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Abstract The hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER) play key roles in
the conversion of energy derived from renewable energy
sources into chemical energy. Efficient, robust, and in-
expensive electrocatalysts are necessary for driving
these reactions at high rates at low overpotentials and
minimize energetic losses. Recently, electrocatalysts de-
rived from hybrid metal phosphonate compounds have
shown high activity for the HER or OER. We review
here the utilization of metal phosphonate coordination
networks and metal-organic frameworks as precursors/
templates for transition-metal phosphides, phosphates,
or oxyhydroxides generated in situ in alkaline solutions,
and their electrocatalytic performance in HER or OER.

Keywords Metal phosphonate - Water splitting -
Electrocatalysis

Introduction

The continuous growth of the world population and
industrial sector will require the production of
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increasingly large amounts of energy over the next de-
cades. Current energetic needs are mostly supplied by
fossil fuels, such as petroleum, coal, and natural gas, but
relying almost exclusively on fossil fuels to meet future
energetic demands may have severe environmental con-
sequences owing to their association with greenhouse
gases emission and climate change (Cook et al. 2010;
Lewis and Nocera 2006; Turner 2004). The development
and improvement of technologies for sustainable produc-
tion of energy based on renewable energy sources such as
wind, sun light, or biomass is thus critical. However,
intermittent renewable energy sources, such as the wind
and sun, cannot provide the continuous and steady ener-
gy necessary for daily life and industrial production,
which creates the need to develop technology to store
the excess of energy harvested, for example, in the form
of chemical energy in fuels like H, that can be later
converted again to electrical energy using fuel cells
(Turner 2004).

Water splitting, driven by renewable energy sources,
is considered a promising method for the large-scale
clean production of H,, but there are still many chal-
lenges, from system efficiency to costs, hindering the
widespread application of this process (Cook et al.
2010; Gray 2009; Kanan and Nocera 2008; Reier et al.
2017). Water splitting is an endothermic reaction with
AG=237.2 kJ mol"' and thermodynamic potential of
1.23 V at standard conditions. It comprises two half-cell
reactions: the hydrogen evolution reaction (HER) at the
cathode, and the oxygen evolution reaction (OER) at the
anode. Both reactions require catalysts to drive them at
high rates at low overpotentials, although the OER is
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energetically more demanding, as it proceeds through
a complex multistep mechanism involving the trans-
fer of four electrons that decreases the efficiency of
the entire process (Hunter et al. 2016; Suen et al.
2017; Zeng and Li 2015).

Platinum is the most active catalyst for the HER,
whereas iridium and ruthenium oxides are the bench-
mark catalysts for the OER. However, a generalized
commercialization of this technology requires catalysts
that are simultaneously inexpensive, highly active, and
stable, for competing with the scarce and expensive
noble-metal-based catalysts. Consequently, in the past
decades, considerable efforts have been devoted to the
search for efficient HER and OER catalysts based on
earth-abundant transition-metals (Han et al. 2016; Zeng
and Li 2015).

Several different classes of transition-metal-based
(Ni, Co, Fe, Cu, Mo, W) materials have been explored
as HER electrocatalysts, including alloys (McKone et al.
2013), chalcogeneides (Cheng et al. 2014; Kong et al.
2013), carbides (Vrubel and Hu 2012), nitrides (Chen
et al. 2012), and phosphides (Popczun et al. 2013; Xing
et al. 2014). Transition-metal phosphides in particular
have attracted much attention in recent years, as they are
among the most active non-noble metal HER catalysts
(Xiao et al. 2015). Their activity and long-term stability
may be further improved by combination with carbon
materials, which increases the electroconductivity of the
catalyst, may lead to synergistic effects, and have a
stabilizing effect (Bai et al. 2015; Pan et al. 2015).

Phosphides are also promising catalysts for the OER
in alkaline conditions (Stern et al. 2015), as are phos-
phates (Kim et al. 2015), oxides (Trotochaud et al.
2012), and hydroxides (Gong et al. 2013) containing
transition-metals such as Co, Ni, Fe, and Mn. In acidic
media, on the contrary, no material based on earth-
abundant transition-metals has been able to effectively
compete with Ir and Ru oxides in promoting the oxida-
tion of water (Reier et al. 2017). The lack of a complete
understanding of the water oxidation mechanisms in
acidic and basic solutions constitutes an additional bar-
rier to the design of efficient OER catalysts (Dau et al.
2010; Suen et al. 2017). This makes it also desirable to
have heterogeneous catalysts with well-defined struc-
tures containing well-known catalytic active sites distri-
butions and structures in order to get a better under-
standing of the OER mechanisms, which, in turn, is
useful for the development of more efficient catalytic
materials. Therefore, the search for new electrocatalysts
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plays a key role in the development of energy conver-
sion technologies.

