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ABSTRACT: The reaction of Fe(N(SiMe;),); with PH,
in THEF at 100 °C gives amorphous FeP, in high yield. As
an anode material in a Li ion battery, this material shows
remarkable performance toward electrochemical lithiation/
delithation, with gravimetric discharge and charge
capacities of 1258 and 766 mA h g', respectively,
translating to 61% reversibility on the first cycle and a
discharge capacity of 906 mA h g™" after 10 cycles. This
translates to 66% retention of the theoretical full

conversion capacity of FeP, (1365 mA h g_l).
Lithium ion batteries are currently used in small appliances
such as cell phones and laptop computers and are the most
promising power source for plug-in hybrid electric vehicles
(PHEVs) and electric vehicles (EVs).'"*" These modes of
transportation have the potential to reduce CO, emissions
greatly and to reduce our dependence on foreign oil. Lithium
ion battery cathode materials that meet many of the
requirements for utilization in PHEVs and EVs, includin
high charge and discharge rates, have been discovered.'®
Lithiated graphite is currently the most widely used anode,
although considerable improvements in safety, cost, and weight
are sought as well as materials with higher capacity and higher
power in order to realize the full potential of PHEVs and
EVs2>™
Anode materials based on inexpensive transition-metal
phosphides (TMPs) offer great promise for lithium ion
batteries because of their exceptionally high gravimetric storage
capacities relative to conventional lithium ion carbon anode
materials. However, lithium ion-coupled charge transfer
reactions in TMPs induce large irreversible volume changes
in excess of 300% due to the formation of LiM, Li,P, and M°
phases. This can facilitate failure processes including
aggregation and pulverization as well as loss of electrical
contact between the active material and the current collector

(support). While such a drastic volume change cannot be
alleviated completely, the magnitude of the volume change can
be reduced by the use of TMPs with a more optimized
nanostructure and porous or layered architecture.’~” Of the
TMP materials studied to date, FeP, FeP,, and FeP, are
attractive because they are based on inexpensive iron. The
theoretical full conversion capacities of FeP, FeP,, and FeP, are
926, 1365, and 1789 mA h g_l, respectively, all of which are
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considerably greater than that of the traditional graphite anode
(372 mA h g1).%?

Current methods of preparing nanosized particles of TMPs
typically employ arrested precipitation or solvothermal routes,
both of which require relatively high temperatures. For the late
transition metals, pioneering studies by Brock'® and Schaak'!
on the synthesis of nanosized TMPs have been focused on the
use of trioctylphosphine (TOP) and trioctylphosphine oxide
(TOPO) at temperatures generally in the range 200—300
°C.1>7!8 In addition, Brock'™ has also demonstrated that
desilylation could be used to produce FeP nanoparticles at
240—300 °C. These high-temperature routes to TMPs in most
cases provide the most thermodynamically stable, well-known
crystalline phase of the material. In contrast, we have
discovered that o-bonded metal alkyls'® or dialkylamide
derivatives™® of the d-block transition metals react readily
with PH; at room temperature or slightly elevated temperatures
to give kinetically stabilized amorphous or nanocrystalline
phases of TMPs in high yields.” We have to date prepared
amorphous phosphides of Ti, Mo, Fe, Mn, and Ni by this
method. The phosphides of Ti, Mo, Mn, and Ni, will be
reported separately.

Since the main byproduct from these reactions (eqs 1 and 2)
are alkanes or secondary amines, this process represents a
relatively clean and simple method of producing these
materials.

MR, + yPH, — MP, + xRH 1)

)

Thus, the reaction of the mononuclear Fe amide Fe(N-
(SiMe;),); with PH; in THF solution produces a black, air-
sensitive powder.””*® Preliminary scanning electron micros-
copy (SEM) data revealed that the product is an aggregate
material with particles ranging from 10 to 50 nm in size (Figure
1), and no diffraction peaks were observed in the powder X-ray
diffraction pattern. Microanalytical data established the Fe:P
ratio as 1:1.99. Peaks that could be assigned to residual P—H or
C—H moieties were also absent from the IR spectrum. The
surface area, as measured by multipoint Brunauer—Emmett—
Teller analysis with N,, was 140 m?/g. This material, that did

M(NRy), + yPH; — MB, + xHNR,
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Figure 1. SEM image of amorphous FeP, synthesized at low
temperature.

not undergo high-temperature annealing, showed significant
promise as an anode material.

