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� Low Co AB5 type alloys were studied as anode materials.

� The maximum discharge capacity 321.1 mA h/g at 100 mA/g for La alloy.

� The hydrogen diffusion coefficient at charging is measured by PITT.

� High cycling retention of 92.2% after 100 cycles at 1C for Nd alloy.
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The structure, hydrogen storage and electrochemical properties of annealed low-Co AB5-

type intermetallic compounds have been investigated. La-alloy, Nd-alloy and Cr-alloy are

used to represent La0.8Ce0.2Ni4Co0.4Mn0.3Al0.3, La0.6Ce0.2Nd0.2Ni4Co0.4Mn0.3Al0.3 and La0.6-
Ce0.2Nd0.2Ni3.8Co0.4Mn0.3Al0.3Cr0.2, respectively. The XRD results indicated that annealed

samples are all single-phase alloys with CaCu5 type structure. The maximum of both

hydrogen content and discharge capacity is obtained for La-alloy 1.23 wt%H2 and

321.1 mA h/g, respectively. All the investigated alloys are quiet stable with DH of hydrogen

desorption about 36e38 kJ/mol H2. Cycle life of alloy electrode has been improved by partial

substitution of La for Nd and Ni for Cr. The highest capacity retention of 92.2% after 100

charge/discharge cycles at 1C has been observed for Nd-alloy. The hydrogen diffusion

coefficient measured by PITT is higher at the start of charging process and dramatically

reduces by 2e3 order of magnitude with saturation of b-hydride. The highest value

6.9 � 10�13 cm2/s is observed for La alloy at 100% SOC. Partial substitution La for Nd and Cr

for Ni in low-Co AB5 metal hydride alloys slightly reduces maximum discharge capacity,

HRD performance and hydrogen diffusion kinetics. Low-Co alloys show good overall

electrochemical properties compared to high-Co alloys and might be perspective materials

for various electrochemical applications.
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Introduction

Since early 1970s multicomponent metal hydride materials

are extensively investigated for their use in stationary and

portable hydrogen storage [1,2], metal hydride hydrogen

compresssion [3], thermal energy storage [4] and Ni-MH bat-

teries [5,6]. Among all the applications, Ni-MH batteries have

achieved the greatest commercial success and widespread

use. In early 1990s Ni-MH batteries based on AB5-type inter-

metallic compounds as anode have replaced environmentally

hazardous Ni-Cd batteries.

Another electrochemical application, where metal hy-

drides can be used, is alkaline metal hydride-air fuel cells (MH

FC) [7e9]. The MH FC is a device with built-in charge storage,

which can operate reversibly as an electrolyzer and hydrogen

is absorbed by the metal hydride alloy, i.e.as unitized regen-

erative fuel cells. Storing charge in or near a fuel cell's elec-

trode of MH FC would speed up the device's response, allow it

to be ‘recharged’ without stopping and to live longer than

conventional fuel cells, although the power densities reported

were low, the cells stored voltage forminutes or hours [10]. For

a MH FC the measured maximum power output was 34 mW/

cm2 (oxygen) [8]. MH electrode has a good catalytic activity for

hydrogen and long-term electrochemical stability at a current

load of 40e50mA/cm2 at 55 �C and lab-size rechargeablemetal

hydride-air cell with charge efficiency about 90% and specific

energy density about 95 Wh/kg was developed [7,11]. A Metal

Hydride Fuel Cell was demonstrated in 320 W stacks and

500 W systems by Ovonic Fuel Cell Company [12]. A novel

electrochemical reactor for hydrogen production and power

generation is proposed based on a fuel cell/battery system

with the energy conversion efficiencies of hydrogen produc-

tion and of the complete hydrogen production/power gener-

ation process at a current density of 37.0 mA/cm2 were 98.3%

and 79.6%, respectively [13].

