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Dimensionally stable anodes

ABSTRACT: The  chlor-alkali  process  is  a  cornerstone  of  the
chemical industry. The development of dimensionally stable anodes
(DSAs)  has  revolutionized  the  chlor-alkali  industry  by  significantly
improving  the  efficiency  and  stability  of  chlorine  production.
Originally  designed  to  address  the  limitations  of  graphite  and
platinum  anodes,  DSAs  are  composed  of  titanium  substrates
coated  with  mixed  metal  oxides,  such  as  ruthenium  and  titanium
oxides,  which  offer  superior  catalytic  stability  and  corrosion
resistance.  This  perspective  explores  the  historical  evolution  of
DSAs,  their  intrinsic  properties,  and  performance  benefits,
emphasizing the pivotal role of the gas-bubble effect in reducing cell
voltage  and  subsequently  reducing  energy  consumption.  The
development  of  DSA  provides  a  clear  example  of  how  optimizing
catalyst  composition,  refining  the  preparation  process,  and
managing  gas  bubble  dynamics  can  significantly  enhance  the
stability  and  efficiency  of  industrial  electrochemical  systems.  These  critical  insights  can  extend  to  other  important
electrochemical  processes,  such  as  water  electrolysis  and  fuel  cells.  This  perspective  identifies  the  need  for  standardized
stability testing protocols to enhance the evaluation of catalyst durability.
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Chlor-alkali electrolysis is one of the most mature and widely used
industrial  electrochemical  processes,  responsible  for  producing
chlorine  gas  (Cl2),  sodium  hydroxide  (NaOH),  and  hydrogen  gas
(H2) via electrolysis of sodium chloride (NaCl) solution (i.e., brine)1, 2.
These  products  are  vital  in  various  industries  such  as  chemical
manufacturing,  water  treatment,  paper  production,  and  the
production  of  plastics  like  polyvinyl  chloride  (PVC).  Chlorine
production  exceeds  90  million  metric  tons  annually,  and  with
NaOH  produced  in  equimolar  quantities  surpassing  100  million
metric  tons,  chlor-alkali  technology  ranks  among  the  largest
chemical  sectors  worldwide,  following  only  sulfuric  acid  and
ethylene production3, 4.  Three primary techniques are employed in
the  electrolytic  production  of  chlorine:  the  diaphragm  cell
(Griesheim  cell,  developed  in  1885),  the  mercury  cell
(Castner–Kellner cell,  introduced in 1892), and the membrane cell
technique  (1970)2.  The  energy  consumption  per  ton  of  Cl2 varies

among these  methods,  with  mercury  cells  requiring  between 3000
and 4400 kWh, diaphragm cells consuming 2600 to 3100 kWh, and
membrane  cells  utilizing  2000  to  3000  kWh2.  Notably,  the  energy
consumption  figures  mentioned  above  greatly  benefit  from  the
significant  contributions  of  dimensionally  stable  anodes  (DSAs).
Chlor-alkali  electrolysis  accounts  for  approximately  10%  of  global
electricity  consumption.  Therefore,  the  chlor-alkali  industry  is
increasingly  focusing  on  innovative  technologies  to  reduce  the
energy  cost  of  Cl2 production.  Significant  advancements  in  chlor-
alkali  technology  include  the  invention  of  DSA  and  the  design  of
membrane  cells,  both  of  which  have  proven  effective  in  reducing
the energy required per ton of Cl2 produced5. In the membrane cell
technique  for  chlor-alkali  electrolysis,  the  anode  and  cathode
compartments  are  separated  by  an  ion-conducting  membrane
(Fig.  1).  Simultaneously,  sodium  ions  (Na+)  migrate  through  the
membrane  into  the  cathode  compartment,  where  they  combine
with hydroxide ions (OH−) to produce NaOH. The ion-conducting
membrane  plays  a  crucial  role  in  this  technique  by  allowing  only
specific ions, such as sodium ions, to pass through while preventing
the  mixing  of  chlorine  gas  and  the  caustic  soda  solution,  which
enhances  product  purity  and  efficiency2.  The  invention  of  DSA
anodes  has  significantly  impacted  the  chlor-alkali  industry  by
reducing  energy  consumption  and  enhancing  process  stability,
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regardless  of  the  chlorine  production  technology  utilized6, 7.  The
invention  of  DSA  has  transformed  the  chlor-alkali  process  and
offers  valuable  lessons  for  emerging  technologies,  including  water
splitting  for  H2 production,  CO2 reduction,  and  N2 reduction  for
ammonia  synthesis8−10.  By  analyzing  the  key  features  and
advantages  of  DSA,  we  can  draw  insights  that  may  enhance  the
durability and industrial viability of these technologies.

