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ABSTRACT: We introduce a new synthetic concept that can be
broadly adopted for the low-temperature preparation of mixed-
metal energy storage materials, such as phosphates, silicates,
fluorides, fluorophosphates, and fluorosulfates that exhibit intrinsic
low electronic conductivity and thus require a carbon modulation.
The development of novel low-temperature approaches for
assembling energy-related materials with a complex core—shell
microstructure is of great importance for expanding their
application scope. The traditional definition of single-source
precursors refers to their ability to yield a phase-pure material
upon thermal decomposition. We have developed a new way for
the utilization of heterometallic molecular precursors in synthesis
that goes beyond its common delineation as a single-phase maker.
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The utility of this approach has been demonstrated upon the low-temperature synthesis of lithium-iron phosphate@C, which
represents a celebrated cathode material for Li-ion batteries. The first atomically precise carbonaceous molecular precursors featuring
a desired Li:Fe:P ratio of 1:1:1, divalent iron, and sufficient oxygen content for the target LiFe"PO4 phosphate were shown to enable
a spontaneous formation of both the olivine core and conductive carbon shell, yielding a carbon-coated mixed-metal phosphate.

B INTRODUCTION

Mixed-metal phosphates are known to be widely used as
supercapacitors,” biofunctional materials,® cements,” electro-
lytes,” photocatalysts,” and dehydrogenation reagent56 with
high performance and low costs. However, the most important
application of this class of compounds is cathode materials for
rechargeable batteries.” The discovery of LiFePO, (LFP) has
turned into an inspiring breakthrough in the exploration of
electrochemically active materials for lithium-ion batteries
(LIBs).* """ Being one of the most successfully commercialized
LIB positive electrodes (cathodes), the olivine-type LiFePO,
not only offers outstanding electrochemical properties but also
highlights a large group of prospective mixed-metal phosphates
with polyanion frameworks such as LiFe,sMng,(PO),,"
NaFePO,,"* Li,V,(PO,),;,"* Na,V,(PO,);"" and Li,FeP,0,'
that allow for reversible Li(Na) ion (de)insertion while
employing the abundant and ecologically friendly 3d transition
metals.'”~"”

Materials that feature relatively complex chemical composi-
tions commonly demand suitable or even specifically designed
synthetic strategies to achieve expected compositional or
morphological quality products. As for the mixed-metal
phosphates, traditional preparation methods such as those of
sol—gel, co-precipitation, hydrothermal, or solid-state synthesis
have been broadly utilized.”~** While multi-source precursors
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(MSPs) have been extensively employed for the synthesis of
these materials,”* there are only a few reports on the utilization
of single-source precursors (SSP). Phosphorylated ligands such
as 1-hydroxy ethylidene-1,1-diphosphonate (HEDP),” hydro-
genphosphate,”® amino tris-(methylene phosphonate)
(ATMP),”” and phytic acid (PhyA)*® have been explored
while typically assisted by additional anionic groups (hydroxide
and oxalate). Unfortunately, in all of these reports, the crystal
structure and molecular nature of the precursor were not
established with the proposed schematic models being highly
questionable. The correct ratio of Li:M:P for the target
material has not been confirmed, while clearly appearing wrong
in some cases. Some of the methods require complicated
synthetic procedures that certainly limit large-scale prepara-
tion.”””® In addition, the presence of trivalent iron in some of
the precursors requires an extra pyrolytic reduction process (or
co-ligand assistance)” that is unsafe when performed on a
large scale. High decomposition temperatures (=700 °C) to
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get the phase-pure phosphates upon calcination are somewhat
contradictory with the advertised “soft chemistry” synthetic
approach. Despite the above deficiencies, all these works
clearly demonstrate the advantages of the SSP technique in the
formation of phosphate cathode materials for high-power
battery applications.

