Electro-oxidation
Adgueous Citrate
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Ascorbic acid is a non-toxic reducing agent with potential
applications in the electroless deposition of metals. Re
ducing agents can be consumed through (i) homogeneo
reactions in solution €.g, reaction with gold thiosulfate,
oxygen or peroxide) and (ii) heterogeneous surface rea
tions, leading either to the deposition of metal or non-
metal depositing reactions. The chemical and electro
chemical oxidation of ascorbic acid has been investigate
in an aqueous citrate solution at pH 6.4 and 25C to
quantify its consumption rate in electroless processes
Ascorbic acid undergoes a homogeneous reaction wit
dissolved oxygen in a pseudo first-order reaction having
a rate constant of (1.75 x 1&/min. This is equivalent to
consuming five percent of the initial ascorbic acid concen
tration in 30 min. Hydrogen peroxide is one of the possiblg
side products of ascorbic acid oxidation. The addition of
hydrogen peroxide on gold surfaces does not significantl
accelerate the reaction between dissolved oxygen arf
ascorbic acid. The diffusion coefficient was found to be
6.46 x 10 cn¥/sec.

Electroless deposition is a process used to produce thin
of metal in selected areas without having to provide a gro
plane of metal or make electrical contact to the surface b
plated. During electroless processes, a metal comple
electro-reduced simultaneously with electro-oxidation g
reducing agent. The two half-reactions occur without
external potential source and, ideally, occur only on
desired surfaces. The most critical characteristics of
reducing agent are its:

* Redox potential
* Solubility
* Possible side reactions

The reducing agent must oxidize at potentials more neg
than the reduction potential of the metal complex, and at g
suitably fast, so as to make the electroless process use

of Ascohic Acd in an
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sis of borohydride at pH <9 homogeneously consumes the
-reducing agent, and limits the lifetime of gold cyanide/
uborohydride electroless baths.
Borohydride, hydrazine, hydroxylamine and hypophosphite
c-are common reducing agents in the electroless plating of
gold, nickel and silvet* L-Ascorbic acid, a lactone, has
- been used in electroless processes, particularly at lower
dpH.*1%17L-Ascorbic acid is non-toxic and can be used atroom
temperature. The rate of its decomposition and other side
.reactions in electroless processes, however, have not been
hinvestigated.
L-Ascorbic acid is the generic name for L-threo-2-
hexenono-1,4,lactone, and has the structure of a 2,3-enediol-
+ L-gulonic acid*®*°
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Ascorbic acid has two acid protons with equilibrium con-
stants of pKa= 4.04 and pKa= 11.34° The oxidation of
filasgorbic acid, B, is a chemical reaction followed by a two-
uredlectron transfer process.
eing
X i$1,A = HA- + H* (1)

f aHA = DA + H" + 2e (2)

an

tide final product, DA, is dehydroascorbic acigH(D,.
thehydroascorbic acid is a heterocyclic compound with three

ketone group&®*®
a

7\

ativecording to Mushran and Agrawal, the redox potential for
rdiis system has been reported to be 0.185 V vs. NHE&t 21
fulnd pH 72 Various values of the standard redox potential

the reducing agent undergoes side reactions, either homdgare been reported under different conditions for its electro-

neously in solution or heterogeneously on surfaces, itmu
replenished at an accelerated schedule. Undesirable
products must be handled accordingly. Reducing ag
commonly selected for electroless processes have the fo
ing electrochemical characteristics:

A redox potential negative of that of the metal comple

« A high heterogeneous rate for oxidation on specific m
surfaces leading to the deposition of metal

* A low homogeneous rate of oxidation.

In addition, it is desirable for the reducing agent to be n
toxic and to form benign products.
The chemical reactivity of the reducing agent can ha
large impact on the electroless deposition behavior, ref

stbemical oxidatior? Accordingly, the electrochemical route
stdethe oxidation of ascorbic acid involves deprotonation of
etiie acid (pH ranges between 5 and 10 are desirable), followed
I@y-two electron transfer steps.
There are two known ascorbic acid side reactions of

interest; they can be affected by the presence of metal
x surfaces, as would occur during electroless plating. The first
etalction involves dissolved oxygen in an ascorbic acid solution.

(3)
HA + O,—> DA + HO, (4)
on-
Ascorbic acid in its monoprotonated and diprotonated forms
@aact with oxygen homogeneousdh Dehydroascorbic acid
lamd hydrogen peroxide are produced in this homogeneous

H,A + O, —> DA + H,0,

ishment schedule and ease of use. For example, the hyq
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calculated at different solution conditions. The rate cons
is reported to be 1.8 x £0min at pH 9.0 and 2%C and 1.4 x
10%min at pH 6.0 and 25C 2027 Researchers have claimé
that the fast rate of oxygen dissolution maintains a cons
concentration of dissolved oxygen in solution and the ré
tion rate is independent of oxygen concentratiéh.

