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HIGHLIGHTS ABSTRACT
 

● Protonated LiMn2O4 achieves a high ORR
half-wave potential of 0.81 V with excellent
cycling stability.

● Proton exchange induces lattice contraction and
increases the average oxidation state of Mn.

● Enhanced surface hydroxylation improves
oxygen adsorption capacity and reaction
kinetics.

● Optimized electronic structure reduces the
energy barrier for the rate-determining step.
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The development of low-cost platinum-free electrocatalysts for the oxygen reduction
reaction  (ORR)  is  essential  for  the  sustainable  energy  technologies.  In  this  work,
spinel-type LiMn2O4 was chemically modified via proton exchange to systematically
investigate  the  effects  of  protonation  on  crystal  structure,  electronic  configuration,
and  ORR  performance.  Experimental  results  reveal  that  proton  exchange  not  only
regulates  the  lattice  parameters  and Mn oxidation  states,  but  also  enhances  surface
hydrophilicity and oxygen adsorption capacity, leading to a significant improvement
in  ORR activity  with  at  a  half-wave  potential  of  0.81  V for  pure  Mn-based  oxide.
Physical  characterizations  and  theoretical  calculations  reveal  that  protonation
optimizes  the  surface  electronic  structure  by  mitigating  the  over-stabilization  of
oxygen  intermediates  on  LiMn2O4,  thus  facilitating  the  rate-determining  step  *OH
adsorption and improving reaction kinetics.  This  work establishes  proton exchange
as  a  versatile  strategy  for  the  construction  of  Mn-based  oxide  electrocatalysts
containing  alkali  metals,  offering  valuable  insights  for  the  rational  design  of  non-
precious metal catalysts in energy conversion applications.
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 1    Introduction

As  global  energy  demands  continue  to  rise  and
environmental  concerns  intensify,  the  development  of
efficient  energy conversion and storage technologies has
become  a  central  focus  in  contemporary  research.  The
oxygen  reduction  reaction  (ORR),  a  key  process  in
energy devices such as metal-air  batteries and fuel  cells,
plays  a  significant  role  in  determining  both  the  energy
conversion  efficiency  and  operational  lifespan  of  these
systems  [1–4].  Currently,  platinum  group  metal  (PGM)
electrocatalysts  are  widely  employed  for  their  excellent
ORR  activity  [5–8].  However,  their  limited  availability

and  high  cost  hinder  commercial  application  [9,10].
Consequently,  the  design  of  highly  efficient,  low-cost,
and  PGM-free  electrocatalysts  has  emerged  as  a  key
research focus in this field [11–15].

Among  the  various  alternatives,  transition  metal
oxides,  especially  Mn-based  oxides,  have  received  great
attention due to their  natural  abundance,  affordable cost,
and  excellent  electrochemical  stability  [2,16,17].  Spinel-
type Mn-based oxide has emerged as a promising PGM-
free ORR electrocatalyst due to its abundant availability,
low cost,  unique crystal  structure,  and tunable electronic
properties  [18].  However,  the  intrinsic  electrocatalytic
activity of Mn-based oxides for ORR is generally limited 
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by several factors. The insufficient electrical conductivity
of  Mn-based  oxides  leads  to  inefficient  charge  transport
[19,20].  Moreover,  the relatively low density of  surface-
active  sites  restricts  the  adsorption  and  conversion  of
reaction  intermediates  [21,22].  Additionally,  Mn-based
oxides  are  prone  to  structural  degradation  or  dissolution
during electrocatalytic processes,  leading to the practical
application being limited by these unstable Mn sites [23].

To  address  these  limitations,  recent  studies  have
focused  on  the  modification  of  Mn-based  oxides  by
composition  optimization  [24–27],  doping  [28–30],
defect  engineering  [20,31],  and  other  strategies  [32–36]
to  improve  electrocatalytic  performance.  However,  for  a
more precise understanding of the structure-performance
relationship,  it  is  desirable  to  adopt  an  optimization
strategy that not only stabilizes Mn itself, but also keeps
the  components  unchanged.  In  this  context,  proton
exchange  has  been  recognized  as  a  simple  yet  effective
chemical  modification  technique  [37,38].  This  approach
can modulate the crystal lattice and electronic structure of
the  electrocatalysts,  thereby  shortening  the  internal
transport  pathways  and  facilitating  oxygen  diffusion.  In
addition,  improvements  in  surface  hydrophilicity  and
oxygen  adsorption  capacity  further  contribute  to
enhanced catalytic activity.

