
Vol:.(1234567890)

Advanced Fiber Materials (2022) 4:720–735
https://doi.org/10.1007/s42765-022-00146-7

1 3

REVIEW

Fiber Materials for Electrocatalysis Applications

Fangzhou Zhang1 · Jun Chen2 · Jianping Yang1 

Received: 21 December 2021 / Accepted: 29 January 2022 / Published online: 25 April 2022 
© Donghua University, Shanghai, China 2022

Abstract
Fiber materials are promising for electrocatalysis applications due to their structural features including high surface area, 
controllable chemical compositions, and abundant composite forms. In the past decade, considerable research efforts have 
been devoted to construct advanced fiber materials possessing conductive network (to facilitate efficient electron transport) 
and large specific surface area (to support massive catalytically active sites) to boost electrocatalysis performance. Herein, 
we focused on recent advances in fiber-based electrocatalyst with enhanced electrocatalytic activity. Moreover, the synthesis, 
structure, and properties of fiber materials and their applications in hydrogen evolution reaction, oxygen evolution reaction, 
oxygen reduction reaction, carbon dioxide reduction reaction, and nitrogen reduction reaction are discussed. Finally, the 
research challenges and future prospects of fiber materials in electrocatalysis applications are proposed.

Keywords Fiber electrocatalyst · Synthesis approach · Structural feature · Structural engineering · Electrocatalytic 
performance

Introduction

The rapid depletion of fossil fuels and associated envi-
ronmental concerns have stimulated significant efforts to 
develop efficient energy conversion technologies [1–4]. 
Electrocatalytic reactions, including hydrogen evolution 
reaction (HER), oxygen evolution reaction (OER), oxygen 
reduction reaction (ORR), carbon dioxide reduction reaction 
 (CO2RR), and nitrogen reduction reaction (NRR), are the 
core of the clean and renewable energy technologies [5, 6]. 
However, the use of these technologies is severely impeded 
by the sluggish kinetics of the electrocatalysis processes [7]. 
It is highly desirable to develop high-efficiency and durable 
catalysts to promote these electrochemical reactions. Till 

now, precious metals and nonprecious transition metals, 
as well as their compounds (e.g., oxides, nitrides, sulfides, 
phosphides, and carbides), have been widely used as efficient 
electrocatalysts for energy conversion [8–10]. In addition to 
composition control, the structural modulation of the elec-
trocatalysts is also important, especially for the complicated 
multi-step or multi-product electrocatalytic reactions that 
are highly dependent on chemical and electronic structures.

Fiber materials, are potent electrocatalysts, due to their 
unique features such as high specific surface area, tunable 
chemical components, and controllable architectures [11]. 
As summarized in Fig. 1, publications and citations of 
fiber electrocatalysts have increased steadily in the past 
decades. Numerous structural engineering strategies have 
been applied to fabricate advanced fiber-based catalysts 
with exceptional electrocatalytic properties [12, 13]. Fig-
ure 2 illustrates the fundamentals of fiber materials for 
electrocatalysis, including structural features, synthesis 
approaches, structural engineering, and composite struc-
ture. The conductive network is beneficial for the rapid 
mass/electron transport in electrodes, therefore, the fab-
rication of fiber-based electrocatalysts generally accom-
panies the carbonization of polymer fibers. The catalytic 
activities of carbon fiber have been demonstrated to be 
induced by doping with defective or heteroatoms (e.g., N, 
B, S, P, O, F). They play an important role in manipulating 
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charge distribution of the carbon fiber matrix [14, 15]. In 
addition to enhance the intrinsic catalytic activity of the 
fiber matrix, the carbon fiber can also serve as a substrate 
for catalytically active materials (single atoms, metals and 
their compounds) to improve the overall catalytic activity 
of the composite fibers [16, 17]. Increasing the intrinsic 

activity of each active site and the number of active sites 
of the fiber materials have been proven as effective strate-
gies to enhance the efficiency of fiber-based electrocata-
lysts [18, 19]. The former could be achieved by morphol-
ogy engineering, size control, interface modification, and 
electronic structure manipulation of catalytically active 
materials; the latter is mainly based on increasing the 
specific surface area of fiber matrix to support massive 
catalytically active sites, such as reducing the diameter 
of the fiber to the nanoscale and constructing mesoporous 
3D framework. 

Considering the great potential of using fiber mate-
rials in electrocatalysis, a concise updated overview of 
this rapidly developing area is required. In this review, 
we briefly discuss the design concepts and fabrication 
methods of fiber-based electrocatalysts, followed by the 
major applications of fiber materials in the areas of elec-
trocatalysis. Particularly, the fundamental relationships 
between the structure and properties are highlighted to 
provide creative insight on the construction of high-per-
formance fiber-based electrocatalysts. Finally, we point out 
the current challenges and future prospects for fiber-based 
electrocatalysts development.

