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A Prelminary Study of Electrocrystallization of Bisnuth on Glassy Carbon
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Abstract The electrocrystallization of bisnuth on glassy carbon electrodes (GCES) fram nitrate lutionswas
studied by cyclic voltanmetry and chronoanperometry  Cyclic voltanmogran s exhibit a crosover beiveen the ca-
thodic and anodic branches, characteristic of the formation of bisnuth nuclei on GCEs, and show that the bis
muth electrocrystallization on GCEs is a diffusion-controlled reaction The current transientswere analyzed with
the Scharifker and the Heerman equations W ith the increase of B*  concentration, the non-dimensional plots
leaned o the theoretical curve for 3D instantaneous nucleation and growvth The overpotential dependence of nu-
cleation and growth mechanisn was al® found W ith the increase of ovempotential, the non-dimensional curve
goproaches closer the Imit for 3D instantaneous nucleation and growth A quantitative analysis further show's that
the nucleation rate constant (A) and the number density of active sites (N,) exponentially grow with the increase
of ovempotential, and the diffusion coefficient (D) decays in an exponential mode, which was not reported be-
fore A comparion betveen the kinetic parameter values obtained fram the Scharifker equation and those fram
the Heeman equation wasmade, showing the very close N, and D values and the distinct A values (egecially
at - 300 and - 350 mV). However, under the experimental conditionsof thiswork, both of the equations can
be used for describing the electrocrystallization of bisnuth on GCEs
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bisnuth adatbms** | (c) an attractive altemative ©
the traditionally used mercury fim electrode in elec-
toanalysis®, (d) correlations betveen the momphol-
ogies and sizes of metallic bisnuth with large magne-
presistancé®  or themoelectric efficiency® , and
(e) ovemotential deposition of bisnuth onto several
electrode materials”®'. It should be noted that, com-

1 Introduction

Due o its unique physical and chamical proper-
ties, bisnuth has been attractingmany electrochemis-
try researchers Most of the studies involving electro-
chemistry and bisnuth can be divided into five clas
®s (a) aprmising electrochromic materiall™ , (b)

electrocatalytic activity of bisnuth monolayer/ sub-
monolayer (undemotential deposition of bisnuth) on
sme noble metal aurfaces, aswell as the effect of

pared with the researches of the electrocrystallization
of other metals sauch as copper, cobalt, and silver,
the study of the mechanisn of bisnuth electrocry stal-
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lization is very inaufficient, and the growth mecha
nign of bisnuth during bulk deposition is little under-
spod®®! | epecially the early stagesof electrocrystal-
lization

Electrochemnical techniques such as cyclic wolta
mmetry (CV) and chronoanperametry (CA) played
a dual ole: =erving as the methods for metal deposi-
tion, and being used as diagnostic tools for the deter-
mination of reaction mechanisns’’. To extract kinetic
paraneters fran the experimental CA data, the Schar-

[10]

ifker general equation

[11]

and the Heeman equa-

[12]

tion " were widely used M ilchev and Heeman

made a conment that, the Scharifker general equa-
tion underestimated the current at short times but de-
scribed rigorously the long time, " Cottrell" behav-
ior, whereas the Heemman equation predicted correct
values for the current at short times but overestimated
the current in the long time region Thispaperwill ex-
plore bisnuth  electrocry

stallization on glassy carbon electrodes (GCEs) fram

the mechanisn of

nitrate solutions, and make a comparion betveen the
Scharifker and the Heemman equations

2 Exper mental Section
2 1 Apparatus

Electrochenical measuranents were perfomed
with a CH 1 440 electrochanical analyzer (CH In-
struments) , in connection with a personal camputer.
A GCE (3mm in diameter, CH Instruments, Austin,
TX) <=erved as the working electrode, with the Ag/
AcCl (3mol- L™ * KCI) electrode and platinum wire
as the reference and counter electrodes, regectively.
Al potentialswere given versus the Ag/AgCl (3 mol
. L' KCI) electrode

2 2 Cheanicalsand Reagents

All chamicals were of analytical grade
Bi(NO;);- 5H,0 wasobtained fram ChinaM edicine
(Group) Shanghai Chemical Reagent Cormporation
Nitric acid (65% ) waspurchased fram BeijingBeihua
Fine ChamicalsCa Ltd All olutionswere prepared
with deionized water produced by aM illipore systam

(Smplicity 185, M illipore).

