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and Zhiyong Tang b

Chlorine gas is one of the most basic chemicals produced through electrolysis of brine solution and is a key

rawmaterial in many areas of industrial chemistry. In the past half a century, the dimensionally stable anode

(DSA) made of RuO2 and TiO2 coated on the Ti substrate is the most widely used catalytic electrode for

chlorine oxidation. However, the drawbacks of the DSA such as high cost, inferior selectivity and

detrimental effects on the environment cannot meet the demand of modern industries. Recently,

tremendous progress has been achieved in developing low-cost and efficient electrocatalysts for the

chlorine evolution reaction (CER). Herein, a concise, but comprehensive and critical review is provided to

summarize the recent advances in the field of electrocatalytic CER. First, the history of the chlor-alkali

process and the catalytic mechanism of CER are summarized and presented. Then, three categories,

namely, noble metal-based, earth-abundant transition-metal-based, and carbon-based metal-free

electrocatalysts, are reviewed together with strategies for improving the CER catalytic performance.

Lastly, future opportunities in this exciting field are outlined in terms of materials design, structure–

performance relationship, technical improvements for the reactor and application scenarios extension.
1. Introduction

Chlorine (Cl2), as a chemical precursor, is crucial for many
important industrial processes including polymer synthesis,
disinfection goods production, pharmaceutical manufacture,
and wastewater treatment.1,2 Up to 2020, the global production
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of Cl2 was more than 88 million tons per year.3 Industrially,
chlorine production widely relies on the chlor-alkali process,
which consists of a pair of redox reactions including CER and
hydrogen evolution reaction (HER). In comparison to HER, the
anodic CER which requires a higher reaction energy barrier
(1.36 V vs. SHE) is considered as the determining reaction of the
chlor-alkali process.4 To reduce the energy consumption of
CER, various metal/carbon-based materials have been devel-
oped in the past century. Among them, mixed metal oxides
(MMOs) based on precious metals Ru or Ir, such as DSAs, have
been predominantly employed as CER catalysts.5 However,
recently reported studies revealed that MMO-based catalysts are
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also highly active for the oxygen evolution reaction (OER), which
suggests that the OER and CER are intimately coupled.6–10 The
concomitant water oxidation on MMOs, therefore, unavoidably
leads to an inferior selectivity for CER. Further, noble metals are
susceptible to the formation of thermodynamically stable
species under harsh environments such as soluble Ru
chlorides/oxides, eventually resulting in catalyst degradation.4

In addition, the scarcity and high overpotential of DSAs greatly
increase the cost of chlorine production, hindering large-scale
application and the commercialization process. Thus, it is
highly desirable to develop readily available and cost-effective
electrocatalytic materials that possess a better catalytic perfor-
mance than the ones currently used in industry.

In the past decades, substantial efforts focusing on both
theoretical computations and experiments have provided
insights into the CER mechanism, thereby exhibiting new
perspectives in searching for efficient materials. First-principles
calculations reveal that regulating the electronic and geometric
structures of electrocatalysts to optimize the reaction pathway
of chlorine oxidation is vital for improving the activity, selec-
tivity and stability of catalysts.6–10 And, various strategies such as
heteroatom doping, atomic scaling and surface functionaliza-
tion have been developed to improve the efficiency of the anodic
reaction in the chlor-alkali process. For example, a variety of
transition metals (e.g. Sn, Sb) doped into RuO2 were synthesized
as CER electrocatalysts with a low overpotential and excellent
faradaic efficiency (FE).11–14 Besides, the latest research indi-
cated that size tailoring could be an efficient approach to
improve the utilization and accessibility of active sites, leading
to greatly improved performance in low Cl� concentration
electrolytes.15 Apart from noble metal-based catalysts, earth-
abundant transition metal oxides such as Co3O4 and CoSb2Ox

have been reported to provide abundant active sites and
extraordinary durability for effective electrocatalytic chlorine
evolution.16,17 However, the intrinsic properties of traditional
metal oxides (such as the low surface area and poor corrosion
resistance) present barriers to the improvement of mass trans-
fer and stability. To eliminate the dependence on metal-based
catalysts, carbon materials are regarded as promising
Shenlong Zhao received his B.E.
degree from Shandong University
in 2011. Then, he obtained his
Ph.D. degree from the Harbin
Institute of Technology (HIT) and
the National Center for Nano-
science and Technology (NCNST)
in 2017. In 2019, he started his
independent research career as
an FH Loxton Research Fellow at
the University of Sydney. His
research interests focus on the
preparation and application of

functional inorganic and organic carbon-based materials for energy
conversion and storage including photo-/electrocatalysis, fuel cells
and batteries.

This journal is © The Royal Society of Chemistry 2021
candidates owing to their high porosity, structural controlla-
bility and excellent stability.18,19 In fact, certain carbon-based
electrodes such as graphite have been fabricated and success-
fully used for practical chlor-alkali industrialization.5

In recent years, tremendous progress has been achieved in
bothmechanistic understanding and performance enhancement
of CER electrocatalysts. In particular, developed novel catalysts
make it possible to overtake traditional DSAs in the race to the
chlor-alkali marketplace. Therefore, it is timely to review the
current research status in this important eld. This review
provides a concise and critical updated overview of earlier
outbreaks and recent advances, presenting critical issues gov-
erning the fundamental understanding of reaction mechanisms
and design strategies for controlled synthesis of CER electro-
catalysts along with challenges and directions for future research.

2. Progress of chlor-alkali production

Over the past century, three types of two-electrode reaction
systems including the diaphragm cell, mercury cell and
membrane cell have been designed for chlor-alkali production
(Fig. 1).20 The earlier established technology, the diaphragm cell,
was integrated with asbestos bres to strengthen and function-
alize the concrete used in the construction of the cell.21 However,
asbestos is known to cause lung cancer and other health issues.
The next commercial technology, the mercury cell, dominated
most of the chlor-alkali industry for a long period as it requires
a lower concentration of the raw brine and enables comparatively
large capacity production.22 Nevertheless, the growing concerns
about environmental and health hazards of mercury poisoning
have severely curtailed its use and further development.23,24 For
example, Ontario Minamata disease in Canada and Japan caused
by mercury poisoning has severe negative impacts on human
health. Membrane-based electrolysis developed slowly until the
invention of the homogeneous cation-selective membrane.25,26

Owing to the process eco-friendliness, high efficiency and
product purity, membrane-based electrolysis became the most
attractive approach in the chlor-alkali industry. Until 2020, the
chlorine manufacturing market was comprised of 83%
membrane-based cells, with the rest comprising 12.5% dia-
phragm cells, 2.1% mercury cells and 2.1% others.3 The mercury
cell is being phased out in most countries. The asbestos-based
diaphragm cell is also prohibited in some areas. Thus, the
membrane-based cell dominates current chlorine production.

As anodic chlorine oxidation is a highly energy-intensive
process, the electrocatalyst design is signicant in reducing
energy consumption of the integrated chlor-alkali process.
Numerous efforts have been devoted to exploring electrode
materials with high performance as well as long-term tolerance
to the acidic environment. The graphite material that has been
used before, was bulky and massive, and suffered from oxide
layer corrosion during electrolysis.23 Therefore, polished Pt, Ir
or their alloys were preferred because of superior stability over
graphite.27 The discovery of the DSA, composed of 30% RuO2

and 70% TiO2 coatings, is a signicant breakthrough in anode
design.28 Until now, various DSA-like mixed metal oxides (AOx-
$BOx) coated on the base metal substrate have been developed
J. Mater. Chem. A, 2021, 9, 18974–18993 | 18975
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Fig. 1 Comparison of the diaphragm, mercury, and membrane cell in the chlor-alkali process. Reproduced with permission.20 Copyright 2019,
Elsevier.
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for the anodic chlorine oxidation process.29 Precious metals (A)
(Ru, Ir, Pt, etc.) generally act as catalytically active sites.30

Meanwhile, insulating metals (B) (Ti, Sn, Sb, Zr, etc.) act as
auxiliary species to strengthen coating adhesion and simulta-
neously improve the selectivity and stability of the electrode via
a synergistic effect. Even though the current widely employed
DSA possesses good catalytic performance, there is still a huge
potential in reducing its cost and energy consumption for
achieving a more sustainable future chlor-alkali process.
3. Mechanism of CER

Though the CER is a simple two-electron process, the actual
reaction mechanism is still controversial. Many strategies
including rst-principles calculations and ab initio thermody-
namic analysis were employed to explore the fundamental
catalytic pathways of the RuO2 (110) model involved in the CER
process.6–9 In addition to theoretical computations, substantial
experimentation has been carried out to validate theoretical
predictions.8 To date the following three mechanistic reaction
pathways, Volmer–Tafel (V–T), Volmer–Heyrovsky (V–H), and
Krishtalik have been proposed.