Initially,  platinum,  magnetite,  and  carbon  were  used  as  anode
materials  for  Cl2 production,  but  each  had  notable  limitations7.
Platinum,  though  effective,  proved  too  expensive,  insufficiently
resistant  to  chlorine,  and  energy-intensive.  Magnetite  faced  issues
such  as  poor  machinability,  fragility,  and  low  conductivity—only
5%  of  graphite’s  conductivity—limiting  its  maximum  anode
current density to 0.4 A·cm−2. This led to the widespread adoption
of  graphite  anodes  from  the  early  1900s  until  the  late  1960s2.
However,  graphite  anodes  presented  several  significant  challenges.
Their short lifespan (6–24 months) required frequent replacement,
and  they  consumed  several  pounds  of  graphite  per  ton  of  Cl2
produced. Additionally, they contaminated the product stream with
chlorinated  hydrocarbons,  which  could  clog  pumps  and  pipes6, 7.
Graphite  particles  also  had  a  detrimental  impact  on  diaphragm
performance,  leading  to  stray  currents  and  energy  losses.
Furthermore, their erosion resulted in an increased anode–cathode
gap  over  time,  leading  to  higher  cell  voltage  and  greater  energy
consumption6, 7.  These  limitations  prompted  the  search  for  more
efficient  and durable  anode materials,  as  ensuring stable  operation
and  minimizing  contamination  became  increasingly  important  in
industrial processes.

In 1956, while attempting to prepare ferrotitanate using iron and
titanium  (Ti)  anodes,  Beer  discovered  that  Ti  became  inert  in
chloride-containing  electrolytes  due  to  the  formation  of  an  oxide
layer, which blocked current flow6, 7. After testing other electrolytes
with  similar  outcomes,  he  realized  that  Ti  could  be  an  ideal
substrate  for  anodes  in  chlorine-alkali  electrolysis,  provided  it  was
coated with a conductive, electrocatalytically active, and chemically
inert  material  that  would  maintain  conductivity  under  anodic
conditions.  In  the  early  1960s,  Henri  Bernard  Beer  first  tested
platinum-coated  Ti  anodes  for  chlorine  production  but  failed  due
to  high  platinum  wear  rates,  premature  coating  losses,  and
passivation  during  operation,  especially  in  mercury  cells6, 7, 11.  The
excessive  overpotential  also  led  to  high  energy  consumption,
making them no better than graphite anodes. It was also discovered
that proper pretreatment of the Ti was crucial for applying an active
layer  with  good  adhesion.  Therefore,  the  Ti  was  thoroughly
degreased  chemically  and  electrolytically,  and  all  surface

