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Application of heteropoly compounds with Keggin structure
in corrosion protection and Ni-MH cell technology

Zastosowanie heteropolizwiazkow o strukturze Keggina w ochronie przed korozja

i technologii ogniw Ni-MH

Heteropolyacids (HPA) and their salts are a group of chemical
compounds that arouse the interest of many researchers due to
the variety of properties and applications. These compounds are
characterized by, among other things, high proton mobility, as well
as the ability to accept and release electrons. HPAs are extensively
studied especially in the design of various functional catalysts. The
area of their application is constantly growing due to the possibility of
modifying their chemical composition.

This work presents the basic areas of research on Keggin-type
heteropoly compounds (HPC), with particular emphasis on their
catalytic and anti-corrosion properties, to assess the possibility of
using HPAs in Ni-MH cell technology. Analysis of the available literature
confirmed our assumption that these are promising compounds
offering both chemists and materials scientists many cognitive
and application possibilities. Literature examples indicate that HPA
should fulfil two important tasks: catalyse the charging/discharging
processes of hydride electrodes in Ni-MH cells and inhibit corrosion
processes leading to the degradation of the electrode material.

Keywords: heteropolyacids, corrosion protection, electrochemical
cells, electrocatalytic properties

1. Introduction
Heteropolyacids (HPA) are well-known and widely used in many

areas of industry and the laboratory. They are of interest in the
fields of catalysis, electrochemistry, biochemistry, photochemistry

Heteropolikwasy (HPK) i ich sole to grupa zwiqzkéw chemicznych,
ktéra ze wzgledu na réznorodnos¢ wtasciwosci i zastosowanr wzbudza
zainteresowanie wielu badaczy. Zwiqzki te charakteryzujq sie miedzy
innymi wysokq mocq i ruchliwosciq protondw, a takze zdolnosciq do
przyjmowania i uwalniania elektronéw. HPK sq badane zwtaszcza
pod kqtem projektowania réznych katalizatorow funkcjonalnych.
Zakeres ich zastosowania stale sie zwieksza ze wzgledu na mozliwos¢
modyfikacji ich sktadu chemicznego.

W pracy zostaly opisane podstawowe obszary badari heteropoli-
zwiqzkoéw (HPZ) o strukturze Keggina. Uwzgledniono ich wtasciwo-
Sci katalityczne i antykorozyjne w celu dokonania oceny mozliwosci
wykorzystania HPK w technologii ogniw Ni-MH. Analiza literatury
przedmiotu potwierdzita zatoZenie, ze zwiqzki te majq duzy potencjat
aplikacyjny i stanowiq interesujgcy przedmiot badar zaréwno dla
chemikow, jak i materiatoznawcéw. Z publikacji dotyczqcych tego za-
gadnienia wynika, ze HPK powinny spetnia¢ dwa wazne zadania: ka-
talizowac procesy tadowania i roztadowania elektrod wodorkowych
w ogniwach Ni-MH oraz inhibitowac procesy korozyjne, prowadzqce
do degradacji materiatu elektrodowego.

Stowa kluczowe: heteropolikwasy, ochrona przed korozjq, ogniwa
elektrochemiczne, wiasciwosci elektrokatalityczne

and biomedicine. Numerous basic research activities are underway
to synthesise, structurally analyse and evaluate the reactivity of
new heteropoly compounds. Although different types of hetero-
polyacid structures exist, Keggin-type HPAs are most commonly
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Corrosion
protection

Fig. 1. Basic elements of the heteropolyacid skeleton:
a) octahedral groups, b) tetrahedral groups

Rys. 1. Podstawowe elementy budowy szkieletu hete-
ropolikwasu: a) ugrupowania oktaedryczne, b) ugru-
powania tetraedryczne

used due to their commercial availability, chemical stability and
the possibility of modifying their chemical composition for specific
applications.

Considering recent developments in the synthesis, character-
isation and application of Keggin-structured HPAs, we would like
to draw particular attention to the new possibilities of using this
group of compounds in nickel-metal hydride (Ni-MH) batteries,
both as electrocatalysts of the H,O/H, system and as corrosion in-
hibitors of the electrode material.