Fig. 1  Statistics of publications and citations of fiber electrocatalysts 
from 2011 to 2021 by putting the search formula TS = (fiber AND 
“hydrogen evolution reaction” OR “oxygen evolution reaction” OR 
“oxygen reduction reaction” OR “carbon dioxide reduction reaction” 
OR “nitrogen reduction reaction”), using the website Web of Science 
accessed through: https:// webof knowl edge. com/ on 7 Dec. 2021

Fig. 2  The schematic image illustrates the fundamentals of fiber 
materials for electrocatalysis, which includes structural features, 

synthesis approaches, structural engineering, and composite 
structure

https://webofknowledge.com/
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Fundamentals of Fiber‑Based 
Electrocatalysts

Fiber materials are featured with tailorable morphology and 
structure, large specific surface area, and interconnected 
conductive networks, all of which are highly correlated to 
electrocatalytic activity. The high activity of catalyst during 
a catalytic reaction relies on increasing the activity of fiber 
matrix or exposing more catalytically active sites. The activ-
ity of fiber matrix can be induced by heteroatoms doping or 
the introduction of active components (single atoms, metals 
and their compounds), while constructing 3D mesoporous 
structure increases the specific surface area of fiber matrix to 
support more active sites. Based on these structural character-
istics, numerous approaches have been developed for activat-
ing those fiber materials for electrocatalysis.

Fiber Materials Directly as Active Species

Inorganic fiber materials such as  TiO2 fiber can contrib-
ute significantly to the catalytic performance due to their 
intrinsic electrocatalytic activity. For instance, the  TiO2 
fiber can be obtained by electrospinning a mixture solu-
tion of poly (vinyl pyrrolidone) and titanium isopropoxide, 
followed by calcination in air to remove the organic com-
ponent [20]. The resulting abundant mesopores in fiber 
matrix are advantageous to the electrolyte permeation.

Carbon fiber catalysts with low-cost were discovered 
to be a promising catalyst when compared to metal-based 
fiber. The catalytic activities of these catalysts have been 
induced by doping. Heteroatom doping can induce the 
charge redistribution in the carbon fiber, which is ben-
eficial in facilitating the chemisorption of reactants/prod-
ucts during catalytic process [21, 22]. Doping heteroatoms 
into carbon fibers frameworks can be accomplished in 
two ways: in-situ synthesis and post-processing. For in-
situ doping heteroatoms during the synthesis process of 
fibers, the heteroatom-containing precursor is generally 
mixed with carbon sources followed by carbonization. 
The post-processing doping can be achieved by pyrolyz-
ing the heteroatom-containing chemical reagents or gases. 
For example, Wang et al. reported a scalable strategy for 
in-situ doping the N, F, and B atoms into carbon fibers 
via electrospinning and subsequent thermal treatment, in 
which the polyacrylonitrile (PAN) and ammonium tetra-
fluoroborate were used as the precursor for carbon fiber 
and N, F, B resource, respectively (Fig. 3a) [23]. Each 
active site in ORR processes is a complex or union of het-
eroatoms and carbon atoms around defects or vacancies, 
leading to higher activity via efficient  4e− transfer mecha-
nism. Zhao and co-workers demonstrated N, S co-doped 

porous carbon cloth (CC) using post-processing method 
(Fig. 3b) [24]. In this case, sulfur was incorporated into 
CC through hydrothermal treatment with thiourea, fol-
lowed by pyrolysis with benzyl disulfide, and finally the 
 NH3 plasma treatment was performed to further dope N 
into S-doped CC. The N, S dual-doping leads to asym-
metrical spin and charge density, resulting in a synergis-
tic effect to enhance electrocatalytic activity. All in all, 
although pure fiber is electrochemically inactive, doping 
with heteroatoms without loading other active materials 
can induce excellent electrochemical activities.

Fiber Materials as Catalyst Support

Fiber materials are commonly used as a desirable catalyst 
support because they provide interconnected conductive 
networks, continuous electron transfer pathways, and large 
surface area for loading catalytically active species [25]. Due 
to the simple preparation, easy-to-control composition and 
morphology, electrospinning has been established as the 
most promising methods for the fabrication of fiber catalysts 
[26–28]. A wide variety of catalytically active materials, 
comprising noble metals, transition metals and their alloys, 
oxides, chalcogenides, carbides, and phosphides, could be 
composited with fiber matrix to facilitate rapid mass/electron 
transport and prevent the agglomeration of active materials 
[29–32]. For instance, by electrospinning and following con-
trollable pyrolyzed reduction, the ultrafine nickel phosphides 
embedded N-doped porous carbon nanofibers could be eas-
ily synthesized (Fig. 3c–e) [33]. Using the same method, a 
series of pea-like metal phosphides embedded composite 
fibers can be successfully fabricated.

Moreover, various post-treatment strategies, including 
surface deposition, interfacial growth, dip-coating, plasma 
treatment, and anodic oxidation technique have been devised 
to endow fiber matrix with some unique interface properties 
and enhanced catalytic activity [34, 35]. Surface deposition 
and dip-coating makes it possible to load active materials 
with controlled layer and morphology. Interfacial growth 
is a straightforward method to grow active materials with 
rational controlled composition, size, morphology, and 
structure. Wang et al. successfully synthesized hierarchi-
cal ZnO arrays on carbon cloth by a facile hydrothermal 
reaction, the ZnO arrays with single-rod, cluster and tetra-
pod-shaped can be obtained by using different zinc sources 
(Fig. 3f) [36]. The Hu group synthesized a series of multi-
component nanoparticles with different composition, size, 
and phase on carbon nanofibers by optimizing the carbo-
thermal shock parameters such as substrate, temperature, 
shock duration, and heating/cooling rate [37]. Furthermore, 
in-situ growth of active materials on flexible substrates, such 
as carbon cloths (CC), flexible films, and metal foams is an 
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effective approach to facilitate the electron transfer between 
the active sites and current collector.