The most important advantages of mixed-metal phosphates
as cathodes are their superior electrochemical reversibility and
high operational safety, which derive from their intrinsically
stable olivine structure.’ Ironically, this same structure is also
responsible for the low electronic conductivity due to the
strong O sp~M 3d (M = transition metal) hybridization
rendering compounds as Mott insulators.”” The most effective
way to address this issue is to employ a conductive carbon
coating, which has been shown to greatly improve the specific
capacity, cyclability, and rate performance of the Li/Na
transition-metal phosphates.”'

A number of methods have been suggested for the
preparation of carbon-coated phosphate cathode materials.'”*"
Most of those are ex situ coating techniques that involve the
thermal decomposition of organic precursors added to pre-
formed phosphates. In particular, all of the abovementioned
SSP reports were employing ex situ carbon sources (sucrose,
glucose, and carbon matrix).>>7>* In contrast, the in situ
coating approach refers to the carbon formation concomitant
with the preparation of metal phosphates by thermolysis of a
mixture of multiple precursors.””*® The carbon-coated
composites obtained by the in situ technique generally exhibit
superior electrochemical activity compared to those produced
by the ex situ pathway.’” This is primarily because the former
coating procedure is capable of generating a tight-bound
heterojunction interface between the carbon layer and material
surface, which promotes better electron transfer between the
two phases.*®

Single-source precursors have long been established as
“single-phase makers” by employing a molecule that incorpo-
rates all necessary elements in an appropriate ratio to yield the
target material through mild-condition thermolysis. Tradition-
ally, this approach specifically emphasizes the correct element
type and ratio in the molecular precursor to ensure the phase-
purity of the final product but overlooks its ability to
spontaneously produce the specific multi-phase architectures.

In this work, we took the SSP approach one step further,
namely, to design and isolate the first atomically precise
molecular precursors, which can be used as an “all-in-one”
entity in the preparation of composite mixed-metal phosphate/
C nanocrystalline architectures. The inspiration for this
research came from the investigation of Gedanken et al. who
utilized®~*' the decomposition of single-source precursors in
an inert atmosphere to fabricate a carbon shell for the
stabilized high-temperature metastable phases. The celebrated
Li—Fe phosphate material has been selected as a target to
illustrate the efficiency of our synthetic approach that can be
applied to a great variety of Li/Na transition-metal phosphate
materials. Herein, we present single-source precursors that bear
the following important characteristics: (i) they represent well-
defined and structurally characterized molecular compounds
that feature three key elements, namely, Li, Fe, and P, mixed at
the atomic level in a precise 1:1:1 ratio in order to ensure a
highly homogeneous chemical distribution upon thermal
decomposition; (ii) they contain divalent Fe as in the target
material so that no exogenous reducing agents are required
during the thermolysis; (iii) they have enough oxygen to form

the desired phosphate in anoxic decomposition conditions
needed to maintain the divalent oxidation state of iron; (iv)
they exhibit both high volatility and solubility in common
solvents to greatly expand the range of processing pathways,
such as MOCVD or liquid injection methods, in order to
obtain the carbon-coated composites in a variety of different
forms; (v) they are prepared through a simple, one-pot
synthesis using commercially/readily available reagents on a
large scale with high yields and low processing costs in order to
make it attractive for industrial applications; (vi) they yield
phase-pure LiFePO, upon record-low decomposition temper-
atures; (vii) they feature carbonaceous ligands that are capable
of in situ formation of carbon linkages between the LiFePO,
nanoparticles.

B RESULTS AND DISCUSSION

Design of Molecular Precursors. In order to design a
heterometallic molecular precursor with a Li:Fe':P ratio of
1:1:1, two major steps should be considered. First, one needs a
model structure with the same number of lithium and
transition metal ions. The latter should be divalent so that
no exogenous reducing agents will be required to assist upon
thermal decomposition of precursors. Despite an extensive
synthetic efforts, only two model structure types with Li:M" =
1:1 (M = 3d transition metal) are currently available. One of
those is polymeric chain [LiML;],, that consists of alternating
Li* and [M"L,]™ units (Scheme 1a).** This structure tolerates

Scheme 1. Model structure types with Li:M ratio of 1:1

ligands with only small substituents and is unlikely to
accommodate any phosphorylated anions with bulky groups.
In addition, all ligands are crystallographically equivalent
making no clear preference for a specific mixed-ligand
arrangement.

