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ABSTRACT

In this article the methanol electro-oxidation has been investigated in
detail. The electrochemical oxidation reaction mechanism has been ana-
lyzed and discussed based on the cyclic voltammetries (CV), electrochemi-
cal impedance spectroscopies (EIS) and galvanostatic potential oscilla-
tion measurementsthat wereconducted in0.1M H,SO,+x M CH,OH (x=0.05,
0.5 and 3.0) solutions. The hidden oxidation peak appearing at about 0.0V
vs. Hg,SO, in positive and negative sweeping potential directions should
be contributed to the adsorption/desorption process of some organics on
the electrode surface. Thereisacontroversy on the origin of thefirst main
oxidation peak in positive sweeping potential direction. From our analy-
sis, this oxidation peak formation should be related to the formation of
adsorbed OH species, not to the formation of adsorbed CO species. The
origin of other peaks has been also discussed. It was also found that the
real impedance becomes negative for the finite range of non-zero frequen-
cieswhen the applied potential wasjust the potential where the first main
oxidation peak appears. The galvanostatic test has also explored that dur-
ing oscillating the average potential doesalso fall into thispotential range.
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INTRODUCTION

Asdirect acohol fuel cells(DAFC) emerged as
one of the most promising future clean power sources
for dternative meansto convert chemica energy into
el ectric energy during the past decades, intensivein-
vestigation has been done on el ectro-catalytic activity
of Pt-based electro-catayststhat are well-known to
have agood catalytic behavior for methanol 4. For
improving the performance of Pt-based el ectro-cata-

lysts, the main strategy isto increaseitstoleranceto
some poisonousintermediates, such as some oxygen-
containing adsorbents (COZ58914) ' ddehydesand al-
cohol acidsetcincomplete oxidation products, Pt ox-
ides or hydroxides*'>7, that are able to deactivate
the Pt-based electrode.

To improvethemethanol el ectro-oxidation reac-
tionkineticsat Pt e ectrode and to get asatisfied output
power of DAFC anode aswell as DAFC, it isvery
crucia to understand the el ectro-oxidation reaction
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mechanism and to explorethe e ementary reaction steps
during charge-transfer process, aswell asto determine
therate-limiting reaction step. Therearelotsof litera-
tures>517-2 reporting the reaction mechanism. How-
ever thereexistsadiscrepancy about thedetailsof the
el ectro-oxidation reaction. According to Scott!, the
first step that representstheloss of thefirst electronis
the slowest reaction step,

Pt+CH OH—Pt-CH,OH+H*+e

In methanol molecule, therearetwo kinds of protons,
oneisbonded into oxygen atom and another is con-
nected to carbon atom. Until now one can not con-
cludethesequenceof protonlosing. Itislikely that, the
protonin hydroxyl group will belost preferentialyin
akalinemedium*8, whiletheprotoninakyl groupwill
belost preferentially in acidic mediumi*1%2, The oxi-
dation productsof a cohols have an uncertainty, espe-
cialy for thelong-train alcohol 96182022 |n gddition,
the reported shapes of cyclic voltammetriesarevery
different each to other. For instance, in 0.5M
H,SO,+0.5M CH_OH solution thereisonly one oxi-
dation peak in the positive sweeping direction up to
1.4V vs. RHE"®, Huang® reported one shoul der peak
that positions at 0.1V vs Hg/Hg,SO, in 0.5M
H,SO,+1M CH_OH. According to Chen’sreport!®,
there exist three oxidation peaksin the positive sweep-
ing direction during methanol € ectro-oxidation; oneis
ashoulder peak at 0.65V vs. RHE, the second is at
0.95V and thethird isat about 1.32V.

Our final purposeisto explorethe electro-oxida
tion activity of different kindsof acohols. In our previ-
ousliterature®! we havereported the el ectro-oxida-
tion reaction of ethanol. Inthisarticle, we haveinten-
sively studied the methanol € ectro-oxidation. It was
found that the shape of cyclic voltammetries depends
upon the acohol concentration. The CVsand theos-
cillatory potentia werea so anayzed accordingtothe
€l ectro-oxidati on reaction mechanism.

EXPERIMENTAL

All theeectrolyte used in thiswork were prepared
by dissolving the corresponding chemicals (CH,OH
p.a,H,S0, p.a) inultra-purewater (18.2MQ, Hitech
ultra-purewater system). Theworking electrodeisa
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Pt electrode with an areaof 24mm? and the purity is
99.99%. The counter electrodeis Pt electrodewith a
much larger working areathan theworking el ectrode.
ThereferenceelectrodeisHg/Hg,SO,. Thedistance
between the working e ectrodeand reference electrode
isset up a 20mm. Thed ectrochemica measurements
were conducted with PE Parc 2273 or CHI660C elec-
trochemica workstations. Theeectrochemica imped-
ance spectroscopy was performed under potentiostatic
mode. Theapplied frequency ranged from 100k to 0.01
Hz and the applied ac signal amplitudeis5mV. For
gal vanostati c experiment, the current was stepped from
Otoaseriesof fina current vduesand at sametimethe
time-evol ution of the response potential has been cap-
tured. Inorder to remove the possi ble organicimpuri-
ties, the Pt working electrode was pre-treated by
sweepingitselectrodepotentid between-in-0.65V and
0.8V in0.5M H_SO, solution before el ectrochemical

test, until the standard cyclic voltammogram (Figure 1)

was obtained.
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Figurel: The CV pattern of Pt electrodein 0.5M H,SO,
solution, scanning rateis50mV st

