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Aqueous solutions of colloidal nickel: 
radiation-chemical preparation, absorption spectra, and properties 
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Radiation-chemical reduction of Ni 2+ ions m aqueous solutions of NitCIO.;) 2 containing 
sodiulYL ('ormate or isopropyl alcohol was studied. ?-Irradiation of deaerated solutions in the 
presence of polyethyleneimine, polyacryla[e, or polyv iny l  sulthte gives stable metal sols 
containing spherical particles 2--4 nm in diameter. The optical absorption spectra of nickel 
nanopanic!es exhibit a band with a maximum at 215:t5 nm (v.2j 5 = 4.7. I03 L tool -1 cm-!) 
and a shoulder at 350 nm. A mechanism for the radiation-chemtcal reduction of Ni 2" ions by 
hydrated electrons -rod organic radical.-, ( C O 2 -  radical anions in the case of HCOONa and 
,'Me2C'OH radicals in the case o(PPOH).  The redox potentials of the Ni2*,'Ni ~ and N "/Ni i} 
pairs t Ni ~ is a nickel atom} are approximately -2.2 and -1.7 V. respectively. The nanopanicles 
are readily oxidized by 02, H202. and other oxidants. The reactions of these species with silver 
tons yield re.latively stable nanoagg.regatcs containing both nickel and silver in addition to silver 
nanopanictes. 
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Previously, I,z it was reported that "/-irradiation o f  
deaerated aqueous  sohJtions of  nickel salts c o n t a i n i n g  
PriOH or H C O O N a  additives results in the fo rma t ion  o f  
colloidal nickel. ] h e  addition of  polyvinyl a lcohol  to the 
solution stabilizes metal sols. In tl~e presence o f  P P O H ,  
the efficiency o f  radiat ion-chernical  reduction o f  nickel 
ions is v e u  low 4,the radiation yield is only 0.3 nickel 
a tom per 100 eV of  absorbed energy) and the size o f  the 
arising metal pan ic les  is 10--20 nm. l When the a l coho l  
is replaced by I-ICOONa. the yield increases to about  
1.0 z. It was also found that colloidal nickel in aqueous  
solut ions can be oxidized by oxygen and can reduce  
some dyes. 

Optical spectroscop~ is widely used to s tudy the 
nature and proper t ies  of  metallic nanosized aggregates  in 
aqueous solutions.  [ h e  optical absorption of  nickel sols 
in water was calculated in terms of  the Mie theory.; it 
was found that spherical metal particles v,'ith a d i a m e t e r  
of  10 nm should display an absorption band having a 
max imum at -220  nm and smoothly  declining right up 
to 900 nm. 3 

In the present  study, v,.e obta ined stable so lu t ions  o f  
nanome te r  nickel particles using various stabilizing addi -  
tives (polyethyleneimine .  polyacrylate, and polyvinyl sui- 
t:ate), measured tl~e optical absorption spectra of  col loi -  
dal solut ions,  and studied some reactions involving 
ultrasma[I nickel particles. 

Experimental 

Chemically pure grade Ni(CIO4) 2 and HCOONa and Aldrich 
polyvinyl sulfate, sodium ~lyac~'late (molecular weight 2000 

to 5000), and polyethyleneimine (molecular weight 5000) were 
used. The concentrations of polymers in solutions were ex- 
pressed in moles of monomer  units. Solutions were prepared 
using triply distilled water and deaerated in a high vacuum pr ior  
'o irradiation. Irradiation was performed using a r176 source in 
special glass vessels equipped with a quartz cell tbr optical 
measurements. The volume of solut ions exposed to radiat ion 
was usually 10 mL. 

Exposure o f  aqucol ls solut ions containing ~odium formate 
to ;.,-radiation af fords h.~drated electrons {e-aq) and C O ~ ' -  
radical an ions wi th high reduct ion potenti;f ls (--2.9 and - 1 . 9  V, 
respectively). 4 

f . 

