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Electrocatalysts for water electrolysis, fuel cells, and metal—air batteries are largely governed by processes
occurring within the outermost few nanometres of their surface. Low-temperature plasmas provide an
effective means to tailor this region, using energetic electrons and reactive species to enable rapid, surface-
confined modification while preserving the underlying scaffold. In this Feature Article, we review plasma
engineering strategies for HER, OER and ORR electrocatalysts, including examples from zinc—air batteries and
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direct methanol fuel cells. We classify plasma effects into five generic design modes: phase transformation
and plasma-assisted derivation; defect and vacancy engineering; plasma-induced doping; plasma-enabled
DOI: 10.1039/d5cc06818e deposition and interface construction; and single-atom anchoring with strong metal—support interactions. We

also propose simple design rules that connect controllable plasma parameters to targeted active sites and
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1. Introduction

Electrochemical energy technologies, including water electro-
lysis, hydrogen production, fuel cells, and metal-air batteries,
critically depend on catalysts that can drive the hydrogen
evolution (HER), oxygen evolution (OER), and oxygen reduction
(ORR) reactions with high activity, durability, and efficient use
of precious metals. Despite rapid progress, sluggish multi-
electron kinetics and instability under industrially relevant
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conditions still constrain device performance and cost. In this
context, plasma-assisted nanocatalyst engineering has emerged
as a practical interface-engineering tool to tailor active phases,
interfaces, and defect chemistries under comparatively mild
conditions.>"’

Low-temperature plasmas provide a non-equilibrium
environment, in which energetic electrons generate a dense
flux of radicals, ions and excited species while the heavy species
remain comparatively cool. Here, “‘low-temperature” is used in
the plasma-physics sense to denote non-thermal, non-
equilibrium discharges, where electron-driven chemistry pro-
ceeds while the heavy species remain far cooler than in thermal
plasmas.""> Under these conditions, conversion is confined to
a shallow “skin” (few-tens of nanometers), so a parent scaffold
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can be chemically recast at the surface without losing its
architecture.?® For electrocatalysts, this “skin-depth” conversion
is advantageous: the outermost atomic layers control adsorption
and reaction barriers, while the unconverted bulk maintains
mechanical integrity, electrical percolation, and open porosity.
With short treatments often in the range of seconds to minutes,
the plasma exposure can simultaneously induce reduction/oxi-
dation, etching, doping, and thin-film growth, offering a versa-
tile and tunable approach for catalyst construction.>> >

The practical value of this approach shows up across hydro-
gen and oxygen electrodes. For HER, converting oxide or
hydroxide precursors to thin metallic-like phosphide skins (or
to nitride skins with high carrier density) lowers the energy cost
of water dissociation and tunes AGy. toward the optimal
range.’®*! For OER and ORR, vacancy-rich chalcogenide or
sub-oxide layers adjust the binding energy of OOH*/OH*/O*
intermediates, while adjacent nitride or metallic regions pro-
vide fast electron delivery and help stabilize the working
oxidation states during potential swings.>® In overall water
splitting, pairing these two functions on a common 3D current
collector (carbon cloth, foams, MOF-derived carbons) reduces
ohmic losses and improves durability at high current
densities.*® In Zn-air batteries and direct methanol fuel cells,
conformal plasma-grown skins help maintain activity under
cycling, fuel crossover, and carbonation.>”~*°

Several characteristics of low-temperature plasmas make
these outcomes reproducible and tunable. First, the time-
temperature leverage: non-equilibrium chemistry opens reac-
tion paths, so phase conversion, anion incorporation, and
gentle reduction finish quickly and at low gas temperature.
Second, depth control: because the reaction front is self-limited
by short radical lifetimes and slow solid-state diffusion at low
temperature, conversions stop naturally after a few nano-
meters, yielding thin and uniform shells on complex 3D sup-
ports. Third, fast anion exchange and near-surface redox pro-
duce non-stoichiometry (oxygen/chalcogen vacancies) and
mixed valence, and the shallow conversion maximizes the
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density of phase boundaries, which often raise intrinsic activity
and improve charge transfer when kept within a narrow thick-
ness window.

Plasma processing also offers a set of controllable parameters
that map directly onto catalytic requirements. The feed gas governs
the dominant surface chemistry. For example, O, for oxidation and
oxygen-vacancy tuning,*® H,/NH; for reduction and nitridation,*
PH; or organophosphorus vapors for phosphidation,** and S/Se-
containing feeds for chalcogenization.*® Applied power, duty cycle
and treatment time determine the radical flux and thus the depth
of conversion, while pressure and flow rate control mean free
paths and residence times, which in turn dictate how conformally
porous scaffolds are modified.** In capacitively coupled plasmas
(e.g atmospheric-pressure plasma jets, dielectric-barrier dis-
charges, or low-pressure RF/ICP reactors), applying a substrate
bias allows the ion bombardment energy to be tuned, providing an
additional handle over surface activation and defect generation. In
practice, a sequence of short, mild plasma exposures often out-
performs a single aggressive treatment, producing thinner shells
with higher interfacial area and fewer blocked pores, while mini-
mizing stress and particle growth.