RESULTS

The study of electrochemical behavior of Pt meta
insulfuric acid solutionishe pful tounderstand and ana:
lyzethe d ectro-oxidation reaction mechanism of metha:
nol at Pt e ectrode. Figure 1 showsthe CV pattern of
Ptworking electrodein 0.5M H_SO, solution. Thetwo
oxidation peaksat 0.25V and 0.36V represent thefor-
mation of Pt oxidesor hydroxides. If theelectrode po-
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tential isswept up to morethan 0.8V, the oxygen evo-
lution will start. Thereduction peak at 0.02V corre-
spondsto the reduction of Pt oxidesor hydroxidesto
metallic state Pt. Thetwo couplesof redox peaksat -
0.44v and-0.59V haveatypical characteristic, i.e., the
oxidation pesk potentia isdmost samewith thereduc-
tion peak potentia . They represent the under-potential
deposition and adsorption of hydrogen. The obtained
CV pattern of Pt working electrodein 0.5M H,SO,
solution is same asthereportg*?>28, which has con-
firmed our experimenta quality; thereisnot any impu-
rity inthe solution and on the el ectrode surface.
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Figure2: (a) Thecyclic voltammetries of Pt electrodein

0.IM H,SO,+xM CH_OH solution (x=0.05, 0.5 and 3), the

scanningrateis5mV s?; (b) The CV pattern of Pt electrode

in0.05M CH,OH+0.1M H_,SO, solution.

0.3 0.0 1.2

Thecydicvoltammagramsof methanol e ectro-oxi-
dation on Pt electrodein 0.1M H,SO,+xM CH,OH
(x=0.05, 0.5and 3.0) solutionswas showed in Figure
2a. Thescanning rateis5mV/s. Inthe positive sweep-
ing potentia direction, one shoulder peak followed by
three oxidation peaks can be captured. Thefirst main
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oxidation pegk (P_) positioned at 0.1~0.18V. The peak
potentia increased asthe methanol concentrationin-
creased. The oxidation peak (P_,) potential isin the
rangeof 0.65~0.70V. Inlower methanol concentration
the oxidation peak P_, does not appear. When the po-
tential ismorethan 1.10V, oxygen gasevol ution reac-
tion becomes clearer. The oxidation peak P, becomes
more obvious when the potential-scanning rate de-
creased down to 1mV/s, as showed in Figure 9, the
supplementary figure, for x=3.0. It can be concluded
from the Figure 2athat the potential and current of the
oxidation peaks Pal, Pa2 and Pa3 are dependent of
the methanol concentration. In higher methanol con-
centration the oxidation peak potentia becomesmore
positive, the peak current becomes|arger and the shoul-
der peak becomes clearer. But for Pals, its peak po-
tential seemsto beindependent of the scanning rates
and themethanol concentrations.

Thereduction peak (P) issomewhat clear for the
0.1M H,S0,+0.05M CH_OH solution, whilethein-
creaseinthemethanol concentration leadsto thedis-
appearance of the reduction peak. Figure 2b shows
the CV patternsof methanol dectro-oxidationat Pt eec-
trodeinthe solution containing 0.05M CH,OH under a
seriesof potential-scanning rates. It can befound that
thereduction peak ishardly to seefor the ImV/sscan-
ning rate. When the potential-scanning rateincreased,
thereduction peak current becomes|arger and the cor-
responding peak potential moved towards more nega-
tivepotentid, whichimpliesthat thereduction pesk rep-
resents an el ectrochemical processinwhichacharge
transfer stepisinvolved. However, thereduction peak
disappears in higher methanol concentration. The
electro-reductionreactionrateisvery fast for the oxi-
dized Pt el ectrode surface.

