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The electrochemical hydrogenation of the solid solutions R2Zn17-xMnx, x = 0.5-0.9 (R = Y, La, Gd, Tb) was 
studied in Ni-MH battery prototypes for the first time. Phase analysis of the electrode materials on the basis 
of these compounds was carried out before and after hydrogenation by X-ray powder diffraction, scanning 
electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray fluorescence spectroscopy. All the 
majority phases crystallize in the hexagonal Th2Ni17-type structure. As electrodes the alloys showed similar 
electrochemical behavior and the amount of deintercalated hydrogen increased in the order 
La < Y < Gd < Tb. The largest degree of amorphization and formation of oxides, such as ZnO and R2O3, were 
observed for the Y- and La-containing alloys after 50 cycles of hydrogenation/dehydrogenation. The 
geometrically most advantageous sites are octahedral voids in Wyckoff position 6h of the initial structures 
with a coordination polyhedron [HR2(Zn,Mn)4] for the H-atom. 
 
Solid solution / Th2Ni17-type structure / Electrochemical hydrogenation / Ni-MH battery 
 
 
Introduction 
 
Some intermetallic compounds based on rare-earth (R) 
and 3d-transition (T) metals demonstrate the ability to 
absorb and desorb reversibly large amounts of 
hydrogen. These phases are often called “hydrogen 
storage materials” and can be used for accumulation 
and storage of hydrogen and development of electrode 
materials for nickel-metal hydride batteries. The 
crystal structure of the phases is characterized by 
tetrahedral and octahedral voids suited for hydrogen 
insertion [1,2]. The best sorption characteristics are 
usually observed for materials developed on the basis 
of Laves phases and phases with the structure types of 
CaCu5, CeNi3, PuNi3, Th2Ni17, Th2Zn17, Gd2Co7, 
Ce2Ni7, Mo2FeB2, W2CoB2 [3-14]. 
 Previous investigations have shown that the phases 
with stoichiometry 2:17, having either rhombohedral 
Th2Zn17-type or hexagonal Th2Ni17-type structures, 
have significant void size [13,15,16] and affinity to 
hydrogen. The rhombohedral structure contains 
octahedral voids with a center in Wyckoff position 9e 
(½, 0, 0). Small atoms, such as C, N and H, can enter 
these voids, forming a superstructure with the 
Ce2Mn17C1.77-type. The hexagonal Th2Ni17-type 
contains two voids suitable for intercalation: 

octahedral with the center in a site in Wyckoff 
position 6h (x, 2x, ¼) and tetrahedral with the center in 
a position 12i (x, 0, 0) [17]. In case of gas 
hydrogenation of the alloys, hydrides with two types 
of occupied void are formed. During electrochemical 
hydrogenation we assume that only octahedral voids 
are occupied by H-atoms, forming a superstructure 
with Tb2Mn17C2.5-type (Fig. 1). The octahedral voids 
are the first to be occupied by H-atoms, forming a 
coordination polyhedron [HR2M4], because of 
geometrical and coordination reasons. The H-atoms 
have the same coordination in the CaCu5-type 
structure [18]. Occupation of the tetrahedral voids 
with the center in a position 12i occurs only for higher 
H content (more than 3 H/f.u.). 
 The sorption ability and electrochemical properties 
of the electrode materials constructed on the basis of 
R2T17 and RT5 phases can be improved by doping the 
binary compounds with other elements. In our 
previous works [15,16,18,19] we confirmed the 
positive influence of s-, p- and d-elements on the 
electrochemical hydrogenation of the compounds 
Tb2Ni17 and TbCo5. Doping pure magnesium with 
lithium and aluminum promotes hydrogen desorption, 
improves corrosion resistance and hydrogen mobility 
into the solid phase of the electrode [20,21]. 
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Fig. 1 Unit cell of R2Zn17-xMnx hydrides (Tb2Mn17C2.5-type structure) and coordination polyhedra for  
H-atoms at the centers of octahedral voids in 6h and at the centers of tetrahedral voids in 12i. 

