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Investigation of hydrogen absorption in Li7VN4 and Li7MnN4
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The hydrogen storage properties of Li7VN4 and Li7MnN4 were investigated both by experiment

and by density functional theory calculations. Li7VN4 did not sorb hydrogen under our

experimental conditions. Li7MnN4 was observed to sorb 7 hydrogen atoms through the formation

of LiH, Mn4N, and ammonia gas. An applied pressurized mixture of H2/Ar and H2/N2 gases was

helpful to mitigate the release of NH3 but could not prevent its formation. The introduction of

N2 also caused weight gain of the sample by re-nitriding the absorbed products LiH and Mn4N,

which correlated with the presence of Li2NH, LiNH2, and Mn2N detected by X-ray diffraction.

While our observed results for Li7VN4 and Li7MnN4 differ in detail, they are in overall

qualitative agreement with our theoretical work, which strongly suggests that both compounds

are unlikely to form quaternary hydrides.

Introduction

Onboard hydrogen storage has become a critical technology

for the development of fuel cell vehicles (FCVs).1–4 When

various storage systems are compared, solid-state materials are

advantageous as they possess a higher volumetric energy density

than either compressed gas or liquid hydrogen systems. However,

despite decades of studies, no solid state hydrogen storage

materials satisfactorily meet the requirements for application to

FCVs, such as high storage capacity and fast sorption kinetics in

the range of 1–10 bar and 25–120 1C.5 Conventional transition

metal alloys, including the La–Ni (AB5) system, Ti–Cr (AB2)

system and Ti–Fe (AB) system,6 have the desired intermediate

thermodynamic affinities for hydrogen. The hydrogen gas

molecules split into atoms at the surface of the metal and then

enter the metallic lattice in the atomic form, diffuse through the

metal, jump between interstitial sites; and finally form a hydride

phase with a more or less ordered hydrogen sublattice. The

hydrogen s electron can be partly donated to the metal conduction

band if the metallic lattice contains d or f electron states at the

Fermi level. Hence these bare protons can move relatively freely

through the metal lattice due to the electrostatic force screened by

electrons at the metal Fermi surface. In the desorption process, the

opposite takes place; i.e. two hydrogen atoms recombine to form

H2 again. These systems have better kinetics than complex

hydrides, but their low gravimetric capacities and high costs

prevent vehicular applications.

In recent years alternative hydrogen storage systems have

been examined, consisting of light alkali and alkaline earth

metal nitrides and/or borides with improved storage capacity.

A well-known and highly promising example is lithium nitride,

which remarkably stores up to 11.4 wt% hydrogen according

to the equation:7 Li3N + 2H2 2 Li2NH + LiH + H2 2

LiNH2 + 2LiH. One of the major limitations of this system is

that the high storage capacity can only be achieved at a

temperature of 400 1C, however the reaction tempera-

ture can be deceased by incorporating other light elements

such as Mg, B, Al, and K into this system.8–11 Recently,

Langmi et al.12 have reported a reversible hydrogen storage

system based on a Li–Fe–N phase, revealing the possible

potential of hydrogen storage by lithium transition metal

nitrides. Such materials might be expected to function midway

between intermetallic alloy systems and the complex hydrides.

Interesting new lithium transition metal nitrides have also

been recently discovered that are considered as potential

hydrogen storage materials.13 In this article we report on

two lithiummetal nitrides—Li7VN4 and Li7MnN4, as candidate

materials for hydrogen storage. The electrochemical behaviour

of these compounds as Li-ion battery cathodes have been

studied extensively,14–16 but this is the first report of their

hydrogen storage properties, examined both experimentally

and computationally.

Experimental and computational details

Synthesis

Li7VN4 and Li7MnN4 were synthesized by a high temperature

solid-state reaction of Li3N and V/Mn metal. Typically, Li3N

(0.600 g; 10% molar excess) and V powder (325 mesh, 99.5%)
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(0.338 g) were hand milled for 15 min and pressed into a pellet

at 3 MP pressure under an inert Ar atmosphere. This pellet

was heated under high purity N2 at 700 1C for 24 h. A similar

process was applied to synthesize Li7MnN4, replacing V

powder with Mn (325 mesh, 99+%).

Characterization

X-Ray powder diffraction data (XRD) of the as-synthesized

Li7VN4 and Li7MnN4 were collected on a Bruker D8-advance

diffractometer (Cu Ka radiation, l = 1.5418 Å). Both air-

sensitive samples were measured in a hermetically sealed

sample holder.