Volmer–Tafel

2Cl� þ 2* /2Cl*þ 2e�

Cl*þ Cl*/2*þ Cl2
(1)

Volmer–Heyrovsky

2Cl� þ */Cl*þ e� þ Cl�

Cl*þ Cl�/*þ Cl2 þ e�
(2)
18976 | J. Mater. Chem. A, 2021, 9, 18974–18993
Krishatalik

2Cl� þ */Cl*þ e� þ Cl�

Cl*þ Cl�/Cl*þ þ e� þ Cl�

Cl*þ þ Cl�/*þ Cl2

(3)

* are the active sites (surface oxygen or metal atoms).31

As shown in eqn (1)–(3), all three pathways contain a Cl�

adsorption process as the rst step. Then, three different steps
follow (1) recombination of two adsorbed chlorine sites and
desorption as gaseous chlorine (Tafel); (2) direct recombination
of another Cl� on the existing adsorbed chlorine site and
desorption as gaseous chlorine (Heyrovsky); (3) chloronium ion
formation, which subsequently recombines with another Cl�

and desorption as gaseous chlorine (Krishtalik). By examining
the kinetic data from a rst-principles study, the V–H pathway
was regarded as the most likely reaction pathway on the RuO2

(110) surface and most of the other single-crystalline transition
metal oxides.32,33 Nevertheless, experimental kinetic results
alone were insufficient to support the real catalytic mecha-
nism.9 Therefore, subsequent theoretical studies employed
thermodynamic calculations to investigate a more thoroughly
CER electrochemical reaction mechanism. It was found that the
RuO2 (110) surface is fully covered with on-top oxygen, which
means the unsaturated Rucus sites and Rubr sites are generally
capped by the surface oxygen under the equilibrium potential
(Fig. 2a).7 Then, based on this fully O-covered RuO2 (110)
surface, Exner et al. employed density functional theory (DFT) to
further identify each step's Gibbs free energy loss.9 As shown in
Fig. 2b, the V–H step at U ¼ 1.36 eV is rate determined by the
Volmer step with a 0.13 eV energy barrier and no theoretical
energy loss in the Heyrovsky step. Meanwhile, the Tafel and
Krishtalik steps have approximately 0.36 eV and 0.98 eV energy
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Stoichiometric diagram of the RuO2 (110) crystalline surface. Green ball: oxygen atom, red ball: Ru 1-fold atom (Rucus), pink ball: Ru 2-
fold atom (Rubr), and blue ball: bulk Ru atoms. Obr: oxygen adsorbed at the bridge site covered on the RuO2 (110) surface. Reproduced with
permission.7 Copyright 2014, Elsevier. (b) Gibbs free energy of the three CER pathways (Volmer–Heyrovsky, Volmer–Tafel and Krishtalik) on the
RuO2 (110) fully oxygen covered surface atU¼ 1.36 V. (c) Gibbs free energy change for the Volmer–Heyrovskymechanism due tomodification of
the RuO2 (110) surface by substituting the topmost Ru atoms with other metal atoms. (d) Gibbs free energy change for the Volmer–Heyrovsky
mechanism due to modification of the RuO2 (110) surface by a single layer of platinum oxide. Reproduced with permission.9 Copyright 2014,
Springer Nature. (e) The most stable oxide surface (pH ¼ 0, aCl� ¼ 1) to a relation among potential U, surface intermediates and DE(Oc). Red ball:
oxygen atoms; white ball: hydrogen atoms; blue ball: metal ions; green ball: chlorine atoms. Reproduced with permission.31 Copyright 2010,
Royal Society of Chemistry. (f) Pourbaix diagram for RuO2 (110) in equilibrium with Cl�, H+ and H2O at 298 K in consideration of solvent effects.
br: adsorbates on Rubr sites, and ot: adsorbates on Rucus sites. Reproduced with permission.7 Copyright 2014, Elsevier. (g) Stoichiometric RuO2

(110) surface “RuO2 (110) � (2 � 1) � (2Ru2f 2Obr + 2Rucus)” (2 � 1) unit cell contains two bridging (br) oxygen atoms Obr coordinated to Ru2f and
two Rucus sites, and (h) “RuO2 (110) � (2 � 1) � (2Ru2f 2Obr + 2Rucus 2Oot)” (2 � 1) unit cell contains two bridging (br) oxygen atoms Obr

coordinated to Ru2f and two Rucus sites and two on-top (ot) oxygen atoms Oot attached to Rucus sites. Reproduced with permission.9 Copyright
2014, Springer Nature.
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loss respectively, which are much higher than that in the
Volmer step. Hence, among all three proposed pathways, the
Volmer–Heyrovsky (V–H) mechanism is the most preferable
pathway to explain the exceptional RuO2 (110) surface catalytic
ability. Moreover, based on the existing Gibbs energy diagram of
the V–H mechanism, it was found that the RuO2 activity could
be further enhanced through reducing the Volmer step's Gibbs
energy by substituting the partial top Ru sites with other noble
atoms. For instance, the Gibbs energy loss is decreased by
This journal is © The Royal Society of Chemistry 2021
0.05 eV for the V–H process when doped with a monolayer PtO2

on the RuO2 (110) surface, as shown in Fig. 2c and d.
To gain deeper insight into the chlorine oxidation mecha-

nism, Hanson et al. constructed a Pourbaix diagram to explore
the stable surface structure as a function of pH and supplied
potential.31 In the plotted Pourbaix diagram, three intermedi-
ates (ClOc, Cl(Oc)2, and Clc) are considered as the active species
on the RuO2 (110) surface (Fig. 2e), which contribute to the
chlorine evolution process as shown in eqn (4)–(6), respectively.
J. Mater. Chem. A, 2021, 9, 18974–18993 | 18977
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Oc + 2Cl� / ClOc + Cl� + e� / Oc + Cl2 + 2e� (4)

Occ
2 + 2Cl� / Cl(Oc)2 + Cl� + e� / Oc + Cl2 + 2e� (5)

2Cl� + c / Cl� + Clc + e� / Cl2 + 2e� (6)

(c: metal cus site).31

Among the three proposed intermediates, the on-top oxygen
Oc in process (4) is supposed to be likely replaced by the Occ

2 in
process (5) over a wider pH window considering oxygen disso-
ciation.31 As the applied potential increases, the Cl� in the
electrolyte is more possibly adsorbed on the Occ

2 to form Cl(Oc)2
and then desorbs as gaseous chlorine. The Cl(Oc)2 is more
positively charged than Occ

2 , which demonstrates that the cata-
lytic pathway on the RuO2 (110) facet is more similar to the
Krishtalik mechanism. Later research proposed a different
opinion that the intermediate Cl(Oc)2 is not stable enough and,
when solvent effects on the existing surface are taken into
account, the more thermodynamically stable ClOc is formed
preferably (Fig. 2f).7 Therefore, reaction pathway (4) is still
considered as the main mechanistic process for the RuO2 (110)
O-covered surface, which is more analogous to the Volmer–
Heyrovsky pathway. Recent work involving calculation of the
Gibbs energy of intermediates on RuO2 and IrO2 surfaces
conrms that the formation of ClOc intermediates plays a key
role in CER.34 In addition to the on-top oxygen active sites Oc,
the unsaturated metal cus (c) could also act as an effective site
for CER via the proposed process (6).9However, compared to the
active unsaturated metal cus sites (Rucus), active sites on the
surface of RuO2 (110) shown in Fig. 2g, the full on-top oxygen
Fig. 3 (a) Gibbs free energy diagram along the reaction intermediates of
of CER and OER are governed by the transition states (#) shown during
could be quantified by the distance between respective transition states
difference between the formation of OClot and OOHot. (b) Weaker OO
enhanced CER selectivity. (c) Constant spacing of the linear scaling rela
electrode. Shifting the DG(OOHot) to a larger value could optimize CER se
Volcano plots of CER and OER on the RuO2 (110) surface. Dashed li
Reproduced with permission.8 Copyright 2014, Wiley-VCH.

18978 | J. Mater. Chem. A, 2021, 9, 18974–18993
covered surface is more thermodynamically stable (Fig. 2h). The
Rucus sites are inevitably occupied by Oot at equilibrium, which
makes them difficult to expose and unavailable to directly
adsorb Cl� from the electrolyte. Noticeably, although the V–H
mechanism is suggested as the most preferable pathway for
chlorine oxidation based on the Pourbaix diagram, all the
proposed pathways (V–H, V–T, Krishtalik) are feasible on the
RuO2 (110) surface.

Aside from the intermediate formation on the surface
during the reaction, another concern is the overlapping of
CER and OER activity volcanos due to sharing of active sites
(Oc and Occ

2 in pathways (4) and (5)).8 In general, the formation
of the ClOc through active Oc sites on the RuO2 surface is
impaired by the formation of OOHc during the OER.31 The
parasitic OER leads to the surface Ru oxidation and dissoci-
ation into the electrolyte, which are detrimental to both
process efficiency and electrode stability.6 In order to better
reect the material selectivity and stability, a linear scaling
relationship is used to show the Gibbs free energy difference
between the formation of OOHot and OClot (Fig. 3a) (notation
‘ot’ is the same as the ‘c’). The Oot active sites with a larger
linear scaling spacing demonstrate a weaker capacity to form
OOHot and a higher CER selectivity (Fig. 3b and c). Therefore,
breaking the current limiting linear scaling relationship on
the metal oxide is signicant in improving the selectivity of
the CER. For example, doping Ti atoms into the RuO2 crys-
talline surface could decrease the adsorption energy of Oot

and shi the DGloss of OER downward by more than 1 eV. The
increase of the Gibbs free energy loss signicantly hampers
the CER and OER on a single-crystalline RuO2 (110) electrode. Kinetics
the formation of OClot and OOHot intermediates. The CER selectivity
(#). DGsel denoted as G#(OOHot) � G#(OClot), the Gibbs free energy
Hot bonding results in an increase in the transition state #OOH and
tionship between the OClot and OOHot on the transition metal oxide
lectivity. Reproduced with permission.6 Copyright 2014, Wiley-VCH. (d)
nes represent the standard deviations in the linear scaling relations.

