mW/m?
F_CC 295.02 mW/m?
MFC-PANI1 Dual chamber Glucose 118.2 mW/m? Anaerobic sludge [76]
MFC-PANI2 136.2 mW/m?
MFC-PANI3 130.4 mW/m?
MIL-Fe,0,/CC Dual chamber Sodium acetate ,603 mW/m? Pre-culture Mixed Consortium [77]
MIL-Fe;0,/CC 4305 mW/m?
Ppy-NPs Single chamber Glucose 1.22 mW/m? Bacteria culture [78]
PTh-NPs 0.8 mW/m?
NWG-SMFC Single chamber Glucose 1458 mW/m? Anaerobic cultures [79]
SnO,-CNTs/CF Dual chamber Glucose 133.13 mW/m?  Anaerobic cultures [80]
DAQ/MWCNTs Single chamber Sodium acetate 890.12 mW/m? Phosphate-buffered solution (PBS) [81]
CNPs/Ti Single chamber Sodium acetate 616 mW/m? Phosphate-buffered solution (PBS) [82]
Phenylboronic acid-MFC Dual chamber Sodium acetate 264 mW/m? Phosphate-buffered solution (PBS) [83]
ERGO/CC Dual chamber Glucose 14 mW/m? Anaerobic cultures [84]
APAP/O2 Dual chamber Glucose 6.5 mW/m? Phosphate-buffered solution (PBS) [85]
MC/MEC Single chamber Glucose 237 mW/m? Anaerobic cultures [86]
MWCNT-COOH/carbon cloth ~ Single chamber Glucose 560.4 mW/m? Activated sludge [68]
PANI/RGO/CC Dual chamber Sodium acetate 306 mW/m? Phosphate-buffered solution (PBS) [87]
MWCNTSs/PANI/MFC Dual chamber Sodium acetate 527 mW/m? Phosphate-buftered solution (PBS) [88]
Co-MoO2/NCND Single chamber Sodium acetate 2.11 mW/m? Anaerobic cultures [89]
PANI+G+CC Single chamber Sodium acetate 980 mW/m? Phosphate-buftered solution (PBS) [90]
GMS/MFC Dual chamber Glucose 2,668 mW/m? Phosphate-buftered solution (PBS) [91]
CV20-MPL Dual chamber Sodium acetate 60.7 mW/m? Activated sludge [92]
CC-MPL 50.6 mW/m?
PPy-GO/MFC Dual chamber Lactate 179.54 mW/m? Phosphate-buffered solution (PBS) [93]

To improve the performance of MFC cathodes, Aryal
et al. [69] modified a 3D CF brush cathode with three
nanomaterials, Ni nanoparticles (NPs), multiwalled CNTs
(MWCNTs), and MWCNT/Ni. The authors observed the
roles of the modified cathodes in MFC electricity genera-
tion and wastewater treatment efficiency. The results indi-
cated that the three electrodes can improve the electricity
generation capacity of MFC in different degrees, regardless
of the deposition of 1.5 mg/cm? or 3.0 mg/cm? nanomate-
rial. The MWCNT increases the current by increasing the
surface area of the electrode, so as to improve the power

generation. It also increases the ohm resistance of the MFC,
because MFC has a higher resistivity compared to CFs. In
contrast, Ni reduces the ohmic resistance of MFC because
Ni has a lower resistivity than CFs. By increasing the current
and conductivity of the electrode, MWCNT/Ni optimizes
the power density while reducing the internal resistance.
MWCNT has the greatest effect on the performance of MFC
in the aspect of increasing power production. MWCNT/Ni
showed the best performance in reducing internal resist-
ance and cathode charge transfer resistance. MWCNTs were
deemed the most practical cathode-modification materials
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[56], Copyright 2012, Elsevier; e graphene was electrodeposited onto
the surface of the carbon brush as MFC biological anode for waste-
water treatment; reproduced with permission from Ref. [62], Copy-
right 2021, Elsevier
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in terms of price, performance, and stability [69]. Liu et al.
[98] modified MFC carbon cloth cathodes with CNTs
and Gr through in situ polymerization using polyaniline
(PANI) as a binder [99]. Next, they treated cresol waste-
water with an anaerobic fluidized bed MFC (AFB-MFC)
based on the modified cathodes. The cathodes modified with
PANI+Pt/C + Gr and PANI+Pt/C +CNTs delivered good
electron transfer ability and electro-catalytic activity. The
AFB-MFC with PANI 4+ Pt/C 4+ Gr maximized the power
generation effect, generating a maximum power density was
of 910.40 mW/m?, 616.46% higher than that of AFB-MFC
with PANI+ Pt/C, because of the large specific surface area
and excellent electrical conductivity of Gr (Fig. 8a, b). From
the degradation effect of cresol wastewater, AFB-MFC with
PANI+ Pt/C + Gr as the electrode had the highest degrada-
tion rate, reaching 91.76%, and the degradation efficiency of
AFB-MFC with PANI + Pt/C + CNTs electrode was 91.72%.
This is because the addition of CNTs and Gr increased the
specific surface area of the carbon cloth cathode, increased
the contact space between microorganisms and organic mat-
ter, and increased the degradation reaction rate of organic
matter [98]. Among the plate modification materials used
by researchers, CNTs, and Gr most significantly improve
the MFC performance.

