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1. Introduction

It has been well recognized that the perfor-
mance of electrocatalysts is governed by the
surface properties. Plasma is essentially an
ionized substance, which could be gener-
ated when sufficient energy is imposed
to a certain gas medium or a gas mixture.
The energy sources are extensive for gener-
ating plasma, including flames, combus-
tion, heats, electric discharges (plasma
jets, spark, arc, glow, corona, radio fre-
quency [RF], and microwave), and dielectric
barrier discharge (DBD), as well as shocks
driven by electricity, magneticity, chemical
reactions, etc. As early as the 1990s, plasma
technology was favored by researchers as
an alternative way for the preparation of
catalysts.[1] In addition to direct synthesis,
plasma technology has gained noticeable
popularity in the modification of the elec-
trocatalysts surface, which is also known
as plasma-enhanced preparation strate-
gies.[2] According to the energy level, the
generated plasma can be classified as

high-temperature plasma and low-temperature plasma. The
plasma used for catalyst preparation and treatment in laboratory
and industry usually belongs to the low-temperature plasma.[3]

In low-temperature plasmas, those used for catalyst surface mod-
ification usually refer to the nonthermal plasma, which is also
called cold plasma or nonequilibrium plasma. The highly ener-
getic ions in plasma possess higher chemical activity than those
in the diffusion-limited thermal reactions,[4] thus making
plasma surface treatment a powerful tool for electrocatalysts
modification. Among various nonthermal plasma techniques,
RF-generated plasma and DBD-generated plasma are most com-
monly used for electrocatalysts modification, as shown in
Figure 1. RF-generated plasma is featured with low gas tempera-
ture, but high electron temperature (typically 104–105 K), while
DBD-generated plasma by using dielectric barrier can restrain
the instability during discharge to keep a low gas temperature.
The main difference between the electric discharge and dielectric
discharge was believed to be the shape of the applied electric
field. The electric field created by barrier discharges could be rel-
atively homogeneous in the whole gap. While in barrier dis-
charges, the electron density is higher than that in a typical
electric discharge, but the electron is featured with a lower
temperature.[5]

Under the excitation impact by external energy, the fast elec-
trons act on different gas molecules; thus, the reactive species,
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Structure and surface modification of electrocatalysts demonstrates a promising
lead for achieving excellent electrocatalytic activity and efficiency. Among various
surface modification strategies, nonthermal plasma technique possesses an
irreplaceable role due to the merits of simple but controllable operation proce-
dure, low pollution, low cost, and easy scale-up for practical applications.
Nonthermal plasma treatment, as a powerful tool for material surface and
structural engineering, can mainly benefit the electrocatalytic reactions in the
following aspects: surface atom doping or reconstructing, introducing vacancies
or defects, surface partially reducing or oxidizing, and increasing the porosity or
roughness. Given to its flexibility, plasma modification is gaining a noticeable
popularity, and great progress has been made in applying plasma for optimizing
surface properties of the mainstream electrocatalysts, including metal-free car-
bon materials, metal oxides, and other compounds, as well as organometallic
electrocatalysts, etc. This review first summarizes the recent advances in non-
thermal plasma modification for achieving desirable electrocatalytic behaviors,
aiming to highlight the cutting-edge function designs of electrocatalysts with
plasma technology. It is hoped that this work can give some inspiration for the
development of highly efficient electrocatalysts.
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such as excited atomic O, N, S, and P radicals, as well as molec-
ular Oþ

2 , N
þ
2 , H

þ
2 , NH

�
2 , and OH� radicals, can be generated

under certain atmosphere composition and operating conditions.
The interactions between the electrocatalyst surface and plasma-
generated radicals can bring various functions to the catalyst,
such as reorganizing surface atoms,[6] introducing vacancies
and/or defects,[7] doping with heteroatoms,[8] partially reducing
or oxidizing surface,[9] as well as enhancing the roughness and/
or creating porosities,[10] to favor the electrocatalysis activity of
the material. Traditional chemical synthesis/modification strate-
gies, involving the ionic surfactants and wet chemical covalent
functionalization process, are usually accompanied by harsh
operating conditions, and the chemical reagents used can cause
detrimental effects to the environment.[11] In contrast, unneces-
sary thermalization during the plasma treatment is usually
expected to be circumvented. The unique advantage of plasma
modification is that this technique enables the controllable mod-
ification of the electrocatalyst surface properties, while produces
minor effect on the bulk structure of the material, thus to realize
highly distributed active sites on various carriers.[12] Moreover,
impressive as its operating simplicity, short preparation time,
plasma technology was soon promoted as a key approach to engi-
neer nanostructured catalysts.

This review deliberately summarizes the research progress
made in using nonthermal plasma treatments for electrocatalyst
surface modification from the perspective of the mechanism
behind this technique. The operating parameters in plasma treat-
ments have been specified to provide instructions on potentially
use of this tool for electrocatalysts surface functionalization.
Recent advances in plasma surface modification for achieving
desirable electrocatalytic performance of carbons, metal oxides,
and other compounds, as well as organometals, have been thor-
oughly reviewed and analyzed. To some extent, we hope this
work can provide impetus to explore nonthermal plasma treat-
ment as a feasible way for electrocatalysts modification.

2. Mechanisms for Plasma-Induced Material
Surface Modification

Plasma-generated excited species can interact with the first few
atomic layers on the material thus results in physical and/or
chemical modification of the material surface, while maintaining

the properties of the bulk. Plasma treatment mainly tunes the
surface properties of the material by the following ways:
1) The excited radical species can react with materials surface
to form new chemical bonds, resulting in new doping function-
alities. 2) The high energy radicals in plasma could attack the
material surface to subsequently exfoliating or engraving the
material surface to increase roughness and porosity. 3) The redox
ions generated in plasma can partially reduce or oxide the mate-
rial surface to tune the electronic properties of the active sites.

