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It has been shown that  alloying copper with different metals has a pronounced effect on hydrogen 
evolution during anodic oxidation of  formaldehyde and under electroless plating conditions. The 
codeposition of  platinum, palladium, gold or nickel reduces the ratio between the amount  of  hydrogen 
evolved and the deposited metal. Diminishing the hydrogen evolution has a favourable effect on the 
structure of  the deposited alloy. The reduced amount  of  hydrogen, as well as the synergetic effects 
observed during anodic oxidation of  formaldehyde, can be explained by assuming a spillover of  the 
oxidation intermediates. 

1. Introduction 

Electroless or autocatalytic metal deposition is a pro- 
cess in which reduction of metal ions and oxidation of 
a reducing agent simultaneously take place at a cata- 
lytic surface. The most widely used reducing agent in 
electroless copper solutions is formaldehyde, whose 
oxidation on a copper surface is accompanied by 
evolution of hydrogen gas [1]. 

Cu 2+ + 2HCHO + 4OH- , Cu + 2HCOO- 

+ 2H20 + H2 

(1) 

It is known that the incorporation of hydrogen 
into the copper layers causes brittle deposits [2]. This 
brittleness can be influenced by the deposition rate [3], 
the temperature and certain additives [4]. However, a 
more direct way to avoid hydrogen embrittlement 
would be to deposit the metal without hydrogen evol- 
ution, or at least with a reduced amount of evolved 
gas. 

Several authors have studied the anodic oxidation 
of formaldehyde at metal surfaces [5-10]. At platinum 
and palladium the oxidation takes place without any 
gas evolution [5, 6]. 

HCHO + 3OH- Pt;Pd HCOO- + 2H20 + 2e- 
(2) 

On copper one molecule of H~ is always formed for 
every two molecules of formaldehyde oxidized [6]. 

2HCHO + 4OH- c ,  2HCOO- + 2H20 

+ H2 + 2e- (3) 

At gold and silver the amount of hydrogen is between 
these two limiting values, depending on the applied 
potential and the pH of the solution [6-8]. 

Enyo [1 l, 12] studied the anodic oxidation of for- 
maldehyde on copper alloys and found synergetic 
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effects, for example on copper-nickel electrodes. 
Although pure nickel has no catalytic activity for the 
oxidation of formaldehyde [6], it has an obvious influ- 
ence on the catalytic properties of copper. It has been 
known since 1948 [13] that nickel can be codeposited 
from electroless copper solutions with formaldehyde 
as a reducing agent and that the structure of the 
deposit is favourably influenced. 

In this study we investigated whether the anodic 
oxidation of formaldehyde on copper is influenced by 
alloying the electrode with metals such as platinum, 
palladium, gold or nickel. We attempted to prepare 
electroless solutions from which these alloys could 
be deposited, and we checked whether reduction of 
hydrogen evolution influences the quality of the 
deposited layers. 

2. Experimental details 

The investigations of the anodic oxidation of formal- 
dehyde were performed on electrodes made from tab- 
lets of the alloy obtained by melting and mixing 
appropriate amounts of the two metals under reduc- 
ing conditions and quenching in cold water. The tab- 
lets were rolled to a sheet about 0.5 mm thick and cut 
in pieces of area a few square centimeters. Segregation 
can cause enrichment at the surface of the metal with 
the lower surface energy [14], so the electrodes were 
polished with emery paper (Buehler Grit 600)just 
before each experiment. We made X-ray Photoelec- 
tron Spectroscopy (XPS) measurements with copper- 
platinum alloys and found that the surface platinum 
concentration was significantly reduced 30 min after 
polishing. 