Preliminary electrochemical studies showed excellent per-
formance toward lithiation/delithation (Figure 2), with
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Figure 2. Discharge/charge plot of amorphous FeP, over 10 cycles at
0.1 C.

gravimetric discharge and charge capacities of 1258 and 766
mA h g7, translating to 61% reversibility on the first cycle
(Figure 3). The initial capacity of our material compares
favorably with that of crystalline FeP, prepared via conventional
%4¢ Boyanov et al.”* reported that FeP,
prepared by heating powders of the elements to 973 K for §
days has an initial capacity of 1000 mA h g™' and a capacity loss
of 34% during the first cycle, leading to a reversible capacity of
653 mA h g™". A sustained cyclability of 300 mA h g~' could be
obtained only by limiting the potential window. Ouvrard and
co-workers™ also reported that FeP, prepared using the
elements in a tin flux method had an initial capacity of 1365
mA h g7', but they did not indicate whether significant capacity
was retained upon continuous cycling.

For our amorphous FeP,, some of the irreversible capacity
loss on the first cycle is associated with the irreversible
formation of a solid electrolyte interphase (SEI) layer, as is

high-temperature routes.
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Figure 3. Discharge and charge capacities for the first 10 cycles of
amorphous FeP, at 0.1 C.

common for anode materials cycled below 1 V vs Li/Li".
Although our material demonstrated gradual capacity loss, the
cyclability is superior to that in any previous work presented for
FeP,, with 66% retention of the theoretical capacity on the 10th
cycle (906 mA h g_l).24 We attribute our better retention to
both the amorphous and nanostructural nature of our material,
which alleviate the severe mechanical strain upon lithiation/
delithiation. In a comparative study between crystalline and
amorphous MnO, nanoparticles, Guo et al.*> showed not only
that the cycling stability was improved but also that subsequent
lithiation potentials (after the first cycle) changed only slightly,
confirming the enhanced structural stability of the amorphous
material.

Depending on the transition metal, TMPs can be categorized
with two lithiation mechanisms: Li* insertion or intercalation,

+ - :
MyB, + xLi" + xe  — Li,M,E, (3)

or Li* conversion or alloying,

M

g + xLiT + xe” - yMO + nLi,P

4)
where M is the transition metal and b is the oxidation state of P.

An incremental capacitance plot analogous to slow-scan
cyclic voltammetry (SSCV) exhibited a reversible lithiation
potential centered at 0.56 V vs Li/Li" on the first discharge and
thereafter remained at around 0.65 V (Figure 4). Delithiation
takes place at 1.00 V vs Li/Li". From analysis of this plot, it
appears that the charge storage mechanism involves contribu-
tions from the Li" insertion/deinsertion reaction and a possible
conversion process (consistent with that reported previously).”
However, we do not see evidence for an initial direct
conversion of the FeP, starting material to form Li;P and Fe°
in the first discharge. In our amorphous FeP, material, the
lithiation/delithiation is highly reversible with high capacity
retention.

More studies are underway to elucidate the reaction
mechanism with lithium. As reported previously, the
lithiation/delithation process in crystalline TMPs is complex,
showing distinct electrochemical features and charge/discharge
plateaus consistent with the existence of different structures/
phases.”

Precaution must be taken with the amorphous FeP,
produced by our low-temperature route, as even minimal air
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Figure 4. Incremental capacitance plots of the first (black), second
(red), and fifth (blue) cycles of amorphous FeP,.

exposure is detrimental to the electrochemical properties of the
material. Following brief exposure, a drastic reduction of the
initial discharge capacity to 130 mA h ¢! along with an absence
of voltage plateau features on the discharge/charge plot
indicated that the electrode became inactive (Figure SI in the
Supporting Information). Consequently, amorphous FeP, was
handled in an inert environment prior to fabrication of the coin
cell in order to determine its characteristic electrochemical
properties.

One major factor for exploiting these phosphide-based
materials in future applications lies in controlling the kinetics
of lithium insertion, thereby lowering the charge/discharge
polarization voltage, which is currently responsible for the still
poor energy performance of anode (negative) electrodes.
Controlling the geometrical orientation and alignment of TMPs
and/or the coating of TMP nanostructures are other
compelling strategies for suppressing volume changes and
preventing degradation processes.”> Our new low-temperature
synthetic strategy for the preparation of kinetically stabilized
TMPs may allow us to develop suitable design criteria and
guiding principles that allow for control over the morphology
and composition and thus help us to discover electrode
architectures with enhanced mass and charge transport,
electrozlgyand ion conductivity, and electron transfer ki-
netics.””’
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