In recent years, hybrid inorganic-organic materials,
and in particular metal-organic frameworks (MOFs),
have emerged as promising materials for energy storage
and conversion applications (Downes and Marinescu
2017; Salunkhe et al. 2017). Research has been focused
largely on the utilization of MOFs (many carboxylate-
MOFs) as supports for catalytic active species, and
templates/precursors for metal oxides and porous car-
bon structure (Morozan and Jaouen 2012; Salunkhe
et al. 2017). Metal phosphonates are a group of hybrid
inorganic-organic materials consisting of extended
structures containing organophosphonate ligands coor-
dinated to metal ions or clusters (Gagnon et al. 2012;
Shimizu et al. 2009). This family of hybrid compounds
includes dense layered coordination networks (CNs),
porous coordination networks, MOFs, hybrids metal
oxide/phosphonate, and polyoxometalates (POMs)
(Gagnon et al. 2012; Mutin et al. 2015; Shimizu et al.
2009). Metal phosphonate CNs and MOFs have recent-
ly shown promise as materials for energy storage and
conversion (Mei et al. 2017; Pramanik et al. 2015;
Zhang et al. 2017a; Zhou et al. 2015). They have been
utilized directly as the active material or as precursors/
templates for electrocatalytic active materials such as
phosphides (Zhang et al. 2017c¢), phosphates (Zhou
et al. 2017), and hydroxides (Saha et al. 2017).
Porous-doped carbon composites are also readily pro-
duced by carbonization of phosphonate compounds
(Wang et al. 2018). Herein, we review the recent use
of phosphonate CNs and MOFs as precursors/templates
for HER and OER electrocatalysts. The application of
some metal phosphonate materials in photocatalytic wa-
ter splitting is also described.

Metal phosphonates

Metal phosphonates are hybrid inorganic-organic mate-
rials containing metals coordinately bonded to phospho-
nate ligands (Clearfield and Demandis 2011; Gagnon
et al. 2012; Maeda 2004). Phosphonate ligands form
strong bonds with a wide variety of metals, ranging from
monovalent to hexavalent metals, and can coordinate
through any of their three oxygen atoms and in any state
of protonation, which can lead to many different struc-
tural arrangements, especially if additional ligands or
functionalities are present (Gagnon et al. 2012; Goura
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and Chandrasekhar 2015; Shimizu et al. 2009; Zhu et al.
2014). Although this makes the phosphonate chemistry
versatile, it makes it complex and difficult to predict as
well.

Owing to the strength of the metal phosphonate
coordination bonds and P—C bonds, metal phosphonate
CNs exhibit high thermal stability and chemical resis-
tance compared with other coordination compounds
(e.g., carboxylates), which allows them to withstand
conditions that would destroy many other hybrid mate-
rials. The water solubility of metal phosphonates in-
creases with the decrease of the metal valence: trivalent
and tetravalent metal phosphonates have low solubil-
ities, with tetravalent metal phosphonates being insolu-
ble even in strongly acidic solutions; divalent metal
phosphonates are soluble in slightly acidic media; and
all monovalent metal phosphonates are soluble (Gagnon
et al. 2012; Zhu et al. 2014; Zhu et al. 2015a). These
properties together with the versatility of the metal
phosphonate chemistry make them attractive materials
for a wide variety of fields including catalysis, gas
storage, sensing, energy storage, and energy conversion
(Chen et al. 2017; Ma and Yuan 2011; Zhu et al. 2014;
Zhu et al. 2015a).

Phosphonate CNs may have crystalline or amor-
phous structures. In general, the formation of crys-
talline solids becomes more difficult to achieve as
the valence of the metal increases, owing to the
lower solubility of the corresponding compounds
that tend to precipitate rapidly as essentially amor-
phous materials (Gagnon et al. 2012). Furthermore,
they can be synthesized with a variety of structures
including 2D layered compounds (Clearfield
1998b), ordered mesostructured materials, and
MOFs (Gagnon et al. 2012; Ma and Yuan 2011;
Shimizu et al. 2009). These characteristics depend
mainly not only on the metal and phosphonate
ligands, but also on the synthesis conditions such
as solvent, reaction time, or presence of surfactants
on the reaction mixture.

Many metals react with phosphonic acids to form
two-dimensional (2D) layered structures. These struc-
tures consist of inorganic layers formed by metal ions or
clusters bonded to the oxygen atoms of the bridging
phosphonate groups, which are separated by layers of
the organic moieties of the ligand molecules (Clearfield
1998b). The porosity of layered structures can be in-
creased by replacing some of the phosphonate ligands
with small groups such as phosphate, phosphite or a