H20 --:-'-'~" e aq (2.7) -'- H (0.5) + O H  (2.9; -'- 

i- H 2 (0,5) ~- H202 (0.7) § H-  (2.7) t I ) 

HCOO- + "OH (H} ~ CO2"-  + H20 (H2) (2) 

l h e  values in parentheses in the first reaction are the 
radiation-chemical yields of the corresponding radiolysis prod- 
ucts. The yield of electrons was 2.7 and the yield of the CO, " - 
radical anions was -3.4 panicles per 100 eV of absorbed energy, 
while the H and OH" species were cornpIetely scavenged by 
HCOO- ions. When the Co ~'~ -,,-radiation dose rate used was 
05 kGy h -I ,  - 2 . 2 " 1 0 6  reel L -I of hydrated electrons and 
2.8, 10 -6 reel L -I of CO 2 -  radical anions were generated in 
aqueous solution upon irradiation for I rain. 

Samples for electron microscopy were prepared by placing a 
drop of the solution under study onto a copper--carbon grid. 
which was then dried under argon. A PhiUips EM-30 e{ec~ron 
microscope was used. The amount of nickel atoms reduced to 
the metal was determined using tt~e reaction of nickel sols with 
dimethyl-4.4"-bipyridine (methytviologen MV 2.} by a proce- 
dure reported previously, s For this purpose, a 0.1 4,/solution of 
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NaOH (I mL) and a 10--" ;I.1 solution of MV 2" (2 mLt were 
added successively to a -,otutton ~o be analyzed (10 roLL The 
concemration ol  the M V -  ions Ibrmcd was de~crmined by 
speCtropt'~otometr3' based on the intensiiy of the absorption band 
with a maximum at 600 nm O.,,~a x TM 1.1" 104 L real "'~ cm-;). ~ 

Results  and D i s c u s s i o n  

Format ion  o f  niekel so ls .  - , - I rradiat ion of  deaerated 
(2" 10-4--5 " I() -3 mot L - I )  solu t ions  o f  Ni(CIO4) 2 con-  
raining (10-2 ' - - I0  --'} real L -~ o f  H C O O N a  and a stabi- 
lizing addi t ive  (po lye thy lene imine .  polyvin,,t alcohol, 
pol.vacrylate, or  polyvin.vl sulfate)  results in the reduc- 
tiOti Of Ni 2t ions to the meta l .  The  solution remains 
transparent.  In the case o f  large absorbed doses and 
concent ra ted  solutions,  the so lu t ion  becomes  yellowish. 
According to the e lectron m i c r o s c o p y  data t Fig. I). 
i~,olated spherical  particles o f  meta l l ic  nickel 2--4  nm in 
d iameter  with a narrow size dis t r ibut ion are formed 

a 

�9 .,,: ~ff:a~;j..:4..~.~..>~z'g;~-~L:&. r k'~,,.:~-?~:.::::'". ,.: .- " �9 -.%:, 

e~,, t ~ ~ ~ : ~ f ~ = - ~ ' , - ~ . ~ ' < ~ ,  "- .';:,.~',,,�9 .. :,, ,,'.:. 

> - ~ ~  -~ �9 �9 ..'4~-;f~ ..-?~ 

40 nm 
I ,- I 

b 

" .%': ~:g~': " ~, , :~7,~: ~ ra 

20 nm 

20 nm 
i .... 4 

Fig. I. (a) Electron micrographs of the nickel pamcles forn~ed 
upon -l-irradmtion of" a solution containing I - 10 -4 tool [-i of 

Ni(CIO4) 2, 5 - 10 -3 tool L -I of" HCOONa, and 2 �9 10 '-4 tool L 'I 

ofpolyefl~yleneimine (b'~ The same. ~kh higher resolution. Ic) 
adler the addition of 2- 10 -4 tool L- 1 of AgCIO4. Absorbed dose 

tale 0.5 kOy h -~. irradiation time I h. 

under these conditions.  In the presence oi" polyvinyl 
alcohol.  15- -20-nm particles are formed. The  solutions 
of colloidal nickel containing the stabilizing additives are 
stabte over  infinitely long periods. 

Colloidal  nickel is also formed upon -~,-irradiation of  
solutions conta in ing  no stabilizing additives. However ,  
in this case, as in the presence of polyvinyl alcohol ,  
pamcles  10--20 nm in diameter  are produced. When tl~e 
nickel ions have not been completely reduced, tl~e solu- 
Lion of  col loidal  metal remains stable over a period of  
24 h. After several days, the solution becomes turbid and 
shows the Tyndal l  effect; later, a metal deposit  is formed 
on the vessel walls and bottom. 

