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Abstract. The mechanism of energy conversion in a direct glycerol fuel cell (DGFC) is governed by
the anode-supported heterogeneous steps of glycerol electro-oxidation. In aerated alkaline electrolytes,
glycerol also participates in a base catalyzed process, which can release certain species mixing with the
anode catalyzed surface products. As a result, selective probing of the surface catalytic reactions
involving such systems can be difficult. The present work addresses this issue for a gold anode by
using the analytical capability of cyclic voltammetry (CV). In addition, surface plasmon resonance
measurements are used to optically probe the adsorption characteristics of the electrolyte species. The
net exchange current of the oxidation process and the transfer coefficient of the rate determining step
are evaluated by analyzing the CV data. The interfacial reactions and their products on Au are
identified by measuring the number of electrons released during the electro-oxidation of glycerol. The
results indicate that these reactions are facilitated by the surface bound hydroxyl species on Au
(chemisorbed OH™ and faradaically formed Au-OH). By comparing the findings for stationary and
rotating electrodes, it is shown that, convective mass transport is critical to maintaining efficient
progression of the consecutive oxidation steps of glycerol. In the absence of hydrodynamic support, the
main surface products of glycerol oxidation appear to be glyceraldehyde, glycerate and malonate,
formed through a net six-electron route. In the presence of controlled convection, a ten-electron

process is activated, where mesaxolate is the likely additional product.

Keywords: Electrocatalysis, glycerol fuel cell, multistep reaction, rotating disc electrode, surface

plasmon resonance, voltammety.
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1. Introduction

Glycerol (Gly) is readily available as a derivative of biodiesel, and even in its crude form,
can serve as a cost effective fuel for direct glycerol fuel cells (DGFCs). This utility of Gly is
largely governed by the efficiency of its electro-catalytic oxidation at the anode surface of the
fuel cell. While Pd and Pt (as well as their composites) are frequently used as catalysts for Gly
oxidation,'” the performance of Au for this application in alkaline solutions is also widely
recognized.4’ > Specifically, a polycrystalline Au electrode can often function as a more efficient
electrocatalyst for Gly oxidation as compared to polycrystalline Pt and Pd electrodes.” This
catalytic function of Au is generally associated with the reaction sites of surface bound hydroxyl
species that typically exist in alkaline solutions as incipient hydrous oxides (IHOs).”® However,
in the specific case of glycerol oxidation on Au, the detailed mechanisms of IHO-mediated
electrocatalysis as well as their accompanying features of convective mass transfer have
remained fairly underexplored.

Low-coordination ad-atoms on a metal surface constitute the sites of IHO formation
where the local activation energies of heterogeneous reactions are reduced.”® The THO forms
under moderate anodic activation, before the main oxide species is generated; this frequently
involves the adsorption of a single OH ™ ion, which, depending on the surface potential, may be
partially discharged.'” '' This adsorbed species becomes readily available for anodic reactions
that require the surface-localized hydroxyl as a reactant. The fardaic process supported in this
way is manifested as an electrocatalytic (low overpotential) reaction. Using polycrystalline and
thin-film Au electrodes under hydrodynamic control in alkaline electrolytes, we examine here

the implications of such a mechanism in the electro-oxidation of Gly on Au.
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Two parallel groups of experiments are performed here using a Gly-free reference (Ref.)
solution of 2 M NaOH and a set of Gly-added (0.03 or 1.0 M) electrolytes. The considerations
for choosing these electrolyte concentrations are discussed in the Electronic Supporting
Information (ESI) accompanying this report. Cyclic voltammetry (CV) is employed as a
comprehensive diagnostic probe of the surface reactions. Scan rate dependent CV is used with a
thin-film and a polycrystalline Au electrode to examine the reaction kinetics under stationary
conditions. A rotating disc electrode (RDE) is employed to examine how the total charge-yield
of Gly oxidation is affected by convection controlled transfer of surface reactants. The relative
functions of the co-adsorbing surface species are checked optically by using angle-resolved
surface plasmon resonance (SPR) measurements. Certain theoretical considerations of data
analysis for the electrochemical measurements are summarized in the next section, followed by a
brief Experimental section. The results presented in the subsequent sections demonstrate how the
CV and the SPR methods can be effectively combined to study the electrocatalytic reactions on

Au.