Table 3 Performance of modified cathode MFC

CF Materials in MECs

MECs are associated with environmental biotechnology
and can be used for wastewater treatment while produc-
ing renewable energy in the form of electricity, hydrogen
or valuable chemicals [121, 122]. Catalyzed by metals or
electrically active biofilms attached to a cathode [46], MECs
convert the chemical energy of low-grade biomass into
hydrogen and simultaneously restore the pollutants [123].
MECs can also electro-synthesize various carbon natural
power fuels or extract industrially usable chemicals from
waste CO [124, 125]. In this way, they capture, recover, and
use CO,, thus reducing the greenhouse effect [126]. Unlike
the spontaneous reactions in MFCs, the reactions in MECs
must be driven by an external power supply. The power can
be sourced from common voltage regulators or renewable
sources, such as solar, wind, geothermal, and tidal power
[127]. MEC systems have great potential as green and sus-
tainable energy producers. A typical MEC comprises a core
component, an anode, and a cathode, separated by an ion-
exchange membrane. The electrode performance affects the
microbial attachment, internal resistance, electron transfer,
and reaction kinetics on the electrode [127].

Cathode modified Reactor configuration Substrate Power density Inoculums Reference
NiCo,0,/MFC Single chamber Sodium acetate 1744 mW/m? Wastewater [100]
GBC-MFC Dual chamber Glucose 65.4 mW/m> Activated anaerobic sludge [101]
GP-TiO, Dual chamber Sodium acetate 80 mW/m? Anaerobic culture [102]
GP-HG 220 mW/m?

D-GM-BE MFC Dual chamber Sodium acetate 129.3 mW/m? Activated anaerobic sludge [103]
GM-BC MFC Dual chamber Glucose 65.4 mW/m? Activated anaerobic sludge [104]
HNO;-NaX/MFC Dual chamber Glucose 209.74mW/m> Anaerobic digester sludge [105]
Co/Cu@NC/MFC Single chamber Sodium acetate 2033 mW/m? Phosphate-buffered solution (PBS) [106]
AgNPs@AC/MFC Dual chamber Sodium acetate 482.6 mW/m? Phosphate-buffered solution (PBS) [107]
Poly-NiTSPc/MFC Dual chamber Sodium acetate 24.8 mW/m? - [108]
NG Dual chamber Sodium acetate 788 mW/m? Activated sludge [109]
Graphene/biofilm Dual chamber Sodium acetate 344.2 mW/m? Anaerobic activated sludge [110]
Fe-NG Single chamber Sodium acetate 1149.8 mW/m? Anaerobic activated sludge [111]
MnO,/GNS Single chamber Sodium acetate 2083 mW/m? Anaerobic sludge [112]
a-MnO,/GO Single chamber Sodium acetate 3359 mW/m? Sewage sludge [113]
Cobalt sulfides/GO Single chamber Glucose 1174 mW/m? Previous reactor [114]
NG/CoNi-alloy Dual chamber Sodium acetate 2000 mW/m? - [115]
Graphene Single chamber Sodium acetate 99 mW/m? Residual sludge [116]
CP/PANi-Cu Single chamber Sodium acetate 1110 mW/m? Landfill leachate [117]
NiO-CNF-CF Dual chamber Sodium acetate 1955 mW/m? Phosphate-buffered solution (PBS) [118]
ZnO-NiO@rGo Dual chamber Sodium acetate 31.92 mW/m? Laboratory culture [119]
N-C@Co/N-C-n%Ni Single chamber Sodium acetate 1180 mW/m? Wastewater from WWTP [120]

Glucose
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Anode and Its Modifications

The anode is an indispensable core component of MECs
(Fig. 9a). Improving the electrolytic cell performance is
particularly critical because electron transfer to the elec-
trode occurs when an external electronic group attaches to
the anode surface [128]. CFs are the earliest electrode type
in MECs and are still used today owing to their low cost,
easy manufacturability, good electrical conductivity, and
high chemical stability. In laboratory-scale MEC studies,
the common CF-based anode materials are carbon cloth,
CF paper, carbon felt, and carbon brushes. The anodes can
be identical to those used in MFCs. However, every con-
ventional anode material demonstrates different advantages
and disadvantages. Carbon cloth is soft and porous, provid-
ing a high surface area for microbial growth [129], but its
relatively high cost limits its large-scale use [130]. Carbon
paper is very thin and easily connected to wires, but it has
low strength and poor durability [131]. Graphite felt is a very
thick fiber fabric with good electrical conductivity [132],
high strength, and numerous fiber interconnections. How-
ever, low mass transfer rate and high inner-surface resist-
ance hinder the use of graphite felt as an electrode material
[127]. Carbon brushes are known as a new type of electrode
formed by cutting CF to a set length and winding it around
a conductive but noncorrosive titanium wire. Carbon brush
electrodes exhibit high specific surface area and high con-
ductivity, and are relatively inexpensive and easy to manu-
facture [127]. A carbon brush electrode can be modified, to
improve and stabilize the reactor efficiency [133, 134]. Over-
all, low power density of the biological anode has severely
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hampered hydrogen production by MECs. To improve the
performance of MECs [135], researchers have explored their
limiting factors, such as anode materials [136, 137] and pro-
ton exchange membranes [138—140]. Improving the electron
transfer efficiency of biological anodes is considered crucial
for improving the MEC performance [141].