In  the  present  study,  spinel-type  LiMn2O4 was
modified  via  proton  exchange,  and  the  influence  of
protonation  degree  on  its  crystal  structure,  electronic
configuration,  and ORR performance was systematically
investigated. The experimental results showed that proton
exchange effectively regulated lattice parameters and Mn
oxidation  states  of  LiMn2O4,  while  also  enhancing
surface  hydrophilicity  and  oxygen  adsorption  capacity,
thus  significantly  improving  ORR activity.  Furthermore,
protonation  on  the  surface  electronic  structure  and
electrocatalytic  oxygen  reaction  mechanism  was
thoroughly  explored  by  physical  characterizations  and
theoretical  calculations.  This  study  offers  a  new
perspective  and  practical  approach  for  the  development
of  efficient,  stable,  and  platinum-free  electrocatalysts,
underscoring  the  potential  of  proton  exchange  as  a
powerful  tool  for  advancing  non-precious  metal-based
catalysts for energy technologies.

 

2    Results and discussion

 2.1    Structural characterizations of as-prepared protonated
LiMn2O4

Spinel-type  protonated  LiMn2O4 was  synthesized  via  a
combination  of  high-energy  ball  milling  and  low-tem-
perature  annealing,  followed  by  acid  pretreatment  using
H2SO4 solutions  of  varying  concentrations.  After  wash-

ing  and  drying,  a  series  of  protonated  LiMn2O4 samples
with  different  degrees  of  protonation  were  obtained  and
labeled as 1-HLMO, 2-HLMO, 3-HLMO, and 4-HLMO.

To  characterize  the  crystal  structure,  X-ray  diffraction
(XRD)  was  employed.  As  shown  in Fig. 1(a),  both
pristine and protonated samples retained the cubic Fd-3m
spinel structure, consistent with PDF#88-0589. However,
as  illustrated  in Fig. 1(b),  the  XRD  peaks  shifted  to
higher  angles  with  increasing  levels  of  protonation,
indicating a gradual contraction of the unit cell. Rietveld
refinement  further  confirmed  changes  in  lattice
parameters,  as  summarized  in  Fig.  S1  and  Table  S1.  As
depicted in Fig. 1(c), both lattice constant (a) and unit cell
volume  (V)  decreased  progressively  with  increasing
protonation:  lattice  constant  (a)  decreased  from  8.18  Å
in  LiMn2O4 to  8.17  Å  (1-HLMO),  8.15  Å  (2-HLMO),
8.12  Å  (3-HLMO),  and  8.04  Å  (4-HLMO).  This
reduction was attributed to the partial substitution of Li+
by H+ during the proton exchange process.

X-ray  absorption  near  edge  structure  (XANES)
spectroscopy  was  performed  to  examine  changes  in  the
electronic structure of Mn. As shown in Fig. 1(d), the Mn
K-edge  shifted  to  higher  energies  following  protonation,
indicating  an  increase  in  the  Mn  oxidation  state  that
intensified  with  deeper  protonation.  This  shift  was
attributed  to  the  partial  solubility  of  Li+ during  acid
treatment,  which  necessitated  charge  compensation. Fig.
1(e)  shows  the  fitted  Mn  oxidation  states  using  MnO,
Mn2O3, and MnO2 references. The average Mn oxidation
valence  increased  from  Mn3.51+ in  LiMn2O4,  to  Mn3.82+

in  1-HLMO,  Mn3.83+ in  2-HLMO,  Mn3.85+ in  3-HLMO,
and Mn3.86+ in 4-HLMO, respectively.

To  further  examine  the  structural  environment  around
Mn,  extended  X-ray  absorption  fine  structure  (EXAFS)
analysis was conducted, as shown in Fig. 1(f). The Mn–O
bond length, originally 1.50 Å in LiMn2O4,  shortened to
1.46  Å  after  protonation.  This  is  in  agreement  with  the
lattice  contraction  observed  via  XRD,  indicating  enhan-
ced covalence and structural stability after protonation. In
addition,  the  coordination  number  of  Mn–O  increased
with  protonation,  resulting  in  a  more  compact  crystal
structure  [39, 40].  These  structural  modifications  were
expected to influence electron density distribution around
Mn  and  its  electronic  structure,  thus  affecting  the
adsorption of ORR intermediates [41,42].