Figure 3ashows the CV patterns of Pt working
electrodein 3M CH,OH+0.1M H_,SO, sol ution under
aseriesof potential-scanning rates. It isclear that the
potentia of the oxidation pesksP_, P, and P_moved
into more positive potential direction, and the corre-
sponding peak current increased asthe scanning rate
increased. In thereverse potential-scanning process,
the oxidation peak P, exhibitsamore negative peak
potential intheincreased scanning rate. Thereexists
another phenomenonbeingfoundintheFigure3a. As
the scanning rateincreased, the potentia at whichthe
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oxidation reaction startsin the negative sweeping po-
tential direction becomesmore negative. But if the up-
per potential limitin CV measurement was set up at
0.87V or 0.7V, the potential between-inthe oxidation
peaksP_, and P, the potentia at which the oxidation
current startsto appear in the negative sweeping po-
tentia direction keegpsunchanged asthe potentia scan-
ning rateincreased, asshowed in Figure10and 11, the
supplementary figures. Inthe negeative potential sveep-
ing direction, the potentia the oxidation reaction starts
at isdependent of the potentia scanning ratewhen the
upper potentia limit was set up at 0.387V, as showed
inFigure 12. Itisguessed that the oxidation peaks Pa2
and Pa3 may correlate with the two-step el ectro-oxi-
dation processof Pt surface.
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Figure3: (a) TheCV patternsof Ptin 3.0M CH_,OH+0.1M
H,SO, solution; (b) Thelinear scanning polarization curves
of Pt electrodein 0.1M H,SO,+3M CH,OH solution, after the
electrodewaskept for 600sat an outer-applied potential, the
scanningrateissmV s?.
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Thedectrode potentia of the Pt working electrode
kept for 600s at various constant outer-applied poten-
tials, and then the potentia was swept inthe negative
potentia direction. The obtained linear sweeping po-
tentia -current curveswere showed in Figure 3b. The
current and potential of the peak P is about 0.8mA
and 0.11V, respectively, when the el ectrode was kept
for 600s at 0.387V, whilethe peak current and poten-
tial movedto 0.23mA and -0.16V, respectively after
theelectrodewaskept at 1.15V for 600 seconds. The
increasein the outer-applied constant potential makes
the peak current declined and makesthe peak poten-
tial to bemore negative.
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Figure4: (a) Thedependenceof the shapeof theoxidation
peak (P, ) in negative sweeping potential direction on the
methanol concentration; (b) Thedependenceof theoxidation
peak in negative sweeping potential dir ection on theupper
potential limit, theelectrolyteis0.1M H,SO,+3M CH ,OH

solution, thescanningrateis5mV st

The dependence of the shape of the oxidation peak
(P,) onthemethanol concentration wasalso anayzed.
Theupper potentia limitis0.36V andthescanning rate
iIsbmV/s. Theobtained CV patternswere showedin
Figure4a. For the 3M methanol concentration, themain
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oxidation peak isat about 0.12V. The oxidation peak
isnot | eft-to-right symmetric. An obviousshoul der pesk
can befound intheleft side of the main oxidation peak.
For thelower methanol concentration, thesymmetry of
the peak shape becomes better and the shoul der peak
ishardly to befound. The shape of the oxidation peak
(P,) isdsoinfluenced by theupper potential limit. From
Figure4b, the shoulder peak isclear for the curve ob-
tained at an upper potentia of 0.387V, whiletheshoul-
der peak becomes unclear for the curves that were
obtained at an upper potential of 0.5V and0.7V. Itis
difficult to say that there existsashoul der peak, when
the upper potential limitis0.8V. It could be plausibly
concluded that themain oxidation reactionisinfluenced
by the upper potential limit, but the hidden shoulder
oxidation peak isindependent of the upper potential
limit. Theseresultsishelpful to determinetheorigin of
the oxidation peaks.

Impedancetechniquesare extensively used to ana
lyze thekinetic behavior and the stability of electro-
chemical systemg®?-34, |nliteraturé®, theimpedance
spectraat different potentials were obtained by mea-
suring the alternative-current voltammogram in
H,SO,+CH,CH,OH solution by varying the applied
frequency. Therdiability of there-constructed Nyquist
diagramsinitisindoubt, especialy inlow-frequencies,
because the potential-scanning rateis not enough fast
to ensurethe stability which isnecessary for EISmea-
surement reliability. Figure5ashowstheéd ectrochemi-
cal impedance spectroscopiesof Pt working e ectrode
at various potentialsin 3M CH_OH+0.1M H,SO, so-
lution. Thereal impedanceispodtivefor al frequency
range except for that obtained at 0.165V. In the
Nyquist’splot, thereal impedance becomesnegative
for thefiniterange of non-zero frequency vauebut be-
comespositivefor thel owest frequency. Such akind of
impedance spectrum should imply the de-stabilization
of electrochemical system when it operates in the
potentiostatic/gal vanostatic mode®?. For the 0.05V
outer-gpplied potentia,, theinductiveresponse appears
for thefiniterange of non-zero frequencies. It iscom-
monly accepted that theinduction arcinthelow fre-
quency rangeisre ated with the adsorption/desorption
processof the surfaceintermediates.

Figure 5b showsthe el ectrochemical impedance
spectroscopiesin 0.5M CH,OH+0.1M H_SO, solu-
Research & Reotews On