contaminants  like  oxides  were  removed  to  enhance  the  coating’s
adhesive  properties.  In  1967,  Henri  Bernard  Beer  solved  these
problems  by  developing  a  new  generation  of  anodes  using
ruthenium  oxide  (RuO2)  stabilized  with  titanium  oxide  (TiO2)
coatings  on  titanium  substrates  (RuO2-TiO2/Ti)  via  a  thermal
decomposition technique (Figs. 2a and 2b)12, 13. The RuO2-TiO2/Ti
anodes presented extraordinary electrocatalytic activity and stability
for  Cl2 production.  This  type  of  DSA  is  now  generally  used  in
chlorine-alkali  electrolysis  across  mercury,  diaphragm,  and
membrane  cells.  The  invention  of  DSA  primarily  involves  Ti
substrates coated with mixed metal oxides, such as ruthenium and
iridium. Later studies introduced a conductive metal layer, such as
Pt or Ir, plated onto the Ti as an intermediate layer before applying
the  active  coating  to  avoid  the  influence  of  the  TiOx passivation
layer on the Ti surface. The RuO2-TiO2/Ti anodes demonstrated a
long lifespan, lasting approximately 8 years in diaphragm cells and
2  years  in  mercury  cells1.  The  lifetime  of  RuO2-TiO2-SnO2/Ti
anodes  was  at  least  12  years  in  diaphragm  cells2.  DSAs  offer
superior chemical  stability  against  corrosion in harsh chlorine and
alkaline  environments,  longer  lifespans  reducing  the  need  for
replacements,  and  lower  overpotentials  for  chlorine  evolution  that
decrease energy consumption. The invention of DSA is regarded as
one  of  the  most  significant  technological  breakthroughs  in
electrochemistry over the past 70 years14.

The  technological  innovation  of  DSA  is  driven  by  industrial
demand  rather  than  scientific  exploration  (i.e.,  from  laboratory
research to industrial  application).  While  the industry was actively
testing  the  performance  of  DSA,  the  electrochemistry  community
had  little  understanding  of  conductive  oxide  electrodes14.  In  1971,
Trasatti  conducted  pioneering  research  on  the  fundamental
properties  and  electrochemical  behavior  of  RuO2

15.  Despite  DSAs
already being in industrial use by the 1970s, it indeed took years of
research  to  fully  understand  the  underlying  mechanisms  that
contributed  to  their  exceptional  performance.  In  2000,  Trasatti
attempted  to  further  understand  the  success  of  DSA  by  analyzing
technical  data  on  the  overpotential  contributions  of  their  different
components14.  Those  technical  data  were  obtained  from  De  Nora
mercury cells and were originally reported by O. De Nora in 197016.
As shown in Fig.  2c,  the slope of  the relationship between current
density  and cell  voltage  is  notably  steeper  with  graphite  electrodes
compared  to  DSA,  indicating  a  higher  cell  voltage  for  a  given
current density. In De Nora mercury cells, the energy consumption
for  producing  one  ton  of  Cl2 with  graphite  anodes  is  3910  kWh,
whereas using DSA anodes reduces it to 3040 kWh per ton16. Given
the large scale of  Cl2 production,  the energy savings achieved with
DSA  anodes  are  substantial.  The  cell  voltages  are  4.97  V  with
graphite  anodes  and  3.9  V  with  DSA  at  a  current  density  of
1  A·cm−2,  respectively  (Fig.  2d).  This  means  that  replacing  the
graphite anode with a DSA results in a voltage reduction of 1.07 V.
This  often  leads  to  the  simplistic  conclusion  that  DSA’s  superior
performance  is  solely  due  to  its  batter  electrocatalytic  activity
compared to graphite anodes. However, this is not the case. Further
analysis  reveals  that  the  voltage  reduction  directly  attributable  to
DSA’s  electrocatalytic  activity  is  only  about  0.1  V  (Fig.  2d).
Approximate 0.2 V of the voltage reduction can be attributed to the
lower  ohmic  drop  resulting  from  the  shorter  distance  of  anode-
cathode (2 mm). The most significant factor in the 0.77 V reduction
is due to the improved mass transport properties and the reduction
of  gas-bubble  accumulation,  commonly  known  as  the  gas-bubble
effect,  on  the  surface  of  the  DSA  (Fig.  2d)4, 14, 16.  These
characteristics  minimize  the  resistive  losses  that  are  often
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2H2O + 2e− → H2 + 2OH− 2Cl− → Cl2 + 2e−

Fig. 1.    Schematic of the chlor-alkali electrolyzer (membrane cell).

