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The electrochemical hydrogenation of SmNi5-xMx phases (M = In; In+Sn) and the binary compound SmNi5 
has been studied for the first time by X-ray diffraction, scanning electron microscopy, energy-dispersive  
X-ray spectroscopy, and X-ray fluorescence spectroscopy. All these phases crystallize in hexagonal CaCu5-
type structures. The solubility of In or In+Sn in the binary compound SmNi5 is not higher than 5.0-5.5 at.%, 
which can be explained by the large difference between the atomic radii of the doping components (In, Sn) 
and nickel. At charging to the 3 H/f.u. level (current density 1.0 mA/cm2) the electrodes based on the binary, 
ternary and quaternary phases demonstrated maxima of 2.41, 2.52, and 2.72 H/f.u., respectively. The most 
geometrically advantageous sites in the initial structures are octahedral voids (Wyckoff position 3f), where 
the coordination polyhedron of the H-atom is an octahedron of composition [HSm2M4]. The results of the 
spectral analysis showed that the In-doped electrode lost In in specific interactions of the surface with the 
electrolyte during the electrochemical process, in contrast to the other electrodes, which are stable (the 
qualitative and quantitative compositions of the observed phases remained unchanged). 
 
X-ray diffraction / Electron microscopy / Solid solutions / CaCu5-type structure / Ni-MH battery / 
Electrochemical hydrogenation 
 
Introduction 
 
Intermetallic compounds and composites are the basis 
of new technological materials with interesting and 
specific physical and chemical properties. Some of 
them have significant void size and affinity to 
hydrogen and can be used as hydrogen storage 
materials and as electrodes in Ni-MH batteries [1,2]. 
The best hydrogen absorption characteristics have 
materials developed on the basis of Laves phases 
(structure types MgCu2, MgZn2, MgNi2) and 
multicomponent solid solutions with CaCu5, CeNi3, 
PuNi3, Th2Ni17, U3Si2 (ternary variant Mo2FeB2), 
W2CoB2 and some other structure types [3-9]. The 
study of these compounds is often motivated by the 
potential influence of hydrogen on the magnetic 
properties of the materials. Investigations of phases 
with CaCu5-type structures and improvement of 
hydrogen sorption properties by doping with s- and  
p-elements are described in [10-22]. The improvement 
of the corrosion resistance of the electrodes, effective 
passivity in alkaline solution, thermal stability and 
absorption capacities of the alloys are also considered. 

 The CaCu5-type structure (space group P6/mmm, 
Pearson symbol hP6, formula units Z = 1) is a parent 
type at the origin of a large family of derivatives, such 
as Th2Ni17 (hexagonal modification), Th2Zn17 
(rhombohedral modification), PuNi3, Gd2Co7, CeNi3, 
Ce2Ni7, ThMn12, monoclinic phases with  
3:29 stoichiometry, PrNi2Al 3 (ternary variant), and 
others. In this structure the rare-earth elements (large 
atoms) occupy the site 1a (0 0 0), whereas the other 
two positions, 2c (1/3 2/3 0) and 3g (1/2 0 1/2), are 
filled by elements with smaller atomic radii. All of the 
structure types listed above have related frameworks 
of atoms and void layers that make them applicable 
for intercalation of small atoms such as hydrogen, 
boron, carbon, and nitrogen in the structure. The 
CaCu5-type contains 3 types of void: one octahedral 
void in Wyckoff position 3f (1/2 1/2 0), and two 
tetrahedral voids in 3h (1/3 2/3 z) and 6m (x 2x 1/2). 
By gaseous hydrogenation of intermetallics, hydrides 
with a content of 6-7 H/f.u can be formed. In this case 
all of the voids are involved (Fig. 1). We expect that at 
electrochemical hydrogenation the octahedral voids 
are the first to be occupied by H-atoms, because of 
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geometrical and coordination ([HSm2M4]) reasons, 
similarly as in R2Fe17Dx [23]. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Unit cell of RM5 hydrides (matrix with 
CaCu5-type structure) and coordination 
polyhedra of the H-atoms. 

