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Novel and known low-valent transition metal phosphates (TMPs) are
accessible via a novel and facile pathway. The method allows
syntheses of TMPs also with reduced oxidation states. The key feature
of the new route is the reductive character of a hypophosphite salt
melt, which acts as reaction medium and enables directing the
oxidation state of the transition metal.

The number of compounds belonging to the class of transition
metal phosphates (TMPs) has constantly been growing for
decades due to persistent interest in their use as functional
materials. Extensively investigated and applied in research and
industry, TMP materials contribute to numerous present and
future key technologies. Based on unique structural features,
TMPs play an important role for clean and efficient power
generation and energy storage in the 21° century. Rechargeable
lithium-ion batteries apply TMPs as cathode materials. Espe-
cially lithium iron phosphate (LiFePO,) is commercially
utilized, combining high power capability and reversibility with
environmental sustainability and low costs.' In next genera-
tion fuel cell technology, metal pyrophosphates (MP,0,, M = Tij,
Zr, ...) serve as proton conducting membrane materials, due to
numerous structure-based proton bonding sites and transport
pathways.® In line with their high density of Brensted acid sites,
proton conducting TMPs are also serving as effective ion-
exchangers.” In the context of heterogeneous catalysis, TMPs
are widely used materials for thermo-, electro- and photo-
catalytic applications due to their unique combination of redox
and/or acidic properties. Among the class of TMP catalysts, the
vanadyl pyrophosphate (VO),(P,0O,) is a prominent example,
representing one of the most extensively studied catalysts in
chemistry and the only commercially applied material for the
conversion of butane to maleic anhydride.*** With respect to
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renewable energy storage via water splitting, using cobalt or
nickel phosphates or mixed cobalt-nickel phosphate (NiPO) for
the oxygen evolution reaction presents an interesting alterna-
tive to classical catalysts for electrochemical water splitting.*>*
The wide range of applications is complemented by the field of
nonlinear optics (NLO), where TMP materials are prepared via
crystallization from high-temperature melts of phosphate salts
and used for the production of coherent deep-UV light with
wavelengths below 200 nm.*

Synthetic phosphate salts are known for most transition
metals. Considering the number of metal cations and the
structural variety of condensed phosphate units, the sheer
quantity of different phases is staggering. The variety of
compounds formed by the class of TMP materials is primarily
limited by the intrinsic chemical nature of the elementary ionic
building units. However, it can be also restricted by availability
of precursors and preparation methods. In literature, versatile
preparation methods, such as hydrothermal procedures, molten
salt processes, or simple precipitation, are established for the
synthesis of highly crystalline bulk TMPs. Application of TMPs as
functional materials often requires quite sophisticated prepa-
ration methods though. Structure directing techniques are used
to optimize the performance of the materials, porosity is
generated via nanocasting strategies, thin films are formed via
gas phase deposition, and nanoparticles are synthesized by
electrochemical approaches.’>*** No matter what kind of tech-
nique is used or what kind of application is envisaged, all
methods have in common the use of phosphate-based precursor
compounds, very different to the method presented here. In
contrast to conventional syntheses, in our route a hypophosphite
salt acts as precursor in combination with metal oxides. While
the molten hypophosphite salt serves concurrently as reaction
medium and phosphate precursor, the metal oxide provides the
transition metal cation under reductive conditions. Due to the
reducing character of the hypophosphite melt, the transition
metal gets reduced during the TMP formation.

The molten salt method is thus a simple and versatile
approach, which can be used for the synthesis of known and
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novel first row transition metal phosphates with low oxidation
states at moderate temperatures (300-500 °C). This approach
was tested for a series of first row transition metals (Ti, V, Cr,
Mn, Fe) under low (300 °C) and high (500 °C) temperature
conditions. The results, listed in Table 1, indicate that low
temperature conditions tend to form ammonium TMPs, while
higher temperatures lead to the formation of ammonium-free
TMPs with condensed metaphosphate structures. In almost
all cases, the reaction was accompanied by a reduction of the
transition metal.