Cyclic  voltammetry  (CV)  measurements  provided
further  insight  into  Mn  valence  changes.  As  shown  in
Fig.  S5,  LiMn2O4 exhibited  a  typical  oxidation  peak
corresponding to the Mn3+→Mn4+ transition, and a reduc-
tion peak corresponding to Mn4+→Mn3+. In contrast, the
typical  2-HLMO  sample  displayed  no  distinctive
oxidation  peak  during  the  positive  scan,  indicating  a
reduced  presence  of  Mn3+ for  oxidation  to  Mn4+.
However,  during  the  negative  scan,  a  reduction  process
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similar  to  that  of  Mn4+ to  Mn3+ remained  in  LiMn2O4.
The  CV curves  implied  a  higher  average  Mn valence  in
2-HLMO compared to LiMn2O4.

To  investigate  the  underlying  causes  of  this  valence
change,  elemental  analysis  was  conducted  using  induc-
tively  coupled  plasma  optical  emission  spectrometry
(ICP-OES).  As  shown  in Fig. 1(g),  the  Li  content
decreased significantly after protonation, from 35.26% in
pristine LiMn2O4 to 1.52%, 1.66%, 1.87%, and 2.01%, in
the  protonated  samples,  respectively,  while  Mn  content
remained relatively stable. Elemental analysis of the acid
solution,  as  shown  in Fig. 1(h),  confirmed  that  the
amount  of  dissolved  Li  was  approximately  four  times

higher than that of Mn, indicating significant Li leaching
during  protonation.  This  loss  of  Li  was  consistent  with
the  observed  Mn  oxidation  state  increase,  while  the
overall spinel structure remains intact.

To  probe  the  incorporation  of  protons  into  the  lattice,
thermogravimetric  (TG)  analysis  was  performed  on  the
representative  2-HLMO  sample.  As  shown  in Fig. 1(i),
the  TG  curve  showed  three  distinct  stages  of  mass  loss
with increasing temperatures,  corresponding to physisor-
bed  water  (25–100  °C),  structural  water  (100–200  °C),
and  dehydroxylation  OH groups  (>200 °C),  respectively
[43].  The  weight  loss  between  100  and  350  °C  was
calculated to be 5.54%, confirming the presence of H+ in

  

 
Fig. 1    Physical characterization of as-prepared protonated LiMn2O4.

(a) XRD patterns of LiMn2O4, 1-HLMO, 2-HLMO, 3-HLMO, and 4-HLMO with standard LiMn2O4 (PDF#88-0589); (b) enlarged XRD
patterns and 2-Theta from 15° to 24°; (c) lattice parameters and cell volumes from XRD by Rietveld refinement; (d) normalized Mn K-
edge XANES spectra of LiMn2O4, 1-HLMO, 2-HLMO, 3-HLMO, and 4-HLMO; (e) fitted Mn valence states with XANES edge region
with  MnO,  Mn2O3,  and  MnO2 references;  (f)  Mn  K-edge  EXAFS  spectra  of  LiMn2O4,  1-HLMO,  2-HLMO,  3-HLMO,  and  4-HLMO;
(g)  content  of  Li  and  Mn measured  by  ICP-OES;  (h)  content  of  Li  and  Mn in  protonated  solution  of  2-HLMO measured  by  ICP-MS;
(i) TG analysis curve of 2-HLMO.
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2-HLMO.  However,  the  amount  of  H+ incorporated
remained  significantly  lower  than  the  amount  of  Li+
leached, suggesting partial substitution and the formation
of a protonated spinel phase.

 2.2    ORR performance of as-prepared protonated LiMn2O4

The  ORR  performance  of  the  synthesized  samples  was
evaluated  in  O2-saturated  1  mol/L  KOH  solution,  as
shown  in Fig. 2(a).  Generally,  Mn-based  oxides  exhibit
low  intrinsic  electrical  conductivity,  which  limit  the
electron transport efficiency inside and on the surface of
catalyst  [44–46].  However,  the  use  of  high-energy  ball
milling  followed  by  low-temperature  annealing  in  the
synthesis  of  LiMn2O4 significantly  improved its  specific
surface  area,  providing  more  accessible  active  sites  for
ORR and shortening the ion and electron transport  path-
ways. As a result, the as-prepared LiMn2O4 demonstrated
notable  ORR  performance,  with  a  half-wave  potential
(E1/2) of 0.75 V.