According to electrochemical applications, the most

important properties ofmetal hydridematerials are activation

performance, discharge capacity, high-rate dischargeability,

cyclic stability. Metal hydride (MH) alloys have to meet the

following requirements [14e19]:

� High reversible hydrogen storage capacity (>1% mass);

� Rapid initial activation and high catalytic activity;

� Good corrosion resistance in alkaline electrolyte and me-

chanical stability;

� Fast charge/discharge kinetics and long cycle life;

� Charge/discharge at high current densities and resistance

to overcharge/overdischarge;

� Wide range of operating temperatures;

� Environmental friendliness and low-cost production.

The hydrogen absorbing intermetallic compounds (IMC)

used for electrochemical applications can be represented by a

general formula AmBnHx, where A is a hydride forming metal

(La, Ce, Mm, Ti, Zr, V, Mg), and metal B does not interact with

hydrogen under normal conditions (Ni, Co, Fe, Mn, Cr, Al and

others) [2]. Depending on the metal A to metal B ratio, the

IMCs can be classified in several basic types: AB5, AB2, AB3-3.5,

AB, A2B, Ti-, V-based solid solutions [5].
Despite the great efforts to develop new hydrogen

absorbing materials with enhanced working characteristics

[5,14,20e27] AB5 type alloys still stay the most popular mate-

rials due to their high surface catalytic activity, easy activation

and good cycle stability. Themain representative of AB5 alloys

is LaNi5 with CaCu5 hexagonal structure. The hydrogen stor-

age capacity of LaNi5H6.6 hydride is ~1.4mass% [28e31], which

corresponds to a theoretical electrochemical capacity of

372 mA h/g. However, the high equilibrium hydrogen sorp-

tion/desorption pressure and the dissolution of La in alkaline

electrolytes greatly decrease the electrochemical properties of

the alloy. Partial substitution La bymishmetal Mm (mixture of

rare earthmetals La, Ce, Nd, Pr) andNi by Co,Mn, Al, Fe, Cr, Sn,

etc. allow to reach higher electrochemical capacities and ki-

netics [14,32e36]. Most popular commercially available alloy is

MmNi3.55Co0.75Mn0.4Al0.3, where Mm ¼ La0.62Ce0.27Nd0.08Pr0.03
[37]. The rare earth elements La, Ce, Pr and Nd are hydride

forming metals and primarily provide H2 absorption, Ni pro-

vides catalytic activity for redox reaction, Co, Mn and Sn

provide surface activity, and Al and Fe provide corrosion

resistance [14,16]. Commercial AB5 hydrogen storage alloys

have reached a reversible discharge capacity of

320e350 mA h/g.

The increase of Al content in LaNi4.4-xCo0.3Mn0.3Alx
(х ¼ 0e0.3) alloys improves cycle stability and maximum

discharge capacity and decreases self-discharge rate. Ca-

pacity loss during self-discharge after the complete storage

time of 4 days decreased from 17.14% for Al-free alloy (x ¼ 0)

to 12.47% for high Al-substituted alloy (x ¼ 0.3) [38]. Partial

substitution Ni for Mn increases maximum discharge ca-

pacity, cyclic stability [39] and improves low temperature

electrochemical performances [32]. Substitution by Fe to

multicomponent AB5 alloys significantly improves cycle

stability, corrosion resistance, but lowers discharge capacity

and high rate dichargeability [35,40]. Cobalt is a key element

to maintain cycle life of metal hydride electrode materials,

but the use of Co greatly increases total cost of metal hydride

alloy. One of the key factors to increase market competi-

tiveness of Ni-MH batteries is a cost reduction of metal hy-

dride alloys. Partial or complete substitution of Co by

cheaper metals Fe, Mn, Al, etc. to reduce material cost were

widely investigated [34,35,41e43]. Unfortunately, low-Co

and Co-free alloys show lower discharge capacity and cycle

life in comparison with usual Co containing (up to 10 at%)

alloys. A number of works [44e47] were conducted to

investigate partial substitution of conventional components

such Ni, Co, Mn, Cu by commercially available ferrovana-

dium V0.81Fe0.19 on electrochemical properties of AB5-x

(V0.81Fe0.19)x (where x ¼ 0e0.2). Alloys with V0.81Fe0.19 at

concentration х ¼ 0.05e0.1 reached discharge capacity of

310e330 mA h/g and significantly increased cyclic stability.