This review presents a general characterisation of Keggin-type
heteropolyacids. The main areas of application of heteropoly com-
pounds (HPC) are discussed, taking into account their structure
and properties. The focus is particularly on the electrochemical and
electrocatalytic properties and the potential use of HPAs in energy
storage and conversion devices. Based on examples from the lit-
erature, the anti-corrosion properties of HPCs were also evaluated
in the context of the production of protective coatings on hydride
electrode (MH) material particles.

2. General characteristics of Keggin-type HPCs

Heteropoly compounds are a group of inorganic compounds com-
prising heteropolyacids and their salts (polyoxometalates) with an-
ions built mostly from octahedral MOg units (Fig. 1a) with common
edges and/or corners that surround a tetrahedrally coordinated ox-
ide heteroanion XO4"_ (Fig. 1b). The central X atom (heteroatom) is
usually a phosphorus or silicon atom, while the M metal atoms are
usually tungsten, molybdenum or vanadium. More than 60 differ-
ent elements of the periodic table can be used as heteroatoms [1].
This flexibility leads to a wide variety of structures, compositions
and properties of HPCs. Among the wide variety of heteroatoms,
Keggin-type HPCs ([XO,]""M,,05) are the most stable and readily
available [1-3].

Heteropolyacids dissolve very well in polar solvents such as
water, alcohols, ketones or ethers. They can form various phase
systems, e.g. homogeneous liquid, liquid/solid, gas/solid, liquid/
liquid. They are highly stable in acidic media and dissociate or may
dissociate completely in solution in alkaline and neutral media.

b e ()

Fig. 2. Examples of the use of heteropoly compounds
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Rys. 2. Przyktady zastosowania heteropolizwigzkow

They show the ability to adsorb on solid substrates such as activ-
ated carbon or silicon (IV) oxide [4-6]. Reduced forms of HPAs, con-
taining molybdenum and vanadium, are referred to as “heteropoly
blues” because of the intense blue colour they produce. Supplying
electrons to heteropoly blues causes them to turn into “heteropoly
browns”[7]. A highly desirable feature of HPAs is their ability to con-
duct ions, due to their hydrophilic properties and the significant
oxygen content on their surface [8]. They can be used in hetero-
and homogeneous catalysis [9]. A feature of polyanions is their
poor solvation ability due to their large size, low charge density and
high symmetry. The oxidation properties of HPAs are dependent
on the type of ligand and the central atom [4]. Aqueous solutions
of HPAs are much stronger than mineral acids such as HNO;, HCI
or H,SO,. HPAs are characterised by “structural flexibility”, meaning
that water and other organic polar molecules can “enter” and “exit”
the crystal, accompanied by a change in the volume of the crystal
cell. Heteropolyacids have the ability to catalyse the adsorption of
polar molecules on the surface and inside the crystal, so that they
behave as concentrated solutions. In the case of non-polar mo-
lecules, there is only an interaction with the surface of the catalyst.
The activity of Keggin acids depends on acid strength, oxidation
potential, thermal stability and also hydrolytic stability [4].

3. Applications of Keggin-type HPCs

3.1. Areas of application of Keggin-type HPCs

The practical applications of heteropolyacids are very broad. Fig. 2
shows examples of the application areas of HPCs. Most of the avail-
able publications and patents on heteropolyacids and their salts
are related to their catalytic activity. HPCs can be used in fuel cells,
in capacitors, as corrosion inhibitors or in electrochromic materials.
In addition, they are used in chemical analysis, in medicine, as well
as in the production of dyes or gas and moisture sensors.

Due to their high redox activity, selectivity, separation properties
and durability in aqueous solutions, HPAs can be used both in acid
catalysis and as redox catalysts. Heteropoly compounds having
tungsten (VI and V) or molybdenum (VI, V) in their structure show
the best performance as catalysts in redox processes due to their
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ability to undergo multiple transitions from the oxidised to the re-
duced state [10]. An unquestionable advantage of HPCs used as
catalysts is their considerable thermal stability, which makes them
suitable also for use as high-temperature catalysts. They are char-
acterised by a small surface area (<1Om2/g), meaning that, being
catalysts, they are most often deposited on carriers (e.g. carbon,
inorganic materials or a polymer matrix) [11].