Fonseca et al. [142] compared the performances of two
MEC systems (Fig. 9b): one with a single large or small
fibrous brush anode, the other with multiple brushes. The
brush fibers of the single-brush MEC were compressed,
until they partly or completely filled a 1.3-cm-high anode
chamber. After unintruppted monitoring and assessment
of the anode potential, they concluded that the MEC with
the single-brush anode MEC outperformed the MEC with
the multi-brush anode and generated a more stable current.
These results show that MEC performance can be enhanced
by compressing the brushes into a smaller space, and that the
anodic potential can approach the thermodynamic minimum
[142]. Isabelsan-Martin et al. [143] studied the degradation
pathway of 2-mercaptobenzothizaole (MBT) and the related
microbial community at a MEC anode (Fig. 9¢c, d). Com-
monly detected in wastewater and surface water, MBT is
a potential threat to human health. Analyzing a series of
indicators, the authors showed that Gr-modified anodes
provided more favorable conditions for the enrichment of
specific microbial communities than bare anodes. In addi-
tion, hydroxyl substituents were continuously added to the
MBT benzene ring in a reactor equipped with Gr-treated
electrodes. This phenomenon was attributed to significant
biotoxicity reduction in the MEC with the Gr-modified
anode [143].
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Cathode and Its Modifications

CFs used for anodic electrodes are also suitable for cathodic
electrodes. When used alone, CF-based cathodes typically
require a higher cathode overpotential to drive electrolytic
hydrogenation [144] or electro-methanogenesis [125, 145].
Researchers are also constantly exploring new cathode-
modification techniques. Some studies have proposed
coating a thin layer or metal complex catalyst with a noble
metal catalyst, such as Pt [146], Pd [147], or Au [148]. The
coating improves the electrochemical efficiency of CFs by
reducing the activation energy threshold [127]. At present,
Pt-catalyzed carbon cloth is the most commonly used cata-
lyst in cathode-modification techniques [149]. However,
Pt-catalyzed carbon cloth is limited to the laboratory level
due to its high cost, scarcity [144], and risk of chemical
poisoning [150]. In addition, its short life cannot meet the
requirements of practical engineering [151]. For these rea-
sons, new electrode materials and low cost multifunctional
catalysts are in demand. Power et al. [152] prepared a novel

¢ Power ¢
a 5 supply e

Cathode

b Cross-Section

MnO,-coated carbon felt cathode (Mn/CF) electrode for
MECs via potentiostat electrodeposition. They employed
MnO, as the cathode catalyst to promote electron transfer
and significantly reduce the cost of MECs. The maximum
stable current density obtained by the MnO,-coated Mn/
CF-MEC was more than twice that obtained by an uncoated
carbon felt cathode. In addition, the acetic acid yield of the
Mn/CF-MEC with two compartments significantly exceeded
that of the uncoated CF-MEC. This study confirmed that
the interaction between MnO, and microbial cells enhanced
the extracellular electron transfer and might thus play a role
in biofuel production. The MnO,-coated CF also delivered
higher electrode area and electron transfer efficiency than
the uncoated CF-MEC [152].

Hu et al. [153] synthesized noble metal-free cathodes via
electrodeposition of NiMo and NiW on a CF woven fabric.
The NiMo cathode outperformed the NiW cathode. Under
an applied voltage of 0.6 V, the current density of hydrogen
production by the MEC with the NiMo cathode was 270
A/m? (2.0 m*/day/m?), 33% higher than that of the NiW
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b continuous flow, graphite brush anode MEC designs. Graph-
ics and photographs for the MEC with graphite brushes of (A, D)
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eter. Arrows indicate the general direction of electrolyte flow; repro-

duced with permission from Ref. [142], Copyright 2021, Elsevier; ¢
the compound 2-mercaptobenzothizaole (MBT) degradation product;
d mechanistic routes proposed for the transformation of MBT under
the reaction conditions; reproduced with permission from Ref. [143],
Copyright 2020, Elsevier
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cathode and second only to a Pt catalyst. These data indicate
the high potential of carbon cloth with a nickel alloy catalyst
as the MEC cathode material [153].

CF Materials in MDC

As MDC:s can treat wastewater and generate electricity while
desalting seawater, they are promising agents for sustainable
water desalination. The power output of MDCs exceeds that
of MFCs, which include an additional desalination chamber
to reduce the electrolyte resistance [154]. Technically, MDC
is an extended form of BES that generates electrical energy
through direct oxidation of organic matter. The oxidation
products are extracellularly released and transferred via
aerobic bacteria at the anode, thus realizing self-powered
operation [155]. MDCs are multichambered and maintained
charge-neutral by brine extraction through an ion-exchange
membrane. More specifically, MDC has two membranes
between the anode and cathode, forming an intermediate
chamber for seawater desalination, an anion exchange mem-
brane near the anode device, and a cation exchange mem-
brane near the cathode device. The bacteria on the anode
generate a current due to the potential difference between the
electrodes. The ionic material in the intermediate chamber is
transferred to both electrode chambers, eventually desalinat-
ing the water in the intermediate chamber [156] (Fig. 10a).
Some experimental studies have demonstrated complete salt
removal by MDCs [156]. Unlike other traditional pressure/
heat-driven desalination processes, such as reverse osmosis
and heat/membrane distillation, the MDC process consumes
no external energy. Thus, it considered as an ecofriendly and
sustainable seawater desalination process.