Perspective

Carbon Future 2024, 1, 9200027 9200027 (2 of 7)



encountered with graphite anodes, where gas bubbles tend to block
active  sites  and  hinder  efficient  ion  transport.  Additionally,  the
superior  chemical  stability  and corrosion resistance  of  DSA under
harsh  operating  conditions  contribute  to  their  long-term  stability,
further reducing the need for frequent electrode replacements and
maintenance.  The  success  of  DSAs  can  be  attributed  to  their
optimized  surface  morphology,  which  mitigates  the  gas-bubble
effect  and  enhances  mass  transport,  along  with  their  exceptional
chemical stability and corrosion resistance under harsh conditions.
These  findings  underscore  the  importance  of  addressing  mass
transport limitations and ensuring long-term stability in the design
of  electrodes  for  other  electrocatalytic  reactions,  where  similar
considerations  can  significantly  improve  performance  and
efficiency.

Given  the  significant  impact  of  the  gas-bubble  effect,  it  will  be
discussed  in  more  detail,  particularly  in  electrochemical  reactions
involving  gas  evolution  under  industrial  conditions17−21.  Gas
bubbles  forming  at  the  electrode  surface  typically  undergo
nucleation, growth, and eventual detachment (Fig. 3a)19. The longer
a  bubble  grows  and  remains  on  the  electrode  surface,  the  more  it
hinders mass transport by blocking the active sites of the electrode,
thereby  reducing  the  effective  surface  area  for  the  electrochemical
reaction and increasing the local overpotential19.  Prolonged bubble
residence  also  creates  concentration  gradients  that  intensify  the
mass  transport  limitations,  making  it  increasingly  difficult  for
reactants  to  reach  the  electrode  surface.  This  obstruction  not  only
hinders  the diffusion of  reactants  but  also impedes the removal  of
reaction  products,  leading  to  a  significant  drop  in  efficiency.
Therefore, an ideal electrode for gas evolution should minimize the
bubble growth and residence time as much as possible. The size and
frequency  of  bubble  departure  from  the  electrode  surface  have  a

significant effect on the overpotential in electrochemical systems, as
faster  and  smaller  bubble  departures  help  maintain  efficient  mass
transport  and  lower  the  local  overpotential  (Fig.  3b)22.  Due  to  the
nano/microstructure  and  surface  morphology,  along  with  the
intrinsic  properties  of  their  active  coatings,  DSA  anodes  are  more
effective  than graphite  anodes  at  minimizing bubble  adhesion and
promoting  faster  gas  bubble  detachment.  Constructing
nano/microstructures  on  graphite  anodes  through  surface
engineering does not enable them to match the performance of Ti-
based  DSA  anodes.  This  is  because  graphite  is  vulnerable  to
oxidation  and  degradation  of  surface  structures,  and  its  weaker
mechanical  properties  make  it  prone  to  fragmentation,  leading  to
potential  system  clogging  and  reduced  long-term  stability.  Recent
advancements  have  focused  on  modifying  electrode  surfaces,
engineering  nano/micro-scale  architectures,  and  adjusting
electrolyte  compositions  to  alleviate  the  negative  impact  of  gas
bubbles17−22.  By fine-tuning the surface wettability,  it  is  possible  to
reduce  bubble  adhesion  and  promote  more  efficient  bubble
detachment.  For  example,  applying  hydrophobic  coatings  can
decrease  the  surface  energy,  facilitating  the  release  of  gas  bubbles
and  minimizing  their  residence  time  on  the  electrode22.  Studies
have highlighted the impact of electrolyte type on bubble behavior,
where  the  anions  present  in  solution  play  a  critical  role  in
influencing  the  detachment  dynamics  of  gas  bubbles  from  the
electrode  surface23.  Koper  and  colleagues  revealed  that  different
anions  follow  the  Hofmeister  series,  affecting  the  detachment  size
and  frequency  of  hydrogen  gas  bubbles.  Anions  like  those  in
sulfuric acid led to larger bubbles that detach less frequently, while
those  in  perchloric  acid  result  in  smaller  bubbles  that  detach
more  frequently  due  to  the  forces  at  play,  such  as  Marangoni
flows23, 24.