In order to improve the performance of fuel cells in terms of their
instability, or the high corrosivity of the electrolyte and the short
life of the cell [12], HPAs began to be used as additives to increase
catalyst efficiency, membrane additives to increase the ionic con-
ductivity of the electrolyte and as stand-alone catalysts. It has been
found that HPAs can be introduced into cells in several ways: incor-
poration into the ion exchange membrane, immobilisation on the
electrodes, or solvation in the electrolyte [1]. In order to increase
the energy density of electrochemical capacitors, HPCs have been
used as active materials, including by depositing heteropolyanions
on the surface of carbon electrodes [13-15].

HPCs, due to their uniform dimensions at the “nano” scale,
have the ability to transmit light, which makes them attractive as
molecular pigments [16]. They also exhibit photocatalytic abil-
ities to degrade toxic dyes containing aromatic rings, or nitrogen
groups used in printing and dyeing of textiles [17]. The combin-
ation of HPCs with ionic surfactants allows them to be used as
a purifier from toxins such as heavy metals, bacteria, organic dyes
or radionuclides [18]. SiW1204o47 is used as a neutraliser of second-
ary metabolites produced by cyanobacteria [19]. HPAs interact with
a wide range of proteins and enzymes and also show antiviral and
anticancer activity [7]. Due to their hydrophilic properties, revers-
ible proton conductivity with changes in moisture content and the
ability to incorporate HPAs into a conductive polymer matrix, they
can serve as high-performance moisture-detecting electrolytes [8].

3.2. Use of heteropoly compounds in corrosion protection

Katsoulis, in his review paper [7], extensively describes the poten-
tial use of heteropoly compounds for both corrosion inhibition of
steel and non-ferrous metals such as aluminium and its alloys, zinc
and cadmium. As we learn from the article [7], compositions based
on synthetic resins and inorganic binders, which contained HPC as
anticorrosive pigments, were already known in the 1980s and 1990s.
HPCs containing organic cations also exhibit anticorrosive proper-
ties [20, 21]. Hydrophobic coatings consisting of organic cations
and inorganic heteropolyanions, in addition to effectively inhib-
iting the corrosion of stainless steel in acidic environments [20], can
also protect building stones by slowing their degradation [21]. The
use of the organic-inorganic hybrid (nC,H;5),N)s[PW,;05,Cu(H,0)]
provided ~99% protection efficiency for stainless steel in a sul-
phuric acid environment, in the temperature range of 25-40°C
[20]. As shown in [22], also the introduction of organometallic
groups can enhance the protective function of HPCs and stabilise
their structure. It is also possible to produce a hybrid material by
combining HPCs with conductive polymers. Conductive polymers
doped with HPC can provide effective corrosion protection for both
carbon [23], stainless [24, 25] and low-alloy steels [26] in the
presence of halide ions. The large volume and high charge of
polyoxoanions immobilised in the polymer matrix makes their dif-

fusion coefficient low, which prevents their exchange with anions
present in solution. Thus, these materials represent a promising
and effective barrier against pitting corrosion [23-26].

HPCs can slow down corrosion by forming a protective layer on
the metal surface that prevents contact with corrosive agents or
modify the electrochemical properties of the protected metal by
reducing the rate of both cathodic and/or anodic reaction (Table 1).
Literature examples suggest that the mechanism of the protective
action of HPCs is due to a combination of the oxidising properties
of heteropolyacids and their ability to form insoluble salts with
large cations. Compared to other inhibitors, such as chromates,
HPCs have low toxicity; moreover, they accept electrons without
significant structural change.

As can be seen from Table 1, HPCs have mostly been used to pro-
tect ferrous metals in low pH environments. The wide applicabil-
ity of polyoxometalates as corrosion inhibitors is due to their high
durability and affinity to the metal surface in acidic solutions. This
leads to greater corrosion inhibition efficiency and a reduction in
the amount of HPCs needed to achieve the desired effect. It has re-
cently been shown that HPCs are not the best alternative corrosion
inhibitors for aluminium alloys in alkaline media [27], which may be
due to their lack of stability and therefore effective action in high
pH electrolytes.