The other family of recently reported complexes, that is,
[Li,M",L¢] (Scheme 1b),”™*" instantly appeared as the
leading candidate. These compounds exhibit a cyclic
tetranuclear structure and incorporate two Li and two divalent
transition metal ions. The structure tolerates a number of
primarily chelating ligands such as tbaoac (tert-butyl
acetoacetate), dhd (2,2-dimethyl-hexanedionate), and ptac
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Scheme 2. Design of Heterometallic Tetranuclear Precursors with Li:Fe:P Ratio of 1:1:1
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(1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedionate) (Scheme 2a—
c) that all have a common feature: they are unsymmetric
(small/bulky). Importantly, there are two different types of
ligands in this structure: four of those are primarily chelating
transition-metal centers, while the other two coordinate with
Li ions. Homoleptic compounds of [Li,M",L] were found*>**
to be soluble in a variety of common solvents and highly
volatile and exhibit low decomposition temperatures as well as
clean decomposition patterns.

The second step is the selection of an appropriate
phosphorylated ligand that can be accommodated within the
molecular structure. Upon thorough examination of a number
of chelating/bridging ligands that contain a phosphorus atom,
we chose the DEPAM (diethyl (2-oxopropyl)phosphate;
Scheme 2d) group. This ligand is morphologically similar to
unsymmetric (small/bulky) ligands (Scheme 2a—c) that
support the tetranuclear molecular structure. The monoanionic
DEPAM group that contains four oxygens per phosphorus
atom bears a clear analogy with tbaocac (Scheme 2a) in
polynuclear compounds of the type [LM—M—-ML,] (M" =
Mg, Co, and Nj), "¢ showing the same chelating/chelating—
bridging coordination pattern for its two oxygens. What is even
more important, DEPAM is expected to be a more electron-
donating group compared to the ligands shown in Scheme 2a—
c. As such, it should be anticipated to preferentially chelate the
two Li centers, resulting in the Li,Fe,(DEPAM),L, (L =
tbaoac, dhd, and ptac) composition with a Li:Fe':P ratio of
1:1:1 (Scheme 2f—h) needed for the precursor. In addition,
the LiL (L = DEPAM, tbaoac, dhd, and ptac) salts that will be
employed for the synthesis of heterometallic precursors are
readily available.

Synthesis and Properties of Molecular Precursors.
The single-source precursor approach inevitably requires an
extra step in the preparation of the target material, which is the
synthesis of the precursor itself. Therefore, in order to be
competitive with other methods, the precursor synthesis
should be carried out through a very simple and efficient
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one-pot procedure that does not contribute significantly to the
cost of the final product.

Heterometallic, heteroleptic precursors Li,Fe,(DEPAM),L,
(L = tbaoac (1), dhd (2), and ptac (3)) have been prepared
via a one-step synthetic procedure by the interaction of
commercial anhydrous iron(II) chloride with a mixture of
readily available unsolvated lithium salts (eq 1). This reaction
can be run in solution on a large scale with a nearly
quantitative yield (see the Supporting Information for more
information). The final heterometallic complex can be
effectively separated from the LiCl byproduct based on
different solubilities in non-/weakly coordinating solvents
such as pentane or diethyl ether. Compounds 1—3 exhibit
good solubility in a variety of common solvents, such as
alcohols, acetone, diethyl ether, and pentane. In the solid state,
they are relatively stable in the open air for a reasonable period
of time but are very sensitive in solution, instantly turning into
dark red upon contact with moist air, which is indicative of the
formation of Fe®" species. The precursors 1—3 are volatile and
under dynamic vacuum (cold finger, 70 °C for 1 and 90 °C for
2 and 3) they can be quantitatively collected in the cold zone
of the container (see the Supporting Information for more
information). The visual signs of the thermal decomposition
can be clearly detected at approximately 100—110 °C in sealed,
evacuated glass ampules.