Along with element substitution, annealing treatment and

chemical surface treatment are generally used to improve

electrochemical properties of the alloys [33,48e51]. Duplex

hot-alkali treatment with reducing agents N2H4, NaH2PO2,

NaBH4 of MmNi3.7Co0.7Mn0.3Al0.3 alloy surface significantly

enhanced cyclic stability, high rate dischargeability and low

temperature characteristics [33]. In addition, a significant in-

crease in high rate dischargeability after alkaline treatment of

metal hydride samples was noted in Ref. [49,50]. Annealing
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treatment at different temperatures allowed to increase

maximum discharge capacity and cyclic stability [48,51].

In order to increase cost-effectiveness of metal hydride

materials, two approaches were taken to reduce the raw ma-

terial cost: elimination/reduction of Pr and Nd in the A-site

and reduction of Co in the B-site in comparison with

commercially available Mm based alloy [37]. Three different

AB5 type alloys based on La0.8Ce0.2Ni4Co0.4Mn0.3Al0.3 compo-

sition are investigated in detail to determine crystal structure,

gas phase hydrogen sorption properties and electrochemical

characteristics. The obtained results are discussed in com-

parison with available reference data.
Experimental procedure

AB5 alloys with nominal compositions La0.8Ce0.2Ni4Co0.4-
Mn0.3Al0.3 (La-alloy), La0.6Ce0.2Nd0.2Ni4Co0.4Mn0.3Al0.3 (Nd-

alloy) and La0.6Ce0.2Nd0.2Ni3.8Co0.4Mn0.3Al0.3Cr0.2 (Cr-alloy) are

prepared by argon arc melting of pure constituent elements.

At first, stoichiometric amounts of metals are joined together

at a low voltage and are melt later at least three times at full

power. As cast alloys are annealed at 1223 K for 24 h and are

quenched into ice water after the annealing. The crystal

structure and qualitative compositions of the annealed alloys

are defined by means of X-ray diffractometry (Bruker's D8

ADVANCE diffractometer). Samples for XRD analysis are pre-

pared by mechanical grinding to a fine powder. The step size

was 0.02� and the exposition time was 1 s. The 2q angles

scanned were in the range from 15 to 80. Processing of

diffraction patterns was performed using Jana 2006 and

Crystal Impact Match software using JCPDS PDF-2 Data Base.

Hydrogen sorption properties as Pressure-Concentration-

Temperature (PCT) of the alloys are measured by volumetric

technique in a Sievert's type apparatus. Samples mass of

about 5 g are cleaned from surface oxide films and placed in a

working autoclave. The volume of working autoclave is

evacuated to a residual pressure 1 Pa, then it is connected to

hydrogen containing buffer tank. Activation procedure in-

cludes evacuation at 473 K for 1 h and following three cycles of

hydrogen absorption at 5 MPa and desorption at room tem-

perature. The hydrogen desorption isotherms are measured

after the alloy's activation. PCT curves of hydrogen desorption

are measured in a temperature range 295e333 K.

Metal hydride electrodes are prepared from powder frac-

tion with a particle size of 40e60 mm and the average particle

size assumed to be 50 mm. Pellet type electrode samples

consist of 20 wt% ofMH powder and 80 wt% of carbonyl Ni and

have total mass of 0.5 g. The pellet electrodeswith diameter of

10 mm and thickness about 1 mm are fabricated by cold-

pressing under a pressure of 25 MPa for 3 min. Then fabri-

cated pellet is pressed between two Ni foam plates connected

to the current collector.