2. Theoretical considerations

2.1. Scan rate controlled voltammetry as a probe of multistep electrochemical reactions

Electro-oxidation of Gly typically proceeds through a multistep sequence of reactions,'™ and
scan rate dependent CV can serve as a useful analytical probe of such reactions. The present
work uses this approach to examine the reaction kinetics of Gly on stationary Au electrodes
where convective transport of reactants is absent. The analysis of these CV data is based here on

a generalized Butler Volmer formulation of multi-step faradaic reactions. The detailed theoretical
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aspects of this topic have been discussed by previous authors, and only certain essential

points related to the present investigation are briefly outlined here.

The main assumptions of the theoretical formulation adopted in this work are as
follows:" (i) The forward and backward reactions have the same rate determining step (RDS)
and occur in a steady state; (ii) the electrode surface does not contain any passive regions; and
(ii1) the stoichiometric number associated with the RDS is 1 (which typically is the case, except
for complex reactions such as those involving polymerization of reaction products). The
electrode current density described according to these considerations under kinetic control has
the following form:'* i, =i, — i, , where i, andi_ are the anodic and cathodic components of
i, respectively;, i, =i exp[B,Fn/(RT)]; i, =iexp[(=B.Fn)/(RT)]. iyis an effective
exchange current, which depends on the rate constants of all the intermediate reaction steps.'* F
,RandT denote the Faraday constant, gas constant and temperature, respectively.ris the
activation overpotential;n7 = E— E,; Eis the applied voltage; E, is the null potential; B, and S,
are the anodic and cathodic transfer coefficients, respectively.

The total number of electrons (#) transferred in the multi-step process is: n=n, +n, +n,,
where n,and n,are the numbers of single electron steps occurring before and after the RDS,
respectively; z, is the number of electrons linked to the RDS. In addition, B, =n, +n, (1-a),
p.=n,+na, ais the symmetry factor of the RDS, and S, + S, =n % B If the RDS is the first
step of the multi-step process (7, = 0) then the transfer coefficient of the overall forward reaction

simplifies as 8, =n, (1—a). Under this condition, and if the given faradaic reaction is

irreversible in the cathodic direction, then:
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RT (1)

na(l—a)Fn}

k=L, =1 eXP[

where all steps of the reaction are kinetically controlled.

In the presence of diffusional transport in the RDS, the following form of the electrode
current density (i) can be used for simple calculations on the basis of phenomenological
considerations: i =i [c,(t,x=0)/c,(¢,x =o)]."> Here, ¢ denotes time in a CV scan; x=01is the
coordinate of the electrode surface along the x direction (normal to the electrode extending into

the electrolyte), and c,is the concentration of the reactant involved in the RDS. If the multistep
process begins with its RDS, then it is reasonable to assume that,c,(x=cc)=c,, and
¢,(x=0)=c(0), where c(0)and c, are the interfacial and bulk concentrations of the initial
reactant, respectively. By incorporating these concentration terms [along with j_from eqn (1)] in

the above expression of i, and by using the result in Fick’s law, the electrode current can be
written in the same form as that commonly used to describe single-step irreversible faradaic
reactions.'® In this formalism, the following expression is obtained for the voltammetric anodic

peak current (ip): 15
i, =2.99x10° (nc,)[(1-a)n,Dv]" )

where v denotes the voltage scan rate of CV, and D is the diffusion coefficient of the reactant

governing the RDS. The voltage (£,) corresponding to this peak current is written as'®1®

3)

1/2
E =EY+E, +— 1Ly, (za)nFy
P T =) F RT

where E is the formal potential of RDS. E,, =[RT/{(1-a)n,F}1[0.78+In(vD / k*)], and &’

denotes the rate constant of the RDS. According to eqns (2) and (3), the kinetic parameters,
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o, n, and n, can be obtained from scan rate dependent CV data, by analyzing the linear

correlations of the parameters combined in the [E}, vs. (In v)] and the [i vs. \/;] pairs.'” ¥

2.2. RDE voltammetry as a probe of multistep electrochemical reactions

RDE voltammetry has been employed in this study to examine the reaction kinetics of Gly
oxidation in the presence of convective mass transport. In general, the current-voltage
characteristic of an irreversible multistep reaction occurring at the surface of an RDE can be

expressed using the Koutecky—Levich equation: (1/i)=(1/i )+ (1/i ), where, i, is the limiting
current. In the present context i, is defined by eqn (1), and hence the Koutecky—Levich equation

takes the form:

In ‘ =In li +% 4)
i —i i RT

which corresponds to the general form of the Tafel equation, with the mass transfer controlled

current contributions resolved in the iy term. The limiting current is activated at a high

overpotential, where ¢(0) — 0, and i =i =(nFDc,)/0,, with 6, denoting the Nernst diffusion
layer thickness. Under steady state conditions, i, is defined by the Levich equation'’,

i, =0.62nFD* 0" c, v, (5)

-1/2

which corresponds tod, =1.61D"v,"* @™, with v,and ® denoting the viscosity of the

electrolyte and the electrode rotation speed, respectively.