A large body of literature documents the promise of plasmas
across energy chemistries (e.g., hydrogen production, ammonia
synthesis, and broader plasma catalysis), but most surveys are
organized by application or by reactor chemistry. This can
obscure the fact that the same plasma effect (e.g., phosphida-
tion or N-doping) is portable across materials families and
reactions, and that performance gains often trace back to a
small number of recurring structural motifs, like phase con-
version, vacancies, heterointerfaces, and metal-support inter-
action (MSI). What is needed, therefore, is a clear link between
tunable plasma parameters, the structural changes they pro-
duce, and the resulting catalytic behavior (as shown in Table 1),
so that insights can be transferred across different systems.

Building on our group’s sustained work with plasma-
engineered electrocatalysts spanning HER, OER, ORR, zinc-
air batteries (ZABs), and direct methanol fuel cells (DMFC)
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Fig. 1 Schematic overview of plasma-enabled design modes for electrocatalysts.

cathodes, we frame plasma’s role through five fundamental
effect categories (Fig. 1): (i) phase transformation and plasma-
assisted derivation; (ii) defect and vacancy engineering; (iii)
plasma-induced doping; (iv) plasma-enabled deposition and
interface construction; (v) single-atom anchoring and strong
metal-support interactions. Across HER, OER, ORR, overall
water splitting, ZABs, and DMFCs, the recurring theme is the
same: write the chemistry where the reaction happens and keep
the physics that carries current. Low-temperature plasmas
make that balance practical, scalable, and compatible with
binder-free electrodes and device-level current densities.

For each effect, we describe how plasma parameters drive
structural evolution, and how these structures in turn modulate
in situ binding and transport to deliver device-level advantages. By
emphasizing a structure-first causality that links controllable
plasma conditions to characteristic structural signatures and then
to catalytic performance, we aim to provide portable design rules
that can be applied across HER, OER and ORR systems rather than
treating each application in isolation. This mechanism-oriented
view is intended to complement application-focused reviews and
to guide predictive, scalable catalyst design that leverages the
distinctive capabilities of non-thermal plasmas.

2. Plasma effects in catalyst
engineering

2.1. Phase transformation and derivation

Phase transformation is among the most fundamental yet
effective plasma-induced effects for tailoring catalytic materials.
This section covers cases where plasma produces a discernible
near surface phase or conversion layer, evidenced by new phase
signatures such as XRD or SAED, or a clearly resolved shell.
Compared with conventional thermal conversion routes, non-

This journal is © The Royal Society of Chemistry 2026

thermal plasma enables phase transformation to be confined to
the near-surface region. Non-thermal electrons, radicals and
ions drive rapid, near-surface anion exchange and lattice rear-
rangement, which enables chemically intensive transformations
of the active phase, including conversion into nitrides, phos-
phides, sulfides, selenides or defect-rich oxides. Two features are
particularly important for electrocatalysis: the emergence of a
new surface phase and the formation of closely coupled phase
boundaries with distinct electronic structures. Together, these
reshape adsorption energetics at the active surface while ensur-
ing efficient mass and electron transport through the electrode.

Plasma nitridation provides one of the clearest demonstrations
of this decoupling between surface chemical change and retaining
architectures. As reported by Li et al., Ni(OH), nanosheets were
converted into porous Niz;N under an N,/H, radio-frequency (RF)
glow-discharge plasma, which was chosen for its non-thermal,
radical-rich environment that enables rapid nitridation while
preserving the nanosheet framework.*” In this discharge, adding
H, promotes the formation of NH* species and simultaneously
assists the reduction of Ni(OH), to reactive Ni, together accelerat-
ing Ni-N bond formation and the Ni(OH), — NizN transforma-
tion. Replacing OH ™~ with N°~ strengthens metal-ligand covalency
and introduces Ni-N hybridized states near the Fermi level, which
manifests as lower charge-transfer resistance and enhanced HER
kinetics. Liu et al. showed that NiCoO nanostructures exposed to
N, plasma develop NiCoN-rich shells surrounding NiCoO cores.*®
The resulting oxide-nitride junctions create internal electric fields
arising from the electronegativity contrast between N and O and
the coexistence of multiple Ni/Co valence states, effectively low-
ering the barriers for OH ™ adsorption and deprotonation in zinc-
air ORR/OER cycles.