2 3 Procedures

Prior b the electrochanical experiments, GCEs
were hand-polished o amirror-like finish with a slur-
ry of alumina onM icrocloth (Buehler) , then cleaned
in an ultraonic bath of deionized water for 10 min
and finally dried in a stream of nitrogen gas Cyclic
woltanmetric measurements were perfomed at differ-
ent scan rates Chronoamperametric experimentswere
carried out by using a cathodic pulse fran 0 mV t
different deposition potentialsfran - 50 mV to - 500
mV. In order o clear out the residual metal, before
the nextmeasurament, a cleaning step was gpplied by
holding theworking electrode at +500 mV for 2 min

3 Realtsand D iscussion

3 1 Cyclic Voltammetry Study
Fig 1 shows the representative cyclic voltanmo-
gran for 20 mmol- L™* B /L mol- L' HNO,
obtained on GCEs at a scan rate of 500 mV /s Poten-
tial scan started fran +500 mV, reversed at - 500
mV and teminated at +500 mV. A ocouple of well-
defined cathodic and anodic peaks and a crosover be-
twveen the cathodic and anodic brancheswere observed
clearly The presence of the crosover is diagnostic for
the fomation of bisnuth nuclei on GCEs
In order to determine the type of control Iimiting
the deposition process, besides the cyclic voltanmo-
grams for different B " concentrations obtained at 50
2k

B

600 400 200 0
E/mV

-200 -400 -600

Fig 1 Cyclic wltanmogran for bisnuth electrocrystallization
onb glassy carbon electrodes from 20 mmol - L°*
Bi* /1 mol- L ' HNO, ata scan rate of 500 mV /s
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Fig 2 Plots of cathodic peak currents () vs the square

oots of the scan rates (V'?) (a, 20 mmol- L*
Bi**), of cathodic peak potentials (E,.) Vs the log-
aritmsof the scan rates (log v) (b, 20 mmol- L"*
BI"), and of | vs Bi** concentrations (c, 50

mv /s

mV /s, a group of cyclic woltanmograms for 20 mmol
- L™* B /2 mmol- L™* HNO, were recorded at
different scan rates 50, 100, 200, and 500 mV /s
Fig 2 presents the plot of the cathodic peak current
(bex) VS the syuare ot of scan rate (v'%), the

(Epe ) vs the
logarittm of scan rate (log v) , and the plot of I

plot of the cathodic peak potential

vs Bi'" concentration All the three plots exhibit an
excellent linear relationship, which is characteristic of
a diffusion-controlled reaction The correlation coeffi-
cients (R) are repectively Q 997 7 for L vs V7,
0 998 8 for e Vs B " concentration, and 0 995 6

for Eex VS log v

3 2 Chronocamperanetry Study

Chronoanperametry is a very important diagnos
tic electrochanical technique for electrocrystallization
studies It iswell known that Scharifker and Hills™
developed the model for the three-dimensional (3D)
multiple nucleation with diffusion-controlled growth

The expressions for instantaneous and p rogressive
nucleation with 3D growth are given by Eq (1) and
Eqg (2), regectively

2

£ _19542 ) 2
7 T Ut {1-ep[ -1 2564(t/ta) ]}
(1)
P 12254 2112
P . {1-ep[ -2 3367(t/tx) 1}
(2)

where |, and t,,, are the current and time coor-
dinates of the chronoanperametric peak The Wwo
equations provide a convenient criterion for distingui-
shing betveen these Wwo extrane cases of nucleation
kinetics

Fig 3 is the non-dimensional F/Fu VS t/ta

plots of the data for bisnuth electrocrystallization onto
GCEs fnm 1 mol- L' HNO, ®lutions containing
20, and 10mmol- L *Bi",where the ®lid and dot-
ted lines are the theoretical transients regectively for
3D instantaneous and progressive nucleation with dif-
fusion-controlled grovth The effect of B *  concen-
tration on nucleation and growth mechanisns can be
observed from Fig 3 With the increase of BP* con-
centration, the non-dimensional plots lean o the theo-
retical curve for 3D instantaneous nucleation and
growth, suggesting high concentration is helpful for
the fomation of dense and unifom Bi deposits A,
the plots correponding © 20 and 10 mmol - L™*
Bi'* show a potential dependence of nucleation and
grovth mechanisn. W ith the increase of ovempoten-
tial, the non-dimensional curve gpproaches closer the
Imit for 3D instantaneous nucleation and growth
Such a potential dependence was al®© found in the
electrocrystallization of copper onAu(111) ™' | silver
on different carbon substrates™® , and bisnuth on flu-
orine-doped tin oxide-coated conducting glass sub-
strates .

