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The behavior of I.aNi 45M0s (M = Ni, Mn, Cr, Co, Fe, Cu, AI) intermetallic 
compounds (IMC) in alkaline solutions of KBlt 4 (01; 1.0; 40  tool k I KOtt) was 
investigated in the temperature rangc 298--318 K The catalytic hydrolvsisof KBH. 1 is zero 
order with respect to KBH 4 and first order with respect to I M C  Activation energies of tile 
catalytic hydrolysis of KBH4 in the presence o f l M C  are in the range of 60---65 kJ mol -~  
The rate of hydrolysis of KBtt4 increases with the concentration of the KOH solution~ The 
hydrogenation of LaNi 45M05 in alkaline solutions of KBH 4 yiclds [~,~hydride phases for 
M ~- Mn, Cr, Co, Ctl, AI and ~t-hydride phases [br M = Ni, Ve 
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The  in te rac t ion  o f  in te rmeta l l i c  c o m p o u n d s  ( I M C )  
that absorb hydrogen  with inorganic  hydrides ,  par t icu-  
larly bo rohydr ides  o f  a lkal ine metals ,  appears  to be one  
o f  the  possible ways o f  prepar ing I M C  hydrides  wi thout  
using gaseous  hydrogen  under  high pressure and shows 
p romise  as a ca ta ly t ic  process  for ob ta in ing  hydrogen  in- 
the  I M C - - m e t a l  b o r o h y d r i d e - - s o l v e n t  system. All the 
works pub l i shed  to date  in this field are c o n c e r n e d  with 
the inves t iga t ion  o f  the behav iour  o f  I M C  in alkal ine 
so lu t ions  o f  NaBH,~ only.  I - 3  

This  work  invest igates  the in te rac t ion  o f  the I M C  
L a N i a s M 0 5  (M = Ni ,  Mn,  Cr ,  Co ,  Fe,  Cu,  A1) with 
a lkal ine  so lu t ions  o f  po tass ium borohydr ide .  The  aim of  
the  work  is to s tudy the kinet ics  o f  the ca ta ly t ic  hydro-  
lysis o f  K B H  4 in the p resence  o f  the above m e n t i o n e d  
I M C  as well  as to d e t e r m i n e  the cond i t i ons  and the 
c o m p o s i t i o n  o f  the products  o f  I M C  hydrogena t ion  in 
a lkal ine  soht t ions  o f  K B H  4. 

Experimental 

To prepare IMC of composition l.aNi45M05 (M = N i  
Mn, Cr, Co, Fe, Cu, AI) metals of the following purity (~'E) 
were taken: La, 99 79; Ni, 9999; Cr~ 9907; Cu, 9999: Fe. 
99.96; Mn, 998;  Co, 9995 ;AI ,  9 9 9 7  Acharge was melted in 
an electric arc furnace with a permanent tungsten electrode on 
a copper water-cooled hearth in an atmosphere of argon under 
a pressure of 02  M P a  The reguli of the alloys were subjected 
to 3--4 remeltings and to homogenizing annealing at 873 K for 
500 hours followed by hardening in a cold bath. The phase 
composition of  all tile prepared alloys was controlled using a 
D R O N - U M - i  X-ray diffractometer. The reguli of the alloys 
obtained were dispersed mechanically in a ball mill filled with 
argon before the investigations. 

Potassium borohydride was synthesized by tile exchange 
reaction of NaBH4 with KOtt in water according to the 
procedt~ ~ given in Ref. 4 The purity of KBH4 obtained was 
equal to 98.8% 

The investigation of the behavior of I MC in alkaline (0  1; 
1.0; 4.0 tool L -I KOH) solutions of KBH4 was held at 
temperatures of 298, 308 and 318 K in a temperature-con- 
trolled reactor with an accuracy of  the reaction mixture tem- 
perature of ±0.1 deg  In order to compensate for diffusion 
restrictions the reaction mixture was stirred intensively by 
magnetic stirrer. 