 
 
 The purpose of this research was to study the 
electrochemical hydrogenation of solid solutions 
based on R2Zn17-xMnx (R = Y, La, Gd, Tb) and to 
investigate changes of the compositions of the 
electrodes during electrochemical processes in a 6M 
KOH electrolyte environment. 
 
 
Experimental 
 
Yttrium, lanthanum, gadolinium, terbium, zinc, and 
manganese with nominal purities of more than 
99.9 wt.% (commercial) were used as starting 
materials for the synthesis. Alloys with the nominal 
composition R10.5Zn84.5Mn5 (R = Y, La, Gd, Tb) were 
prepared by arc melting of pressed pellets of pure 
components (excess of Zn was 10 wt.% and of Mn 
2 wt.%) under a purified argon atmosphere. To reach 
homogeneity the samples were sealed in evacuated 
silica ampules, annealed at 500°C for four weeks and 
finally quenched in cold water. 
 Phase analysis of the samples was carried out 
before and after the electrochemical processes, using 
powder X-ray diffraction data collected on a 
diffractometer DRON-2.0M (Fe Kα-radiation). 
Refinement of lattice parameters was carried out by 
the least-squares method using LATCON [22] and 
PowderCell [23] programs. X-ray fluorescence 
spectroscopy (analyzer ElvaX Pro) was used for the 
investigation of the compositions of the electrodes 
before and after hydrogenation. Qualitative and 
quantitative compositions of the observed phases were 
studied by energy-dispersive X-ray spectroscopy 

using a scanning electron microscope TESCAN 
Vega 3 LMU with the Oxford Instruments Aztec ONE 
system. 
 Electrochemical hydrogenation was carried out in 
two-electrode Swagelok-type cells. The battery 
prototype consisted of a negative electrode containing 
0.2-0.3 g of the alloy and a positive electrode 
containing a mixture of dried Ni(OH)2 with 10 wt.% 
of graphite (~0.5 g) added for better conductivity. A 
separator (pressed cellulose) soaked in 6M KOH 
electrolyte was placed between the electrodes to avoid 
contact between them. Chronopotentiograms of the 
Ni-MH battery prototypes were obtained in 
galvanostatic regime over 50 cycles of charge-
discharge, using a galvanostat MTech G410-2 [24]. 
The amount of deintercalated hydrogen per formula 
unit (H/f.u.) of the studied electrodes was determined 
using Faraday’s formula, where the H-content is 
directly proportional to the discharge time and 
inversely proportional to the amount of alloy. The 
electrochemical reactions that occur on the electrodes 
can be presented by the following scheme: 
 

R2Zn17-xMnxHy + yOH– 
discharge  (dehydrogenation)

      charge (hydrogenation)  
→←   

R2Zn17-xMnx + yH2O + yē 
 

yNiO(OH) + yH2O + yē  
discharge  (reduction)

   charge (oxidation)  
→←   

yNi(OH)2 + yOH– 
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Table 1 Lattice parameters of R2Zn17-xMnx (R = Y, La, Gd, Tb) phases and their hydrides. 
 

Composition a, Å c, Å V, Å3 ∆V/V, % 

Y2Zn17-xMnx  8.9714(9) 8.818(2) 614.6(1) 
Y2Zn17-xMnxHy  8.982(1) 8.867(9) 619.5(6) 

0.80 

La2Zn17-xMnx [25]  9.118(2) 8.877(4) 639.3(3) 
La2Zn17-xMnxHy  9.146(1) 8.944(3) 648.0(3) 

1.36 

Gd2Zn17-xMnx [25]  8.988(1) 8.811(2) 616.5(2) 
Gd2Zn17-xMnxHy  8.9929(9) 8.858(2) 620.4(1) 

0.63 

Tb2Zn17-xMnx 

Tb2Zn17-xMnxHy 
 8.9924(9) 
 9.048(1) 

8.836(2) 
8.844(1) 