2FeCl, + 2Li(DEPAM) + 4LiL
— Li,Fe,(DEPAM), L, + 4LiCl (1)

Solid-State Structure of Molecular Precursors. X-ray
single-crystal structure analysis confirmed that molecular
precursors 1—3 exhibit a tetranuclear cyclic structure (Figure
1) with a divalent iron and Li:Fe:P ratio of 1:1:1. In all
structures, two DEPAM ligands are located on the Li ions,
while four tbaoac/dhd/ptac groups are chelating the Fe
centers. All unsymmetric ligands act in the same fashion by
providing their oxygens beneath the small methyl (trifluor-
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Figure 1. Solid-state structure of [Li,Fe",(DEPAM),(tbaoac),] (1).
Only Li, Fe, P, and O atoms are labeled. Hydrogen atoms are shown
as balls with arbitrary radius. A full view of the molecular structures of
1—4 and bond distances and angles can be found in Figures S5—S11
and Tables S7—S13.

omethyl) substituents for bridging interactions that hold the
heterometallic assembly together. On the other hand, the
ligand oxygens proximal to the bulky substituents (O‘Bu, ‘Buy,
and (OEt),) remain purely chelating (Figures S5—S10). It
should be noted that no complexes with different ligand ratios
or any isomers have been observed.

Interestingly, we were also able to involve the thd (2,2,6,6-
tetramethyl-3,5-heptanedionate; Scheme 2e) ligand into the
analogous structure of [Li,Fe,(DEPAM),(thd),] (4) (see the
Supporting Information for synthetic details). This symmetric
ligand with two bulky ‘Bu groups on both ends is known" to
act in a variety of coordination modes from pure chelating to
bis-bridging (Figure S11 and Table S13). The acquisition of
complex 4 clearly demonstrates the versatility of the model
heterocyclic system to accommodate a variety of ligands.
Inspection of the M—O distances in molecules 1—4 (Table 1)

Table 1. Averaged Metal—Oxygen Bond Distances (A) in
the Structures of Heterometallic Precursors 1—4 (the Full
List of Bond Distances and Angles Can Be Found in Tables
§7-S13)

L/M—O (A) Fe—0. Fe—0,," Fe—0Oy° Li-O
tbaoac (1)7 2.131 2.039 2.165 1.926
dhd (2) 2.055 2.054 2.226 1.907
ptac (3) 2.059 2.059 2.185 1.940
thd (4) 2.038 2.081 2.167 1.952

“c: chelating. beb: chelating—bridging. “b: bridging. “Monoclinic
polymorph.

confirms the similarities in their tetranuclear heterocyclic
arrangement while displaying subtle differences associated with
the ligand bulkiness as well as with molecular packing.

While four molecular precursors reported here feature
similar structures as well as divalent Fe, they demonstrate
different colors in solution (Figure 2a). Specifically, the
complex 1 appears as green-yellow, 2 as yellow, 3 as orange,
and 4 as deep violet. This could only be ascribed to the
different ligands chelating with the Fe sites, which affect the

metal—ligand transitions. Clearly, there is a trend that the
absorption peaks are red-shifted along the sequence of tbaoac—
thd—dhd—ptac groups (Figure 2a). Such an observation is well
aligned with the electron-donating strength of the four anionic
groups as the stronger electron-donating ligand should provide
a wider energy gap for the HOMO—LUMO transition. The
calculated HOMO—LUMO wavefunctions (Figure 2b) con-
firm the metal—ligand energy gap decreasing from 1 to 4 to 2
to 3. Unfortunately, despite numerous attempts, we were
unable to isolate the homoleptic complex [Li,Fe,(DEPAM);]
for the direct comparison of metal—ligand energy transitions.