Optical  absorption spectrum of nickel nanopart ic les .  
The absorpt ion spectrum (Fig. 2) of  a solution contain-  
ing I �9 10 -4 mol  L -1 of  NI(CIO4) 2, 5-  10 .-.3 mol L -I  of  
H C O O N a ,  and 2" 10 -4 tool L - I  of polyethylcncimine 
exhibits a weak absorption band at Z < 250 rim. due to 
H C O O -  and polyethyleneimine.  Upon 7-irradiation of  
the solution, absorption without clear-cut maxima ap- 
pears in the optical  region of  200--900 nm, declin ng 
smoothly toward longer wavelengths (see Fig. 2). As the 
time of  y-irradiat ion (absorbed dose) increases, the ab- 
sorption intensity increases, v, hile the spectn, I pattern 
remains the same,  and after ~9I)--120 rain, a constant  
intensity is at tained,  which is related to the comple te  
redtlction of  the nickel ions in the solution. Figure 3 
shows the absorption spectrum of a nickel sol. which 
represents the difference between the spectra of  irradi- 
ated and nonirradiated solutions with allowance made 
tbr the concen t ra t ion  of  ions present in the irradiated 
solution (2- l0 -4 mol L -I of  NaCIOa, 2" 10 -4 real [-.I  
of  p o l y e t h y l e n e i m i n e ,  and 4 . 7 - 1 0  -3 real  L - I  o f  
H C O O N a )  and for the concentrat ion of  ions having 
disappeared dur ing irradiation (3" 10 -4 real L - t  o f  
H C O O N a ) .  It should be noted that the major  contr ibu-  
tion to the optical  absorption of the initial solution is 
made by polyethyleneimine,  whereas the change in the 
concentra t ion  o f  the formate ions is riot a crucial  factor 
m the "differential" determinat ion of the optical  spec- 
trum of  col loidal  nickel, which is shown in Fig. 3 as the 
variation o f  the extinction coefficient (c) vs. wavelength.  
It can be seen in Fig. 3 that the absorption o f  nickel sols 
has a max imum at 21525  nm and the ext inct ion coeffi- 
cient at this wavelength is 14 8+-0.4~. 103 L real - I  cm -1 
per metal a tom.  In addit iom a feebly defined shoulder  at 
~350 nm is present.  Using the Mie theory, "~ we calcu- 
lated the absorpt ion spectrum for nickel sols consist ing 
of  spherical particles 10 nm in diameter. The exper imen-  
tal data for the dependence  of  the dielectric losses of  the 
metal on the light wavelength s and the refraction index 
of water (1.33) were used in the calculations. The result- 
ing optical characterist ics of  nickel sols in water (a 
maximum at 215 nm, a shoulder at 350 rim, and r. = 
4.6" 103 L real  - I  cm - I )  are in satisfactory agreement  
with the results of  calculations 3 and virtually coincide  
with exper imenta l  data (see Fig. 3). However ,  the ex- 
perimeutal  spec t rum was found to be broader than the 
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Fig. 2. Absorption spectra of a >,oltttioll comaining 
I " 10 - 4  tool L -I of . " q i ( C I O 4 }  2. 5 " 10 -~  rllOl L - !  o f  H C O O N a ,  

and 2 �9 10 -'~ tool L -1 ol'polyethyl~aneimme for y-irradiation time 
of 0 (1), 30 (2), 60 (3). 90 (4), and t21) (Y) rain. Absorbed dose 
rate 0.5 kGy h "1. lrradiafion for I mm gives 22" 10 q' tool L-; 
of hydrated electrons (eaq-) and 2.g" 10 -/~ tool L -I of CO 2"-' 
radical anions 

theoret ica l  one. "['his can  be due to the fact that particles 
with a broad size d is t r ibut ion are ibrmed in experiments 
and also to the fact that the theow does not take into 
accoun t  the state o f  the panic le  surface and their elec-  
t romagnet ic  interact  ions. 

a" 10-3/L tool - I  cm-' 

, t I I 

200 400 600 S00 ki ~m 

Fig. 3. Opdc:fl absorption spectra of nickel nanoparticles in 
water, experimenlal i l) and calculated by the Nile theory_' (2L 