618.8(1) 
627.0(2) 

1.33 

 
 
 
 
3. Results and discussion 
 
The phase analysis of the R2Zn17-xMnx (R = Y, La, Gd, 
Tb) alloys by X-ray diffraction confirmed that all the 
samples contained solid solutions with the expected 
hexagonal Th2Ni17-type structure. The Y- and La-
containing alloys, in addition to the majority phases, 
also contained a small amount of rhombohedral 2:17 
phases with a solubility of Mn of less than 4.5 at.%. 
For the La-containing alloy, trace amounts of a phase 
with 1:11 stoichiometry (BaCd11-type structure) were 
observed. The Gd-containing sample was two-phase; 
besides the main Gd2Zn17-xMnx phase, solid solutions 
on the basis of Zn were observed. The alloy with Y 
contained three phases: the hexagonal and 
rhombohedral modifications of the 2:17 phase  
and Zn. It is worth noticing that the changes of the 
unit-cell parameters of the investigated phases obey 
the effect of lanthanide contraction. After 50 charge-
discharge cycles of the electrochemical hydrogenation 
the unit-cell volume of the phases, had increased as a 
result of the intercalation of hydrogen into the 
octahedral voids of the structure of the anode 
materials (see Table 1). 
 The SEM-images (back-scattered electrons mode) 
in Fig. 2 confirm the amounts of phases obtained by 
X-ray diffraction. The overall compositions 
(Y12.9(6)Mn4.5(7)Zn82.6(9), La11.7(4)Mn3.9(6)Zn84.4(7), 
Gd9.6(3)Mn3.5(5)Zn86.9(8), and Tb11.8(6)Mn4.2(8)Zn84.0(6))  
and elemental mapping of the studied alloys obtained 
from the EDX-analysis correlated well with the 
starting nominal compositions of the samples 
R10.5Mn5Zn89.5. 
 More detailed analysis of the compositions of the 
electrodes was carried out using X-ray fluorescence 
spectroscopy. The X-ray fluorescence spectra and 
overall compositions of the electrode based on 
Gd10.5Mn5Zn84.5, as an example, is presented in Fig. 3. 
Traces of oxygen and potassium from the electrolyte 
were removed by internal normalization of the data. 
We observed minor changes of composition, partial 
destruction of the crystal structure and enhanced grain 

etching of the samples that depend on the 
experimental conditions of hydrogenation. The 
composition of the initial sample changed from 
Gd11.0Mn4.4Zn84.6 (Fig. 3a) to Gd10.1Mn4.8Zn85.1 after 10 
cycles of charge-discharge (Fig. 3b) and to 
Gd9.2Mn6.1Zn84.7 after 50 cycles of charge-discharge 
(Fig. 3c), which was the main reason of the capacity 
loss. The corrosion resistance of the La- and  
Y-containing phases is the lowest and after the 
electrochemical studies the X-ray powder patterns 
showed a large content of lanthanum and zinc oxides. 
The difference between the X-ray powder patterns of 
the La2Zn17-xMnx electrode sample before and after 50 
cycles of hydrogenation-dehydrogenation is presented 
in Fig. 4. The appearance of a noticeable amorphous 
halo in the low-angle region also confirmed 
significant amorphization of the electrode material. 
 Here we selected an optimal current density at 
charging of 1.0 mA/cm2 for 5 h in galvanostatic 
regime, because a larger current very quickly destroys 
the crystalline electrode and the amorphous electrode 
is oxidized to individual oxides. Similar experiments 
were carried out with electrodes based on SmNi5 solid 
solutions [18]. Selected discharge curves with longer 
discharge time for the battery prototypes based on 
R2Zn17-xMnx are presented in Fig. 5. During the first  
7-15 cycles processes of surface and volume 
activation occurs. The longest discharge time was 
observed at the 7-th cycle for the La-containing 
electrode (0.68 H/f.u.), at the 8-th cycle for the  
Y-containing electrode (0.72 H/f.u.), at the 11-th cycle 
for the Gd-containing electrode (1.92 H/f.u.), and at 
the 14-th cycle for the Tb- containing electrode 
(1.94 H/f.u.). The maximum amount of intercalated 
hydrogen was not reached under the conditions of the 
experiment. Larger amounts of hydrogen can be 
obtained by gas hydrogenation at high pressure and 
temperature. Alloying of the Y- and La-containing 
phases by corrosion-resistant components such as Co, 
Ni, etc. might increase the corrosion resistance of the 
alloys, capacitive parameters and life cycle of the 
electrode material. 
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Nominal composition: Y10.5Mn5Zn89.5 