The electrode material system affects the MDC func-
tionality, to some extent. The selected material should be
inexpensive and physically proper to form a biofilm and
an electron delivery layer [131]. Biological cathode materi-
als should possess outstanding electrical conductivity and
surface roughness. Carbon-based electrodes, such as carbon
cloth, carbon felt, and carbon brushes, are important stand-
ard biological cathodes with high specific surface areas and
strong power outputs [129]. Wen et al. [157] tested an aero-
bic biological electrode composed of carbon felt and bacte-
rial catalyst, as the cathode material of MDC. The biologi-
cal cathode produced higher power density and desalination
rate than other MDC cathodes [157] (Fig. 10b, c¢). Huang
et al. [158] established a combined treatment system for dye
wastewater and high-salinity seawater desalination. They
tested the performance of a poly-pyrrole-modified PAN-
based CF cathode hydrogen peroxide electrolysis using the
bioelectric Fenton process. They also evaluated the desalt-
ing, power generation, and fuel removal efficiency of the
system (Fig. 10d). The H,0, yield of the recycled MDC
with the polypyrrole-modified cathode reached 24.07 g H,0,
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m~> day™!, versus 6.95 g H,0, m~> day™! in the unmodified
MDC. In addition, the maximum power density of the modi-
fied MDC reached 566 mW m~>, whereas the unmodified
MDC reached only 267 mW m~>. The desalination efficiency
of the MDC with the polypyrrole-modified PAN-based CF
brush biocathode was 64.98% [158].

CF Materials in MES

MES is a novel bioenergy strategy exploiting the ability of
chemoautotrophic bacteria to absorb electrons directly or
indirectly. Using electricity as an energy source, chemoau-
totrophs reduce the CO, from the cathode of electrochemi-
cal cells to multi-carbon organic molecules, which can be
used as transport fuels or other organic commodities [159,
160] (Fig. 11a). The conversion of electrical energy into
extracellular multi-carbon products is an attractive option
for energy storage [161]. As a form of artificial photosyn-
thesis, MES can convert solar energy to electrical energy
[162]. MES commonly employs conventional CFs (such as
carbon cloth and carbon felt) as the electrode materials. The
commercialization of MES needs to be optimized and scaled
up, particularly by enhancing the electron exchange on the
cathode surface while optimizing cost.

Zhang et al. [163] coated the cathode carbon cloth mate-
rial of MES with different materials (chitosan, melamine,
3-aminopropyl tri-ethoxy-silane, and PANI). The modified
carbon cloth enhanced the electrosynthesis of positively
charged microorganisms. Relative to the unmodified carbon
cloth, the acetate yield of the functionalized chitosan and
melamine increased by 67 times, and that of 3-aminopropyl
tri-ethoxy-silane increased by three times. The electrosyn-
thesis of the PANI cathode was also three times higher than
in MES with the unmodified carbon cloth. However, not all
methods providing a positively charged surface have been
successful: for instance, treating CF cloth with melamine or
ammonia does not stimulate the electrical synthesis of ace-
tate [163]. Tian et al. [164] designed a Prussian blue nano-
cube-modified carbon felt as an artificial electron dielectric
modified cathode for producing organic molecules from CO,
sources. Regulating the microbial community composition
to improve the biocatalytic activity is a new direction in
MES electrode modification, indicating that cathodes based
on artificial electronic media should improve the MES effi-
ciency [164] (Fig. 11b). Gupta et al. [165] first demonstrated
the efficient formation from CO, in a photo-assisted MES
system. They employed an activated CF-supported g-C;N,-
NiCoWo, optical node and a g-C;N, biocathode (Fig. 11c¢).
Combining the photoanode and biocathode in an MES cell,
they efficiently harvested solar energy to achieve a sustain-
able high rate of biochemical formation [165]. Aryal et al.
[166] synthesized a 3D Gr-functionalized carbon blanket
composite cathode that rapidly transfers electrons to a
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microbial catalyst (Fig. 11d). The modified 3D Gr grids
increased the CO, electrosynthesis rate of acetic acid by
6.8 times while significantly increasing the biofilm density
and current consumption. The specific surface area of the
composite 3D Gr/carbon felt cathode was doubled, forming
a more substantial biofilm than the unmodified control. In
addition, cyclic voltammetry (CV) analysis showed a higher
current response of the 3D Gr/carbon felt [166].

CF Materials in Proton Exchange Membrane Fuel
Cells (PEMFCs)

PEMEFC is a promising energy conversion device, for a wide
range of commercial, industrial, and transportation applica-
tions. It is a clean, efficient power source, that directly con-
verts the chemical energy stored in hydrogen and oxygen to
electrical energy [167] (Fig. 12a). PEMFCs have received
considerable attention for their high power density, high
energy efficiency, and environmental protection proper-
ties [168, 169]. However, their availability as viable power
sources for large-scale use is limited by the high manufactur-
ing cost of many key battery components, such as the bipolar
plate (BP) [170, 171], solid polymer electrolyte membranes
[172, 173], and catalyst layers [174, 175]. Researchers favor
CFs, which not only deliver high performance at low cost but
can also be used in other parts of PEMFCs, such as the gas
diffusion layer (GDL) and electrode catalyst carrier.

methylene blue by polypyrrole-modified cathode in bio-electro-Fen-
ton coupled microbial desalination cell; reproduced with permission
from Ref. [158], Copyright 2018, Elsevier