Following  protonation  via  acid  treatment,  a  further
enhancement  in  ORR  performance  was  observed,  as
illustrated  in Fig. 2(b).  Among  all  tested  samples,  2-
HLMO exhibited the best ORR activity, achieving an E1/2

of  0.81  V  with  the  highest  limiting  diffusion  current,
approaching  the  theoretical  value.  Compared  with  the
Tafel  slope  of  pristine  LiMn2O4 (77.12  mV/dec),  all
protonated  samples  showed  reduced  Tafel  slopes,
indicating improved reaction kinetics after acid treatment,
as shown in Fig. 2(c).

Durability,  a  critical  metric  for  electrocatalyst  evalua-
tion,  was  assessed  using  2-HLMO  as  a  representative
sample  due  to  its  superior  performance.  As  shown  in
Fig. 2(d),  the E1/2 showed  a  minimal  negative  shift  of
only 4 mV after 20000 cycles in an accelerated durability
test  (ADT),  highlighting  exceptional  long-term  stability.
Chronoamperometry (CA) was also performed a constant
potential of 0.8 V vs. RHE to further investigate catalytic
stability.  As  shown  in Fig. 2(e),  2-HLMO  retained
85.14% of  its  initial  current  after  100  h  of  continuous
operation,  while  LiMn2O4 retained  only  60.16%,
providing  direct  evidence  of  the  enhanced  stability
compared to LiMn2O4.

To  elucidate  the  reaction  pathway,  rotating  ring-disk
electrode  (RRDE)  measurements  were  performed.  As
shown in Fig. S2, within the potential range of 0.2–0.8 V
vs. RHE, 2-HLMO exhibited an electron transfer number
exceeding 3.7, with a hydroperoxide (HO2−) yield of less

  

 
Fig. 2    ORR activity and stability of protonated LiMn2O4.

(a)  LSV  curves  of  LiMn2O4,  1-HLMO,  2-HLMO,  3-HLMO,  and  4-HLMO  at  1600  r/min  under  O2-saturated  1  mol/L  KOH  solution;
(b) half-wave potentials (left axis) and limiting diffusion current (right axis) of LiMn2O4, 1-HLMO, 2-HLMO, 3-HLMO, and 4-HLMO;
(c) Tafel slopes of LiMn2O4, 1-HLMO, 2-HLMO, 3-HLMO, and 4-HLMO. (d) LSV curves before and after accelerated durability testing
(10k cycles,  and 20k cycles) performed on 2-HLMO; (e) stability normalized current by CA test  of LiMn2O4 and 2-HLMO; (f)  current
density normalized by electrochemical active surface area (ECSA) for LiMn2O4, 1-HLMO, 2-HLMO, 3-HLMO, and 4-HLMO.
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than  20%.  This  confirms  that  the  dominant  pathway  for
2-HLMO  follows  a  favorable  four-electron  transfer
process.

The  electrochemically  active  surface  areas  (ECSA)  of
these  electrocatalysts  were  also  estimated  using  CV  at
various scan rates in a non-Faradaic potential window, as
shown  in  Fig.  S3.  The  ECSA  of  pristine  LiMn2O4 was
5.92  cm2,  while  the  ECSA  values  of  the  different  pro-
tonated HLMO samples exhibited lower values: 0.85 cm2

(1-HLMO),  0.65  cm2 (2-HLMO),  0.39  cm2 (3-HLMO),
and  0.62  cm2 (4-HLMO),  respectively  (Fig.  S4).  After
normalizing  the  diffusion-limited  current  at  0.4  V  vs.
RHE  to  the  corresponding  ECSA,  2-HLMO  achieved  a
high area-specific current density (jECSA) of 1.64 mA/cm2,
as  shown  in Fig. 2(f).  The  decrease  in  ECSA  after
protonation,  combined  with  improved  electrochemical
performance, indicated that both the density and intrinsic

activity  of  the  active  sites  per  unit  area  had  increased
significantly.

