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Abstract The heat capacities of LiNH2 and Li2MgN2H2

were measured by a modulated differential scanning calo-

rimetry (MDSC) over the temperature range from 223 to

473 K for the first time. The value of heat capacity of

LiNH2 is bigger than that of Li2MgN2H2 from 223 to

473 K. The thermodynamic parameters such as enthalpy

(H–H298.15) and entropy (S–S298.15) versus 298.15 K were

calculated based on the above heat capacities. The thermal

stabilities of them were investigated by thermogravimetric

analysis (TG) at a heating rate of 10 K min-1 with Ar gas

flow rate of 30 mL min-1 from room temperature to

1,080 K. TG curves showed that the thermal decomposi-

tion of them occurred in two stages. The order of thermal

stability of them is: Li2MgN2H2 [ LiNH2. The results

indicate that addition of Mg increases the thermal stability

of Li–N–H system and decrease the value of heat capacities

of Li–N–H system.

Keywords Li–Mg–N–H system �MDSC � Heat capacity �
TG

Introduction

Light metal-N based materials have been investigated as

candidate for hydrogen storage materials. It is generally

agreed that lithium nitride (Li3N) absorbs a total gravi-

metric density of 10.4 wt% H2 and volumetric density of

about 140 kg H2 m-3 via a two-step reaction and converts

to lithium amide (LiNH2) and lithium hydride (LiH) [1].

Li3Nþ H2 ¼ Li2NHþ LiH ð1Þ
Li2NHþ H2 ¼ LiNH2 þ LiH ð2Þ

Since the hydrogen pressure for the reaction corresponding

to the first step is very low, about 0.01 bar at 255 �C [1], only

the second step, reaction of Li2NH with H2, will be considered

in the current research. The theoretical hydrogen capacity for

the second step is 6.5 wt%. Chen et al. [1] pointed out when

LiNH2 and LiH are mixed, H2 starts to be released at 200 �C

reversibly, but the plateau pressure for imide hydrogenation is

1 bar at the relatively high temperature of 285 �C. How to

decrease the temperature of hydrogen absorption–desorption

for the second step, is important for Li–N based hydrogen

storage materials. Nakamori [2] proposed a way for lowering

the hydrogen desorption temperatures of Li–N based complex

hydride by partial cation substitutions using smaller sized and/

or higher valenced cations with larger electronegativities.

Therefore, CaNH–CaH2, Mg(NH2)2–LiH and LiNH2–CaH2

were studied [3–6]. The results indicate that the temperature
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for hydrogen desorption from these systems are greatly

reduced compared with the pure amides and hydrides.

Li2MgN2H2 is a promising hydrogen desorption mate-

rial. The structural and energetic properties of Li2MgN2H2

were investigated by the first principle calculation [7].

Isobe [8] studied the hydrogen desorption processes in

Li–Mg–N–H system.

The thermodynamic properties such as heat capacity,

enthalpy, and entropy are important basic data in chemistry

and engineering. Thermodynamic and kinetic properties of

Li–Mg–N–H system were investigated. The overall heat

and the activation energy of releasing hydrogen from the

mixture of Mg(NH2)2 and 2LiH are 44.1 kJ mol-1 H2 and

102 kJ mol-1, respectively [9]. To the best of our knowl-

edge, no report about heat capacity, enthalpy, and entropy

of the metal-N based materials has been found in the lit-

erature. Therefore, it is of great importance to study the

thermodynamic properties of the materials for their theo-

retical and practical purposes.

Modulated differential scanning calorimeter (MDSC)

was initially developed by Reading and co-workers in

1992. MDSC is an extension of conventional DSC, in

which a sinusoidal wave modulation is applied to the

standard linear temperature program. One of the advanta-

ges of the MDSC method is its ability to directly determine

heat capacities of various materials [10–15]. The structure

and principle of the calorimeter have been described in

detail in the references [16–18].