smaller monophosphonate molecule (Alberti et al. 1998;
Clearfield 1998a; Dines et al. 1983; Zhu et al. 2014).
These small groups act as “spacers” and create voids in
the interlayer region. Porosity can also be generated in
phosphonate coordination networks with the addition to
the reaction mixtures of small molecules (e.g., 3-cyclo-
dextrin) or polymers (Ma and Yuan 2010; Polarz et al.
2001). Soft-templating strategies involving cationic
(alkyltrimethylammonium cations) or non-ionic surfac-
tants (triblock copolymers) are used for fabricating
mesoporous phosphonate networks (El Haskouri et al.
2004; Ma et al. 2010; Ma and Yuan 2011; Zhu et al.
2015a). These materials may be either crystalline or
amorphous. Many phosphonate-based MOFs have been
reported in the literature, which were synthesized using
ligands such as arylphosphonates, piperazinylphosp
honates, alkylbisphosphonates, or methylphosphonate
(Gagnon et al. 2012; Poojary et al. 1995; Shimizu
et al. 2009; Wharmby et al. 2010; Zhu et al. 2000).
Phosphonate ligands having a second chelating func-
tional group can also be used to produce MOFs
(Shimizu et al. 2009). Typical moieties on the phospho-
nate ligand include carboxylic, hydroxyl, pyridine, im-
ino, and sulfonic acid groups. The synthesis of metal
phosphonate compounds has been reviewed extensively
in several publications (Clearfield and Demandis 2011;
Gagnon et al. 2012; Maeda 2004; Shimizu et al. 2009;
Zhu et al. 2014, 2015a

Hydrogen evolution and oxygen evolution reactions

Water splitting is the splitting of water into gaseous O,
and gaseous H, (Eq. 1). In combination with renewable
energy sources, it is a promising sustainable method for
the large-scale production of hydrogen, which is a fuel
for environmentally friendly energy conversion technol-
ogies such as fuel cells (Cook et al. 2010; Lewis and
Nocera 2006; Turner 2004).

Water splitting comprises two half-reactions: the ca-
thodic half-reaction is the hydrogen evolution reaction
(HER; Egs. 2 and 3) and the anodic half-reaction is the
oxygen evolution reaction (OER; Egs. 4 and 5).
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HER:
2H (4q) + 2¢ —Hy(,) (in acidic media) (2)

2H,0() + 26 —Hy(y)
+20H (5q) (in alkaline media) (3)
OER:

2H;0)— 0, + 4H" (4q) + 4 (in acidic media) (4)

40H_(aq)_>02(g) + 2H20(]>
+ 4e (in alkaline media) (5)

These electrochemical reactions do not proceed at the
equilibrium potential and only start when sufficiently
large overpotentials are applied. Electrocatalysts are
necessary to decrease the overpotential and increase
the energetic efficiency of the process.

The hydrogen evolution reaction involves the trans-
fer of two electrons to produce one H, molecule, and it
is generally accepted that it proceeds through two reac-
tion steps (Zeng and Li 2015). It is initiated by a dis-
charge reaction, also known as the Volmer reaction (H*
+ ¢ — H,q, in acidic media). Subsequently, the reaction
may proceed through the Heyrovsky reaction, which
involves the combination of an adsorbed hydrogen atom
with a proton from the solution to form H, [H.q+
H' g +¢ — Ha(g)], or through the Tafel reaction,
which consists in the combination of two adsorbed
hydrogen atoms to form H, [H,q+ Ha.q — H»(g)]. The
Tafel slopes of the HER are 118 mV dec™!, 39 mV dec™!
and 30 mV dec ' if the rate-determining step is the
Volmer, Heyrovsky or Tafel reaction, respectively.

The OER is a complex multistep reaction involving
the transfer of four electrons to form one O, molecule,
making it kinetically sluggish and thus decreasing the
efficiency of the overall water splitting process. The
complexity of this stepwise reaction makes water oxi-
dation difficult to achieve without the application of a
significant overpotential.

The OER mechanisms in both acidic and alkaline
electrolytes are not completely understood yet, although
several mechanisms have been proposed based on exper-
imental observations and computational simulations (Dau
et al. 2010; Suen et al. 2017). Most of the proposed
mechanisms involve the formation of high-energy surface
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intermediates (such as MO, MOH, or MOOH, where M is
a metal active site), and it is generally accepted that the
bonding in the reaction intermediates plays a key role in
the electrocatalytic activity of the catalyst.

Various parameters are used for evaluating the per-
formance of HER and OER electrocatalysts, namely the
overpotential at a given current density, the Tafel slope,
the turnover frequency (TOF), or the Faradaic efficiency
(McCrory et al. 2015; Stevens et al. 2017). One of the
main parameters used is the overpotential necessary to
achieve a current density per geometric area of
10 mA cm 2. This is approximately the current density
at the anode of a solar water-splitting device under 1 sun
illumination operating at 10% solar-to-fuels efficiency
(McCrory et al. 2015). The Tafel slope is a kinetic
parameter that reflects the increment in overpotential
necessary to cause a tenfold increase of the current
density, and it is another important parameter utilized
for comparing electrocatalysts (Zeng and Li 2015). The
smaller the Tafel slope the more efficient is the catalyst
at enhancing the reaction kinetics. In addition, the Tafel
slope may provide insights into the mechanisms of the
reactions. The TOF, defined as the number of catalytic
cycles per unit of time, provides information about the
intrinsic activity of the catalysts (Stevens et al. 2017).
The Faradaic efficiency is the ratio of the amount of
product generated by the electrochemical reaction to the
theoretical amount according to Faraday’s law. Ideal
catalysts should have small overpotentials at j=
10 mA cm 2, low Tafel slopes, high TOF values, and
Faradaic efficiencies close to unity.