2.1. Chemical Modification to Dope Functionalities

Impact ionization is the main mechanism to explain the genera-
tion of plasma. In a local electric field impacted by certain energy,
electrons are accelerated and then to ionize background gas
atoms or molecules to create more electrons and reactive species,
which can chemically modify the material surface.[13] For exam-
ple, in air, this impact ionization mainly takes place via the fol-
lowing reactions

N2 þ e ! Nþ
2 þ 2e (1)

O2 þ e ! Oþ
2 þ 2e (2)

Meanwhile, the excited N and O radicals can further react with
the gas molecules to form nitrogen–oxygen compounds through
the following reactions[14]

NþO2 ! NOþO (3)

Oþ N2 ! NOþ N (4)

With the existence of water in air, the OH radical can also be
created[15]

H2Oþ e ! Hþ OHþ e (5)

Note that the above equations mainly cover the ways of
electron-induced dissociation for radical generation; other side
reactions within reactive species and dissociative electron recom-
bination processes could be more complicated.[16] After all, it is
certain that the reactive species generated in discharge is domi-
nated by the electron energy, which can be controlled by tuning
the power as well as the gas composition.[17] For example, the Oþ

2
radical generated in oxygen plasma can break the C—C, C—H,

Figure 1. Schematic illustration of plasma techniques used for material surface modification to realize functionalization of the electrocatalysts.
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and C—N bonds on the carbon fiber surface to form C radicals.
The excited O radical may further react with the O2 molecules to
generate more reactive oxygen species (like Oþ, O2þ, Oþ

2 , and
O2þ

2 ). These O reactive species then react with the C radicals
to form various oxygen functional groups, such as —OH,
—COOH, and —C═O, thus realize chemically modification of
the material surface.[18] Hydrogen plasma with the generated
active species, such as Hþ, Hþ

2 , and Hþ
3 , could deliver much

higher oxygen-absorbing capability than molecular hydrogen,
thus can effectively reduce the oxides surface in mild condi-
tions.[19] Nitrogen plasma conducted with N2 or NH3 is likely
to generate Nþ, Nþ

2 , or NH
�
2 , which are capable of incorporating

N-atoms to the graphitic lattice.[20] While in the case of NH3
plasma, the generated H-containing NH�

2 species may provide
additional reducing effect to the oxide surface.[21] Similar cases
have been reported by using sulfur plasma and phosphorus
plasma treatment to achieve S-doping and P-doping to materials,
but the hazard to environment is unlikely to be circumvented in
these cases by using H2S or PH3 gaseous precursors.[22]

2.2. Physical Modification to Increase Surface Roughness

Engineering of carbon electrocatalysts with more edges/defects
has been demonstrated to be a novel strategy to enhance the cat-
alytic performance.[23] Ar plasma has shown physical etching
effect, which can be used to generate pores and rich edges/
defects on carbon materials, such as carbon nanotubes, graphite,
and graphene as efficient metal-free electrocatalysts. For exam-
ple, Tao et al. reported the use of Ar plasma with optimized oper-
ating time and temperature for the synthesis of dopant-free

graphene catalyst for the oxygen reduction reaction (ORR).[7c]

Physical characterization indicated that the plasma etching
increased the active edge sites on the carbon surface, while main-
tained the bulk integrity of the edge-rich graphene without caus-
ing damage to the macroscopic structure. Without any other
dopants, the results confirmed the critical role of edge-rich sur-
face of carbon catalysts with higher charge densities for benefit-
ing the electrocatalytic ORR performance.

Given to the simplicity and flexibility of the operation process
of plasma treatment, it has been used for rapid in situ exfoliat-
ing/engraving of the substrate to expose more active sites. For
example, Liu et al. demonstrated the direct generation of active
sites on carbon cloth by treating with Ar plasma to serve as
bifunctional electrocatalyst for the ORR/oxygen evolution reac-
tion (OER).[24] The synthesis procedure is illustrated in
Figure 2A; the as-exfoliated graphene by plasma treatment with
large amount of pore structure and edges/defects-rich surface
was then reacted with oxygen when exposed to air. As a result,
the graphene surface functionalized by oxygen groups was
formed and exhibited better electrolyte affinity with much
enhanced mass transport to the active sites. Figure 2B presents
a simulated process of charge transfer on defective graphene
functionalized by electronegative oxygen groups; the introduced
functional oxygen groups can withdraw electrons from
adjacent carbon atoms, resulting in more positively charged car-
bon atoms, which also facilitated the adsorption of intermediate
reaction species during the electrocatalysis ORR and OER
process.[25]

Similarly, Co(OH)2 nanosheet arrays were reported to be
directly electrodeposited on nickel foam accompanied by air

Figure 2. A) Schematic illustration of the in situ synthesis of defective and oxygen-functionalized graphene from carbon fiber. B) Illustration of charge
transfer on defective graphene surface with C—OOH species (left) and nondefective graphene with C═O species (right). Yellow and blue indicate
negative and positive charge, respectively; brown, white, and yellow balls represent carbon, hydrogen, and oxygen atoms, respectively; red circles mark
the most active sites. Adapted with permission.[24] Copyright 2017, WILEY-VCH. C) Scheme of in situ fabrication of Co3O4@Ni foam porous electrode
engraving by air plasma with insert scanning electronmicroscopy (SEM) image of the as-formed porous electrode. Adapted with permission.[26] Copyright
2017, The Royal Society of Chemistry.
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plasma to engrave more active defects (Figure 2C).[26] The as-
formed Co(OH)2 nanosheets after in situ oxidation were con-
verted to Co3O4 oxide electrode with distinct porous architecture,
as shown in the insert SEM image in Figure 2C. The favorable
OER kinetics could be attributed to the morphological features
with abundant active sites and large specific surface area of
the electrode, as well as the fast gas release from the rough elec-
trode surface to reduce the ohmic loss at the interface between
the catalyst and electrolyte.