LiNH2 and Li2MgN2H2 are reactant and product of LiNH2–

MgH2 system, respectively. In this work, thermochemistry

characteristics of LiNH2 and Li2MgN2H2 were investigated

by using thermogravimetric analysis (TG-DTG) and modu-

lated differential scanning calorimeter (MDSC).

Experimental

Sample

Pure metallic Mg powder, LiH and LiNH2 were pur-

chased from Sigma-Aldrich. Mg(NH2)2 was synthesized

by heating pre-milled Mg powder under purified ammo-

nia atmosphere at a temperature of about 300 �C over-

night. Li2MgN2H2 was synthesized by mixing Mg(NH2)2

with LiH (with molar ratio of 1:2) under Ar atmosphere

in a planetary ball mill for 2 days. The XRD curves of

the three samples are shown in Fig. 1. By comparing the

shapes of these curves with those in references, the

results indicated these samples are LiNH2 [refers to

JCPDS (Joint Committee on Poder Diffraction Stan-

dards), Index card 75-0049], Mg(NH2)2 and Li2MgN2H2

(refer to [9]), respectively. Before experiments, LiNH2

and Li2MgN2H2 were held in an argon-filled glove box

(M. Braun Co., Germany). These samples were measured

by MDSC and TG after they were weighed and sealed in

the glove box.

Thermal properties and heat capacity measurement

The thermogravimetry (TG) of the above two kinds of

materials were performed using a thermogravimetric ana-

lyzer DT-20B instrument (Shimadzu Co., Japan). TG

curves were obtained under Ar atmosphere at a heating rate

of 10 K min-1 from room temperature to 1,080 K. The Ar

gas flow rate was 30 mL min-1.

The heat capacities of these materials were measured by

MDSC on a Q1000 from TA Instruments, in a temperature

range from 223 to 463 K with a heating rate of 3 K min-1.

A liquid nitrogen cooling system was used for the experi-

ment temperature control. And dry nitrogen gas was used

as a purge gas (50 mL min-1) through the DSC cell.

The temperature of the equipment was initially cali-

brated in the standard DSC mode, using the extrapolated

onset temperatures of the melting of indium (429.75 K) at a

heating rate of 10 K min-1. The heat-flow rate was

approximately calibrated with the heat of fusion of indium

(28.45 J g-1). The heat capacity calibration was made by

running a standard sapphire (Al2O3) in the experimental

temperature range. The calibration method and the exper-

iment were performed at the same conditions as follows:

(1) sampling interval: 100 s/pt, (2) zero heat flow at

288.15 K, (3) equilibrate at 173.15 K, (4) modulate

temperature amplitude of ±0.5 K with period of 100 s, (5)

isothermal for 5.00 min, and (6) temperature ramp at

3 K min-1 to 473.15 K.
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Fig. 1 X-ray diffraction of LiNH2, Mg(NH2)2, and Li2MgN2H2
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Heat capacity constants at T = 223.15 to 463.15 K

KðTotalÞ ¼ 1:024; KðReversingÞ ¼ 1:019:

Results and discussion

Heat capacities of standard sapphire (a-Al2O3)

In this article, the heat capacity measurements of each

sample are repeated three times unless stated elsewhere. In

order to check the accuracy of the used calorimeters

(Q1000TM DSC), heat capacities of standard materials like a-

Al2O3 have been measured, from 223 to 463 K. The heat

capacities are recorded at an interval of DT = 10 K for the

comparison with the reported values. The experimental

precision is below ±0.5%. It shows that the testing system of

MDSC is steady. The values of experimental heat capacities

of a-Al2O3 based on MDSC were compared with the rec-

ommended data of the National Institute of Standards and

Technology (NIST) [19]. The accuracy for the experimental

and the recommended data of the heat capacities of a-Al2O3

is within ±1.5% over the whole temperature range.

Heat capacities of LiNH2 and Li2MgN2H2

The heat capacity is one of the main thermophysical

quantities for any material, and its accurate values are

needed in many areas of physics, chemistry, and engi-

neering sciences.