Retention of the Heterometallic Structure in Solution
and in the Gas Phase. One of the goals in designing a single-
source precursor for lithium-iron phosphate was to make it
suitable for a variety of techniques, such as CVD or liquid
injection for the preparation of thin films and nanostructured
materials. The key precursor characteristic for such applica-
tions is the retention of its heterometallic core whether in
solution or in the gas phase. The 'H and "Li NMR spectra of
precursors in deuterated chloroform are silent (Figures S20
and S21), which suggests that the tetranuclear structure
containing high-spin Fe' ions remains intact. Dissociation of
the heterometallic molecule into homometallic units in
solutions of strongly coordinating solvents is accompanied by
the instant appearance of the "Li and "H NMR signals for the
lithium-containing fragments.

Mass spectrometric investigation of the solid samples
(Figure 3) unambiguously revealed the presence of the
heterometallic species upon evaporation of molecular
precursors 1—4 (Figures S16—S19 and Tables S14—S24).
For example, for compound 1, the [M-tbaoac]t* (M =
[Li,Fe,(DEPAM),(tbaoac),]; meas/calcd = 983.2878/
983.2876) and [M-DEPAM]* (meas/calcd = 977.2799/
977.2793) ions can be clearly identified in the positive mode
spectrum, showing excellent agreement with their respective
calculated isotope distribution patterns.

Thermal Decomposition of Molecular Precursors.
Molecular complexes 1—4 have been designed to act as
single-source precursors to yield LiFePO, upon thermal
decomposition. The use of suitable thermolysis conditions is
critical to obtain the target decomposition product. Primarily,
in order to keep the divalent Fe throughout the decomposition
process, a strict anaerobic atmosphere is required. Indeed, our
initial choice of air or oxygen environment to make LiFePO,
phosphate was quickly shown to be wrong, instantly resulting
in the oxidation of Fe’* and the appearance of the Fe,0;/
Li,Fe,(PO,); mixture in decomposition residues (Figure $22).
Therefore, after numerous adjustments, we turned to a
combination of an argon/vacuum atmosphere for pyrolysis.
Phase-pure LiFePO, can be obtained by the thermal
decomposition of single-source precursors 1 and 2 (Figures
$23—26 and S28 and Tables S25 and S26). Thermolysis of
complexes 3 and 4 resulted in an appearance of minor
impurities of Li;PO,, (Figures $29 and S30 and Tables $27 and
$28) no matter which conditions have been applied.

Out of four prospective single-source precursors,
[Li,Fe,(DEPAM),(tbaoac),] (1) exhibits the lowest decom-
position temperature of 280 °C to the target phosphate
(Figure S23 and S31—33). Increasing the annealing temper-
ature for precursor 1 leads to improved crystallinity of the
product (SI, Figures $24—26). The unique low-temperature
decomposition pattern of molecular precursor 1 could be
attributed to the employment of the tbaoac group, which is in
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Figure 2. (a) Absorption spectra and solution colors of molecular precursors 1, 4, 2, and 3 (from left to right). The electronic structures for the
molecular assembly [Li,Fe,(DEPAM),L,] are effectively influenced by the ligands (L) chelating with the Fe ions. (b) HOMO and LUMO orbitals
(top) and the molecular electrostatic potential (MEP) maps for the molecular precursors 1, 4, 2, and 3 (bottom).

line with our previous observations*’ of this ligand behavior. In
addition, the complex 1 is also advantageous with respect to
the preparation, volatility, and, especially, low cost. For
molecular precursor 1, the ligand contributions to the cost of
the target phosphate material are estimated as 2.4 and 0.8% for
DEPAM and tbaoac, respectively, which are miniscule
compared to those in 2—4 (Table 2). Most importantly, the
thermal decomposition of precursor 1 was found to result in
the appearance of the conductive carbon among the target
residue (Figure 4a). Therefore, further investigation has been
focused on the utilization of 1 as a single-source precursor for
the LiFePO,/C material.