It can be speculated that the incorporation of HPCs into nano-
composite hydride electrodes by immobilisation on a carbon
substrate may provide them with stability also in alkaline environ-
ments, while the combination of the oxidising nature of the various
HPAs with their ability to form complexes with metals [28] would
provide effective corrosion inhibition. Further research is needed
to confirm this hypothesis and identify the nature of the resulting
layers and to know their corrosion inhibition effect.

3.3. Keggin-type HPC applications in electrochemical energy conversion
and storage devices

Heteropolyacids undergo fast, reversible electrochemical reactions
because they have transition metal atoms in their structure at the
highest oxidation levels that can be reduced and large amounts of
mobile protons. Due to their reversible, fast and multi-electron re-
dox reactions and very good solubility in polar solvents, they can
be an alternative to vanadium compounds in redox flow batteries
[29, 30].

Modification of electrodes with HPCs results in improved kin-
etics of electron exchange reactions making them ideal for use in
catalytic electrooxidation or electroreduction processes. Suitably
selected heteropoly compounds can be used both as catalysts/
mediators in oxygen reduction reactions and as catalysts and/or
mediators for the oxidation of hydrogen, alcohols or biomass in
fuel cells [31-34]. The results obtained in [35] indicate the possibil-
ity of using a mixture of heteropoly compounds as a cathodic redox
mediator in a hybrid fuel cell.

By using phosphomolybdic acid as an anodic mediator, Ding
et al. [31] carried out a two-step process involving biofuel produc-
tion and electricity generation from lignocellulosic biomass. This
acid was also used as a mediator for biomass oxidation in combina-
tion with hydrogen evolution at the cathode, and it was shown that
replacing anodic oxygen evolution with biomass oxidation using
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Table 1. Application of example HPCs in corrosion protection
Tabela 1. Zastosowanie przyktadowych HPZ w ochronie przed korozja

HPC Protected Mechanism Corrosive Literature
metallic material of action of HPC environment reference
HgPMogV;0,4 $235 low carbon steel cathodic inhibitor 0.5 M H,SO, [1o]
HPWoV3040
HgPMogV50,4 S304 austenitic steel anodic-cathode inhibitor 0.5 M H,SO, [o]
HePW,V50,0
H3PW,,0,, aluminium reduction of the corrosion rate, shift of hot water (90-300°C)
H,SiW,,0,4, the breakdown potential towards positive [7]
potentials
(nC;H;5)4N)s[PW;,03,Cu(H,0)] | 302 stainless steel anodic-cathode inhibitor 0.25-1 M H,SO, 21]
SbW,-TM-SnR 20 carbon steel anodic-cathode inhibitor 0.5-2 M HCI
BiW,-TM-SnR, 22]
where: TM = Mn, Co, Nii Zn,
SnR = Sn(CH,CH,CO0)
Na;PW;,04, carbon steel anodic-cathode inhibitor 55% LiBr + 0.07 M LiOH [23]
H3;PMo,,0,, X20Cr13 stainless steel formation of insoluble deposits and acidified sulphate solutions
H5SiMo0,,0,4 passivation of the substrate, containing 0.5 M chloride ions [24]
as components of the PEDOT/ blocking by polyanions of the access of [25]
PyBA polymer matrix Cl" ions to the stainless steel surface
HsPMo,,AlO,, Al5052, Al7475, Al6062 aluminium | no positive anti-corrosion effect, only 2 M KOH
HsPMo,;Alg 5V 5040 alloys HgPMo,,AlO,, showed a reduction in the 127]
corrosion rate and hydrogen evolution in
the Al5052 alloy

H;PMo,,0,, leads to a significant reduction in energy consumption
in the hydrogen production process [32].

Heteropolyacids and their salts have also been used as electro-
lytes in electrochemical capacitors [36-38]. Due to the low electron
conductivity of HPCs and their good solubility in most solvents,
they were encapsulated in matrices of organometallic structures,
immobilised on high surface area carbon substrates or in con-
ducting polymer matrices to make them suitable for use as an act-
ive electrode material in supercapacitors [39, 40].

