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In situ Raman spectroscopic studies, in combination with electrochemical measurements, further testify that
the electrochemical reactions, i.e., iodate reduction and periodic hydrogen evolution, coupled with alternately
predominant diffusion and convection mass transfer of iodate, account for the potential oscillation that appears
under galvanostatic reduction of iodate over its limiting current in alkaline solution. The diffusion-limited
depletion and the convection-enhanced replenishment of the iodate consist of a pair of positive and negative
feedback steps between the bistable states (iodate reduction with and without hydrogen evolution). This
mechanism is applicable to the same category of oscillators originating from such a coupling. The limiting
diffusion concentration profile and the concentration variation of iodate in the diffusion layer during the
oscillation by diffusion-limited depletion and by convection-enhanced replenishment through hydrogen evolution
have been measured directly by using in situ Raman spectroscopy for the first time. A crossing cycle in the
cyclic voltammogram that displays the bistability and the positive and negative feedbacks can be obtained
only when the scan is reversed at a potential where hydrogen evolution takes place, and hydrogen evolution
is thus mainly to induce the convection feedback of the reactant after its surface concentration depletes to
zero by diffusion-limited reduction, rather than purely an additional current carrier. No oscillation can occur
by simply removing the convection feedback with another pure current carrier instead of hydrogen evolution.
The other model on the basis of negative differential resistance (NDR) fails to reflect the convection feedback

step required for this category of oscillators.

Introduction tively predominant diffusion and convection mass transfer
account for the potential oscillation (denoted as mechanisi A).
The key role of hydrogen evolution is to restore the surface
concentration of the reactant after its depletion to zero by
diffusion-limited reduction. Mechanism A is also applicable to
the oscillators for the reduction of ferricyaniéi@eroxodisul-
fate? and hydrogen peroxiden alkaline solutions accompany-
ing periodic hydrogen evolution. An alternative theoretical
explanation is on the basis of negative differential resistance
(NDR)$ in which iodate reduction current with N-shaped
potential dependence due to a Frumkin repulsive effect and an
additional current carrier from the hydrogen evolution is
emphasized without considering the convection mass transfer

6 cm apart in a conventional H-type glass @lyhich exclude (denoted as mechanism B). Extension of mechanism B has also

the possibility of coupling reactions between anode and cathodebeen made o other ;ysteme_,g., the reduction of Fe(Ch.
during the oscillation as described in ref 1. Potential oscillations In this paper, in situ spanotemporal-resolved Rama_n Spec-
still appear above the limiting current, and the oscillatory troscopy apd electrochemical measurements were app!led to the
amplitudes are in the plateau range. No apparent differencesrnecr"".m'St'c,Stucly for the pqtenUaI.os.cHIatlons during Fhe
were found for the oscillations by using a one-compartment cell reduction of _|odate accompanying p_en(_)dlc _hydrogen ev_olut|on.
or a three-separate-compartment cell, indicating that the oscil- OUr Study aims at giving a further insight into the oscillatory
lation is exclusively from the cathodic process. We proposed ongn.

that two different electrochemical reactions,s1O+ 3H,O +

6e — |~ + 60H 1 2and 2HO + 2e” — H, + 20H" (at the Experimental Section

lower potential side of the plateau only), coupled with alterna-

Potential oscillations during electrolysis of alkaline solution
of iodate plus highly concentrated iodide (2.1 moldjnwere
reported by Radkov and LjutdvAlthough the authors observed
periodic hydrogen evolution during the oscillations, they did
not give any explanation how the oscillations were connected
with the hydrogen evolution and only listed some possible
chemical and electrochemical reactions. They attributed the
oscillations to the coupling reactions between anode and cathode
because they placed the two electrodes very close (2.5 mm) in
a test tube of 15 mm inner diameter. We reinvestigated the
potential oscillations on different electrodes such as Pt, Ag, and
Au,? without adding iodide and with the cathode and anode ca.