This journal is © The Royal Society of Chemistry 2021
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the OER but has less inuence on CER activity (Fig. 3d).
Therefore, doping enables tuning of the electronic congu-
ration and is an efficient approach to enlarge the gap of the
linear scaling relationship and improve the selectivity of the
electrocatalyst.8 In fact, this rational strategy has been widely
employed by mixing TiO2 with RuO2 in the current DSA
manufacture.

Although the equilibrium potential of CER (1.36 V vs. SHE at
25 �C) is independent of pH, the opposite is encountered for the
OER, where the equilibrium potential is reduced by 0.059 eV per
pH value.6 Therefore, it is common to suppress changes in the
OER equilibrium potential by acidifying the anode electrolyte.
Further, based on the Nernst equation (eqn (7)), the equilibrium
potential (UCER) of the CER is dependent on the temperature,
and Cl� and Cl2 concentration.27 The selectivity of the CER can
be improved through increasing the Cl� concentration and
temperature to reduce the UCER.10 For instance, the reaction
temperature of the current chlor-alkali process is set as 80–90 �C
to improve the production efficiency.

UCERðT ; aðCl�Þ; aðCl2ÞÞ ¼ Uo
CERðTÞ � kBT

e
ln aðCl�Þ

þ kBT

2e
ln aðCl2Þ (7)

EoCER ¼ 1.36 V vs. SHE (equilibrium potential) and kB (Boltz-
mann's constant).

Considering the large demand for chlorine around the
world, even a small increment in selectivity will produce
a signicant improvement in industrial efficiency. Hence,
identifying the CER pathway using theoretical analysis enables
better design of highly selective catalysts that are vital for the
development of the chlor-alkali industry.
4. Electrocatalyst design for CER

As aforementioned, chlorine evolution is a highly energy-
intensive process because the half-cell anode equilibrium
potential is approximately 1.36 V vs. SHE. Therefore, it is
important to use efficient electrocatalysts to reduce the energy
consumption in the chlor-alkali process. Though the current
state-of-the-art DSA exhibits high performance in CER, there
are still some challenges for further industrial scale-up. First,
oxide-based DSA type electrodes generally exhibit low selec-
tivity to CER especially in a low Cl� concentration solution
such as seawater electrolysis.6 Second, commercialized Ru
based MMOs suffer from surface corrosion and depletion
during long term electrocatalysis under harsh conditions. The
soluble Ru species formation severely impacts both the
activity and stability of CER. Moreover, the deactivation of the
electrode is accelerated by the partial Ti substrate passivation
caused by electrolyte penetration through cracks in the
coating, as well as slow bubble removal from compact MMO
surfaces.35 Third, the currently used DSA has a high content of
noble metals, which imposes high cost on the chlor-alkali
process.36 Until now, various strategies have been reported
for designing efficient CER catalysts. Herein, we summarize
the literature of the impressive progress that has been made
This journal is © The Royal Society of Chemistry 2021
for precious metal-, earth-abundant transition metal- and
metal-free based electrocatalysts.
4.1 Precious metal-based electrocatalysts

Despite the high cost, precious metals are still the dominant
components used for synthesizing CER catalysts due to their
relatively higher activity. The success of the DSA demonstrates
the outstanding performance of RuO2 in an acidic environment
over other noble metals (Rh, Pd, and Pt). However, Ru disso-
lution limits its practical utilization in MMO electrodes.4 In
contrast, IrO2 possesses superior stability. The dissolution rate
of the IrO2 based metal electrode is only 15 ng cm�2 over 600 s
of operation under acidic conditions, around 20 times less than
for the RuO2 based metal electrode (�300 ng cm�2).37 The main
limitations of the IrO2 electrode for practical CER utilization are
its inferior activity and poor selectivity.38 Therefore, earlier
studies mainly focused on mixing IrO2 with RuO2 to enhance
the stability of the DSA electrode.39–42 As expected, the presence
of IrO2 considerably inhibits detrimental Ru4+ oxidation and
effectively minimizes coating corrosion in a harsh CER elec-
trolysis environment.41 Also, online differential electrochemical
mass spectrometry (DEMS) revealed that the selectivity of the
Ti–Ru–Ir ternary mixed oxides was up to 97% aer 500 s testing
(Fig. 4a–c).40 Interestingly, with the aid of scanning electro-
chemical microscopy (SECM), an inhomogeneous surface
current distribution is observed in Fig. 4d–f. The difference in
the current generated on the surface is attributed to the
concurrent chlorine oxidation and reduction in Ru enrichment
and Ru decient regions. Therefore, it is speculated that good
dispersion of the active sites on the Ti–Ru–Ir ternary mixed
oxide surface is the main reason for the enhanced selectivity
toward CER.

Even though the existence of the synergetic interaction
between Ru and Ir improves the performance of Ru-based
electrodes, the high price of Ir has no substantial contribution
to decreasing the electrode cost. Tremendous research has been
devoted to reducing the precious metal-based MMO cost
through mixing with other transition metal-based dopants or
incorporating carbon support substrates. Recently, reduction in
the catalyst size has drawn particular attention for exerting
maximum utilization of the metal species and improving the
efficiency of each active site.15 Further, selectivity is found to be
optimized through downscaling induced electronic congura-
tion tuning.43,44 Additionally, micro/geometric structure opti-
mization is another efficient approach for obtaining high-
performance CER catalysts.45–50

4.1.1 Electronic conguration modication. Tailoring the
electronic structure of active species is one of the common
strategies to improve the performance of electrocatalysts. In
particular, heteroatom doping on the RuO2 rutile structure
holds great potential for inducing positive synergistic effects
through intimate electronic interaction among multi-
components, thereby leading to optimized selectivity and
stability. For example, metal ions such as Sn4+, Sb5+ and Ti4+

with a similar radius to the Ru4+ are easily incorporated with
RuO2 to form a rutile solid solution according to the Hume–
J. Mater. Chem. A, 2021, 9, 18974–18993 | 18979
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Fig. 4 (a) Simple sketch of the two compartment H-cell for DEMSmeasurement. (b) Monitoring Cl2 production along with time at different NaCl
concentrations on Ti–Ru–Ir based oxides. (c) Monitoring O2 production along with time at different NaCl concentrations on Ti–Ru–Ir based
oxides. (d) Schematic diagram of the SECM test equipment. (e) SECM image of spatial current distribution on the surface of Ti–Ru–Ir based
oxides. (f) Tip current distribution histogram extracted from the SECM image. Reproduced with permission.40 Copyright 2019, Royal Society of
Chemistry.
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Rothery rule.4 The constructed solid solution possesses a well-
dened structure and excellent active site dispersion. More-
over, combination of the transitionmetal oxide and noble metal
oxide can induce a synergistic effect, which is key for promoting
conductivity, selectivity and service life. For instance, the doped
TiO2 could greatly stabilize the active RuO2 sites on the DSA
during the saturated NaCl electrolysis process.28,51

Mixed transition metal oxides. Tremendous efforts have been
made to investigate the correlation between the ratio of metal
Fig. 5 (a) Covered oxygen adsorption energy DE(Oc) for Ru-doped TiO
positions fromDFTmodelling. (b) Volcano plot fromHansen's work in col
A unit model of the optimized identical Ru-doped TiO2 surface. Reprod

18980 | J. Mater. Chem. A, 2021, 9, 18974–18993
oxide components and CER performance.51–55 Beer's rst patent
uses RuO2 and TiO2 at a molar percent of 50 : 50.52 RuO2

possesses high catalytic activity on CER, while TiO2 is a sup-
porting metal oxide that is conducive to a better dispersion of
active sites. TiO2 provides another important benet as a stabi-
lizing agent that protects the conducting substrate inside,
thereby extending the electrode service life. To upgrade the
developed CER electrode, the RuO2 composition is then
reduced to 30%.53 As a result, the optimized RuO2–TiO2 exhibits
2, Ti-doped RuO2, DSA and pure RuO2 and TiO2 at different dopant
laboration with Ru-doped TiO2 at the ‘1b’ site (bold line) in this work. (c)
uced with permission.56 Copyright 2014, Elsevier.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Atomic close packingmodel of the ilmenite structure and (b)
rutile structure. (c) Spatial ilmenite structure of the active RuO2 (110)
surface. (d) Spatial rutile structure of the active RuO2 (110) surface.
Reproduced with permission.44 Copyright 2011, American Chemical
Society.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
8 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
on

 6
/2

3/
20

24
 2

:5
4:

53
 A

M
. 