 
 
 Hydrides or deuterides with Th2Ni17-type 
structures have been studied by various authors (e.g. 
[23-26]). Isnard et al. [23] investigated several 
R2Fe17Dx deuterides by neutron diffraction and found 
that the octahedral void site in Wyckoff position 6h is 
preferred for the hydrides (deuterides). Occupation of 
the tetrahedral void site in 12i only occurs for higher 
H contents (x > 3). A similar situation is observed in 
the case of phases with CaCu5-type structures. 
Hydrogen insertion into the octahedral voids in the 
structure is thermodynamically more profitable 
because of (a) the greater volume of this site and (b) 
the fact that structural deformations more easily occur 
when the octahedron vertices are formed by larger 
atoms, such as rare-earth metals. 
 The solubility of p-elements in RNi5 depends on 
the atomic radii of the doping components. If the 
radius is close to the atomic radius of Ni, the solubility 
will be maximal and will reach 3 atoms per formula 
unit. On the contrary, the solubility of indium in the 
binary compound TbNi5 does not exceed 2 at.% [27], 
and the solubility of tin in the GdNi5 compound does 
not exceed 5-6 at.% [28]. 
 In our previous papers we reported the solubility 
of s-, p- and d-elements in the binary compounds 
Tb2Ni17 and TbCo5 [29-32]. Significant improvement 
of the hydrogen sorption and electrochemical 
characteristics was observed for these solid solutions. 
Doping pure magnesium with lithium and aluminum 
(Mg76Li 12Al 12) promotes hydrogen desorption, 
corrosion resistance, and hydrogen mobility in the 
solid phase of the electrode [33,34]. In all cases an 
amorphous solid-state electrode was obtained when a 
high-density current was used, or hydrogenation up to 
the maximal hydrogen amount (according to the  
H-content from gas hydrogenation) was carried out. In 
order to compare the structural transformations and 
electrode characteristics (influence of each doping 
component on the electrochemical behavior of the 

electrodes) we propose to use non-extreme conditions 
for the synthesis of hydrides. 
 The purpose of this research was to study solid 
solutions based on the intermetallic compound SmNi5 
and the influence of In and a mixture of In+Sn doping 
on the intercalated/deintercalated hydrogen content. 
We also wanted to study the change of composition of 
the electrode and surface grain morphology during 
electrochemical hydrogenation. 
 
 
Experimental 
 
Samarium, nickel, tin, and indium with nominal 
purities of more than 99.9 wt.% were used as starting 
materials. Alloys with the compositions Sm16.7Ni83.3, 
Sm16.7Ni78.3In5, Sm16.7Ni76.8In6.5, Sm16.7Ni78.3In2.5Sn2.5, 
and Sm16.7Ni76.8In3.25Sn3.25 were prepared by arc 
melting of the elements (In with 5 wt.% excess) under 
argon atmosphere. To reach homogeneity the samples 
were sealed in evacuated silica tubes, annealed at 
400°C for four weeks, and finally quenched in cold 
water. 
 Phase analysis of the alloys before and after the 
electrochemical processes was carried out by powder 
X-ray diffraction (XRD) using a DRON-2.0M 
diffractometer (Fe Kα-radiation) and energy-
dispersive X-ray spectroscopy. Refinement of the 
lattice parameters (least-squares method) of the 
observed phases was performed using LATCON [35] 
and PowderCell [36] programs. 
 Electrochemical hydrogenation of the binary 
compound SmNi5 and its ternary and quaternary 
derivatives SmNi4.7In0.3 and SmNi4.7In0.15Sn0.15 was 
carried out in 2-electrode Swagelok-type cells. The 
battery prototype consisted of a negative electrode 
containing 0.3 g of the alloy and a positive electrode 
containing a mixture of dried Ni(OH)2 with 10 wt.% 
of graphite added for better electric conductivity. A 
separator (pressed cellulose) soaked in 6M KOH 
electrolyte was placed between the electrodes. The 
E = f(τ) dependence of the batteries was measured in 
the galvanostatic regime (charging at 3.0 mA/cm2 and 
discharging at 1.0 mA/cm2), and over 50 cycles were 
conducted (galvanostat MTech G410-2 [37]). The 
optimal current density was selected on the basis of 
previous experimental work to avoid quick 
amorphization or other by-processes. 
 The H-capacity of the electrodes was determined 
according to Faraday’s laws. The H-content is directly 
proportional to the discharge time (obtained from the 
E = f(τ) dependence) and inversely proportional to the 
amount of substance: 