tion. At 0.12V, thereal impedanceisnegativefor the
finiterange of non-zero frequency. Asthe applied fre-
quency decreased thetota impedance hasatendency
toreach aninfinitevaue. For the outer-applied poten-
tial of 0.13V, theimpedance spectrumissimilar asthat
obtained at 0.165V in the solution containing 3M
CH_OH. For other potential values, the real imped-
anceisalwayspositiveregardlessof theapplied poten-
tialsand the gpplied frequencies. Theuniquedifference
isthat thesemicircleradiusvarieswith theapplied po-
tentials. At 0.1V, thetranstion from negativeimaginary
impedanceto positiveimaginary impedanceisvery fast
as the frequency decreased from 0.67Hz to 0.42Hz
whichimpliesthesensitivity of adsorption process.
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Figure5: (a) Theeectrochemical impedance spectr oscopies
obtained at variouspotentialsin 3M CH,OH+0.1M H_SO,
solution; (b) Theelectrochemical impedance spectr oscopies
obtained at variouspotentialsin 0.5M CH,OH+0.1M H,SO,
solution.
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Figure 6 shows the electrochemical impedance
spectroscopiesin 0.05M CH,OH+0.1M H_SO, solu-
tion. The dependence of the shape of the Nyquist’splot
upon theapplied potentid sbecomesmore complicated.
At0.02V, thereal impedanceisawayspositiveinde-
spite of the applied frequencies, but theimaginary im-
pedancebecomespositiveinthelower frequency range.
Thetransgition from negativeto positiveimaginary im-
pedanceisfast. At 0.05V, the impedance data point
appearsinacounterclockwise rotation around the ori-
gin of coordinate and cross the x-axis when the fre-
quency is 0.26~0.21Hz. Thefurther decrease in the
applied frequency leadsto apositiverea impedance.
The impedance spectrum at 0.09V issimilar asthat

. -
A Tudéan Journal



RREC, 4(3) 2013

Yanhui Xu et al.

101

obtained at 0.13V in 0.5M CH,OH. Theimpedance
hasanegativered part and azeroimaginary partfor a
finiterange of non-zero frequency but hasafurther de-
creasing rea part and decreasingimaginary part. As
thefrequency decreased, theimpedance responsetran-
sited from the countercl ockwiserotation to clockwise
rotation. Intherange of 0.12~0.21V andinthe same
range of signal frequencies, theobtained semicirclepo-
gtionedinthefourth quadrant. Thesemicirdepositioned
in thefirst quadrant when the potential ismorethan
0.36V. For thepotential of 0.24V, thesemicircleishard
to see and theimpedanceresponseissimilar asapure
capacitanceinthelow frequency range. The potential
region at which the negativered impedance appearsis
amost sameto thereport by Palmoreg2%3,
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Figure6: Theelectr ochemical impedance spectroscopies
obtained at variouspotentialsin 0.05M CH,OH+0.1IM H,SO,
solution.

Usudly, the potentid oscillation phenomenacan be
found when ananodic current was gppliedtothedectro-
oxidation system of small organic molecul€>%23, The
ostillatory behavior isinfluenced by theapplied poten-
tid/current. When themethanol concentrationis3.0M,
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theinduction period isabout 13.4hoursfor the applied
current of 0.02mA and decreased asthe applied cur-
rent get increased. The potential oscillation appears
immediately just after 0.3mA current was applied to
theworking electrode. For 0.02mA, thereisonly one
kind of oscillation modeand theoscillation amplitudeis
about 0.29V (from-0.05V t00.24V). The oscillation
becomesfaster whenthe currentis0.3 or 0.5mA. At
last the el ectrode potential reached morethan 0.5V &f-
ter theoscillation disappears. Theoscillation hasachar-
acteristic of high frequency (about 0.42Hz) and small
amplitude (about 200mV) at the early stage. The oscil-
lation amplitude has an increased tendency asthe ap-
plied current increased. The average potentia isabout
0.0V intheoscillatory potential range. The potentia
doesslowly increase after the oscillation stopsand a
new kind of oscillation manifestsitself when the poten-
tial reached about 0.18V. Herewecall the oscillation
that appears at the beginning of the constant current
polarization asthe 1% oscillation and denotethe oscilla
tion after which an obvious potentia transition occurs
asthe 2™ oscillation, for convenient discussion. It should
be pointed out that the potential at which the second
kind of oscillation startsto appear isamost sameinal
cases of gpplied currentsand seemsto beindependent
of thegpplied current. At 0.7mA thefirst oscillation dis-
appears. The second oscillation becomesfaster asthe
applied current increased. No oscillation wasfound
when theapplied current ismorethan 0.95mA.
Figure 7 showsthe oscillation behavior in 0.5M
CH,OH+0.1M H,SO, solution. Thescenarioissimilar
asthatin 3M CH,OH+0.1M H,SO, solution. Thefirst
oscillationisinfluenced by the applied current. Asthe
currentincreased from 1.0mA to4.5mA, theoscilla
tion amplitudeincreasesand the oscill ation frequency
becomes dightly faster (from about 0.375Hz to about
0.4Hz). The amplitude of the second oscillation in-
creased and the corresponding oscillation frequency
increased withthe applied current. Thereexistsanin-
terested phenomenon that the effect of the applied cur-
rent onthefirst and second oscillationsisvery different.
Inthesmall current (1mA) thereexistsonly thefirst
oscillation. Asthe current becomes|arger the second
oscillation appears, but thefurther increasein theap-
plied current leadsto the disappearance of thefirst os-
cillation. At last, the second oscillation doesa so disap-
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pear, when the applied current reaches some or other
critica vdue.

Thefurther decreaseinthemethanol concentration
causesthefirst oscillation to disappear.
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Figure 7 : The galvanostatic potential oscillation in 0.5M
CH,OH+0.1M H,SO, solution.