The processes occurring during the interaction of alkaline 
solutions of KBH 4 with IMC were monitored by tensimetric- 
gasometric or the gas-volumetric procedures 

The tensimetric-gasometric procedure was mainly used to 
investigate the kinetics of the catalytic hydrolysis of  KBH 4 in 
the presence of the IMC kaNiasM05. The amount of  hydro- 
gen that formed was checked in an evacuated device of a given 
volume by means of tile pressure registered by a mercuo'  
manometer  In this case the amount of hydrogen was calcu- 
lated based on the known calibrated volume of the device, the 
measured pressure in the s:ystem, and the ambient air tempera- 
ture 

In addition to tile procedures used in our previous investi- 
gations 5 the gas-volumetric method was used to study the 
conditions of IMC hydlogenation reactions in alkaline soh~- 
tions of KBH 4 and tile composition of the reaction products. 
This made it possible fi~;t, to register the gas volume directly in 
the reaction system and~ second, to car~' out tire reactions at a 
hydrogen pressure of the system equal to atmospheric pressure, 
which is necessary for tile stabilization of the [MC LaNi 45M05 
hydride phases resulting from tile reaction in alkaline solutions 
of KBH 4 and having near-atmospheric equilibrium dissocia- 
tion pressures. In the gas-volumetric system distilled water was 
used as the working fluid. 

Samples were burned in an 02 stream then the water that 
formed was absorbed by anhydrous Mg(CIO4) 2 in order to 
determine the hydrogen content in the ~.t-hydride phases re- 
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Fig. 1. General view of the kinetic cur-yes of hydrogen release 
in the hydrolysis of alkaline solutions at different starting 
KBH 4 concentrations and witli a constant amount of 
LaNi,i 5M0 5; c is KBH, i concentra'<ion, t is hydrolysis time 
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Fig. 2. General view of the kinetic curves of hydrogen release 
in the hydrolysis of alkaline solutions at constant starting 
KBH 4 concentration and with difK-rent amounts of LaNi45M 05; 
a is weighed portion of I.aNi.~ 5M05 

suiting from tile interaction of alkaline solutions of KBIta 
with IMC. 

The oxygen content in the IMC samples after the reactions 
in alkaline solutions of KBH 4 was determined by the method 
oi impulse reduction of the melt in an argon atmosphere. 6 

The specific catalytic activity of IMC in the hydrolysis 
reaction of KBH,I alkaline solutions was calculated as the ratio 
of the KBH 4 hydrolysis constant (k/tool rain -i)  to the IMC 
mass (m/g) or to the size of the catalyst surface (m : Ssp/m2), - 
where Ssn is the specific IMC surface after reaction with the 
alkaline solution of KBH 4, m 2 g - I  

The specific surface of IMC powders was determined from 
krypton absorption at the liquid nitrogen temperature and was 
calculated by the Brunauer--Enmlet-Teller method. 

R e s u l t s  an d  D i s c u s s i o n  

Studying the catalytic hydrolysis of alkaline solutions 
of KBH 4 in the presence of IMC LaNi45M05 it was 
found that the hydrolysis rate increases with the number  
of hydrolysis cycles for the same sample of IMC, The 
number  of KBH 4 hydrolysis cycles before a t ta inment  of 
the maximuna rate of hydrogen formation was in the 

range of 5 to 15 t)r  tile different IMC LaNi45M05 
After achieving the maximum rate of hydrogen Iorma- 
tion the value of tile catalyst specific surface remained 
constant before and after the next hydrolysis cycle. 