 

Fig. 2.    Impact of DSA on efficiency of chlor-alkali electrolysis. a, Side view of DSA. b, Top view of DSA. c, The cell voltage difference versus current density for De
Nora mercury cells varies depending on the type of anode used (graphite and DSA). NaCl concentration: 310 g·L−1.  Temperature: 60 °C. d,  Comparison of the voltage
components of de Nora mercury cells at a current density of 1 A·cm−2 with graphite or DSA anodes. The electrolyte ohmic drops were 0.6 and 0.4 V for anode-cathode
distances of 3 and 2 mm, respectively16.
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Previous  studies  focused  on  bubble  behavior  at  the  micrometer
scale using high-speed cameras. The behavior of bubbles during gas
evolution  reactions  at  the  nanoscale,  however,  remains  largely
unexplored18.  Several  critical  questions  remain  unanswered:  (1)
How  do  the  composition  and  atomic-scale  structure  of  the
electrode  influence  bubble  nucleation  and  detachment  dynamics?
(2) Is the nucleation rate of gas bubbles primarily governed by the
intrinsic  properties  of  the  electrode  surface,  such  as  its  chemical
composition  and  electronic  structure,  or  is  it  more  strongly
influenced  by  the  micro/nanostructural  features  of  the  electrode?
(3)  In  the  membrane  electrode  assembly  (MEA)  electrolyzer  and
flow  cell,  how  do  gas  bubbles  affect  the  ion-conductive  polymer
electrolyte/electrode  interface  and  the  triple-phase  boundaries  (i.e.,
electrode–electrolyte–gas  interfaces)  under  industrial  operating
conditions? Addressing these questions is crucial for understanding
the  fundamental  mechanisms  of  gas  evolution  at  the  nanoscale,
which  may  differ  significantly  from  behaviors  observed  at  larger
scales.  At  the  nanoscale,  factors  such  as  localized  surface  energy
variations, defect sites, and the distribution of active sites could play
a  more  prominent  role  in  influencing  bubble  nucleation  and
growth.  Techniques  such  as operando synchrotron-based  X-ray
imaging, neutron scattering, and in situ electron microscopes could
provide insights into how gas bubbles form, grow, and interact with
the electrode and electrolyte at both the nanoscale and in practical
electrolyzers. Additionally, integrating high-resolution imaging with
electrochemical  measurements  could  allow  for  simultaneous
monitoring  of  bubble  dynamics  and  reaction  kinetics,  offering  a
comprehensive  understanding  of  the  impact  of  bubbles  on
electrochemical  performance.  When  assessing  the  electrocatalytic
activity  of  electrodes,  it  is  crucial  to  minimize  the  impact  of  gas
bubbles  to  obtain  accurate  and  reliable  results.  Increasing  the
rotation  speed  of  a  rotating  disk  electrode  (RDE)  or  using  forced

convection  helps  remove  bubbles  and  reduce  mass  transport
limitations.  Additionally,  optimizing  electrode  orientation  and
surface  design can facilitate  bubble  detachment and prevent  active
site blockage.