The anodic oxidation experiments were performed 
in a solution of 0.10moll -~ HCHO and 0.15moll -~ 
NaOH at 25(_ 0. l) ~ C. A conventional electrochemi- 
cal cell was used, with a large-area platinum sheet as 
counter electrode and a saturated calomel electrode as 
a reference. All potentials in this work are given with 
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respect to this saturated calomel electrode (SCE). 
The electrochemical measurements were done with a 
Wenking ST72 potentiostat in combination with a 
Wenking VSG72 voltage scan generator and a Philips 
PM8141 x-y  recorder. Before each experiment all 
electrodes were polished, kept at -2 .0  V (SCE) for 
a few minutes to remove surface oxides, and then 
scanned in the positive direction at a rate of 2 mV s-'. 
When palladium or copper-palladium alloys were 
used, hydrogen was absorbed during the pretreatment 
at - 2.0 V (SCE). In this case the electrodes w~re kept 
at - 1 . 0 V  (SCE) until the anodic oxidation of the 
absorbed hydrogen was completed, before scanning 
started. 

During potentiostatic oxidation of formaldehyde 
the amount of hydrogen was analysed with the aid of 
a gas burette. The consumption of formalydehyde was 
determined iodometrically [15] in separate experiments. 

Electroless plating was performed on glass slides, 
roughened with silicon carbide and activated in SnC12 / 
HC1 and PdC12/HC1 solutions. To measure the duc- 
tility of the deposited metals, the layers were partially 
detached from the glass slides, bent through 180 
degrees, pressed flat and bent backwards. One such 
bend over 180 degrees and back was called "1 bend". 

All solutions were made up with reagent grade 
chemicals and deionized water. 

3. Results 

3.1. Anodic oxidation 

We measured current-potential curves on different 
copper-platinum, copper-palladium, copper-gold 
and copper-nickel alloys, as well as on the pure 
metals. The curves measured on Cu99Pt I and Cug0Nil0 
are given as typical examples in Figs 1 and 2 respect- 
ively, together with the curves on copper, platinum 
and nickel. Between -1 .0  and - 0 . 9 V  (SCE) the 
anodic oxidation of formaldehyde sets in and the rate 
increases with increasing potential. At about -0 .6  V 
(SCE) a maximum is obtained on copper and on the 
copper alloys. At more anodic potentials the current 
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Fig. 1. Current-potential curves for copper ( ), platinum (- - -)  
and Cu99Ph alloy ( . . . .  ) in a solution of 0 .10mol l - '  HCHO + 
0 .15mol l - '  NaOH. 
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Fig. 2. Current-potential curves for copper ( ), Ni ( - - - )  
and Cug0Ni,0 alloy ( . . . .  ) in a solution of 0 .10mol l - '  HCHO + 
0.15moll - l  NaOH. 

decreases as a result of oxide formation or adsorption 
of oxidation products on these electrodes [16]. In all 
cases, the current density at the alloys was larger than 
on the pure metals, in the potential range from the rest 
potential to the current maximum. This synergetic 
effect was even observed on copper-nickel alloys 
although nickel itself shows a negligible catalytic 
activity for the formaldehyde oxidation. The synergetic 
effect was the smallest on copper-gold alloys, despite 
a good activity of pure gold [16]. 

To investigate whether the alloying of copper had 
an influence on the amount of hydrogen evolved, we 
made hydrogen analyses as a function of the charge 
passed under potentiostatic control. Fig. 3 shows that 
2 at.% platinum in copper has a pronounced effect on 
the amount of hydrogen. From these analyses the 
percentage of the current due to Reaction 3 was 
obtained. Table 1 shows that on alloy electrodes this 
reaction is seriously reduced in comparison with pure 
copper. We also performed formaldehyde analyses as 
a function of the charge passed under potentiostatic 
control, at the same electrodes. This yields the per- 
centage of the current due to Reaction 2. Assuming 
that formate is the final oxidation product, the two 
percentages should add up to 100%. At the pure 
metals this is the case (Table 1). With the alloys there 
are rather large deviations from 100%. This is caused 
by the fact that the hydrogen and formaldehyde analy- 
ses were performed in separate experiments. Although 
the electrodes were firmly polished with emery paper 
just before each experiment, XPS measurements 
showed that noticable enrichment of Cu at the surface 
took place during the first 30 rain. As the potentiostatic 
experiments lasted a few hours, the surface compo- 

Table 1. Percentages of  the oxidation current due to Reactions 2 and 
3 under potentiostatic control at - 0.60 V (SCE) 

Metal Reaction 2 (%) Reaction 3 (%) 

Cu 0 t00 
Cu99Pt t 68 43 
Cu98Pt 2 56 41 
CugoNi,o 24 67 
Pt 100 0 
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Fig. 3. The amount of hydrogen evolved as a function of the 
charge for electrodes of (a) copper and (b) CugsPt2 in 0.10moll -1 
HCHO + 0.15moll -1 NaOH at -0.60 V (SCE). 

sition changed during the experiment. This is the 
reason for the deviations in the results. Nevertheless, 
it is obvious that hydrogen evolution is greatly reduced 
at platinum and nickel alloys in comparison with pure 
copper. 