The use of other stabilizing additives (polyvinyl a lco-  
hol ,  polyacrylate  or polyvinyl  sulfate) in s t ead  o f  
polyethyleneimine virtually does not influence the accu-  
mulation of nickel sols, their properties, or optical  char -  
acterist ics.  The change of  the molecu la r  mass  o f  
polyacrylate from 2000 to 5000 does not inf luence the 
process of formation or the size of  nickel nanopar t ic tes  
either.  This is exemplified in Fi,-. 4, which shows the 
optical spectra of sols measured by the "difi~rential" 
method after complete reduction of  nickel ions in a 
I"  10 -4 tool L - I  solulion o f  Ni(CIO~,) 2 c o n t a i n i n g  
5" 10 -3 tool L- ;  of H C O O N a  and various stabil izing 
additives. 

Colloidal nickel is also formed if atiphatic a lcohols  
are used instead of  formate ions. This requires longer  
,;-irradiation and the metal evolut ion is preceded by an 
induction per iod  The best results are attained on the 
addit ion of  Pr 'OH. Howe~,er, in this case, too,  the 
degree of  reduction of Ni 2" ions in a I �9 10 -4 tool L -~ 
solut ion does not exceed 25% for i r radiat ion t ime  
of  90 rain. 

The properties of nickel nanoparticles in aqueous  
s o l u t i o n s .  The introduction o f  air into a solut ion o f  
colloidal nickel results in its oxidat ion and in the loss of  
the sol spectrum. The standard reduction potent ial  

O ' -~* " �9 V 9  ~(,Nl- ' lNl~ol ir . i )  -= -0 .25  The  potential  o f  the 
g ~  ~ pair (~here Ni ~ is a nickel a tom)  can  be 
calculated from this value by subtracting the energy of 

a tomizauon of  nickel in the gas phase (3.95 eV9). In 
calculations, we did not take into account the energy of  
possible solvation of Ni atoms in water, which is ex- 
pected to be close to zero. This gave k*~(Ni2L/.Ni% = 
- 2 . 2  V Tllis means that the reduction potential  of  Ni 
a toms is substantially more negative than that o f  the bulk 
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Fig.  4. Optical absorption spectra ( D )  of nickel nanopaMicies in 
an aqueous solution slabilized by polyacrylatc (1), polyvin,,l 
sullhte (2), or poly',.inyl alcohol (2). 
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metal .  This suggests that  the reducing capacity of col loi-  
dal nickel would be more  p r o n o u n c e d  than that of  bulk 
Ni. Indeed,  unl ike the  bttlk metal,  nickel colloids are 
rapidly oxidized by oxygen or  air  and reduce some d,~es, z 
We have found tha t  they also react with H~O, and o the r  

~ - 

oxidants .  
Nickel sots do not  reduce  M \  ,'2'- cat ions in neutral  

so lu tmns . -  However ,  we found that this process does  
occu r  slowly m a lka l ine  media .  The overall reaction 

NI 0 -r 2 MV 2. �9 Ni 2 .  -'- 2 M V ' "  (3} 

yie lds  the MV "+ r a d i c a l  c a / i o n s ,  r e spons ib le  lb r  
an  in t ense  a b s o r p t i o n  b a n d  with ) 'max  = 6 0 0  nm 

( F i g  5). The k n o w n  ex t inc t ion  coefficient  of  M V *  
I l .  l �9 104 L mol - I  cm - I )  a n d  the react ion s to ichiometry  
can be used to d e t e r m i n e  the  concen t r a t i on  of  Ni a toms 
arising upon the r a d i a t i o n - i n d u c e d  chemical  reduct ion 
of  nickel ions. This .  in t u r n ,  provides the possibdity o f  
ca lcu la t ing  the e x t i n c t i o n  coef t ic ient  lor the optical  
absorp t ion  of  the sols by an  i ndependen t  method.  It was 
ib tmd that  three days af te r  the  in t roduc t ion  o f  MV 2" in 
a s o l u t i o n  of  c o l l o i d a l  n icke l  s tab i l ized  by pol~-  
e thy lcne imine  or by a t t o the r  addit ive,  the concen t ra t ion  
of  the M V ' *  ions r eached  pract ical ly a constant  value, 
i.e., colloidal nickel  was comple te ly  consumed in the 
reac t ion  with ,'viM 2~. T he  ex t inc t ion  coefficient of nickel 
sols calculated by the  above -desc r ibed  procedure was 
c215 = 4.6" 103 1., tool - I  c m  - I  ( 210%) ,  which is in good 
agreement  with the  F,215 value that we found previously 
and  with the value ca l cu l a t ed  in terms of  the %lie theory.'. 