Electrochemical properties are investigated at room tem-

perature using an open three-electrode cell with a 6 M

aqueous KOH electrolyte solution. Hg/HgO electrode is used as

a reference electrode. Sintered Ni(OH)2/NiOOH plate is used as

a counter electrode and got a much higher capacity as

compared to the working electrode. The experiments are

performed using a multichannel potentiostat P-20X8 from
ElectroChemical Instruments. MH electrode is immersed to

alkaline solution for 2 h to get fully wetted and then it is

activated for 10 cycles by fully charging at a current density of

100 mA/g for 4 h and then discharged at 100 mA/g to the cut-

off voltage of 0.6 V. High-rate dischargeability performance of

metal hydride electrodes are measured in a current density

range 100e1000mA/g. Cyclic stability are measured at current

density 300 mA/g (1C) during 100 cycles. Hydrogen diffusion

was measured by potentiostatic intermittent titration tech-

nique (PITT). The method PITT consists in sequentially

applying a step of the potentialDE -20mV in the range of�0.84

to �0.96 V, followed by fixing the current change in time until

the minimum current value is reached at each step. This

technique successfully applied to the conductive polymers

and lithium intercalation materials [52e54], RE-Mg-Ni alloys

[24,55] and La-doped AB2 alloy [56]. Measurements are per-

formed using different samples to exclude the influence of

charge/discharge history.
Results and discussion

Crystal structure and hydrogen desorption properties

Fig. 1 shows XRD patterns of investigated hydrogen storage

alloys. The results indicated that the alloys are all single-

phase alloys with hexagonal CaCu5 type structure, though

intensities of the characteristic peaks are slightly different

from each other.

The crystallographic data, including refined unit cell pa-

rameters and unit cell volumes are summarized in Table 1.

With the increase of metals with larger atomic radius such as

Al and Cr crystal lattice slightly increases, whereas Nd with

smaller atomic radius than La reduces unit cell parameters.

Anisotropy (c/a ratio) stays almost unchanged.

Fig. 2 shows Pressure-Concentration-Temperature (PCT)

isotherms of hydrogen desorption for La-, Nd- and Cr-alloys at

room temperature. Equilibrium hydrogen desorption pres-

sures are in a range of 0.005e0.01 MPa and show presence of a

rather flat plateau. The highest hydrogen capacity of 1.23 wt%

is observed for La-alloy. Partial substitution of La and Ni by Nd

and Cr, respectively, slightly decreases gravimetric hydrogen

concentration. The thermodynamic parameters of hydrogen

desorption e enthalpy (DH) and entropy (DS) changes are

calculated from PCT-isotherms at different temperatures

using van't Hoff equation:

RlnP ¼ DH
T

þ DS (1)

where, R is a universal gas constant, P is the equilibrium

hydrogen pressure, DH is the enthalpy change, T is the tem-

perature and DS is the entropy change. Obtained thermody-

namic values and hydrogen weight concentration are also

listed in Table 1. All the investigated alloys are quite stable

with DH of hydrogen desorption about 36e38 kJ/mol H2.

Electrochemical properties

All the investigated alloys rapidly reached their maximum

discharge capacity during the first 3e5 charge-discharge

https://doi.org/10.1016/j.ijhydene.2020.12.071
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Fig. 1 e XRD patterns of AB5 metal hydride alloys.

Table 1 e Crystal structure and hydrogen storage properties of AB5 alloys.

Alloy Unit cell parameters Hydrogen content at 0.1 MPa, wt.% DHdes, kJ/mol DSdes, J/mol K

a, �A c, �A c/a V, �A3

La-alloy 5.029 4.042 0.804 88.5 1.23 36.8 103.8

Nd-alloy 5.013 4.038 0.806 87.9 1.16 36.0 105.6

Cr-alloy 5.027 4.045 0.805 88.5 1.07 38.1 104.5

Fig. 2 e PCT isotherms of hydrogen desorption for annealed AB5 alloys and van’t Hoff plot.
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cycles. The maximum discharge capacity is 321.1 mA h/g