2.3. Partially Oxidizing/Reducing Surface

Tuning the oxidized state of metal active sites has been proposed
to be an effective way for enhancing the electrocatalytic perfor-
mance.[27] One typical case is the oxidized copper (Cu) catalyst
developed for the carbon dioxide reduction (CO2RR),

[28] where
the existence of Cuþ species was suggested to play a critical role
in reducing the onset potential and enhancing product selectiv-
ity.[9,29] O2 plasma and H2 plasma were used synergistically to
tune the chemical state on the polycrystalline Cu.[9] Cross sec-
tions of the plasma-treated Cu foils were measured using scan-
ning transmission electron microscopy (STEM) combined with
elemental mapping using energy dispersive spectrometer (EDS),
as shown in Figure 3A–D; O2 plasma treatment under 20W for
2min resulted in a well-defined thicker Cu2O interlayer with a
thinner CuO top layer. The afterward H2 plasma treatment
reduced the surface to form an apparent 100 nm-layer metallic
Cu, with the CuO and Cu2O oxide remaining in the subsurface.
The as-formed nanostructured Cu oxide layers remained during
electrocatalysis reaction provided direct evidence to the key role
of the oxidized Cuþ as the active sites for CO2RR.

Sometimes, surface modification on transition metal oxides by
partially reducing the surface atoms is considered to be effective
for enhancing the electrical conductivity of this kind of materials
for electrocatalysis.[31] Carbon plasma was applied to produce
reduced Ni4Mo component on NiMoO4 nanowire arrays.[30] A
short treatment process of 30 s was conducted and demonstrated
to result in the exposure of more active Ni–Mo sites on the
surface by forming Ni4Mo nanoparticles (Figure 3E), while main-
tained the nanowire array structure of the electrocatalyst. In addi-
tion, a thin layer of carbon shell was deposited on the nanowire
surface, which may effectively prevent the loss of active sites dur-
ing electrocatalysis reaction, and render the catalyst with higher
chemical stability. The surface chemical composition and valence
states changes, as exhibited by X-Ray photoelectron spectroscopy
(XPS) characterizations of Ni 2p3/2, Mo 3d, and O 1s spectra in
Figure 3F-H, were indexing to the formation of metallic Ni and
Mo in lower valence state, and decreased O2� ions in crystal
structure after plasma treatment.

3. Operating Parameters in Plasma Treatments

Plasma-induced material surface modification can be adjusted
by precise control of the processing parameters, such as gas
composition, partial pressure, plasma generator power, exposure
time, etc.[32] The changes taken place with the surface function-
alities are likely to be the substantial effect on the electrocatalytic
performance of plasma-treated electrocatalyst. Sometimes the
critical values of different operating parameters on the final
modification effects are synergistic. Herein, we select some
representative examples for investigating the influence of single
factor or coupling factors on material modification for brief
discussion.

Figure 3. Morphological characterization of the plasma-treated Cu foils: A) EDS elemental mapping, and B) STEM image after O2 plasma treatment
under 20W for 2min; C) EDS elemental mapping after O2 plasma treatment under 100W for 2min, and D) subsequent H2 plasma treatment.
Reproduced under the terms of the Creative Commons CC-BY License.[9] Copyright 2016, The Authors, published by nature Publishing Group.
E) High resolution transmission electron microscopy image of the carbon plasma-treated NiMoO4 nanowire arrays with reduced Ni4Mo alloy nano-
particles and thin carbon shell; XPS characterizations of F) Ni 2p3/2, G) O 1s, and H) Mo 3d, confirming the changes of chemical composition and
valence states of the sample after plasma treatment. Adapted with permission.[30] Copyright 2018, WILEY-VCH.
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3.1. Gas Composition

Plasma treatments conducted under different gaseous or liquid
feedstocks, typically H2, O2, Ar, N2, H2O, CH4, ethanol, H2S,
PH3, etc., have been commonly used to modify the material sur-
face through chemical reactions between the excited free radicals
and material surface.[17,33] Zhang et al. recently reported the
incorporation of H into α-Ti crystal lattice by H2 plasma bom-
bardment. The H-activated Ti plate was featured with a partially
reduced surface oxide layer, and exhibited improved perfor-
mance toward electrocatalytic HER.[19a] Besides introducing het-
eroatom doping or functional groups to the material surface,
investigation toward tuning the feedstock composition in plasma
treatment has found possibilities in achieving desirable surface
reorganization for electrocatalysis. For example, Ar/O2 plasma
was reported to controllably introduce oxygen doping to modify
FePSe3 nanosheets, meanwhile bring surface reorganization by
forming an amorphous phase on crystalline interface. Another
example by employing plasma with two different gases has been
reported to enhance the ORR performance of carbon nanotubes
without heteroatom doping.[34] Mild plasma irradiation with Ar
and NH3 atmosphere was suggested to introducing more topo-
logical defects to the nanotubes, as well as bringing a healing
effect to the sp3 bonds. In this case, it was found that not the
nitrogen dopant, but the Stone–Wales defects and vacancies gen-
erated by plasma treatment under two gases are more likely to
contribute to the enhanced catalytic activity toward the ORR.[35]

3.2. Partial Pressure

The pressure or partial pressure of gas feedstock in plasma proc-
essing can strongly affect the modification. The gas pressure,
which is positively correlated to the electron density, mainly
affects the oscillation in plasma treatment.[36] Khaledian et al.
studied the operating pressure in Ar plasma for the treatment
of rutile phase TiO2.