IMC LaNi,tsM05 samples brought to constant charac- 
teristics by hydrolysis cycles were used for studying the 
dependences of the rate of KBH 4 hydrolysis in a 1 M 
KOH solution on the amount  of IMC (0 .1- - l .0  g), the 
starting KBH 4 concentrat ion (0.05--0.3 mol L-I) ,  and 
the reaction temperature.  The kinetic curves of hydroly- 
sis of alkaline solutions of KBH 4 in the presence of IMC 
LaNi45M05 (Fig. I, 2) show that for all the intermetal-  
lic compounds  investigated the reaction of KBH,I hy- 
drolysis is zero order with respect to KBH~ i and first 
order with respect to I M C  

When analyzing the restllts of the determinat ion of 
the IMC catalytic activity given in Table 1, the absence 
of a strictly specified presstire dependency of this activ- 
ity for the pressure caused by the dissociation of the 
corresponding I MC hydride phase should be pointed out 
(Table 2). Nevertheless even the partial replacement of 
nickel in LaNi 5 with other metals can substantially 

Table i. Catalytic activity of LaNiasM05 IMC (M = Ni, Mn, Cr, Ca, Fe, Cu, AI) iri hydrolysis of KBH a (I M KOH, 298 K) 

I MC &pl Me/m2 g- i ,, Specific catalytic 
activity 

before the after the k" (m " Ssp) -I • 104 k" (m" Sw) - I  • 10 4 
reaction b reaction c /mol nliFI -I g-I /tool rain -I g~l 

Specific catalytic activity 
LaNi45M05 in NaBH4 hydrolysis 3 

k ' ( m ' S w ) - t '  10 4 
/tool i r l in --t i n "  

LaNi s 006 100 0.75 075 0,94 
LaNi45Mn05 006 0,35 I,I0 3.14 5,77 
LaNi 4sCr05 0,10 040 075 1,88 Y61 
I~aNi 45Coo5 0~05 040 055 138 227 
LaNi 45AIo5 0 12 075 040 0,53 064 
LaNi45Feo 5 004 070 0~31 0,44 057 
LaNi 45Cu05 0,05 082 0,22 027 0,24 

a ssplMC _ specific surface of IMC b After mechanical dispersion in a ball mill. c At the maximum rate of hydrogen release. 
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Table  2, Characteristics of hydride phases of IMC LaNi 45M05 
(M = Ni, Mn, Cr, Co, Fe, Cu, AI), prepared by interaction 
with KBH 4 alkaline solutions and by the reaction with gaseous 
hydrogen under pressure 9 

I MC Hydrogen content, pD/M Pa ° 
atom H/tool I MC 

KBH 4 (01 MPa) H 2 (I MPa) 

LaNi 5 05 60 015 
LaNi45Mn0s 53 58 0.01 
l~aNi45Cr05 50 6.0 0.04 
LaNi45C°05 40 65 0 I 
LaNi45AI05 55 59 0015 
LaNi45Fe05 10 56 0 12 
LaNi45Cu05 40 6~1 009 

" PD is pressure caused by dissociation of the hydride phase at 
298 K 

Table  3. Dependence of catalytic activity (k/m) of LaNi4.sM05 
(M = Ni, Mn, Cr, Co, Fe, Cu, AI) in KBH 4 hydrolysis (298 
K) on the concentration of KOH solution 

IMC (k/rn)'lO4/mol rain -I g-! mo~ S'~p b 
at [KOHl/mol L -I (wt %)~' /m 2g-I 

01 10 40 

LaNi 5 0.45 075 123 282 365 
LaNi4sMn05 057 I 10 2.90 3~15 4.00 
LaNi45Cr05 040 075 095 260 251 
LaNi45Co05 0.35 0.55 080 2.80 2.25 
LaNi4sAI05 OI8 040 095 105 1~50 
LaNi45Fe05 020 031 050 130 095 
LaNi45Cu05 013 022 043 1.25 090 

a rno3 is oxygen content in IMC after the reaction in 40  M 
KO}f. b Ss~, is specific surface of IblC alter the reaction in 
40 M KOH~ 

enhance (Mn,  Cr, Co) or diminish (AI, Fe, Cu) the 
value of  the specific surthce catalytic activity of IMC. A 
similar  influence of  tile replacement  of the nickel in 
LaNi 5 on the catalyt ic  activity of  LaNi45M05 1MC was 
observed by us previously 3 in studies of  the kinetics of  
the hydrolysis of  alkaline solutions of  NaBH4. In that 
case the general  t rend of  the changes in the specific 
catalyt ic  activity were the same but the absolute values 
of  the specific catalyt ic  activity of  IMC LaNi4.sM0~ 5- 
were lower in the hydrolysis of  KBH 4 than in the 
hydrolysis of  NaBH 4. 