Hydrogenation experiments were conducted in a Cahn 2151

high pressure thermogravimetric analyzer (TGA). Approximately

200 mg of powdered sample was loaded into an open stainless

steel sample bucket in the Ar glove box and protected during

transfer to the TGA by covering the sample with anhydrous

pentane. The TGA was purged with He gas while the pentane

evaporated. After pressurizing to 8.3 MPa of H2 gas, Li7VN4

was heated to 600 1C at 5 1Cmin�1 in flowing H2 gas. Li7MnN4

was heated to 600 1C in 50 1C steps, with a 45 min soak at each

temperature. The TGA exhaust gas was sampled using an

SRS model CIS-100 mass spectrometer operated in residual gas

analysis (RGA) mode to identify the constituents in the evolved

gas. The RGA monitored mass channels at 2 amu (H2), 4 amu

(He), 16 amu (CH4, NH2 crack of ammonia), 17 amu (NH3, OH

crack of water), 18 amu (H2O), 28 amu (N2), 32 amu (O2), and

44 amu (CO2).

Mixed gas experiments were conducted in a Hiden Model

IGA-3 thermogravimetric analyzer (IGA). Approximately 80 mg

of powdered sample was placed into an open stainless steel

bucket, sealed into a transfer container, and transferred into

the IGA instrument without air exposure using a removable

interlock chamber. Sample densities were obtained from

weight changes due to buoyancy during pressurization to 20 bar.

Li7VN4 was heated in 50 1C steps with variable soak times up

to 425 1C in flowing pure H2 gas at 20 bar. Li7MnN4 was

similarly heated to 400 1C in 50 1C steps in a mixture of 50%

H2/50% N2 at 20 bar, mixed 50% H2/50% Ar at 20 bar, or

pure H2 at 10 bar.

Post-heat treatment XRDmeasurements were performedwith a

Siemens D5000 diffractometer (Cu Ka radiation, l = 1.5418 Å).

Sample powders were compacted onto XRD slides and then

sealed under a Kapton film to help protect the sample from

atmospheric exposure during the XRD measurement.

Computational procedures

Total electronic energies were calculated with the Vienna

ab initio Simulation Package (VASP), which implements

density functional theory17 with a plane wave basis set.18,19

Potentials obtained via the projector-augmented wave

approach20,21 were employed for the elements in conjunction

with the generalized gradient approximation of Perdew and

Wang22,23 for the exchange–correlation energy functional.

The Li, V, Mn, N, and H potentials contained 3, 13, 13, 5,

and 1 valence electron and were constructed with augmenta-

tion wave energy cutoffs of 272, 264, 270, 700, and 700 eV,

respectively. In all calculations a plane wave cutoff energy of

900 eV was imposed, and the k-point spacings of the reciprocal

space meshes were no larger than 0.1 Å�1. At least two full-cell

optimizations of the lattice constants and nuclear coordinates

were performed for each material of interest; the total energies

were converged to 10�6 eV/cell and the forces relaxed to

10�5 eV/Å. Calculations for the N2 and H2 molecules were

done with the same potentials in boxes large enough to ensure

isolation.

Results and discussion

Theoretical investigations

Enthalpies of formation DH for the Li7VN4 and Li7MnN4

compounds as well as enthalpies of hydride formation DH* for

model hydrides of them were calculated. Using Li7VN4 as a

specific example, we express DH as:

DH(Li7VN4) = E(Li7VN4) � 7E(Li) � E(V) � 2E(N2), (1)

where E denotes the electronic total energy emerging from the

VASP computations for the relevant materials (Li7VN4, Li

and V metals, and the N2 molecule). Defined this way, DH is

the calculated standard enthalpy of formation at zero tempera-

ture in the absence of zero point energy contributions—which

are small on the scale of the electronic terms—making eqn (1) a

good approximation.24

For the low temperature g-phase of Li7VN4 having the

cubic P-43n (space group No. 218) structure25,26 whose synthesis

is described below we find

DH(g-Li7VN4) = �928 kJ mol�1 f.u.

(f.u. � formula unit). Calculations for the tetragonal P42/nmc

(No. 137) a-phase25 yield

DH(a-Li7VN4) = �923 kJ mol�1 f.u.;

the higher value is consistent with the fact that the a-phase is a
high temperature modification. Both materials are semi-

conductors with calculated bands gaps of 2.8 eV (g-Li7VN4)

and 2.2 eV (a-Li7VN4).