 2.3    Reasons for enhanced ORR performance

The enhanced ORR performance of LiMn2O4 was further
elucidated  by  comparing  the  microstructural  and
electronic characteristics of the pristine LiMn2O4 and the
best-performing  2-HLMO.  SEM  images  revealed  a
substantial  difference  in  particle  morphology:  LiMn2O4
exhibited  irregular  particle  sizes  and  large  flake-like
aggregates (Fig. 3(a)), whereas 2-HLMO showed signifi-
cantly  reduced  particle  sizes,  more  uniform  distribution
and  a  rougher  surface  (Fig. 3(b)).  Particle  size  (Fig.  S6)
confirmed  a  reduction  in  average  particle  diameter  from
approximately 70–80 nm in LiMn2O4 to 30–40 nm in 2-
HLMO.  This  reduction  was  attributed  to  the  chemical

  

 
Fig. 3    Morphological and electronic changes between LiMn2O4 and 2-HLMO.

(a,  b)  SEM  images  of  LiMn2O4 and  2-HLMO;  (c,  d)  TEM  images  of  LiMn2O4 and  2-HLMO;  (e,  f)  HR-TEM  images  and  interplanar
spacings of LiMn2O4 and 2-HLMO; (g) Mn 2p XPS spectra; (h) O 1s XPS spectra; (i) Mn K-edge EXAFS spectra of LiMn2O4,  and 2-
HLMO.
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grinding  effect  induced  by  acid  leaching  during  the
proton exchange process [38].

TEM  images  (Figs. 3(c)  and 3(d))  showed  that  both
LiMn2O4 and  2-HLMO  maintained  well-dispersed
nanoparticles  without  forming  aggregated  clusters,  with
2-HLMO  exhibiting  smaller  particle  sizes  compared  to
LiMn2O4.  High-resolution  TEM  (HR-TEM)  images
(Figs. 3(e)  and 3(f)),  confirm  the  high  crystallinity  of
both  samples.  In  LiMn2O4,  the  lattice  spacings  of  0.48
and 0.28 nm corresponded to the (111) and (311) crystal
planes,  respectively.  For  2-HLMO,  these  spacings  con-
tracted  slightly  to  0.47  and  0.25  nm,  consistent  with  the
unit  cell  contraction  observed  from  Rietveld  refinement
of XRD data.

Brunauer-Emmett-Teller  (BET)  surface  area  analysis
revealed  an  increase  from approximately  70.48  m2/g  for
LiMn2O4 (Fig. S7) to 93.43 m2/g for 2-HLMO (Fig. S8).
The  increase  in  specific  surface  area  is  related  to  the
introduction  of  hydrogen  species  and  the  surface
hydroxylation,  which  creates  additional  active  sites  for
the ORR. To isolate the influence of specific surface area
from  catalytic  activity,  the  currents  of  2-HLMO  and
LiMn2O4 were  normalized  to  both  the  catalyst  mass
activity  and  the  BET-measured  specific  surface  area,  as
shown  in  Fig.  S9.  Even  after  normalization,  2-HLMO
still  exhibited  significantly  enhanced  performance,
indicating improved intrinsic activity.

To  elucidate  changes  in  electronic  structure,  X-ray
photoelectron spectroscopy (XPS) was performed on Mn
2p and O 1s regions. As shown in Fig. 3(g), the peak Mn
2p  peak  near  643.0  eV,  characteristic  of  MnO2,  became
more  pronounced  in  2-HLMO  compared  to  LiMn2O4,
indicating  a  higher  average  oxidation  state  of  Mn  in
2-HLMO  than  in  pristine  LiMn2O4.  Specifically,  the
average oxidation states of Mn in LiMn2O4 and 2-HLMO
were  determined  to  be  Mn3.5+ and  Mn3.8+,  respectively,
by  fitting  with  the  Mn2O3 and  MnO2 references  (Figs.
S10 and S11). These results were consistent with the Mn
oxidation states obtained from XANES fitting.