(10th cycle) for La-alloy during the activation at a charge-

discharge current density of 100 mA/g (Fig. 3a). Nd- and Cr-

alloys show lower maximum discharge capacities of 307.7

and 290.1 mA h/g, respectively. The results show the same

dependence with the gas-phase results. Substitution La for

Nd and Ni for Cr reduces both hydrogen storage and
electrochemical capacities of metal hydrides. All the metal

hydride electrodes have flat and broad plateau with an

equilibrium potential of 0.87e0.9 V. A small reduction of

equilibrium potential for Cr-alloy is observed. It is known

that the discharge potential of the alloy electrode is associ-

ated with the surface activity, the electrolyte concentration

and the internal resistance of the alloy electrode [57]. Ni is an

https://doi.org/10.1016/j.ijhydene.2020.12.071
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Fig. 3 e Maximum discharge capacity (a) and activation performance of the AB5 alloys (b).
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excellent catalyst due to formation of metallic clusters dur-

ing activation, thus, reduction of Ni in alloy composition

could result in decrease of the surface catalytic ability. It

appears that substitution of Cr in the alloy deteriorates the

surface activity of the electrode and thereby results in a

lower value of the discharge potential.

The experimental results of electrochemical properties of

investigated alloys in comparison with available data from

literature are collected and summarized in Table 2. Obviously,

it is difficult to compare electrochemical data from different

researches because of a great difference in alloy preparation

technique, annealing treatment conditions, metal hydride

electrode fabrication, electrode activation and electro-

chemical measurement conditions. Both high-Co and low-Co

containing metal hydride alloys show quite similar

maximum discharge capacity around 300e330 mA h/g at

60 mA/g, and little smaller values at 100 mA/g.
Table 2 e Electrochemical properties of AB5 metal hydride allo

Alloy composition Activation
charge/discharge
current density,

mA/g

Max
disc

capac
m

High-Co metal hydride alloys

La0.78Ce0.22Ni3.73Mn0.3Al0.17Fe0.2Co0.6 60/60 3

La0.6Ce0.4Ni3.45Co0.75Mn0.7Al0.1 60/60 3

La0.78Ce0.22Ni3.8Co0.6Mn0.6 60/60 3

MmNi3.7Co0.7Mn0.3Al0.3 60/60 3

Low-Co metal hydride alloys

LaNi4.2Co0.3Mn0.3Al0.2 60/60 3

LaNi3.55Co0.15Mn0.35Al0.15Cu0.75(V0.81Fe0.19)0.05 60/60 3

LaNi4.5Co0.25Al0.25 60/60 3

LaNi4.3Co0.4Al0.3 185/100 3

La0.6Ce0.3Nd0.05Pr0.05Ni3.9Co0.4Mn0.4Al0.3 72/72 3

La0.8Ce0.2Ni4Co0.4Mn0.3Al0.3 (La-alloy) 100/100 3

La0.6Ce0.2Nd0.2Ni4Co0.4Mn0.3Al0.3 (Nd-alloy) 100/100 3

La0.6Ce0.2Nd0.2Ni3.8Co0.4Mn0.3Al0.3Cr0.2 (Cr-

alloy)

100/100 2

a Cycling stability tests were performed at activation conditions.
b Hydrogen diffusion coefficients are measured at 100% SOC.
High-rate dischargeability (HRD) ofmetal hydride electrode

is one of the key characteristics for the development of Ni-MH

batteries. The electrochemical reaction in metal hydride

electrodes is associated with the processes of mass transfer,

charge transfer and hydrogen diffusion. Charge transfer on

the catalytic surface and hydrogen diffusion in the bulk occur

simultaneously and both processes are limiting the electrode

reactions [5,15]. HRD shows retention of discharge capacity

during operation at high current densities.

High-rate dischargeability investigations show good per-

formance for the alloys (Fig. 4). Cut-off potential for high rate

dischargeability is setted to �0.6 V. The maximum discharge

capacity at 1000 mA/g is achieved for La-alloy. The discharge

capacity reaches 288.2mAh/g and corresponds to 89.3% of the

initial capacity. Nd-alloy and Cr-alloy show lower HRD per-

formance and discharge capacities reach 244.4 (76.3%) and

222.1 (77.5%) mAh/g at 1000mA/g, respectively. At low current
ys.

imum
harge
ity Сmax,
Ah/g

High rate
discharge
ability

Capacity
retention
at 1C, Sn

Hydrogen
diffusion

coefficient D,
cm2/s

Ref.

