
Depressing the H2O2 generation rate to enhance the durability of the
hydroxide exchange membrane fuel cells

Shuxin Zhang   
1, Yongjia Sheng1, Jinjie Fang2, Wei Zhu   

1 ✉, and Zhongbin Zhuang   
1 ✉

1 State Key Lab of Organic-Inorganic Composites and Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing
University of Chemical Technology, Beijing 100029, China

2 PetroChina Shenzhen New Energy Research Institute Co., Ltd., Shenzhen 518054, China

  Cite this article: Nano Research, 2025, 18, 94907340. https://doi.org/10.26599/NR.2025.94907340

  
ABSTRACT: The  hydroxide  exchange  membrane  fuel  cells
(HEMFCs)  are  considered promising  due to  their  potential  low
cost.  However,  their  unsatisfied  stabilities  hinder  the
widespread application  of  HEMFCs.  Here,  we confirm that  the
in-situ  generated  H2O2  takes  serious  influence  on  the
degradation of the HEMFCs, and the more H2O2 generated the
worse HEMFC stability.  A mixed titanium oxide and ruthenium
oxide  doped  by  niobium  (TiO2-RuO2-Nb2O5  (TRNO))  is
synthesized  and  used  as  support  for  Pt  to  replace  the
commonly used carbon. The Pt/TRNO catalyst shows low H2O2
yield when used as oxygen reduction reaction (ORR) catalyst. By using Pt/TRNO as cathode, the fabricated HEMFC shows
outstanding  long-term  durability.  The  cell  voltage  only  decays  2.2%,  discharging  at  a  constant  current  density  of
500 mA·cm−2 for 170 h, with a low decay rate of 76 μV·h−1. These findings reveal that H2O2 yield is a key factor leading to
the degradation of  HEMFC, and the HEMFC stability  could be improved by using the oxide supported catalysts  with  low
H2O2 yield.
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1    Introduction
The  usage  of  hydrogen  energy  offers  a  practical  way  to  decrease
reliance  on fossil  fuels  and address  environmental  issues  [1−4].  In
the effort to develop a hydrogen economy, fuel cells play important
roles  [5−11].  The  hydroxide  exchange  membrane  fuel  cells
(HEMFCs),  which  are  the  structural  analogue  to  the  proton
exchange  membrane  fuel  cells  (PEMFCs),  have  gained  much
attention  due  to  their  alkaline  working  environment  that  enables
using  platinum  group  metals  (PGMs)  free  electrocatalysts  and
cheaper  bipolar  plates  [12−16].  However,  the  most  significant
remaining challenge for the widespread use of the HEMFCs is their
unsatisfied durability  [17−20].  Most  HEMFC membrane electrode
assemblies  (MEAs)  have  shown  a  substantial  reduction  in
performance  over  the  first  100–200  h  of  operation  [21−23].  Even

worse, the poor understanding of the key degradation mechanisms
in  operating  cells  further  limits  the  development  of  HEMFC
durability.  The  possible  degradation  source  and  effective  strategies
need  further  investigation  to  make  HEMFC  viable  for  practical
applications [24, 25].

The polymer electrolyte plays key role for the satiability issue of
the HEMFC [26−28]. The chemical stability issue of the HEMs, as
well  as  the  ionomers,  includes  the  alkaline  stability  and  oxidative
stability  [29, 30].  Generally,  the  HEMs and ionomers  have  similar
chemical  structures  and  have  similar  stability.  With  the
development of over 20 years on the HEMs, their alkaline stabilities
are  notably  improved.  Many  HEMs  published  in  literatures  show
good  alkaline  stability  [31−33].  Kim  et  al.  reported  polystyrene-b-
poly(ethylene-co-butylene)-b-polystyrene  (SEBS)  HEM  [31].  The
SEBS  HEM  remained  chemically  stable  after  a  4-week  alkaline
stability test. Holdcroft et al. prepared a poly(arylene-imidazolium)
(HMT-PMPI)  HEM.  This  HEM  exhibited  minimal  cation
degradation  after  a  168-h  alkaline  stability  test  in  10  M  KOH
solution  [32].  Yan  et  al.  prepared  poly(aryl  piperidinium)  (PAP)
HEMs that maintained their ionic conductivity after 2000 h in 1 M
KOH  solution  [33].  However,  the  oxidative  stability  of  the  HEMs
and  ionomers  is  still  unclear.  There  is  minimal  research  on
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oxidative HEM and ionomer degradation, which is attributed to the
generation  of  radicals  during  operation.  In  the  past  decades,  the
effects of radical species on the degradation of PEM have been well
studied  [34, 35].  The  radicals  are  mainly  formed  from  hydrogen
peroxide  (H2O2)  resulted  from  a  2e− oxygen  reduction  reaction
(ORR)  on  the  cathode  side  of  the  cell  [36].  Note  that  while
hydroperoxyl radicals is generated at low pH, the superoxide anion
radical is favored at high pH [37, 38]. Superoxide anion radical has
a  long  half-life  in  the  highly  alkaline  environment  and  can  cause
significant oxidative damage to the ionomer nearby the catalysts as
well  as  the  membrane.  Ramani  et  al.  confirmed  the  HEM
degradation  in  the  presence  of  superoxide  anion  radical  [39].
Therefore,  it  is  essential  to  investigate  the  HEMFC  performance
degradation behavior caused by H2O2 and develop approaches that
eliminate H2O2 to improve the longevity of HEMFC durability.