Silver ions are r educed  by' colloidal  nickel to give 
col loidal  silver par t ic les .  As in the case of  MV 2'-, the 

reaction o c c u r s  slowly. As th i s  t akes  place, the typical 
absorpt ion b a n d  of  silver sols in the  optical  spec t rum 
!Fig. 6) b e c o m e s  more in tense  a n d  nar rows  down,  while 
the a b s o r p t i o n  maximt ,m sh i f t s  f rom 420 to 390 am.  
Electron m i c r o s c o p y  studies s h o w e d  that  the smallest  
nickel par t ic les  are the tirst to  d i sappear ,  while larger 
particles are s h o w n  to form m i x e d  aggregates,  which  are 
contac t  pairs  con ta in ing  b o t h  s i lver  and  nickel  (see 
Fig. I. c). T h e  d i sp lacement  o f  the  absorp t ion  band  of  
colloidal s i lver  at an initial s tage  o f  its fo rmat ion  in the 
reaction of  n icke l  sols with s i lve r  ions  may be due to the 
format ion o f  s i lver - -n icke l  aggrega tes .  In these aggre- 
gates free e l e c t r o n s  are sh i f t ed  f rom silver to nickel to 
induce d i s p l a c e m e n t  of the a b s o r p t i o n  band  to longer  
wavelengths  wi th  respect to t h a t  in "pure" silver sols. 
Similar op t ica l  etfects  are o b s e r v e d  upon  adsorp t ion  ol" 
some c o m p o u n d s  or metal ions  o n  the  surface of  silver 
particles, w h i c h  also change  t he  e l ec t ron  densi ty  and  
shift the F e r m i  level, l ~  T h e  c o n t e n t  of  s i lver - -n icke l  
aggregates dec rea se s  with t i m e  a n d  the yielded sols. 
which cons i s t  on ly  of  silver, a re  respons ib le  for the band  
with a m a x i m u m  at 390 am.  M e t h o d s  for the synthesis  
of bi- and  po lymeta l l i c  pa r t i c l e s  have  been  developed 
previously. I I~  13 These  particles have  an  on ion - type  struc-  
ture in wh ich  a core  formed by a s ingle  metal  is coa ted  
by layers of  less noble  metals.  T h e  so lu t ion  con ta ins  only 
metal ions t ha t  cons t i tu te  the  " m a n t l e "  of  this particle.  
In this pa r t i cu l a r  case. the p a r t i c l e  cons is t s  of  two metals  
having a c o m m o n  contact  b o u n d a r y .  Fhe  s tandard  po- 
tentials  o f  tile meta ls  f o r m i n g  th i s  e l e c t r o c h e m i c a l  
con tac t  pa i r  are  s u b s t a n t i a l l y  d i f f e r e n t  ( recal l  tha t  

~'(,NI ~ /Nt.solid) = - 0 . 2 5  V a n d  /~.'rI(Ag*,/.,\gsolid) = 
0.799 V) and  the  solut ion c o n t a i n s  p lenty  of  bo th  metal  

D (rel. unit.,,) 
I 

I I I . _ _  

440 560 680 g00 Z/'nm 

Fig. 5. Appearance of the absorption of the M V "  radical 
cations after addition of methylviologen MV 2. to a solution 
containing 1 �9 10 - 4  moi L -I of NilCIO4) 2. 5" 10 -3 tool k -1 of 
HCOONa, and 2" 10 "'4 tool L "] of polyacrylate y-irradiated lbr 
60 rain, alter 2 (I), 5 (2), 20 (3), 60 (41, and 120 (SJ rain. For 
irradiation conditions, see Fig. 2. 
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Fig. 6. Appearance of the absomt ion of silver sols after addition 
of 5" I0 -4 tool L - I  of A g C } O  I t o  a solution of colloidal nickel 
after 2 (]), 15 (2), 30 (2), and 120 rain (4). The colloidal nickel 
was prepared by -/-irradiation lbr 60 rain of  a solution containing 
I ' 10 -4 tool L -I of Ni(CIO.02, 5 �9 10 -3 tool k I of HCOONa. 
and 2" 10 ' ' 4  tool k. -I of polyacry.'late. For irradiation conditions, 
see Fig. 2. 
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ions. l o  the best of  our knowledge, this is the first 
experimental  detect ion of  such an ultrasmall mixed metal 
particle, which is thermodynamically unstable but, none- 
tl~eless, has a [hirly long lifetime in aqueous solutiotls. 