Design Strategies of Advanced Fiber Electrocatalysts

It is well known fact that the high activity of electrocatalyst 
relies on increasing the intrinsic activity or exposing more 
reactive sites [38, 39]. In terms of the intrinsic catalytic 
activity of the active species, doping heteroatoms, intro-
ducing oxygen vacancy, and constructing 3D porous archi-
tectures could expose more active sites to accelerate the 

electrocatalytic reactions [40, 41]. Qiao et al. reported the 
design of NiO nanorod arrays that were in-situ fabricated on 
carbon fiber paper via a facile cation exchange methodol-
ogy, and the amounts of O-vacancies on the surface of NiO 
nanorods could be turned by controlling the cation exchange 
temperature [42]. Based on the experimental studies and den-
sity functional theory calculations, they demonstrated that the 
O-vacancy engineering assures a rapid electron transfer and 
promote their catalytic activity and durability. In addition to 
introducing oxygen vacancy, heteroatom doping could also 
facilitate the charge redistribution and chemisorption of reac-
tants/products [14].

Fig. 3  a Schematic illustration of the preparation process of the N, F, 
and B ternary doped carbon fibers. Reproduced with permission [23]. 
Copyright 2018, Wiley–VCH. b Schematic illustration for the prepa-
ration of N, S-CC by three-step in situ activation process. Reproduced 
with permission [24]. Copyright 2018, Wiley–VCH. c FESEM and 

d TEM images of as-prepared  Ni2P@NPCNF. e Illustration of the 
enhanced HER process over  Ni2P@NPCNFs. Reproduced with per-
mission [33]. Copyright 2018, Wiley–VCH. f SEM images of CC@
ZnO-1, CC@ZnO-2, and CC@ZnO-3. Reproduced with permission 
[36]. Copyright 2019, Wiley–VCH
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The catalytic activity can also be improved by constructing 
porous carbon fiber networks, as the hierarchical porous frame-
work can provide a large specific surface area to support more 
catalytically active species. In this regard, electrospinning has 
been considered as a practical approach to construct meso- 
and macropores in fiber matrix. The Yu group synthesized a 
novel hierarchical fiber catalyst by electrospinning bimetallic 
zeolitic imidazolate framework (ZIFs) precursors and carrying 
polymers followed by pyrolysis process [43]. This hierarchical 
porous structure plays a vital role in boosting catalytic activ-
ity by improving the exposure of active sites and accelerating 
mass/electron transfer.

Fiber‑Based Catalysts for Electrocatalysis 
Applications

Fiber materials possess large electrochemical active sur-
face areas and high electron/mass diffusion rates, making 
them potent for the application in the field of electrochemi-
cal catalysis. The type, amount, and dispersion of the active 

species can be easily turned to optimize the catalytic activity 
of fiber-based catalysts. This section focuses on the applica-
tion of fiber-based materials as electrocatalysts, based on 
synthesis-structure–property principles, including HER, 
OER, ORR,  CO2RR, and NRR.

Fiber‑Based Electrocatalysts for HER

Hydrogen  (H2) has gained attention as a sustainable, clean, 
and renewable energy resource. The electrocatalytic water 
splitting via the hydrogen evolution reaction (HER) repre-
sents a cost-effective and efficient method to produce  H2 [44, 
45]. Although noble-metals such as Pt,  IrO2 are regarded as 
the most active catalysts for HER, their high cost and lim-
ited abundance impede large-scale implementation. In this 
context, cost-effective electrocatalysts derived from carbon 
fibers have emerged to be a possible alternative to noble 
metals. Owing to the excellent conductivity and corrosion 
resistance, transition metal carbide, nitride, sulfide, selenide, 
phosphide, and alloys have been identified as promising 

Fig. 4.  a SEM and b TEM images of the  Ni0.67Co1.33P/N–C NFs. c 
illustration of interfacial charge transfer in  Ni2-xCoxP/N–C NFs. 
Reproduced with permission [49]. Copyright 2019, Elsevier. d, e 
SEM and f TEM images of MoP NWAs/CFP. g Polarization curves 

and h Tafel plots of  MoXn NWAs/CFP and Pt electrodes recorded 
in 1.0  M KOH. Reproduced with permission [51]. Copyright 2018, 
Wiley–VCH
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HER catalysts [46, 47]. For fiber-based electrocatalysts for 
HER, the optimization of electrochemical performance can 
be realized by altering the composite structure or electronic 
properties of fiber matrix and active metal species. Density 
functional theory (DFT) calculations have demonstrated that 
doping of the carbon fiber skeleton with N, B, S, P atoms 
could reduce the Gibbs free-energy of the hydrogen adsorp-
tion (∆GH*) to enhance the HER activity [48]. Apart from 
the structural modification of fiber matrix, tuning active 
metal species by doping with non-noble-metal cation and 
anion could also achieve optimized catalytic performance.