The BP is a critical multifunctional component in PEM-
FCs. Specifically, the BP is a flow channel that delivers
hydrogen and oxygen to the anode and cathode, respectively,
and removes water and unreacted gasses. By reducing the
BP cost, the total manufacturing cost of a PEMFC can be
reduced. To this end, many researchers developed light-
weight and cost-effective BPs [176, 177]. The BP should
also provide high electrical conductivity, high mechanical
strength, good corrosion resistance, low permeability, low
interfacial contact resistance, and other basic properties
[178, 179]. The BP is most commonly constructed from
graphite, which possesses excellent electrical conductivity
and chemical stability [179]. However, graphite processing
is difficult and incurs a high manufacturing cost. Graphite
is also brittle and graphite BPs are usually made thick to
increase the volume and quality of the stack [180]. Pure
graphite as the BP material can be substituted with polymer
composite, which has excellent corrosion resistance and low
manufacturing cost. To develop composite BPs with good
electrical conductivity and mechanical properties, some
researchers are optimizing the composition and manufac-
turing parameters of the BP material. When added to BP
composites, CFs contribute their high strength and modulus
to realize BP composites with improved bending strength,
hardness, and stiffness. A popular choice is PAN-based CFs,
which have a high aspect ratio and >90% carbon content. A
high CF content increases the hydrogen permeability, which
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Fig.11 a Schematic diagram of the structure principle of MES;
design of the artificial electron mediator-modified cathodes in the
MES systems, schematic showing the design for the CF self-assem-
bly with PBNCs and the biofilm growth on the modified cathode (b);
reprinted with permission from Ref. [164]. Copyright 2020 American
Chemical Society. ¢ Schematic of conversion of CO, to formate using

is detrimental to PEMFCs. Ghosh et al. [181] studied the
influence of CF length on compound BPs and identified the
optimal length as 1 mm [181].

The GDL plays a vital role in the transfer of energy, elec-
trons and matter through PEMFCs. The GDL is composed
of a microporous basement (MPS) and a microporous layer.
The MPS comprises horizontally and anisotropically stacked
brittle CFs with diameters of 7-9 pm. The CFs are bonded
into a mesh matrix by a polymer binder. The highly porous
microstructure of MPS provides a pathway for mass and low
degree heat transfer, whereas its solid region provides an
efficient pathway for electrons and heat transfer [182]. Many
studies have focused on optimizing the transmission char-
acteristics of MPSs, which are largely determined by their
engineering parameters, such as their material and design
specifications. As its name suggests, carbon-based MPS is a
moisture-resistant porous material made from carbon, which
is typified by high permeability, high electronic conductivity,
and a controlled pore structure [182]. For example, woven
carbon cloth has a uniform microstructure, whereas carbon
blankets are composed of randomly bent CFs. Because car-
bon cloths and carbon blankets are heat-treated at relatively
low temperature, their corrosion resistances are poor [182].

Arbitrarily stacked ultrafine CFs, are treated with
hydrophobic agents, in order to form a carbon paper, with
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a g-C;N,-NiCoWo, photoanode supported by activated carbon fibers
in a microbial electrosynthesis system; reproduced with permission
from Ref. [165], Copyright 2022, Elsevier; d schematic diagram of
enhanced microbial electrosynthesis of 3D graphene functionalized
cathodes prepared by solvothermal synthesis; reproduced with per-
mission from Ref. [166], Copyright 2016, Elsevier

a desired microstructure (MPSs), providing an efficient mass
transfer function [183]. However, studies show that carbon
paper work better under low humidity conditions because
its convoluted and complex structure facilitates water reten-
tion and minimizes the ohmic resistance. In contrast, car-
bon cloth is a better choice under high humidity conditions
because its structure is less zigzagged and provides more
direct routes for water removal. The rough surface of carbon
cloth also promotes water removal, thereby improving the
battery performance under high humidity conditions. Other
researchers have modified the existing microstructure of
carbon cloth and paper to control the movement of water in
cells. Kimball et al. [184] set up single large holes (approxi-
mately 400 pm in diameter), at opposite positions of differ-
ent channels of cathode flow. They conducted performance
tests in the “cathode up” and “cathode down” positions, and
correlated the distribution profile with the movement of lig-
uid water. They found that liquid water could be forced out
of a specific location through a single large hole under the
influence of gravity and surface tension [184]. Carbon paper
has also been customized using perforation technology to
improve its mass transfer characteristics under two-phase
flow conditions [185].

Carbon nanofibers (CNFs) are also used as electrocata-
lyst carriers in PEMFCs. The graphite-shaped structure of
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Fig.12 a Schematic presentation of a PEMFC with reactions at rotating disk electrode for the ORR on b CNF-Pt, ¢ FCNT-Pt, and
respective electrodes; Reproduced with permission from Ref. [188], d FCNF-Pt in O,-saturated 0.5 M H,SO,. Sweep rate: 10 mV/s;
Copyright 2019, Elsevier; HR-TEM images of b CNF-Pt, ¢ high- reprinted with permission from Ref. [189], Copyright 2009, Ameri-
magnification image of CNF-Pt, d FCNF-Pt. Inset of Fig. 1b is the can Chemical Society

diffraction pattern of CNF-Pt; e polarization curves obtained with a
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CNFs confers high thermal and electrical conductivities.
Fuel cell carries formed from CNFs achieve sufficient oxi-
dation resistance [186]. In 2013, Li et al. [187] compared the
unique properties of CNFs and those of other carbon nano-
structures in PEMFCs. They demonstrated higher thermal
stability, decomposition, and electrochemical degradation
in PEMFCs with CNFs than in PEMFCs with other carbon
nanostructures [187]. Moreover, the cathode side of PEM-
FCs has been supported by functionalized CNFs, yielding
an electrocatalyst with greater Pt dispersion and higher Pt
load than electrocatalysts with non-functionalized CNFs.
Before functionalization, the Pt NPs settled on the inner
walls of CNFs due to the pyrolytic carbon layer on the outer
surface (Fig. 12b). From the high-magnification image in
Fig. 12c, the approximate size of the Pt NPs was determined
as 67 nm. After CNF functionalization, the Pt NPs were
less agglomerated and settled on both the inner and outer
walls of CNFs. As shown in Fig. 12d, the size of the Pt NPs
deposited on the inner and outer CNF walls was reduced to
3 nm. Meanwhile, the CV curve (Fig. 12e) shows a twofold
higher electroactive area of the functionalized sample than
of the non-functionalized sample.