In a typical reaction, a metal oxide powder, such as TiO,,
V,0s, Cr,03, MnO,, or Fe,03, is mixed with a surplus of hypo-
phosphite (NH,H,PO,) and heated briefly in a tube furnace
under inert gas flow. Then the melt is cooled down and washed
with water to yield the pure TMPs (Fig. S1 in ESIf). Detailed
synthesis parameters for a series of transition metal
compounds are reported in the ESI.§ The process window of the
method is determined by the temperature and time between the
melting point and the thermal decomposition of the hypo-
phosphite precursor (Fig. S21). The hypophosphite melt medi-
ates the reaction with the dispersed or dissolved metal oxides.

Due to the thermodynamic instability of the hypophosphite
anion, the disproportionation into phosphane gas and phos-
phates limits the reaction. The phosphane acts as spectator
under the presented reaction conditions. Excess phosphate
compounds, as formed on the crystal surfaces, can easily be
removed by washing with water. Formation of metal phos-
phides via reaction of phosphane and metal oxides, as often
described in literature, was not observed under the reaction
conditions used here.

A representative example is the reaction of titanium(iv) oxide
(P25) and ammonium hypophosphite, resulting in novel and
known crystalline titanium(ur) phosphate compounds. At 300 °C
an unknown crystalline ammonium titanium(m) phosphate
compound (NH,Ti(m)P,0), denoted as Ti(ui)p, is formed from
the melt as illustrated by the respective XRD pattern in Fig. 1a
and S3.f The product is a pyrophosphate as evidenced by
a characteristic band at 764 cm ™' in its Raman spectrum.
Increasing the reaction temperature to 500 °C yields a known
titanium(m) trimetaphosphate, Ti(POs); (Fig. 1c). In this struc-
ture the isolated TiOs octahedra are linked through infinite
chains of PO, tetrahedra.*®

The formation of a melt by using an excess of hypophosphite
is indispensable for complete conversion of the TiO, and high

Table 1 TMP product phases and oxidation states (o. s.) for the
reductive phosphatization of first-row transition metal oxides with
ammonium hypophosphite at 300 °C and 500 °C

Precursor Product (300 °C) Product (500 °C)
TM oxide 0.8 TMP 0.8 TMP 0.8
TiO, 4+ Ti(m)p 3+ Ti(PO;); 3+
V,05 5+ V(PO5); 3+ V(PO3); 3+
Cr,0; 3+ Cr(NH,HP,0,, 3+ Cry(PO1y) 3+
MnO, 4+ — — Mn,(P,04,) 2+
Fe, 05 3+ Fe(u)p 2+ Fe,(P4012) 2+
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Fig.1 XRD patterns of two novel titanium phosphate phases (a) Ti()p,
(b) Ti(iv)p and (c) Ti(POs3)3 synthesized via reductive phosphatization of
(d) TiO, (P25) in a melt of ammonium hypophosphite. Red lines indi-
cate the main reflections of rutile and anatase phases of the TiO, (P25)
precursor. Images on the right illustrate the colors of the novel and
known product phases.

crystallinity of the product. Syntheses of Ti(POs); with
increasing weight ratios of hypophosphite precursor result in
different phase compositions as documented by the XRD
patterns in Fig. 2. Lower ratios of the hypophosphite precursor
(1/1-1/2) are apparently not sufficient to convert the TiO,
quantitatively. However, also these conditions cause partial
reduction and the formation of stable titanium(u) oxide species
on the surfaces of the titania particles as indicated by the
characteristic black coloration and confirmed by XPS spectra
(Fig. 3d). Unknown intermediate phases are formed by
increasing hypophosphite ratios (1/3-1/5 in Fig. 2) before phase
pure Ti(POj3); is obtained from the melt (ratio =1/6 in Fig. 2).
In a proposed redox reaction mechanism, the precursors can
be considered as oxygen donor and acceptor pairs. While the
hypophosphite acts as oxygen acceptor to form stable phos-
phate compounds, the metal oxide donates oxygen atoms under
reductive conditions. Provided that sufficient hypophosphite is
available, all oxygen of the metal oxide will be consumed and
the reduced cations are free to form crystalline TMP phases.
Reports on low-valent titanium(m) phosphates are rather rare in
literature, likely due to their strong tendency to oxidize in air.*®
XPS spectra show the presence of two different titanium species
on the crystal surfaces of Ti(um)p and Ti(PO;); as shown in Fig. 3a
and b. They can be attributed to Ti(m) and Ti(iv) indicating that
the Ti(v) species exist on the crystal surface in both compounds,
likely as the result of oxidation of Ti(um) on the surface by