Metal phosphonates as precursors for HER
electrocatalysts

Transition-metal phosphonates have been recently ex-
plored as precursors for the synthesis of metal phos-
phide materials that efficiently catalyze the HER. The
electrocatalysts reviewed here are summarized in
Table 1.

Zhu et al. (Zhu et al. 2015b) fabricated a composite
HER electrocatalyst consisting of a porous N,P-codoped
carbon network decorated with cobalt phosphide
nanocrystals from a cobalt phosphonate precursor. The
metal phosphonate was synthesized from CoCl,.6H,0,
1-hydroxyethylidene-1,1-diphosphonic acid, and mela-
mine. Calcination of the hybrid at 900 °C under N, lead
to the one-step formation of CoP nanoparticles of ca. 2—
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5 nm uniformly loaded on N,P-doped carbon
(CoP@NPC), without the need of additional phospho-
rous sources or phosphorization steps. The CoP@NPC
material has a high surface area of 867 m* g ' due to the
highly porous carbon network derived from the organic
ligands. Porosity and high surface area are advantageous
properties for electrocatalysis, as they normally result in
increased electrochemical active surface areas of the
catalysts and access of the electrolytes to a higher num-
ber of actives sites in comparison with low surface area
materials. The HER electrocatalytic activity of the com-
posite deposited on a glassy carbon (GC) electrode was
measured in 0.5 M H,SO,4. CoP@NPC generated cur-
rent densities of 10 and 20 mA cm 2 at overpotentials of
123 and 156 mV, respectively, and outperformed a
catalyst prepared by post-synthesis combination of
CoP and NPC. The activity of CoOP@NPC was attribut-
ed to the increase of the electroconductivity caused by
the doped carbon that facilitates the charge-transfer, the
strong coupling between the NPC and CoP, and to the
porous structure that provides accessible active sites and
facilitates the mass transfer.

Very recently, a similar strategy was reported for
preparing CusP nanoparticles (NPs) coated with a N,P-

(300)
CuP@NPPC ., Tl a)|
> ]| P
O — L A
s bt Cu@NPPC
3
£ €(200) (200)
g | (223)
% | CupP Hexagonal
8| (pOF #71-2261) l
] " L \
@© Cu Cubic
(PDF #65-9026) | .

15 30 45 60 75
2 Theta (deg)

Fig. 1 a Powder XRD patterns of CusP@NPPC and of the
calcined material prior to phosphidation (Cu@NPPC). b SEM
images of Cu;P@NPPC. c—e TEM and HRTEM images of
CuzP@NPPC (the bright contrast which is indicated as a carbon
coating in (e) is likely to be an artifact caused by non-ideal
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codoped carbon network (Cuz;P@NPPC) (Wang et al.
2017). First, a copper MOF was synthesized by
refluxing Cu(NOs)3.3H,0, 1-hydroxyethylidene-1,1-di-
phosphonic acid, and pyrazine in water at 140 °C for
5 h. The Cu-NPMOF was then calcined 4 h under N, at
600, 650, or 700 °C, followed by phosphidation with
NaH,PO, under N, atmosphere at 250 °C to generate
the Cu;P@NPPC materials (Fig. 1). The composites
were drop-casted onto a GC electrode and tested in
0.5 M H,S0y, solution. The material prepared by calci-
nation at 650 °C had the highest surface area
(1004 m* g ') and exhibited the best HER performance,
requiring only overpotentials of 89, 117, and 207 mV to
reach current densities of 10, 20 and 80 mA cm >
(Fig. 2), and comparing favorably with other Cu phos-
phide catalysts reported in the literature. The high HER
activity of Cu3P@NPPC was ascribed to the combina-
tion of i) high surface area that allows a high number of
active sites available for reaction; ii) the synergistic
effects of CuzP NPs and N,P-codoped carbon; iii) and
the enhanced electroconductivity due to presence of the
carbon. Additionally, the carbon provides physical and
chemical protection to the CusP NPs, as the composite
electrocatalyst exhibited high stability, showing a

focusing conditions). f Elemental mapping images of
CuzP@NPPC showing the uniform presence of C, N, O, P, and
Cu. Reproduced with permission (Wang et al. 2017). Copyright
2017, Wiley-VCH
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Fig.2 a LSV curves of various samples for HER in 0.5 m H,SO4
(inset: the error bar of HER activities for Cu;P@NPPC catalysts)

and b the corresponding Tafel curves. ¢ Nyquist plots of the
Cuz;P@NPPC and bulk CusP samples at —0.2 V over the

0 50

current density loss of just 7% during a chronoamp
erometry measurement of 11 h, and no detectable chang-
es in composition and structure.