0 1000

DISCUSSION

Thecyclic voltemmetries, linear scanning polariza-
tion, e ectrochemical impedance and gal vanostatic po-
tential oscillationareableto provide someuseful infor-
mation on themethanol e ectro-oxidation mechanism.
Summarizing theliteratures, it can befound that there
existsan obviousdiscrepancy onthemethanol eectro-
oxidation mechanismaswedl asontheexplanation about
thecyclic voltemmograms. Intheliterature™® the au-
thorshave concludedthat the pesk current of themetha-
nol electro-oxidationisnot influenced by theadsorbed
OH group. Intheliterature*” the authors proposed the
following possiblereaction pathway.
Pt-O+CH_,OH—Pt+H,CO+H,0
2Pt-O+CH ,OH—2Pt+HCOOH+H,0
3Pt-O+CH,OH—3Pt+CO,+2H,0
Research & Reotews On

Infact, the reaction pathway and the productsinclud-
ing long-liveintermediates and by-products must be
influenced by the surface chemistry®2. Otomo etc®
havea so discussed thepossibility of the direct decom-
position of methanol to hydrogen gas,

CH,0H—CO+2H,

But, theprobability for thisreaction should bevery smdl.
Okamoto™ has contributed the oxidation pesk at about
0.5V inthe positive sweeping potentia directiontothe
adsorption of hydroxyl group a thed ectrode. According
to hisreport, the appearance of thisoxidation peak is
dependent of the scanning rate. Inthe slow ratethis
peak can not befound. Totheauthors’ knowledge, itis
more reasonable to contribute this peak® to the
HCOOH or anal ogues adsorption.

Summarizing theliteratures?®, all thepossiblere-
actionsthemethanal € ectro-oxidation may concernare
expressed asfollows

Pt+CH,OH—Pt-CH OH+H +e 1)
Pt+CH,OH—Pt-CHOH+H*+e )
Pt-CHOH—>Pt-COH+H*+e &)
Pt-COH—Pt-CO+H*+e (4)
Pt+H O—>Pt-OH+H*+e )
Pt-OH-+Pt-CO—»2Pt+CO,+H"+e 6)

Thereactions(1)-(6) were summarized by Scott etc.
Intheliterature by Krausa'¥, thereaction (1) iscon-
sidered to be the slowest step. Kadirgan™ has also
proposed some possiblereactions, asfollows

Pt-CHOH+H,0—Pt-HCOOH+2H*+2e 7
Pt-HCOOH—Pt+CO,+2H"+2e )
Thefate of adsorbed formic acid may beasfollows
Pt-HCOOH—Pt-HCOO+H*+e 9)

Pt-HCOO—Pt+CO_+H*+e (10)
Intheliterature®” the following reaction stepswere
mentioned.

Pt-O+CH_,OH—Pt+HCHO+H.0O (1)
2Pt-O+CH ,OH—2Pt+HCOOH+H,O (12
3Pt-O+CH OH—3Pt+CO,+H,0 (13)
Pt+Pt-CH,OH—Pt -CHOH+H"+e (14)
Pt+Pt -CHOH—Pt -COH+H"+e (15)

Theliteraturé™ supported thereactions (14) and (15).

2Pt-CH OH+Pt-O—3Pt+2HCHO+H,0O (16)
Pt,-COH—>2Pt+Pt-CO+H*+e (17)
Pt ,-COH—Pt+Pt -CO+H"+¢(18)

Pt -CO+Pt-OH—(x+1)Pt+CO_+H*+e (19)

. -
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Pt -CO+Pt-O—(x+1)Pt+CO, (20)
Pt-O+H O+2e—»>Pt+20H- 1)
Pt-O+2H"+2e—>Pt+H 0O (22)
Pt-OH+Pt-CO—Pt-COOH (23)
Pt-CO+H, ,0—Pt-COOH+H"+e (24)
Pt-COOH—»Pt+HCOO (25)
Pt-CH?OH—>Pt+HCHO+H*+e (26)
Pt,-CHOH+PT-OH—3Pt+HCOOH+H "+e @7
Pt,-CHOH-+H 02Pt+HCOOH+2H*+2e (28)
Pt,-CHOH+Pt-OH—>3Pt+Pt-COOH+H*+e (29)
Pt,-COH-+H ,0—2Pt+Pt-COOH+2H"+2e (30)

Inarelatively low methanol concentration, Pt,-COH
formed preferably™.

Pt,+CH,OH—>Pt -CH,OH (31)
Pt,-CH,OH+OH—Pt -CH,O+H,O+e (32)
Pt,-CH,O+OH—Pt -CH,0+H,0+e (33)
Pt,-CH,0+OH—Pt -CHO+H,O+e (34)
Pt,-CHO+OH—Pt -CO+H,O+e (35)
Pt -CO+OH—Pt -COOH-+e (36)
Pt,-COOH+OH—XPt+CO,+H,O+e 37)
Pt -CHO+30H —xPt+CO,+2H,0+3e (38)
Pt -CO+20H—xPt+CO,+H,O+e (39)