Increasing the temperature of  hydrolysis of  alkaline 
(>0.5 tool L -I  KOH)  KBH 4 solutions even up to 373 K 
has no noticeable influence on the reaction rate, 7 whereas 
in the presence of  LaNi,~sM05 IMC this rate increases 
twofold with a 10 K increase in the temperature (298, 
308, 318 K). The apparent  activation energies of the 
c a t a l y t i c  hyd ro lys i s  of  KBH 4 in the  p resence  of  
LaNi45M05 IMC calculated on the basis of  the experi-  
mental temperature  dependences  of the reaction rate of 
catalytic hydrolysis are in the interval of 60--65 kJ tool - t  
which exceeds the analogous values l~3r the catalytic 
hydrolysis of  NaBH 4 (50--60 kJ m o l - I ) )  

Thus, unlike the homogenous  hydrolysis of  NaBH 4 
and KBH 4, not iceable  differences between the rates and 
between the apparent  activation energies of  the hydroly-  
sis of  NaBH 4 and KBH 4 in the presence of  LaNi45M 05 
IMC appear.  This may be due to tile polarizing effect of 
the cat ion on the hydrolyt ic  stability of BH4-,  which 
starts to appear  in catalytic hydrolysis. In order  to 
confirm this hypothesis  it would be useful somet ime in 
the future to study tile analogous reactions of  borohy-  
drides of  alkal ine metals  having larger cations,  namely 
rubidium and cesium. 

The effect of  the alkalini ty of  the solut ion on the 
catalyt ic  activity of  LaNi 45M05 IMC in the hydrolysis 
of  NaBH 4 studied previously I led to an unexpected 
result that was unknown for metall ic  catalysts of  NaBH 4 
hydrolysis  beforehand.  Unlike the catalysts  in the form 

of individual metals: Ni, Co, Fe, Cu, Ru, Pt, 8 for which 
an increase in solution alkalini ty decreases the rate of  
hydrolysis of  NaBH 4, lk~r LaNi 45M05 (M = Ni,  Mn, 
Cr, Co, AI, Fe, Cu) it was found that an increase in 
solution alkal ini ty causes a significant acce le ra t ion  of  
NaBH 4 hydrolysis that is zero order  with respect  to 
NaBH 4 and first order with respect to IMC.  

According to the results given in Table 3 a s imilar  
effect for the hydrolysis of  alkaline solut ions  o f  KBH 4 is 
observed. As in the case of  NaBH4,  the high specific 
catalyt ic  activity of  IMC that appeared  after hydrolysis  
of  KBH4 in a 4.0 M solution of  KOH remains  high in 
the hydrolysis of  KBH 4 in 0.1 and 1.0 M solut ions  of  
KOH. Taking into account  the rather high conten t  of  
oxygen in the samples of LaNi45Mo 5 and the significant 
increase in the value of the specific surface of  LaNi45Mo 5 
after the KBH4 hydrolysis react ion in 4.0 M KOH we 
may assume that ,  as for NaBH4,  the anomalous  increase 
in the  KBH4 hydro lys i s  rate in the p r e s e n c e  o f  
LaNi45M05 when passing to more concen t ra ted  KOH 
solutions is connected  with the irreversible chemica l  
interact ion of  the surfaces of IMC part icles with KOH,  
resulting in the formation of  lan thanum hydroxide  and 
highly catalyt ical ly active crystall i tes of  nickel and of  the 
metals replacing it in LaNi 5. 