Building on this observation, Xu et al. extended the plasma-
induced phase-transformation concept to chalcogenides." They
first prepare Ni/NCNT@CC by electrodeposition, then obtain

Chem. Commun., 2026, 62, 6830-6844 | 6833


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc06818e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 2026. Downloaded on 20/04/26 00:22:32.

(cc)

e

View Article Online

Feature Article

...

=] i > —> @ +"l‘0+ 4

p-Ni@Ni;N/NCNT@CC

ChemComm
[ J l o
Z* a3+
o Ft Carl bnnl/ ation
H\ (huthu mal
120 °C 6h DC DA
/,\ CoFe LDH@CC
H \H
wr Y N, Y
Urea NH,F
350 °C
v - i
I
Se :
0, p-NlSc,/NlQNl,N/NCNTOCC
@
<
S s
= —
< VS
d Auxiliary Cooling System
Facet Control
Direct Nitridation N, Plasma

Fig. 2

I9I0N2518 €™ \

=

D
&

-0.3

~{

2-10)

0.6 \ @12)

Free Energy (eV)

-0.9

cp-Ni;N

Reaction Coordinate

(a) Schematic illustration of the synthetic process of the p-NiSe,/Ni@NisN/NCNT@CC. SEM images of (b) p-Ni@NisN/NCNT@CC and (c) p-NiSe,/

Ni@NizN/NCNT@CC. Reproduced with permission.! Copyright 2025, Wiley-VCH. (d) Schematic Illustration of the as-prepared NisN nano-frameworks
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p-Ni@Ni;N/NCNT@CC by Ar/NH; RF plasma nitridation, a
configuration typically chosen to provide a high flux of reactive
nitrogen/hydrogen species for rapid, near-surface nitride for-
mation without collapsing the porous carbon scaffold. Subse-
quent high-temperature selenization produces a ternary p-NiSe,/
Ni@Ni;N/NCNT@CC catalyst in which NiSe,/Ni-Ni;N heterojunc-
tions are uniformly anchored on N-doped CNTs (Fig. 2a-c). In the
RF Ar/NH; discharge, the interfacial nitridation is governed by
plasma-generated NH* (and related NH,*) species together with
Ar* activation/etching, which promotes Ni-N bond formation and
stabilizes a thin Ni;N skin and nitrogen-enriched interface that
survives the subsequent high-temperature selenization. These
multiple heterointerfaces generate band offsets that redistribute
charge across the junctions, thereby optimizing both H,O activa-
tion and H* binding relative to any single phase. Liu et al. further
showed that nitridation of NiCo,S, generates a NiCo,S,@Co,N
heterostructure, producing sulfide-nitride boundaries populated
with coordinatively unsaturated metal sites that facilitate water
dissociation.”

Likewise, Wei et al. showed that near-room-temperature
H,/N, plasma converts Ni-Mo oxide hydrate nanorods into a
conformal Ni;N/Mo,N shell, where reactive H species first
promote reduction and Mo-O/Ni-O bond breaking, followed
by activated N species permeation to form M-N bonds.*® The
resulting nitride-oxide heterostructure lowers the barrier for
nitride formation and couples Ni;N sites for H adsorption with
Mo,N sites for water activation, thus enhancing alkaline HER.
At higher plasma reactivity, non-thermal nitridation can even
steer crystallographic outcomes: Ouyang et al. reports that a
cooling-assisted plasma process suppresses surface heating

6834 | Chem. Commun., 2026, 62, 6830-6844

and thereby enables preferential exposure of the metastable
Ni;N(2-10) facet rather than the thermodynamically favored
(2-11) facet."* Notably, this was achieved in a RF nitridation
plasma, where auxiliary cooling tunes the plasma-surface
energy coupling instead of changing the precursor or reaction
chemistry. Operando plasma diagnostics further show that
cooling reduces surface temperature and moderates key plasma
parameters, shifting the nitridation regime away from thermally
stabilized growth and toward metastable facet exposure. DFT
further identifies Ni;N(2-10) as having a nearly optimal AGy- for
alkaline HER, explaining the superior kinetics observed experi-
mentally (Fig. 2d and e). Collectively, these studies show that
plasma nitridation rewires the surface electronic structure by
introducing more metallic d—-p hybrid bands, internal fields and
fast charge-transfer channels, while leaving the micron-scale
geometry effectively untouched.