Mechanism of radiation-induced chemical reduction 
of Ni 2+ ions and the formation of metal nanoparticles. 
Figure 7 shows the variation of the concentra t ion of  
colloidal nickel li)rmed upon 2-irradiation of  aqueous 
solutions o f  Ni(CIO4) 2 containing formate ions as a 
function o f  the irradiation time (absorbed dose). The 
concentra t ion  was determined by the optical method 
from the known extinction coefficient of  nickel sols a~d 
was also measured analytically us ing  the reaction of  the 
sols with MV 2§ It was [bund that in /he presence of  
H C O O N a  and a stabilizer, the intensity of  the optical 
band of  nickel sols increases with an increase in the 
absorbed dose and the concentrations of  the reduced 
metal found in two independent  measurements are vir- 
tually equal.  The  nature of  the stabilizer used almost 
does not inf luence the sot-formation process. In the 
imtial accumula t ion  section, the plot is linear. The 
calculated radia l ion yield is -2.1+0.2 Ni atoms per 
100 eV of  absorbed energy, which implies reduction of  
Ni > ions wi th 4.2+0.4 reducing species, either hydrated 
electrons or  C O ~ ' -  radical anions, whose total yield is 
6.1. The diffi:rence between these yields is apparemly 
due to the fact that some of the Ni atoms formed are 
oxidized again with H202. which also arises upon radi- 
olysis o f  water  and aqueous solutions. If Ni 2- ions 
accept all the reduced radicals and nickel re-oxidation 
in,,olves H.~O~, it should be expected that O(Ni ~ = 
0.SiG(eaq-) + G ( ' O H )  + G ( H ' )  - 2G(H202)I = 2.4 Ni 
atoms per 100 eV. The yield Ibund in experiments is 
close to the expected value. An increase m the content  
of nickel ions in the solution from I �9 ]0 -4 tool [,-~ to 
5 -10  -3 tool L - I  has no sigmficant influence on the 
G(Ni 0) value found from the initial section of  the plot 
lbr the concen t r a t i on  vs irradiation dose. Thus the pres- 
ence of  even I �9 l0 ''4 mol L -I of Ni 2. ions is sufficient 
ibr virtually comple te  trapping of the hydrated electrons 
or C O 2 ' -  radical anions resulting from y-irradiation. 
The p ropor t ion  of  these radicals participating in the 
reduction decreases  with an increase in the dose, which 
is due to the decrease in the concentration o f  Ni 2+ ions 
in the solut ion and to the prevalence of  o ther  reactions 
resulting in the consumpt ion  of  radicals (e.g.. recombi-  
nation). The  steady state, which corresponds to almost 
complete reduct ion  of  l - t 0  -4 tool L - I  of  Ni 2+ in a 
solution, is at tained for an absorbed dose equal to 
-6 .  ]0  - 4  tool L - !  (eaq- 4- C O 2 - ) ,  i.e., for ,'t dose -3  
times as great  as that required by stoichiometry' if e:~q- 
and C O : ' -  are regarded as single-electron reducing 
agents for the Ni 2+ ions. Further increase in the ab- 
sorbed dose by a large factor does not cause a noticeable 
change in the absorption spectra or in the stability o f  
nickel sols. 

