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ABSTRACT

In the work presented here, Nickel electrode by NiOOH was prepared by
galvanostatic deposition. This electrode was used for electrocatalytic ac-
tivitiestowards the oxidation of acetaminophen in alkaline solutions. Vari-
ous techniques such as cyclic voltammetery (CV), chronoamperometry
(CA) and impedance spectroscopy (EIS) were utilized to study the samples.
Thecyclic voltammogram of Ni proved theformation of o/B3 crystallographic
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forms of the nickel oxyhydroxide under prolonged repetitive potential cy-
clinginakalinesolution. InCV studiesNi/NiOOH modified el ectrode showed
asignificantly response to the acetaminophen oxidation. Thiswork clearly
revealed that this electrode is an effective electrocatalyst for detection of

acetaminophen.

INTRODUCTION

Acetaminophenwasintroducedinto western medi-
cineover 100 yearsago*?. It, asasafeand effective
analgesic and antipyretic, has been available on the
worldwide market for along time.!

CragE. Bankset d. sudiedthedectrochemica oxi-
dation of N(4-hydroxyphenyl)ethanamide (Paracetamol
or Acetaminophen) a C_ -modified glassy carbon elec-
trodes. Thiswork clearly showed that substrate activa-
tionisanimportant parameter for study of C_-film-modii-
fied dectrodes, especid indectro-andysisgpplication.[
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Ni modified or Ni dloy e ectrodeshave commonly
been used as an electrocatalyst for both anodic and
cathodi c reactionsin organic synthesisand water elec-
trolysis, direct alcohal eectro oxidation*. Oneof the
most important application of nickel isusing asacata
lyst in oxidation of alcohols. Severa studies of the
el ectro-oxidation of acoholson Ni have been reported
before, al sol1012.,

Except toNi, Nicke hydroxidesand complex modi-
fied Ni-electrodeshavebeen used for avariety of eectro
oxidation™*2 and reduction purposes.’?Y

But here, we have studied the el ectrochemical oxi-
dation of acetaminophen on anicke rodeelectrodein
NaOH solution by derivation of thekinetic parameters
of electro catalytic process.


mailto:dehghanim@ripi.ir

RREC, 2(2) 2010

M.Dehghani Mobarake 89

METHODSAND MATERIALS

Chemical used

Sodium hydroxide, and the nickel rode was re-
ceived from Merck. Acetaminophen was obtained from
Borhan Daro Company.All chemicalswereanaytical
grade.

Characterization

Electrochemica studieswerecarried outinacon-
ventional three el ectrode cell powered by an €l ectro-
chemical system comprising of EG& G model273
potentiostat/gal vanostat and Solartron modd 1255 fre-
guency responseanayzer. The systemisrun and con-
trolled by a PC through M 270 commercia software
viaaGPIB interface. A dual Ag/AgCl-Saturated KCl,
aPt wireand agraphite (G) disk electrodewere used
asthereference, counter, and working el ectrodes; re-
spectively. All studieswere carried out at 298 + 2K.
The G disk electrode was polished with 0.05mm alu-
minapowder onapolishing micro cloth and rinsed thor-
oughly with doubly distilled water beforemodification

Working electrode, Ni/NiOOH rod; was prepared
by fifty cyclesbetween 0to 600mV at a100mv/sscan
rateinalM NaOH solution

RESULTSAND DISCUSSION

Figure 1 shows the 50 consecutive cyclic
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Figurel : Consecutive 50 cyclesvoltammogram of Ni/NiOOH
electrodein 1M NaOH at a scan rate of 100 mVs2.(1) first
cycle (2) fifty cycle
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voltamograms of the Ni electrode with 100mv/s scan
ratein 1mol/l NaOH.. Inthefirst scan apair of redox
peaks appears at 450 mV and 500 mV which isas-
sgnedto Ni2*/ Ni* redox coupleinadkainemedia. The
entirebehavior isinagreement with the previousdatain
theliterature concerned to formation and inter conver-
sionof a- and B-phases of Ni(OH),, itstransformation
to NiOOH, and the enrichment of Ni®* specieson or
beneath the surfacg®22,

Upon further cycles, the peaks shift cathodically
and stabilize at 430 mV and 480 mV, respectively. In
the subsequent cycles, both the anodic and cathodic
peaks shift negatively and then stabilize; higher energies
(potentid) required for nucleation of NiOOH inthefirst
cycle. Theenhanced baseline current of thefirst cycle
isrelated to oxidation of Ni to Ni(ll).

The current increaseswith the number of potential
scansindicating the progressive enrichment of the ac-
ble d ectro active species Ni* and Ni®* on or near
thesurface. Theincreased current in anodicwaveisas
aresult of oxygen evolution reaction.