Thermogravimetric (TGA) study of heterometallic precur-
sor 1 under Ar confirmed that the decomposition starts at
around 110 °C (Figure S34a). The isotherm curve measured
for the sample pre-heated at 200 °C under an argon
atmosphere for 2 h shows that the weight loss is largely over
at 280 °C after 6 h (Figure S34b). X-ray powder diffraction
analysis of decomposition residues revealed that single-source
precursor [Li,Fe,(DEPAM),(tbaoac),] (1) yields crystalline
phase-pure LiFePO, in the temperature range of 280—550 °C
under argon/vacuum conditions (Figure 4b). Thermolysis
below 280 °C as well as upon increasing the annealing
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temperature to 600 °C results in the appearance of
unidentified peaks in the decomposition residues (Figure S27).

The phase-pure material with the olivine-type Pnma
structure was verified for the 280—550 °C thermal
decomposition products according to the Rietveld refinement
(Figures S23—526) of X-ray powder diffraction patterns. The
unit cell volume of the residues obtained at higher temper-
atures is slightly lower than for the 280 °C pyrolysis product
(Table S25), indicating a growing particle size. High-angle
annular dark field scanning TEM (HAADF-STEM) images
confirm the coarsening of the LiFePO, particles up to 50—100
nm, whereas ED patterns and high-resolution transmission
electron microscopy (HRTEM) images reflect their high
crystallinity and intimate mixing with carbon, as shown by
compositional energy-dispersive X-ray (EDX) mapping in the
scanning TEM mode (Figure 4c). Quantitative EDX analysis
reveals a stoichiometric (1.01(2):0.99(2)) and highly homoge-
neous distribution of Fe and P (Figure 4d). The carbon
content in the samples of LiFePO,@C materials was found to
decrease upon increasing the decomposition temperature.
While it is relatively high in the 280 °C sample (approximately
20 wt %), it drops down to 9.8 and 5.5% for the S00 and 550
°C samples, respectively.
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Figure 3. Positive ion DART mass spectra of solid compounds 1—4. The isotope distribution patterns for the [M - L]* and [M - LP]* (M =
Li,Fe,(DEPAM),L,, L? = DEPAM, L = tbaoac, dhd, ptac, and thd) ions are shown in the insets.

Table 2. Properties of Heterometallic Precursors
[Li,Fe,(DEPAM),L,] (L = tbaoac (1), dhd (2), ptac (3),
and thd (4))

L
tbaoac

property (1) dhd (2) ptac (3) thd (4)
yield 96% 92% 93% 96%
volatility” 70 °C* 90 °C 90 °C 90 °C
decomposition (visual signs) 100 °C 110 °C 110 °C 110 °C
lowest temperature to yield 280 °C 500 °C 500 °C” 500 °C”

LiFePO,

ligand cost contribution (%) 0.8% 43.9%  253% 17.3%

“Dynamic vacuum conditions. bImpurities were detected. “To
produce 1 mole of LiFePO,.

The near-surface structure of the carbon coating on LiFePO,
was analyzed by Raman spectroscopy (Figure 4e) as carbon is
a relatively strong scatterer with two E,, modes.*® For pure
LiFePO, without any carbon coating, there are two character-
istic sharp bands at approximately 950 and 1095 cm™’,
corresponding to the symmetric A, (v,) and asymmetric (v;)
(PO,)*" stretching modes.”” When carbon is coating the
surface of LiFePO,, these two peaks are attenuated since much
of the laser beam is scattered by carbon. Two intense bands at
approximately 1348 and 1608 cm™ correspond to the Raman
scatterinog from the disordered (D) and graphite (G) carbon
phases.” The Raman spectrum of the LiFePO,@C obtained
after decomposition at 280 °C displays relatively strong
characteristic peaks for (PO,)*”, while both graphite and
disordered carbon stretches are weak (Figure S35), indicating
that, though the LiFePO, core has been formed at such a low
temperature, the incompletely decomposed organic residues
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are still present as carbohydrates. Starting with a 350 °C
sample, the (PO,)*" stretching peaks are obviously weakened,
suggesting the formation of an elemental carbon coating layer
on the surface of the preformed LiFePO,. One can observe a
clear trend that the graphite/disordered (G/D) carbon ratio
grows upon increasing the decomposition temperature, which
is roughly estimated as 0.9, 1.2, and 1.4 for the products
obtained by thermolysis of the precursor at 350, 500, and 550
°C, respectively (Figure 4e).