CF Materials for Biosensors

CFs not only shine in BESs, but also play an indispensable
role in various biosensors. Using conversion elements and
signal amplification devices, a biosensor transforms the
sensitive responses of the molecular recognition elements
in certain substances into observable signals. Biosensor
comprises three parts: (1) molecular recognition element,
which adsorbs enzymes, antigens, or antibodies on the sen-
sor surface and reacts with the substances to be measured.
(2) A signal converter that converts biological signals into
electrical signals; here, the biological molecules on the
electrodes interact with the detected substances to produce
electrochemical reactions. And (3) a signal amplification
device, which converts the electrical or optical signals
generated by the reaction into an electrical signal for the
output. In terms of molecular recognition elements, bio-
sensors can be divided into enzyme, immune, DNA, cell,
and tissue biosensors. In terms of sensor type, they can
be divided into electrochemical, optical, and gravity bio-
sensors. Optical biosensor instruments are too expensive
for practical applications, whereas gravity biosensors are
prone to interferences. Electrochemical biosensors are thus
favored in applications and have since been research value.
Biosensors were first used in glucose, detection and have
since been applied to medicine, environmental monitor-
ing, food, and other fields [190]. To reduce the cost and
improve the poor relative selectivity of biosensors, and
low sensitivity, researchers have investigated new materials
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and methods. CFs have high mechanical strength, strong
toughness, large relative surface area, and good electrical
conductivity, which are favorable for constructing micro-
electrodes. Their surfaces contain oxygen-containing func-
tional groups, which can be chemically modified using
various methods. CFs are considered as ideal electrode
materials for biosensors [191].

Enzyme Biosensors

Enzyme biosensor combines an enzyme recognition ele-
ment with an electrochemical signal through an enzyme-
specific reaction. When fabricating enzyme biosensor,
the enzymes must be fixed to the electrode surface. This
process requires care to avoid enzyme deformation; there-
fore, most metals are excluded from the list of candidate
electrode materials. Carbon-based materials are widely
used as electrode materials for enzyme biosensors because
they provide good electronic conductivity and a relatively
large adsorption surface area. However, when analyzing
complex samples, carbon-based electrodes often become
contaminated and their sensitivity must be improved by
accelerating the electron transfer rate, which requires in-
depth and modification of the electrode. The surfaces of
carbon nanomaterials are usually hydrophobic but biosen-
sors must work in a hydrophilic environment. To improve
the biosensor sensitivity, Kim et al. [192] modified an
activated CF electrode with urea. They found that more
glucose enzymes adsorbed after the modification pro-
cess (Fig. 13a), affirming the improved sensitivity of the
enzyme biosensor [192].

Tao et al. [193] designed a three-layer composite design
that resolves sensor damping and the low-quality factor of
CF-based acoustic biosensors. These problems are caused
by the rough CF surface and difficulty in coating the volt-
age layer. The CFs were coated first with a polyimide (PI)
layer, and then with a ZnO film. On the PI/CF structure, bio-
sensor comprising the composite electrode could be effec-
tively used for glucose monitoring [193]. To accelerate the
slow electron transfer process after the enzyme—substrate
reaction, Yi et al. [194] improved the sensing performance
of carbon-based materials and then fabricated CF frames
from carbon paper. Finally, they embedded a graphite sheet
in a CF frame, forming a hybrid electrode for monitoring
glucose electrodes (Fig. 13b). The hybrid electrode deliv-
ered good electrochemical performance without requiring
a chemical pretreatment to remove adhesives or nanoma-
terials that increase the cost of carbon electrodes. The CF
matrix improved the sensitivity and detection limit of the
graphite electrode and a wide linear response range [194].
Hydrogen peroxide has been detected by sensors based on
precious metals and alloy NPs, which avoid the complex and
expensive fixation procedures required for natural enzyme



Advanced Fiber Materials (2023) 5:699-730

719

biosensors. Xu et al. [195] coated CFs with Gr quantum dot
components modified with gold platinum alloy NPs, forming
double nano-enzyme-modified microelectrodes (Fig. 13c).
Flexible microelectrodes based on CFs achieve high tempo-
ral and spatial resolution, fast electronic and mass transfer,
and excellent mechanical strength and flexibility in real-time
and in situ monitoring of biological signals [195].

DNA Biosensors

DNA biosensor recognizes molecular DNA and converts
reactions with substances to a detectable process. DNA
biosensors are applied in food, medicine, and environ-
mental monitoring. The key step of DNA biosensors is
fixing the DNA probe on the electrode to capture the
substance to be measured and to convert the signal. The
reaction between the biological receptor and the target is
carried out on the surface of the electrode. The biological
reaction between the biological receptor and the target

can produce or consume ions or electrons, and change
the current, potential and other properties of the solution.
Biological signal generated by the change is converted by
the transducer into a detectable signal proportional to the
concentration of the target and displayed on the computer
[196]. Its basic principle is shown in Fig. 14a. Mechanism
of DNA biosensor is based on the affinity between DNA
nanostructure and target analyte, which has the advan-
tages of fast response, high sensitivity, low cost and easy
to use. Therefore, when researching and developing DNA
biosensors, researchers seek high-efficiency, and high-
activity DNA fixation methods. CFs are popular elec-
trode materials for DNA biosensors owing to their high
mechanical stability, excellent conductivity, and large rel-
ative surface area. They can not only accelerate the elec-
tron transfer rate at the interface, but also connect the bio-
molecules to the conductor of the electrode [197]. CF can
be used as signal molecular carrier because of its unique
physical, chemical and electrochemical properties. Dogru

T S S L A e e e e i e e e e v )

Gap MRals s 5> 258
GQDs assembly

WE. R.E.