Figure 2 shows the heat capacities of LiNH2 and

Li2MgN2H2. From Fig. 2, it can be seen that the heat

capacities of the two samples increase with the increasing

temperature and no phase transition or thermal anomaly

was observed in the temperature region from 223 to 473 K.

It indicates that the two samples are stable in the above

temperature range. The value of heat capacity of LiNH2 is

bigger than that of Li2MgN2H2 in 223–473 K.

The heat capacities of the above samples are fitted to the

Shomate Equation of heat capacities (Cp,m) with reduced

temperature (t) by means of the nonlinear least squares

fitting using the OriginPro 7.5 software, at the temperature

range from 223 to 473 K for LiNH2 and Li2MgN2H2.

For LiNH2

Cp;mðJ mol�1 K�1Þ ¼ �10:18792þ 72:64769t

� 151:315t2 þ 113:6072t3

þ 0:09964=t2; ð3Þ

where t = T/1,000 and T (K) is the experimental temper-

ature. The correlation coefficient of the fitting, R2 =

0.99998, v2/DoF = 6.43E-06 (DoF is the abbreviation of

the degree of freedom). Relative deviations of all the

experimental points from the fitting heat capacity values

for the LiNH2 are within ±0.8%.

For Li2MgN2H2

Cp;mðJ mol�1 K�1Þ ¼ �9:33276þ 65:3146t � 143:866t2

þ 113:8376t3 þ 0:08455=t2; ð4Þ

where the correlation coefficient of the fitting, R2 =

0.99992, and v2/DoF = 3.72E-06. Relative deviations of

all the experimental points from the fitting heat capacity

values for the LiNH2 are within ±0.6%.

Based on the Eqs. 3, 4, the heat capacities of the above

samples at 298.15 K were calculated to be 2.153 (LiNH2)

and 1.320 (Li2MgN2H2) J mol-1 K-1, respectively.

Thermodynamic functions of LiNH2 and Li2MgN2H2

Enthalpy and entropy of substances are basic thermody-

namic functions. The thermodynamic functions relative to

the reference temperature of 298.15 K were calculated in

the temperature ranges from 223 to 473 K with an

interval of 5 K. The thermodynamic relationships are as

follows:

HT ��H298:15 ¼
ZT

298:15

Cp;mdT ¼ 1; 000

Z t

298:15

Cp;mdt ð5Þ

ST ��S298:15 ¼
ZT

298:15

Cp;m

T
dT ¼

Z t

298:15

Cp;m

t
dt; ð6Þ

where t = T/1,000. The values of thermodynamic function

such as calculated heat capacities, HT–H298.15 and

ST–S298.15 are given in Tables 1, 2.

Thermal analysis of LiNH2 and Li2MgN2H2

The TG curves of LiNH2 and Li2MgN2H2 are shown in

Fig. 3. These curves indicate the difference of thermal
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Fig. 2 The curves of Cp vs. T for LiNH2 and Li2MgN2H2
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stability between the two samples. According to the TG

curves (Fig. 3), it seems that two steps mass losses occur

with increasing temperature in the experimental tempera-

ture range for the above two samples. The weight losses in

the first step about the two samples are 6.9% (LiNH2) from

421 to 595 K and 5.4% (Li2MgN2H2) from 691 to 860 K,

respectively. The weight losses for the second step are

31.0% (LiNH2) up to 776 K and 13.4% (Li2MgN2H2) up to

1,081 K, respectively. Chen et al. [20] considered the

decomposition of pure LiNH2 began around 200 �C. The

decomposed products were ammonia at first, and then at

higher temperatures N2 and H2 released. Therefore, the

mass loss of LiNH2 is ascribed to the decomposition of

LiNH2 to release NH3, N2, and H2. As shown in Fig. 3, the

starting temperature of decomposition of LiNH2 is about

421 K, it may correspond to NH3 releasing, and then to

mixture of NH3, N2, and H2 producing. According to

literature [8], the ammonia signal is observed at about

400–500 �C in the curves of TDMS of Li2MgN2H2.