To determine n from RDE experiments, it is necessary to perform quasi steady state CV
at different speeds of disc rotation.'” The values of i, measured from these experiments can be

1/2

plotted against @~ to obtain linear Levich plots according to eqn (5), and the value of n can be

6
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evaluated from the resulting slopes of these plots. The results can be further checked by using

2 plots, the linear slopes of which would also give the value of n.%°

Koutecky—Levich (i vs. @
This analysis can also be used to extract the RDS parameter, « , which can be compared with the

corresponding result for stationary electrodes; such comparisons could indicate the role of

hydrodynamic control in governing the RDS.

3. Experimental Section

Aqueous solutions of 2M NaOH (Fishier Scientific) with and without Gly (ultrapure, Alfa Aesar)
were prepared with triply distilled water. The polycrystalline stationary working electrode was a
gold rod (99.99% pure, 6.35 mm diameter, from Alfa Aesar) inserted in a Teflon holder with
only a flat surface exposed to the electrolyte. An identical electrode sample was also mounted on
the RDE holder, and the RDE was controlled by a Pine Instruments AFMSRX rotator. The active
sample areas exposed to the electrolyte were 1.49, 0.32 cm’ for the thin film and the
polycrystalline electrodes, respectively. The film electrode (from Gentel Bioscienes) consisted of
a thin layer (47.5 nm) of Au, deposited on an SF-10 glass slide, via an intermediate (2.92 nm
thick) Cr binder layer.

CV experiments were performed at room temperature in a standard three-electrode cell
(of glass or Teflon body, and controlled by a VersaSTAT3 potentiostat), by employing a
saturated calomel electrode (SCE) reference and a Pt wire counter electrode. Angle resolved
SPR data were collected by using a standard attenuated total reflection geometry based on the
Kretschmann configuration with p-polarized diode laser light at the 636 nm wavelength.”!

Further experimental details of the present work are presented in the ESI.
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4. Results and Discussion

4.1. Voltammetry of thin film and polycrystalline stationary Au electrodes in the reference
electrolyte of NaOH
Fig. 1A shows CV data for a gold film electrode, recorded at a scan rate of 50 mV s'. The weak

anodic current feature a; observed at ~0 V in Fig. 1A corresponds to the reaction, '’

Au+OH™ = Au(OH)’; +Ae” (6)
where Au(OH)’;is the IHO of Au with “ad” denoting adsorbed species. A is the voltage
dependent partial charge transfer coefficient; 0 <A <1 ando =(1-A1) 2 The current peak a,
represents the reaction: Au(OH)’; +(x—1)OH™ = Au(OH)_ +(x—A)e”, where x~3 for strong
alkaline solutions.”> The cathodic current peaks c¢; and c; represent reduction of the oxidized
species formed at a; and a,, respectively. Au(OH), oxidizes to AuO at 0.4 V, leading to the rising
anodic current observed at the upper end of voltage scan.'® *

Fig. 1B shows voltammograms for the Au film in 2 M NaOH, with v varied between 0.03
(inner most plot) and 1 V s™'(outer most plot). As v is increased, both the anodic and the cathodic
currents increase, and the weak current peaks, a; and c;, merge with their adjacent larger peaks.
The potentials (E£,) and the currents (i,) of these merged voltammetric peaks are plotted as
functions of log (v) and v in Fig. 1C and D, respectively. The characteristic features of £, and i,
for the Ref. electrolyte do not follow the description of eqns (2) and (3) considered for Gly
oxidation; instead, these parameters of Au oxidation are described by a different set of kinetic
equations reported by Srinivasan and Gileadi.”> The two E, vs. [log (v)] plots in Fig. 1C are