It should be pointed out that some adsorbed intermedi-
atesmay | eave the el ectrode surfaceinto the solution.
In such casethere exist someincompl ete-oxidized by-
products, suchas HCHO and HCOOH. Based on the
above mentioned reactions, the multi-pathway reaction
model can becompiled, asshowed in Figure 8. Based
ontheliteratures, not consdering thedetalls, thed ectro-
oxidation reaction pathwaysthat arewidely accepted
by the researcherscould be divided into two main cat-
egories. Thefirst category iswidely usedin explaining
theelectrochemical behavior of methanol el ectro-oxi-
dationinacidic mediuml*?3, the reaction pathway can
beexpressed asfollows
CH,OH—CH,0H—-»CHOH—»COH—CO—CO, (40)

Inthe second category, the proton that bonded to oxy-
genaomwill befirstly lossand thereaction pathway is
as

CH,OH—CH_0—CH,0—»CHO—-CO—CO, (41)
Totheauthors’ intuition, the pathway (40) ismore pos-
siblein acidic medium and the pathway (41) ismore
preferablein akalinemedium, athoughthereisno di-
rect evidence. Thereexist two possible explanations
onthephenomenon that thepesk P, current decreased
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asthepotential wasfurther swept in positive potentia
direction. Inthefirst explanation, wecan contributethis
peak current to the direct oxidation of methanol and at
higher potentia someformed poisoning intermediates,
such as CO, poisoned the electrode and caused the
reaction current declined. Intheliterature® theauthors
have contributed the oxidation pesk P_ inthe positive
sweeping potentia direction to thedirect oxidation of
themethanol. Inthisexplanation, the Pt electrode sur-
faceiscovered by the CO if the el ectrode waskept at
a potential more than 0.2V in 3M CH,OH+0.1M
H,SO,. Inother words, the el ectrodeis covered by the
CO specimenif itspotential waskept at 0.4V inFigure
3a

HCOOH(a)
HCHO(a) COOI’{‘]
COH
[CHOH]/" \ / \
[CH,OH}"
CH;OH CO.A—’COQ
"'\‘ECHafJ]
\{CHzOI
CHO]
CH; OH(a)

HCHO(a) Hcoon.l_..ﬂcoon,,(a)

Figure8M ulti-pathway reaction model of methanol electro-
oxidation.

Thefact that the current and potential of themain
oxidation peak (P,,) are affected by the methanol con-
centration and the scanning rates supported that this
oxidation peak representsan el ectrochemical process.
Afterimmersed into the sol ution containing CH,OH,
thechemical oxidation reaction of methanol will occur
onthe Pt e ectrode and the product should includethe
adsorbed carbon oxides. Before the oxidation current
appears, the Pt electrode surface is covered by the
adsorbed CO specimen. So, in the second explana
tion, theformation of the oxidation peak P isrelated
with the absorbed OH specimen. Inthiscase, the oxi-
dation current has been contributed to the direct and
indirect reaction pathways and the current decreaseis
dueto theformation of the adsorbed OH specimen. In
other words, in the 2™ explanation, the electrode is
covered by the OH if itspotential waskept at 0.4V in
Figure 3a.

Inthefirst explanation, thed ectrodesurfaceisfree
of poisonousintermediates before the oxidation reac-
tion occurs. And after the oxidation reaction occurs,
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the CO starts to form due to the reaction (4). In the
second explanation, the electrode surfaceis covered
by CO that comesfrom the (el ectro) chemical oxida-
tion reaction of methanol. After the occurrence of oxi-
dation reaction, especialy after the potentia ismore
than P_ peak potential, thereaction (5) hasarelatively
high reaction rate and the adsorbed OH species start
to cover the e ectrode surface. Theauthors prefer the
second explanationiscorrect. Intheliteraturd?, itis
believed that the CO, startsto form at apotential of
morethan 0.5V vs. RHE. And the authors concluded
that there exists no adsorbed CO on the Pt electrode
surfacewhen thepotentid ismorethan 0.7V vs. RHE.

Onewd|-knownfact isableto confirmthat thefirst
explanationisnot correct. If thisexplanationiscorrect,
andthenif the potentia in methanol eectro-oxidation
system iskept at the potentia of the main oxidation
peak P_, thentheresponse current will decay downto
zero as soon as the el ectrode surface was full of the
adsorbed CO. In comparison with the adsorbed O-
containing species, the adsorbed CO on Pt e ectrode
surface hasastronger blocking effect for the entrance
of other specimen into the Pt surface®]. The electrode
covered by CO adsorbents should havelarger imped-
ance than the electrode covered by OH adsorbents.
Asmentioned above, the electrodeis covered by CO
adsorbents before the oxidation reaction occurs, and
the electrodeis covered by the OH adsorbentswhen
theelectrode potentia ismorethan the pesk P, poten-
tial. The EISresultsin Figure 5 and 6 have confirmed
our suggestion. It can befound that the semicircle ob-
tained at 0.05V islarger than that obtained at 0.387V
for 3M CH,OH. Comparing thesemicircle obtained at
0.1V with that obtained at 0.38V for 0.5M CH,OH, it
can be seenthat the suggestionisa so effectivefor the
0.5M CH,OH. For the 0.05M CH,OH the situation
becomesdifferent. Thefurther intensvestudy isneces-
sary.