Figure 3 shows that the initial temperature of decomposi-

tion of Li2MgN2H2 is about 691 K. It indicates Li2MgN2H2

starts decompose to produce NH3 and should be used under

691 K. The results of the TG analysis demonstrate that the

thermal stability of Li2MgN2H2 is higher than that of

LiNH2. Therefore, the higher thermal stability and lower

heat capacity of Li2MgN2H2 product are in favor of

hydrogen desorption reaction of LiNH2–MgH2 system

according to the equation: 2LiNH2 ? MgH2$Li2Mg

N2H2 ? 2H2. The results obtained in the present article are

in good agreement with the work of Lou et al. [5].

Conclusions

The heat capacity, enthalpy, and entropy of substances are

basic thermodynamic functions. Their accurate values are

needed in many areas of physics, chemistry, and engi-

neering sciences. The heat capacities of LiNH2 and

Li2MgN2H2 were determined in the temperature range

from 223 to 473 K by MDSC. The value of heat capacity of

LiNH2 is bigger than that of Li2MgN2H2 from 223 to

473 K. According to the Cp fitting equation of the two

samples, their enthalpy and entropy relative to the refer-

ence temperature of 298.15 K were calculated in the tem-

perature ranges from 223 to 473 K, respectively. Their

thermal stability was explored by TG from 280 to 1,080 K.

The results of TG showed that the order of thermal stability

of them is Li2MgN2H2 [ LiNH2. Therefore, the higher

Table 1 The thermodynamic parameters of LiNH2

T/K Cp
*/J g-1 K-1 H–H298.15/J g-1 S–S298.15/J g-1 K-1 T/K Cp

*/J g-1 K-1 H–H298.15/J g-1 S–S298.15/J g-1 K-1

215 1.721 -160.2 -0.6261 325 2.283 59.60 0.1913

220 1.739 -151.6 -0.5863 330 2.305 71.07 0.2263

225 1.760 -142.8 -0.5470 335 2.327 82.65 0.2612

230 1.782 -134.0 -0.5081 340 2.347 94.33 0.2958

235 1.807 -125.0 -0.4695 345 2.368 106.1 0.3302

240 1.832 -115.9 -0.4312 350 2.387 118.0 0.3644

245 1.859 -106.7 -0.3931 355 2.406 130.0 0.3984

250 1.886 -97.32 -0.3553 360 2.424 142.1 0.4322

255 1.914 -87.82 -0.3177 365 2.442 154.2 0.4657

260 1.942 -78.18 -0.2802 370 2.459 166.5 0.4991

265 1.971 -68.39 -0.2430 375 2.476 178.8 0.5322

270 1.999 -58.47 -0.2059 380 2.492 191.2 0.5651

275 2.027 -48.40 -0.1689 385 2.508 203.7 0.5978

280 2.055 -38.20 -0.1322 390 2.524 216.3 0.6303

285 2.083 -27.85 -0.0955 395 2.539 229.0 0.6625

290 2.110 -17.37 -0.0591 400 2.554 241.7 0.6945

295 2.137 -6.756 -0.0228 405 2.569 254.5 0.7264

298.15 2.153 0.000 0.0000 410 2.584 267.4 0.7580

300 2.163 3.992 0.0133 415 2.599 280.4 0.7894

305 2.188 14.87 0.0493 420 2.614 293.4 0.8206

310 2.213 25.87 0.0851 425 2.629 306.5 0.8516

315 2.237 37.00 0.1207 430 2.644 319.7 0.8825

320 2.260 48.24 0.1561

Cp
* is calculated through Eq. 3
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thermal stability and lower heat capacity of Li2MgN2H2 are

in favor of hydrogen desorption reaction of LiNH2–MgH2

system according to the equation: 2LiNH2 ? MgH2 $
Li2MgN2H2 ? 2H2.
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