H/f.u. = 

M

m
F

I

⋅

⋅τ
, 

I – current, τ – charge or discharge time, F – Faraday’s 
constant, m – mass, M – molar mass. 
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 The qualitative and quantitative compositions of 
the observed phases and the morphology of the 
material surfaces were examined using scanning 
electron microscopes TESCAN Vega3 LMU  
(Oxford Instruments Aztec ONE system) and 
REMMA-102-02. An X-ray fluorescence spectrometer 
ElvaX Pro was used for investigation of the 
composition of the electrode powders before and after 
hydrogenation. 
 
 
Results and discussion 
 
X-ray diffraction of the alloys revealed that the binary 
SmNi5 sample was single-phase. The SmNi4.7In0.3 and 
SmNi4.7In0.15Sn0.15 samples were two-phase: a main 
phase with Sm(Ni,In,Sn)5 stoichiometry and a 
minority ternary phase with PuNi3-type structure. The 
observed solid solutions crystallize in hexagonal 
CaCu5-type structures (space group P6/mmm, Pearson 
code hP6). An increase of the unit-cell parameters was 
observed for the ternary and quaternary phases 
compared to the pure SmNi5 binary phase (Table 1). 
This occurs because nickel is partially substituted in 
the original structure of SmNi5 by indium, or indium 
with tin, which have larger atomic radii (r In = 1.66 Å, 
rSn = 1.62 Å) than nickel (rNi = 1.24 Å). This is also 
the reason why the solubility of In and In+Sn in 
SmNi5 cannot be large. 
 SEM-images and compositions from EDX of the 
Sm16.7Ni78.3In5 and Sm16.7Ni78.3In2.5Sn2.5 alloys 
(TESCAN Vega3 microscope), and the 
Sm16.7Ni76.8In6.5 and Sm16.7Ni76.8In3.25Sn3.25 alloys 
(REMMA-102-02 microscope), are presented in Fig. 2 
and Fig. 3, respectively. The overall compositions of 
the alloys and element mapping showed that the real 
content is very close to the nominal composition 
(Fig. 2). It is worth noting that the surface morphology 
of the observed phases is similar for the two series of 
alloys with 5 and 6.5 at.% nominal content of doping 
elements, but for the alloys with larger amounts of In 
or In+Sn we observed a larger amount of SmNi3-xMx 
phase with (probably) PuNi3-type structure. Sm* in 
two figures indicates trace amounts of a phase on the 
basis of pure Sm, which had probably not reacted 
during the synthesis. 
 The phase diagram of the Sm–Ni binary system 
[38] shows that the 1:5 phase is in equilibrium with 
the Sm5Ni19 phase (structure type Ce5Co19, space 
group R-3m or structure type Sm5Co19, space group 

P63/mmc). The phases with 5:19, 2:7 and 1:3 
stoichiometry are often called “Laves-CaCu5 
intergrowth phases” and their crystal structures and 
some of the XRD peaks are similar to those of the 1:5 
phase. XRD powder patterns of the studied alloys are 
presented in Fig. 4 (bottom line). After hydrogenation 
(top line) the XRD peaks of the main phase are shifted 
towards the region of smaller angles, showing that 
hydrogen insertion has taken place. The formation of 
an amorphous halo in the range near 35° and 
significant expansion of the peak profiles were also 
observed. This is the evidence of partial 
amorphization of the sample and etching of the grain 
surfaces. 
 The effectiveness of the electrochemical 
hydrogenation of the SmNi4.7Mx (Mx = In0.3, 
In0.15Sn0.15) phases, which served as negative electrode 
materials, was studied over 50 charge-discharge 
cycles. The unit-cell volume increased as a result of 
hydrogen intercalation into the structure (Table 1). 
 The electrochemical reactions that occur on the 
electrodes can be presented by the following scheme: 
SmNi5 + xH2O + xē 