CE
b J

anm fiber hybrid \t\\\

j .H electrode} ——— Ag lead

. Insulating layer
Graphite/carbon -

> T
/ \\//Pl substrate

3D carbon fiber matrix

— -

Graphite based ink

AuPd-ANPs decroated GQDs assembly

Fig.13 a The GOx can be stored in the slit pores of the carbon.
Some residual GOx in the carbon slit pores can also be modified by
the nitrogen and oxygen group effects, such as the grabbing effects
due to semi-ionic interactions, to yield high-efficiency enzyme stor-
age; Reproduced with permission from Ref. [192], Copyright 2014,
Elsevier; b schematic illustration of the three-dimensional highway-
like graphite/carbon fiber (G/CF) hybrid electrode adopting a three-

electrode configuration; reproduced with permission from Ref. [194],
Copyright 2022, Elsevier; ¢ schematic illustration of the formation
of GQDs assembly and AuPd—ANPs decorated GQDs assembly. Step
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to form a close-pack GQDs assembly; Step ii: electrodeposition of
AuPd-ANPs on ACF on GQDs; Reproduced with permission from
Ref. [195], Copyright 2018, Elsevier
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et al. [198] constructed a CF electrode DNA biosensor
with methylene blue (MB) as an indicator. The prepara-
tion process of the DNA biosensor is shown in Fig. 14b.
First, a preliminary study was conducted to determine
the optional MB accumulation time, ssDNA concentra-
tion and hybridization time. The MB voltammetry of CF
microelectrode (CFME), ssDNA-modified CFME and
dsDNA-modified CFME was monitored under optimal
conditions. The results show that the biosensor has a good
ability to detect specific DNA sequences [198].

Immune Biosensors

Immune biosensor recognizes the response of an antigen
to an antibody. An immobilized antibody or antigen com-
bines with substances in the detection environment to form
an immune complex. The quantitative conversion and the
amplification of information from the process reaction
directly give the concentration of the detected substance.
Immune-response sensors can detect viruses, bacteria,
proteins and parasites. Immune biosensors have become
powerful tools in clinical diagnosis, environmental moni-
toring and food safety applications because of their high
specificity [200]. Transducers for these sensors include
antibodies that are immobilized through covalent interac-
tions by introducing functional groups, such as carboxyl,
amino, aldehyde or sulfhydryl groups [201]. The working
principle is based on detecting, processing and displaying
signals caused by the formation of antibody—antigen com-
plexes [200]. Figure 15a depicts some possible immunoas-
say combination configurations. Owing to the huge sur-
face area of CFs, multiple antibody—antigen proteins can
be immobilized and are suitable for immune biosensors.
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Fig. 14 a Schematic diagram of electrochemical DNA biosensors
[199]; b scheme for preparation of the electrochemical DNA biosen-
sor and principle of electrochemical detection of the target specific
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Zahrawi et al. [202] successfully functionalized a CF-mod-
ified electrode to fix spike proteins and coated the biosen-
sor with cotton. A biosensor developed for the Middle East
respiratory syndrome coronavirus (MERS-CoV) achieves
high sensitivity, accuracy, reproduction, and selectivity,
and is an effective tool for MERS-CoV detection [202].
CF is mainly composed of carbon atoms with a diameter
of about 5-10 pm, which has overwhelming advantages.
Therefore, the CF microelectrode prepared by CF has
small volume, high sensitivity and good electrochemi-
cal performance. It is simple to make and can be used to
construct the substrate of electrochemical sensor. A novel
electrochemical immune biosensor platform was designed
by Chen et al. for the detection of LCN2 in human body
fluids on CF microelectrodes functionalized with anti-
LCN2 antibodies [203]. They performed in sandwich
mode using thionine-coordinated BCN nano-sheets and
horseradish peroxidase-labeled LCN2 detection antibodies
(Fig. 15b). Thionine, as an electronic medium, and horse-
radish peroxidase, as a biological active enzyme with high
catalytic rate, were fixed on the CF microelectrode, and
they showed high voltammetry under the synergistic effect.
Meanwhile, it was found that the immune sensing system
based on BCN showed good electrochemical response to
the target LCN2 in the range of 0.001-10 ng/mL.

Implantable Biosensors

CFs are widely used as microelectrodes in implanted biosen-
sors for medical applications owing to their extremely small
size, good performance, stable structure, low cost, and high
biocompatibility. For these reasons, they have attracted con-
siderable attention in biology and life sciences. Other fiber
materials can easily cause inflammation in the body. The
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good biocompatibility, simple manufacturing process, and
low cost of CFs are desirable properties for manufacturing
implantable devices and developing practical applications.
CF-based biosensors are widely used to monitor human
physiological indices and cellular active components [205].
Charles et al. [206] proposed that to avoid tissue damage
after inserting traditional enzyme biosensors with a platinum

cal immunoassay toward lipocalin-2 (LCN2) on monoclonal mouse
anti-human (5G5) lipocalin-2 antibody-modified carbon-fiber micro-
electrode using peroxidase/thionine/biotinylated antibody-conjugated
BCN nano-sheets as the detection antibody; reproduced with permis-
sion from Ref. [203], Copyright 2018, Elsevier