Zhang et al. synthesized 2D layered NiOsPCsHs.H,O
and NiO3;PCH3.H,O compounds and used them as
single-source precursors for fabricating nickel phosphide
nanoparticles covered with thin carbon films (Zhang
et al. 2017c¢). Calcination of the hybrid materials under
H,(5%)/Ar atmosphere at temperatures of 450, 500, and
550-700 °C, produced respectively Ni;,Ps, mixed
Ni;»Ps/Ni,P, and Ni,P NPs with sizes of 1545 nm and
coated with carbon (Fig. 3). Nickel phosphide phases
were also produced by calcination under pure argon.
Thermogravimetric analysis coupled with mass spec-
trometry revealed the formation of H,, H,O, P, and
Cg¢Hs during the calcination of the metal phosphonate
under Ar. It was proposed that the H, produced in situ
reacted with the PO3 groups of the material to form H,O
and P,, and the latter subsequently reacted with the metal

05 00 05 10 15 20
Log (j ( mA/cm?))

0- 15
—_ "§1o~
N .20 |
E _é : ~93%
O —
2 401 o
E N ‘ 4Timg(h) =
—601 -1 st

1 - h

0] 3000t

08 -06 -04 -02 0.0
Potential (V vs. RHE)

frequency range from 100,000 to 1 Hz. d HER stability tests of
the Cu;P@NPPC-650 catalyst. Reproduced with permission
(Wang et al. 2017). Copyright 2017, Wiley-VCH

to generate the metal phosphide. The Ni,P NPs, deposit-
ed on a GC electrode, efficiently catalyzed the HER in
0.5 M H,SO, solution, with an overpotential at j=
10 mA cm 2 of 87 mV and Tafel slope of 64 mV dec '
(Fig. 4). Potential cycling and long-term electrolysis
measurements of the NiP electrocatalyst showed small
losses of activity after 1000 cycles or 11 h of electrolysis
at j=10 mA cm > (Fig. 4), compared to those reported
for other Ni,P nanostructured catalysts, owing to the
protective effect of the thin carbon shell surrounding
the NPs that partly hinders the dissolution of the Ni
phosphide in the acidic electrolyte.

Metal phosphonates as precursors for OER
electrocatalysts

In 2011, Shevchenko et al. (Shevchenko et al. 2011)
observed the formation in situ of a cobalt-based water

@ Springer



146 Page 8 of 18

J Nanopart Res (2018) 20: 146

o

Fig.3 TEM images of a nickel phenylphosphonate and b Ni;,Ps-
Ph, ¢, d Ni;,P5-Ni,P-Ph, and e, f Ni,P-Ph synthesized by thermal
treatment of nickel phenylphosphonate under H,(5%)/Ar at 450,
500, and 550 °C, respectively. The insets in (b), (¢), and (e) show

oxidation catalyst from a Co(Il)-methylened
iphosphonate (M2P) precursor in phosphate buffer so-
lution at pH =7 under visible light illumination. The
cobalt material particles (with a radius of 10-60 nm)
catalyzed the water splitting driven by visible light,
using [Ru(bpy)s]** (bpy =2.2"-bipyridine) as a photo-
sensitizer and persulfate (S,04%7) as an electron accep-
tor. The nanoparticles could catalyze the production of
~20 O, molecules per cobalt atom at a rate of ~0.2 mol
0, s ! (mol Co)™". No electrochemical tests were per-
formed on this catalyst. The structure of the material
formed in situ was subsequently determined in a later
study by X-ray absorption spectroscopy (XAS) mea-
surements at the Co K-edge, Co L-edge, and O K-edge
(Risch et al. 2012). The XAS Co K-edge data revealed
that the active catalyst is a cobalt (III) oxide core with a
structure similar to that of electrodeposited cobalt cata-
lysts. In those structures, CoOg octahedra form a layered
cobalt oxide through edge-sharing (di-p-oxo bridging).
XAS measurements at the Co L-edge and O K-edge

@ Springer
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permission (Zhang et al. 2017c). Copyright 2017, American
Chemical Society

provided information regarding the binding of the
methylenediphosphonate ligand. The data suggested
that the M2P ligand is coordinated to the Co ions at
the edge of the cobalt oxide nanoparticles obtained by
light-oxidation of the Co/M2P precursor. The phospho-
nate ligands could be used to link a photosensitizer
directly to the active cobalt oxide catalyst and utilize
the solar energy directly for fuel production.

Liu et al. (2013) first reported the OER activity of a
series of layered Co(Il) phosphonates in 2013 (Table 1).
Four isostructural compounds were prepared by hydro-
thermal reaction of Co** jons with methylphosphonic acid,
ethylphosphonic acid, n-butylphosphonic acid or
phenylphosphonic acid. The Co phosphonates were de-
posited onto GC electrodes and their OER activity was
measured in 0.1 M phosphate buffer (pH=7). All the
catalysts showed similar OER activity in phosphate buffer,
likely due to their conversion into a CoOy catalyst caused
by their instability under the measurement conditions,
although no characterization of the materials after
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electrocatalysis was performed. The OER performance of
the four phosphonates was subsequently tested in a water-
saturated ionic liquid [BMIM][PF6], which was expected
to provide a more stable environment for the catalysts.
Differences in the catalytic activity were observed for the
Co phosphonates with different ligands. The activity de-
creased in the sequence methyl>ethyl>n-butyl>phenyl,
which could be a consequence of the different intrinsic
activity of the catalysts, and/or the different rates of their
conversion into CoOy catalysts (Table 1).