nearly parallel to the [log (v)] axis. These low-slope linear plots are typical of quasi-equilibrium
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adsorption reactions where £ ~ (RT / F)In(k,, / k;;) , with k; and k,, denoting the rate constants

of the forward and reverse steps of Au hydroxide formation, respectively.*
The linear trends of the i, plots seen in Fig. 1D are consistent with the aforementioned

quasi-reversible reaction kinetics. According to model calculated results for such systems,

i, =(Q,F/4RT)v, where (), is the charge-equivalent of a monolayer adsorption of OH" 2
Based on the above expression of i, the measured slope of the linear plot obtained in the anodic

cycle of Fig. 1D gives Qp = 0.22 mC cm . This value is in close agreement with the previously
measured charge (0.21 mC cm™) for a monolayer electrosorption of OH™ on Au,”® and suggests
that reaction (6) likely serves as a first step in the formation of Au(OH),. The faradaic charge
integrated under the anodic portion of the plot in Fig. 1A is 0.84 mC cm 2, which corresponds to
3.9 monolayer-equivalent of Au(OH),q.

Fig. 2 shows the results of CV experiments performed with a stationary Au polycrystalline
electrode. The overall features of these data are essentially the same as those seen in Fig. 1.
Owing to the relatively higher spatial inhomogeneity of the polycrystalline surface sites,”’ the
current peaks in Fig. 2A and B are broader than their counterparts in Fig. 1A and B. As a result,

the a; feature is effectively masked in Fig. 2A. The slope of the i, vs. v plots in Fig. 2D for the

anodic formation of Au(OH), corresponds to a value of Qy that is 2.65 times larger than that
found for the thin-film electrode in Fig. 1D. This number is the approximate roughness factor of
the polycrystalline Au surface as compared to that of the Au thin-film.”” The integrated anodic
charge (0.39 mC cm™) obtained from Fig. 2A suggests that, the Au(OH), deposited on the

polycrystalline Au surface is equivalent to 4.6 monolayers of Au(OH),q.
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4.2. Cyclic voltammetry of thin film and polycrystalline stationary electrodes in the
glycerol-added electrolyte of NaOH

Fig. 3A shows scan rate dependent CV data for the Au film electrode in 2 M NaOH + 0.1 M
Gly. The peak shaped anodic currents are caused by electro-oxidation of Gly, and grow
systematically with increasing values of v. Moreover, the current profile of the voltammogram
in each anodic sweep is dominated by a single peak, which, in view of eqns (2) and (3) indicates
a leading role of the RDS in the activation of Gly electro-oxidation. Since the electrode currents
become negligible at £ < —0.5 V, the cathodic bound of the CV scans was kept at this cut-off
potential. The oxidation current peak shifts with variations in the voltage scan rate, but
consistently occurs within a region of relatively low potentials between 0.2 and 0.5 V, and this
moderate activation voltage of Gly oxidation signifies the electro-catalytic attribute of this
reaction. AuO begins to form above 0.4V, and since this oxide is ineffective for supporting
electro-oxidation of Gly, the anodic currents in Fig. 3A decrease to their baseline values in the
corresponding voltage region. The irreversible nature of Gly oxidation is manifested in the
recurrence of the anodic current peaks during the cathodic voltage scans.

The currents measured in the cathodic CV scans in Fig. 3A are a net result of Gly
oxidation and gold-oxide reduction. The anodically formed gold oxide is reduced to regenerate
the Gly oxidation current in the cathodic sweep. Moreover, at the end of the oxidation scan, the
interfacial concentration of Gly drops due to mass transfer limitation,”® and the reaction front
may also become partially blocked by stagnant intermediates. As a combined result of these
effects, the Gly oxidation currents observed during the cathodic CV sweeps are smaller than their

counterparts recorded during the preceding anodic scans.

10
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In a full-cell configuration of an alkaline DGFC, the complete oxidation of Gly (CsHgO3)
at the anode would involve a fourteen-electron process: C3HsO; + 200H™ = 3C0327 + 14H,0 +
14e". This reaction would be balanced by oxygen reduction at the counter electrode: (7/2) O, +
7H,0 + 14e = 140H", with the total cell reaction expressed as: C;HgO; + 60H™ + (7/2) O, =
3CO32_ + 7H,0. Incomplete oxidation of Gly results in a net transfer of <14 electrons, which is
the situation often encountered in half-cell measurements using unstirred electrolytes. The
number of electrons (n) involved in the Gly oxidation reaction examined in Fig. 3 can be

determined by analyzing the v dependent behaviors of the anodic peaks.'’