While  advancements  in  electrocatalyst  activity  often  take  center
stage, the remarkable success of DSA highlights the equally crucial
role  of  electrocatalyst  stability  in  electrocatalytic  applications.
Unfortunately,  research  on  catalyst  stability  is  frequently
overshadowed by the pursuit of higher activity, leading to a gap in
developing truly durable electrocatalysts25. This oversight can result
in electrocatalysts that, despite their initial efficiency, fail to perform
effectively  over  time.  Therefore,  a  balanced  focus  on  both  activity
and  stability  is  essential  for  the  sustainable  advancement  of
electrocatalysis  technology.  The  development  of  DSA  and  acidic
oxygen  evolution  reaction  (OER)  catalysts  has  revealed  that  the
primary  factor  influencing  catalyst  dissolution  is  the  intrinsic
properties  of  their  composition14, 26.  Secondary  factors  include  the
preparation  methods,  surface  structure/morphology,  and  test
environment.  For  instance,  IrO2 stands  out  as  the  most  stable
known  acidic  OER  catalyst,  primarily  due  to  its  robust  chemical
composition  and  structural  stability  under  acidic  conditions26.
Despite  RuO2-TiO2/Ti  anode  being  widely  used  in  the  chlorine-
alkali  industry,  they  are  not  stable  for  oxygen  evolution  in  acidic
environments. RuO2 is  at least two orders of magnitude less stable
than  IrO2 under  similar  acidic  OER  conditions26.  Under  anodic
potential  in  acidic  media,  RuO2 undergoes  dissolution  and
oxidation  to  soluble  RuO4,  leading  to  gradual  loss  of  the  active
material. It should be noted that the RuO2-TiO2/Ti anode contains
Ti-doped  RuO2 and  RuO2-TiO2 mixed  oxides,  though  their  exact
proportions  remain  unconfirmed.  Although  Ti-doping  or  the
presence  of  TiO2 can  improve  stability  to  some  extent,  it  cannot
completely inhibit the formation and dissolution of RuO4. Building

 

Fig. 3.    Gas-bubble effect. a, Gas bubbles evolution process at the electrode surface. b, Effect of bubble departure size and frequency on overpotential.
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on the success  of  DSA,  researchers  have been continually  inspired
to  explore  more  stable  anode  catalyst  compositions  for  various
electrochemical  reactions,  including  acidic  OER.  Consequently,
numerous  DSA  anode  catalysts  have  been  developed  by
mixing  different  oxides  and  incorporating  metal  dopants
(Table  1)11–13, 27–48.  This  strategy  leverages  both  the  composition
effect  and  synergy  effect  among  the  constituent  elements,
significantly  enhancing the  electrochemical  stability  and activity  of
the  anode.  Research  on  these  DSA  anodes  provides  valuable
insights for the development of other stable anode catalysts, such as
acidic  OER catalysts.  However,  most  DSA catalysts  have  not  been
thoroughly  characterized  before  and  after  stability  tests,  and  their
metal  dissolution  rates  have  rarely  been  assessed.  Notably,  mass-
selected  Ir0.1Ta0.9O2.45 clusters  have  been  shown  to  exhibit  high
catalytic activity and stability for acidic OER, confirming that mixed
metal  oxides  on  the  atomic  scale  can  form  unique  iridium
coordination  environments  that  serve  as  highly  active  sites  for

OER49.  Additionally,  exploring  the  atomic-scale  interactions  in
mixed metal  oxides  may unveil  new pathways to tailor  active sites
and  improve  activity  and  stability  in  acidic  OER  and  beyond.
Future detailed research could potentially unlock new insights and
stability mechanisms related to DSA catalysts at atomic scale, which
could provide new opportunities for DSA in various electrocatalytic
applications.

Ti  was  commonly  used  as  a  substrate  in  DSA.  The  substrate
significantly  influences  catalyst  stability  by  affecting  mechanical
integrity,  electron  conductivity,  and  corrosion  resistance.  For
instance,  carbon-based  substrates  are  prone  to  oxidation,  while
metal  substrates  like  titanium  or  nickel  offer  greater  durability
under  harsh  conditions.  Strong  catalyst–substrate  interactions  and
interfacial  stability  are  crucial  for  maintaining  long-term
performance and minimizing degradation. Exploring alternatives to
Ti substrates for potential systems is a relevant consideration, given
Ti’s  relatively  high  cost.  Several  metals  have  been  investigated  as

 

Table 1    Summary of DSA catalysts performance and test conditions

Year Composition T (°C) j (A·cm−2) Electrolyte Stability (h) Ref.
1961 Ir/Ti NA NA NA NA 11