On the same principle of surface-confined anion exchange,
plasma phosphidation converts hydroxide, oxide and chalco-
genide precursors into interfacially rich phosphides whose
electronic properties differ markedly from their parent phases.
In our recent work, Zha et al. showed that with NaH,PO, and RF
plasma, the sheet-like NiCo LDH collapses into intertwined
nanowires composed of Ni-doped CoP; nanoparticles uni-
formly anchored on N-doped carbon nanotube frameworks®
(Fig. 3a and b). This low-pressure N, RF discharge was selected
to supply a high flux of reactive P-containing species from
NaH,PO, decomposition while limiting bulk heating, enabling
a rapid, surface-confined phosphidation that preserves the
conductive carbon backbone. Mechanistically, the dominant
plasma effect is the generation of energetic radicals/ions that

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) Schematic of the synthesis process of the p-NiCoP/NCFs@CC.
(b) SEM images of NCFs@CC, NiColLDH/NCFs@CC, and p-NiCoP/
NCFs@CC. Reproduced under the terms of CC-BY 4.0 license.® (c) Sche-
matic of the design of the MnNiCoP alloy on nickel foam as electrolytic
water splitting bifunctional catalyst. (d) Free-energy diagram of intermedi-
ate state for H* adsorption on the MnNiCoP (0001) surface. Reproduced
with permission.™ Copyright 2023, Wiley-VCH.

accelerate M-O(H) bond rupture and M-P bond formation,
while concurrent plasma etching promotes P-defect formation
and surface roughening, which collectively enhance charge
transfer and accelerating H*/OH* adsorption at the phosphide
surface.

Plasma phosphidation can push MoS,-based hybrids into
more strongly coupled metal-phosphide junctions, rather than
simply completing an anion-exchange step. Fu et al. used RF
plasma-assisted phosphorization to synthesize MoS,@Ni;,Ps/
ZnP,, where finer Ni;,Ps and ZnP, nanocrystallites uniformly
decorate MoS, and create dense nanoscale heterojunctions
with strengthened electronic coupling.*® Zhang et al. reported
that plasma-assisted phosphidation transforms NiMoO, nanor-
ods into a tri-phase MoP,/Ni;P/MoO, composite composed of
small sub-nanometer crystallites embedded within the pre-
served rod architecture.’® In this discharge, energetic N/N,"
species promote the generation of reactive PH- and H- from
NaH,PO,-derived PHj;, accelerating phosphidation and
simultaneously enriching oxygen vacancies in MoO,.

As reported by Salem et al., ternary Mn-Ni-Co hydroxides
phosphidized using a PH; plasmas (plasma-enhanced chemical
vapor deposition, PECVD) process, yielding porous flower-like
MnNiCoP that retains the hierarchical framework while shift-
ing from a hydroxide-like, weakly conductive state to a more
metallic phosphide surface™ (Fig. 3¢ and d) The key plasma
contribution is the high flux of reactive species that accelerates
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M-O(H) bond removal and M-P bond formation with uniform
phosphidation across the 3D architecture, thereby improving
conductivity and exposing dense catalytic sites for fast alkaline
HER/OER Kkinetics.

Plasma phosphidation can be paired with prior plasma
oxidation to stack phases with complementary roles. Zhang
et al. created VNiCoP,/NiFeO, heterostructures by using an O,
atmospheric-pressure plasma jet (APP]) to form vacancy-rich
NiFeO,, followed by plasma-assisted phosphating of the over-
lying VNiCo layer.”* The resulting phosphide/oxide junction
shows interfacial charge redistribution, where the phosphide
supplies conductive pathways and the oxide stabilizes high-
valent states; importantly, the plasma steps preserve the 3D
architecture while tightening interfacial coupling.

Plasma-assisted oxidation and oxide deposition offer a third
pathway to surface phase engineering, particularly for ultrathin
catalytic layers and dynamic reconstruction. As reported by
Mallmann et al., atmospheric-pressure plasma-enhanced CVD
is used to produce Co;0, films at reduced substrate tempera-
tures, where the plasma provides reactive oxygen-containing
species and simultaneously promotes rapid nucleation and
controlled crystallization.”® In this AP-PECVD setup, the
blown-arc plasma torch produces a reactive afterglow in which
long-lived oxygen-containing radicals (notably NO and OH)
dominate precursor activation and oxide growth. Yang et al.
showed that O, plasma pretreatment combined with plasma-
enhanced ALD yields NiO,@Co0;0, electrodes with an ultrathin
amorphous NiO, shell, where an RF O, plasma step supplies O
species for surface activation and the PE-ALD plasma pulse
enables low-temperature, conformal oxidation during growth.>?
XPS reveals abundant Ni*" and non-lattice oxygen, indicating a
defect-rich sub-oxide that can dynamically reconstruct into
Ni(oxy)hydroxide during OER operation. In all of these cases,
the oxide phase formed by plasma is electronically and struc-
turally primed for further transformation under operation,
lowering the barrier to reconstruct into catalytically competent
(oxy)hydroxide states.