The symbols in Fig. 3B and C denote, respectively, the experimental data for £ and i
taken from Fig. 3A. Considering that the voltammograms may contain some distorting features
of the solution resistance (R;), the E values were corrected for this effect. The linear fits to the
data (symbols) in Fig. 3B and C are based on eqns (3) and (2), respectively. Since these
equations are incorporated here according to the condition,c, () =¢,, the existence of this
condition in the present system is manifested in the correspondingly matched linear signatures of
the peak parameters in Fig. 3. In other words, the observed trends of E (v)and i (v) provide
further indication that, the initial step of Gly dehydrogenation is the RDS of Gly electro-

oxidation on Au*’ and that, Cy is the bulk concentration of Gly in the experimental solution.

In Fig. 3B, the measured slope (indicated in the Figure) of the linear plot defined by eqn

(3) is equal to RT/[2(1—a)n F], which corresponds to n, (1—c)=0.11. The linear slope of the
plot in Fig. 3C according to eqn (2) is expressed as: 2.99x105(an)[(1—a)naD]%. By
combining the latter quantity with the aforementioned result for #n,(1-«), and by using the

known values of ¢, (taken as [Gly]) and D (diffusion coefficient of Gly in water at 25 °C,*

11
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0.898x107° cm” s')*°, we obtain n = 4.84. The voltammograms shown in Fig. 4A for the
polycrystalline Au electrode are similar to those shown in Fig. 3A. The (solution resistance
corrected) peak currents and potentials observed in Fig. 4A are plotted in Fig. 4B and C,
respectively. The scan rate dependencies of these £, and i, are similar to the corresponding peak

parameters shown in Fig. 3 for the film electrode. The linear slope of the plot in Fig. 4B gives
n,(1-a) = 0.17. By combining this value with the slope of the plot in Fig. 4C, we obtain n =

4.32 for the stationary polycrystalline Au electrode.

In both Figs. 3A and 4A, the anodic voltage corresponding to the flattening of the post-
peak oxidation current shifts to higher values with increasing values of v. This suggests the
presence of mass transport limited depletion of interfacial reactants, the onset of which is
determined by the cumulative amount of faradaic charges generated during Gly oxidation.”®
Thus, the Gly oxidation currents are terminated at higher anodic potentials during the faster
voltage scans. The anodic formation of AuO, a second factor responsible for ceasing Gly~
oxidation during the anodic scans, may also play a role in determining the critical anodic voltage
where the oxidation current stops.'® Since the values of n evaluated from Figs. 3 and 4 are
mutually comparable, it is evident that, the different surface roughness factors of the two types of
Au electrodes in these two cases do not have significant effects on the mechanisms of Gly

oxidation.

4.3. Synergistic roles of surface-bound OH and solution pH

It is known that the surface bound OH species of Au, identified here as Au(OH)’; 242 acts as a

catalyst for alkaline oxidation of Gly (and other alcohols) by lowering the activation energy of

5, 31-34

dehydrogenation. To examine the present data in the framework of this mechanism, we

12
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note that in alkaline solutions, chemisorption of OH™ on Au during an anodic scan generally
starts at —0.4 V.>> The surface coverage of the adsorbed OH ™ increases almost linearly in the
anodic direction up to ~0.2 V, until the Au surface begins to oxidize. Thus in the Ref. electrolyte,
eqn (6) remains applicable within the —0.3 to 0.8 V range, where Gly oxidizes. Here, 4 ~0 at
—0.3<E<0V, and A~1in the voltage region of peak a; (0< E <0.2V),?® and this maximum

value of A is maintained in the Au (OH), regime if the latter species forms through layered
growth of Au(OH)?; .

Since the voltage region of Gly oxidation overlaps with that of Au hydroxide formation,
the (OH)’; species affects the surface reactions of Gly.> ** 3" According to the commonly
accepted mechanism of this process, the oxidizing molecule from the solution anchors to the

surface bound (OH)’; site, and loses a hydrogen from the CH or CH, group.” ** The Au site,
initially occupied by the (OH),,, is regenerated and consumed again by reaction (6) to continue

promoting the successive steps of Gly dehydrogenation. The consumption of Au(OH)?, by Gly
suppresses the generation of Au(OH), from the IHO; this in turn weakens or eliminates the
cathodic peak c; of Au(OH)x reduction. The first step of Gly electrocatalysis in the above
description has the form:

C,H,0, + Au(OH)’; +OH™ = Au+C,H,0, +2H,0+(1+5)e” (7)
where §~0 within the potential region of Gly oxidation.”® The glyceraldehyde (C,HO,)
produced by reaction (7) participates in the subsequent oxidation step.