Someliteratures”224 have mentioned the hidden
shoulder peak intheleft side of themain oxidation pesk,
P, In0.5M H,SO,+1M CH,OH solution, ahidden
shoul der peak can befound at apotentia of about 0.1V
vs. Hy/Hg,SO,/. Thisshoulder peak isnot very clear
when themethanol concentration and thescanning rate
arerdatively low. We contributed thishidden shoul der
peak to a non-faradiac adsorption process of some
Research & Reotews On
.

specimen, suchas CH,OH.

Thereduction peak P isaffected by the scanning
rateand themethanol concentration, asshowedin Fig-
ure9 and Figure 2b. The peak current increased when
thescanning rateincreased or themethanol concentra-
tion decreased. Thefaster potentia-scanning rateleads
to amore negative peak potential. These phenomena
imply that thisreduction peak should represent an elec-
trochemical process. It can be seenfrom Figure 1 that
the reduction peak at about 0.02V represent the re-
duction of theformed Pt oxides’hydroxides. Whenthere
existsthemethanol in the solution, the chemical reac-
tion between Pt oxides’hydroxidesand themethanol is
not avoided to occur. So, the reduction peak current
decreased and at | ast disappeared with the increased
methanol concentration. In addition, the phenomenon
that thereduction peak becomes clearer only inlower
methanol concentration and at faster scanning rate may
support that the (el ectro) reduction reaction kinetic of
Pt oxides/hydroxidesisarelatively fast.

0.8

06t

04¢

Cument mA

0.2t

0.0

03 06
Potential V

Figure9: TheCV patternsof Pt eectrodein 0.1M H_SO +xM
CH,OH solution, thescanning rateis1mV s™.

When the potential ismorethan 0.45V, the Pt ox-
idesstart to form on the Pt el ectrode surface. The oc-
curring oxidation peaksin the potentia range of more
than 0.45V should be dueto the el ectro-oxidation of
methanol on the oxidized Pt surface?Y!. Another possi-
bility would not be excluded that these two oxidation
peaks are a so rel ated with the two-step el ectro-oxi-
dation reaction of surface Pt. The oxidation peak at
0.65~0.7V should correspond to the adsorption or
el ectro-adsorption of some specimen, including SO,*
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ionsonthepositively charged surface. The oxidation
peak at about 1.05V, P_, isclear only whenthe metha:
nol concentrationisrelatively high. In other words, the
peak P, isrelated with the methanol concentration. It
could be plausibly concluded that this oxidation peak
may correspond to the adsorption or el ectro-adsorp-
tion process of some speci men.
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Figure10: TheCV patternsof Ptin 3M CH,OH+0.1IM H,SO,
solution with aupper potential limit of 0.87V.

1.4+

e
M

—
(=]

Current{ mA)
© o
(=] (= =]

e
.

=
N

0.0
0.6

Potential{ V)
Figurell: TheCV patternsof Ptin 3M CH,OH+0.1M H_SO,
solution with aupper potential limit of 0.70V.

Gonzal ez!*¥ has contributed the oxidation peak in
the negative sweeping potentia direction to the oxida-
tion of the intermediates. Okamoto!* has proposed
that the oxidation peak in the negative sweeping poten-
tid directionisdueto thereduction of the oxidesexist-
ing on the Pt surface. This peak is dependent of the
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potential-scanning rate (Figure 3a), the methanol con-
centration (see Figure 2aand Figure 9) and the upper
potentia limit (asseenin Figure 3b). Inaddition, the
shapeof thispeak issomewhat samewith theoxidation
peak inthe positive sweeping potential direction, P,
and P__. If thisoxidation peak representsthe oxidation
of theintermediates or oxidesexisting onthe Pt elec-
trode surface, thenits current and potential should be
not influenced by the methanol concentration. To our
opinion, thispeak should represent the el ectro-oxida
tion of methanol on thefree el ectrode surface. Asthe
potentia swept in negative potentid directionfromthe
potential upper limit, some chemical transformations
should occur and at sametimethe OH desorptionre-
action doesa so occur, dthough thereisno current pesk
being detected. At some potential point the electrode
surfaceisfreeof any adsorbents. Thefreegtesformon
the blocked surface. Asresults, the methanol electro-
oxidation reaction occursonthefree surface sites.

1.6

Current{ mA)
e &P 2 =2 =
- =4 =] = N

0.2 0.0 0.2

Potential( V vs.Hg2S0y)

Figurel12: TheCV patternsof Ptin 3M CH,OH+0.1M H_SO,
solution with aupper potential limit of 0.384V.