The ascorbic acid oxidation mechanism in the absenc
a catalyst is shown here, as proposed by Khan, where K
equilibrium constant for the deprotonation and k is the
constant for the homogeneous reacton.
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The monoprotonated form of ascorbic acid reacts v
oxygen to form an ascorbate radical and a peroxide radi
The peroxide radical quickly reacts with the ascorbate rac
to form dehydroascorbic acid and hydrogen pero¥ide.

The second side reaction of interest involves hydro
peroxide, a product from the homogeneous oxidation
ascorbic acid. Hydrogen peroxide further reacts with as
bic acid in a slower reaction, producing dehydroascorbic
and watef5°

HA + H,0,—> DA + H,0 (5)

Dehydroascorbic acid rapidly hydrolyzes in water to 2

diketogulonic acid, which oxidizes to oxalic aéid*
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tdeperimental
A conventional three-electrode design was used in the cyclic

2d/oltammetry experiments. A gold disk working electrode
5téMitL96 cnd) and a Pt wire counter-electrode were used. The
paeference electrode was a saturated calomel electrode (SCE),

Procedure

placed within one cm of the working electrode. A rotating

aiofy disk electrode (RRDE) rotat@nd a universal program-
sittex and sweep generdtarere used with a bi-potentiostat.
ralée current and potential measurements were recorded with

an X-Y-Y recorder
Aqueous citrate mixtures (0.4 M citric acid monohydrate

and 1 M potassium hydroxide) were used as buffered pH
stock solutions. All chemicals were reagent grade. Excess
potassium chloride (1.2 N KCI) was used as the supporting
electrolyte in the voltammetric experiments. All cyclic
voltammetric experiments were performed at room tempera-
ture. Voltammograms were digitized and corrected for back-
ground current before measured potentials were quantified.
The concentration of ascorbic acid was monitored electro-
chemically by obtaining intermittent oxidation voltammograms
at a rotating gold electrode. A refrigerated constant temperature
recirculator was used to maintain temperature of the ascor-
bic acid solutions. The rotating gold electrode was immersed
in the solution approximately 20 sec prior to onset of the
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Fig. 1—Voltammograms of the citrate buffer solutiéijpH 6.4) and 0.01
M ascorbic acid; 100 mV/sec, 2& on a stationary gold disk.
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In this paper we evaluate the homogeneous decompos

of ascorbic acid via several chemical routes, and evaluate the.
d can,,
hese

Igig. 2—\Voltammograms of 0.01 M 0.02 Me, and 0.05 M/J ascorbic
enGHialh

heterogeneous consumption rate. Because ascorbic ac
decompose via several different routes, knowledge of t
rates is important for developing electroless bath repler
ment schedules. This analysis serves as an example ofa g
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approach that can be taken in evaluating electroless bath
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Potential, W va, SCE

the citrate buffer solution (pH 6.4); 100 mV/sec, 200 rpniC2&n

5.a gold disk.
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electro-oxidation and removed immediately after
taining the voltammogram. The initial 20 sec were r
essary for reaching equilibrium at the solution/electr
interface before the electrochemical experiment. T
immersion time of the gold electrode was less thai
sec.

Results and Discussion

Electrochemical Oxidation  of Ascorbic  Acid
Electrochemical oxidation of ascorbic acid was inve
gated in a citrate buffer (pH 6.4) on a stationary ¢
electrode at 2%C. An oxidation voltammogram of 0.C
M ascorbic acid at pH 6.4 was obtained at a pote
sweep rate of 100 mV/sec within three min of ascorbic
dissolution. The voltammograms were corrected for
compensated solution resistance. Figure 1 shows
anodic voltammogram of the buffer solution at pH
and 25°C. The current at potentials just positive of 0.85 V

Limitimg current, mA

0.0 [ o5 005
[Ascorbic acd], malfL
Fig. 3—Limiting current variation with ascorbic acid concentration; 100

mV/sec, 200 rpm, 2%, pH 6.4 on a gold disk.

vs. SCE are aresult of gold oxidation. The sharp increase in

anodiccurrent at potentials positive of 1.0 V vs. SCE res
from evolution of oxygen. The oxidation of 0.01 M ascor
acid has a single peak near 0.3 V vs. SCE, as shown in H
The anodic onset potential of 0.01 M ascorbic acid oc
near -0.15 V vs. SCE. Accordingly, the potential region
interest forascorbic acid oxidation is between -0.15 V and
V vs. SCE.