In the case of Li7MnN4, only known to form in the cubic P-43n

structure,27 non-magnetic as well as magnetic calculations

were performed since susceptibility measurements indicate

weak ferromagnetism below about 8 K.28 In the ferromagnetic

state we obtain

DH(Li7MnN4) = �661 kJ mol�1 f.u.,

which is 49 kJ mol�1 f.u. lower than for the non-magnetic

configuration and thus consistent with experiment. The spin-

only calculated moment is 2.0 mB/Mn, identical to the value

inferred from the measured susceptibility.28

These findings make it clear that both compounds are quite

stable thermodynamically and suggest that Li7VN4, with a

significantly more negative formation enthalpy, is less likely to

sorb hydrogen. To assess hydride formation more specifically,

calculations were performed for five hypothetical quaternary

hydrides whose crystal structures were constructed by placing

hydrogen into the largest holes in the parent compound: (i) 8e

and 24i vacancy sites in cubic Li7MnN4 and (ii) 8g and
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two distinct 16h sites in tetragonal a-Li7VN4. Each struc-

ture was fully optimized with VASP and the enthalpy DH*

of hydride formation computed, e.g.:

DH*[Li7MnN4H(8e)] � E[Li7MnN4H(8e)]

� E(Li7MnN4). (2)

As Table 1 shows, we obtain large and positive values of DH*

for all five models, strongly suggesting that neither Li7MnN4

nor Li7VN4 is likely to form a quaternary hydride. The entries

for Li7MnN4Hn are undoubtedly also reflective of g-Li7VN4Hn

having the same cubic structure, and the DH* values for

a-Li7VN4 illustrate that not even the lower tetragonal symmetry

offers any prospect for changing the sign of DH*. As described

below, our experimental results confirm the inferences from our

theoretical modeling work.

Experimental studies

The X-ray powder diffraction patterns of the prepared Li7VN4

and Li7MnN4 are shown in Fig. 1. Previous studies29,30 have

classified the crystal structures of lithiated transition metal

nitrides of the first row into two groups: the ionic anti-fluorite

structure for elements in the early series where the metal is

present in its group oxidation state25,28,31,32 and a layered

structure based on a-Li3N for elements in the late series that

exist in the univalent state.33–35 In this paper, the studied

elements vanadium and manganese are within the range of

the early series, therefore they both form an anti-fluorite

structure. For the Li3N/ V system, Li7VN4 (P-43n) was obtained

as a major phase with trace quantities of VN and Li7VN4

(Pa3-). In the case of Li3N/Mn a similar XRD pattern is

observed, which can be assigned to Li7MnN4, an isostructure

of Li7VN4. It is notable that as manganese is in the middle

of the first row transition metals, its lithiated nitrides can

adopt anti-fluorite or layered structures. Moreover, a new

composition LixMn2�xN with an anti-rutile structure was also

prepared by Niewa’s group.36 The various possible structures

of the Li–Mn–N system can complicate the preparation of a

single Li7MnN4 phase, however no layered Li2[(Li1�xMx)N]

or anti-rutile LixMn2�xN structures are observed in the XRD

pattern. Therefore, a pure phase of Li7MnN4 was obtained by

a simple high temperature solid-state process.

Attempts were made to induce H2 absorption in both samples.

Fig. 2 shows the thermogravimetric profile of Li7VN4. The

slight increase in weight at the beginning of the temperature

ramp is a convection cell artifact of the high pressure TGA.

The change in weight during depressurization suggests that the

sample became less dense during the temperature profile.

Excluding these weight changes, only 1 wt% loss is observed

after 7 h, even with high temperature and pressure conditions

(600 1C and 83 bar). IGA measurement similarly observed a

weight loss of about 0.35 wt% even after 47 h at 425 1C in

20 bar H2. These results confirm that Li7VN4 is very stable and

hydrogen cannot be easily absorbed. A concurrent mass

spectrographic measurement shows the small weight change

might be due to the production of N2.

The thermogravimetric profile of Li7MnN4 is given in Fig. 3.

Instead of H2 absorption, there is a weight loss of roughly

26 wt% under 83 bar of H2. A slight weight gain of 2.6%

occurred near 350 1C, corresponding to an uptake of approxi-

mately 4 H atoms per formula unit associated with the

formation of LiH. Niewa et al.28 found that the reduction,

or decomposition reaction of Li7MnN4, took place in the

presence of Li above 250 1C, to produce a series of Li–Mn–N

compounds such as Li5[(Li1�xMnx)]3 and Li2[(Li1�xMx)N]. In

our case, H2 gas played a similar role as Li by reducing Mn(V)

in Li7MnN4 to a lower oxidation state. A quantity of LiH was

probably formed during this process, as some Li atoms were

released from Li7MnN4 with the reduction of Mn(V). The large

Table 1 Enthalpies of hydride formation DH* calculated [see eqn (2)]
for quaternary hydrides modeled by inserting H atoms into the
indicated vacancy sites in cubic Li7MnN4 (8 f.u. per unit cell) and
tetragonal a-Li7VN4 (2 f.u. per primitive cell)