When themethanol concentrationisreatively low
(asseen FHgure4a) or theupper potentid limitis0.387V,
theoxidation pesk P_ isdlightly left-to-right symmetric.
But when the upper potentia limit is set up at more
positive potentials or the methanol concentration in-
creased, one obvious hidden shoul der peak appears
ontheleft sideof themain oxidation peak P, . Indeed,
we can dill find that thisoxidation peak isnot symmet-
riceven a alower methanol concentrationor at 0.387V
upper potential limit. Thebasement linecurrent onthe
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left adeislarger thanthat ontheright Sde. Thishidden
shoulder pesk should haveasame natureasthe hidden
shoulder peak P . Someliteratures have mentioned
the shoulder peaksand othersdid mentiontheir exist-
ence. Toour opinion, it representsan adsorption/des-
orption process of someorganiCcsor anions.
Inthemajority of literatures concerning the elec-
trochemical impedance spectroscopi es during metha-
nol eectro-oxidation, thered impedance kegpsadways
apostive. Intheliterature®, the negativered imped-
ance has been reported when the potential waskept at
apotential at which thefirst main oxidation peak P
manifests. Inour experiments, thebas cStuationissame
asthat in the report®*. From the Figure 5 and 6, the
redl negativeimpedanceexistsonly thepotentia isnear
tothepotentia at which themethanol € ectro-oxidation
reaction occurs. But the shape of theimpedance spec-
trumisvery sengtivetotheapplied potentids. Thismay
be one of the main reasonswhy there exist plentiful
electrochemical spatio-tempora structuresin electro-
oxidation system of small organic molecules®"=,
From Figure7, theaverage potential of theoscilla-
tory curvesisabout 0.0V and the varying potentials
positioninthepotentia rangewherethefirst oxidation
peak P, doesaso fall into. In addition, in the same
potential rangethe negativereal impedance manifest
itself in theimpedance spectrum. The oscillatory be-
havior should be directly related to the reaction (6).
Beforethefirst oscillation, the electrodeis covered by
the CO. However, theformation of OH will remove
the adsorbed CO and leads to a larger current. But
because of the gal vanostatic constraint, theremoval of
COwill lead to the potential movement toward amore
negative potential . At thepotential maximum, theelec-
trode is covered by the adsorbed OH species and at
the potential minimumthe el ectrodeiscovered by CO.
After thefirst oscillation, the potential increased dowly
uptoabout 0.2V for 3M CH_OH (for thelower metha-
nol concentration thisvaluebecomesdightly smdler),
the second oscillation appears. The potentia oscillates
toward tomorenegativepotentia direction. Inthiscase,
the oscillation should be caused by theremoval of the
adsorbed OH by the CO species. The basic charac-
teristic of theimpedance spectrumisvery sensitiveto
theapplied potentia . Such aphenomenonimpliesamore
complicated oscillatory behavior. We contributed the

Research & Reotews On
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first oscillation to the removal of adsorbed CO by
formed OH species and the second oscillation to the
removal of adsorbed OH by formed CO species. The
formation of theinduction period, may be, can be ex-
plained asfollows. Afterimmersesintothesolution, the
CO adsorbent that formed via (el ectro) chemical reac-
tion poisoned the el ectrode. After theanodic current
was applied, the OH species starts to form, and the
formed OH will react with the CO. in such case, the
electrodesurfaceisaternatively covered by CO or OH.
Asresults, the oscillation startsto appear. Theinduc-
tion period dependson the formation rate of OH spe-
cies.

CONCLUSION

Inthisarticlethemethanol e ectro-oxidation reac-
tion hasbeeninvestigated in detail. One hidden shoul -
der peak followed by other three oxidation peaks has
been detected in the positive sweeping potentid direc-
tion and the corresponding pesk potentid isabout 0.0V,
0.1~0.18V, 0.65~0.70V and about 1.05V vs. Hg/
Hg,S0,in0.1M H_SO,+3.0M CH,OH solution. The
hidden shoulder peak at 0.0V islikely not to vary with
the potential-scanning rates and contributed to the ad-
sorption/desorption process of someorganics. Thefor-
mation of the main oxidation peak at 0.1~0.18V must
be dueto the formation of adsorbed OH speciesthat
formed at theincreased potential . Other two oxidation
peaks might represent the el ectro-oxidation processes
occurring at the oxidized Pt surface, and might also
correlatewith th electro-oxidation reaction of metalic
Pt. There exists an oxidation peak followed by ahid-
den shoulder peak in the negative sweeping potential
direction. Theexistence of thishidden shoulder pesk is
influenced by the scanning rates, the upper potential
limitsand themethanol concentration. Lower methanol
concentration, lower potentia-sweeping rateand more
positive potential upper limit leadsto adisappeared
shoulder peak. But the oxidation peak in negative
sweeping potentid directionisasymmetric.

Theimpedance obtained at the potentialswhere
thefirst oxidation peak and the hidden shoul der peak
appear inthe positive sweeping potentid direction has
anegativered part. Theimpedance spectrum obtained
in0.05M CH_OH solutionisvery sensitivetothe outer-

A Tudéan Journal



RREC, 4(3) 2013

Yanhui Xu et al.

107

applied potentiads. Thegal vanostatic potentia oscilla-
tion hasafregquency of 0.3~0.5Hz. Theincreaseinthe
methanol concentration leadsto larger oscillation am-
plitude, dightly increased frequency. Itisa sofound that
theincreased current leads to the disappearance the
first oscillation and appearance of the second oscilla-
tion. At too much larger or smaller currentsthe oscilla-
tory behavior disgppears. The parameter soaceinwhich
the system may exhibit the unstable behavior isrela-
tiveysmal.
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