Raman spectra were obtained with a LabRam | confocal
* Zhejiang Normal University. Raman spectrometer (Dilpr, Francelhe exciting yvavelength
*Hunan Normal University. was 632.8 nm from an air-cooled Héle laser with a power
8 Xiamen University. of ca. 12 mW. To avoid the interference of the bubbling effect
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Figure 1. Voltammograms by (A) cyclic voltammetry at 100 mV's Figure 2. (A) In situ Raman spectra at different distangen) from
with different lower potential limits of-2 V (solid “Te_) and-1.6 V the electrode surface under a potential controt-af3 V with a same
(dotted line), and (B) current scan at 0.05 mA™sn a solution solution as used in Figure 1, and (B) the relationship of the band
containing 0.2 mol dm? 103~ and 1 mol dm?® NaOH. intensity with the distance.

during the hydrogen evolution, the working electrode surface contradicts these major experimental facts, noticing that there
faced vertically and the spectroelectrochemical cell was mountedis 4 crossing cycle for 1§ reduction only (the dotteddashed

on a special optical adapter to enable the irradiation of the laserjine in Figure 6a of ref 6).

and the collection of the Raman signal horizontally. A holo- |t ay be worth mentioning that a crossing cycle in the cyclic
graphic potch filter reflf_ected th(_e exciting line into an Olympus voltammogram means that a pair of overlapping positive and
BX40 microscope equipped with 250 long working-length  hegative feedback steps between the bistable states has found
objective (8 mm) so that the objective will not be immersed in {4 'he a universal topology for oscillatory electrochemical
the electrolyte. An air-cooled, 1024 256 pixels CCD operating  gystems, and it is helpful with finding and realizing electro-
in the MPP mode at-60 °C was used as the detector. The size chemical oscillations.

of the pinhole and slit of the spectrometer were set to 800 and e potential oscillation (Figure 1B) by current scan occurs
200um, respectively. To obtain thg resolution needed fqr present only above the limiting current accompanying periodic hydrogen
study, an 1800 grooves mrhgrating was used to provide the o\ ojution at the lower potential side of the limiting current
spectral resolution at-23 cm . The collection time for  ateay which also means that the depletion (positive feedback)
recording a single spectrum was 2 s, and the distance of laseryng replenishment (negative feedback) of the iodate concentra-
focal plane to the electrode surface can be adjusted With 5y near the surface play the key role in the oscillatidns.
micrometric resolution. A detailed description of the spectro-  \yile in the mechanism B.a negative regulation of rate
electrochemical cell for Raman microscopy can be found .,.ciantk with potential E (witr,1 an N or aA shape) for the
elsewheré. A gold disk (2 mm diameter), a platinum wire in 105~ reduction is supposed to produce NDR. Benters the
circle, and a saturated calomel electrode (SCE) with a Luggin negative regulation, the reduction rate of they1@rops, then
capillary were employed as the working, counter, and reference " reqyction of HO balances the current difference between

e_IeéI:trode,_ Lesp?ﬁtll\é%%/AI?EI:ectrocr;‘em|_call %Xpe”m%‘lts V}’ere Ca"the applied currentand the IQ™ current, and the 1§ surface
ried out with a ectrochemical Station. All solutions 4 centration has the opportunity to recover. Such an explana-

were freshly prepared with triply distilled water and analytical tion also contradicts the fact that thesfQreduction is diffusion-