Electrochemical oxidation of ascorbic acid was inve
gated at different concentrations in a citrate buffer (pH
on a rotating disk gold electrode at 26. Oxidation
voltammograms were obtained at a rotation rate of 200
and a potential sweep rate of 100 mV/sec within three m
ascorbic acid dissolution. The anodic current resulting f
ascorbic acid oxidation increases with increasing conce
tion, as shown in Fig. 2. The onset potential of ascorbic
isnear-0.15Vvs. SCE. The anodic currentappears as a
wave approaching a limiting value at potentials positive
0.4 V vs. SCE. The limiting current varies linearly w
ascorbic acid concentration and has a correlation coeffi
of 0.997, as shown in Fig. 3.

The electro-oxidation of ascorbic acid is assumed to
low the mechanism proposed in the literature and staté
Egs. (1) and (2} The ascorbic acid oxidation therefo
follows a CE,, mechanism (n = 2, where n is the numbe

[Hx]
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Fig. 4—Voltammograms of 0.05 M ascorbic acid in a citrate buffer solu
(pH 6.4) at 200 rpni7, 500 rpme , and 600 rpniJ; 100 mV/sec, 25C on

&

lledectrons). The limiting current of the electron transfer reac-
pitton in the GE, mechanism provides valuable information
igh4t can be used to evaluate:
curs

of « the impact of the preceding chemical reaction on the
0.5 electrochemical reaction rate

« the diffusion coefficient of ascorbic acid

sti-
5.A) low rotation rates, the limiting current is predominantly

controlled by the mass transfer of ascorbic acid to the elec-
rprade. The chemical reaction occurs sufficiently fast enough
nradt to be a limiting factor in the electrochemical reaction. As
oitme rotation rate increases, the limiting current becomes
htdependent upon both the diffusion layer thickness and the
acitemical reaction rate. At very high rotation rates, the diffu-
sis@gla layer thickness becomes negligible and the current is
> obntrolled by the conversion of A to HA".
th Oxidation of ascorbic acid was studied at low rotation rates
Ciémtisolate the electrochemical reaction and eliminate any

interference from the preceding chemical reaction. The Levich
faguation describes the limiting current, iat low rotation
2chdibe s*2
re

of i, = 0.62nFAQ¥Vw"?C, (6)

10

Limitimg current, mA

tidfig. 5—Limiting current variation with the square root of the rotation rate,
wisec, for 0.05 M ascorbic acid in a citrate buffer solution (pH 6.4); 100

a rotating gold disk.

58

mV/sec, 25C on a rotating gold disk.

PLATI NG & SURFACE FI N SH NG



wherewis the rotation rate, s the diffusion coefficient, C
is the species concentration, A is the surface area c
electrode and is the kinematic viscosity of the solution.
the chemical reaction is slow in relation to the mass trai
rate, the plot of the limiting current vs. the square root o
rotation rate will not follow the Levich equation and will r
be linear.

The ascorbic acid oxidation reaction in a citrate buffer
6.4) was investigated on a rotating gold disk electrod
different rotation rates. Oxidation voltammograms show
Fig. 4 were obtained with a potential sweep rate of 100
sec at 28C within three min of ascorbic acid dissolution. .
increase in rotation rate increased the limiting current sig
cantly. The limiting current for the ascorbic acid oxidat
varies linearly with the square root of the rotation rate ir
100 to 600 rpm range (see Fig. 5). The linearity seen in
5 is characteristic of a mass-transfer-controlled react
Mechanisms such asE;commonly behave as a reversil]

electrochemical reaction controlled by mass transfer at|lgwy

rotation rate€? The ascorbic acid oxidation reaction folloy
the Levich equation under these experimental conditi
Accordingly, the chemical reaction is fast, in compariso

n

(= ]
T

In[AA]TAAL

Time, min

Fig. 6—Variation of the natural log of the normalized ascorbic acid
[ oncentration vs. time for ascorbic acid: 0.02M 0.04 Me, 0.05 ML,
.08 M?, 0.1 M4; 0.05 M+ ascorbic acid with gold substrate in solution,

05 M+ ascorbic acid with 0.05 M hydrogen peroxide initially in solution;

V$n a citrate buffer solution (pH 6.4) at 3T.
DNS.
n to Results from the homogeneous oxidation of ascorbic acid

the mass transfer of ascorbic acid across the diffusion layamfirm that the rate is pseudo-first-order at dissolved oxy-

when Re< 393 (wr,%/v at 600 rpm).