View Article Online
the best kinetic properties and selectivity during CER.54,55 To
further disclose the role of TiO2 in the RuO2–TiO2 electrode,
Karlsson et al. examined the Ru-doped TiO2 and Ti-doped RuO2

behaviour using DFT (Fig. 5a).56 It was revealed that the DE(Oc)
on TiO2 could be greatly impacted by even a small amount of Ru
dopant, while negligible inuence is observed upon Ti doping
into RuO2. The volcano plot in Hanson's work shows that the
highest selectivity could be found at DE(Oc)¼ 3.2 eV (Fig. 5b). At
this point, the overpotential difference between CER and OER is
at the theoretical maximum, which suggests an optimal selec-
tivity for CER. As shown in Fig. 5a, the DE(Oc) is closest to 3.2 eV
when the Ru atom dopant is located on the ‘1b’ bridge site.
Meanwhile, the Ti on the 1 cus site could be affected by Ru
doping and activated to promote the selectivity of CER (Fig. 5c).
This computational analysis outcome is consistent with the
experimental results and veries that the selectivity could be
enhanced by the synergistic effect between TiO2 and RuO2.
Additionally, reducing the RuO2 composition to 30% incredibly
decreases the price of the electrode, making the industrial
chlor-alkali process more economic. By combining all the
advantages, the RuO2–TiO2 coating (30 : 70) has been practically
used for a long time.

SnO2 is another promising metal oxide for forming a well-
stabilized solid solution with the RuO2 rutile crystalline struc-
ture.57 Under acidic conditions, the RuO2–SnO2/Ti electrode
exhibits a considerably longer lifespan than the RuO2/Ti elec-
trode.58,59 At the same time, the SnO2–Sb2O5 mixture has been
shown to provide a good platform for producing chlorine from
seawater electrocatalysis.11,12 Theoretically, the Sb5+ can be well
incorporated with Sn4+ due to a similar ionic radius. Also, SnO2

conductivity will be optimized by interactions among the
different components that optimize the catalytic properties.60,61

For instance, RuO2–Sb2O5–SnO2/Ti was fabricated as an elec-
trocatalyst for CER by pyrolyzing the mixed metal salts at
500 �C.11 Impressively, current efficiency is up to 90.4% in
seawater electrolytes, which is higher than that of the
commercial IrO2–Ta2O5/Ti electrode. Moreover, the as-prepared
electrode exhibits a long service life (5 years) under 500 Am�2 in
acidic electrolytes. Subsequently, the RuO2–IrO2–Sb2O5–SnO2

electrode was prepared using a similar method.12 The as-
obtained quaternary MMOs exhibit a lower onset potential
that is about 50 mV less than that of ternary MMOs. Meanwhile,
the quaternary MMOs have a faradaic efficiency at around
86.7% in seawater electrolysis. These results show that
manufacturing multi-component metal oxides is a promising
strategy for future chlorine production from seawater
electrolysis.

Transition metal doping. Other than mixing with transition
metal oxides, a variety of transition metals such as Co, Ni, Zn,
Fe, Cu, and Mg have been used for developing transition metal
doped RuO2 for CER.62–65 Essentially, the electronic interaction
of hetero-valent atoms can generate synergistic effects, which
could affect both activity and selectivity of catalysts. In general,
metal dopants with fewer d-orbital electrons could facilitate
absorption strength of the active site and intermediate balance,
while the ones with the electron-enriched d-orbital could
suppress the CER performance of the active sites.64 For example,
This journal is © The Royal Society of Chemistry 2021
Petrykin et al. introduced Zn into the RuO2 crystalline structure
using a facile freeze-drying method.44 It was found that the
selectivity performance of CER gradually decreases as the Zn
molar content increases from 0% to 30%. Experimental and
computational studies were carried out to explore the selectivity
trend. As shown in Fig. 6a–d, the disordered atomic positions
on the cus side hinder the formation of the peroxo species
Occ
2 , which leads to suppression of both CER and OER. However,

the OER could still occur through intermediate ‘oxo’ species on
the Zn-rich ilmenite surface. Different from OER, there are no
alternative intermediates to promote the CER.

In addition to Zn doping, Ni-doped RuO2 was also prepared
to investigate the doping effect on CER selectivity. The earlier
study discovered that Ni doped into the rutile RuO2 structure
could form three atomic arrangements on the surface, each one
possessing a different extent of selectivity preference.66 Through
parallel OER and CER studies on Ru1�xNixO2y, the optimal
selectivity and activity for CER are acquired when the molar
content of the doped Ni reaches 10%.14 It was shown that
further enhancement of the amount of Ni could result in an
inferior selectivity. It was suggested that partial substitution of
Ru with Ni would result in different cationic arrangements
surrounding the active Oc sites that regulate the adsorption
preference for Cl� and water.

Carbon substrate incorporation. Apart from heteroatom doped
metal oxides, carbon-based materials are another class of effi-
cient electrocatalysts for applications such as water splitting,
oxygen reduction reaction and CO2 reduction reaction.67–69

Compared with the industrially used Ti substrate, carbon
materials such as carbon nanotubes, graphene and biomass
derivatives possess many advantages including low cost,
exceptional conductivity and high surface area.18,19 In addition,
the surface of conventional MMOs is easily cracked during
fabrication, which results in irreversible Ti substrate corrosion
caused by electrolyte penetration.4 In this regard, carbon
J. Mater. Chem. A, 2021, 9, 18974–18993 | 18981
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materials are the most competitive candidates to replace the
widely used metal support. More importantly, there are abun-
dant defects or functional groups on the surface of carbon
materials, which not only offer plenty of support sites to anchor
active species but also generate a synergistic effect to further
promote the composite activity.70

Recently, biomass-based lignin was employed as a free-
standing matrix to prepare a RuO2 doped carbon-supported
catalytic electrode for chlorine oxidation (RuO2/CE).43 The
prepared carbon electrode (CE) shows high mechanical
strength, low resistance and facile shape control characteristics
(Fig. 7a). To construct the porous structure on the lignin-based
CE, acetylene black was added. As shown in Fig. 7b and c, the
fabricated CE with acetylene black exhibits well-interconnected
micropores, whereas the pores of the control sample are irreg-
ular. The appropriate content of acetylene black is conducive to
constructing porous structures that are benecial to rapid mass
transfer and diffusion. Scanning electron microscopy (SEM)
and elemental mapping images reveal that the Ru and RuO2

nanospheres are well decorated on the CE surface aer elec-
trooxidation (Fig. 7d and e). As a result, the RuO2/CE-10% offers
a high current density of 129 mA cm�2 at 1.44 V vs. SHE, which
is two times higher than that of the benchmark Ru0.3Ti0.7/Ti
electrode (59 mA cm�2) under identical conditions. The elec-
trochemically active surface area (ECSA) of the as-prepared
carbon-supported catalyst is 19.4 mF cm�2, which is much
Fig. 7 (a) Schematic diagram of the RuO2 doped CE synthesis proces
mechanical strength, low resistance, shape control. (b) SEM image for CE
acetylene black (CE-10%). (d) SEM image for Ru doped CE with 10 wt% a
column) and RuO2/CE-10% (right column). Reproduced with permission

18982 | J. Mater. Chem. A, 2021, 9, 18974–18993
higher than that of the control sample (7.9 mF cm�2). Besides,
the conductivity of the as-prepared carbon-supported RuO2 is
superior to that of the Ru0.3Ti0.7O2/Ti electrode. Therefore, both
large active surface area and high conductivity are responsible
for its excellent CER activity. This work opens a door for con-
structing a carbon-based electrocatalyst to support the metal
sites, which could effectively avoid passivation layer formation.

4.1.2 Structural optimization. Apart from the modication
in the electronic structure, the physical-related factors such as
surface roughness, porosity, and exposed surface area are key
for both activity and stability improvement. Especially for that
the CER is a gas releasing involved process, the bubble removal
rate from the electrode surface is pivotal in determining the
performance.33,71 In the past years, engineering design of the
structure of the electrode has attracted tremendous attention.
Many studies demonstrate that the compact and tightly inter-
connected structure of the DSA-type MMO coating results in
abundant active sites buried underneath, which seriously affect
the electrocatalytic activity of CER.72 In addition, conventional
MMOs are generally fabricated by a thermal decomposition
approach which leads to severe mud cracks on the coating
surface.4 These thermal tensile stress-induced cracks result in
severe substrate metal corrosion and deactivation. Various
strategies have been developed to optimize the physical struc-
ture to improve the performance of the MMO-based anode.
s and characteristics of the lignin-based carbon electrode including
with 0 wt% acetylene black (CE-0%). (c) SEM image for CE with 10 wt%
cetylene black (Ru/CE-10%). (e) Elemental mapping of Ru/CE-10% (left
.43 Copyright 2021, Elsevier.