Electrospinning and subsequent pyrolysis have been widely 
developed to prepare efficient HER electrocatalysts, for exam-
ple, ultrafine bimetallic  Ni2−xCoxP nanoparticles embedded 
N-doped carbon nanofibers  (Ni2−xCoxP/N–C NFs) are fabri-
cated as electrode material for pH-universal HER (Fig. 4a, b) 
[49]. Owing to the 1D hierarchical nanostructures (fully expose 
active sites and facilitate charge transfer) and alloy  Ni2-xCoxP 
nanoparticle (fulfil electronic modulation on active sites), the 
 Ni2−xCoxP/N–C NFs exhibited optimized HER performance in 
acidic, neutral, and alkaline electrolytes (Fig. 4c). In addition to 
directly incorporating active species in fiber matrix via electro-
spinning, the carbon fiber can also serve as a conductive sup-
port to load catalytically active species. Common conductive 
supports are mainly focused on electrospun fibers, commercial 
carbon fiber papers (CFP), and carbon cloth (CC). Featuring 
with mechanical strength and flexibility, CFP and CC can be 
directly employed as a self-supported electrode to avoid the use 
of binders, thereby facilitating efficient electron transfer [50]. 
For instance, Zhang and colleagues have directly grown Mo-
precursor nanowire arrays (NWAs) on CFP through the solvo-
thermal reaction, followed by thermal treatment under different 
gas atmosphere led to the formation of a series of molybdenum-
based compounds (MoP,  MoS2,  Mo2C, MoN, and  MoO2) [51]. 
As shown in Fig. 4d–f, the length and diameters of the MoP 
nanowires on CFP are ~ 9 µm and 50–150 nm, respectively, 
which were composed of closely interconnected MoP nanocrys-
tals with rich nanopores. The HER activities were evaluated 
in 0.5 M  H2SO4, 1.0 M PBS, and 1.0 M KOH electrolytes, 
respectively. The fabricated MoP NWAs/CFP exhibit a high 
alkaline HER activity with a low overpotential of 52 mV at a 
current density of 10 mA  cm−2, which is comparable with that 
of the Pt electrodes (Fig. 4 g, h). Besides the catalytic activity, 
the durability is another essential factor for HER. Liu and co-
workers have confirmed that N, P dual-doped carbon coatings 
on active species not only prevent the aggregation of nanoparti-
cles, but also facilitate the charge/mass transportation [52]. The 
polarization curve of obtained electrode displays a negligible 
degradation after 3000 continuous CV cycles.

Recently, a series of in-situ characterization techniques, 
including liquid-phase transmission electron microscopy, 
in-situ X-ray absorption spectroscopy, and in-situ Raman 
spectroscopy has been developed to reveal the intermediate 

information during catalytic process. The P-substituted 
 CoSe2 nanowires covered CC electrode was prepared by Zhu 
and co-workers [53]. They use the sequential in situ STEM 
images of the catalyst after immersing in the alkaline elec-
trolyte to explore the real catalytically reactive species. After 
contacting with the alkaline electrolyte, the  CoSe1.26P1.42 
transformed into Co(OH)2, confirming that P-substituted 
 CoSe2 catalyst acting as the “pre-catalyst” rather than the 
real reactive species.

Fiber‑Based Electrocatalysts for OER

Many energy conversion systems, such as water splitting and 
metal-air batteries, rely on OER reaction. However, OER is a 
four-electron coupled reaction that often suffers from sluggish 
kinetics and high overpotential, limiting its energy conversion 
efficiency [54, 55]. Due to the low element abundance of cur-
rently available commercialized  RuO2 and  IrO2 catalysts, transi-
tion metals and their compounds have drawn extensive atten-
tion over the past few years [56]. Since the bare metal catalysts 
are prone to be eroded and aggregated with each other during 
electrochemical reactions, efficient solid catalyst supports are 
required to stabilize catalytically materials. Benefiting from the 
high electrical contact area and interconnected electron-transfer 
pathways, fiber materials have received increasing interest as 
promising supports to load catalytically active sites [57]. Elec-
trospinning is considered as a convenient method for the fab-
rication of 1D nanostructures with large specific surface areas 
and controlled morphology [58]. Recently, it has been demon-
strated that NiFe alloy nanoparticles embedded N-doped carbon 
nanofibers, developed by electrospinning and subsequent heat 
treatment, exhibited remarkably enhanced OER performance 
with a low overpotential of 294 mV at a current density of 
10 mA  cm−2 in alkaline solution [59]. Further modification of 
the fiber matrix by constructing porous network could provide 
more exposed catalytic sites. Zhao and colleagues proposed 
an in-situ growth strategy to synthesis zeolitic imidazolate 
frameworks (ZIFs)/polyacrylonitrile (PAN) core/shell fiber 
(PAN@ZIFs) [60]. The following high-temperature pyrolysis 
could convert PAN@ZIFs to heteroatom-doped carbon fiber, 
thereby providing continuous conductive nanoporous network 
as well as highly exposed active sites. From Fig. 5a–c, it can be 
observed that the small size of ZIF-67 tends to form a uniform 
and dense coating on the whole fiber. TEM images in Fig. 5d, e 
proved that the metal particles existed in the interior of CNF@
Zn/CoNC with graphitic shell scattered around fiber surface. 
The CNF@Zn/CoNC displays the most negative potential 
(1.70 V vs RHE) at current density of 10 mA  cm−2, which is 
attributed to the core–shell structure with abundant multiactive 
sites facilitateing fast electron/ions transport (Fig. 5f).