Taken together, these nitridation, phosphidation and oxida-
tion studies point to a unified mechanism. Non-thermal plas-
mas selectively rewrite the chemistry and electronic structure of
the outer reaction layer, generating new phases, heterointer-
faces and defect configurations that govern intermediate bind-
ing and reaction kinetics, while the mesoscopic scaffold
remains largely unchanged and continues to support efficient
electron and mass transport. Across systems, SEM and low-
magnification TEM consistently reveal inherited nanosheet,
nanorod, nanoarray and foam morphologies, even as HRTEM
and XPS uncover thin transformed shells enriched in nitride,
phosphide or sub-oxide species, modified metal valence states
and redistributed charge densities. A conceptual workflow that
begins with LDH, oxide or chalcogenide precursors, proceeds
through a radical- and electron-rich plasma environment, and
emerges as multi-phase, interface-dense electrocatalysts cap-
tures the essence of these transformations. The recurrence of
these plasma-driven motifs across alkaline water splitting,
overall electrolysis, zinc-air batteries and fuel-related reactions
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underscores the versatility of non-thermal plasmas in re-
engineering surface phases and electronic landscapes without
compromising the advantages inherent to rational nanoarchi-
tectural design.

2.2. Defect and vacancy engineering

Plasma-induced defect engineering represents a second, com-
plementary axis to the phase transformations discussed above.
This section focuses on situations where the parent phase is
largely retained while defect populations or coordination dis-
order are tuned, as indicated by EPR signals, defect compo-
nents in XPS, or local structure changes in EXAFS. Instead of
converting the parent phase into nitrides or phosphides, non-
thermal plasmas can leave the crystallographic identity and
nanoarchitecture essentially unchanged while densely decorat-
ing the near-surface region with vacancies, distorted coordina-
tion environments and disordered shells. These local
imperfections are highly effective in reshaping the electronic
structure, tuning adsorption energetics and opening new reac-
tion channels, yet they are confined to only a few nanometres
so that the underlying scaffold continues to provide mechanical
integrity and efficient electron and mass transport. In contrast
to ion implantation or high-temperature reduction, which can
introduce deep lattice damage, non-thermal plasma generates
defects and vacancies through surface-localized chemical reac-
tions, making it particularly suitable for engineering electro-
catalytically active interfaces with minimal bulk disruption.
The clearest picture emerges from oxides in which plasma
engraving generates oxygen vacancies. In a widely cited study
on Co;0,4 nanosheets by Xu et al., low-power plasma bombard-
ment roughens the sheet surfaces, removes lattice oxygen and
partially reduces Co®>* to Co>" while leaving the spinel frame-
work intact.” (Fig. 4a and b) Specifically, an RF Ar plasma was
used as an ion-assisted engraving/etching treatment, where

6836 | Chem. Commun., 2026, 62, 6830-6844

energetic Ar species primarily drive surface sputtering and
oxygen removal, so the resulting oxygen vacancies are largely
confined to the near-surface region. XPS, EPR and EXAFS
collectively show the appearance of vacancy-related oxygen
components, changes in Co coordination and a more disor-
dered Co-O environment, which together increase electronic
conductivity and introduce defect states that promote lattice-
oxygen mediated OER pathways.

A related strategy was adopted in amorphous MnO, by Han
et al."” (Fig. 4c). Here, controlled Ar and O, plasma treatments
were used to tune vacancy density: Ar plasma favors oxygen
removal via energetic-species-driven surface activation/etching,
whereas O, plasma provides oxygen-containing reactive species
that suppress or passivate Vg sites. Electrochemical CO,
reduction on these vacancy-rich MnO, films shows markedly
higher CO faradaic efficiency and lower overpotentials, consis-
tent with the idea that Vg sites stabilize CO,  and facilitate
subsequent proton-electron transfer. Liang et al. extended this
concept to crystalline WO; nanowires for acidic OER: a brief Ar
plasma sputtering step creates a high density of surface oxygen
vacancies, lowers the average W valence and distorts surface
WOg octahedra, as seen by atomic-resolution microscopy and
XAFS.>

Similar oxygen-defect behavior also emerges in more com-
positionally complex systems, including those developed in our
Zn-air and OER studies. Ye et al. used plasma activation on Co-
based air electrodes, showing that O,-containing plasmas gen-
erate oxygen non-stoichiometry and high-valent Co species at
the surface without collapsing the porous framework®!
(Fig. 4d). In their work, optical emission spectroscopy (OES)
confirms the presence of energetic O species and O," in the O,
RF plasma discharge. Mechanistically, these reactive O species
partially oxidize the Co surface to form a thin CoO skin,
while concurrent energetic bombardment/etching helps create

This journal is © The Royal Society of Chemistry 2026
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oxygen-vacancy-rich Co/CoO heterojunctions. The resulting
electrodes exhibit enhanced bifunctional ORR/OER activity
and improved full-cell performance, with XPS and EPR finger-
prints that closely mirror the V, signatures in Co;0, and MnO,.