 ←
 →

nation)(dehydroge discharge

tion)(hydrogena charge  

SmNi5Hx + xOH–; 
Ni(OH)2 + xOH– 

 ←
 →
)(reduction discharge

)(oxidation charge  

NiO(OH) + xH2O + xē. 
 Charging of the battery prototypes with anode 
materials on the basis of SmNi5 and solid solutions 
based on SmNi5 was carried out in the galvanostatic 
regime at 3 mA/cm2, because this value of current 
density is optimal for hydrogenation of Ni-based 
electrodes. For example, hydrogenation of  
Mg-containing electrodes proceeds better at a lower 
current density of 0.5-1.0 mA/cm2 without by-
processes or formation of molecular hydrogen. 
Charge-discharge characteristics are presented in 
Fig. 5. During the first nine or ten cycles surface and 
volume activation occurred. The highest hydrogen 
content during dehydrogenation was 2.41 H/f.u. for 
the SmNi5-based electrode, 2.52 H/f.u. for the battery 
prototype with a ternary phase-based electrode, and 
2.72 H/f.u. for the quaternary phase-based electrode. 
The specific electrical capacity of the studied 
electrodes did not exceed 140-160 mAh/g. It 
decreased with increasing number of cycles because of 
by-processes on the electrode surface. 

 
Table 1 Lattice parameters of the SmNi5-xMx (M = In, In+Sn) phases and their hydrides. 

 
Composition a, Å c, Å V, Å 3 ∆V/V, % 

SmNi5 4.9240(4) 3.9633(5) 83.21(2) 
SmNi5Hx 4.9406(8) 3.9710(8) 83.94(4) 

0.88 

SmNi4.7In0.3 4.9288(6) 3.9672(7) 83.46(2) 
SmNi4.7In0.3Hx 4.9430(8) 3.9728(8) 84.06(4) 

0.72 

SmNi4.7In0.15Sn0.15 4.9276(9) 3.9665(8) 83.41(4) 
SmNi4.7In0.15Sn0.15Hx 4.948(1) 3.976(1) 84.3(1) 

1.07 
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overall composition – Sm16.8Ni77.7In 5.5 overall composition – Sm16.9Ni77.4In 2.7Sn3.0 
1-5 spectra: Sm17.4(6)Ni78.0(3)In 4.6(3); 
6-10 spectra: Sm25.8(3)Ni68.3(3)In5.9(5); 
11-15 spectra: Sm*. 

1-5 spectra: Sm17.0(4)Ni78.7(3)In 1.9(4)Sn2.4(4); 
6-10 spectra: Sm24.3(2)Ni69.4(6)In3.0(3)Sn3.3(4); 
11-15 spectra: Sm*. 

 
Fig. 2 Back-scattered electron images of the alloy surface, phase composition and mapping according to the 
EDX-analysis of SmNi4.7In0.3 (left) and SmNi4.7In0.15Sn0.15 (right) alloys (TESCAN Vega3 LMU 
microscope). 

 

  
dark phase – Sm16.5Ni77.0In6.5 (SmNi5-xInx), 
gray phase – Sm25.9Ni68.8In5.3 (SmNi3-xInx), 
white phase – Sm*. 

dark phase – Sm16.3Ni77.6In2.8Sn3.3 (SmNi5-x-yInxSny), 
gray phase – Sm26.3Ni69.8In1.8Sn2.1  (SmNi3-x-yInxSny), 
white phase – Sm*. 