Owing to the requirements of steric compatibility with bulk water, the OH groups of the

Gly molecule considered in eqn (7) remain more hydrated than the CH/CH, groups, and orient

toward the bulk electrolyte during adsorption.’” This provides a favorable configuration for the

13
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Gly molecule to adsorb with its weakly hydrated CH group anchoring at the Au(OH); site, and
consequently facilitates the dehydrogenation step (7). The essential role of the alkaline medium

in this process is evident in the high-pH condition necessary to form/sustain the Au(OH),, active

sites through reaction (6). The net step of reactions (6) and (7) can be written as:

C,HO, + Xu +20H =C,HO, + AL +2H,0+2¢" ®)
where the Au sites explicitly shown on the left and right hand sides of eqn (8) represent the
catalytically “active” and “regenerated” sites, respectively.

The alkaline background solution plays a further role as a base-catalyst when its pH
approaches the pK, of Gly, 14.15.>** The pH value of the Gly added NaOH electrolytes used
in this work was measured as 13.6, sufficiently close to the pKa of Gly to activate a measurable
component of base catalysis. In the alkaline environment, Gly deprotonates as glycerolate (Gly™
or C;H,0,"):

C,H,O,+OH U CH,0,; +H,0 9)
which is a solution-phase reaction.*' According to eqn (9) and for the given pKa of Gly, about
20% of the Gly should exist as deprotonated Gly™ in the experimental solution. This anion can be
electro-oxidized to glyceraldehyde (C3HsO3) through a single-electron step in a surface-catalyzed
mechanism similar to that of reaction (7):

C,H,0,” + Au(OH)’; = C,H,O; + H,0+ Au + (1+5)e” (10)
so that eqns (6) and (10) represent two sequential steps of the oxidation of glycerolate to
glyceraldehyde. The net reaction is obtained by adding these two equations:

\Z |
Au+OH +C,H,0,” = Au+ C,H,0, +H,0+ 2¢ (11)

14
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where the catalytic role of the Au site is underscored again with its inclusion on both sides of the
resulting equation. Since Gly is more reactive than its protonated Gly form, reaction (11) can
occur at a rather low overpotential.* The participation of this active anion in the initial reaction
steps comprises the component of base catalysis in the electro-oxidation of Gly.

The glyceraldehyde generated in reactions (8) and/or (11) can chemically disintegrate in
the aerated alkaline solution, and generate specific products that can also come from
electrochemical reactions at the Au surface.”” ** However, as pointed out recently by Ide and
Davis, chemical relapse of glyceraldehyde in alkaline solutions yields certain products that are
not commonly observed in Au supported catalysis of Gly.* Therefore, it is likely that surface
catalysis in this case proceeds through the interactions of a series of adsorbed intermediates. If
the homogeneous reactions of base catalysis are fast compared to those of the heterogeneous
surface steps, the former should not significantly interfere with the latter’s detection.
Furthermore, the surface-bound OH™ species has been found to play a critical role as a modifier
of surface charge in (non-electrochemical) alkaline oxidation of glycerol on Au.* Based on these
considerations, we focus here on the surface-supported reactions of Gly oxidation.

The effective n values obtained in Figs. 3 and 4 represent implicitly averaged electron
numbers transferred at the spatially inhomogeneous sites across the electrode surface.*> This

46, 4
d,** %" as well as to

averaging also extends to the voltage range of CV over which 7 is calculate
the concentration-weighted contributions of the Gly and Gly solution species in the initial
production of glyceraldehyde.”’ Further details of this subject are discussed in the ESL. On the

basis of these considerations, the n values found in Figs. 3C and 4C can be attributed to a net six-

electron sequence of Gly (or glycerolate) oxidation, consecutively generating glycerate and