A wide range of Keggin-type HPAs have been tested for their
ability to improve the electrocatalytic properties of Pt in the oxy-
gen reduction reaction [41]. It has been shown that HPAs can be
readily adsorbed onto Pt and activated carbon substrates to form
electroactive adsorbates. When used in methanol fuel cells (MFCs),
they increase the electrocatalytic activity of Pt in the methanol ox-
idation and oxygen reduction reactions and reduce the level of car-
bon monoxide contamination of the platinum catalyst [1, 42, 43].
As shown in studies [44-46], HPAs and their derivatives provide
a wide range of possibilities in terms of the design and fabrication
of highly efficient and stable precious metal-free electrocatalysts
for both hydrogen evolution and oxygen reduction reactions.

Keggin-type HPAs are potential candidates for use in electro-
chemical devices such as fuel cells, electrolysers, electrochem-
ical capacitors or redox flow batteries (Table 2). The reversible
multi-electron electrochemical activity of HPA has been docu-
mented in acidic aqueous media. However, there have not been
sufficient studies focusing on the electrocatalytic activity of hetero-
polyacids in alkaline fuel cells, nickel-hydride cells and alkaline
electrolysers. Results presented in [41] show that H;PMo,,0,, and
H;PW,,0,, exhibit poor redox activity in alkaline media. HPAs are
degraded by concentrated bases with the formation of simple
acids, which limits their practical application. Even though Xie

et al. [47] obtained electrochemically reduced polyoxometalates
that are stable in alkaline solutions and, in combination with palla-
dium, show excellent electrocatalytic activity for oxygen reduction
reactions, further research development is needed to design new
catalysts based on heteropoly compounds showing catalytic activ-
ity also for water-hydrogen reduction and oxidation reactions.

3.4. Evaluation of the applicability of Keggin-type HPA
in the preparation of hydride cells

ReNis-type metallic materials (where Re is a rare-earth metal) can be
used in the development of safe hydrogen storage systems and in
nickel-metal hydride (Ni-MH) batteries. In order to meet the require-
ments for this type of material (significant rate of absorption/desorp-
tion of large amounts of hydrogen, as well as high corrosion resist-
ance), their physicochemical properties can be shaped by modify-
ing their chemical composition, structure or surface. The formation
of catalytic HPC surface layers on hydrogen-absorbing alloys is an
opportunity to significantly improve the kinetics of the electrode
process of water reduction reaction to hydrogen and its oxidation.

One of the more important properties of heteropoly compounds
that makes them useful in the fabrication of electrocatalytic com-
posite materials is their ability to react reversibly to reduce trans-
ition metals and form mixed-valence forms [48]. Heterogeneous
catalysts produced by HPA adsorption onto porous carbon materi-
als [49], as well as metal oxides [50] and by incorporation into or-
ganometallic structures [51] offer certain advantages over homo-
geneous catalysts, such as stability, recoverability and reuse of the
catalyst utilised. As shown in [52], electro-deposition of nickel from
different heteropolyacid baths significantly improves the catalytic
activity of nickel for hydrogen evolution reactions in acidic media.

It is known that pH influences the molecular structure of HPAs
and thus the catalytic activity and is a determining factor in the
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Table 2. Examples of applications of Keggin-type HPAs in electrochemical energy conversion and storage devices
Tabela 2. Przyktadowe zastosowania HPK typu Keggina w urzadzeniach do elektrochemicznej konwersji i magazynowania energii

HsPW,,0,0 negative and positive electrolyte and active material in redox flow batteries [29]

HeCoW,,049 [30]

H3PW,,0,4 electrolyte for electrochemical capacitors [37]

H,SiW;,0,40 [38]

H3PMo,,V,04 supercapacitor composite electrode material [40]

H;PMo,,0,0 anode mediator in the biomass oxidation reaction in a fuel bio-cell 31]

H,PMo,,VO,o

H;PMo,,0,, catalyst and anode mediator in the hydrogen evolution reaction in modified PEM-type electrolysers [32]
[33]

H;PMo,,0,, cathodic mediator in the oxygen reduction reaction in a polymer fuel cell

HsPV,M0,,0,4 [34]

HePV;M0,0,,

H;PMo,,0,, in combination with Pt, a catalyst for the electro-oxidation of methanol in a methanol fuel cell (42]

H3PW1ZO4O

H;PMo,,0,, oxygen evolution reaction catalyst in photoelectrochemical water splitting devices (46]

HBPW1ZO4O

performance of the redox process. The results presented in [53]
showed that Keggin-type HPAs exhibit poor redox activity and low
stability when tested in aqueous alkaline solutions. However, when
immobilised on the surface of the carrier, they retain the Keggin
structure even in strongly alkaline solution [54].