Here  we  test  the  HEMFC  durability  under  different  working
condition with different H2O2 generating rate, in order to establish
the  correlation  between  the  HEMFC  stability  and  H2O2 yield.  An
oxide  supported  Pt  catalyst  (Pt/TiO2-RuO2 (TRO)-Nb2O5

(Pt/TRNO))  is  synthesized  and  shows  low  H2O2 yield  when
catalyzing  ORR,  and  an  improved  HEMFC  stability  was  achieved
by  using  this  catalyst.  The  HEMFC  using  Pt/TRNO  cathode
exhibits  remarkable  durability  of  only  2.2%  voltage  decay  after
170 h durability test  at  a  constant current durability of  0.5 A·cm−2,
while  the  Pt/C  HEMFC  suffers  from  significant  performance
degradation. 

2    Experimental
 

2.1    Chemicals
TiO2 (AeroxidP25,  Acros  Organics),  RuCl3·xH2O  (Ru  content
45%–55%, Aladdin), NbCl5 (99%, Aladdin), HNO3 (65%, Aladdin),
KOH  (99.99%,  Aladdin),  H2PtCl6·6H2O  (99.95%,  Macklin),
HCOOH (≥ 88%, Aladdin), H2O2 (35%, Aladdin), Vulcan XC-72R
(Cabot  Corporation),  Nafion  solution  (5%,  DuPont),  Pt/C  (40%,
Johnson  Matthey),  and  gas  diffusion  layers  (GDLs,  SGL  28  BC)
were  used  as  received  without  further  purification.  The  HEM
(PiperION™  A15)  and  the  ionomer  were  bought  from  Versogen.
Ultrapure  water  (18.2  MΩ·cm,  Mili-Q,  Merck)  was  used  in  the
synthesis of catalysts and electrochemical measurements. 

2.2    Synthesis of the oxidized carbon (O–C)
150 mg of Vulcan XC-72R was dispersed in 100 mL of 12 M HNO3
solution through ultrasonication for 20 min. The mixture was then
heated  to  80  °C  with  vigorous  stirring  at  refluxed  state  for  2  h.
Then,  it  was  centrifuged  and  dispersed  in  water,  followed  by
filtering  and  washing  with  plenty  of  water.  Finally,  the  filter  cake
was dried by lyophilization. 

2.3    Synthesis of the TiO2-RuO2-Nb2O5
In  a  typical  synthesis,  80  mg of  the  TiO2,  207  mg of  RuCl3·xH2O,
and 13.5 mg of NbCl5 were dispersed in 100 mL of deionized water
through ultrasonication for 30 min. Then, 0.5 M KOH solution was
dropped  into  the  mixture  under  vigorous  stirring  until  the  pH  of
the solution reached 7. The product obtained was then collected by
vacuum  filtration  and  washed  with  plenty  of  water.  The  black
powders were then dried at 60 °C for 12 h and further calcined at
500 °C for 4 h in air to yield TRNO. 

2.4    Synthesis of the Pt/TRNO catalyst
In  a  typical  synthesis,  1060  μL  of  H2PtCl6·6H2O  aqueous  solution
(100 mg·mL−1) and 60 mg of the obtained TRNO were dispersed in
50  mL  of  water  by  ultrasonication  for  30  min.  Then  the  solution
was heat to 80 °C with vigorous stirring for 1 h, followed by adding
4  mL  of  HCOOH.  Then,  the  mixture  was  kept  under  vigorous
stirring  for  2  h.  The  product  obtained  was  then  collected  by
vacuum filtration,  washed several  times  with  deionized water,  and
then dried in an oven at 60 °C. Then, it was ground and calcined at
200 °C for 8 h to obtain Pt/TiO2-RuO2-Nb2O5 catalyst. 