3.2. Electroless alloy plating 

We tried to prepare electroless solutions for the 
deposition of copper alloys. To deposit two metals 
simultaneously in an alloy containing significant con- 
centrations of each it must be possible to reduce both 
metal ions at the same potential at comparable rates. 
To achieve this goal, we tried to complex the more 
noble metal ions more effectively than the less noble 
metal ions. In that case, the equilibrium potentials of 
the two metals approach each other and simultaneous 
reduction can be expected. A nice example of such an 
electroless alloy plating is known from the literature. 
Molenaar [17] used ethylenediaminetetraacetic acid 
(EDTA) to complex Cu 2§ ions and CN-  for the Au § 
ions. Alloys with a copper/gold ranging from 0 to 1 
could be obtained. He also made hydrogen analyses 
during etectroless deposition [18] and found a ratio 
between the amount of H 2 evolved and the deposited 
metal of 0.90 at Cu26Au74 alloys. When the amount of 
gold in the deposited layers was increased to 98.5% 
the ratio decreased to 0.71. 

In a similar manner, we tried to prepare stable 
electroless copper/palladium solutions. It turned out 
that the ratio of the CN-  and Pd 2+ concentrations 
played a decisive role in determining the properties of 
these solutions. Two complexes are known for the 
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Fig. 4. (a) deposition rate, (b) percentage ofcodeposited palladium, 
(c) ratio of hydrogen and deposited metal and (d) the ductility of the 
deposited layer as a function of the ratio of KCN and PdCI 2 
concentrations. Solution (mol 1-1): 0.08 CuSO 4 + 0.006 PdC! 2 + 
0.096EDTA(4Na) + 0.11 NaOH + 0.10HCHO + KCN. Tem- 
peraturc 50 ~ C. 

Pd 2+/CN- system [19]: Pd(CN)42- and Pd(CN)~-. The 
solutions were unstable when the ratio of KCN and 
PdC12 concentrations in the electroless solutions was 
lower than 4. Metal became homogeneously deposited 
immediately after the addition of the formaldehyde. 
When the ratio was higher than 5, the solutions were 
completely stable, but deposition did not occur on 
activated surfaces either. Apparently, the excess CN-  
poisons the catalytic surface. The results of a sol- 
ution of 0.08moll -l C u S O 4 ,  0.006moll -1 PdC%, 
0.096 mol1-1 EDTA (4 Na-salt), 0.11 moll  -I NaOH, 
0.10 mol 1-1 HCHO and KCN concentration between 
0.024 and 0.030moll -l are shown in Fig. 4. The 
experiments were performed at 50 ~ C. The deposition 
rate was not influenced by the KCN concentration 
(Fig. 4a). The stability of the solutions at 50~ 
increased as the KCN concentration increased. At a 
ratio of 4 the solutions did not show any homogeneous 
reaction during about 1 h. With a ratio of  5 the sol- 
utions remained stable for more than 2 h. It is obvious. 
from Fig. 4b that palladium can be codeposited with 
ratios lower than 5. As palladium is incorporated into 
the layers the amount of  H2 decreases (Fig. 4c). As 
little as 0.3 at % palladium reduces the H2 amount by 
about 30%. Fig. 4d shows that the ductility of the 
deposited layers (number of bends before the 10#m 
layers crack) clearly increased as the amount of H2 
decreases. 
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Table 2. Composition and plating results o f  two etectroless Cu-Ni 
solutions 

I H 

CuSO4 (mol 1- l) 0,02 0.02 
NiSO 4 (mol l  - l )  8 • 10 -4 4 • 10 -4 
TEA l (mol l  -1 ) 0.065 
TIPA 2 (mol 1-i ) 0.065 