While we did not perform a full optimization of
decomposition conditions in this work, we selected the
LiFePO,@C sample obtained from precursor 1 at 550 °C
for electrochemical study. The product is phase-pure and has
the lowest carbon content and highest G/D carbon ratio, and,
importantly, it does not show any loss of Li upon thermal
decomposition with the Li:Fe:P ratio found to be
0.984:1:0.957 by the ICP-OES technique. Cyclic voltammetry
(CV) analysis was conducted at a scanning rate of S mV/s
(Figure S36a). The obvious oxidation (3.6 V) and reduction
(3.3 V) peaks correspond to the lithium ion extraction and
insertion from/to the olivine structure, respectively, which
aligns well with the commonly reported CV behavior for
LiFePO,

The galvanostatic profiles at different rates indicate that
LiFePO,@C obtained under such conditions exhibits an
overall good reversible capacity. At a relatively low cycling
rate of 0.2 C, the maximum capacity can reach 162 mAh/g
(theoretical capacity is 170 mAh/g) with a Coulombic
efficiency of approximately 97%. At higher charge—discharge
rates of 0.5, 1, and 2 C, the sample still maintains reasonable
discharge capacities of 150, 140, and 118 mAh/g, respectively
(Figure S36b). In addition, the reversibility of the as-prepared
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Figure 4. (a) Schematic representation of the preparation of the LiFePO,@C composite material by thermal decomposition of single-source
precursor 1. (b) X-ray powder diffraction patterns of LiFePO, obtained by thermal decomposition of molecular precursor 1 at the temperatures of
280 (blue), 350 (green), S00 (purple), and 550 °C (orange) in the argon/vacuum atmosphere. Theoretical peak positions are shown at the bottom.
Rietveld refinement for all samples can be found in Figures $23—526 and Table S25. (c) HRTEM image and ED pattern of the nanoparticles
obtained by thermal decomposition of precursor 1 at 500 °C. The ED pattern was indexed with the Pnma space group. (d) HAADF-STEM image
(top left) of the LiFePO,@C product along with the compositional EDX maps for Fe, O, C, and P and the color-coded mixed Fe/P/C map. (e)
Raman spectra of the LiFePO,@C material obtained by thermal decomposition of precursor 1 at 350 (green), S00 (purple), and S50 °C (orange)

in the argon/vacuum atmosphere.

cathode material was also tested at a rate of 0.2 C, displaying
good capacity retention of approximately 93.8% after 200
cycles (Figure S36¢). The overall electrochemical performance
of our LiFePO,@C composite is comparable to the materials
obtained by other techniques.’”>” For the first time, the
LiFePO,@C material has been obtained from a single-source
precursor, which is a well-characterized molecule containing Li,
Fe, P, O, and C. This confirms that the suggested approach
works well, while the electrochemical characteristics of the
cathode material could be further improved by thorough
optimization of decomposition conditions.

B CONCLUSIONS

We introduce here a new synthetic concept of single-source
precursor utilization that goes beyond its common definition as
a single-phase maker. To the best of our knowledge, this study
is the first to show that a complex carbon-coated architecture
can be effectively obtained upon thermal decomposition of a
structurally well-defined heterometallic molecular system.

We report a cheap and easy-to-make single-source precursor
that produces the carbon-coated mixed-metal phosphate in a
single step at relatively low temperatures. Importantly, the
synthetic approach described in this work can be broadly
adopted for the low-temperature preparation of not only
phosphates but also for other classes of complex functional
materials, such as fluorides, silicates, fluorophosphates, and
fluorosulfates that are known to exhibit intrinsic low electronic
conductivity and thus require carbon modulation.
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