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Effect of Cobalt Additive on the NiOOWNi(0Hh Phase Boundary Movement 

SU-IL PYUN and YOUNGGI YOON 
merit of Malerials Science and Engineering, 
Korea Advanced Institute of Science and Technology, 
373- 1 Kusong Dong YusongGu, Daejon 305-70 I ,  KOREA 

Effed of cobalt additive on the NiOOWNi(OH)2 phase bwndary movement has been 
investigated by analping build-up and decay current bansients under the application of 
various voltage steps(70 to 400 mV). The occurrence of current plateau upon hydrogen 
extracton fiom the completely hydrogen-injected film indicated that the hydrogen bansport 
through the film proceeds by the movement of NiOOWNi(OH)2 phase bcundary. ?he 
velocity and mobility of the phase bcundary movement upon hydrogen amadion were 
detamineci to be orders of 10‘ an s-’ and 1 0 ~  an < I  V’ in magnitude, mpectwety. It is 
concluded that kNi(OH)2 phase is stabilised by the co(oH)2 incorporaton into the Ni(O& 
film and hence both the velocity and mobility of the NiOOWNi(0W phase boundary 
movement is raised by the Co(OH)2 incorporation. 

KQAW& hydrogen transport; phase boundary movement, nickel hydroxide film, ahah 
hydroxide incorporation, current tmnsient 

INTRODUCTION 

Hydrogen bansport in the nickel hydroxide[Ni(OH)2] and nickel oxyhydroxide(NiO0I-l) 
electrodes has been studied by many mc=uclicrs with various techniques such as cyclic 
v ~ l t a m m d ’ ~ ’ ,  current transient and ac-impedance s p e ~ h - o s q ~ ~ .  Apparent 
hydrogen diffusion coefficient detemined at room temperature langes between loa and 
10-I’ cm2 s” , depending on the crystal structure and meaSuring techniques. 

Simple hydrogen diffusion model in the homogeneous phase was criticised by G h  
and MarshallR. They argued h m  ac-impedance study tfiat a npid bulk mponse with no 
indications of limitation by proton difhion witllin the film is attributable to the phase 
boundary propagation within individual gnins. It has for long been fiom the 
observation of colour boundyy motion that the hydrogen transpolt in the Ni(OH)2 proceeds 
by the movement of NiOOWNi(O& phase bounduy. 

Electrmynthesized nickel hydroxide(ESN) designated as a-Ni(Om has been h n d  to 

have superior electrochemical p q m t ~ e s  compved to chemically prqwed p-Ni(Om [lo’. 

[531]/123 
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Ihe electrochemical properties of ESN are found to improve on the addition of Co and 
several studies are reported in the literature concerning the &t of cobalt on the 
mechanicallii”21 chemical 

This &’is aimed at beaer understanding the movement of two kinds of phase 
boundaries and dependence of hydrogen diffusivity on the hydrogen content in pure and 
& hydroxide-- eledro-depositcd nickel hydroxide films. For this purpose, 
pOtentioStatic (1IITent transient scperiments with various voltage steps were carried out F m  
the results, the phase boundary movement detemlined from pure and cobalt hydroxidedoped 
nickel hydroxide film specimens w discussed in terms of the incorpomted Co(OH)2. 

and electrochemid 114161 properties of ESN. 

EXPERIMENTAL 

Nickel hydroxide(Ni(O&) films containing various mole M o n s  of cobalt 
hydroxide(Co(0H)z) were electrodeposited onto a nickel substrate galvanoshtically with a 
w e n t  density of 0.5 mA cmA2 for 830 s in 0.05 M nickel nitrate solution containing various 
amoUnts(0, 10,20,30 and 50 Vol. %) of 0.05 M cobalt ilitmte solution. 

The aqueous solution of 1 M KOH w3s deaented by bubbling puritied nitrogen gas 
before and during the experiments. The surface am of the elwtrode exposed to electrolyte 
was 1 un2. A platinum wire and a satmted calomcl electrode (SCE) w e  used as counter 
electrode and reference electrode, mpectwely. 