1967 RuO2-TiO2/Ti 80 1 5.8 M NaCl NA 12

1977 RuO2-TiO2/Ti 25 0.5 0.25 M H2SO4 3.3 27

1979 RuO2-TiO2/Ti 40 2 2 M HClO4 + 2 M NaCl 260 28

1981 IrOx/Ti 25 NA NA NA 29

1981 RuOx/Ti 25 NA NA NA 29

1981 IrRuOx/Ti 25 NA NA NA 29

1981 RuTa0.5Ir0.5Ox/Ti 25 NA NA NA 29

1982 RuO2/Ru-Ir/Pd/Ti 70 0.05 0.5 M NiSO4 + 0.4 M H2SO4 20,266 30

1991 IrO2-Ta2O5/Ti 80 0.75 3.7 M H2SO4 220 31

1991 IrO2-ZrO2/Ti 80 0.75 3.7 M H2SO4 NA 31

1991 IrO2-TiO2/Ti 80 0.75 3.7 M H2SO4 NA 31

1994 IrO2-Ta2O5/Ti 25 2 0.5 M H2SO4 7049 32

1996 Ru0.3Ti0.7−xCexO2/Ti 25 NA 1 M HClO4 NA 33

1997 SnO2-Sb2O5/Ti 25 0.1 1 M H2SO4 12 34

1997 SnO2-Sb2O5/IrO2/Ti 25 0.1 1 M H2SO4 900 34

1998 Ir0.3Ti0.7O2/Ti 32 0.4 1 M HClO4 510 35

2000 IrO2-Nb2O5/Ti 50 0.8 1 M HClO4 330 36

2001 IrOx-Sb2O5-SnO2/Ti 35 1 3 M H2SO4 1600 37

2002 IrO2-Ta2O5/Ti 50 2 0.5 M H2SO4 780 38

2002 RuxMn1−xO2/Ti 25 1 0.5 M H2SO4 20 39

2003 IrO2-Ta2O5/Ti 30 2 1 M H2SO4 482 40

2005 RuO2-Sb2O5-SnO2/Ti 25 0.5 3 M H2SO4 307 41

2006 IrO2-Ta2O5/Ti 40 2 0.5 M H2SO4 630 42

2010 RuO2-IrO2-TiO2/Ti 25 2 0.5 M NaCl 260 43

2011 RuO2-Sb2O5-SnO2/Ti 35 1 0.5 M NaCl 266 44

2011 Ru0.3Ti0.7O2/Ti 25 0.6 0.5 M NaCl 18 45

2011 Ru0.3Ti0.4Ir0.3O2/Ti 25 0.6 0.5 M NaCl 30 45

2012 RuO2-IrO2-SnO2-Sb2O5/Ti 25 2 0.5 M NaCl 658 46

2013 Ru0.25Ir0.25Ti0.5O2/Ti 25 2 1 M H2SO4 293 47

2013 Ru0.25Ir0.25Ti0.5O2/Ti 25 2 0.5 M NaCl 104 47

2015 IrO2-Ta2O5/Ti 60 4 0.5 M H2SO4 916 48
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possible  substitutes,  each  with  their  advantages  and  limitations.
Stainless  steel  is  a  commonly  explored  alternative  due  to  its  lower
cost,  good  mechanical  properties,  and  reasonable  corrosion
resistance,  although  it  may  suffer  from  passivation  or  corrosion
under  certain  electrochemical  oxidation  conditions.  Ni  substrates
are  another  option,  offering  good  conductivity  and  durability  in
alkaline  environments;  however,  they  are  prone  to  corrosion  in
acidic  conditions.  Ta  and  Nb  show  excellent  corrosion  resistance
comparable to Ti  but remain costly,  limiting their  widespread use.
Al,  while  inexpensive  and  lightweight,  tends  to  form  non-
conductive  oxide  layers  that  hinder  its  performance  in
electrochemical  applications.  Each  of  these  alternatives  involves
trade-offs  in  cost,  durability,  and  compatibility  with  specific
electrochemical  reactions,  necessitating  careful  selection  based  on
the  operating  environment  and  performance  requirements.  While
these  alternatives  present  cost  advantages,  the  superior  stability,
corrosion  resistance,  excellent  conductivity,  and  durability  of  Ti
substrates  often  outweigh  their  higher  cost,  making  titanium  a
preferred  choice  for  long-term  performance  in  demanding
electrochemical applications.