The thct that LaNi45M05 (M = Mn, AI) undergo 
hydrogenat ion to give hydride phases of  compos i t ion  
LaNi45M 05H45 with equil ibr ium dissociat ion pressures 
of  0.01 and 0.015, correspondingly,  was discovered by us 
earl ier  3 while investigating tile interact ion of  LaNi 45M05 
with alkaline solut ions of  NaBH 4 by' the tens imet r ic -  
gasometr ic  method.  The usage in the present work of  the 
gas-volumetr ic  method,  which, unlike the tens imet r ic -  
gasometr ic  method ,  makes it possible to carry out reac- 
tions at hydrogen pressures equal to a tmospher ic  pres- 
sure enlarged tile list of IMC [k)r which the hydrogena-  
tion reaction in alkaline solut ions of  KBH 4 (Table 2), 
with forrnation of  [?,-hydride phases conta in ing  from 4 to 
5.5 hydrogen a toms per I mol of  IMC for various 
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Fig. 3, General view of the kinetic curves of hydrogen release 
by alkaline solutions of KBH 4 in the presence of LaNi4 5M0 5 
IMC (M = Mn, Cr, Co, Cu, AI) 1~ first cycle; 2, second 
cycle without hydrogen desorption from the hydride phase 

LaNi45M0~5, was noted. The formation of  a-hydride 
phases containing 0.5 to 1.0 hydrogen atoms per I mol 
of  IMC was established from tire chemical analysis 
results for LaNi 5 and LaNi4~sFe0. 5 IMC, which have 
hydride phases with equilibrium dissociation pressures 
exceeding 0.1 MPa. 

A general view of  the t ime-dependent  hyclr6gen re-" 
lease curves for the hydrogenation of  IMC with the 
formation of  [3-hydride phases is shown in Fig. 3. The 
initial part A of  curve 1 is assigned to the main process, 
the hydrogenation of  IMC in the KBH 4 solution, which 
is accompanied by the release of  small amounts of 
hydrogen during the hydrolysis. On section B the reac- 
tion of  catalytic hydrolysis prevails, as evidenced by the 
significant increase in the rate of  the release of  H 2. The 
next portion of  KBH 4 is catalytically hydrolyzed at the 
surface of  the hydride phase formed (curve 2) and the 
initial flattened section A of  the gassing curve is absent. 
The hydrogen in the hydride phase may be desorbed if 
the temperature increases in the reactor, and then the 
hydrogenation process may be repeated by adding a new 
portion of  potassium borohydride. The repetition of the 
hydrogenation and hydrogen desorption cycles results to 
some extent, as in the case of  the reaction of  IMC with 
gaseous hydrogen, in an increase in the hydrogenation 

rate and a corresponding decrease in the time of  the 
process. However while the interaction of  IMC with 
gaseous hydrogen under pressure in these cycles in- 
creases the hydrogenation rate, mainly due to the de- 
crease in sizes of  the IMC particles, in the case of  
borohydride solutions the increase in the catalytic activ- 
ity of  IMC during the hydrolysis reaction of  BH4- ions 
that precedes the hydrogenation process plays an impor- 
tant role, in additmn to the increased dispersity of  [MC. 

To obtain the hydride phases of  LaNi45M0~ 5 by the ,  
reaction between IMC and H2 it is necessary to use 
pressures in the 0 . 5 - - 1 0  M Pa range 9, whereas interact- 
ing IMC with alkaline solutions of  KBH4 and NaBH43 
does not require such pressures. It seems obvious that, 
unlike the reaction with gaseous hydrogen, the mecha-  
nism of the hydrogenation of  IMC in solutions of  boro- 
hydrides involves the participation of  the highly active 
atomic hydrogen formed at the IMC surface as a result 
of  the reduction-oxidatiou reaction of  the catalytic hy- 
drolysis or" BH 4- ions 
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