After prolonged cycling, theredox peak potentias
arestabilized at 388 mV and 471 mV Ag/AgCl.

These Changes are probably isdueto changing*®
incrystdlitestructureof of thenickel hydroxideandthe
nickel oxyhydroxidefilms.

It has been reported®® that at theinitia stagesof
electro-oxidation o-Ni(OH), formsandis s owly con-
verted to B-Ni(OH), form.

Itisbelieved that both of the above phasesarenon-
stochiometric®22,

Figures2a presented typical CVsof aNi modified
NiOOH electrode in 1M NaOH solution at various
potential scan rates of 2-2000mVs. Thepeak’s cur-
rentsare proportional to scan ratesintherange of 2—
40mVs?, Figures2b, c showed tothe el ectrochemical
activity of the surface redox coupl€?!. By following
equation® and with respect to dlope of | versusv and
taking average of both cathodic and anodic results, I'™*
(surface coverage) was estimated around 6.2 x 108,

n 2F2 .
l, = ( prees ijr )
I'* vauecorrespondsto theformation of gpproximately
54 monolayers of Ni/NiOOH surface species.

Inthehigher potential scanrate, it hasav'? depen-
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dency; Figures 2d, e showed thedominance of thedif-
fusion controlled processes.
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Figure2: (a) Typical cyclic voltammogramsof a Ni/NiOOH
electrodein 1M NaOH inthepotential sweep ratesof 2,5, 7,
10, 20, 30, 40, 50, 75, 100, 200, 350, 500, 750, 1000, 1250,
1500, 1750, 2000 mVs?, (b) the dependency of anodicand (c)
cathodic peak currentstothesweep rateat lower values(2-40
mVs?). (d) Theproportionality of anodicand (€) cathodic peak
currentstothesquarerootsof sweep rateat higher values
(50-2000 mV's?).

Figure 3 presented the CVs of Ni/NiOOH elec-
trodewithout (a) and in (b) of 3mM acetaminophen
and (c) 9mM acetaminophen at thepotential scanrate
of 10mVs™.In study of electro oxidation of acetami-
nophen on Ni electrodeit iS?* reveal ed that the ob-
tained current of anodic and cathodic were 35mAcm?
in 3mM solution. Theresults showed anodic current
riseagangt cathodic dropin presenceof acetaminophen.
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Figure3: Cyclicvoltammogramsin the presence of 5mM (a)
and1mM (b) of acetaminophen on Ni/NiOOH electr odeand
only Ni/NiOOH(c) in IM NaOH solution. Potential sveep rate
was10mVs?,

Figure4 showed the effect of acetaminophen con-

centration on the anodic and cathodic current of the
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aboveeectrode. It isclearly observed that theanodic
current i ncreaseswith acetaminophen concentration.
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Figure4: (a) Cyclic voltammogramsof the Ni/NiOOH elec-
trodein 1M NaOH solutionin thepresenceof (1) 1mM; (2) 3
mM; (3) 5mM; (4) 7mM; (5) 9mM of acetaminopheninthe
solution. Potential sweep ratewas10mVs?. (b) Dependency
of theanodic peak current on theconcentration of acetami-
nophen in solution.(c) Dependency of thecathodic peak cur -
rent on the concentration of acetaminophen in solution

Theenhancement of current ratio (anodic/cathodic)
from 56/44 to 96/4 has been caused by acetaminophen
component.

Figure5 (a) depicted cyclic voltamogramsof Ni/
NiOOH in5mM acetaminophen at different scanrates.

It showed that anodic/cathodic currentsare pro-
portiond tothescanratesin arange of 2-2000mVs™?,
asillustrated in Figure 5b and c respectively.
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Figure5: (a) Typical cyclicvoltammogramsof theNi/NiOOH
in1 M NaOH in the presence of 0.5 mM acetaminophen at
variouspotential sweepratesof 2,5, 7, 10, 20, 30, 40, 50, 75,
100, 200, 350, 500, 750, 1000, 1250 and 1500 mV s?. (b)
Dependenceof anodic peak current duringtheforward sweep
on the square roots of sweep rate. (¢) Theanodic current
function (I/v'?) vspotential sweep ratev.

The cathodic peak was not observed at |low scan
rates, but appeared uponincreasingthescanrate. This
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phenomenon indicates that the electro oxidation of
nickel gpeciesto higher vdencestateismuchfagter than
thecatal yti c oxidation of ethyleneglycol. At higher scan
rates, anew oxidation peak was appeared for ethylene
glycol oxidationat apotential much more positivethan
that of the oxidation potential of Ni(OH),,.