Further  insight  into  the  oxygen  environment  was
obtained  from  the  O  1s  XPS  spectra  (Fig. 3(h)).  The
overall  O  1s  binding  energy  of  2-HLMO  showed  an
increase  in  binding  energy,  and  the  concentration  of
surface-adsorbed  hydroxide  species  increased  from
22.36% to 30.37% compared to LiMn2O4. These changes
were  ascribed  to  the  interaction  between  H+ ions  and
surface oxygen atoms of LiMn2O4 during acid treatment,
leading to protonation of some surface oxygen atoms and
the formation of hydroxyl (-OH) groups. These surface -
OH  groups  enhanced  oxygen  adsorption,  promoted  sur-
face O2 activation, and facilitated the ORR kinetics [47].

This  result  is  also  supported  by  the  result  of  TG
analysis.  In addition,  the acid treatment introduced more
hydrophilic  groups  on  the  surface,  such  as  hydroxyl

groups, improving the hydrophilicity of the material. The
increased hydrophilicity improved electrolyte wetting and
uniform  distribution  of  the  electrolyte  on  the  surface  of
catalyst,  which  in  turn  facilitated  the  adsorption  and
diffusion  of  oxygen,  thus  stabilizing  the  ORR  process.
Deconvolution  of  the  O  1s  spectra  identified  contribu-
tions  from  lattice  oxygen,  surface  hydroxyl/adsorbed
water,  and  adsorbed  oxygen  species,  further  confirming
the surface modifications.

The  changes  in  surface  oxygen  after  acid  treatment
were  further  investigated  using  the  Mn K-edge  EXAFS,
as illustrated in Fig. 3(i). The Mn–O coordination number
increased  significantly  after  acid  treatment,  consistent
with  the  rise  in  Mn  valence  state.  In  pristine  LiMn2O4,
Mn is half [Mn-O4] and half [Mn-O6], whereas 2-HLMO
showed an increase in [Mn-O6] octahedral environments.
This  transition  toward  more  complete  octahedral
coordination implies a more stable and compact structure
after protonation.

In  summary,  both  microstructural  (smaller  nanopar-
ticles providing more active sites) and electronic structure
(optimized electronic structure offering better  adsorption
energy  for  intermediates)  showed  that  the  acid-treated
LiMn2O4 exhibited improved ORR performance.

 2.4    Structural characterization during ORR behavior

To  investigate  the  structural  evolution  of  protonated
2-HLMO  during  prolonged  ORR,  samples  subjected  to
over 10000 cycles  of  cyclic  voltammetry  (CV)  were
characterized. First, scanning electron microscope (SEM)
was  used  to  observe  changes  in  microstructures  of  2-
HLMO.  As  shown  in Fig. 4(a),  the  morphology  of  2-
HLMO  remained  virtually  unchanged  after  prolonged
cycling, indicating good structural retention. TEM images
(Fig. 4(b))  further  confirmed  this,  with  high-resolution
(HR-TEM)  imaging  revealing  distinctive  lattice  fringes.
As shown in Fig. 4(c), the measured interplanar spacings
of 0.25 nm corresponded to the (3 1 1) plane of the spinel
structure,  suggesting  that  the  crystallographic  integrity
was preserved.

High-resolution  XPS  was  subsequently  performed  to
probe  changes  in  electronic  structure.  As  shown  in
Fig. 4(d), the Mn 2p XPS peaks showed a noticeable shift
toward  higher  binding  energies  after  cycling,  indicating
that  Mn  was  further  oxidized  to  higher  valence  states.
The  presence  of  more  Mn4+,  compared  to  Mn3+,  was
more stable due to the Jahn-Teller effect.

The Li 1s XPS spectra (Fig. 4(e)) showed an absence of
detectable  Li  signal  after  CV,  suggesting  that  Li  was
nearly  completely  absent  from  the  spinel  structure.  As
shown  in  Fig.  S15,  elemental  analysis  after  cycling
further revealed that the atomic ratio of Li was reduced to
only  1.13%.  Therefore,  it  can  be  concluded  that  the
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dissolution  of  Li  did  not  compromise  the  structural
stability  of  2-HLMO,  while  the  increase  in  Mn  valence
states served to maintain charge balance.

Dissolution of  Li  and Mn species  in  the solution were
also quantitatively analyzed (Fig. S16). The concentration
of  dissolved  Mn  was  measured  to  be  155.37 µg/L,
indicating  some  degree  of  Mn  leaching,  although  not
sufficient  to  disrupt  the  overall  spinel  framework.  In
addition,  changes  in  oxygen  species  within  2-HLMO
were also examined. As shown in Fig. 4(f), the content of
surface  hydroxyl  groups  or  adsorbed  water  increased
from 30.37% to 49.64%. This increased surface hydroxy-
lation  likely  contributed  to  enhanced  hydrophilicity  and
may  facilitate  sustained  ORR  activity  by  promoting
oxygen adsorption.