[37] It was found that the decrease of pressure
can subsequently enhance the velocity of Ar particles and the
electrical field, resulting in more collision of the electrons with

higher power to the TiO2 surface. Chen et al. studied the emis-
sion spectra of Ar/H2O plasma with different Ar partial pressure
by optical emission spectroscopy (OES).[38] As shown in
Figure 4A, the 309.6 nm line represents the OH radicals gener-
ated by the de-excitation of H2Omolecules. The active OH radical
is highly reactive with the surface atoms of multiwall carbon
nanotube (MWCNT), thus mainly attributes to the formation
of surface bindings with oxygen-containing groups. Increase
the fraction of Ar was able to first increase the content of OH
radical in plasma and then reduce it to a certain extent.
Raman spectra, as shown in Figure 4B, were conducted to fur-
ther confirm the modification effects with varied Ar pressure.
The ID=IG ratio, which is corresponding to the structural defects
with the incorporation of oxygen atoms, exhibited a trend of
increasing first and then decreasing. Therefore, the gas pressure
should be well controlled to avoid damage to the material surface
during plasma modification.

3.3. Process Time and Generator Power

The treatment time and generator power in plasma modification
should be a pair of coupling factors. Generally, it is recognized
that shorter time is required with higher power plasma generator
for reaching a plateau state of surface modification.[32] Oxygen
plasma for the treatment of nanotubes has been studied with var-
ied generator power from 20 to 60W, and process time from 0.1
to 30min.[39] As illustrated in Figure 5A, the critical effects of
generator power and treating time for oxygen functional groups
incorporation and amorphization were identified. The increased
work function of plasma gave rise to the surface oxygen groups as
indicated by the magenta shadowing, while the surface amorph-
ization indicated by the grey shadowing was identified with the
work function decrease. Raman spectroscopy (Figure 5B) as a
function of process time exhibited a significant decrease in
the intensity of the G band, which was attributed to the formation
of amorphous carbon layer on the surface of MWCNTs. The
results demonstrate the possibility to confine thematerial surface

Figure 4. A) OES spectra of Ar/H2O mixture gas plasma with varied gas partial pressure: a) 13.3/0 Pa, b) 0/13.3 Pa, c) 3.3/10.0 Pa, d) 6.65/6.65 Pa,
e) 10.0/3.3 Pa, f ) 12.0/1.3 Pa at a generator power of 700W, and g) 10.0/3.3 Pa at 400W. B) Raman spectra of a) pristine MWCNTs, and Ar/H2O plasma-
treated samples at varied gas partial pressure: b) 0/13.3 Pa, c) 3.3/10.0 Pa, d) 6.65/6.65 Pa, e) 10.0/3.3 Pa, f ) 12.0/1.3 Pa, and g) 13.3/0 Pa. Adapted with
permission.[38] Copyright 2010, Elsevier B.V.
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modification while preventing degradation of the structure by
precise controlling the treatment power and time.

4. Modification of Metal-Free Carbon
Electrocatalysts by Plasma Treatment

Heteroatom (typically N, O, B, S, P, F, etc.)-doped carbons, by
implanting alien atoms into the sp2 carbon lattice or introducing
heteroatom functional groups onto the carbon edge sites or basal
plane by covalent bonds, have been demonstrated to show high
promise for electrocatalysis reactions.[40] Heteroatom doping
should be a critical feature brought by the plasma treatment of
carbon materials under different gaseous environment. Besides,
accompanied by the collision of the energetic radicals, defects
are generally created on carbon surface during plasma treatment.
Metal-free heteroatom-doped carbon-based catalysts have been
mainly recognized as promising candidates for the ORR. From
one aspect, introducing electronegative atoms (like N) would
generate a positive charge density on the adjacent carbon atoms,
which could facilitate the oxygen adsorption and charge transfer
process.[41] Besides, the specific modification by doping with less
electronegative atoms such as B and P was believed to facilitate the
reducing process of the adsorbed oxygen molecule.[42]

4.1. N-Doped Carbons

NH3, N2, and mixture of N2/H2/NOx plasmas have been used to
introduce N-containing functionalities (including pyridinic N,
pyrrolic N, quaternaric N, and graphitic N) to the carbonaceous
materials, which can serve as the active sites for electrocatalysis
reactions.[43] Subramanian et al. first reported the preparation of
N-doped vertically aligned carbon nanotubes (VA-CNTs) by nitro-
gen plasma and studied the electrocatalytic activity for ORR in
alkaline solution.[44] After nitrogen plasma treatment, the VA-
CNTs presented pyrrolic and quaternary N-functional groups
at the surface. Besides, upon exposure to air, oxygen functional
groups were also found to be introduced onto the surface along
with the N-functional groups. The plasma-treated electrochemi-
cal interface was found to be able to reduce oxygen at a lower

overpotential, whereas the mechanism was not clear. To decou-
ple the chemical doping effects and the structural changes in
influencing the electrocatalytic performance of carbon, Hoque
et al. recently investigated the plasma process to introduce N-
sites and isolated C-defects to amorphous carbon thin films.[45]

It was found that plasma treatment can be used to simulta-
neously modify the disordered carbon surface with functional
sites, and increase the amorphization degree. From plasma expo-
sure, a mixture of N-functional groups, including pyridinic-N,
pyrrolic-N, graphitic-center, graphitic-valley, and N-oxides, was
introduced to the carbon surface. Increasing the exposure time
showed less contribution to the N-doping effects, while resulted
in higher amorphization of the carbon scaffold, as reflected by
the Raman spectra in Figure 6A. Balancing of the N-doping
and structural disorder in plasma treatment could be essential
for modulating the electrocatalytic performance toward the
ORR process. The sample with 5min plasma treatment (termed
as anC:Np5), though have similar surface N/C concentration
with 20min treated counterpart (anC:Np20), exhibited lower
onset potential (Figure 6B), as well as lower yields of hydroper-
oxide (Figure 6C).