23 HRD600 ¼ 72.3% S150 ¼ 79.6 1.32 � 10�11 [41]

31 HRD1200 z 68% S100 ¼ 81.8%a 2.72 � 10�11 [63]

46.2 HRD1500 ¼ 39.4% S100 ¼ 63.9% 1.79 � 10�11 [32]

18.2 HRD1500 ¼ 52.9% S50 ¼ 90.1% 1.83 � 10�11 [33]

30.4 HRD900 ¼ 78.2% S50 z 82%a e [38]

30.3 HRD1200 ¼ 58.5% S100 ¼ 84.3%a 1.36 � 10�10 [47]

13.3 HRD1800 ¼ 70.2% S50 ¼ 86.2%a e [64]

10 HRD600 z 32% e 8.05 � 10�11 [62]

49 HRD1440 ¼ 59.9% S100 ¼ 89.1%a 1.77 � 10�10 [42]

21.1 HRD1000 ¼ 89.3% S100 ¼ 63.9% 6.9 � 10�13b This work

07.7 HRD1000 ¼ 76.3% S100 ¼ 92.2% 3.7 � 10�13b This work

90.1 HRD1000 ¼ 77.5% S100 ¼ 77.3% 2.4 � 10�13b This work

https://doi.org/10.1016/j.ijhydene.2020.12.071
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Fig. 4 e High-rate dischargeability of AB5 metal hydride

electrodes.
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densities charge transfer, which determines the plateauwidth

of the equilibrium potential, prevails over hydrogen diffusion.

At high current densities, the rate-determining factor is

hydrogen diffusion from the bulk to the electrode surface.

High-rate dischargeability of Nd-alloy decreases faster than

for La-alloy that well agreedwith crystal structure parameters

of the alloys.

Cycle stability of prepared metal hydride electrodes are

investigated at charge-discharge current density of 300 mA/g

(1C) during 100 cycles (see Fig. 5). Some incubation period to

reach maximum discharge capacity during cycling tests is

observed for all threemetal hydride electrodes. The best cyclic

performance is obtained for Nd-alloy. Capacity retention after

100 cycles reaches 280.5 mA h/g (92.2% of initial capacity at

300 mA/g). Capacity retention for La-alloy and Cr-alloy are

quite lower 202.3mAh/g (63.9%) and 236.3mAh/g (77.3%). The

main reason of discharge capacity degradation during cycling

experiments ismechanical stability of preparedmetal hydride

electrode tablets. In cyclic experiments a gradual destruction
Fig. 5 e Cycling stability of AB5 metal hydride alloys at

current density of 300 mA/g.
of the tablet and the deposition of the powder at the bottom of

the electrochemical cell is observed.

Hydrogen diffusion from the surface to bulk during

hydrogen sorption is measured by potentiostatic intermittent

titration technique (PITT). Current transients at low amplitude

(20 mV) are measured in the potential range from �0.84 V to

�0.98 V (Fig. 6a).

Each potential is applied until constant current is achieved.

Experimental curves plotted It1/2 vs log t coordinates are time

invariant and should provide a horizontal section at short

time domains, which corresponds to a typical Cottrellian

behavior of diffusion [52]. It is assumed that the deviation of

the It1/2 vs log t curves from ideal conditions is because of the

action of resistances in the electrochemical system that are

not related to diffusion in the solid (for example, charge

transfer and surface resistance at the interface), which

impede the expected Cottrell behavior at short time domains.

To calculate the effective hydrogen diffusion coefficient, we

use the following equation [55,56]:

1

I
ffiffi
t

p ¼
RP

DE
ffiffi
t

p þ l
ffiffiffi
p

p

DQ
ffiffiffiffi
D

p (2)

where RP - sumof all non-diffusion resistances, DQe integral

capacity of electrode at given potential, D e diffusion coeffi-

cient, l e diffusion path length.