2.5    Synthesis of the TiO2-RuO2
The  TRO  was  prepared  by  the  same  method  as  TRO,  except  not
using NbCl5. 

2.6    Synthesis of the Pt/TRO catalyst
The  Pt/TRO  catalyst  was  prepared  by  the  same  method  as
Pt/TRNO,  except  the  support  material  was  changed  from  TRNO
to TRO. 

2.7    Electrochemical measurements
The  electrochemical  measurements  were  performed  on  the  CHI
760  electrochemical  station  (Shanghai  Chenhua,  China)  with  a
standard  three-electrode  cell  system.  A  homemade  glass
electrochemical  cell  equipped  with  three-electrode  assembly  was
used.  The  saturated  calomel  electrode  (SCE)  and  a  graphite  rod
were used as the reference and counter electrodes, respectively. The
catalyst  ink  was  made  by  ultrasonically  dispersing  1  mg  of  as-
prepared catalyst in a mixed solution containing 100 μL of distilled
water,  890  μL  of  ethanol,  and  10  μL  of  5  wt.%  Nafion.  Then,  the
catalyst ink was drop-cast on a glassy carbon electrode and used as
the working electrode.

The rotating ring-disk electrode (RRDE) test was done by using a
RRDE with  a  Pt  ring  with  6.25  mm inner  diameter  and 7.92  mm
outer  diameter  to  evaluate  the  ORR  activity  and  the  hydrogen
peroxide yield (H2O2 (%)). During the RRDE test, the disc electrode
was rotated in an O2 saturated 0.1 M KOH electrolyte at 1600 rpm
in  a  potential  range  from  0.05  to  1.05  V  (vs.  reversible  hydrogen
electrode  (RHE))  with  a  scan  rate  of  5  mV·s−1.  The  ring  electrode
was  set  to  1.2  V  (vs.  RHE).  The  mass  activity  (MA)  of  catalyst  at
0.9  V  was  calculated  by  dividing  the  kinetic  current  by  the
corresponding Pt loading. The kinetic current was obtained by the
following Eq. (1)

1
I
=

1
Ik

+
1
Id

(1)

where I, Ik, and Id represent the current at 0.9 V, the kinetic current
at 0.9 V, and the diffusion limited current, respectively.

The  hydrogen  peroxide  yield  was  calculated  by  the  following
Eq. (2)

H2O2(%) = 200× Iring/N
Iring/N+ Idisk

(2)

where Iring is  the  ring  current, Idisk is  the  disk  current, Iring and Idisk
are absolute values, and N is the ring collection efficiency, which is
N = 0.37 for the used RRDE.

The  electrochemical  active  surface  area  (ECSA)  of  catalysts  was
quantified by the hydrogen underpotential deposition test. A cyclic
voltammetry (CV) test was performed in Ar-saturated 0.1 M KOH
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electrolyte  between 0.03 and 1.05 V with a  scan rate  of  50 mV·s−1,
and the ECSA of Pt was calculated by the following Eq. (3)

ECSA =
QH

210 μC · cm−2 ×MPt

(3)

where QH is  the  charge  associated  with  adsorption  amount  of  H
atoms at catalyst surface, 210 μC·cm−2 is the charge associated with
the  adsorption  amount  of  one  monolayer  of  H  atoms  on  the  Pt
surface, and MPt is the loading of Pt on the working electrode.

Electrochemical  impedance  spectra  (EIS)  were  recorded  in  the
frequency range of  100 kHz to 0.1 Hz.  ORR accelerated durability
tests  (ADTs)  were  conducted  in  O2-saturated  0.1  M  KOH
electrolyte at 1600 rpm in a potential range from 0.60 to 1.00 V (vs.
RHE)  at  a  scan  rate  of  100  mV·s−1 for  10,000  cycles.  The
polarization  curves  before  and  after  test  were  recorded  by  using
rotating  disk  electrode  (RDE)  technique  to  evaluated  the  stability.
All polarization curves were corrected with iR compensation. 