This journal is © The Royal Society of Chemistry 2021
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The sol–gel process is considered as the particularly suitable
approach to fabricate MMO-based CER electrodes because the
molecular level homogeneity of the M–O–M networks can be
formed by controlling hydrolysis and condensation reac-
tions.4,46 Generally, the pre-treated Ti substrate is immersed
into the well-dispersed metal salt solutions, followed by
a pyrolysis process. The morphology and thickness of the
coating layers can be optimized by controlling the dipping
times and concentration of the solution. Previous studies have
examined whether the crack-free electrode prepared by the sol–
gel process could exhibit enhanced CER performance.45

Besides, it is a typical method for preparing MMOs with
a smooth surface for a comparative investigation of the micro-
structural effect on the electrochemical activity during Cl2
evolution. For example, Chen et al. fabricated a crack-free
Ru0.3Sn0.7O2/Ti electrode, exhibiting a better activity than the
Ru0.3Ti0.7O2/Ti electrode produced by conventional thermal
decomposition. The as-obtained Ru0.3Sn0.7O2 electrode at
a current density of 20 mA cm�2 only requires 1.2 V vs. SHE,
about 0.15 V less than that of the commercial Ru0.3Ti0.7O2 under
identical conditions (Fig. 8a). As shown in Fig. 8b, the crack-free
electrode exhibits a compact surface structure and ne nano-
pores. Compared with the crack-rich electrode, the sol–gel
fabricated less-cracked electrode is benecial to bubble release.
Fig. 8 (a) Galvanostatic polarization curves in 3.5 M, pH ¼ 3 NaCl
solution and 80 �C for different Ru0.3Sn0.7O2 coating morphologies
(5.78 gRu m

�2) and the commercial Ru0.3Ti0.7O2 coating (12.1 gRu m
�2).

(b) SEM image of the Ru0.3Sn0.7O2 coating with crack-free surface
microstructure. (c) SECM activity images of different Ru0.3Sn0.7O2

coatings in 5 M, pH ¼ 2 NaCl solution at room temperature. The
applied potentials are 1.6 V for the sample and 1.15 V vs. SHE for the Pt
tip. (Left top) mud-crack, (right top) reduced-crack, (left bottom) less-
crack, and (right bottom) crack-free. Reproduced with permission.45

Copyright 2012, Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2021
The dependence of the Cl2 bubble release behavior on the
microstructure coating is also investigated from SEM and SECM
images. Uniform bubble formation appears to align with visual
observation of the local electrocatalytic activity of the as-
prepared electrode (Fig. 8c).

At the same time, high catalytic performance could be ob-
tained by modifying not only the outside coating surface but
also the inner surface, such as the porosity. The porous struc-
ture enables fast chlorine bubble removal, thereby maintaining
the activity under high current density. Recently, the sol–gel
process was further optimized by introducing so or hard
templates into the coating manufacture to improve the inner
electrode porosity (Fig. 9a).73 For example, Menzel et al.
prepared a dimensionally stable Ru/Ir/TiO2 electrode by adding
the polymer F127 into the sol mixture. This so template greatly
improves the porosity of the as-prepared electrode, facilitating
reactant contact and product removal. To gain a deep insight
into the phase composition, transmission electron microscopy
(TEM) observation combined with selected area electron
diffraction (SAED) is employed, as shown in Fig. 9b. A lattice
constant of approximately 0.33 nm is estimated from Fast
Fourier transform (FFT) plots, which corresponds to the (110)
rutile structure (Fig. 9c). Cyclic voltammetry (CV) measurement
shows that the as-obtained electrode could deliver 80 mA cm�2

current density at a given potential of 1.62 V vs. SHE, nearly two
times larger than that of the Ir/TiO2 electrode without pore
templates (Fig. 9d and e). The quantitively inductively coupled
plasma (ICP) test reveals that the templated Ir/TiO2 presents
a more evidently mass related activity than the untemplated Ir/
TiO2. At a given potential of 1.57 V vs. SHE, the samemass of the
templated Ir/TiO2 catalyst could deliver a current density two
times higher than that of the untemplated Ir/TiO2. It is specu-
lated that the porous Ir/TiO2 electrode is able to expose more
inner active sites for better utilization of the catalyst.

Though the sol–gel method could efficiently improve the
performance, the addition of surfactants and adhesives could
easily block the active sites and decrease the conductivity of the
electrode. Recently, the in situ growth of decorating RuO2 onto
the electrode has attracted much interest owing to a simplied
fabrication process and strengthened interface adhesion
between the active site and conductive substrate.74 In compar-
ison to both the conventional thermal decomposition and the
sol–gel process, in situ growth of the catalytic sites onto the
substrate can effectively avoid electrode deactivation caused by
mud cracks.48,50 For example, a binder-free RuO2–TiO2 catalyst
was directly grown in situ on the Ti substrate surface through
a hydrothermal approach.50 The as-obtained ower-like
morphology RuO2–TiO2 catalyst (NF RuO2–TiO2/Ti) possesses
an extensive surface area, which facilitates mass transport.
Indeed, the NF RuO2–TiO2/Ti shows a lower onset potential at
1.284 V vs. SHE and a Tafel slope of 41 mV dec�1 in the elec-
trochemical tests. The electrochemical surface area (ECSA)
results indicate that NF RuO2–TiO2/Ti with a larger Cdl (7480 mF
cm�2) is more effective in enlarging the catalytic surface area.
Also, the in situ growth of catalysts exhibits extraordinary
stability with negligible activity degradation before and aer
1200 min electrolysis in 5 M NaCl solution.
J. Mater. Chem. A, 2021, 9, 18974–18993 | 18983
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Fig. 9 (a) Schematic diagram of untemplated and mesoporous templated catalysts. (b) SAED image and (c) FFT plots of the F127 templated TiO2

film containing 15 wt% of Ir. (d) CV for 10 nm pores templated 15 wt% Ir/TiO2 and (e) untemplated 15 wt% Ir/TiO2 with variation of the catalyst film
thickness. Reproduced with permission.73 Copyright 2013, American Chemical Society. (f) Comparison of current efficiencies and energy
consumption of blue TNA–RuO2, RuO2 and blue TNA in 0.1 M, pH ¼ 6 NaCl solution. Reproduced with permission.47 Copyright 2018, Elsevier.
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Additionally, the in situ anodization method is widely
employed to fabricate a RuO2 coated TiO2 nanoarray (TNA–
RuO2) as an efficient electrocatalyst for CER.47 The well-
dispersed blue TNA–RuO2 tubes show an average diameter of
80 nm. The current efficiency of the blue TNA–RuO2 for chlorine
evolution is as high as 96%, which is better than that of RuO2

(82%) and blue TNA (74%) reported in previous studies (Fig. 9f).
Further, the estimated energy consumption for chlorine
generation reveals the high performance of the blue TNA–RuO2.
As shown in Fig. 9f, the energy consumption for generating 1 g
Fig. 10 (a) Schematic diagram of the RuO2 NPs@TiO2 NB synthesis pro
NPs@TiO2 NBs. (c) SEM images of RuO2 NPs@TiO2 NBs. (d) TEM imag
permission.48 Copyright 2020, Elsevier.

18984 | J. Mater. Chem. A, 2021, 9, 18974–18993
of chlorine on the blue TNA–RuO2 electrode is approximately
3.2 W h g�1, which is similar to that of the equivalent pure RuO2

(3.3 W h g�1), and much lower than that of the blue TNA (6.2
W h g�1) under identical conditions. The high current efficiency
and low energy consumption of the blue TNA–RuO2 are ascribed
to the synergistic effect of the blue TNA and RuO2. Apart from
the one-dimensional TNT, similar but different work was con-
ducted by fabricating a two-dimensional belt-like anatase TiO2

substrate (RuO2 NPs@TiO2 NBs) (Fig. 10).48 As shown in
Fig. 10a, RuO2 was grown in situ on TiO2 nanobelts through an
cess. (b) Energy-dispersive X-ray spectroscopy (EDX) images of RuO2

es and (e) SAED analysis of RuO2 NPs@TiO2 NBs. Reproduced with

This journal is © The Royal Society of Chemistry 2021
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electrodeposition process. The elemental mapping images
show that the O, Ru and Ti elements are uniformly distributed
over the entire substrate (Fig. 10b). The SEM images conrm
that the approximately 400 nm width as well as the 1–2 mm
length of the nanobelt rough surface is well decorated with
RuO2 (Fig. 10c). Moreover, the high-resolution transmission
electron microscopy (HR-TEM) and corresponding SAED
pattern images demonstrate the crystalline nature of the as-
synthesized RuO2 NPs@TiO2 NBs. The lattice fringes exhibi-
ted in Fig. 10d and e are approximately 0.352 nm and 0.318 nm,
which correspond well to the respective TiO2 (101) and RuO2

(110) facets. The electrocatalytic performance of the as-
fabricated catalysts was investigated in the saturated NaCl
electrolyte. The uniformly dispersed active RuO2 sites on the
TiO2 nanobelt exhibit excellent catalytic activity with only 80 mV
overpotential when generating a 50 mA cm�2 current density.
The as-obtained catalysts possess large surface roughness,
which facilitates surface contact between reactants and active
sites, while, decreasing the chlorine bubble adhesion force on
the electrode. As a result, the onset potential of the RuO2

NPs@TiO2 NB electrode is only 1.31 V vs. SHE with a small Tafel
Fig. 11 (a) HAADF-STEM of Pt/CNT. (b) Polarization curves of the Pt/C
electrolytes. (c) CER selectivity of Pt/CNT and DSA at 10 mA cm�2 in acid
XANES spectra of the Pt/CNT catalyst in the 0.1 MHClO4 + 1.0MNaCl ele
Pt–N4 structure. (f) PtO2 (110) model structure. (g) Free energy diagrams o
Free energy diagram of the Heyrovsky and Volmer steps along with the d
overpotential (red line). Transition state with a higher free energy pathway
the free energy change of the reaction intermediate at a 0 V overpoten

This journal is © The Royal Society of Chemistry 2021
slope of 39 mV dec�1. Moreover, the catalytic activity of the
optimized RuO2@TiO2 shows negligible degradation aer 12 h
electrolysis along with a FE at 91.8% at 100 mA cm�2 during
chlorine evolution.