A doubl e steps chronoamperometry hasbeen em-
ployed for theinvestigation of the processesviaErCi
mechanism®. Thechronoamperogramsof Ni/NiOOH
electrode without (6) and presence of (1-5) acetami-
nophen in a concentration range of 1-9mM in 1M
NaOH solution at the oxidation potential of 400 and
200mV aspresented in Figure 6A. The plot of net cur-
rent versust*? obtai ned by elimination of background
current viapoi nt-by-point subtraction method. It gives
astraight linethoselevelsof around 0.27mA, (Figure
6B). A diffusion process control sthetransient current.
By using Cottrell equation? and slop of Ipversust'”z,
the diffusion coefficient of acetaminophen has been
obtained around 5x10" cm?s™.

| = NFADY2C* /222 @)
Theirrevershility of acetaminophen oxidation pro-

cesswas proved by the obtained negligible current at
300 mV potentid.
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Figure6: (a) Doublestepschr onoamper ogramsof Ni/NiOOH
eectrodein 1M NaOH solution with different concentr ations
of acetaminophen of: (1) OM, (2)0.1M, (3)0.3M, (4) 0.5M, (5)
0.7M and (6) 0.9 M. Potential sepswere400 mV and 200mV,
respectively. (b) Dependency of transient current on t%2,

A number of mechanismshave been proposed for
theée ectro oxidation of alcoholson Ni indkainesolu-
tions. While Fleischmann et al .[**% assumed cata ytic/
intermediate role for NiOOH, others® reported the
methanol oxidation after conversion of Ni(OH), to
NiOOH inthe course at anodic scan rates. Vertesand
Horanyi®" criticized Fle schmann mechanism and giv-
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ing risethe doubtson therole of NiOOH asan electro
catalyst. Intheir research anew oxidation peak for the
acohol at apotential much more positivethan oxida
tion potential of Ni(OH), was obtained, where asthe
redox peaks has been unchanged.

Appearance of new oxidation peak at more posi-
tivethan the oxidation potentia of Ni(OH), isdueto
elimination of methanol oxidation onthesurface of ox-
idelayer.

Thismechanismisaccompanied by oxidation of ac-
etaminophen onthe G/Ni e ectrode.

/LCOCH; ,COCH;

HN N
-2e’ l
 — (€)
-2H*

Theredox transition of nickel speciespresentinthe
filmisgivenby:
Ni(IT) «—2— Ni(IIT) + € (4
Then methanol isoxidized onthemodified surfacevia
thefollowingreaction

Ni® +acetaminophen—25 Ni** —intermediate+e (5)

Ni** +int ermediate—=- Ni*" + products (6)
Where Ni** sitesare regenerated by the power source
and onthe Ni* oxide surface by direct e ectro oxida
tion

Ni*" +acetaminophen—25Ni* +intermediate (7)

Ni® —intermediate—=— Ni* +products+e €3]
Equation (5) and (6) are according to Fleischmann
mechanism andin egquation (7) and (8), Ni** isused as
activesurfacefor methanol oxidation.

Methanol oxidation occursa more positive poten-
tial than oxidation of Ni(OH), according to equation
(7) and (8). The above equation the Faradic current
density canbewritten as:
le=(v,+V,+V.)F 9
Figure 7 showsthe Nyquist diagrams of Ni/NiOOH
electrode at oxidation peak potential asdc-offset for
some sel ected concentrations of acetaminophen. The
Nyquist diagrams consisted of two dightly depressed
overlapping capacitivesemicirclesinthe high and low
frequency sides of the spectrum. Whereas, the de-
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pressed semicirclein thehigh frequency region can be
related to the combination of chargetransfer resistance
and the doublelayer capacitance, thelow frequency
semicirclewasattributed to the adsorption of reaction
intermediate on the e ectrode surface.

400

0 50 100 150

200 250 300 350 400 450
ZreallOhm

Figure7: Nyquigt diagramsof Ni/NiOOH electrodein differ-
ent concentr ation of acetaminophenin 1M NaOH: (1) 0.1 M,
(2)0.3M,(3)0.5M,(4)0.7M, (5) 0.9M. DC potential is450
mV/Ag,AgCl.