2.8    HEMFC fabrications and tests
Catalyst  ink  was  prepared  by  mixing  catalyst  with  PAP-TP-85  (5
wt.%,  Versogen)  ionomers  diluted  by  isopropanol/water  (25:1)
solvent  and  then  sonication  for  3  h  in  ice  water  bath.  The
commercial Pt/C (HiSpec 4000, 40 wt.% Pt, Johnson Matthey) was
used as the anode catalyst with the loading of 0.4 mgPt·cm−2, and the
synthesized Pt/TRNO catalyst or the commercial Pt/C was used as
the  cathode  catalyst  with  the  loading  of  0.4  mgPt·cm−2.  For  the
Pt/TRNO cathode,  the 40 wt.% (of  catalyst  mass)  Vulcan XC-72R
was  added  to  the  cathode  ink.  For  the  Pt/C+O–C  cathode,  the
loading of O-Vulcan was 100 wt.% relative to the Pt/C. The catalyst
ink was sprayed onto both sides of PiperION™ A15 membrane (17
µm)  to  fabricate  a  catalyst  coated  membrane  (CCM)  with  the
electrode  area  of  5  cm2.  The  prepared  CCM  was  soaked  in  3  M
KOH  for  12  h  to  exchange  Cl− to  OH− and  then  washed  with
deionized water to remove the excess KOH. The washed CCM was
assembled  with  a  fluorinated  ethylene  propylene  (FEP)  gasket,  a
GDL (SGL 28  BC),  a  graphite  bipolar  plate  with  5  cm−2 flow field
and  a  metal  current  collector  for  each  side  to  complete  the  full
HEMFC. Then, all of the HEMFC were controlled using a Scribner
850e  equipped  with  a  backpressure  module.  During  the  HEMFC
tests,  the  fuel  cell  was  activated  and  tested  by  scanning  current
method  and  the  cell  polarization  curves  were  recorded.  Then,  the
HEMFC was further subjected to the durability test, where the cell
was held at constant current density. During this durability test, the
cell  temperature  was  set  at  80  °C  while  the  dew  points  of  the
reacting gases were initially set to 78 °C at the anode and 79 °C at
the cathode. 

2.9    Characterization
The 1H nuclear magnetic resonance (1H NMR) spectra were used to
analyze the precise structure of membranes. A Brunauer–Emmett–
Teller  (BET)  surface  area  analyzer  (Micromeritics  ASAP  2460
system)  was  used  to  calculate  the  BET  specific  surface  area  by  a
multipoint analysis of nitrogen desorption isotherms. Transmission
electron  microscopy  (TEM)  images  were  recorded  on  a  Hitachi
7700  transmission  electron  microscopy.  High-resolution  TEM
(HRTEM) and energy dispersive spectroscopy (EDS) mapping were
performed  on  a  JEOL  JEM-2100F  transmission  electron
microscopy.  The  X-ray  photoelectron  spectroscopy  (XPS)  spectra
were obtained on a Thermo Fisher ESCALAB 250Xi spectrometer
with  a  monochromatic  Al  Kα X-ray  source.  The  binding  energies

derived  from  XPS  measurements  were  calibrated  to  the  C  1s  at
284.8  eV.  The  powder  X-ray  diffraction  (XRD)  patterns  were
profiled  on  a  Rigaku  D/Max  2500  VB2+/PC  X-ray  powder
diffractometer using Cu Kα radiation (λ = 0.154 nm), and all of the
diffraction  data  were  collected  in  a  2θ range  from  10°  to  90°  at  a
scanning  rate  of  5  °·min−1.  Inductively  coupled  plasma-optical
emission spectroscopy (ICP-OES, Optima 7300 DV, Perkin Elmer)
was used to determine the metal contents. 

3    Results and discussion
 

3.1    The  in-situ  generated  H2O2  impacts  the  HEMFC
stability
We first examined the effect of the H2O2 on the HEM stability. To
qualitatively  determine  the  effect  of  H2O2 on  the  HEM,  we
employed an ex-situ stability test of HEM. PAP HEM (PAP-TP-85)
were  immersed  into  5  wt.%  H2O2 solution  for  24  h.  The
degradation  degree  of  the  peak  assignments  of  PAP-TP-85  is
indicated  in Fig.  1 [33].  The  peak  at  3.15  ppm  is  the  methyl
hydrogens  on  piperidinium  cation,  and  the  peaks  at  the  range  of
7.46–7.79 ppm are the hydrogens on triphenyl rings. We calculated
the  grafting  degree  of  PAP  polymers  before  and  after  test  by  the
ratio  of  peak  areas  of  the  methyl  hydrogens  on  piperidinium
cationic  groups  and  the  hydrogens  on  the  triphenyl  rings.  The
grafting degrees were found to be 85% and 53% before and after the
test.  It  indicated  that  PAP  membranes  underwent  remarkable
piperidinium cationic  group degradation in  the  presence  of  H2O2.
The  mechanical  properties  of  membrane  also  have  deteriorated
after  stability  test.  These  results  indicated  that  H2O2 severely
impacts the stability of the HEM.