Buildup and decay current bansicnts (chronoamperogmis) under the application of 
various voltage steps were measured on pure and Co(OHh-hlcorponted nickel hydroxide 
films. The film specimens were first polvised to the potential of 0.40 V(SCE) for 1400 s to 
obtain a low steadystate current density. Then, the potential wils abruptly dropped to values 
ranging from -0.02 to 0.34 V(SCE). From this moment the buildup current hansients were 
mrded. After the m t s  wached steadydes,  die elecmde potenti was jumped to 0.40 
V(SCE). From this moment the resulting current decay bzlnsicnts were measured. 

All electrochemical experiments were performed at room temperature. 

RESULTS AND DISCUSSION 

In order to analyse the measured aunmt hansient curves III d m l ,  die reduced ammts were 
calculated as the measured cwrent dwded by total charge bansferred udo or h m  the 
H~,.@li@ film at a gven voltage step dunng the hydrogen mjection or actndion The results 
am p l d  a&unst tune(dQm vs tune) m Fig 1 m loganthmic d e  Figure 1 presents typical 
decay bansients(reduc0d current vs tune) for electrodcpositcd Hl+sNi@ films contauung 
m o u s  fkbons of Co(0H)z after jumpmg the applied potLntlal0 - 0 1 VSE (completely 
hydrogen mjected states, 6 - 1 )  to 0 40 Vsct All the films show current platram in the early 
stage, followed by steep decays 

The Occurrence of plateaus ui the current transients at &I 0 means that hydrogen 
concenhahon &ent IS constant just beneath the electrode surfsce and therefore the 
hydrogen bansport III the u u h l  stage IS not o ddlisionantrolled process but an mterbce- 
controlled process I l e  appearance of the current p h m  Seenu to be related wth the phase 
boundary movement Bnggs and F ~ C I S C ~ I I U I ~ ~ ~  and Barnard d al have observed the 
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mobon of the colour bwndary dunng the hydrogen exbadion h m  and I I I J ~ I O ~  lnto the 
m v e  material ?he Ni(O&(bleached state) and NiOOH(co1oured state)  at^ green and bbck 
m colour, mpeYAvely Huggm et all9' atinbuted dus momg colour boundary to the 
movement of N100I-VNi(O~ phase boundary Accordmg to the authmi91, the hydrogen 
exhctmdinjedron w o n  taka place at the NiOOH/Ni(OH)z boundary and dus boundary 
moves from the 6 ~ e l e ~ ~ o I ~  m t e h  toward the conductmg s u b d f i l m  m t e h  
dunng the hydrogen tnjmon and ME vem dunng the hydrogen extnction 

Consrdenng the phase boundary movement previously reported, t seems that dunng the 
hydrogen -on from the Ni(O& film, the hydrogen flux from the film s u k  r e m  
cmstant unt11 the outcr Ni(OH)2 layer beconics discontinuous patches as the mer NiOOH 
layer grow to the film & 

t 0 
1- 

I FIGURE 1 Typical decay tmnsient(reduced 
current vs. t h e )  for electro-dcpositcd 
H,,,NiO, filins CoiiQining various fractions 
of Co(OH), : 0, 0 iiide YO; 0, 10 mole YO; A, 
20 inole Yo; 0,  30 mole %; W, 50 mole YO. 
The applied potenlial of 0 - 0.10 
V,,(coiiipletely hydrogen injected stale, 6 
= 1) was jiiinpcd to 0.40 VS.E. 

l ime  1 s 

The phase boundary movcmcnt is bulievcd to be grwtly rvrarded by the stnin field 
gencnted around phase boundary. Ymg and 4un1'" and Ymg et reported from the ac- 
impedance study as well as current h n i e n t  analysis on the Pd electrode that thc formation 
and decomposition of the p-PdH from and into the a-PdH i~n: inevitably m m p i e d  by the 
large change of stmin field m n d  the P-PW impcdiiig the hydrogen transport from the p- 
PdH rcgion toward the a-PdH region yxi vice versa, respectively. 