Model hydride H site DH* (kJ mol�1 H2)

Li7MnN4H 8e +33
Li7MnN4H3 24i +91
Li7VN4H4 8g +170
Li7VN4H8 16h1 +118
Li7VN4H8 16h2 +202

Fig. 1 XRD patterns of as-synthesised Li7VN4 and Li7MnN4 showing

the (almost) pure single phase nature of the products. Fig. 2 The TGA profile of Li7VN4 in 83 bar of hydrogen.
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weight loss above 350 1C should be attributed to the complete

decomposition of the Li–Mn–N system to form binary MnxN

and LiH. This assumption is confirmed by an XRD pattern of

the final material after attempted hydrogenation (Fig. 4), that

shows the presence of Mn4N, LiH and some Li2O and MnO2

impurities. The overall sample density of the decomposed

sample is 1.43 g cm�3, determined by pressure buoyancy,

which is in excellent agreement with the expected value of

1.43 g cm�3 for mixed LiH and Mn4N. As mass spectrometer

measurements obtained during the observed weight losses

show the evolved gas to be NH3, the overall reaction of the

process should be:

Li7MnN4 + 73/8 H2 - 7 LiH + 1/4 Mn4N + 15/4 NH3

(3)

According to this reaction, the predicted weight loss is 28 wt%,

which is consistent with the measured weight loss (26 wt%).

The experimental results are in accord with our calculations

insofar as Li7MnN4 is much less stable than Li7VN4 and can

be hydrogenated at elevated temperatures.Moreover, conducting

VASP computations for Mn4N and the NH3 molecule, we find

that the left side of reaction (3) is thermodynamically unstable

with respect to the right side (by 104 kJ mol�1 Li7MnN4),

consistent with the inference of reaction (3) from our measure-

ments. The accompanying release of NH3 during the absorp-

tion makes Li7MnN4 unlikely to be used in FCVs for

hydrogen storage. As we have had previous success in

suppressing NH3 formation with a partial pressure of N2

mixed with the H2, this was attempted with the IGA, which

can supply multiple gases simultaneously. Fig. 5 shows the

weight change in 10 bar of pure H2 (red curve), 20 bar 50%

H2/50% N2 (blue curve), and 20 bar 50% H2/50% Ar (green

curve). A second gas mixed with H2, whether N2 or Ar,

does appear to suppress the NH3 production by moving

the reaction to a higher temperature. All samples still lost

weight due to nitrogen release in the form of NH3. However,

when N2 gas is present the sample gains weight due to

re-nitriding of the materials above 350 1C, as shown in the

blue curve of Fig. 5. A similar result can be obtained by

treating a fully desorbed sample (red curve) with a gas mixture

containing N2 (magenta curve), which exhibits similar absorp-

tion temperature and weight gaining. The XRD pattern of the

final product produced by desorption in H2 followed by a

subsequent nitriding (Fig. 6) shows the presence of Mn2N plus

Li2NH and LiNH2, which further corroborates the re-nitriding

assumption.

Conclusions

Lithium transition metal nitrides Li7VN4 and Li7MnN4 were

prepared by a high temperature solid-state synthesis. No

hydrogen absorption is observed for Li7VN4 at high tempera-

ture and pressure conditions, while Li7MnN4 can react with

H2 and produce LiH, Mn4N, and NH3. Although as many as

7 H atoms can be absorbed per unit of Li7MnN4, the release of

NH3 and the relatively high absorption temperature prevent

its application in FCVs. A mixture of H2/N2, or H2/Ar was

found to be helpful for suppressing the release of NH3 by

shifting the reaction to a higher temperature. In addition, a

weight gain is observed above 350 1C in the presence of N2 gas

due to the re-nitriding of the desorbed products. Computational

modeling work indicates that Li7VN4 and Li7MnN4 are

unlikely to form quaternary hydrides, in qualitative agreement

with the experimental results.

Fig. 3 The TGA profile of Li7MnN4 in 83 bar of hydrogen.

Fig. 4 XRD pattern of Li7MnN4 after attempted hydrogenation.

Fig. 5 TGA results of the attempts to suppress NH3 formation using

N2 or Ar gas, and subsequent nitriding above 350 1C when N2 gas is

present.
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