Next,  we  examined  effect  of  the  generated  H2O2 on  the  MEA
stability.  When  the  HEMFCs  work,  cathode  occurs  in  the  ORRs.
Ideally,  the  oxygen  undergoes  4e− reduction  to  generate  water.
However,  there  are  still  some  oxygen  undergoes  2e− reduction  to
form  H2O2 [40]. Figure  2(a) shows  the  linear  sweep  voltammetry
(LSV) curves of the Pt/C catalyst measured by RRDE test,  and the
collected ring and disk currents  can be used to calculate  the H2O2

 

Figure 1    1H  NMR  spectra  of  PAP-TP-85  HEM  before  and  after  stability  test.
Dimethyl  sulfoxide  (DMSO)-d6  was  used  as  the  NMR  solvent  (2.50  ppm)  and
D2O also remained in the polymer sample (3.33 ppm).
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yield. Figure  2(b) shows  the  H2O2 yield  of  the  Pt/C  catalyst.
Although  the  H2O2 yield  is  low  (<  6%),  H2O2 is  clearly  detected
during  the  ORR  process.  We  observed  that  the  H2O2 yield  of  the
Pt/C catalyst  during oxygen reduction is  potential  dependent.  The
H2O2 yield  increases  with  the  decrease  of  the  potential.  We
fabricated  MEA  using  Pt/C  as  the  cathode,  and  its  polarization
curve is shown in Fig. S1 in the Electronic Supplementary Material
(ESM). We test the MEA stability at different cell voltages to study
the  impact  of  H2O2.  The  HEMFCs  with  same  MEAs  structures
were operated at various current densities (0.5, 1.0, and 2.0 A·cm−2)
and studied their  lifetime (Fig.  2(c)).  Because  the  current  densities
changed, the cell voltages varied at different test conditions. At low
current  density,  the  cathode  potential  was  high,  which  resulted  in
lower  H2O2 yield.  The  HEMFC  lasted  48  h  before  its  failure.
However, when the current densities increased, the durability of the
HEMFC reduced. The durability reduced to 43 and 18 h when the
current  densities  were  1.0  and  2.0  A·cm−2,  respectively.  It  suggests
that the higher H2O2 yield leads to worse HEMFC stability.

To further  investigate  the  impact  of  H2O2 on  HEMFC stability,
we  fabricated  MEA  using  a  cathode  catalyst  with  enlarged  H2O2
yield.  It  was  reported  that  O–C  can  improve  the  selectivity  of  2e−

ORR  [41].  The  O–C  was  synthesized  through  the  nitric  acid
treatment,  and  it  indeed  shows  higher  H2O2 yield  (Fig.  S2  in  the
ESM). We blend the Pt/C with O–C to increase the H2O2 yield of
the cathode. The LSV curves of the Pt/C catalyst mixed with O–C
tested by RRDE are shown in Fig. 2(d). Figure 2(e) shows the H2O2
yield  of  the  Pt/C  mixed  with  O–C  (Pt/C+O–C).  Increased  H2O2
yield  compared  with  that  for  Pt/C  was  found  in  the  whole  tested

potential region. For example, the H2O2 yield increased from 2.54%
to  7.62% at  0.6  V vs.  RHE when Pt/C was  mixed  with  O–C.  The
HEMFC  durability  of  the  MEA  using  Pt/C+O–C  as  cathode  was
further  studied.  The  Pt/C+O–C  HEMFC  delivered  a  current
density  of  959  mA·cm−2 at  0.65  V  (Fig.  S1  in  the  ESM),  which
indicated that the introduction of the O–C does not impact the cell
performance  significantly.  However,  as  shown  in Fig.  2(f) for  the
durability  test,  the  Pt/C+O–C HEMFC failed at  8  h after  constant
discharge  at  the  current  density  of  2.0  A·cm−2,  much  shorter  than
the  Pt/C  HEMFC  (18  h).  The  results  demonstrate  that  the  H2O2
yield at cathode significantly impacts the HEMFC stability, and the
higher the H2O2 yield, the worse the stability. 

3.2    Synthesis  and  characterization  of  the  Pt/TRNO
electrocatalyst
Based  on  the  anterior  discussions,  we  proposed  that  the  HEMFC
stability  could  be  improved  by  depressing  the  H2O2 yield  of  the
cathode  catalysts.  We  replaced  the  commonly  carbon  supports  to
oxides,  in  order  to  reduce  the  H2O2 yield.  We  selected  titanium
oxide  as  the  substrate  due  to  its  excellent  electrochemical  stability.
To  enhance  the  electrical  conductivity  of  the  support,  ruthenium
oxide  was  introduced  as  the  secondary  component,  and  niobium
was selected as a dopant to further promote its conductivity.