N a O H  (mol 1-~ ) 0.20 0.20 
H C H O  (mol l  - l )  0.10 0.10 
Temperature  (~ C) 25 45 

plating rate ( m g c m  2 h - l )  1.0 1.9 

at % Ni 3.8 1.5 
H2/M 0.67 0.47 
Ductility (bends) 1 3 

l TEA = tr iethanolamine 
2TIPA = tr i isopropanolamine 

As nickel is less noble than copper, we tried to make 
up electroless copper/nickel solutions with complex- 
ing agents that complex Cu 2+ ions better than Ni 2+ 
ions. We found that triethanolamine (TEA) and triiso- 
propanolamine (TIPA) met this condition. With both 
compounds copper/nickel solutions could be prepared 
which yielded coherent, adherent and ductile metal 
layers. Table 2 gives the composition of two solutions, 
together with the results obtained. When NiSO 4 was 
omitted from these solutions, the deposited copper 
was powdery, brittle and non-adherent. Table 2 shows 
that the amount of hydrogen evolved is clearly dimin- 
ished when nickel is codeposited. The stability of these 
solutions was good for the duration of the experi- 
ments. When oxygen was passed through the solutions 
they were stabilized completely and could be operated 
for several days [20]. 

4. Discussion 

The results show that incorporation of small amount of 
palladium, platinum, gold and nickel into a copper 
layer has a pronounced effect on the oxidation of 
formaldehyde, both under potentiostatic conditions 
and in electroless plating solutions. It is obvious that 
the alloys catalyse the oxidation better than the sep- 
arate metals, and that the rate of hydrogen evolution 
at these alloys is much lower than on pure copper. In 
earlier work [6, 21] we proposed the following general 
scheme for the anodic oxidation of reducing agents in 
electroless plating solutions 

RH M ) l~ad _.j_ ~iad (4) 

l~ad + OH- , ROH + e- (5) 

IZI~a + OH- , H20 + e- (6) 

2 I~I ad ) H 2 (7 )  

In this scheme RH represents the reducing agent. In 
the case of formaldehyde this stands for CH2OHO-, 
the methylene glycol anion, which is the main con- 
stituent in alkaline formaldehyde solutions [15]. Reac- 
tion 4 is the dehydrogenation of the reducing agent, 

Table 3. Apparent exchange current density (i ~ ) for the reversible 
hydrogen reaction and heat of  hydrogen adsorption ( AH) at different 
metals 

Metal log i ~ AH 
(mAcro -z) (kJmol l) 

Cu - 9.7 - 108 
Ni - 8.4 - 119 
Au - 8.4 - 110 
Pt - 6.4 - 140 
Pd - 5 . 7  - 1 1 2  

catalysed by the metal, M, at which the process takes 
place. Apparently, nickel does not have sufficient 
activity for this step in the case of formaldehyde, as 
oxidation is negligible on pure nickel. Reaction 5 
represents the oxidation of the adsorbed intermediate 
and yields the final oxidation product formate ions. 
Reaction 6 competes with Reaction 7 for the adsorbed 
hydrogen. When Reaction 6 dominates, Reaction 2 
will be the overall process, while Reaction 7 results in 
overall Reaction 3. 

In analogy with earlier work [6] we can calculate the 
rates (v) of Reactions 6 and 7 at different metals 

i ~ exp (c~F~//RT) 
236 ~--- 

F 

V 7 ----- kO 2 exp ( A H / R T )  

in which i ~ is the apparent exchange current density, 
is the transfer coefficient (g0.5) and I/ is the over- 
potential for the reversible hydrogen reaction. For 
Reaction 7 the rate constant, k, is 5 x 1015 mol cm -2 s- 1 
while AH represents the heat of hydrogen adsorption 
and 0 is the hydrogen coverage. F, R and T are the 
Faraday constant, the gas constant and the absolute 
temperature respectively. The relative rates of Reac- 
tions 6 and 7 determine the fractions of the anodic 
oxidation of formaldehyde due to the overall Reac- 
tions 2 and 3. For the alloys, the percentage, P, of 
Reaction 3 can be estimated as follows 