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 XRD patterns obtained by reductive phosphatization of TiO,
(P25) with increasing (NH4)H,PO, weight ratios from 1/1 up to 1/10
(green arrow) at 500 °C in argon. Red lines indicate the main reflec-
tions of rutile and anatase phases of the TiO, (P25) precursor. Images
on the right illustrate the different colors of reduced products.
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Fig. 3 XPS spectra of (a) Ti(m)p, (b) Ti(PO3)s, (c) Ti(v)p and (d) reduc-
tively phosphated Ti(i/iv) oxide synthesized from a mixture of TiO, and
NH4H>PO, with a weight ratio of 1/2.

ambient air. XPS analysis probes surface-near regions of the
particles, thus, the Ti(iv) signal is caused by surface species.
Crystalline Ti(PO3); is known to be a pure Ti(u) compound.*
The bulk of the novel Ti(m)p compound offers a good
thermal and chemical stability as indicated by XRD data. It is
longtime-stable in acidic aqueous solution even at elevated
temperature (H;PO,, pH = 1, 80 °C, 72 h) and also thermally
stable in ambient air up to 250 °C. At higher temperature in air,
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the material undergoes a phase transformation to a known
titanium(v) pyrophosphate (TiP,O,). Under non-oxidative
conditions, thermal treatment of Ti(m)p yields another novel
crystalline Ti(iv) phosphate (Ti(iv)P,O,), denoted as Ti(iv)p,
showing exclusively Ti(wv) species (Fig. 3c). TG/DSC-MS (Fig. S4
and S5t) reveals that the phase transformation is accompanied
by release of ammonia, hydrogen, and water. The XRD pattern
of the novel Ti(iv)p is presented in Fig. 1b and S6.1 Reproduc-
ibility and purity of the novel crystalline diamagnetic Ti(iv)p
compound was confirmed by *'P MAS NMR spectra (Fig. S77)
showing no additional crystalline phase or any amorphous
phase in the product (see ESI,T for details). SEM images show
a homogenous distribution of micrometer sized crystals for
pristine Ti(m)p and Ti(v)p (Fig. S8%).

Overall, the conversion of TiO, with ammonium hypo-
phosphite offers reaction pathways to several known titanium
phosphate compounds as well as two novel phases as sketched
in Fig. 4. As representative example, the reductive phosphati-
zation of Ti(v) to Ti(m) shows the reductive feature and vari-
ability of the hypophosphite route.

Formation of low-valent TMPs, as reported here for the
titanium compounds, is observed also for other transition
metal compounds. Via identical synthesis procedures V(POs)s,
Cr(NH4)HP304¢, Cr,(PsO;5), Mn,(P,05,), Fe(u)p (new phase),
and Fe,(P,0,,) were readily obtained (see ESL, for details). In
literature, low oxidation states of TMPs are generally reported to
be accessible by using metal powders or low-valent metal
compounds as precursors. In comparison, the new route offers
the possibility to direct the oxidation state of the transition
metal via the hypophosphite, which results in quite moderate
reaction conditions.

In summary, first-row transition metal oxides are converted
in a hypophosphite melt to crystalline metal phosphates. The

reductive
phosphatization:
TiO, + (NH4)H,PO,

500 °C, Ar

300 °C, Ar

Ti(lp

1250 °C, Air

Ti(V)p

Ti(l)(PO3)s

250 °C, Air novel phases!

known phases!

Ti(IV)P,0;

Fig. 4 Reaction pathways for the preparation of novel and known
titanium phosphate phases accessible by reductive phosphatization of
TiO5 in a melt of ammonium hypophosphite.
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facile method operates at moderate temperatures (300-500 °C)
and offers access to a number of novel, known and, very
specifically, low-valent TMPs. The reducing feature of the
hypophosphite precursor is exemplified by the reaction with
TiO, resulting in a number of known and novel Ti(ur) and Ti(1v)
phosphates. Reaction of the hypophosphite with other transi-
tion metal oxides (Cr, V, Mn, Fe) revealed comparable results,
i.e., formation of transition metal phosphates with reduced and
stabilized oxidation states of the metal cation. Overall, the
synthesis of transition metal phosphates via a hypophosphite
melt provides a highly versatile route towards products with
rich structural and compositional variety for a class of materials
that is key for various future technologies, including energy
storage, power generation, catalysis and optical applications.
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