Briefly,  the  TRNO  support  was  synthesized  by  a  simple  wet
chemical  approach.  BET  adsorption/desorption  isotherms  disclose
that  the  TRNO  support  possesses  a  relatively  high  surface  area  of
57 m2·g−1 (Fig. S3 in the ESM). Figure 3(a) shows the XRD patterns
of  TRNO support.  All  the diffraction peaks can be assigned either

 

Figure 2    (a) Disk and ring current density of the Pt/C RRDE results tested in O2-saturation 0.1 M KOH. (b) The H2O2 yield of the Pt/C. (c) H2/O2 HEMFCs durability
test at various current densities of 0.5, 1.0, and 2.0 A·cm−2 with Pt/C (0.4 mgPt·cm−2) in cathode and Pt/C (0.4 mgPt·cm−2) in anode. The cell, cathode, and anode humidifier
temperatures were 80, 78, and 79 °C, respectively. The anode and cathode were flowed with 0.4 L·min−1 of H2 and 0.4 L·min−1 of O2, respectively. The backpressures were
150  kPa  (gauge)  for  both  sides.  (d)  Disk  and  ring  current  density  of  the  Pt/C+O–C  RRDE  results  tested  in  O2-saturation  0.1  M  KOH.  (e)  The  H2O2 yield  of  the
Pt/C+O–C. (f) H2/O2 HEMFCs durability test at current densities of 2.0 A·cm−2 with Pt/C and Pt/C+O–C (0.4 mgPt·cm−2) in cathode. The anode for the HEMFCs was
0.4 mgPt·cm−2 Pt/C. The cell, anode and cathode humidifier temperatures were 80, 78, and 79 °C, respectively. The anode and cathode were flowed with 0.4 L·min−1 of H2

and O2, respectively. The backpressures were 150 kPa (gauge) for both sides.
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anatase TiO2 (JCPDS No. 21-1272) or rutile RuO2 (JCPDS No. 40-
1290)  without  peaks  from  Nb-oxides.  It  suggests  that  the  TRNO
support is Nb-doped TiO2 and RuO2 mixture. The high-resolution
XPS spectra of TRNO suggest the interaction in the oxide mixture
(Figs.  S4–S6 in the ESM). For the Ti 2p spectra,  it  shows a 0.4 eV
positive shift compared with pristine TiO2. For the Ru 3d spectra, it
shows  a  0.5  eV  negative  shift  compared  with  pristine  RuO2.  It
suggests  the  electron  transfer  from  TiO2 to  RuO2.  The  Nb  3d
spectra  demonstrate  the  slightly  high  valance  state  of  the  Nb  in
TRNO compared with Nb2O5, probably due to the doped structure.

Subsequently,  Pt  nanoparticles  were  deposited  on  the  oxide
support by the reduction of H2PtCl6 with HCOOH [42]. Figure 3(a)
shows the XRD patterns of the Pt/TRNO electrocatalyst. Compared
with pattern for TRNO support, additional peaks at 39.76°, 46.24°,
and 67.45° appear, which are attributed to the Pt (111),  (200),  and
(220)  planes,  respectively.  No  distinct  changes  for  the  peaks  from
the  TRNO  support  are  found,  indicating  that  the  TRNO  support
does not change after deposition of Pt. The elemental contents were
tested by ICP-OES, and the mass loading of Pt,  Ti,  Ru, and Nb in
Pt/TRNO were ca. 39.4 wt.%, 13.3 wt.%, 23.7 wt.%, and 1.3 wt.%.

Figure 3(b) shows the Pt  4f  high-resolution XPS spectra  for  the
Pt/TRNO and commercial Pt/C. It is noted that the binding energy
of  the  Pt  4f  peaks  for  Pt/TRNO  shifted  negatively  (0.4  eV)
compared  with  that  for  Pt/C,  which  can  be  attributed  to  metal

support interaction (MSI). The negatively shifted binding energy in
Pt/TRNO leads to the lowered d-band center, which is beneficial for
promoted ORR activity [43, 44]. Figure 3(c) shows the TEM images
of  the  Pt/TRNO  electrocatalyst.  Pt  nanoparticles  were  uniform
dispersion the support, with the size mainly distributed in range of
4–6 nm. HRTEM image of the Pt/TRNO (Fig. 3(d)) revealed lattice
fringes  of  0.227,  0.238,  and  0.315  nm,  which  are  corresponded  to
the (111) plane of the Pt, (004) plane of the TiO2, and (110) plane of
the  RuO2,  respectively.  Furthermore,  energy-dispersive  X-ray
spectroscopy  confirmed  the  uniform  dispersion  of  the  Pt,  Ru  Ti,
and Nb elements (Fig. S7 in the ESM). 