For a further analysis of the kinetics mechanisn
shown by Fig 3, ageneral equation should be used as
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Fig 3 Non-dimensional "/, VS t/f. plotsof the data for
bisnuth electrocrystallization onto glassy carbon elec-

trodes from 1 mol- L™ " HNO, w®lutions containing

(a) 20 and (b) 10 mmol- L ! Bf* the electrode
potential was stepped flm O mV o= ) - 100,0 )
150, ) -200,v ) -250, *) -300, ando)

350 mV. The theoretical transients for instantaneous
(=lid line) and progressive (dotted line) nucleation
were calculated according © the Scharifker-H illsmodel

the theoretical model for the estmation of typical ki-
netics paraneters, nucleation rate constant (A) and
number density of active sites (N, ). Often used is
the Scharifker’s general equation[m] ie

lp - pe (1) ::[Fll?ztug[l' exp( - NJT k'D®) 1 (3

with
(1-ep(-At))
0 =1-
1 At (4)
where z= is the molar charge tranderred during
electrocrystallization, D is the diffusion coefficient, C
is the bulk concentration of the electroactive gecies,

t istme The k' isdefined by Equation 4, of which
M andp are the atomic weight and the density of the
deposit, regectively.

4 mo\ﬂ 1/2

K (5)

[11]

3 P
It should be noted that Heeman and Tarallo
proposed a modification t© the Scharifker general
equation:

lo-0c (0 =g 25 [1- @p( - NFTKDO) | (6)
where
Af) 172
® :1-%-1' epA’)d ()

Since the function F(x) =

exp( - X) J
expQ ?) A can be efficiently gpproximated with the
polynomial'*”’

Q 051314213 +0Q_47910725x
F(x) = o — ==

T 1-1 2068142x +1 185724%
Eqg (7) can be ravritten as

a- 1 2068142 *t "% +1 185724At- 0 051314213 " %4 M2
) 1- 1 2068142 *¢"% +1 185724At
a =0 52089275 (9)
The nonlinear parameter estimation was done by
fitting Eg (3) and Eq (6) to the experimental data
points A commercial ftvare based on the Leven-
bergM arquardt algoritm served as the tool for the

nonlinear fitting Six groups of original experimental

(8)

)

current transients obtained at six different deposition
potentials (correponding o Fig 3a) were analyzed
The best-fit kineticsparaneters, A, N,, andD, were
listed in Tah 1 Fig 4 shows a very clear potential
dependence of A, Ny, and D. W hichever model was
used, A and N, exponentially grev with the increase of
ovemotential, while D decayed in an exponential
mode Smmilar phenamenon was described by Palo-
mar-Pardave etc in their study of copper OFD onto
Au(111) "™,

Al®, Fig 4 provides a direct comparion be-
ween the kinetic paraneter values obtained from the
Scharifker equation and those fran the Heeman e
guation It can be observed that, the two equations
resulted in the very close N, and D values and the

distinct A values (egecially at - 300 and - 350
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Tah 1 Kinetic paranetersof the bisnuth OFD fram 20 mmol- L™ * Bi#* /1 mol- L~

1

HNO; onto GCEs Estmated

by using Eq (3), Scharifker equation and Eq (6) , Heeman equation

Scharifker eguation

Heeman equation

- E/mv

A/10°s " No/10'an"® D/10 °an®- s* A/10's’ No/20'an"? D/10 °an®: s*
100 Q 00551 Q 16458 11 06950 Q 00414 Q 16007 10 72400
150 Q 03130 Q 48550 9 90971 Q 01964 Q 48060 9 76009
200 Q 19931 1 26003 9 26057 Q 09633 1 26141 9 19914
250 Q 84059 2 29023 9 01560 Q 31255 2 29961 8 98446
300 3 79127 4 04106 8 78891 Q 68042 4 08380 8 76411
350 10 77039 6 46130 & 67057 1 14466 6 53903 8 64899