XRD  patterns  demonstrated  that  the  crystal  structure
remained  as  the  spinel  structure  after  the  stability  test,
without  evidence  of  phase  transformation  or  amorphiza-
tion (Fig. S17).

In  summary,  throughout  the  cycling  process,  the  mi-
crostructure  of  2-HLMO  remained  virtually  unchanged,
and  surface  hydroxylation  was  enhanced  as  the  reaction
progressed.

 2.5    Theoretical investigations of ORR enhancement
mechanism

To further investigate the effect of protonated spinel-type

lithium  manganate  on  ORR  activity,  density  functional
theory  (DFT)  calculations  were  performed.  The  most
stable configurations for pristine LiMn2O4 and protonated
2-HLMO  were  first  constructed,  as  shown  in Figs. 5(a)
and  5(b),  which  presents  the  crystal  structure  models  of
LiMn2O4 and  2-HLMO,  respectively.  For  2-HLMO,  the
modeling  was  designed  based  on  the  experimentally
determined atomic ratios of Li and Mn obtained via ICP
analysis.  Bader  charge  revealed  that  the  surface  Mn
atoms in LiMn2O4 and 2-HLMO lost 0.976 and 1.012 eV
of electrons, respectively (Figs. 5(c) and 5(d)), indicating
a higher oxidation state of Mn in 2-HLMO. This result is
in good agreement with the findings from XAS and XPS
measurements.

The  electron  localization  function  (ELF)  plots  for
LiMn2O4 and  2-HLMO  are  presented  in  Fig.  S18.  The
protonated  lithium  manganite  showed  certain  distortions
to  maintain  stability,  along  with  higher  electron
localization  on  the  surface,  which  explains  its  better
intrinsic ORR activity. Charge differential density (CDD)
analysis  revealed  distinct  *O  intermediate  adsorption
behavior  between  LiMn2O4 and  2-HLMO.  On  the
LiMn2O4 surface  (Fig. 5(c)),  excessive  electron  transfer
led  to  over-stabilization  of  the  *O  intermediate,
kinetically  hindering  subsequent  *OH  adsorption  and
resulting  in  a  substantially  higher  activation  energy
barrier.  In  contrast,  2-HLMO  (Fig. 5(d))  exhibited  more
balanced adsorption, facilitating improved ORR kinetics.

  

 
Fig. 4    Structural and electronic characterization after ORR

(a) SEM image of 2-HLMO after 10000 cycles; (b) corresponding TEM image of 2-HLMO after 10000 cycles; (c) HR-TEM image of 2-
HLMO and corresponding interplanar  spacing after  10000 cycles;  High-resoution (d)  Mn 2p, (e)  Li  1s,  (f)  and O 1s XPS spectra  of  2-
HLMO after 10000 cycles.
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The full four-electron ORR pathway was subsequently
stimulated, with Mn acting as the principal active site for
oxygen  intermediate  adsorption. Figures 5(e)  and 5(f)
present  the  adsorption  configurations  of  O2,  *OOH,  *O,
and  *OH  species  on  both  LiMn2O4 and  2-HLMO.  As
shown in Fig. 5(g),  a comparison was made between the
ORR pathways of LiMn2O4 and typical 2-HLMO. In the
initial  step  of  O2 adsorption,  both  processes  occurred
spontaneously. However, in LiMn2O4, the free energy of
spontaneous  adsorption  was  excessively  high,  which
could  hinder  subsequent  desorption  steps.  In  the  fourth
step,  which  involves  the  adsorption  of  *OH  oxygen
intermediates,  LiMn2O4 required  an  overpotential  of
2.16  V  to  proceed,  which  was  considerably  higher  than
the theoretical overpotential of 1.23 V for 2-HLMO. This

step  was  the  rate-determining  step  (RDS)  for  both
materials.  These  results  indicated  that  protonation
facilitated a reduction in the external voltage required for
the RDS, which was consistent with experimental results.