The effect of the porosity and surface area of cobalt
phosphonates on the OER was recently investigated
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Variation of the overpotential as a function of time for Ni,P-Me,
measured at a constant cathodic current density of 10 mA cm 2.
Reproduced with permission (Zhang et al. 2017c). Copyright
2017, American Chemical Society

(Saha et al. 2017). Cobalt phosphonates with different
amounts of narrow micro/mesopores were synthesized
from CoCl,.6H,O and nitrilotris(methylene)tr
iphosphonic acid (NMPA) using triblock copolymer
F127 as surfactant and polyvinyl alcohol (PVA) as co-
surfactant. After extraction of the surfactants, amor-
phous Co phosphonates consisting of agglomerated
spheres were obtained. The spheres contained hollow
cores with size 2060 nm and narrow micro/mesopores
(1.5-5 nm) on the walls. The amount of narrow micro/
mesoporosity and the surface area increased from 61 to
76 m*> g ' with the increase of the PVA wt.% in the
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reaction mixture from 0 to 15, respectively. The electro-
catalytic OER activity of the hybrid materials deposited
on a GC substrate was measured in 1 m NaOH. The
overpotential at a current density of 10 mA cm 2 de-
creased from 446 to 380 mV, and the Tafel slope de-
creased from 79 to 67 mV dec ' with increasing the
amount of micro/mesoporosity and the surface area. The
trend resulted from the increase in the amount of cata-
lytic active sites contacting with the electrolyte as the
surface area of the catalyst increased. Characterization
of the material after 10 min of electrocatalysis revealed
that the Co phosphonates acted as precatalysts for cobalt
oxyhydroxides formed in situ in the alkaline solution.
Interestingly, despite the phosphonate ligands being

completely leached from the electrode film, the mor-
phology of the initial phosphonate material was main-
tained on the oxyhydroxide, which lead to the different
activities observed. Therefore, the phosphonate acted
also as an in situ template for the morphology of the
catalyst.

Layered mixed NiFe-phenylphosphonates were used
as in situ precursors for NiFe hydroxide OER
electrocatalysts in basic solution (Zhang et al. 2017b).
The metal phosphonates act as in situ templates of small
(5-25 nm) and very thin (3 to 10 nm) NiFe hydroxide
nanosheets (Fig. 5). The Ni/Fe ratio could be easily
controlled in the phosphonate precatalyst and an opti-
mum catalytic activity was achieved for a Fe atomic

Fig. 5 TEM images of the NiFel6 catalyst after 50 potential
cycles (NiFel6-50CV) in 1 M KOH in the potential window of
0-0.7 V versus Ag/AgCl (the interlayer distance in the hydroxide
is 0.75 nm). The SAED pattern (inset in (a)) shows diffraction

@ Springer

rings indexed to the (012), (015), and (110) of the hydroxide.
Reproduced with permission (Zhang et al. 2017b). Copyright
2017, Wiley-VCH
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content of 16%. This material exhibited an overpotential
at j=10 mA cm 2 of 240 mV, and a Tafel slope of
40 mV dec !, outperforming NiFe oxide and NiFe hy-
droxide catalysts used as reference (Fig. 6). In addition,
the catalyst formed in situ has high long-term stability,
being able to performing electrolysis at 10 mA ¢cm 2 for
160 h continuous with little change in the overpotential
(Fig. 6). The NiFe phenylphosphonates are composed of
inorganic layers of distorted corner-shared NiOg and
FeOg4 octahedra, which are transformed into edge-
shared octahedra in the hydroxide. XAS measurements
suggested that the local structure of the metals is not able
to relax completely during the conversion of the phos-
phonate into the hydroxide, and consequently the

geometry of the metal sites in the hydroxide deviates
from the regular octahedral geometry. In other words,
the metal phosphonate seems to act as a template for the
local structure of the metal sites (Fig. 7). The efficient
performance of the catalyst was attributed to the synergy
between Ni and Fe, and to the presence of distorted
metal sites that further promote water oxidation.