Tah 2 Linear fitting paraneters for the plot of INnA vs E and the estimated N, (critical nucleus size)

Section 1 Section 2
Models
R Slope N R Slope N,
Scharifker Equation Q 998 75 33 869 29 0 Q 994 57 25 504 55 0
Heeman Equation Q 997 84 29 122 34 0 Q 993 49 12 980 96 0

mV). Acoording to the atomistic theory of electrolyt-
ic nucleation, the critical size of the nuclei (N.) can
be estimated using Eq (10).
_KT _- dinA
Ne = | dE
where K is the BoltZzmann constant, T is the ab-

z is the number of electrons

-a (10)

Dlute temperature,
tranderred during the electrochemical reaction, & is
the elementary electric charge, andd is the kinetic
trander coefficient

With an attanpt © judge the kinetic parameter
values obtained fram the o equations, InA wasplot-
ted as a function of - E (shown in Fig 5). It has
been shovn that, the IPA vs - E curve should be
represented by a cuped line, each sctor corregpond-
ing o a given nunber of atbms Each plot in Fig 5
contains wo sctions of different slopes From the
dopes and using a trander coefficient value of O 5
and a temperature of 298 K, N. values were esti-
mated by Eq (10) (see Tah 2). The resultN. = 0
means that, within the investigated potential interval,
the single adsorbed bisnuth atoms are strongly bound-
ed with GCE wurface and fom the stable one-atomic
"clusters' that can grow irreversibly at the goplied
potential Such a phenamenon was ever reported in

the electrocrydtallization of rhodium on polycrystalline
wld™. These rewlts suggested that, both the
Scharifker and the Heemman equations can be used for
describing the electrocrystallization of bisnuth on
GCEs at least under the experimental conditions of
thiswork

4 Conclusions

Cyclic woltanmograms for bisnuth electrocrystal-
lization on GCEs fram nitrate lutions shoved a cou-
ple of well-defined cathodic and anodic peaks and a
crosover betwween the cathodic and anodic branches
The further analysis indicated that the electrocrystalli-
zation of bisnuth on GCEs is a diffusion-controlled re-
action

The expermental current transients were ana-
lyzed with the Scharifker equation and the Heeman e-
guation W ith the increase of B " concentration,
the non-dimensional plots leaned t© the theoretical
curve for 3D instantaneous nucleation and growth,
uggesting high concentration was helpful for the for-
mation of dense and unifom Bi deposits In the cases
of 10 and 20 mmol- L * B{", a potential depend-
ence of nucleation and growth mechanisn was al be
found W ith the increase of overpotential, the non-di-
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Fig 4 Plots of typical kinetics paraneters in Table 1 vs
deposition potentials A, Ny, and D denote the nu-
cleation rate constant, the number density of active
sites, and the diffusion coefficient, regectively

mensional curve gpproaches closer the limit for 3D in-
stantaneous nucleation and growth A quantitative a-
nalysis further shoved that A and N, exponentially
grev with the increase of overpotential, while D de-
cayed in an exponential mode

The kinetic paraneter values such as N, and
D obtained fran the Scharifker eguation were very
cloe © those fram the Heeman equation, while there
were differences betveen the o groups of A values

0.10 0.15 020 025 030 035 040
E/V

10

9
8
W 71
3
5
4l
3

_

0.0 015 020 0.25 030 035 040
—EV

Fig 5 Variation of the InA with electrode potential for
bisnuth OFD ont GCEs fran 20 mmol- L'
Bi** / 1mol- L ' HNO,
the A values (nucleation rate) were obtained
from (upper) Eq (3) and (lower) Eq (6),
regectively

(egecially at - 300 and - 350 mV). Under the ex-
perimental conditionsof thiswork, both of the equar
tions can be used for describing the electrocrystalliza-
tion of bisnuth on GCEsfram nitrate ©lutions Itwas
shown that, within the investigated potential interval,
the single adsrbed bisnuth atoms could be strongly
bounded with GCE surface and fomed the stable one-
atomic " clusters' that could grow irreversibly at the

goplied potential
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