4.1.3 Size tailoring. It is well established that electro-
catalysis is an interface reaction process, which means that the
majority of metals in bulk catalysts are inaccessible to the
reactants in electrolytes.75 In order to maximize the atomical
catalytic site utilization, size tailoring at the mono-dispersion
scale is the most effective strategy. Recently, atomically
dispersed metal catalysts have attracted intensive attention due
to their unique physicochemical properties.67 For instance, the
size effect could create a discrete energy level distribution and
a distinctive HOMO–LOMO gap, thereby leading to optimized
catalytic properties. In addition, the interaction of metal sites
and adjacent coordinating carbon atoms is conducive to further
promoting the selectivity and durability of single-atom catalysts
(SACs) in various key reactions involved in energy conversion
and storage processes. Moreover, as described in Section 3, the
third pathway proposed involves a process directly producing
chlorine on the metal cus sites without the formation of
NT, PtNP/CNT, pristine CNT and DSA in 0.1 M HClO4 and 1.0 M NaCl
ic 1.0 M NaCl, 0.1 M NaCl and neutral 0.55 M NaCl. (d) In situ Pt L3-edge
ctrolyte. (e) Three possiblemodels (PtN4C12 PtN4C10 PtN2+2C4+4) of the
f the PtN4C12 PtN4C10 PtN2+2C4+4 and PtO2 under 0 V overpotential. (h)
ifferent reaction coordinates at 0 V overpotential (black line) and 0.09 V
(purple line). Decreased free energy pathway (orange line). DGTD(CER) is

tial. Reproduced with permission.15 Copyright 2020, Springer Nature.
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intermediates (ClOcus).31 Therefore, these atomically dispersed
metal sites provide a promising way to ultimately break the
coupled relationship between OER and CER.

Most recently, Lim et al. fabricated carbon nanotube sup-
ported atomic Pt (Pt-CNT) for CER by pyrolyzing the Pt-
porphyrin precursor.15 The well-dispersed ultra-small dots in
the high-angle annular dark-eld scanning transmission elec-
tron microscopy (HAADF-STEM) image suggest that the Pt has
been successfully embedded into the CNT (Fig. 11a). Impres-
sively, the Pt-CNT displays excellent activity with an over-
potential of only 30 mV in dilute 1 M NaCl electrolyte to start the
CER, much better than the Pt nanoparticles dispersed on the
CNT (PtNP-CNT) and DSA (Fig. 11b). Further, the Pt-CNT shows
high mass activity with 1.6 A mgPt

�1, which is 6.2 times higher
than the Pt particle site activity. The superior selectivity (over
95%) is demonstrated in a neutral pH electrolyte with a low Cl�

concentration which is similar to seawater conditions (Fig. 11c).
An obvious peak intensity change is detected in the Cl� con-
taining electrolyte from in situ X-ray absorption near edge
structure (XANES) spectra (Fig. 11d), revealing the high selec-
tivity of the atomic Pt to the reactants. To identify the geometric
structure of the active species, DFT analysis is employed by
comparing all three possible models of PtN4C12, PtN4C10, and
PtN2+2C4+4 to PtO2 (Fig. 11e and f). The DFT results show that
the PtN4C12 sites with the lowest overpotential (0.09 eV) are
thermodynamically more favorable than that of PtO2 and other
models (Fig. 11g). Simultaneously, combined with experimental
kinetic results and theoretical thermodynamic values, the free
energy in each reaction step is presented in Fig. 11h. The results
Fig. 12 (a) Schematic of the Ti0.35V0.35Sn0.25Sb0.05 structure. Ti, V, O, Sn
respectively. (b) XRD patterns of (i) Ti-oxide; (ii) V-oxide; (iii) Ti0.7V0.3-ox
after annealing. (c) Projected density of states and band structure Ti0.7V
density difference plots of Ti0.35V0.35 Sn0.25Sb0.05 structures. The depletio
by red areas. Reproduced with permission.77 Copyright 2020, Elsevier.

18986 | J. Mater. Chem. A, 2021, 9, 18974–18993
show that the Heyrovsky step is the rate determining step at the
overpotential of 0.09 eV. This work rst integrates the atomi-
cally dispersed strategy for synthesizing the electrocatalyst of
CER. The promising results demonstrate the feasibility of
breaking the current limited scaling relationship on MMO-
based electrocatalysts with evolving chlorine directly on the
metal cus site. This work enlightens future research directions
for development of high efficiency electrocatalysis under mild
conditions, such as neutral seawater electrolysis.

4.2 Earth-abundant metal-based electrocatalysts

Though the electrocatalytic performance of RuO2 based mate-
rials has been improved via various strategies, their dependence
on noble metal still remains, which results in economic barriers
to further industrial development of these catalysts for the
chlor-alkali process. In addition, the overoxidation and deple-
tion of RuO2 in a strongly acidic and highly oxidized environ-
ment severely impact the anode stability in a practical chlor-
alkali process. Earth-abundant transition metal-based mate-
rials with tunable composition and controllable structure are
therefore showing promise for completely substituting precious
metal catalysts.76 Nevertheless, their inferior electrical conduc-
tivity and sluggish reaction kinetics require use of a higher
reaction potential. At the same time, the harsh conditions of
CER also challenge the transition metal oxide's durability.

Over the past years, several strategies such as electronic
structure modulation and morphology engineering have been
developed to fabricate transition metal-based CER anodes with
high electrocatalytic performance.16,17,77 For example, Alavijeh
and Sb atoms are exhibited in grey, purple, red, green, and cyan balls,
ides; (iv) Ti0.7Sn0.25Sb0.05-oxides; and (v) Ti0.35V0.35Sn0.25Sb0.05-oxides

0.3. (d) Electron density difference plots of Ti0.7V0.3. (e and f) Electron
n of electrons presented by blue areas, and the electron accumulation

This journal is © The Royal Society of Chemistry 2021
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et al. substituted the Ru species with V in the previously
developed Ti–Sn–Sb-oxide coated electrode.77 Bulk model
calculation reveals that the V substitution can optimize the
crystalline structure by forming more zig-zag type chains at the
edge (Fig. 12a). All the peaks in the X-ray powder diffraction
(XRD) pattern are attributed to the V2O5 and VO2 without any
other impurities and conrm the successful V addition to
MMOs (Fig. 12b). The Ti–V–Sn–Sb-oxides display a lower onset
potential at 1.25 V vs. SHE and high current efficiency (88%) in
electrochemical tests, which is comparable to those of Ru-based
oxides. The enhanced electrocatalytic activity toward CER is
attributed to the V-induced capacitive behavior. To gain a deep
insight, projected density of states (PDOS) analysis is per-
formed. The band structure (Fig. 12c) unveils that the bandgap
of the as-prepared catalysts is only 1 eV, which is much lower
than that of the pristine TiO2 (2.01 eV). The electron density
difference (Fig. 12d–f) reveals that the V substitution could
decrease the bandgap of MMOs and facilitate electron transfer
capacity.

Apart from foreign doping, structural tailoring has been
demonstrated as an efficient approach to improve the kinetics
of transition metal-based electrocatalysts. In general, the
limited accessibility and electron transfer capacity of bulk
transition metal oxides are the main obstacles to ideal catalytic
performance, especially for the interface-determining electro-
catalytic process. Therefore, thinning bulk metal oxides into
nanosheets/nanobelts could not only create the specically
exposed facet but also facilitates contact between the active site
and reactant.78,79 Recently, ultrathin Co3O4 nanobelts (Co3O4

NBAs) have been fabricated and successfully used for attaining
high performance in CER.17 The prepared Co3O4 NBAs exhibit
uniform 2D belt-like structures, which provide large assessable
surface areas for coming into contact with reactants in the
electrolyte, as shown in Fig. 13a and b. The as-fabricated
Fig. 13 (a and b) SEM images of Co3O4 nanobelt morphologies on the flu
NBAs on the FTO substrate. (e) XRD comparison of the Co3O4/FTO, Co3O
Copyright 2018, Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2021
nanobelts show the lattice fringes of 0.285 nm (Fig. 13c and
d), which is in line with the strongest intensity peaks in XRD
(Fig. 13e). Moreover, atomic force microscopy (AFM) demon-
strates that the thickness of the nanobelts is nearly 3 times
higher than that of the Co3O4 unit cell (Fig. 13f). The as-
obtained ultrathin Co3O4 NBAs require a 200 mV over-
potential to achieve 10 mA cm�2 current density with a small
Tafel slope of 66 mV dec�1. The FE is approximately 90% aer
half an hour of operation, rivalling to the RuO2. The ECSA result
shows that the double-layer capacitance of the ultrathin Co3O4

is 37.9 mF cm�2, which is 5 times higher than that of RuO2

particles, suggesting higher catalytic site exposure of the
nanobelts. Further, the lower charge transfer resistance of the
ultrathin Co3O4 is revealed from electrochemical impedance
spectroscopy (EIS) measurements, demonstrating better
conductivity than the RuO2. This work demonstrates that the
structure design could effectively regulate the chemical prop-
erties of transition metal oxides to enable high catalysis
performance.