The reduc t ion  of  nickel in aqueous solutions con-  
raining PriOH instead of  fl)rmate ions occurs in a differ- 

[Ni~ �9 IO-~,/mol L-L 

,0  , 

5 3 

0 L 
0 50 100 umin 

Fig. 7. Variation of the concentration of reduced nickel vs time 
of -;-irradiation of a I �9 ]0  - 4  tool- L -1 solution of N i ( C I O 4 )  2 

containing 2- 10 -a mol.  L -I of a stabilizer ((1) polyethylene- 
imine, (2) potyacrylate, and (3) polyvinyl alcohol) and 
5 �9 10 ..3 tool- L -I of HCOONa (I) or 0.1 tool" L -j of Pr'OH 
(11). For irradiation conditions, see Fig. 2. 

ent  way. As can be seen in Fig. 7, the formation of  tile 
metal  is preceded by a long induct ion period and the 
subsequent a c c u m u l a t i o n  occurs  much more slo,,~,ly. 
These  speci[ic features o f  the reduction process may 
point  to an antocata lyt ic  mechan i sm of reduction of  the 
metal  ions, which has been established and studied in 
ou r  prex, ious work for cobalt  ions. 14 According to this 
mechanism,  metal part icles  accelerate those reduction 
reactions that c anno t  proceed  in the solution bulk for 
the rmodynamic  reasons.  ] 'h is  mechanism,  as applied to 
the reduction of  Ni 2+ ions in solutions containing Pr 'OH, 
is discussed in detail  below. 

A specific feature o f  the radia t ion-chemical  reduc- 
t ion of  Ni 2+ ions is the stepwise course of  the process, 
whose  first step affords unstable, short-l ived Ni + ions. 
To  understand the m e c h a n i s m  of  reduction of  Ni 2~ ions 
to the metal, it is necessary to know the potentials of  the 
Ni2+/Ni  ~ and N i + / N i  ~ paws. "The standard potential of  
the  former pair was ca lcu la ted  theoret ical ly  to be 
- 2 . 7  V. Is This value is conf i rmed  by the fact that Ni 2-- 
i ons  can be r e d u c e d  on ly  by hydrated e l ec t rons  
(s = -2 .9  V), not  by H a toms (U) = - 2 . 4  V) or  CO 2"-  
radical anions ( ,~  = - I . 9  V). t6.t'7 The potential of  the 
N i + / N i  ~ pair can be calcula ted from the equation 

.~( Ni*/Ni L}) = 2L*}(Ni2+/Ni .) - k~iNi2*/NC). 

It is equal to - 1 . 7  V. 
N~- ic, ns are reduced only via the reaction Thus, the "~+ 

ea q 4- Ni 2+ ~- - , , , -  N i - ,  (4)  

the rate constant for which is very high (1.6-10 I~ 
L tool - I  s-~). t8 
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[ h e  rate of cortsumption of Ni + ions is known I~ to 
follow second-order kinetics. Thc tbltowing reactions 
can be suggested: 

Ni++  NI" '~ Ni 0 + Ni 2. (5) 

C 0 2 " -  - NI ~ " Ni  0 ~- CO 2. [6)  

Indeed, disproportionation of Ni* ions and tile reac- 
tion of  Ni" ions with the C O ~ -  radical anions are 
thermodynamically ii~vorable. Howe~,er, the yield of Ni 
atoms close to the limiting value indicates that virtually 
all the hydrated electrons and C O 2 -  radical anions are 
consumed to reduce Ni 2+ ions. This, in turn, implies 
that the reacuon of  C O 2 " -  with Ni + is preferred. With a 
rate constant of 6 6 "  109 L r o o f  ~ s-+, t(' it provides high 
efficiency of reduction of  nickel ions in aqueous solu- 
tions in the presence o f  formate ions. 

The standard potential of the Me- )C 'OH radical 
( -1 .4  V) 4 is insufficieru for reduction of  not only Ni 2~- 
but also Ni* ions. Unlike the CO2"-  radical anion, the 
M e 2C 'OH radical oxidizes Ni* ions vm the intermedi- 
ate formation of an o~anon icke l  complextr 

M e 2 C O H  * N i "  ~ [ M e 2 C O H . N i ]  + (7) 

[ M e 2 C O H - N i ] "  + H 2 0  " 
" M e 2 C H O H  ~- Ni 2 .  ~- OH . (8)  