3.3    ORR activity and H2O2 yield of the Pt/TRNO catalyst
We  evaluated  the  ORR  activity  and  H2O2 yield  of  the  Pt/TRNO
catalyst  using  the  RRDE  technique  in  O2-saturated  0.1  M  KOH
electrolyte.  The  commercial  Pt/C  was  tested  under  the  same
conditions for comparison. Figure 4(a) shows the LSV curves of the
Pt/TRNO  and  the  Pt/C  using  the  same  loading  of  the  Pt
(20 μg·cm−2). Different from the lower ORR activity of Pt/TRO (Fig.
S8(a)  in  the  ESM),  the  Pt/TRNO  catalyst  shows  the  half-wave
potential  (E1/2)  of  0.873  V (vs.  RHE,  the  same  hereafter),  which  is
similar  to  that  for  the  Pt/C  catalyst  (E1/2 =  0.878  V).  ECSA  was
quantified  by  the  hydrogen  underpotential  deposition  tests,  as
shown in Fig. S9 in the ESM. Their specific activity (SA) and MA at

 

Figure 3    Characterization of the Pt/TRNO catalyst. (a) XRD patterns. (b) High-resolution Pt 4f XPS spectra of Pt/TRNO and Pt/C. (c) TEM image. (d) HRTEM image.
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0.9  V  are  further  shown  in  Table  S1  in  the  ESM.  The  Pt/TRNO
catalyst  shows  the  SA  of  0.28  mA·cm−2 and  MA  of  0.11  A·mgPt

−1,
which  is  similar  to  that  for  the  Pt/C  catalyst  (SA of  0.33  mA·cm−2

and  MA  of  0.18  A·mgPt
−1),  suggesting  the  similar  ORR  activity.

Figure  4(b) shows  the  H2O2 yield  of  the  Pt/TRNO  and  Pt/C.  The
Pt/TRNO shows ultra-low H2O2 yield, which is only 0.31% at 0.6 V.
Compared  with  that  for  Pt/C,  the  H2O2 yield  for  Pt/TRNO
depresses clearly.

We also  synthesized  the  undoped  TRO supported  Pt  (Pt/TRO)
to  study  the  effect  of  Nb  (synthetic  procedure  shown  in
experimental section, TEM images and XRD pattern shown in Fig.
S10 in the ESM). The ORR polarization curve, as well as the H2O2
yield of the Pt/TRO, is  shown in Fig.  S8 in the ESM. The Pt/TRO
displayed  slightly  lower  ORR  performance  than  Pt/TRNO,
indicated by its lower E1/2, as well as the MA and SA (summarized
in  Table  S1  in  the  ESM).  More  important,  the  Pt/TRO  exhibits
higher  H2O2 yield,  which  is  1.44% at  0.6  V,  4.5  times  higher  than
that  for  Pt/TRNO.  It  suggests  that  the  Nb doping  is  beneficial  for
promoting  the  ORR  performance  and  also  depresses  the  H2O2
generation.

We further evaluated the stability of the Pt/TRNO catalyst by CV
cycles between 0.6 and 1.0 V with a scan rate of 100 mV·s−1 in O2-

saturated 0.1 M KOH electrolyte. As shown in Figs. 4(c) and 4(d),
after 10,000 cycles, the E1/2 for Pt/TRNO catalyst only decreased for
11 mV.  In  comparison,  the E1/2 of  Pt/C catalyst  loses  37  mV after
only 5000 cycles. These results indicated that the Pt/TRNO catalyst
has a higher stability than that of the Pt/C catalyst. 

3.4    HEMFC performance and stability of the MEA using
Pt/TRNO cathode
The synthesized Pt/TRNO catalyst  was  used as  cathode catalyst  to
fabricate  the  HEMFC,  and the  commercial  Pt/C was  employed  as
anode  catalyst. Figure  5(a) displays  the  polarization  curve  and
power  density  curve  of  HEMFCs  using  Pt/TRNO  catalyst  as  the
cathode  catalyst  feeding  with  H2/O2.  The  Pt/TRNO  HEMFC
delivers  a  peak  power  density  (PPD)  of  1205  mW·cm−2,  which  is
slightly lower than the HEMFC employing Pt/C catalyst as cathode,
probably  due to  the lower conductivity  of  the TRNO than carbon
support. The Pt/TRNO HEMFC is able to deliver a current density
of  1200  mA·cm−2 at  0.65  V,  which  is  similar  to  that  for  Pt/C
HEMFC (1364 mA·cm−2) and higher than that for Pt/TRO HEMFC
(495  mA·cm−2,  as  shown  in  Fig.  S11  in  the  ESM),  indicating  that
Pt/TRNO  has  very  promising  performance  in  typical  fuel  cell
operating  voltage.  The  HEMFC  using  oxide  supported  catalysts