It is known that Ni(Om exists 3s two s ~ ~ c t u n l  modifications called a and p f0m'"I. 
The a fbrm of Ni(O& is comprised of interslab spaces containing water and anions in 
addition to hydrogen. The a-Ni(O& stabilises by dehydnting to the more stable p form on 
cycling or on shndmg in alkaline solution uith 3 resultant decrease in lanice sprlcing. The p- 
Ni(OH)Z can be oxidised to j3-NiOOH 011 hydrogen omaction and to y-NiOOH on severe 
exbadon. In the cycling between FNiOOH and P-Ni(OHh there is no water and K' ions 
involved, conbay to that between y-NiOOH and a-Ni(OHh'm2'1. Also, it is g e n d l y  
knowl'"" that the pruamcter change is h e r  in the case of pha~e t m s f o m o n  of 
y-NiOOH to a-Ni(O% than for tnnsition of P-NiOOH to P-Ni(OHh. Therefore, the stnh 
genented at the a-Ni(OHh/y-NiOOH phase boundary is considered to be lager than that at 
the P-Ni(O&@-NiOOH phase boundary. 

It can be conjectured that the intek-controllcd liydrogcn transport dormnates over the 
difhionantrolled hydrogen banspolt 3s the stnin gcnentcd at the phase boundary 
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increases. 'Ihe higher level and shorter chuation of current plateau h r  the HI+@&@ 
cmtahng higher fiadion of Co(O& indicate that the velocity of the phase bwndary 
movement of pure film is slower than those of the films contaming Co(0Hh. The slow 
velocityofpure film boundary seems to 0rig.latefrom the larger strain generated at the phase 
boundaryofpurefilmthanth~atthephaseboundaryofCo(O~incorporatedfilms.'Ihus, 
it is suggested that p-Ni(O% and P-NiOaH phases are stiibiised by the Co(O& 
incorporation.  his argument is consistent with the that the C ~ ( O H ~  incorponted 
into the Ni(Om ads as a stabiliser of both the P-NiOOH and p-Ni(Om p k .  
Considering the &ed of strain generated on the phase boundary movement, the hydrogen 
transport is acpeded to proceed considenbly slower via y-NiOOWa-Ni(O& phasc 
boundary movement thrln that Via p-NiOOWp-Ni(Om phase boundary movement. This 
expectahon is bom out by the results of decay tculsients that thc current plateau level required 
for the y-NiOOWa-Ni(OH)z phase boundary movement is lower than that needed for the p- 
NiOOH@-Ni(O& phase bowday movement. 

Assuming that duntion of the current plateau approximately corresponds to the time 
required for N i O O I U N i ( 0 ~  phase boundary to m h  the film surfice, one C;UI calculate the 
velocity fix the phase boundary movement. Fig. 2(a) represents duration of phase boundary 
movement fbr film thickness of 0.5 pn as a fundion of hydrogen injection potential. The 
current pkteau duration required fbr y-NiOOWa-Ni(OH)z phase boundary of pure film is 
about two times longer thyl that for p-NiOOWp-Ni(Om phase boundary of the Co(O&- 
incorporated films. From the m n t  plateau length and film thickness measured h the 
completely hydrogen injected film, the velocity for the phase boundary movement dunng the 
hydrogen exbadion was calculated. The milts are plotted agamst &(Om M o n  
incorporated into the Ni(OH)2 film in Fig. 2(b). The velocities were calculated to be about 
3.7~10" cm S' fbr the y-NiOOWa-Ni(0Hh phase boundruy movement and a nearly 

cotlstant value of about 7.3~10" an S' for the p-NiOOWp-Ni(OI-l'k phase boundary 
movement regadless of W o n ,  indicating tlut the Co(OH)2 incopontion into 
the Ni(Om film enhances the phase boundary movement. 

The mobility for the phase boundary movement M be calculated from the velocrty and 
driving force, which is the difference behveen the hydrogen extraction potential and the 
potential at which phase boundary movement occurs throughout the entire film thickness. 
llx potentials for phase boundary movement corresponding to the redox d o n  of 
N i O O W i ( 0 m  were detemuned to be 4 . 0 2  to 0.34V(SCE) h m  the m n t  p k a u s  of 
the h g d d i s c h u g e  w e s .  The mobilities were dculated to be 2.3x1U5 cm S' V' for the 
y-NiOOWa-Ni(O& phase boundary movement and a nearly constant value of about 
2 . 0 ~ 1 0 ~  cm S' V' for the p-NiOOWp-Ni(OH)2 phase boundary movement, imspatwe of 
Co(0Q fraction. 