Apart from the activity, durability is another key parameter
related to catalytic ability.10 As most transition metal oxides
lack stability under acidic operating conditions, few studies
have shown satisfactory durability in long-term CER electro-
catalysis. Therefore, it remains a great challenge to nd
appropriate materials or design strategies that make catalysts
stable in a strong acid environment. Recently, cobalt antimo-
nates (CoSb2Ox) were reported to have exceptional stability
and activity in CER.16 The high CER activity has no obvious
degradation even aer 250 h long-term electrocatalysis
(Fig. 14a), which is much better than that of RuTiOx under
identical conditions. The initial CoSb2Ox delivers a current
density of 100 mA cm�2 with the least potential at 1.864 V vs.
SHE, compared to other transition metal antimony oxides
(TMA), e.g. NiSb2Ox, MnSb2Ox shown in Fig. 14b. The ICP test
orine doped tin oxide (FTO) substrate. (c and d) TEM images of Co3O4

4 and FTO. (f) AFM images of the Co3O4. Reproduced with permission.17
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Fig. 14 (a) 250 h stability test at 100 mA cm�2 current density for CoSb2Ox and RuTiOx in 4.0 M pH ¼ 2.0 NaCl solution. (b) CV curves of initial
electrochemical behavior of NiSb2Ox, CoSb2Ox, MnSb2Ox, and RuTiOx in pH ¼ 2.0, 4.0 M NaCl solution. Vertical black line in the figure indicates
the thermodynamic potential for chlorine evolution in 4.0 M NaCl. (c) Co 2p XPS spectra of CoSb2Ox before and after electrochemical operation.
(d) Sb 2p XPS spectra of CoSb2Ox before and after electrochemical operation. Reproduced with permission.16 Copyright 2019, Royal Society of
Chemistry.
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reveals that the dissolved Co detected aer the stability test is
less than 0.5%, further demonstrating its acidic corrosion
resistance, which is veried by the X-ray photoelectron spec-
troscopy (XPS) measurement (Fig. 14c and d). The as-prepared
CoSb2Ox presents high current efficiencies around 97.4%.
These studies elucidate that it is feasible to prepare high-
performance CER catalysts by using cost-effective transition
metals. However, the source of the underlying mechanism
enhancement is still unclear, which makes further research
highly desirable.
4.3 Metal-free carbon-based electrocatalysts

Presently, metal-based catalysts are the most widely used cata-
lysts in CER and many other catalytic processes including the
oxygen reduction/evolution reaction, the hydrogen evolution
reaction and so on.19,80 However, metal-based catalysts, espe-
cially based on noble metals, oen suffer from multiple disad-
vantages, such as high cost, poor durability, low selectivity, and
sometimes detrimental environmental effects. Since metal-free
vertically aligned nitrogen-doped CNTs have been reported for
oxygen reduction reaction in 2009, exhibiting excellent catalytic
ability around 3 times higher than the benchmark Pt/C elec-
trode,81 substantial studies have been conducted in developing
low-cost, efficient, carbon-based metal-free catalysts for renew-
able energy technologies and other applications. Essentially
speaking, carbon materials formed by strong covalent bonding
between carbon atoms possess numerous unique physical and
chemical properties including controllable dimension, ease of
accessibility, large surface area, excellent conductivity, high
18988 | J. Mater. Chem. A, 2021, 9, 18974–18993
porosity, and abundant defects.18,19 These features provide an
ideal platform for the design of efficient CER catalysts. Besides,
plenty of efficient techniques for designing metal-free catalysts
are available including ball milling, chemical vapor deposition,
and chemical modication. Therefore, fabrication of novel
metal-free carbon-based materials holds promise for achieving
a breakthrough for CER.

The earliest used metal-free CER catalyst was graphite which
dates back to 1950.82 Though carbon-based materials have good
corrosion resistance in strong acidic or alkaline solutions under
static conditions, the massive graphite electrode with large
overpotential results in a serious self-oxidation process at high
potential. Even though new graphite electrodes possess excel-
lent catalytic activity for chlorine evolution, severe surface
oxidation still occurs, leading to the overpotential gradually
increasing to 400–500 mV aer 10 h electrocatalysis. In other
words, the limited service life of the graphite electrode is a great
challenge for practical application in the chlor-alkali process.
To eliminate the drawbacks of the graphite electrode,
substantial efforts have been made in the past years. As the
most popular strategy for fabricating carbon-based metal-free
catalysts, heteroatom doping was employed recently.19 Boron-
doped diamond electrodes (BDD) synthesized by hot lament
chemical vapor deposition (HFCVD) show exceptional stability
and higher selectivity than pure graphite in dilute chlorine
media (pH ¼ 3.5).83 The enhanced CER is explored by using
a series of electrochemical characterization studies including
CV and Tafel analysis. The CV curves of the BDD electrode
measured in 1 M NaCl solution (pH ¼ 3.5) show obvious peaks
This journal is © The Royal Society of Chemistry 2021
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Table 1 Summary of the reported electrocatalytic performance of electrocatalysts for chlorine oxidationa

Electrocatalysts Operating conditions
Overpotential
(mV) @ 10 mA cm�2

Current efficiency
(%) Ref.

RuO2 based mixed metal oxide
Flower-like RuO2–TiO2 pH ¼ 3, 5.0 M NaCl 44 NA 50
RuO2 NPs/TiO2 NBs pH ¼ 3.1, saturated NaCl 70 90.3 48
RuO2/TNA pH ¼ 7, 0.1 M NaCl, 25 �C 40 NA 47
RuO2@TiO2 NSAs Saturated NaCl, pH ¼ 2 72.2 90 71
(Ru0.3Ti0.7)-TNTs 5 M NaCl 124 NA 94
Mesoporous 15 wt% RuO2/TiO2 pH ¼ 3.0, 4.0 M NaCl, 40 �C 220 NA 73

IrO2 based mixed metal oxide
IrO2–TiO2 NSA Saturated NaCl (pH ¼ 2) 44 95.8 95
Mesoporous 15 wt% IrO2/TiO2 pH ¼ 3.0, 4.0 M NaCl, 40 �C 240 NA 73
Ti/Ir0.8Nd0.2Ox 5 M NaCl (pH ¼ 2) 60 91.03 96

RuO2–IrO2 mixed metal oxide
Commercial DSA Ru–Ti–Ir oxide/Ti (Siontech,
Korea)

pH ¼ 0.9, 0.1 M HClO4 + 1.0 M NaCl,
25 �C

105 95.5 15

Ru–Ti–Ir oxide/Ti pH ¼ 2, 4.0 M NaCl 125.2 97 40
Mesoporous 15 wt% (Ru–Ir)/TiO2 pH ¼ 3.0, 4.0 M NaCl, 40 �C 140 NA 73

RuO2–TiO2–SnO2 mixed metal oxide
Crack free Ru0.3Sn0.7O2 pH ¼ 3, 3.5 M NaCl, 80 �C 30 NA 45
Ti/RuO2–Sb2O5–SnO2 0.5 M Na2SO4 solution + seawater 120 80.0 to 90.4 11
Ti/RuO2–IrO2–Sb2O5–SnO2 Seawater 75 71.2 to 86.7 12
(Ru0.3Ti0.34Sn0.3Sb0.06) O2–TNTs 5 M NaCl, pH ¼ 2 25 �C 110 NA 13
RuO2/lignin-based carbon electrode Saturated NaCl 64 NA 43

Pt based electrocatalysts
Pt1/CNT pH ¼ 0.9, 0.1 M HClO4 + 1.0 M NaCl,

25 �C
50 97.1 15

PtNP/CNT pH ¼ 0.9, 0.1 M HClO4 + 1.0 M NaCl,
25 �C

70 98.6 15

Earth-abundant transition-metal based electrocatalysts
NiSb2Ox pH ¼ 2.0, 4.0 M NaCl 450 96 16
CoSb2Ox pH ¼ 2.0, 4.0 M NaCl 430 97 16
MnSb2Ox pH ¼ 2.0, 4.0 M NaCl 470 89.9 16
Co3O4/FTO pH ¼ 3.1, saturated NaCl 200 90 17
Ti0:35 V0:35 Sn0:25 Sb0.05-Oxide pH � 2, 5 M NaCl + 0.01 M HCl 987 88 77

Non-metal based electrocatalysts
Boron doped diamond pH ¼ 3.5, 1 M (NaCl + NaClO4 +

HClO4)
1.684 V vs. SHE to achieve 100 mA
cm�2

65 83

a NA, not available; NP, nanoparticle; NB, nanobelt; NSA, nanosheet array; TNA, titanium nanoarray; TNT, titanium nanotube; FTO, uorine-doped
tin oxide; CNT, carbon nanotube.
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at approximately 1.76 V vs. SHE. It is speculated that some
degree of oxidation occurs on the catalyst surface aer the
activation treatment, opening the possibility for protonation of
surface groups in acidic electrolytes which may be related to the
source of activity of the carbon-based material in CER. The
dependence of the resting potential on the solution pH for the
diamond electrodes studied is consistent with other studies.84

Examination of the electrode wettability provides qualitative
evidence of the introduction of hydrophilic groups on the BDD
surface. Though the proposed CER mechanism is consistent
with the electrochemical data, more research is needed to
identify the formation of intermediates during CER using in situ
X-ray spectra such as Raman and Fourier-transform infrared
spectroscopy (FT-IR).
This journal is © The Royal Society of Chemistry 2021
5. Conclusions and perspectives

This article rstly reviewed the history of the chlor-alkali
process by presenting the key technical improvements in this
eld. Then, the fundamental understanding of the CER mech-
anism was updated. Aerwards, we reviewed recent advances in
metal- and metal-free catalysts for electrocatalytic CER. Elec-
trocatalyst performances under dened operating conditions
are summarized in Table 1. Most of the explored noble metal-
based catalysts could deliver a lower overpotential and higher
selectivity toward CER in an acidic, concentrated Cl� electrolyte,
while earth abundant transition-metal and metal-free based
electrocatalysts still suffer from large overpotential issues.
Despite the substantial progress achieved in designing efficient
J. Mater. Chem. A, 2021, 9, 18974–18993 | 18989
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and economic catalysts, the currently explored catalytic mate-
rials still cannot meet the standard required for practical
applications. Therefore, future research effort with regard to the
development of electrocatalytic chlorine oxidation should focus
on the following aspects.