grade chemicals. controlled, because the descending branch in the N-shaped curve
during the forward scan in Figure 1A results from the depletion
of the reactant surface concentration due to a faster potential
Electrochemical Behavior. There are two ascending branches scan (100 mV/s). By decreasing the scan rate near a steady state
in the N-shaped curve of the cyclic voltammograms (the solid (2 mV/s), a limiting current plateau appears instead (the solid
line in Figure 1A) during the forward scan, which correspond line in Fig. 1 of ref 6) independent of the potential, and hydrogen
to two different reaction processes (bistable states),viih evolution occurs in the second ascending branch. So the arbitrary
and without hydrogen evolution; between them there are two choice of a potential-dependent N-shaped rate function for the
overlapping descending branches, which correspond to thelOs™ reduction only (eq 8 of ref 6) is inappropriate, and the
diffusion-limited depletion (forward scan) and the convection- dashed line in Figure 4 of ref 6 does not reflect the physical
induced replenishment (reverse scan) of the iodate concentratiorreality under the steady state.
near the surface, respectively. The occurrence of a crossing In Situ Raman Spectroscopy.To our knowledge it is the
cycle, i.e., the reverse scan current is larger than the forwardfirst time that spatiotemporal-resolved Raman spectroscopy is
scan current, can be only explained by the enhanced convectiorsuccessfully applied to in situ measurement of electrochemical
mass transfer of iodate caused by hydrogen evolution in the oscillations. This in situ detecting technique is expected to
second up-going branch, because no crossing cycles appear iprovide us with a powerful experimental tool to elucidate the
the potential scan is reversed at a lower potential limit-@f6 mechanisms for other electrochemical oscillatory systems.
V before hydrogen evolution (the dotted line in Figure 1A). Spatial-Resaled Raman Spectroscopyhe depletion of the
The hydrogen evolution is thus not simply a current cafrier iodate concentration near the surface at a constant potential
but most importantly a source provider of iodate surface control of —1.3 V was shown in Figure 2, where the spatial-
concentration through the convection effect, otherwise only an resolved Raman spectra (Figure 2A) were obtained by changing
ordinary cyclic voltammogram (no crossing cycles) can be the distance between the laser focus and the working electrode
obtained. The numerical result of mechanism B apparently surface. A concentration profile of iodate (Figure 2B) in the

Results and Discussion
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Figure 4. Current scan at 0.01 mAsin 1 mol dnT3 NaOH solutions
] ] ) ) o containing (a) 0.6 mol dr? Fe(CN)}*~ and (b) 0.15 mol dm® 105~ +
Figure 3. In situ Raman spectra during the potential oscillation at .6 mol dnr3 Fe(CN)}?~.

—2.5 mA, which were takemi2 s (shaded area) with a distance of 40
um from the surface with a same solution as used in Figure 1.
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the reduction current of 1§ replaces the hydrogen evolution

diffusion layer was obtained by the spatial-resolved Raman current and the convection mass transfer induced by the gas
spectra. Itis clearly seen that the reduction of iodate is diffusion- evolution is eliminated. In this case, no oscillations occur for
controlled in the potential range of the limiting current plateau. the Fe(CNy*~ reduction in the same current range. This
Time-Resaled Raman Spectroscapjime-resolved Raman ~ €Xxperimental result gives another direct evidence for the
spectra were taken during the potential oscillations at a fixed convection feedback step of mechanism A. It is also clearly
distance of 4um from the electrode surface. With the depletion Shown in Figure 4b that purely a second current carrigr i@
of the iodate concentration, the potential shifts to the negative the second ascending branch can only conduct the extra current
side of the plateau (left shaded area of Figure 3A), and the bandwhen the applied current is larger than the Fe(@N)imiting
intensity of the measured spectrum (on the left of Figure 3B) is reduction current, and there is no an efficient way to restore
lower. The band intensity of the spectrum increases (on the rightthe surface concentration of Fe(GR)when it depletes to zero.
of Figure 3B) while the iodate concentration is restored by the Because there is no convection feedback induced by the
convection feedback through hydrogen evolution at the lower hydrogen evolution, the Fe(CH) surface concentration is
potential side of the plateau, and the potential then returns to@lways at zero under limiting diffusion, and that is the reason
the positive side of the plateau (right shaded area of Figure 3A). N0 oscillations occur with the replacement. This experimental
These experimental results provide direct evidence for the result confirms once again the incorrectness of eq 5a of ref 6,
diffusion-limited depletion and the convection-enhanced re- in which only diffusion mass transfer is taken into consideration
plenishment processes of the reactant surface concentration, anfPr the increase of iodate concentration in the diffusion layer.
they also indicate that the thickness of the diffusion layer varies A constant stronger agitation can also stop the oscill&fityy
with the alternation of the depletion and the replenishment. So means of preventing the IO surface concentration from
the assumptions of a constant diffusion layer thickness and adepleting. This fact implies that alternately predominant diffu-
linear concentration prof”e in ref 6 seem to be Oversimp"ﬁed sion and convection mass transfer of the reactant is crucial for
approximations, whereas the assumption that the iodate in thethis category of oscillators.
double layer is provided only by the diffusion mass transfer ~ Kopef! once summarized that negative impedance or RDR
(eq 5a of ref 6) is simply wrong. How can the iodate surface can result from three causes: (i) a negatikgE)/cE, i.e., a
concentration be restored during the oscillations by only heterogeneous rate constant that decrease with increasing
diffusion mass transfer, while the applied current is beyond the polarization in some potential interval; (i) a negative?/dE,
limiting current? It is common knowledge that the surface i.e., @ Coulomic (double layer) repulsion between the electro-
concentration is always at zero under limiting diffusion without ~active species and the electrode; and (iii) a negatVe i.e.,