Zhang et al. pursued a related strategy in Ni-based OER
catalysts, where atmospheric-pressure plasma treatments
increase the fraction of high-valent metal sites and introduce
disordered oxygen environments that favour rapid redox
cycling under OER conditions.>® Qin et al. further demon-
strated that plasma-generated defective oxide skins exhibit
exceptional structural and compositional stability. Post-
operation analyses revealed that the catalyst, with its inherently
high concentration of stabilized Mn®* and oxygen vacancies,
maintains its active state during the oxygen evolution reaction,
directly contributing to the high activity and long-term
durability®* (Fig. 4e).

Beyond oxygen, non-thermal plasmas can also sculpt chal-
cogen and pnictogen vacancy landscapes. In the case of layered
PtSe, crystals by Wang et al., RF plasma exposure preferentially
removes Se from the outermost layers, creating Se vacancies
and driving partial reduction or segregation of Pt at the surface®
(Fig. 5a). Because the feed is inert Ar, the dominant role of the
plasma is ion/electron-assisted physical etching, which selec-
tively depletes the more weakly bound chalcogen from the
topmost layers and is naturally self-limited in depth. The
resulting Pt-enriched, vacancy-populated skin therefore arises
from a near-surface compositional “reset” rather than bulk
phase conversion. Structural and spectroscopic analysis reveal
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a Ptrich, defect-populated skin coherently coupled to the
underlying PtSe, lattice.

In our Zn-air systems, Hu et al. and Feng et al. demonstrated
that dielectric-barrier discharge (DBD) and RF plasma treat-
ment of NiFe/NiSe, and CoNiSe-based air cathodes induces the
formation of non-stoichiometric surface layers rich in oxygen
vacancies or selenium vacancies, along with modulated metal
valence states (e.g., Ni**/Ni**, Co**/Co®") and enhanced electronic
conductivity.>®*” These structural and electronic modifications
lead to improved ORR/OER activities, higher limiting current
densities, lower overpotentials, and superior cycling stability in
both liquid and flexible all-solid-state Zn-air batteries. These
works underscore that plasma-induced vacancy engineering is a
universal strategy for enhancing the performance of chalcogenide-
based electrocatalysts, analogous to its role in oxides.

In many cases, defects and interfaces are generated together,
and their interplay becomes the dominant control knob for
activity. Zhang et al. provide a representative CoP3/Ni,P exam-
ple, where an Ar microwave plasma treatment targets the
ultrathin 2D heterostructure and drives interfacial P escape,
generating P-vacancy defects preferentially at the CoP;/Ni,P
junction™ (Fig. 5b). Meanwhile, a fraction of these vacancies
is occupied by external oxygen to form O-refilling defects,
producing a mixed defective interface rather than a single clean
junction. Such vacancy-decorated heterointerfaces reconstruct
the local electronic structure, intensify charge redistribution
across Co- and Ni-centred sites, and lower kinetic barriers -
thereby enhancing HER via improved H* binding and promot-
ing alkaline steps by facilitating interfacial charge transfer and
water activation.

Similar defect-rich heterojunctions arise in our Co-based
Zn-air catalysts after plasma activation, where Co/CoO, Co-N-C
and carbon nanotube frameworks are intimately coupled, as
reported by Xiong et al.>® (Fig. 5c). Here, an oxygen RF plasma
was used to activate the air electrode, because O-containing
radicals/ions can introduce oxygen non-stoichiometry and
interfacial disorder without the thermal budget that would
sinter Co-based sites or collapse the CNT network. In these
systems, plasmas introduce vacancies and disordered coordi-
nation at the metal/oxide or metal/carbon interfaces, leading to
enhanced electronic coupling and more favorable ORR/OER
kinetics at the composite level rather than at any single phase
in isolation.