 
Fig. 3 Back-scattered electron images of the alloy surface and phase composition according to the  
EDX-analysis of SmNi4.6In0.4 (left) and SmNi4.6In0.20Sn0.20 (right) alloys (REMMA-102-02 microscope). 
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a  

b  

c  
 

Fig. 4 XRD-powder patterns of the Sm16.7Ni83.3 (a), Sm16.7Ni78.3In5 (b), and Sm16.7Ni78.3In2.5Sn2.5 (c) alloys 
before (bottom line) and after 51/50 cycles of hydrogenation/dehydrogenation (Miller indexes are indicated;  
* – impurity). 
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Fig. 5 Selected charge-discharge curves for the prototype batteries with electrodes based on Sm16.7Ni83.3  
(a, b), Sm16.7Ni78.3In5 (c, d), and Sm16.7Ni78.3In2.5Sn2.5 (e, f); the number of the cycle is indicated on the curve. 
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 The indium-containing electrode is characterized 
by numerous breaks on the E (volts) versus hydrogen 
content (Hx) dependence during charging. The main 
reason for this is interaction of the surface with the 
electrolyte and formation of an etched micro-layer on 
the surface. The decrease of the In content in the solid 
solution as a result of electrochemical transformations 
was also observed by the EDX-analysis (Fig. 6). The 
overall composition of the electrode before and after 
electrochemical hydrogenation (51/50 charge-
discharge cycles) also confirmed the loss of some 
amount of indium after contact with the electrolyte 
under electric charge (Fig. 7). 
 A similar case with breaks on the charge curves 
occurs for the electrode based on SmNi5 (Fig. 5a). It 
can be explained by surface passivation by hydroxide-
ions and formation of a thin film on the basis of metal 
hydroxides (first plateau). When we apply a larger 
electric charge, the solid-electrolyte interface (SEI) is 
destroyed and further H-inclusion can easily occur 
(the main, almost horizontal line). A battery prototype 
with a TbCo5-based electrode showed some small 
plateaus below the main one during discharging [39].  
 Scanning electron microscopy of the grains also 
showed a change (grinding) of the surface 
morphology and grain size of the materials (Fig. 6). 
The electrodes prepared from the investigated 
materials were stable in the alkaline solution for more 
than 50 cycles of charge-discharge, but for the ternary 
phase (SmNi4.7In0.3) the occurrence of dark regions on 
the spectra is the evidence of surface corrosion 
(Fig. 6b,d). The amount of SEI-phases is very low and 
their structure is often amorphous. This explains why 
by-products on the basis of oxides or hydroxides were 
not observed by XRD. The change of the quantitative 
composition of the quaternary phase 
(SmNi4.7In0.15Sn0.15) was not as significant as for  
the ternary one. In general, the results of the  
EDX-analysis showed that the solubility of the doping 
elements was around 5.0-5.5 at.%. 
 There are two main reasons why the 4-component 
alloy shows better results as anode in the Ni-MH 
battery than the binary and 3-component samples. The 
first reason lies in the probably better corrosion 
resistance of the SmNi4.7In0.15Sn0.15 alloy in alkaline 
solution. The second one is the formation of a  
5-component SmNi4.7In0.15Sn0.15Hx alloy during 
hydrogenation, which may be considered as a high-
entropy system. High-entropy alloys have much better 
properties than binary, ternary and quaternary alloys 
based on the same components. We consider that the 
energy parameter “solid-state entropy” significantly 
affects the diffusion of hydrogen into the bulk and 
decreases the activation energy on the electrode 
surface. A similar case was observed during 
hydrogenation of a Tb2Ni15.2Li 0.6Mg0.6Sb0.6 alloy with 
Th2Ni17-type structure [40]. 
 More detailed analysis of the compositions of the 
electrodes was carried out using X-ray fluorescence 
spectroscopy. In Fig. 7 spectra and overall 