The reduced charge @ during the phase boundary movement was determined as 
the h g e  due to the hydrogen bmskrred by the phase bounchy movement Q, divided by 
total charge passed during the hydrogen exbxtion, Q,,. 'The reduced charge is ddermined by 
the values of the level and dumtion of the current platmu. The result is plotted against 
hydrogen injection potential in Fig. 2(c). The d u d  b g c  required is about 50 %for the y- 
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EFFECT OF Co ON NiOOH/Ni(OH), PHASE BOUNDARY MOVEMENT [535]/127 

NiOOWa-Ni(Om phase boundary movemcnt and higher values ranging h m  65 to 84 % 
for the /3-NiOOWp-Ni(OH)2 phase boundary movement. 

(a )  

Hydrogen Injection F'otentiol / VscL 

' ~1 - 1.0 , 

10 I 

n 10 20 10 4 0  

Mnle S 01 Co(OH), 

FIGURE 2(a) Duration of phase boundary 
movement versus hydrogen injection 
potcntial for films containing various 
fractions of Co(OH), : 0, 0 mole %; 0, 10 
molc YO; A, 20 mole %; 0 ,  30 mole %. (b) 
Velocity of pllase boundary movement 
during hydrogen extraction versus mole % 
of Co(OH), incorporated into the films. (c) 
Reduced charge passed during phase 
boundary movement, Q/G, versus hydrogen 
injection potential for films containing 
various fractions of Co(OH), : 0, 0 mole %; 
0, 10 inole %; A, 20 mole %; 0,  30 mole YO. 

Let us consider the reduced charge with rcspcct to the two kinds of phase boundaries y- 
NiOOWa-Ni(Ol& and p-NiOOWp-Ni(OQ. The m n t  plateau during the hydrogen 
exhadjon continues until the front of the moving NiOOWNi(Ol-& phase boundary reaches 
the film surhce. : The Banerthe shape ofthe boundary, the more reduced the mataial when 
the boundary has stopped moving. In this respect, the higher d u d  charge values fix the p- 
NiOOm-Ni(Om phase boundary movement than that for y-NiOOWa-Ni(O& phase 
boundary movement suggests that the curvcd p/p phase boundyy is Baner in shape than the 
curved y / a  phase bound;lry. The non-phw phase boundmy is a l d y  suggested by Huggins 
et al.[91. This result implies that dispersed Ni(OH)2 phase appears as d l  patches m the 
NiOOH phase as a m h  of the phase boundary niovcment. Considering the degree in 
flahKss of the w e d  phase boundary, we believe t l ~  the calculated d u e s  of velocity and 
mobility of the y/a phase boundyy movement are more overestimated as compared to the 
p/p phase boundary movement. 'Ihus, both the d velocity and mobility of the y / a  phase 
boundary movement are considered to be lower h those of the p/p boundary movement. It 
can be concluded that the Co(0m incorporation into the Ni(O& film increases both the 
velocity and mobility of the NiOOWNi(OH)2 phase boundary movement. 
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CONCLUSIONS 

It IS suggested that the hydrogen bansport duough the film proceeds by the movement of 
N i O O W N i ( 0 ~  phase bwndary From the hgher level and shorter W o n  of current 
phteau hr the HI+&Ni@ contaming hgher fizlchon of co(O&, It IS md~cated that both 
the P-Ni(O& and p-NiOOH phases are shbilsed by the Co(O& mcorpo-on The 
velocity and mobility of the phase boundary movement upon hydrogen -on were 
detenmned to be orda of 10' an S' and lo" mi S.' V' m magrutude, respeimvely From 
the reduced charge dunng the hydrogen extnctioiq we mfcr that the P-NiOOWP-Ni(OH)2 
phase boundary of the Co(O&-mcorponted films IS flatter m geometrical shape than the y- 
NiOOWa-Ni(O& phase boundyy of pure film Considenng the phase boundary &mess, It 
IS concluded that both the velocity and mobility of the P-NIOOH@NI(O& phse  boundary 
movement are larger than those of the y-NiOOWu-Ni(O& phase boundyy movement 

Acknowledgment - This paper was supported by NON-DIRECTED RESEARCH 
FUND( 1993, Korea Research Foundation. 
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