Zhou et al. (Zhou et al. 2015) exploited the versatile
phosphonate chemistry to synthesize a cobalt-based wa-
ter oxidation catalyst with structural features mimicking
those of the MnyCaOs cluster in photosystem II, which
is responsible for biocatalytic water oxidation. This
cluster adopts a distorted coordination chemistry with
octahedra linked through di-p-oxo (edge-shared) or
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Fig. 6 a LSV curves of NiFe0, NiFel6, and NiFel00 measured in
1 M KOH (scan rate: 10 mV sfl); b comparison of the
overpotentials at jyeom =10 mA cm 2 of the NiFex catalysts as a
function of the Fe at%; ¢ variation of the overpotential at jyeom =
10 mA cm 2 with time for NiFel6; d comparison of the

overpotentials at joeom = 10 mA cm 2 of NiFe0, NiFel6, Ni(OH),,
NiFe-LDH, NiFeOx(16), and NiFeOx(52) catalysts. Reproduced
with permission (Zhang et al. 2017b). Copyright 2017, Wiley-
VCH
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NiFe phenylphosphonate

NiFe hydroxide

Fig. 7 Transformation of the NiFe-phenylphosphonate catalyst into the hydroxide. Reproduced with permission (Zhang et al. 2017b).

Copyright 2017, Wiley-VCH

mono-p-oxo (corner-shared) bridges. The layered co-
balt phosphonate, Co3;(0O;PCH,—NC4H,—CO,),.4H,0
(1) contains edge-sharing (di-p-oxo bridging) and cor-
ner sharing (mono-p-oxo bridging) CoOg octahedra.
The asymmetric unit of this compound contains three
Co(II) ions octahedrically coordinated. Both Col
(CoOsN) and Co2 (CoOsN) are octahedrally coordinat-
ed by three phosphonate oxygen atoms, one carboxylate
oxygen atom from three organic ligands, one nitrogen
atom from one organic ligand as well as one aqua
ligand. Co3 (CoOg) is octahedrally coordinated by three
phosphonate oxygen atoms and one carboxylate oxygen
atom from four organic ligands as well as two aqua
ligands (Fig. 8). Pairs of di-p-oxo bridged CoOg and
CoOsN cobalt octahedra are linked via corner-sharing
oxygen atom (O5) into Co—O chains consisting of a
cubane-like Co4O5 unit along the c-axis. All the cobalt
atoms have a distorted octahedral coordination
geometry.

Three additional layered cobalt phosphonates were
investigated for comparison: (i) Co3(O;PCH,~NC4H—

@ Springer

CO0,),.5H,0 (2) displays similar structural motifs as (1),
although slightly less distorted Co coordination geome-
try; (i) Co3(0,C-CH,CH,-PO3),.6H,O (3) contains
di-p-oxo bridging CoOg octahedra; (iii) and compound
Co(O5PC¢Hs).H,O (4) contains corner-shared CoOgq
octahedra (Fig. 9).

The photocatalytic water oxidation activity of the
phosphonates under visible light illumination was eval-
uated in sodium borate solution (pH=9), using
[Ru(bpy);]Cl, as the photosensitizer, and Na,S,0g as
the sacrificial oxidant. The O, evolution rate and O,
yield increased in the sequence 1 ~2 >3 > 4. Compound
(1) also performed better than a Co3z04 catalyst.
Characterization of the material after the photocatalytic
reaction by XRD, IR, XPS and HRTEM indicated no
changes in the phosphonate structure. The electrochem-
ical OER performance of the phosphonates on a GC
substrate was evaluated by CVand LSV in 0.1 M phos-
phate buffer (pH 7) (Table 1). The overpotential of the
phosphonate compounds follow the same trend ob-
served for the photocatalytic water oxidation.
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Fig. 8 Ball and stick view
highlighting the connectivity of
the pairs of cobalt octahedra for 1.
Co,0, P, andN are shown as cyan,
red, magenta, blue, respectively
(Where, S-H3L = H203PCH2—
NC4H7—CO,H). Reproduced
with permission (Zhou et al.
2015). Copyright 2015, Royal
Society of Chemistry
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Correlation of the catalytic performances with the well-
defined crystal structures of the phosphonates suggests
that the presence of extensive di-p-oxo bridged and
mono-p-bridged cobalt octahedral leads to higher activ-
ity, and that the compound with the more distorted Co
coordination environment displays higher catalytic
activity.

Cobalt phosphate OER electrocatalysts were pro-
duced by calcination of a layered cobalt phosphonate
(Zhou et al. 2017). The precursor was prepared by
hydrothermal reaction of Co(NOj3),.6H,O with
(4-[(Phosphonomethylamino)-methyl]benzoic acid) at
140 °C for 72 h, and subsequently calcined under N,
at 400 °C for 2 h followed by 2 h at 800 °C. The

resultant material (H3LCoCN800) consists of ca. 5 nm
Co phosphate NPs surrounded by N-doped carbon
(Fig. 10). EXAFS analysis revealed that the catalyst
contains monoclinic cobalt diphosphate Co,P,07 (ca.
31 wt.%) and Co3(POy,), (ca. 64 wt%) in aratio 1:2. This
catalyst generated a current density of 10 mA cm 2 at an
overpotential of 260 mV on a GC substrate in 1 M KOH,
and was more active than a similar catalyst containing a
higher percentage of Co3(PO,4), (ca. 86 wt%) that was
prepared by calcination at 700 °C (Fig. 11). The higher
activity was associated with a higher content of
Co,P,07, which was correlated with the structural char-
acteristics of the Co,P,0; and Co3(PO,),. The cobalt
atoms in Co,P,05 display a more distorted coordination