electrode into the brain, the large platinum electrode could
be replaced with platinum-plated CF microelectrodes. Dur-
ing tests, the CF-based biosensor monitored hydrogen per-
oxide and enzymes in brain fluid with higher sensitivity
than the traditional sensor [206]. Yan et al. [207] modified a
highly ordered nitrogen-doped CNT array by developing a
flexible nanohybrid microelectrode based on CFs modified
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«Fig. 16 a Schematic illustration of the fabrication procedure of CF@
NCNTAs-GNPs nanocomposite. Step i: growth of ZnO-NRAs on
CF via hydrothermal process; Step ii coating PDA layer on ZnO-
NRAs via polymerization of DA; Step iii: decorating GNPs on PDA
layer via chemical reduction of KAuCl, precursor by catechol groups
of PDA. Step iv: carbonizing and removing ZnO-NRAs template;
reproduced with permission from Ref. [207], Copyright 2018, Else-
vier. b (I) carbon fiber microelectrode, and (II) the process of elec-
trode modification; reproduced with permission from Ref. [209],
Copyright 2005, Elsevier

with Au NPs (Fig. 16a). The flexible hybrid microelectrode
delivered excellent performance and could effectively moni-
tor the hydrogen peroxide secreted by cancer cells [207]. CF
electrodes also avoid the high cost and large size of enzyme
biosensors using an oxidase micro-platinum-based electrode
for hydrogen peroxide measurements. To improve the moni-
toring sensitivity of CF-based biosensors for hydrogen per-
oxide, Wang et al. [208] electro-metallized CFME through
Pt NP electrodeposition and deposited permeable layers of
polyaniline and Nafion. The CF-based biosensor showed
higher sensitivity to hydrogen peroxide and higher resolu-
tion in physiological-related detection [208].

Tian et al. [209] electrodeposited gold nanoparti-
cles modified with cysteine onto an implantable CFME
(Fig. 16b(I)), and then fixed superoxide dismutase (SOD)
onto the electrode (Fig. 16b(Il)). The direct electrochemi-
cal action of SOD fixed on the CFME-based electrode was
achieved by electron transfer promoter (the limit deposit
of cysteine molecules on the CFME). The study found
that the CFME-based biosensor has an amazing ability to
analyze and measure O, properties. Meanwhile, the syn-
thetic CFME-based biosensor has excellent performance,
such as optional operating potential, high selectivity, high
sensitivity and good stability. Anmad et al. [210] fixed
glucose oxidase onto chemically modified CF to create
a novel implantable electro-catalytic glucose monitoring
that is capable of measuring directly glucose concentration
during glucose infusion. It allows for more refined glucose
control in patients with diabetes because the implantable
biosensor is not subject to biocompatibility glitches.

Perspectives and Outlook

BES must generate or realize a reduction reaction with a cer-
tain potential through electron transfer between an electron
acceptor and donor. Most researchers focus on the selection
and optimization of electrode materials, which are para-
mount for the electron transfer process. CFs are the most
used commonly electrode materials in BESs. Because CFs
form different morphologies and structures, they usually
exhibit physiological activities facilitating their interaction
with microorganisms. When used as the anode material, CFs

can significantly promote the colonization of microorgan-
isms at the interface and accelerate the formation of extra-
cellular biofilm. CFs provide a conducive environment for
extracellular electron transport and ultimately improve the
electrical power density. When used as the cathode material,
CFs can catalyze ORRs with high activity and efficiency.
The pioneering CF electrodes have greatly progressed in
this field. Nevertheless, some problems cannot be avoided.
First, CFs in applications shoe low bacterial adhesion activ-
ity, low amounts of biofilm formation, and low output power.
Current research focuses on modifying and optimizing of
the electrode materials to improve the electron transport
pathway and enhance the stability of bacteria on an elec-
trode surface. Second, when modifying CF-based elec-
trodes, an efficient and significant modification method that
can be widely used and that maximizes the power output is
required. Third, single CFs cannot meet the current needs
and require combination with other metal- or non-metal-
based materials to compensate the limitations of CFs. Owing
to their lightweight and simple preparation, the porosity, sur-
face area, chemical structure and surface function of CFs can
be customized for specific uses, targeted optimization, and
performance improvement. Structural change is a feasible
alternative to material modification. For example, chang-
ing a 2D structure to 3D structure can increase the contact
area with air and provide favorable conditions for combining
oxygen and electrons [211].

Conclusion

With their high strength-to-weight ratio, CFs are more attrac-
tive energy saving materials than traditional strength-bearing
materials such as steel. Lightweight, corrosion-resistant CFs
are widely used in many fields, and constitute the highest
proportion of BES applications. They are especially popular
as electrode materials in various biofuel cells or as signifi-
cant components in biosensors. However, as pure CF cannot
meet the needs of laboratory applications, it is modified by
a variety of effective modification methods. CFs modified
with different nano-functional materials overcome the draw-
backs of unmodified CFs and exploit the advantages of CFs
while saving costs and improving the battery performance.
In addition, CFs can be customized to a required structure,
morphology, or porosity. Such a modified CF can achieve
more targeted bacterial binding, reduce the incubation time,
and shorten the experimental cycle. Numerous methods of
surface functionalized CFs are exploited in bioelectrochem-
istry. The application of CF electrodes in bioelectrochemis-
try establishes the connection among CFs, electrochemical
analysis technology, and cellular-level biomolecular detec-
tion. At present, applications of CF electrodes have also been
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explored in clinical medicine. In future work, researchers
could explore other bioelectrochemistry applications of CFs
along with techniques to improve their efficiencies. Such
applications might also be combined with other fields to
solve practical problems.
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