Linear dependence of experimental data on It1/2 vs 1/t1/2

plotmakes possible to calculate hydrogen diffusion coefficient

for each potential step using Eq. (2). Diffusion path length is

assumed to be a half of mean particle diameter and equals

25 mm. There is a negligible charge capacity change at low

potentials under 0.88 V, which corresponds to less than 1% of

total charge (Fig. 6b). On the other hand, potential step 0.98 V

relates to overcharge process. In order to accurate calculation

of hydrogen diffusion coefficient, we exclude first and last

potential steps from fitting analysis. Fig. 7 shows a depen-

dence of effective hydrogen diffusion coefficient from state of

charge (SOC) of the metal hydride electrode in the potential

range �0.88 to �0.96 V.

The maximum of hydrogen diffusion coefficients are

reached at the beginning of the sorption process at low state of

charge, which corresponds to a-solid solution region. As SOC

increases hydrogen diffusion coefficients becomes lower

decreasing to 2.4e6.9∙10�13 cm2/s, because of saturation of b-

hydride phase. Such behavior of hydrogen diffusion also

noted for AB3 [24,55] and AB2 [56] type metal hydride elec-

trodes and assumed to be typical for hydride forming alloys

[58]. Hydrogen diffusion kinetics slightly reduces from La-

alloy to Cr-alloy in a whole measured region. Cr-alloy with

lower surface catalytic activity shows lower hydrogen diffu-

sion kinetics through hydrogen sorption. After 50% SOC,

which corresponds to mid of equilibrium plateau, hydrogen

diffusion coefficient becomes almost constant. A similar

dependence of hydrogen diffusion coefficient from depth of

discharge are obtained modified from Warburg impedance

[59] and cyclic voltammetry [60].

The hydrogen diffusion coefficients at low state of charge

are in good agreement with those obtained from literature. As

usual, the hydrogen diffusion coefficient in the intermetallics

is measured by constant potential step methods on the

https://doi.org/10.1016/j.ijhydene.2020.12.071
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Fig. 7 e Hydrogen diffusion coefficient vs state of charge

(SOC) of metal hydride electrodes.

Fig. 6 e Time dependence of currents as related to applied potentials (a) and charge curve of 10th activation cycle for La-alloy

(b).
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discharge and calculated according to Zheng model [61] by

fitting the slope of the linear portion of response curves

[32,33,42,47,62,63]. The linear portions, from which hydrogen

diffusion is calculated, relate to the end of discharge, which

also corresponds a-solid solution region. Therefore, hydrogen

diffusion coefficients from PITT are in good agreement with

those obtained from constant potential step method. The

hydrogen diffusion coefficients corresponding to saturated b-

region during charging are 2e3 orders lower, than those ob-

tained for discharge process by potential stepmethods, which

corresponds to higher diffusion resistance during charging

rather than discharging.
Conclusions

Three different annealed low Co AB5-type intermetallic com-

pounds have been investigated in terms of phase structure,

hydrogen storage and electrochemical properties. The XRD

results indicated that annealed alloys are all single-phase al-

loys with CaCu5 type structure. The maximum of both
hydrogen content and discharge capacity is obtained for La-

alloy 1.23 wt%H2 and 321.1 mA h/g, respectively. All the

investigated alloys are quiet stable with DH of hydrogen

desorption about 36e38 kJ/mol H2. Cycle life of alloy electrode

has been improved by partial substitution of La for Nd and Ni

for Cr. The highest capacity retention of 92.2% after 100

charge/discharge cycles at 1C has been observed for Nd-alloy.

The hydrogen diffusion coefficientmeasured by PITT is higher

at the start of charging process and dramatically reduces by

2e3 order of magnitude with saturation of b-hydride. The

highest value 6.9� 10�13 cm2/s is observed for La alloy at 100%

SOC. Partial substitution La for Nd and Cr for Ni in low-Co AB5

metal hydride alloys slightly reduces maximum discharge

capacity, HRD performance and hydrogen diffusion kinetics.

Low-Co alloys show good overall electrochemical properties

compared to high-Co alloys and might be perspective mate-

rials for various electrochemical applications.
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