compositions of the samples are presented. All the 
samples contained a low amount of potassium from 
the electrolyte (6M KOH). The oxygen and potassium 
contents were removed by internal normalization. 
Significant changes of composition, partial destruction 
of the crystal structure and enhanced etching of grains 
may occur depending on the experimental conditions 
of hydrogenation. Using a current density of 
3.0 mA/cm2 (Fig. 7a) leads to insignificant changes of 
the composition (in agreement with the  
EDX-analysis). If 10.0 mA/cm2 is used, destruction of 
the intermetallic phase occurs very fast and the 
electric charge promotes surface dissolution in the 
electrolyte environment. 
 The maximal amount of intercalated hydrogen was 
not reached under the conditions of our experiment. In 
the case of electrochemical hydrogenation, the H-
atoms occupy the void site 3f of the structure, while in 
the case of gas hydrogenation they occupy the same 
octahedral voids 3f but also tetrahedral sites in 3h and 
6m. Biliskov et al. [41] investigated the SmNi5-xAl x 
series submitted to gas and electrochemical 
hydrogenation. The hydrogen content decreased from 
~5 to ~3 H/f.u. with increasing aluminum content (gas 
hydrogenation), and the formation of ~100 nm-large 
nanoparticles was observed. The largest amount of 
hydrogen could be inserted by gas hydrogenation at 
high pressure. Similar results for hydrides based on 
the SmNi5-xGax solid solutions are presented in [42]. 
 
 
Conclusion 
 
The SmNi4.7In0.3 and SmNi4.7In0.15Sn0.15 phases 
crystallize in CaCu5-type structures. The maximal 
solubility of In and In+Sn in binary SmNi5 does not 
exceed 5.0-5.5 at.%. The low solubility can be 
explained by the large differences between the atomic 
radii of the p-elements and nickel. According to SEM 
and EDX-analysis the secondary phase in the alloys 
can have 5:19, 2:7 or 1:3 stoichiometry. These 
“Laves-CaCu5 intergrowth phases” are related to the 
1:5 phase with CaCu5-type structure. 
 At charging to 3 H/f.u. (current density 
1.0 mA/cm2) the hydrogen content reached a 
maximum of 2.41 H/f.u. for the two-component 
electrode (SmNi5), 2.52 H/f.u. for the three-
component electrode and 2.72 H/f.u. for the 
quaternary phase-based electrode. The current 
efficiency was in the range 80-91 %. The most 
geometrically advantageous sites for H-inclusion are 
octahedral voids (Wyckoff position 3f) formed by four 
atoms of nickel, or a statistical mixture of atoms, in 
the equatorial plane and two samarium atoms at the 
vertices above and below this plane. The coordination 
polyhedron for the H-atoms is [HSm2M4].  
The SmNi4.7In0.15Sn0.15 alloy showed better  
corrosion resistance in the alkaline solution  
and did not undergo significant losses of p-element 
during hydrogenation, as was the case for SmNi4.7In0.3.
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Fig. 6 SEM-images of the anode material powders: SmNi4.7In0.3 (a-d) and SmNi4.7In0.15Sn0.15 (e-h) before 
(left) and after (right) 51/50 cycles of electrochemical hydrogenation/dehydrogenation (REMMA-102-02 
microscope). 
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b  
 

c  
 

Fig. 7 X-ray fluorescence spectra after charge-discharge cycles of electrodes based on SmNi4.7In0.3 (a) and 
SmNi4.7In0.15Sn0.15 (c) (current density 3.0/1.0 mA/cm2) and SmNi4.7In0.3 (b) (current density  
10.0/1.0 mA/cm2). Compositions without potassium and oxygen were Sm17.0Ni80.7In2.3, Sm16.4Ni78.9In2.1Sn2.6, 
and Sm8.3Ni91.3In0.4, respectively. 
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The hydride SmNi4.7In0.15Sn0.15Hx can be considered as 
a high-entropy system and demonstrates the best  
H-diffusion (mobility) into the bulk of the electrode. 
Comparing the electrochemical behavior of the 
studied alloys we can conclude that SmNi5-xMx phases 
are perspective materials for negative electrodes in  
Ni-MH batteries. 
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