15



Physical Chemistry Chemical Physics Page 16 of 40

CP-ART-01-2015-000313-R2

malonate after glyceraldehyde.** ** %

In this scheme, the reactions following the two-electron
step of eqn (8) [or eqn (11)] are:
C,H,O, +30H =C,H.,O, +2H,0+2¢" (12)
C,H,0, +30H =C,H,0; +3H,0+2¢" (13)

where each step most likely follows from a combined process, as noted in the case of eqn (8),

including reaction (6) as a promoter. Accordingly, an active role of Au(OH)’, remains implicit in

each electrochemical step of Gly/Gly oxidation, regardless of the value of & . The total number
of electrons released via both the routes of [(8) + (12) + (13)] and [(11) + (12) + (13)] is 6,
which is close to the (site-, voltage- and [Gly]/[Gly ] concentration-averaged) value of n found

from Figs. 3 and 4.

4.4. Considerations of the rate determining step
As noted in the discussion of Figs 3 and 4, the RDS in the reaction sequence [(8) or (11) + (12)]

+(13)] is expected to be the first dehydrogenation step,” **

that is, reaction (8) or (11). Since the
RDS is the slowest process in the multi-step sequence, the irreversible attribute of the reaction
should be mostly manifested with the activation of the RDS.*® Furthermore, the null potential of
the slow RDS is expected to be measurably different from the formal potentials (often contained
within a narrow voltage range) of the other steps in the chain.’" If the reaction chain starts with
the RDS, according to the above considerations, the irreversible faradaic response of the
electrode should be established at a fairly low over-potential of the overall reaction and, should

subsequently remain irreversible throughout the experimental voltage range. Fig. 5 shows

illustrative results of CV experiments designed to check for this effect.
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The voltammograms in Fig. 5 where collected by cycling a polycrystalline Au electrode
at 50 mV s~' in 2 M NaOH + 0.1 M Gly, where the upper bound of the anodic sweep was varied
as follows to regulate the oxidation overpotentials: (A) 0.4, (B) 0.2 and (C) 0.0 V. The current
began to rise above zero around —0.35 V, and the voltages applied more anodic to this value
constituted the driving overpotentials. The lower voltage bound of these scans was kept at —1.25
V in all three cases. While strong oxidation currents were observed in the anodic scans, no
corresponding reductions currents were detected in the cathodic sweeps due to the irreversible
nature of the anodic reaction. As seen in Fig. 5C, this irreversible feature of the voltammogram
was present even when the anodic current was activated barely above the reaction threshold, at £
= —0.35 V. These observations were consistent with the reaction scheme based on the RDS
identified as reaction (8) or (11).

The absolute tally of electrons released in the RDS of reaction (8) or (11) is two.
However, the net RDS for interfacial charge transfer is formally described as a sequence of
single-electron steps where the number of these steps is equal to that of the electrons involved in
the RDS.>' In this description, n, = 1, or 0 for electrochemical or chemical reactions,
respectively,” and accordingly, n, = 1 for both eqns (8) and (11). The corresponding value of &
given by the measured parameter (1-a)n, from Figs. 3B and 4B is expected to be in the 0.83-
0.89 range. Such relatively large transfer coefficients are not unusual for irreversible
electrocatalytic oxidation reactions on Au electrodes.’” In view of the results recently published
by Laborda et al., this type of large values of « could arise from nonlinear solvation effects at

the electro-active interface.>
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4.5. Surface plasmon resonance as a probe of adsorbate-surface interactions at the Au film
electrode
According to the mechanism of electrocatalysis discussed above, the oxidizing molecule

interacts with the Au surface mostly through the active sites of Au(OH)?, .”® Hence the overall

chemisorption characteristics of the Au surface in the alkaline solution of Gly should be strongly

dictated by those of Au(OH)’; formation. Previously, the SPR technique has been shown to serve

10, 54 Therefore, an

as a relatively straightforward probe of such surface specific effects.
exploratory set of SPR measurements were performed for the Au film electrode used here. Fig.
6 displays voltage dependent SPR data recorded by using the (A) Ref. and (B) Ref. + 0.1 M Gly
solutions, with the Au film electrode. The sample assembly used for these measurements is
described in the ESIL.