Active materials directly grown on conductive substrates 
as binder-free electrode have many intrinsic advantages over 
powdery forms conglutinated electrode, such as highly 
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exposed active sites, reduced contact resistance, and sufficient 
accessibility of reactants and products. For instance, a fac-
ile “impregnation-carbonization-acidification” strategy was 
proposed to grow a class of single-atom-anchored (including 
cobalt and nickel single atoms) monolith on carbon nanofib-
ers (Co SA@NCF/CNF) as binder-free OER electrocata-
lysts [61]. The obtained Co SA@NCF/CNF shows excellent 
flexibility, which can be directly used as flexible electrodes. 
The Co SA@NCF/CNF film is composed of uniformly 
interconnected microfibers, and the carbon flakes with open 
mesopores uniformly cover the carbon nanofibers. Due to 
the optimized active sites and hierarchically porous structure, 
the binder-free Co SA@NCF/CNF exhibits excellent OER 
activity and durability in alkaline medium. Furthermore, the 
composition, morphology, and structure of the active mate-
rials on conductive substrates can be rationally controlled 
through surface modification methods, such as anodic oxi-
dation, surface coating, elements doping, and so on [62, 
63]. A novel 3D hierarchical structure with iron-substituted 
CoOOH porous nanosheet arrays grown on carbon fiber cloth 
 (Fe0.33Co0.67OOH PNSs/CFC) was synthesized by electro-
deposition and subsequent in-situ anodic oxidation (Fig. 6a) 
[64]. As shown in Fig. 6b–d, the obtained  Fe0.33Co0.67OOH 
PNSs/CFC hierarchical arrays is composed of rough porous 

nanosheets with a thickness of about 5 nm. The partial  CoO6 
octahedral structures in CoOOH could be substituted by  FeO6 
octahedrons during the anodic oxidation process (Fig. 6e), 
and the DFT calculation reveals that  FeO6 octahedron pos-
sesses more active sites for OER. Besides, using a facile 
hydrothermal method, the vertically crossed CuCo nanosheet 
precursors grown on CF were synthesized [65]. The following 
calcination process in the  NH3 atmosphere leads to the for-
mation of N-doped carbon layer surrounding the nanosheets. 
The specific surface area significantly increased after thermal 
annealing, which is favorable for providing facile electrolyte 
accessibility and additional active sites.

Fiber‑Based Electrocatalysts for ORR

The ORR is a core reaction for rechargeable metal-air bat-
teries and fuel cells [66]. Exploring non-precious metal 
catalysts with sufficient activity and durability to replace 
Pt or Pt-based catalysts has been a challenge for large scale 
production and practical applications [67, 68]. In the past 
few years, metal–organic frameworks (MOFs), transition-
metal carbides/nitrides/sulfides/alloys, metal-free heter-
oatom-doped carbon, and metal-nitrogen-carbon (M–N–C) 

Fig. 5  a Schematic illustration of morphology evolution in PAN@
ZIF-67 fiber. SEM images of b PAN@ZIF-67–400 fiber and c PAN@
ZIF-67–80 fiber. d TEM and e HRTEM images of CNF@Zn/CoNC. 

f LSV curves of CNF@ZnNC, CNF@Zn/CoNC, CNF@CoNC, and 
30 wt% Pt/C for OER. Reproduced with permission [60]. Copyright 
2018, Wiley–VCH
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catalysts have attracted great attention as electrocatalysts for 
ORR. The ORR can proceed through the two-step  2e− path-
way or the  4e− reduction pathway in both acid and alkaline 
media, where the  4e− pathway is more desirable for effi-
cient ORR electrocatalysis. The ORR activity of cathode is 
strongly influenced by the chemical, structural, and transport 
properties of the active material.

Recently, atomically dispersed and nitrogen-coordinated 
single metal sites embedded in carbon (denoted as M–N–C) 
has been widely investigated as the non-precious metal cata-
lysts for the ORR [69]. Among the numerous studied precur-
sors, MOFs constructed by metal ions and organic ligands are 
effective in creating atomically dispersed M–N4 sites embed-
ded in defect-rich carbon matrix. 1D MOF-derived nanofibers 
with hierarchically porous architecture can be easily produced 

via electrospinning and thermal treatments, which is condu-
cive to exposing more accessible active sites and facilitating 
mass/electron transport. Using the electrospinning technique, 
He et al. prepared an interconnected hierarchical fibrous 
architecture to maximize the utilization of  CoN4 sites for 
highly active M–N–C cathodes [70]. The obtained nanofiber 
catalyst shows a porous fibrous morphology and hierarchi-
cal structure, thus facilitating the mass transfer of reactants 
 (O2 and  H+) and product  (H2O). However, these fibrous cata-
lysts synthesized via in-situ electrospinning mainly possess 
microporous structures, the fabrication of CNFs with open-
mesoporous and interconnected structure is quite challenging. 
Inspired by fibrous string structures of bufo-spawn, Chen and 
co-workers prepared the atomic Fe–Nx sites coupled open-
mesoporous N-doped-carbon nanofibers (OM-NCNF-FeNx) 

Fig. 6  a Illustration of the fabrication of  FexCo1−xOOH PNSAs/CFC. 
b, c SEM images and d TEM image of  Fe0.33Co0.67OOH PNSs/CFC. 

e The structural transformation from α-Co(OH)2 to  Fe0.33Co0.67OOH. 
Reproduced with permission. [64]. Copyright 2018, Wiley–VCH
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by fabricating open-mesoporous nanofibers and then cou-
pling atomic Fe–Nx catalytic sites (Fig. 7a) [71]. Figure 7b, 
c clearly reveal the OM-NCNF-FeNx consist of abundant 
irregular open mesopores and fully interconnected structures. 
When compared with the other types of CNF catalysts, the 
OM-NCNF-FeNx shows comparable or better ORR perfor-
mance  (E0 = 0.905 V and  E1/2 = 0.836 V) (Fig. 7d).