xv~ + (1 - x)v cu 
P = xv~ + (1 -- x ) v ~  + xv7 M + (1 -- x)v cu 100% 

in which the fraction of metal M in the copper alloy is 
given by x. We assume that the coverage of hydrogen 
is uniform over the alloy surface, due to a spillover of 
this adsorbed species. Spillover of adsorbed hydrogen 
is well known, especially at group VIII metals [22]. We 
have calculated the percentage of Reaction 3 taking 
extreme values of 0 (0.01 and 1.0) and the values of i ~ 
and AH from Table 3. Table 4 compares these values 
with the experimental values obtained during anodic 
oxidation and in electroless plating solutions. It is 
obvious that the experimental results lie between the 
calculated values in each case. So the mechanism in 
combination with the kinetic rate laws for v6 and v7 
for pure metals can be used to give a reasonable 
description of the hydrogen economy during formal- 
dehyde oxidation at copper alloys. 

In the previous calculations the two alloy metals are 
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Fig. 5. Schematic representation of the reactions occurring at a 
Cu-Pt  alloy. The thickness of  the arrows represents the relative 
rates; the numbers refer to Reactions (4)-(7). 

treated as independent materials. The catalytic activity 
of each metal is considered to be unaffected by the 
other metal: only hydrogen can be spilled over from 
one metal to the other. Although the synergetic effect 
observed at the alloys seems to contradict this assump- 
tion, this effect can be explained when a spillover of 
the 1~ intermediates is also assumed. Buck and Griffith 
[5] have shown that Reaction 5 is the rate determining 

step in the anodic formaldehyde oxidation at plati- 
num. Comparing calculations of the rate of Reaction 
7 with the current densities measured at copper shows 
that this reaction is very probably the rate determining 
step at this metal. When a spillover of both 1~ and 
t:I can take place, the reaction at platinum will be 
enhanced by diffusion of lff to copper, while the rate at 
copper will be increased by diffusion of t:I to platinum. 
This process is schematically shown in Fig. 5. A simi- 
lar spillover effect must occur on the other copper 
alloys. Even for nickel, on which Reaction 4 does not 
take place, a synergetic effect can be explained as long 
as the rate of Reaction 7 at copper plus the rate of 
hydrogen spillover to nickel is lower than the rate of 
Reaction 4 or Reaction 5 at the surface copper atoms. 
When the nickel content is increased, Reaction 4 or 
Reaction 5 becomes rate determining and synergism 
will diminish. Enyo [12] indeed found that the highest 
activity is observed at Cu89Nil l  alloys. 

In conclusion, we can say that the mechanism for 
the anodic oxidation of formaldehyde proposed in [6] 
can explain the results obtained at copper alloys. Both 
the synergetic effect and the reduced hydrogen evol- 
ution can be understood, assuming a spillover of 
the oxidation intermediates. Codeposition of small 
amounts of palladium, platinum or nickel reduces the 
hydrogen evolution during electroless plating, as 
expected. A diminished hydrogen production has a 
favourable influence on the structure of the deposited 
layers. 
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Table 4. Calculated and experimental percentages o f  the formaldehyde oxidation due to Reaction 3, during anodic oxidation or electroless 
plating 

Electrode material Potential of  anodic 
oxidation V (SCE) 

Percentage Reaction 3 

Calculated Experimental 

0 = 0.01 0 = 1.0 

Cu - 0.60 90 100 100 
Cu99Pt I - 0.60 24 100 43 
Cu98Pt2 - 0.60 14 100 41 
Pt - 0.60 0 0 0 
CugoNi m - 0 . 6 0  51 100 67 

Deposited metal Mixed Potential V 
(SCE) 

Cu99.ssPdo 15 - 0 , 7 2  81 I00 82 
Cu99.vPd0. a - 0.71 66 100 69 
I C u 2 6 A u 7 4  - -  0.52 7 100 90 
ICUl.sAug8.5 - -  0.47 I 100 71 
2Cu -- 0.70 100 100 100 

IResults from [18] 
2 Results from [23] 
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