5.1 Catalyst design

Traditional metal oxides oen suffer from relatively low elec-
trical conductivity, small surface area and poor resistance in
harsh electrolytes. Hence, they sometimes are inferior to state-
of-the-art DSA, seriously limiting their practical applications.
Accordingly, it is highly desirable to develop novel nano-
materials with high activity, excellent selectivity, and long-term
stability. As a class of emerging porousmaterials, metal–organic
frameworks (MOFs) are one of the ideal platforms for efficient
CER catalyst fabrication owing to their large specic surface
area, periodic atom arrangement and adjustable composition.
For instance, different lengths of ligands could tune the
stability of MOFs for various electrolyte conditions. Shorter
ligands provide high stability in alkaline environments such as
terephthalic acid, while longer ligands (e.g. 4,40-diiodo-2,20,5,50-
tetramethyl-1,10-biphenyl and hexaaminobenzene) greatly
enhance the acid and salinity resistance.78,85,86 Further, some
functional groups such as –NH2 or –SO3 have been demon-
strated to effectively modify the MOF backbone, leading to
a higher electrocatalytic selectivity. Unfortunately, MOFs for
CER have not been explored. SACs have also shown excellent
performance in many advanced chemical conversion reactions
due to their unique physicochemical properties.87 Most
recently, atomically dispersed Pt catalysts have been prepared
and successfully applied for CER. High atomic efficiency and
exceptional selectivity have been achieved in comparison to Pt
nanoparticles. However, development of SACs for chlorine
oxidation is still in its infancy stage. More research on the
design of carbon-supported SACs, especially transition metal-
based SACs, is anticipated to achieve highly efficient CER.
Apart from metal-based electrocatalysts, metal-free carbon-
based materials are also promising to dominate the chlor-
alkali process again, like they once did. In recent decades,
these materials were supplanted by DSAs, mainly because of
corrosion problems in harsh environments. However, huge
progress in the synthesis of carbon-based materials has been
witnessed over the last ten years and various strategies have
been developed to improve the stability of carbon materials. In
addition, it is well established that slower mass transfer and
bubble release rates are the obstacles to maintain high activity
of carbon electrodes over long operating times. So, we believe
that optimizing the structure of carbon-based materials (e.g.
surface area, pore size and porosity) is promising for addressing
the durability of carbon electrodes.

5.2 Fundamental understanding of the catalytic mechanism

In spite of numerous studies aimed at unveiling the catalytic
mechanism, the exact reaction pathway for CER has still not
been fully investigated, and structure–performance correlations
are also unclear. To date, fundamental studies mainly rely on
18990 | J. Mater. Chem. A, 2021, 9, 18974–18993
computational calculations. Considering the large over-
potential and strong acidic environment, metal or carbon
materials structure may suffer from dynamic surface evolution
processes such as composition dissolution, atomic rearrange-
ment and inner porous structure redistribution. Therefore,
more experimental evidence is needed to identify the structure
of the real active species and then propose the possible reaction
mechanism using computational calculations. To this end, X-
ray absorption spectrum (XAS) analysis involving extended X-
ray absorption ne structure (EXAFS) and XANES is required
for identication of the geometric and electronic structures of
catalysts. Also, in situ FTIR and Raman spectroscopy studies are
strongly recommended for detecting intermediates during the
chlorine oxidation process to better disclose catalytic mecha-
nisms and the possible synergistic effects. Findings from
computational models coupled with modern techniques such
as operando XAS or in situHRTEM could bemore widely utilized
to effectively guide experimental design in the future.

5.3 Industrial technical revolution

Apart from electrocatalyst design strategies and mechanism
study, industrial technical revolution is also crucial for
promoting current membrane-based reactor system efficiency.
One of the challenges in the current chlor-alkali process is the
pH difference between the anodic and cathodic chambers.
Along with Cl� discharge at the anode, the water will be dis-
charged to form OH� at the cathode. To maintain the acidic
environment in the anodic chamber, there is a commonly used
cation exchange membrane that prohibits negative ion migra-
tion. While the selective membrane could prompt chlorine
oxidation, nevertheless, it causes accumulation of OH� in the
cationic chamber. Then the produced ions seriously affect the
pH environment of the cell and corrode the membrane, leading
to rapid activity degradation. To address these technical issues,
developing a new integrated reactor, composed of anion/cation
exchange membranes, a gas diffusion electrode (GDE) and
a porous solid electrolyte is a promising strategy. The gas
diffusion electrode with excellent capacities for mass transfer
and diffusion has already been successfully applied in hydrogen
peroxide production and CO2 reduction.88,89 Meanwhile, porous
solid electrolytes are successfully used in lithium-ion batteries
due to their adjustable pores size and designable functionality.
The Na+ and OH� could pass through the cathodic and anodic
membranes, respectively, into the solid electrolyte to form
NaOH. With the aid of the porosity of the solid electrolyte, the
formed NaOH can be discharged along with water from the top
of the solid electrolyte and out of the device. Such an ingenious
design should eliminate performance degradation caused by
NaOH accumulation, facilitate the traditional alkaline enrich-
ment process and lower the production cost.

5.4 Coupling the process to other electrocatalytic processes

In addition to direct chlorine gas production, it is of great
promise to use the generated chlorine as a redox mediator for
combining with other electrocatalytic reactions, such as
nitrogen reduction and CO2 reduction.90–92 The continuously
This journal is © The Royal Society of Chemistry 2021
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produced chlorine from anodic CER is able to serve as a feed-
stock for oxidation in subsequent reactions, which simplies
complex chemical synthesis processes, improves desired
product purity and provides economic benets. For example,
the generated Cl2 can be combined with ethylene and water to
form 2-chloroethanol, and then further reacted with OH� from
cathodic HER to obtain C2H4O.91 Therefore, coupling the chlor-
alkali process with other electrocatalytic processes holds great
potential for future energy conservation and storage. Further
CER electrocatalyst design research and mechanism studies are
necessary for broadening practical chloride oxidation
applications.

5.5 Chlorine evolution through seawater electrolysis

Even though the current chlor-alkali process is a mature
industry, the raw materials still rely on use of a saturated NaCl
electrolyte, leading to additional energy consumption for the
thermal desalination process. Seawater, as a highly abundant
feedstock, attracts increasing attention as an ideal electrolyte to
obtain chlorine and hydrogen in a more economical, sustain-
able and energy-efficient manner. However, the current prac-
tical electrode for seawater electrolysis suffers from low
selectivity in a limited chloride environment, activity degrada-
tion and inferior stability largely due to the numerous impuri-
ties in natural seawater.93 Efficient and stable electrocatalysts
are required to improve CER performance as well as expand the
electrode service life. In the past years, many design strategies
have been reported to improve the electrocatalyst performance
in seawater electrolysis such as constructing porous structures
to accelerate the mass transfer and bubble removal, employing
a protective layer to selectively repel undesired ions, and
modifying the surface wettability to control the water adsorp-
tion ability. Continuous research in this exciting eld should be
conducive to a green and renewable chlorine production
process. Nevertheless, much effort is necessary to explore more
powerful as well as high selectivity electrocatalysts.
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B. Nikolić, J. Electroanal. Chem., 2005, 579, 67–76.
36 H. Over, Chem. Rev., 2012, 112, 3356–3426.
37 S. Cherevko, S. Geiger, O. Kasian, N. Kulyk, J.-P. Grote,

A. Savan, B. R. Shrestha, S. Merzlikin, B. Breitbach and
A. Ludwig, Catal. Today, 2016, 262, 170–180.

38 Z. Yi, C. Kangning, W. Wei, J. Wang and S. Lee, Ceram. Int.,
2007, 33, 1087–1091.

39 L. Deng, Y. Liu, G. Zhao, J. Chen, S. He, Y. Zhu, B. Chai and
Z. Ren, J. Electroanal. Chem., 2019, 832, 459–466.

40 A. R. Zeradjanin, N. Menzel, W. Schuhmann and P. Strasser,
Phys. Chem. Chem. Phys., 2014, 16, 13741–13747.

41 S. Hoseinieh, F. Ashrazadeh and M. Maddahi, J.
Electrochem. Soc., 2010, 157, E50.
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