Furthermore, by anchoring ultrasmall TMO nanocrystals 
on conductive carbon fiber supports, electrocatalytic perfor-
mance could be dramatically improved [72]. Because of the 
poor electronic conductivity and low surface area, the elec-
trocatalytic activity of pure bulk TMOs is far less than expec-
tated. In this regard, regulating defects (doping heteroatoms 
and introducing oxygen vacancies) in nanocomposites is an 
effective approach to manipulate the chemical activities of 
TMOs. For instance, Yang and co-workers proposed a control-
lable N-doping strategy to improve the ORR catalytic activity 
of  Co3O4 on CC [73]. The DFT calculations and experimental 
results reveal that the N doping could significantly improve 
the electronic conductivity and  O2 adsorption capability of 
 Co3O4, thereby facilitating the ORR process (Fig. 8a). More-
over, oxygen vacancies could serve as electron donors to 
enhance the electrical conductivity and alter the surface elec-
tronic structures, thus enhancing the number of active sites 
and the catalytic activity. It has been reported that a Kirken-
dall diffusion process could induce the generation of oxygen 

vacancy in  Co3O4 hollow particles (Fig. 8b), this synthetic 
approach may also be extended to other oxides, selenides and 
sulfides with similar structures to produce vacancies [74]. 
The obtained fiber catalyst shows the highest ORR half-wave 
potential of 0.834 V, which is in good agreement with its high 
ORR electron transfer number of about 4.0 (Fig. 8c, d).

Fiber‑Based Electrocatalysts for  CO2RR

The excessive combustion of fossil fuels has led to a sig-
nificant increase of  CO2 emission. The accumulation of 
 CO2 in atmosphere greatly contributes to the global warm-
ing and climate deterioration [75]. The electrochemical  CO2 
reduction reaction  (CO2RR) allows one to convert  CO2 into 
valuable products including methane, formic acid, carbon 
monoxide (CO), etc., thus reducing the carbon footprint [76]. 
However, the thermodynamically stable and kinetically inert 
nature of  CO2, as well as the competing reaction of HER, 
greatly hinder the large-scale application of the  CO2RR. It is 
important to explore low-cost and abundant electrocatalysts 
that allow for the efficient  CO2 reduction while minimizing 
the hydrogen production. The electrocatalysts for  CO2RR 
can be divided into three categories: producing formic acid 
(Sn, Pb, Bi), producing CO (Au, Ag, Zn), and producing a 
range of higher order hydrocarbons (Cu) [77]. Fiber materials 
have been used as an effective support for metal nanoparticles 

Fig. 7  a Schematic representations of the synthesis of atomic 
Fe-Nx  sites coupled open-mesoporous N-doped-carbon nanofibers 
(OM-NCNF-FeNx). b SEM and c TEM images of the OM-NCNF-

FeNx  nanofiber. d ORR polarization curves for nanofibers catalysts 
in 0.1  M  KOH.  Reproduced with permission [71]. Copyright 2018, 
Wiley–VCH
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owing to their large specific surface area and conductive 
interconnected network, affording a metal-support synergy 
to optimize catalytic activity.

Cu is the only recognized  CO2RR electrocatalysts cata-
lyzing the generation of a series of hydrocarbons or alcohols 
in aqueous solutions. Since Cu-based electrocatalysts usu-
ally generate a variety of gaseous and liquid phase products, 
it is necessary to reasonably control the catalytic selectivity 
of  CO2RR to obtain target product. Using electrospinning 
technology, a through-hole carbon nanofibers with abundant 
and homogeneously distributed Cu single atoms (CuSAs/
TCNFs) was designed for efficient electrochemical  CO2RR 
[78]. The CuSAs/TCNFs form a hierarchical intercon-
nected network with a diameter of 700 nm, and no clusters 
or nanoparticles can be found in HR-TEM image (Fig. 9a). 
Due to the synergistic effect of the through-hole carbon 
structure and abundant isolated Cu active sites, the CuSAs/
TCNFs exhibits a high Faradaic efficiency (methanol) of 

44% (Fig. 9b, d). According to the DFT calculations in 
Fig. 9c, the Cu–N4 structure demonstrates a favorable free 
energy (1.17 eV) for rate-determining step, so that the as-
generated COOH* intermediate can be easily converted to 
a CO* species. Researchers also found that the introduction 
of Cu atoms in nickel-copper alloy could effectively tune 
the d-band electron configuration, leading to a moderate 
hydrogen adsorption and optimal HER activity [79]. The 
obtained self-standing array structured electrode (atomically 
dispersed Ni anchored N-doped carbon nanotube array with 
nickel-copper alloy encapsulation on CFP) possesses high 
Faradic efficiency toward CO formation.