Theequivaent circuit, correspondsto the Nyquist
diagram in presence of acetaminophen, was depicted
inFigure8. To obtain asatisfactory impedances mula
tion of acetaminophen eectro oxidation, itisnecessary
to replacing of the capacitor C with aconstant phase
element (CPE), Q, intheequivalent circuit is neces-
sary. Themost widely accepted explanation for thepres-
ence of CPE behavior and depressed semicircleson
solid electrodesismicroscopi ¢ roughness, causing an
inhomogeneousdigributioninthesolutionresstanceas
well asinthedouble-layer capacitancd®!. Inthise ectri-

le

7

Qads*
R ct

>

R ads

R,

-

Figure8: Equivalent circuitscompatiblewith the Nyquist
diagramsin Figure7 for acetaminophen electrooxidation on
Ni/NiOOH €electrode.
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cal equivalent circuit, R, CPE,, and R, represent so-
|ution resistance, acongtant phase e ement correspond-
ing to the doublelayer capacitance, and the charge
transfer resistance, respectively. CPE_ _andR  are
the e ectrical e ementsrelated to the adsorption of re-
actionintermediates. Inthiscircuit thechargetransfer
resistance of the e ectrode reaction hasasimplephysi-
ca meaning andindicates how fast chargetransfer oc-
cursduring methanol electro oxidation at the surface
of theelectrode.

Inlow applied overpotentid, the current density of
oxidation processesisrelated to Ni?*/Ni* redox couple
in presence of acetaminophen oxidation and it can be
dispensed with equation (7) and (8).

In the above sequence of reactionsequations, (3)
to (5), k; and k , are obviously potentia dependent
rate constantsand are of theforms:

k,(E)= k?exp[—“nF(F'fT_E )] (10)
K L(E)=k®, exp[(“'l)”:T‘E'E )] (1)

Wherek®’s are the chemical rate constants measured
at equilibrium potentid; ais the anodic symmetry factor
and other parameters havetheir usual meanings. The
ratelawsfor thereactions(3) to (5) havetheformsof:
v, =k ,I'6, -K_TI9,, 12)
v, =k,I'9,,C* (13)
WhereT is the total number of adsorption sites per
unit area of the electrode surface; 6’s represent the
fractional coverage’s of different nickel valence states
and C* isthe bulk concentration of methanol. If the
(11 and (111) valence states of nickel meet the below
conditions.

6,+6,, =1 (14)
Andtheratesof changesof their coverage’s as well as
that of theintermediate compounds satisfy:

T=_T=_k19n+k719|||+k29|||C*+k39|||Ci (15)
dC.
d_tl=k29|||C*_k39|||Ci (16)

Where C isthe concentration of theintermediate.
By assumingthat the steedy State gpproximationsdomi-
nae

. -
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ot -t O ()
% =0 (18)
Onearrivesat thevauesof the coverage’s:
8 = (k?:-lktiszz*) (19)
O =(k1+k_|:izk2c*) (20)

Onthebasisof thisrate equation, thefaradic current

will be

P 2FAK,I'k,C*
"k + Kk +2k,C*)

whereA is the surface area of the € ectrode and the

corresponding chargetransfer resistanceisgiven by:

(21)

R4 =(%)1= (k;+k_, +2k,C*)* -
dE [ZFAFKZC*kl(ZaFKZC +le)] (22)
RT RT
The dependence of R, on the acetaminophen con-
centrationispresented in Figure 9, wherean initial
sharp drop isterminated with avery slow change as
the concentration of acetaminophen is reached to
9mM. Theresultsarefurther fitted to equation (22) to
estimate the values of therate constants. From equa-
tion (22), the values of the rate constants as
kK=24x10° k =6x10° and k,=3x10° cm’mol's*
have been cal cul ated.
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Figure9: Dependence of experimental R (+) on acetami-
nophen concentration derived from the data of Nyquist
diagrams.

R /ohm
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CONCLUSION

Thenickd oxidefilm was prepared el ectrochemi-
caly on el ectrodeposited nickd in cyclic voltammetry
regime and tested for electro-oxidation of acetami-
nophen in akaline media. The modified electrodes
showed high ectrocatadytic activity for theoxidation of
acetaminophen around 400mV/. Moreover, theresults
showed effective response of acetaminophen e ectro-
oxidation at the Ni/NiOOH modified electrode. The
anodic peak currentsfor acetaminophen oxidation at
Ni/NiOOH arelinearly proportiona to thesquareroot
of scan rate. Double steps chronoamperogramsof Ni/
NiOOH in presence of acetaminophen showed irre-
vers ble processand the dominance of adiffusion con-
trolled process. Thediffusion coefficient of acetami-
nophen has been obtained to be 3x10° cm?s?. The
methodsof cydicvoltammetry, chronoamperometry and
impedance spectroscopy was used to determining of
Kinetic parameters such astransfer coefficient (o), the
catalytic reaction rate constants (k), and thediffusion
coefficient of acetaminopheninthebulk of solution.
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