Heteropoly compounds, which improve the kinetics of electrode
reactions, can provide an alternative to expensive catalysts such
as platinum or palladium. In order to improve the efficiency of use
and reduce the cost of precious metal-based catalysts, the authors
of the paper [55] proposed a method involving the anchoring of
Pt clusters on a support consisting of H;SiW,,0,,-soot. This cata-
lyst shows both good stability and high activity for the hydrogen
evolution reaction. The results presented in [52] indicate that the
nickel electrode modified with PW120403 ions, in acidic media, is
more electroactive than platinum and less sensitive than platinum.

HPAs are strongly adsorbed on metallic surfaces, which is of in-
terest for anti-corrosion layers. The results presented in [24] indic-
ate that negatively charged phosphoromolybdic acid polyanions
block the access of negative chloride ions to the stainless steel
surface. The interaction of PM01204037 with chromium(lll), as well
as iron(lll) or iron(ll), can lead to the formation of insoluble precip-
itates and display a general protective effect.

Passivation of ReNis-type materials in alkaline environments and
the formation of bonds between passive layer components (La3+,
Ni**, Co’* ions, etc) and HPA anions (e.g. PM0,,0,,°, PW;,04,7,
SiMo1ZO4O4' or SiW1204o4_) may provide an opportunity to create
a protective barrier for the hydrophobic alloy against degrada-
tion during repeated hydrogenation/dehydrogenation cycles.
The inhibitory properties of Mo- and W-containing anions are well
documented [7], which would suggest that such layers could also
play an additional protective role by inhibiting the dissolution pro-
cesses of substrates typically containing >30 wt% lanthanum or
other rare earth metals in their composition.

Due to the characteristics of heteropoly compounds, such as
their ability to undergo rapid and reversible redox reactions, as well
as their anti-corrosion activity, they could prove very appeal-

ing when it comes to the preparation of negative electrodes for
Ni-MH batteries.

Preliminary results from our studies [54, 56, 57] indicate that
phosphomolybdic acid immobilised on the surface of conductive
C45 carbon black is stable in 6 M KOH solution and shows electro-
catalytic properties. The presence of the C45-PM01204037 carbon
black nanocomposite in the powder mass of the hydride elec-
trode catalyses the hydrogen evolution process and its oxidation
reactions. Optimisation of the deposition conditions of different
HPCs on carbon black C45 or the use of a different carrier can be
expected to improve the performance for hydrogen absorption/
desorption reactions in cyclic hydride electrode charge/discharge
processes in a strongly alkaline environment.

4, Conclusion

Heteropolyacids can be used in a wide range of processes, particu-
larly in catalysis. One important feature of HPAs is that their com-
position can be modified by introducing different cations into their
structures, allowing HPCs to be designed to catalyse specific reac-
tions. Heteropolyacids show relatively low toxicity, reduce without
major changes in their structure and exhibit anticorrosive activity.
Furthermore, they are promising candidates for use in electrochem-
ical energy conversion and storage devices, i.e. supercapacitors,
fuel cells, and redox flow batteries. The reversible multi-electron
electrochemical activity of heteropolyacids has been documented
in acidic aqueous media. However, we do not have sufficient stud-
ies focusing on the electrocatalytic activity of heteropolyacids in
alkaline environments. HPAs degrade in alkaline solutions with the
formation of simple acids which limits their practical application.
Therefore, a suitable method is required to modify/protect them
from alkalis when used as electrocatalysts.

The development of simple, fast and convenient methods to
immobilise polyoxometalates on the surface of hydride electrodes
still remains a challenge. A detailed analysis of the literature pre-
dicts that surface modification of hydride materials with selected
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heteropolyacids should reduce the hydrogen release overpoten-
tial, improve the kinetics of the electron transfer reaction at the
electrode/electrolyte interface, and contribute to improving
the operating durability of Ni-MH batteries.
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