Further  insight  was gained by analyzing the electronic
structure.  The  d-band  center  of  Mn  atoms  in  LiMn2O4,
Fig. 5(h),  and  2-HLMO, Fig. 5(i),  relative  to  the  Fermi
level (Ef) were −1.145 and −0.835 eV, respectively. The
d-band center of 2-HLMO was closer to the Ef, indicating
that  the  protonated  lithium  manganite  exhibited  higher
adsorption capacity toward oxygen intermediates and was
more  favorable  for  the  interactions  between  the  adsor-
bates and the electrocatalyst surface. In addition, the pro-
jected  density  of  states  (PDOS)  revealed  that  2-HLMO
exhibited a broader total density of states near the Ef com-

  

 
Fig. 5    Theoretical considerations of electronic structures and ORR enhancement mechanisms of LiMn2O4 and 2-HLMO.

(a, b) Structural model and Bader charge of LiMn2O4 and 2-HLMO; (c, d) charge density difference (CDD) of LiMn2O4 and 2-HLMO;
(e,  f)  proposed  alkaline  ORR  mechanism  on  LiMn2O4 and  2-HLMO;  (g)  ORR  free-energy  diagrams  at U =  0  V  and U =  1.23  V  for
LiMn2O4 and 2-HLMO; (h, i) projected density of states (PDOS) of LiMn2O4 and 2-HLMO.

Jiayi Li et al. ENGINEERING Energy, 2026, 20(1): 10393 https://doi.org/10.1007/s11708-026-1039-3

 

8 https://journal.hep.com.cn/fie | https://link.springer.com/journal/11708

https://doi.org/10.1007/s11708-026-1039-3
https://doi.org/10.1007/s11708-026-1039-3
https://doi.org/10.1007/s11708-026-1039-3
https://doi.org/10.1007/s11708-026-1039-3
https://doi.org/10.1007/s11708-026-1039-3
https://doi.org/10.1007/s11708-026-1039-3
https://doi.org/10.1007/s11708-026-1039-3


pared to pristine, for Mn d electrons. This suggests that 2-
HLMO can readily participate in electron transfer during
ORR,  thus  accelerating  the  rate-determining  step  (RDS)
involving electron-coupled *O to *OH conversion.

In  summary,  DFT  calculations  confirmed  that
protonation  of  LiMn2O4 modifies  the  electronic
environment  of  Mn,  optimizes  the  adsorption  energy  of
ORR  intermediates,  and  reduces  the  overpotential
required for the rate-limiting step. These insights support
the  experimental  findings  and  validate  proton  exchange
as  an  effective  strategy  for  improving  ORR  catalytic
performance in Mn-based spinel oxides.

 

3    Conclusions

This  study  systematically  demonstrated  that  protonation
effectively enhanced the ORR performance of spinel-type
LiMn2O4 through  precise  structural  and  electronic
engineering.  Comprehensive  characterizations  revealed
that protonation induced lattice contraction (from 8.18 Å
in  LiMn2O4 to  8.04  Å  in  4-HLMO)  and  increased  the
average oxidation state of Mn (from Mn+3.51 to Mn+3.86),
accompanied by shortening of Mn–O bond lengths (from
1.50  to  1.46  Å)  and  an  increase  in  Mn  coordination
numbers.  These  structural  modifications  optimized  the
surface electronic configuration, as evidenced by the shift
of  the  Mn  d-band  center  toward  the  Fermi  level,  which
strengthened  oxygen  intermediate  adsorption  while
reducing  *O  over-stabilization.  The  synergistic  effects
collectively contributed to exceptional ORR activity, with
an E1/2 of  0.81 V and outstanding durability,  less  than 4
mV  shift  after 20000 cycles.  Theoretical  calculations
rationalized  the  improved  performance  at  the  atomic
level:  the  optimized  electronic  structure  of  protonated
HLMO reduced  the  rate-determining  step  energy  barrier
(*OH  adsorption)  by  facilitating  charge  transfer,
ultimately  reducing  the  theoretical  overpotential  from
2.16 to 1.23 V. This work establishes proton exchange as
a  general  methodology  for  enhancing  ORR performance
in Li-intercalated oxides and offers a promising approach
for  the  rational  design  of  other  transition  metal  oxide
electrocatalysts.  It  provides  a  robust  framework  for
advancing next-generation, platinum-free electrocatalysts
in sustainable energy conversion technologies.
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