In recent years, plasma has been used for the pretreatment of
carbon-based supports to promote the electrocatalytic activity.
Pretreated carbon support by plasma was reported to enable a
high surface concentration of metal active sites.[46] For example,
plasma-activated carbon surface with N-doping functional groups
was proposed to assist the chelating of the metal sites and nitro-
gen centers on the carbon matrix to stabilize the active sites dur-
ing the following synthesis procedures. NH3 plasma-generated
H-containing species to some extent may protect the carbon sup-
port from being oxidized.

4.2. O-Containing Groups Modified Carbons

Oxygen plasma irradiation was used to induce CNT with oxygen-
containing groups and tune the charge distribution around the
doped heteroatom to promote the ORR.[47] By using a mixture of
O2/H2O as the feedstock, the excited decomposition of H2O
would generate hydroxyl radicals (OH), and the surface carbon
atoms mainly undergo the following chemical reactions with

Figure 5. A) Illustration of the modification effects on MWCNTs by plasma treatment at varied generator power and process time. B) Raman spectra of
the plasma-treated MWCNTs as a function of process time. Adapted with permission.[39] Copyright 2018, Elsevier Ltd.
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attack of the active species: hydroxyl bonds are stabilized and
formed from exposure to water containing air atmosphere with
plasma treatment or from the hydrogen atom transfer from the
adjacent reactive carbon atoms, and carbonyl bonds are resulted
from an intramolecular reorganization of C—C bonds; while the
carboxylic groups are originated from the previously generated
active carbonyl bonds and then stabilized by proton transfer,
or from the oxidation of C—OH bonds at the terminal carbon.
Raman spectral measurements of plasma-treated CNTs, as
shown in Figure 7A,B, demonstrated the increased ratio of
the disorder in the graphene structure compared with pristine
CNTs, through the observable increased ratio of the D band
intensity to the G band intensity (ID/IG), corresponding to the
increased sp3 content in the sp2 nanotubes. Confirmed by
Fourier transform infrared spectroscopy (FT-IR) analysis
(Figure 7C,D), the plasma-treated CNTs showed decreased
C═C stretching (at 1630 cm�1) and increased C═O stretching
in—COOH and C—C═O (at 1753 and 1740 cm�1, respectively),
which can be attributed to the forming of oxidized sp3 edge with
the cleavage of the C═C bond. Pristine SWCNT and all the oxy-
gen-plasma treated samples (O-SWCNT) showed 2þ 2e� ORR
pathway, while the calculated electron transfer of the counter-
parts O-MWCNT samples varies from 3.1 to 3.6, close to a
4e� pathway. The induced oxygen sites by plasma treatment were
proposed to facilitate the reduction of O2 to yield hydrogen

peroxide ions (HO�
2 ) first and then promote the further reduction

of HO�
2 to OH� in alkaline electrolyte.

The origin of the ORR activity on CNTs is controversial.
Waki et al. indicated that the ORR activity could come from
the formation of high edges and hole defects.[48] As after the
removal of surface oxygen functionalities by annealing process
in Ar atmosphere at 900 °C, a positively shifted onset potential
of �0.73 V versus RHE was achieved, indicating an improve-
ment of ORR activity. However, the oxygen functionalities were
also reported to play critical role in electrocatalysis, though do
not directly partake the reaction. The enhanced ORR activity
could also be attributed to the newly created active sites
through the reconstruction of the C defects occurring by the
removal of CO desorbing functional groups during the anneal-
ing process, while the structural integrity and conductivity of
CNTs were maintained. Zhang et al. studied the role of oxygen
functional groups within nitrogen-doped carbons for electroca-
talytic ORR performance.[49] It was proposed that the existence
of quinone-type oxygen groups is the main contributor, in cor-
poration with pyridinic-N active centers to enhance the ORR
activity.

Plasma is also applied to carbonaceous materials to increase the
surface hydrophilicity, which is preferable for achieving uniform
and stable self-dispersion without the aid of dispersing agents. At
early stage, introducing hydroxyl and/or carboxyl groups through

Figure 6. A) Raman spectra and corresponding peak-fits of amorphous carbon thin films: anC:Np5, anC:Np10, and anC:Np20 with plasma treatment for
5, 10, and 20min, respectively. B) Liner sweep voltammetry obtained under rotating-disk-electrode system in O2-saturated 0.1 M KOH solutions at
50mV s�1 and 900 rpm. C) The calculated yields of hydroperoxide as a function of potential. Adapted with permission.[45] Copyright 2020, Frontiers.
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chemical modification was demonstrated to increase the hydrophi-
licity of the carbon surface.[50] Ar/H2O plasma has also been used
to tune the surface hydrophilicity to improve the dispersion of
CNTs.[38] It was found that well-dispersed state of Ar/H2O
plasma-treated MWCNTs could be maintained after 20 days of set-
tling, while varying degrees of agglomeration were observed with
the untreated and the Ar plasma-treated counterparts. The oxygen-
containing groups that introduced onto the surface of MWCNTs
by plasma treatment were considered to be the main factor mak-
ing the surface hydrophilic.