The Levich equation was used to calculate an experimg
diffusion coefficient of 6.46 x 10+2.2 x 10’ (+20) cn/sec.
The diffusion coefficient of ascorbic acid was measured
Jiang and Dong in a linear rotation scan study with a rotg
pyrolytic graphite disk electrodéThe ascorbic acid diffu
sion coefficient in a deaerated, pH 7.2 buffer solution,
reported to be 6.34 x 2&n¥/sec?? The diffusion coefficient
found in this investigation is within two percent of t
experimental diffusion coefficient reported by Jiang @
Dong. Diffusion coefficients of electroactive speciesin aq
ous solutions are generally higher, in the range of 1 to 2
5 cmé/sec. The bulky structure and subsequent lower mol
of ascorbic acid may explain its low diffusion coefficient

Homogeneous Oxidation  of Ascorbic Acid
The consumption rate of ascorbic acid in homogens

oxidation reactions was investigated in a citrate buffer s
tion (pH 6.4). The chemical oxidation of ascorbic acid V
studied in three sets of experiments, designed to sim

electroless bath conditions and determine the effect of
bath condition on the consumption of ascorbic acid.
effect of the presence of an immersed gold substrate
additional co-oxidant in the ascorbic acid solution was in
tigated by monitoring the ascorbic acid concentration.

homogeneous oxidation of ascorbic acid was studied u

the following conditions:

* without a catalyst
« with a gold substrate as a heterogeneous catalyst
* with hydrogen peroxide as a co-oxidant

The homogeneous oxidation of ascorbic acid was expec

gen concentration. That is, the natural logarithm of ascorbic

creiaid concentration varies linearly with time, as shown in Fig.

6. Experiments were done with several initial ascorbic acid
bpncentrations. The ascorbic acid concentration decreased

ting five percent in 30 min. The slope of the data set was used
to calculate a first-order rate constant of 1.75-XA8184 x

was* (£20)/min. This value of the first-order rate constant at

pH 6.4 is close to those reported at other pH values. The rate

heonstants at pH 6 and 9 have been reported to be 13Amwih0
irehd 1.8 x 10/min, respectively®?? It should be noted that at

ubigher temperatures, the homogeneous air oxidation rate

x tOnstant will increase and the solubility of oxygen in the bath

iligll decrease. At decreased oxygen levels, this reaction may
. become mass-transfer-limited and the dissolved oxygen con-
centration will be dependent upon agitation. At°80) the
homogeneous oxidation reaction is kinetically controlled
alie., independent of agitation rates).
plu-Because ascorbic acid can undergo oxidation via peroxide
vdE(q. (5)] the consumption rate of ascorbic acid in the hydro-
ulg&n peroxidation reaction is of interest. The concentration of
pacicorbic acid with added hydrogen peroxide was monitored,
Tsing the rotating disk electrode. The oxidation of ascorbic
bra&rd in the presence of hydrogen peroxide did not occur faster
dhan in the presence of dissolved oxygen, as shown in Fig. 6.
Theln a separate set of experiments, the rate of oxidation of
ndscorbic acid was evaluated in the presence of a gold sub-
strate. The addition of a gold substrate had no significant
effect on the consumption of ascorbic acid (see Fig. 6). The
results show that ascorbic acid is primarily oxidized by
dissolved oxygen and is unaffected by the presence of hydro-
gen peroxide or a gold substrate. Consequently, the primary

route to the chemical oxidation of ascorbic acid is by oxida-
tiea via dissolved oxygen and not via peroxide intermediates.

exhibit pseudo-first-order kinetics, based on past investigelie presence of gold surfaces, as would be present during
tions2°2” The concentration of dissolved oxygen was [astectroless plating, had no noticeable effect on the homoge-
sumed to be constant (see Ref. 20). All citrate buffer solutiamsous chemical decomposition route. The replenishment
(pH 6.4) were exposed to air for at least one day prigr gohedule for ascorbic acid need consider only the heteroge-
experimentation. Mild agitation of the solutions was cpmeous rate consumption resulting in electroless plating, and

trolled by use of a magnetic stir bar or a rotating

itke homogeneous oxidation via oxygen (with a pseudo-first-

electrode. Ascorbic acid concentration was monitored witihder rate constant, given above) that can be altered by

time by using cyclic voltammetry.

February 1998

purging the solution of dissolved air and solution drag-out.
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Conclusions

Ascorbic acid is a non-toxic reducing agent with a re
potential suitable for electroless processes. Ascorbic ag
electrochemically oxidized on an oxide-free gold substra
a two-electron-transfer reaction. The diffusion coeffici

was measured to be 6.46 x®ént/sec. The homogeneOLs2

oxidation of ascorbic acid proceeds via dissolved oxygen
is not affected by peroxide intermediates or the presen
gold surfaces. The rate constant for the homogeneous
oxidation was measured to be 1.75 ¥/hin, which is a five
percent decrease in ascorbic acid concentration in 30 m]
30°C. The rate increases with higher temperature; howe
the solubility of oxygen decreases with temperature. Bec
the homogeneous oxidation reaction is kinetically control

a higher agitation rate should increase the electrochemiglg|ectrochemical Methods: Fundamentals and Applications,
rate. A J. Bard & L.R. Faulkner, Eds., John Wiley & Sons, NY,

reaction rate without affecting the homogeneous oxidation
Atthis rate, frequent replenishment of ascorbic acid is nece
for long term use of an ascorbic acid electroless bath.
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