Different from Cu-based electrocatalyst, metallic Bi and 
 Bi2O3 catalysts have been demonstrated to show high selec-
tivity for formate production. The activity for formate pro-
duction of Bi-based catalysts can be enhanced by Bi alloying 
and structural engineering. Using a scalable hot-aerosol syn-
thesis strategy, Tricoli et. al. proposed the tunable design of 

Fig. 8  a Calculated structures and  O2-adsorption energies (ΔEad) of 
the undoped and N-doped  Co3O4  (110) surfaces.  Reproduced with 
permission [73]. Copyright 2017, Wiley–VCH. b Illustration of the 
evolution of Co particles into hollow  Co3O4 particles with the forma-

tion of oxygen vacancies during the oxidation process. c ORR polari-
zation curves. d K-L plots of  Co3O4−x HoNPs@HPNCS-60. Inset: the 
corresponding LSV curves. Reproduced with permission [74]. Copy-
right 2019, Wiley–VCH
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3D fractal structured  Bi2O3 (f-Bi2O3) on porous carbon fiber 
paper [80]. Even though the selectivity trends of f-Bi2O3 
and  Bi2O3 toward formate generation are similar, the higher 
exposure of roughened β-phase  Bi2O3/Bi edges would entail 
an improved diffusion of  CO2 reactants and products, result-
ing in higher  jHCOO

− (− 20.9 mA  cm−2).

Fiber‑Based Electrocatalysts for NRR

Electrochemical conversion of nitrogen  (N2) to ammonia 
gas  (NH3) was treated as one of the significant industrial 
processes because of the high efficiency and abundant reac-
tion resources [81, 82]. This strategy is expected to replace 
conventional Haber–Bosch process which consumes great 
amount of energy consumption and a significant amount of 
carbon dioxide  (CO2) released. However, when compared 
with industrial production, electrochemical NRR suffers 
from unsatisfactory ammonia production and poor Faraday 
efficiency (FE) [83]. Over the past few decades, numerous 
structural engineering strategies have developed to enhance 
intrinsic activity of the electrocatalyst or introduce extra active 
sites to improve the efficiency and ammonia production rate 
of  N2 reduction reaction [84]. Apart from optimizing catalytic 
performance of NRR, strengthening the suppression of HER 
is also necessary due to the fierce competition between NRR 
and HER. Studies have revealed that by selecting, designing, 
and engineering electrocatalysts, the transfer of protons from 

the electrolyte to the catalyst can be slowed down, thereby 
alleviating the inhibitory effect of HER on NRR [85].

Recent reports have emphasized the importance of 
structural engineering (defect engineering, surface orienta-
tion and amorphization) for  N2 adsorption and activation. 
Although structural defects are beneficial to the NRR pro-
cess, they inevitably reduce electronic conductivity. It has 
been proved that dispersing active materials with abundant 
defects on conducting fiber supports is ideal for NRR appli-
cations. Peng and co-workers reported N-defective carbon 
nitride grown on carbon paper as a highly selective NRR 
electrocatalyst [86]. They confirmed that the dinitrogen mol-
ecules are preferably chemically adsorbed on the C=N−C 
 N2C vacancy site via an end-on mode, whereas unpaired 
electrons in carbon nitride can be reversely donated to the 
adsorbed nitrogen molecule and promote  N2 reduction. Fur-
thermore, introducing oxygen vacancies could increase the 
ability to capture electrons as well as adjust the band struc-
ture, which is conducive to promoting the electrocatalytic 
NRR performance. For example, the amorphous  Bi4V2O11 
contains significant oxygen vacancies and has been used as 
the active material for electrocatalytic NRR (Fig. 10a) [87]. 
The obtained noble-metal-free  Bi4V2O11/CeO2 hybrid with 
an amorphous phase (BVC-A) possesses hollow nanofibrous 
morphology with a diameter of about 60 nm, in which the 
 CeO2 nanocrystals are well-dispersed in the BVC-A nanofib-
ers (Fig. 10b, c). As illustrated in Fig. 10d, the  Bi4V2O11/
CeO2 forms a type I band alignment, which is beneficial in 

Fig. 9  a HR-TEM images of CuSAs/TCNFs. b Illustration of 
 CO2  diffusion on CuSAs/CNFs and CuSAs/TCNFs. c Free energy 
diagram of  CO2 to CO on pyridine N, Ni-N4, and Cu-N4 structure. d 

Faradaic efficiencies of all products at CuSAs/TCNFs. Reproduced 
with permission [78]. Copyright 2019, American Chemical Society
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facilitating the interfacial electrons transfer from  CeO2 to 
 Bi4V2O11 (Fig. 10e).

Actually, the present transition-metal electrocatalysts still 
suffer from low activity and Faradaic efficiency due to poor 
interfacial reaction kinetics. It is reported that the interface 
engineering through constructing heterojunction will facili-
tate charge transfer, leading to fast reaction kinetics at the 
heterointerface. Guo et al. developed a self-standing FeS@
MoS2/CFC hybrid NRR electrode through a one-step hydro-
thermal method [88]. The unique synergy between Fe and 
Mo facilitates an optimized artificial NRR system through 
imitating the composition of natural enzymes such as FeMo-
nitrogenases. Compared to inactive carbonaceous matrices, 
the researchers found that the  TiO2 nanofibrous membrane 
made a significant contribution to the NRR performance 
owing to its intrinsic catalytic activity [20]. Particularly, an 
interface-engineered heterojunction was developed, in which 
the CoS nanosheets anchored on  TiO2 nanofibrous mem-
brane (Fig. 10f, g). The  TiO2 nanofibrous membrane could 

prevent agglomeration of CoS nanosheets, and the intimate 
coupling between CoS and  TiO2 facilitates the charge trans-
fer at the heterogeneous interface. As shown in Fig. 10 h, 
the obtained electrocatalyst provides high ammonia yield 
and Faradaic efficiency of 8.09 ×  10–10 mol  s−1  cm−2 and 
28.6%, respectively.