4.3. Other Heteroatom (i.e., B, S, and F)-Doped Carbons

Introducing different heteroatoms to carbon substrates can be
realized by plasma modification. For example, in boron
(B)-doped carbon nanotubes, the lower electronegativity of
B atom with the vacant 2p2 orbital decides that it can extract elec-
trons when conjugated in the carbon π system to form electro-
positive B sites.[51] Similarly, in fluorine (F)-doped carbons, due
to the strong electron affinity of F atoms, charges of the carbon
framework could be able to delocalize.[52] In these cases, the
adsorption and dissociation behaviors of O2 molecules may be
facilitated to favor the ORR activity. Chokradjaroen et al. reported
the dual doping of B and F atoms to carbon by one-step plasma
modification with the existence of organic fluorophenyl-boroxin
molecules.[53] The enhanced electrocatalytic ORR performance
on B-doped carbon was attributed to the electropositive defect
sites of the doping B atoms (Figure 8A), while the dual doping

of B and F atoms though did not significantly change the electro-
catalytic activity toward ORR, they did show higher values of elec-
tron transfer (Figure 8B) and lowered generation of HO2�

(Figure 8C) during the ORR process, which suggested a favorable
four-electron pathway of ORR as a result of the dual-doping
effects.

The synthesis of sulfur (S)-doped carbon recently has been
reported by Li et al. and potentially used as support material
for Pt nanoparticles with stronger affinity. The plasma reaction
under thioanisole (C7H8S) goes through the formation of carbon
nanoparticles with the breakage of C—S bond, and the excited
·C2 and ·CH species are generated to assist the growth of long
carbon chains to form S-doped carbon nanoparticles. The S-
doped carbon support was able to sustain the mass activity of
Pt nanoparticles during electrochemical reaction cycles.[54]

H2S plasma treatment was used to simultaneously exfoliate
and thermally reduce the graphene surface.[22e] The results
showed that S plasma modification of different graphite oxides
generally brought positive correlation to the catalytic activity of
graphene materials toward ORR.

5. Modification of Metallic Electrocatalysts by
Plasma Treatment

Transition–metal compounds (TMCs), including metal oxides,
metal phosphides, metal carbides, metal chalcogenides, and
metal nitrides, have attracted research interests as these kinds

Figure 7. Raman spectra of A) SWCNT, and B) MWCNT before and after oxygen plasma treatment; FT-IR spectra of C) SWCNT, and D) MWCNT before
and after 20 min oxygen plasma exposure. Adapted with permission.[47] Copyright 2019, American Chemical Society.
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of materials are emerging as burgeoning families of cost-
effective electrocatalysts.[31c] Most TMCs electrocatalysts with
the tunable electronic interaction between metal ions and elec-
tronegative anions are likely to obtain desirable electronic distri-
bution on metal active sites to benefit the electrocatalytic
behaviors.[55] For example, metal oxides and metal phosphides
have been recognized as promising electrocatalysts for the
OER, with the foregoing considerations on the tunable
M—OH bond energy, which should be essentially accounted
for the variations of oxygen activity on different metallic sites.[56]

In general, the catalytic activity of TMCs is governed by the trans-
formation of valence states of the metallic active sites, sometimes
also known as the surface reconstruction,[57] which can also be
regulated by plasma treatment.

5.1. Transition Metal Oxides

Plasma technique was also used to increase the oxygen vacancy
density of perovskite oxide LaCoO3 with the procedures as
illustrated in Figure 9A.[7a] The increased concentration of
oxygen vacancy after the plasma treatment (sample termed as
Sr-0.3-p) was confirmed by the oxygen temperature-programmed
desorption (O2-TPD) profile as shown in Figure 9B. The main
desorption peak at 450 – 700 °C corresponding to the chemical
adsorption oxygen was assumed to be closely related to the oxy-
gen vacancies in perovskite. Benefit from the massive oxygen
vacancies incorporated in the perovskite oxide, much improved
OER activity was observed with the Sr-0.3-p in liner sweep vol-
tammetry (LSV) polarization curves (Figure 9C). Another exam-
ple by introducing oxygen vacancies to cobalt oxide was reported
by Ma et al.[58] Ar plasma treatment was inducted to regulate the
oxidation state of Co ions in the oxide to promote the reversible

Co–O ↔ Co–O–OH redox pathways within the active sites. As a
result, improved redox electrochemical performance toward
ORR/OER was achieved with the single-component oxide
Co3O4�x. Air plasma treatment was applied to introduce oxygen
vacancy to antimony-doped tin oxide (ATO) surface to benefit the
electrocatalysis OER process with the corrosion resistant oxide
support. The vacancy-rich ATO-supported NiFe layered double
hydroxide exhibited improved performance toward OER in alka-
line media.[59] As a results of the air plasma treatment, the bind-
ing energy of Ni2þ and Fe3þ shifted to more negative position,
and low-valence Fe was formed, indicating the generation of oxy-
gen vacancies. In addition, the formation of the defects led to a
more hydrophilic surface to benefit the adsorption of reactants
on the electrode.

To take advantage of the etching effect of plasma, plasmamod-
ification has been reported to treat the multilayer hollow
MnCo2O4 spinel oxide. The plasma-engraving process (as illus-
trated in Figure 9D) gave rise to the surface roughness of the
MnCo2O4 oxide surface, while preserved the multilayer hollow
microsphere structure. Density functional theory calculation on
density of states (DOS) demonstrated that the introduction of oxy-
gen vacancies narrowed the bandgap by �0.15 eV, which
increased the electronic conductivity of the bulk spinel oxide
(Figure 9E). Meanwhile, the DOS projected on Co d orbital shifted
to lower energies, indicating a weaker adsorption of the reaction
intermediates to favor the OER process (Figure 9F).[60]

5.2. Other Metal Compounds

TMCs, like metal carbides, chalcogenides, and phosphides, have
been explored as promising candidates for water splitting in
acidic and alkaline conditions.[61] Simultaneously doping of N