The rate constant /'or the former reaction, accord- 
mg to the data published previously, I~ is 1.3-10 ~ 
L tool - t  s -t ,  while the subsequent hydrolysis takes place 
over a period of I s. Thus, the presence of  PriOH does 
not Ihcilitate the reduction of  Ni 2+ ions; however, pro- 
longed irradiation g~ves rise to metal particles, which 
then catalyze the reduction of Ni ?+ ions by the autocata- 
lyric mechanism. The metal panicles may arise in the 
disproportionation of the Ni"- ions, resulting from the 
reduction of Ni P. ions by hydrated electrons. The cata- 
lytic action of these metal panicles, which act as seeds 
lot the reduction, is due to an electrochemical mecha- 
nism involving the transfer of  electrons from the reduc- 
ing radical to the metal sol. As a consequence,  the metal 
sol is charged to a potential required t\)r the reduction to 
occur. [h i s  process can be conventionally represented as 
fotiows: 

(N0n + 2m ( M e 2 C O H )  " 
" (Ni )n  2m" = 2m Me2CO + 2 m  H ' ,  (9) 

(N i ) n2m a- m Ni 2 . . . . .  (Ni)n,.  m. (10) 

The nature of the intermediate species preceding the 
formation of colloidal nickel is unknown. However,  the 
generality of this type of  processes for metals I'; suggests 
the intermediate formation of  clusters of  different com- 
plexity, which coalesce to give ultimately nickel sols. 
The successive growth of  clusters is accompanied  by a 
decrease in their chemical  potential, which makes nickel 
nucleation thermodynamically favorable. The intermedi- 
ate short-lived nickel clusters are not detected by pulse 

radiolysis. 16 due either to absorption in the UV region or 
to a low c~:tinction coefficient. 

Radiation stability of nickel nanoparticles in aqueous 
solutions. In aqueous solutions containing stabilizers, 
nicked sols exhibit high stability against ionizing radia- 
tion. An absorbed dosc exceeding that required tot the 
complete reduction of  Ni 3+ ions in soh,tion at least 
tenlbld does not induce coagulation of the sols. How- 
ever, in the absence of  stabilizers, nickel sols are un- 
stable. It was found that in a I �9 10 -.4 tool L -L solution of  
Ni 2~- ions (containing HCOONa to trap "OH radicals 
and H atoms), the initial part of tile dose accumulation 
curve for nickel sols coincides with the corresponding 
part of the curve for the same solution containing a 
stabilizer. However. in the region of  large absorbed doses 
corresponding to the format ion of  approximately 
6" l0 -4 tool L -i  of (eaq- + CO-) ' - ) ,  |hst coagulation of 
metal sols starts. This can also be recognized in a 
noticeable change in their absorption spectrum, which 
points to enlargement and coalecence of panicles. The 
spectrum is markedly broadened; its intensity in the UV 
region decreases, v,'hile that in the visible region m- 
creases. Determination of  nickel concentration using 
MV 2+ shows that this dose is sufficient for the complete 
reduction of Ni 2" ions. Previously, z0 we studied the 
influence of ionizing radiation (accelerated electrons 
and e'~ y-rays) on the stabilits, of colloidal solutions of  
some metals tAg. Cd, Co, etc.) In the absence of  
stabilizers, the stability is determined by the electrostatic 
factor, which enst, res a decrease in the surlhce tension 
due to the formation of  the double electric layer on the 
surface particles. The critical dose for the stability of 
nickel sols corresponds to the reduction of the Ni2" ions 
adsorbed thereon, wtuch determine their electric poten- 
tiM. The double electric layer is destroyed and the 
stability is thus lost. The "radiation" coagulation is simi- 
lar to the neutralization coagulation known in colloidal 
chemistry, which is related to the absorption of ions 
whose charge has the same sign as that of tile counter- 
ions of the double electric layer. Having entered the 
adsorption layer, these ions sharply decrease the electric 
potential, which results in a loss of stability by the 
colloidal system A specific feature of "radiation" neu- 
tralization is that the decrease in the potential of the 
nickel sol is caused by tile delivery of the electrons 
generated by ionizing radiation. 

In ihe presence of stabilizers, solvation layers are 
formed on the surface of colloids. When particles ap- 
proach one another, these layers overlap, and the os-- 
motto pressure increases: hence, the repulsion pressure 
also increases, thus decreasing the ability of systems to 
coagulate. In this case, the double electric layer does not 
play a crucial rote. This accounts for the observed 
difl;~rence between the radiation stabilities of nickel sols 
with and without stabilizers. 

The author is grateful to N. L Sukhov for assistance 
in the calculations of the absorption spectra of nickel 
sols in water. 
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