Summary

According to the locational relationships between electro-
catalytically active materials and fiber matrix, most of fiber 
electrocatalysts can be divided into two types based on recent 
research: (1) supported electrocatalysts and (2) embedded 
electrocatalysts. Because the supported active materials are 
completely exposed in supported electrocatalysts, the high 
resistance to chemical attack, as well as the robust conjugation 
of fiber matrix and supported material, is the key to enhance 
catalytic activity. While for embedded electrocatalysts, inter-
connected porous structure is advantageous for the sufficient 

Fig. 10  a Illustration of the fabrication of BVC-A and BVC-C NRR 
electrocatalysts. b SEM and c  HRTEM images of BVC-A. d Band 
alignment of  Bi4V2O11 and  CeO2. e Illustration of interfacial charge 
transfer in BVC-A. Reproduced with permission [87]. Copyright 
2018, Wiley–VCH. SEM images of f  TiO2  nanofibrous membrane 

and g C@CoS@TiO2  nanofibrous membrane. h Ammonia yields 
and Faradaic efficiencies of a C@CoS@TiO2 nanofibrous membrane 
at different potentials. Reproduced with permission [20]. Copyright 
2019, Wiley–VCH
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exposure of active sites and the mass transfer. Furthermore, 
for different electrocatalytic applications, the active material 
should be cautiously selected according to the difference of 
the catalytic reactions. For HER, OER, and ORR, the adapt-
ability of the catalysts under different pH values is necessary 
because the metal species are sensitive to the pH of the elec-
trolyte. The interface structure should be reasonably designed 
to adapt different reaction medium. Till now, metals are the 
most investigated electrocatalysts for heterogeneous  CO2RR, 
hybrid catalyst might represent the future orientation for 
catalyst design. Further investigations on fiber-based  CO2RR 
catalysts should be performed to understand the structure-
performance relationships. Since the intense HER competition 
significantly limits Faradaic efficiency of NRR, the morphol-
ogy, crystal phase, and composite structure of the fiber cata-
lyst should be well designed to reduce the HER selectivity and 
increase the ammonia yield.

Conclusions and Perspectives

We have reviewed the recent progress of fiber materials 
for electrocatalysis applications. The unique traits of fiber 
materials have been summarized while various design 
strategies for optimize electrocatalytic activity were high-
lighted. Their applications in five representative electro-
catalysis reactions including HER, OER, ORR,  CO2RR, 
and NRR, were reviewed by organizing and comparing 
the electrochemical performance of different fiber-based 
electrocatalysts. Although current results of fiber-based 
electrocatalyst are inspiring, following issues still need to 
be addressed before their practical applications.

First, increasing the intrinsic activity of active species 
would improve the catalytic efficiency of fiber catalysts. In the 
past few decades, the catalytic properties of fiber-based elec-
trocatalysts have been significantly enhanced by engineering 
the electronic structure within catalytically active materials 
(e.g. defect engineering, element doping, and construction of 
heterojunction). Despite the fact that some studies have been 
conducted to reveal the correlations between bonding con-
figuration and catalytic activity, the chemical nature of cata-
lysts and actual reaction mechanism are still unclear. Future 
research should concentrate on precisely controlling the con-
tent, location, and distribution of dopants, in order to gain 
a basic understanding of the doping induced charge transfer 
and associated electrochemical property changes. Moreover, 
numerous structural modification methods for active compo-
nents like particle size reduction, hierarchically porous archi-
tecture construction, and crystalline structure optimization, 
can be combined with electronic engineering to improve the 
intrinsic activity of active species.

Second, the structural engineering of fiber matrix allows 
for anchoring more reactive sites. Despite the fact that fiber 

material has a relatively high specific surface area, simply 
electrospinning a mixture of organic precursor and active 
species may cause insufficient exposure of the active site. 
Constructing a 3D porous hierarchical fibrous architecture 
through electrospinning helps maximize the utilization of 
active species, and plays a vital role in boosting the catalytic 
performance by providing facile electron diffusion pathway 
and facilitating the efficient mass transport. However, the 
active species in hierarchical structures are currently limited 
to specific compositions like single atoms, and it is criti-
cal to expand it to other systems. For the loading of active 
materials on the fiber surface through post-treatment, high 
specific surface area of fiber matrix is a premise to load more 
active sites, it is of great significance to rationally balance 
the loadings and specific surface area to achieve high spe-
cific activity and mass activity.

Finally, because the conventional electrode fabrication 
results in poor electron transfer between catalysts and cur-
rent collector, thus fiber catalysts without additive must 
be constructed to directly act as a freestanding electrode 
to enhance catalytic activity and durability. Currently, the 
processing methods of surface modification on fiber support 
mainly include solvothermal, electrodeposition, and chemi-
cal treatments. However, all these technologies are suffered 
from the difficulty of uniformly distribution of active com-
ponents. Developing an easy-to-synthesize method to evenly 
loading active materials and enhance their interaction with 
fiber support helps to optimize the electronic structure at 
the surface and consequently improving catalytic activity.

In addition to conventional electrocatalytic applications 
mentioned above, fiber materials have been expanding rap-
idly to various catalytic reactions such as oxidation reac-
tions, reduction of various organic chemicals, and organic 
electrochemical transformations. We are confident that fiber 
materials with exceptional properties will continue to play 
an indispensable role in the development of electrocatalysis 
applications.
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