Figure 8. A) LSV curves of pristine carbon a), B-doped carbon b), F-doped carbon c), and B- and F-dual-doped carbons d-e) by plasma treatment.
B) Electron transfer number, and C) HO2� yields of the plasma-treated carbon products with B-doping and/or F-doping calculated from electrochemical
measurements at the potential range from �1.0 to �0.3 V. Adapted with permission.[53] Copyright 2020, The Royal Society of Chemistry.
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and P to NiCo alloy system was recently reported by Zhang et al.
with highly reactive N2/PH3 plasma.[62] In their work, the NiCo
alloy foam was applied as the substrate to form N-doped CoNi
phosphide (N-CoNiP) by plasma modification, which exhibited

much lower overpotentials of 78mV for HER and 225mV for
OER at a current density of 10mA cm�2 (Figure 10A,B). It
was suggested that the exposure of active crystal planes (311)
of the heterostructured Co2NiP4 phase contributed more

Figure 9. A) Schematic synthesis of oxygen vacancy rich LaCoO3 perovskite by the combination strategy of Sr doping and Ar plasma treatment. B) O2-TPD
profiles of the La1�xSrxCoO3�δ perovskites after different Sr partial substitution and plasma treatment. C) LSV curves of the as-obtained La1�xSrxCoO3�δ

perovskites. Adapted with permission.[7a] Copyright 2018, American Chemical Society. D) Scheme illustration of the preparation of oxygen vacancy-rich
multilayer hollowMnCo2O4 microsphere by plasma treatment. E) The electrochemical impedance spectroscopy (EIS), and F) the OER polarization curves
of oxygen vacancy-rich MnCo2O4 compared with pristine MnCo2O4 in 0.1 M KOH. Adapted with permission.[60] Copyright 2020, Elsevier B.V.
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efficient active sites. The calculated free energy value (ΔGH*, as
shown in Figure 10C) of N-doped CoNiP is �0.21 eV, which is
much lower than the catalyst-H* state of CoNiP, indicating a
lower energy barrier for absorbing H* in the HER process. As
the microsized N-CoNiP was directly derived from the Ni foam
substrate, the electrocatalytic performance of the active sites can
be well maintained after 10 000 voltage cycles due to the strong
coupling between the active sites and the substrates
(Figure 10D).

Surface atom reorganization of metal phosphorus chalcoge-
nides to increase the bifunctional catalytic activity has also been
realized by plasma treatment. For example, Hao et al. reported
the controlled O doping of FePSe3 nanosheets. In this work,
phase transformation by surface O doping accompanied with
the origination of locally disordered lattice structures of the nano-
sheets was observed after Ar/O2 plasma treatment.[6a] The as-
obtained ultrathin FePSe3-O exhibited metallic features, thus
was able to possess fast charge transfer; meanwhile, the
enhanced electrical state near the Fermi level was characterized,
suggesting a stronger carrier density during electrocatalysis.
Exceptional bifunctional activity toward ORR/OER with a narrow
overpotential gap of 0.694 V was achieved. When used as the air
electrode material in liquid zinc–air batteries, stable discharge–
charge cycling was demonstrated to be maintained after 280 h.
Similarly, O2-plasma was used to realize controllably synthesis
of hybrid metal compounds electrocatalysts, by directly construct-
ing of 4–6 nm NiFeOx amorphous layer on the surface of
NiFeP.[63] The synergistic effect between the NiFeP and

NiFeOx components brought higher charge transfer kinetics to
the catalyst system; besides, the 3D hierarchical nanostructure
with high surface area increased the contact with the electrolyte,
thus resulting in extraordinary water oxidation performance in
alkaline media. Another example was reported by Zheng et al.
recently of using RF Ar plasma engraving to induce cobalt
vacancy on Co2N nanoarrays. The generated cobalt vacancy on
the surface was tuned by adjusting the operating parameters
(such as gas flow, power, and time) during Ar plasma treatment
to manifest large pore area and proper surface N and Co vacan-
cies for electrocatalysis.[64]

Transition metal oxynitrides (MNxOy, e.g., M¼ Ti, Ta, Hf ) are
stable in acids; if endowed with properly designed active sites, they
could possibly be explored as promising alternatives to Pt for elec-
trocatalysis in acidic environment. Processing Hf oxide with atmo-
spheric N2 plasma to form HfNxOy oxynitride was reported to be
an effective way to increase the electrocatalytic activity towardHER
and HOR in strong acids (Figure 10E,F).[65] It was proposed that
the N incorporation played a critical role in enhancing the electri-
cal conductivity of the Hf-based material.

Plasma is also conducted to create vacancies on the surface of
transition metal compounds to benefit the electrocatalytic behav-
iors.[66] Ar plasma treatment was reported to apply to CoS nano-
flowers to introduce abundant sulfur vacancies (CoS1�x) on the
catalyst surface.[67] The low coordinated Co atoms are likely to
formmore stable Co—N bond during the electrocatalysis nitrogen
reduction reaction (NRR), while effectively suppress the HER
catalysis due to the selective chemisorption of N2 molecules.

Figure 10. A) HER performance, and B) OER performance of the N-doped CoNi phosphide by plasma modification compared with the pristine counter-
parts and RuO2 catalyst in 1 M KOH. C) The calculated HER free energy before and after N doping. D) Polarization curves of the N-doped CoNi phosphide
before and after 10 000 cycles, with the inset plot of the long-term stability. Reproduced with permission.[62] Copyright 2019, Elsevier. E) Electrochemical
HER and OER behaviors of the thin film HfNxOy electrode compared with Pt foil in acidic media with Tafel plot inset. F) Expanded view of the activity near-
zero potential with calculated mass activity inset. Adapted with permission.[65] Copyright 2019, Elsevier B.V.
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6. Plasma Treatment of Organometallic
Electrocatalysts

Organometallic-based or derived electrocatalysts, such as metal
phtalocyanines and porphyrins, are considered as promising can-
didates in electrocatalysis field.[68] These metallic macrocycle
molecules usually need to be fixed on a carrier to maintain
the stability of the active centers (metal–N4) during the electro-
catalytic reaction. The unique triangular trinuclear structure of
metal–N4 provides a high density of active sites and facilitates
the reduction of dioxygen via a four-electron pathway,[69] thus
has been applied in the ORR.