To  further  advance  the  development  of  durable  and  efficient
electrocatalysts,  it  is  crucial  to  address  the  gaps  in  standardization.
Stability  data  of  DSA  anodes  have  been  obtained  under  a  wide
range  of  test  conditions—including  different  current  densities,
electrode  surface  areas,  electrolytes,  catalyst  loadings,  and  test
temperatures—as well as using diverse experimental setups and test
techniques (Table 1). This lack of standardization makes it difficult
to  draw  meaningful  comparisons  regarding  the  stability  of  these
DSA  catalysts.  For  example,  although  the  RDE  technique  is
frequently  used  to  investigate  electrocatalyst  stability,  the
conclusions drawn from these tests often cannot be directly applied
to  MEA  electrolyzer25, 50−52.  Typically,  galvanostatic  RDE  stability
tests  result  in  catalyst  lifetimes  of  only  several  hours.  In  contrast,
the  same  catalysts  can  last  for  thousands  of  hours  in  a  MEA
electrolyzer  under  similar  conditions—a  discrepancy  that  remains
unresolved25, 51, 52.  This  deficiency  complicates  the  accurate
comparison  of  stability  across  different  electrocatalysts.  The
discrepancy  in  catalyst  lifetimes  between  RDE  tests  and  MEA
electrolyzers  arises  from  differences  in  mass  transport,  electrode
structure,  and  operating  conditions.  RDE tests  suffer  from limited
mass transport, bubble accumulation, and harsh liquid electrolytes,
which  accelerate  catalyst  degradation.  In  contrast,  MEA
electrolyzers benefit  from efficient reactant access,  bubble removal,
and  a  controlled  membrane  environment,  leading  to  significantly
longer catalyst lifetimes. Accelerated stress tests, often employed to
predict  catalyst  longevity,  do  not  always  accurately  mirror  real-
world  operational  conditions.  These  tests  accelerate  the  aging
process  by  exposing  electrocatalysts  to  extreme  conditions,  but
translating  these  results  to  predict  actual  performance  under
normal  working  conditions  remains  challenging.  Consequently,
developing  a  reliable  and  universally  accepted  framework  for
stability  assessment  is  crucial  to  advance  not  only  the  field  of
electrocatalysis  but  also  the  practical  deployment  of  these
technologies in industrial applications. 

Conclusions
In  summary,  the  development  of  DSA  represents  a  significant
technological  advancement  in  the  chlor-alkali  industry,  markedly
enhancing  the  efficiency  and  stability  of  chlorine  production.  By
replacing  carbon  anodes  with  DSA,  the  industry  achieved

substantial reductions in electricity consumption and enhanced the
durability  of  electrochemical  systems.  The  primary  advantage  of
DSAs  lies  in  their  improved  gas-bubble  management,  which
minimizes  mass  transport  limitations  and  reduces  voltage
requirements.  This  advancement  underscores  the  critical  role  of
both  electrocatalyst  activity  and  stability  in  developing  effective
industrial  catalysts.  Furthermore,  it  highlights  the  importance  of
addressing the gas-bubble effect in electrochemical processes, which
can  significantly  impact  the  stability  and  efficiency  of  processes
involving  gas  evolution.  These  insights  can  guide  future
developments  in  electrochemical  technologies  and  renewable
energy  applications,  emphasizing  a  holistic  approach  that  focuses
on stability, efficiency, and systematic optimization.
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