Taken together, these studies show that plasma-induced
defects are not random damage but structured design ele-
ments. Oxygen, chalcogen and pnictogen vacancies, coordina-
tion distortions, defect-rich interfaces and ultrathin disordered
shells all arise from the same basic features of non-thermal
plasmas: a flux of energetic electrons and reactive radicals that
act within only a few surface layers, far from thermodynamic
equilibrium. The resulting defect ensembles tune metal
valence, introduce new electronic states, increase covalency in
metal-ligand bonds and redistribute charge across junctions,
thereby modulating the adsorption and transformation of key
intermediates in HER, OER, ORR and CO, reduction. In combi-
nation with the phase transformation pathways discussed
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earlier, plasma defect engineering therefore provides an ortho-
gonal yet synergistic handle for reprogramming surface chem-
istry and electronic landscapes.

2.3. Plasma-induced doping and surface functionalization

Low-temperature plasmas provide a third mode of control over
electrocatalysts beyond phase transformation and vacancy crea-
tion: they can selectively introduce heteroatoms into the near-
surface region and thereby rewrite the local electronic structure
without sacrificing the underlying phase or nanoarchitecture.
Unlike bulk doping achieved by high-temperature diffusion or
solution-based routes, plasma-induced doping is inherently
shallow and interface-focused, enabling controlled modifica-
tion of surface electronic structure without altering the bulk
composition. Energetic electrons and reactive radicals act
within only a few nanometers, breaking specific metal-ligand
or C-C bonds and creating transient open sites that can be
occupied by N, F, P, B or oxygenated fragments. This section
discusses plasma enabled incorporation of heteroatoms or
functional groups, identified by composition changes and
bonding motifs related signatures.

A first, and perhaps clearest, manifestation of this behavior
is seen in N/F doping of transition-metal oxides and chalco-
genides, where the primary role of plasma is to tune the
covalency and energy alignment of metal-ligand bonds. Li
et al. used an NH,F-containing RF plasma to co-introduce N
and F into Co;0, nanowire arrays while preserving the spinel
phase and 1D architecture® (Fig. 6a). The key outcome is
electronic: dual anion incorporation strengthens Co-O cova-
lency and shifts the O 2p band closer to the Fermi level,
lowering the barrier for lattice-oxygen participation and
pushing OER from a purely adsorbate-evolution route toward
a more lattice-oxygen-involved pathway, without changing the
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nanowire backbone. Density functional calculations corrobo-
rate that dual N, F incorporation pulls the O 2p band closer to
the Fermi level and increases Co-O covalency, which lowers the
free-energy barrier for lattice-oxygen participation.

Plasma-enabled N doping can also be used to construct
multi-parameter surface motifs, in which heteroatoms, vacan-
cies and even metastable phases cooperate. Zheng et al. treated
MoS, with RF NH; plasma to produce N-doped, vacancy-rich
and partially 1T-phase MoS, for tandem plasma-electrocataly-
tic nitrogen chemistry® (Fig. 6b and c) The plasma step intro-
duces N into the S sublattice, creates S vacancies and induces a
local 2H to 1T transition, again confined to the near-surface
region. Calculations show that these features collectively
enhance charge transfer to nitrogenous intermediates and
suppress hydrogen evolution by shifting the Mo d states and
creating electron-rich traps at N/S-defective sites. In this case,
the dopant is not a passive spectator but an integral part of a
complex defect-phase ensemble, yet the macroscopic morphol-
ogy of the MoS, support is preserved.

Analogous principles apply in carbon-based systems. Li et al.
exposed quasi-graphene to N, plasma, introducing pyridinic,
pyrrolic and graphitic nitrogen into the topmost carbon layers
while retaining the overall sheet-like morphology'® (Fig. 6d).
The nitrogen functionalities increase the density of edge-like
sites, improve electronic conductivity and adjust the redox
potential of surface carbon atoms, which together translate
into markedly enhanced peroxidase-mimicking activity towards
H,0,. Here, the active phase is the doped carbon itself rather
than a transition metal, but the underlying logic is the same:
plasma-installed N dopants and associated defects reshape the
local density of states at the Fermi level and create chemically
distinct adsorption sites, without the need for high-
temperature bulk treatments.

MoS,/VGs

aniline

FeCo aggregates encapsulated in
graphite carbon shells (FCNHGS)