The morphology changes of the metallic macrocycles by heat-
treatment process are unfavorable, as it could result in reduced
available electrocatalytic active surface area. To surmount the
drawback of pyrolysis procedure, Herrmann et al. first reported
the plasma treatment of cobalt tetramethoxyphenylporphyrin
(CoTMPP) to achieve uniform dispersion of CoN4 centers onto
the carbon matrix while avoiding the serious sintering effect
accompanied with traditional heat treatment.[70] Harnisch
et al. compared the electrocatalytic performance of the plasma-
treated iron (II) phthalocyanine (FePc)-based carbon and the
pyrolyzed counterpart.[71] It was found that though both pyrolysis
and plasma treatment increased the surface concentration of
nitrogen and oxygen with FePc carbon, the bulk composition
of the catalyst could only be affected by pyrolysis.

Recently, Mohan et al. reported the N2 plasma-assisted modi-
fication of the Fe–N–C catalyst (N-FeGly/C) derived from Fe pre-
cursors and glycine.[46b] Plasma modification was observed to
significantly enhance the electrochemical capacitance by 8.5
times (Figure 11A), which was associated to the heteroatom func-
tional groups on the carbon surface, and the obtained N-FeGly/C
exhibited enhanced ORR electrocatalytic activity compared to that
of the pristine FeGly/C (Figure 11B). On one hand, plasma expo-
sure enabled the encapsulation of nitrogen coordinated iron
sites, and improved the hydrophilicity of carbon matrix with het-
eroatoms incorporation. On the other, the increased surface
roughness and porosity provided more accessible active sites.
Electrochemical stability test results suggested insignificant
changes both in the capacitive current and ORR polarization after
1000 potential cycles between 0 and 1.2 V in O2-saturated elec-
trolyte (Figure 11C,D), indicating the superior stability of the
plasma-induced Fe–N–C active sites.

Etching effect of DBD plasma in water has also been utilized
recently to modify the metal–organic framework (MOF)-based
CoNi (CoNi-MOFs-DBD) electrocatalyst.[72] During the synthe-
sis, water plasma was able to break the electrostatic interactions
between the cationic primary metal layer and the interlayer to
incorporate the catalyst with more heteroatom defects, mean-
while introduce a large number of hydroxyl groups to the surface,
thereby improving the electrocatalytic properties for the overall
water splitting.

Figure 11. A) Cyclic voltammograms (CV) of FeGly/C and the as-prepared N-FeGly/C by plasma treatment as recorded in N2-saturated 0.5 M H2SO4

solution. B) Liner sweep voltammograms (LSV) of FeGly/C and N-FeGly/C compared with commercial Pt/C in O2-saturated 0.5 M H2SO4 electrolyte.
C) CV curves and D) LSV curves of N-FeGly/C collected before and after 24 h durability test. Adapted with permission.[46b] Copyright 2021, American
Chemical Society.
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7. Conclusion and Perspectives

In conclusion, electrocatalysts modification to benefit the reac-
tion behaviors at the surface has long been a highly concerned
scientific issue. Plasma technique with the merits of easy opera-
tion, low pollution, and high efficiency has been used as a prom-
ising approach in modifying electrocatalysts for promoting better
applications. This review comprehensively summarizes recent
advances in applying plasma treatments for optimizing the
chemical/physical properties of the electrocatalysts surface,
including doping with functionalities, reorganizing surface
atoms, introducing vacancies and/or defects, and partially reduc-
ing or oxidizing the active sites. The cutting-edge functional
designs in regard to the mainstream electrocatalysts, including
carbon materials, metal oxides, and other compounds, as well
as organometals, have been highlighted. The mechanism behind
nonthermal plasma processing and the effects of operating
parameters are identified to provide insightful information for
future research directions in ingenious electrocatalysts
modification.

Despite gained noticeable popularity, plasma, as considered to
be the “fourth state of matter,” which involves complex physical
collisions and ionization behaviors, remains to agnostic to be
fully understood for proper applications.[73] Challenges still exist
in the following perspectives: 1) Physical characterizations may
be taken advantage of to diagnose the excited species in nonther-
mal plasma, for example, the active laser spectroscopy, including
laser- two-photon-absorption laser-induced fluorescence (TALIF)
and laser-induced fluorescence (LIF), which are commonly used
to study the atmospheric pressure plasma, is recognized as good
ways to obtain information on the chemical composition of the
radicals.[74] Facilitated by these strategies, the complex reaction
mechanism of plasma can be understood, only then can be used
appropriately. 2) The energetic plasma-generated reactive species
often bring surface etching/engraving effects while participating
in the surface chemical bonding formation. The residues gener-
ated during plasma treatment may remain on the catalyst surface
to cause unfavorable structural distortions.[3b,75] From this per-
spective, the controllability of operating parameters in plasma
should be required to achieve precise functionalization of the
electrocatalysts with desired composition and structure.[33,39,76]

3) Moreover, there are few theoretical research efforts toward
the plasma treatment process for electrocatalysts modification.
To define the interactions of plasma with materials surface,
deeper investigation based on multidisciplinary theoretical calcu-
lations should be introduced. Nevertheless, challenges coexist
with opportunities; plasma treatment is demonstrating a prom-
ising lead for developing effective electrocatalysts as a general,
rapid, and environment-friendly way.
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