 
Spectrum 1‒3 (main phase): 

Y12.9(6)Mn4.5(7)Zn82.6(9); 
Black points: 

~Zn 

 

   
Integrated composition: Y13.0Mn3.7Zn83.3 

Nominal composition: La10.5Mn5Zn89.5 

 
Spectrum 1‒5 (light phase): 

La11.7(4)Mn3.9(6)Zn84.4(7); 
Spectrum 6‒10 (grey phase): 

La9.1(7)Mn2.8(6)Zn88.1(8); 
Spectrum 11‒15 (dark phase) 11-15: 

La2.1(6)Mn1.8(5)Zn96.1(9) 

 

   
Integrated composition: La11.2Mn4.1Zn84.7 

 
Nominal composition: Gd10.5Mn5Zn89.5 

 
Spectrum 1‒5 (light phase): 

Gd9.6(3)Mn3.5(5)Zn86.9(8); 
Spectrum 6‒10 (dark phase): 

Gd1.1(3)Mn0.9(5)Zn98.0(7); 
Spectrum 11‒15 (black points): 

~ZnO 

 

   
Integrated composition: Gd8.9Mn3.9Zn87.2 

Nominal composition: Tb10.5Mn5Zn89.5 

 
Spectrum 1‒5 (light phase): 
Tb19.1(9)Mn4.5(1.1)Zn76.4(1.3); 

Spectrum 6‒10 (dark phase): 
Tb11.8(6)Mn4.2(8)Zn84.0(6) 

 

   
Integrated composition: Tb13.0Mn5.2Zn81.8 

Fig. 2 Back-scattered electron images of the surfaces, phase compositions and elemental mapping of the 
studied alloys. 
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Fig. 3 X-ray fluorescence spectra of electrode based on Gd10.5Mn5Zn84.5: initial (a), after 10 (b) and after  
50 (c) charge-discharge cycles. 
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Fig. 4 X-ray powder patterns of La2Zn17-xMnx before (blue profile) and after 50 cycles (red profile) of 
hydrogenation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Selected discharge curves for the battery prototypes based on R2Zn17-xMnx. 
 
 
 
Conclusion 
 
The R2Zn17-xMnx (R = Y, La, Gd, Tb) phases 
crystallize in the hexagonal Th2Ni17-type structure. 
The solubility of Mn does not exceed 4.0-4.5 at.% 
(~0.5-0.9 Mn/f.u.). Besides the main phases, the  
Y- and La-containing alloys are characterized by the 
formation of trace amounts of rhombohedral 2:17 
phase. According to the EDX-analysis, the solubility 

of Mn in these compounds is similar to that of the 
hexagonal phases. Such low solubility can be 
explained by differences in physical and chemical 
characteristics between zinc and manganese, while the 
atomic radii have close values. As electrodes the 
alloys demonstrated similar electrochemical behavior, 
the discharge time and amount of H/f.u. increased in 
the order La < Y < Gd < Tb. Under the experimental 
conditions the La-containing electrode incorporated 
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0.68 H/f.u., the Y-containing electrode 0.72 H/f.u.,  
the Gd-containing electrode 1.92 H/f.u. and the  
Tb-containing electrode 1.94 H/f.u. For the Y- and  
La- alloys significant amorphization and etching by 
the electrolyte were observed. 
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