Fig. 6 (a) Schematic illustration of the synthesis process of the N,F-CozQ,4. Reproduced with permission.* Copyright 2025, Wiley-VCH. (b) Schematic
illustration for N-MoS,/VGs engraved by RF NHz plasma. (c) The plasma tandem-electrolysis system. Reproduced under the terms of CC-BY
4.0 license.®° (d) Schematic illustration showing the synthesis of N-doped quasi-graphene by N, Plasma. Reproduced with permission.*® Copyright
2020, American Chemical Society. (e) Illustration of the fabrication of Pt;Ni,@Ar/NH3-FCNHGS. Reproduced with permission.® Copyright 2023, Elsevier.
(f) Schematic showing the P soft doping of CoNCnc by microwave plasma. Reproduced with permission.>* Copyright 2025, Elsevier.
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Within our own work, Gong et al used atmosphere-
programmed plasma to tune N doping and defect density in
Fe/Co/N-decorated hollow graphene spheres as supports for
PtNi, nanoparticles®® (Fig. 6e). The source is an RF plasma
operated at low pressure, allowing the reactive environment to
be switched simply by changing the feed gas. Among the
atmospheres, Ar/NH; is the most effective because it couples
Ar-driven etching with NH, chemistry: OES shows NH- and
H-related species during discharge, consistent with simulta-
neous surface roughening/defect creation and the formation of
pyridinic/graphitic N and Fe(Co)-N, motifs. These N-rich
defects act as anchoring sites that suppress PtNi, agglomera-
tion and strengthen metal-support electronic coupling, as
reflected by the binding-energy shifts of Pt and Ni. The result-
ing catalysts deliver improved ORR/HER activity and fuel-cell
durability compared with undoped or thermally doped counter-
parts, highlighting plasma N-doping as a practical route to
engineer carbon supports for higher noble-metal utilization.

In many plasma-treated systems, doping is intimately
coupled to defect formation so that vacancies act as entry points
for heteroatoms. This vacancy-mediated route provides a natural
bridge between the defect engineering discussed earlier and the
doping strategies considered here. In the NiCo,0, study by
Zheng et al.®® DBD plasma first generates abundant oxygen
vacancies in the spinel lattice, partially reducing Co** to Co**
and disordering the local Co-O environment. Subsequent nitro-
gen incorporation occurs preferentially at these defective sites,
forming Ni-N, and Co-N, coordinations that stabilize the
vacancies and further modify the electronic structure. A similar
sequence arises in the NiCoP system of Zhang et al, where
vacuum annealing and plasma treatment create oxygen-deficient
NiCoO, precursors, and N doping during phosphidation yields
an N-doped, vacancyrich NiCoP surface.® In both cases,
dopants and vacancies form coupled ensembles: vacancies lower
the barrier for substitution, and the heteroatoms in turn stabi-
lize and electronically activate the defective sites.

Huang et al. reached a related conclusion in N, Fe co-
incorporated CoO nanoarrays: the N, Fe co-bonded CoO was
formed via a nitrogen-plasma step carried out in a N, PECVD
reactor, and the reactive nitrogen species (e.g., N/excited
N,/N,") generated in the discharge both etch the surface and
enable near-surface N incorporation. As a result, N acts as a
chemical bridge to bind Fe and Co centers while simulta-
neously promoting oxygen non-stoichiometry and higher-
valent Co at the surface, pointing to a cooperative adjustment
of vacancies, dopants and metal valence that optimizes the
energetics of lattice-oxygen-involved OER.%°

Beyond directly modifying active phases, plasma doping can
be applied in a “soft” fashion to carbon and interfacial layers,
where the principal outcome is to re-engineer metal-support
interactions, wettability and charge-transfer pathways rather
than bulk band structure. Ai et al. used a microwave plasma to
gently dope phosphorus into Co nanoparticle-embedded, nest-
like N-doped carbon frameworks®* (Fig. 6f). Mechanistically,
energetic electrons in the microwave discharge volatilize
the phosphate salt into short-lived P-containing radicals/ions
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(P*/PO,/PH,*), which graft onto defected carbon and Co-N sites
to form covalent P-C and P-O-C motifs. The P functionalities
introduce additional defects, increase hydrophilicity and adjust
the local electron density around Co-N centers, leading to
improved oxygen reduction activity and stability compared with
undoped samples. Lin et al. employed oxygen plasma to acti-
vate carbon nanotube-interconnected Prussian blue analogue
nanoarrays.® The treatment decorates CNTs with oxygenated
groups and partially oxidizes the PBA surface, thereby lowering
interfacial resistance and introducing more redox-active metal-
oxygen moieties for the OER.

Zhao et al. show that plasma is useful not just as a “doping
step”, but as a sequence controller for building multi-
heteroatom interfaces in porous carbon/NiFe hybrids for
zinc-air batteries.®” An initial Ar plasma etch activates the
carbon scaffold - creating defects and opening access to
embedded NiFe domains - so that subsequent B doping and
NH; treatment can be directed to the most reactive carbon sites
and, critically, to the metal-support boundary. The outcome is
a coupled B/N environment (B-C, B-O and interfacial M-N,
motifs) in which plasma-created defects act as nucleation/
anchoring points, stabilizing high-valent Ni/Fe centers while
improving charge transport through the porous carbon net-
work. As a result, the co-doped