the convection feedback. a decrease in the available surface area with incré&ader
Further Evidence for the Convection Feedback.Since instance as the result of the adsorption on the electrode of an
potential oscillations for the reduction of Fe(GR) (Figure 4a) inhibitor. Koper only related the NDR to current oscillatidfis.

and I~ (Figure 1B) in alkaline solution accompanying periodic However, all those causes, if any can be used to explain the
hydrogen evolution belong to same category of oscillators as potential oscillatiorf,can at most describe the positive feedback
claimed by the authors of both mechanish$,noticing that step. The main reason the NDR is not applicable to this category
they all appear above the limiting current, a convenient of oscillators is that the NDR-based motifdils to reflect the
experimental method to test the effect of the convection feedbackconvection negative feedback step present in the oscillation. To
has been designed by simply replacing the hydrogen evolutionoscillate in two states, as we know, positive and negative
reaction with another pure current carrier3tOduring the feedback steps must coexist between them.
Fe(CN)®~ reduction!® In this way, we can only remove the Moreover, the positive feedback mainly stems from the
convection mass transfer induced by the hydrogen evolution diffusion-limited depletion rather than from the Frumkin
while the NDR from the Frumkin repulsive effect is maintained. repulsive effec as we have pointed out that the descending
From Figure 4b we can see that after adding1@e length branch in the N-shaped curve during the forward scan in Figure
of the limiting current plateau for the reduction of Fe(GN) 1A results from the depletion of the reactant surface concentra-
is shortened with the lower potential limit at cal V, where tion.
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In addition, the fact that the hidden negative impedance or as in the reduction of ferricyanideperoxodisulfate, and
HNDR (Figure 3 in ref 6) appears at nonzero frequency only, hydrogen peroxideinvolving hydrogen evolution and in the
and the real part of the impedance at zero frequency is absolutelyoxidation of ferrocyanid® involving oxygen evolution in
positive, also indicates that the potential-dependent kinetic alkaline solution.
process is a relatively rapid one and can be only shown with a The descending branch in the N-shapégl curve obtained
faster perturbation in the frequency domain. Koper pointed out experimentally is due to the diffusion-limited depletion with a
that the HNDR requires the coupling of at least two potential- faster potential sweep (e.g., 100 mV/s), rather than from the
dependent procesdésand related the HNDR to both current  Frumkin repulsive effect. A limiting current plateau occurs with
and potential oscillations. Although potential-dependent causesa slow potential scan (e.g., 2 mV/s). The reason for the hidden
might be responsible for the HNDR, they have nothing to do NDR (mainly from potential-dependent processes) and for the
with this category of oscillators, because the reduction of the oscillations (mainly involving mass transfer) has been proved
reactant is diffusion-limited and the oscillation occurs only above to be not the same for this category of oscillators. The NDR-
the limiting current. In other words, the reason for the negative based mechanism that neglects the important process of convec-
impedance (mainly from the potential-dependent processes) andion negative feedback does not correctly account for this
for the oscillation (mainly involving mass transfer) is not the category of oscillators and is thus being rejected.
same at least for this category of oscillators, as we have already ) ) )
discussed from the viewpoint of nonlinear feedbacks. Our _ Acknowledgment. Financial support by National Natural
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