 

Figure 4    ORR performance and stability in 0.1 M KOH solution. (a) Disk and ring current density of the Pt/TRNO and Pt/C RRDE results tested in O2-saturation 0.1 M
KOH. (b) The H2O2 yield of the Pt/TRNO and Pt/C. ((c) and (d)) Disk current density of Pt/TRNO and Pt/C RDE results tested in O2-saturation 0.1 M KOH before and
after the potential cycling.
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always  exhibits  unsatisfied  performances,  due  to  the  lower
conductivity and worse dispersion of the oxide supports.  Here,  we
modified  the  TiO2 supports  with  Nb-doped  RuO2 to  elevate  its
conductivity  and  also  optimized  the  MEA  structures  to  achieve
high-performance  HEMFCs,  and the  obtained Pt/TRNO HEMFC
displayed  the  performance  surpassed  the  other  reported  HEMFC
using  non-carbon  support  materials  working  under  similar
operating environments.

More  importantly,  the  HEMFC  stability  was  significantly
improved when using Pt/TRNO catalyst. The HEMFC stability was
evaluated  by  discharging  at  a  constant  current  density  of
500  mA·cm−2 under  H2/O2 condition.  After  a  170-h  stability  test
(Fig.  5(b)),  the  Pt/TRNO HEMFC maintained its  voltage  with  the
voltage loss of only 13 mV (about 2.2%). The cell voltage decay rate
is  76  μV·h−1,  which  is  only  2.1%  compared  with  that  for  Pt/C
HEMFC (3600 μV·h−1).  The  high frequency  resistance  (HFR)  only
increased around 7 mΩ after the 170-h test (Fig. S12 in the ESM).
In  contrast,  the  commercial  Pt/C  HEMFC  rapidly  degraded  after
50  h  of  test  at  the  same  condition  (Fig.  2(c)).  At  a  higher  current
density  of  1000  mA·cm−2,  the  Pt/TRNO  HEMFC  is  also  stable
indicating by the negligible voltage loss after 30 h of test (Fig. S13 in
the ESM). The high stability of the Pt/TRNO HEMFC is attributed
to  depressed  H2O2 generation  rate  by  supporting  Pt  on  TRNO,
which decreases the chemical degradation of HEM. 

4    Conclusion
In  summary,  we  confirmed  that  the in-situ generated  H2O2
significantly induced the degradation of the HEMFCs. To improve
the  stability  of  the  HEMFCs,  an  oxide  (TRNO)  supported  Pt
catalyst  was  synthesized  and  demonstrated  low  H2O2 yield  when
catalyzing  ORR.  A  practical  HEMFC  device  was  assembled  with
Pt/TRNO  as  cathode  catalyst,  which  exhibited  outstanding
durability.  When  discharging  at  a  constant  current  density  of
500  mA·cm−2,  this  Pt/TRNO  HEMFC  only  showed  2.2%  voltage
decay after 170 h of continuous work. This work suggests that the
H2O2 is  one  of  the  key  factors  determining  the  HEMFC  stability,
and the H2O2 can be depressed by using oxides as supports, leading
to significantly improved HEMFC stability. 

Electronic  Supplementary  Material: Supplementary  material
(TEM,  EDS  mapping,  BET,  XPS,  HEMFC  performance,  etc.)  is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/NR.2025.94907340. 
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Figure 5    HEMFC performance and durability of the Pt/TRNO catalyst. (a) Polarization and power density curves of H2/O2 HEMFC with Pt/TRNO (0.4 mgPt·cm−2) in
cathode and Pt/C (0.4 mgPt·cm−2) in anode. The cell, cathode, and anode humidifier temperatures were 80, 78, and 79 °C, respectively. The anode and cathode were flowed
with 1.0 L·min−1 of H2 and 1.0 L·min−1 of O2, respectively. The backpressures were 200 kPa (gauge) for both sides. (b) Cell voltage during the long-term durability test at a
constant current density of 500 mA·cm−2. The MEA and test conditions were identical to that in all, except for the flow rate of anode and cathode were both 0.4 L·min−1

and the backpressures were 150 kPa (gauge) for both sides.
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