Fig. 9 Polyhedral models of
corner- and edge-sharing
octahedral cobalt in 1-4. All
metal centers are octahedrally
coordinated. Co, O, P, and N are
shown as cyan, red, magenta,
blue, respectively. Reproduced
with permission (Zhou et al.
2015). Copyright 2015, Royal
Society of Chemistry
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Fig. 10 Characterization of H3LCoCN800. a TEM image. b
HRTEM image (Inset: an individual nanoparticle). ¢ XRD pat-
terns. d Raman spectrum. High-resolution XPS spectra of N 1 s

geometry, with longer Co-O and Co-Co distances, com-
pared to those in Co3(PO,),, which has been suggested
to favor water adsorption and lower the activation bar-
rier of O-O bond formation. TEM and XANES analysis
of the material after catalysis revealed the formation of a
thin amorphous film with thickness of ca. 1 nm on the
surface of the catalyst. The contribution of the doped
carbon surrounding the cobalt phosphate species to the
activity was evaluated by measuring the activity of N-
free catalyst. The N-free catalyst displayed the identical
OER onset potential and overpotential at j=

10 mA cm 2 as the N-containing catalyst, but the latter
exhibited higher current density at an overpotential of
300 mV.

Conclusion and outlook

Metal phosphonates are a family of coordination poly-
mers in which metals are coordinated to
organophosphonate ligands. Phosphonate ligands form
relatively strong bonds with most metals and generally,
simple monophosphonates tend to produce layered

@ Springer
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structures. Nevertheless, several strategies have been
developed over the last decades for producing porous
compounds. In comparison with other hybrid materials,
metal phosphonates have high thermal and chemical
stabilities, finding application in many fields including
catalysis, adsorption, gas storage, biotechnology, and
sensing. Recently, they have shown promise for energy
storage and conversion.

Herein, we have reviewed the utilization of metal
phosphonates as precursors for HER and OER
electrocatalysts. Phosphonates are valuable precursors
for metal phosphide HER electrocatalysts, allowing the
synthesis of phosphides through calcination procedures
under inert atmosphere, in certain conditions even with-
out the need of further phosphorous sources or
phosphorization steps. Ni;,Ps, Ni,P, Co,P/CoP nano-
particles coated with thin carbon films have been syn-
thesized by calcination of layered phenylphosphonates,
whereas CoP or CuzP NPs loaded on porous P,N-
codoped carbon networks have been fabricated from
phosphonate-based MOFs with an additional N-
containing ligand. These strategies have led to active
metal phosphide electrocatalysts for the HER in acidic
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Fig. 11 a IR-corrected LSV curves of H3LCoCN800, metal-free
H3LCNB8O00, Ir/C, and Co,P,05 on glassy carbon (GC) electrode at
a scan rate of 5 mV s '. b IR-corrected LSV curves of
H3LCoCNX obtained at different pyrolysis temperatures at a scan

rate of 5 mV s '. ¢ The relationship between the amount of

media, as well as to catalysts more resistant against
dissolution at low pH owing to the protective effect of
the carbon coatings.

Metal phosphonates have also been successfully ex-
plored as ex situ and in situ precursors for OER
electrocatalysts, or utilized directly as water oxidation
catalysts. A highly active cobalt phosphate NPs/N-
doped carbon nanocomposite has been synthesized by
calcination of a layered cobalt phosphonate. Layered
and porous metal phosphonates act as in situ precursors
for oxyhydroxides OER catalysts in alkaline medium.
They seem to act also as in situ templates for the mor-
phology of the active catalyst and possibly also for the
local structure of the metal active sites, although further
work is required to understand and explore these as-
pects. A series of layered cobalt phosphonates with
well-defined crystal structures were investigated as
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Co,P,0; and OER activity in terms of overpotential at
10 mA cm 2 d Tafel slope of H3LCoCNX. All tests were per-
formed in 1.0 M KOH media. Loading: 0.41 mg/cm?. Reproduced
with permission (Zhou et al. 2017). Copyright 2017, American
Chemical Society

water oxidation catalysts, allowing to establish correla-
tions between the activity observed and specific struc-
tural features of the materials. These types of studies
provide valuable information for the future design of
water oxidation catalysts.

Until now, research has been centered mainly on
single metal phosphonates, mostly on cobalt
phosphonates, and on a limited number of ligands.
Future work on the use of phosphonates as precursors
for phosphides, phosphates, and in situ precursors
should extend the range of metals, and also combina-
tions of metals for exploring synergies. The influence of
the morphology, metal local structures, and surface area
of the metal phosphonates acting as in situ precursors/
templates on the activity needs to be further investigat-
ed. The high chemical stability and low solubilities of
phosphonates containing high valence metals are

@ Springer
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attractive characteristics for designing hybrid phospho-
nate compounds that are the active catalyst. This is
however very challenging, as the materials need to
combine stability with very active catalytic sites and
appropriate electroconductivity.
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