Each plot in Fig. 6A and B represents the reflectance (R) of the Au-electrolyte interface

as a function of the angle of optical incidence ( #) measured at the base of a light-coupling glass

prism. The relatively small feature seen near the lower end of the angular scan corresponds to the
critical angle (6, ), where 6, =sin”'(n, / n,), with n and n,denoting the refractive indices of the
electrolyte and the glass prism, respectively.’® Since the critical angle is determined by bulk
material properties, the 6, measured from Fig. 6 remains invariant at a value of 52.80°

irrespective of the electrode potential and the electrolyte’s Gly content. By using n,= 1.72, along

with the @, measured from Fig. SA and B, we obtain »n_= 1.37, which represents the refractive

index of the electrolyte at the applied light wavelength (635 nm from a diode laser). This shows
that the low concentration Gly present in the solution does not measurably affect the refractive

index of the Ref. electrolyte.”* >
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The main dip in R(8), observed around the 59° angle of optical incidence in Fig. 5A and
B, represents the plasmon resonance angle (6, ). In general, 6, is quite sensitive to variations in
the electrode’s interfacial properties,”"” > and here 6, shifts to higher values with increasing
anodic voltages. These different voltage responses of 6, and &, show how the SPR signal can
simultaneously detect the bulk and the interfacial effects. The potential dependent values of 6,
measured from Fig. 6A and B are shown, respectively, by plots (a) and (b) in Fig. 6C. The line

through the data points (symbols) display the general common trend of the two sets of data. The

specific trend of 6 (E)has been frequently seen in previous studies of similar SPR systems

10, 57, 58

involving aqueous electrolytes, and can be fully accounted for in terms of voltage induced

variations of excess charge densities at the Au electrode surface.'’ The slight hump-like feature

of the & (E) plot observed around —1.0 V can be attributed to the onset of reorientation of water

dipoles near the electrode’s potential of zero charge.”* >

The two 6, (E)plots recorded for the Gly free and the Gly added solutions are nearly

identical in Fig. 6C. This demonstrates that, regardless of the Gly content of the electrolyte, the
SPR response of the Au-electrolyte interface is dominated by the intrinsic voltage dependence of

the electrode’s surface charge. To a large extent, this charge is governed by the surface

coverages of Au(OH)’; on Au and by the values of 5(E) 22601 The SPR results in Fig. 6 are
consistent with the mechanism of Au(OH)’, mediated adsorption reaction of Gly considered in
eqns (7) and (10): The (OH)’; directly interacts with Au and controls the SPR angle of the Au-

electrolyte interface, whereas the Gly/Gly  interacts with the (OH)’; and introduces a relatively

weaker effect in the form of a slight broadening of the SPR plots in Fig. 6B. The latter effect can
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be associated with Gly/Gly induced minor changes in the imaginary dielectric function of the

electrode surface layer.'”

4.6. Voltammetric features of glycerol electro-oxidation at a rotating disc Au electrode
In view of earlier reported results for similar systems,*® it is expected that mass transfer limited
transport of reactants plays a role in restricting the anodic currents observed during the negative
voltage scans in Figs. 3A and 4A. This mass transfer limitation can also hinder the progress of
the multistep oxidation of Gly/Gly, and hence constrain the value of n. To explore these
possibilities, and to further probe the kinetic aspects of the Gly/Gly reactions on Au, a series of
CV experiments were performed using a polycrystalline Au RDE. Illustrative results, collected in
these experiments at a voltage scan rate of 50 mV s, are presented in Fig. 7. Panel A displays a
voltammogram recorded in the Ref. electrolyte, with @ set at 200 rpm. B shows several such
plots collected in a Ref. + 0.03 M Gly electrolyte with @ varied between 150 and 900 rpm. The
electrode currents detected over a given potential range are seen to increase with increasing
values of @. The Gly concentration for the RDE experiments was adjusted to 0.03 M to
establish an adequate control of the limiting currents by regulating the value of .

The flat regions seen in the voltammograms of Fig. 7B during the anodic scans represent

the limiting currents (i ). A close-up view of these i sectors is shown in Fig. 7C. RDE

generated cyclic voltammograms similar to those observed here have been reported in

. . - 20, 47, 62
electrocatalysis studies of various alcohols.*” *”

Unlike Figs. 3 and 4, the voltammograms in
Fig. 7 were recorded at a fixed scan speed; in the latter case, this has led to a cycle independent

termination point for the post-peak oxidation current of Gly/Gly in the positive voltage scans.

Since the disc rotation speed has minimal effects on this oxidation-stopping potential, it is
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evident that the full range of @ applied here is effective for relaxing the mass transport limited
faradaic response of Gly/Gly oxidation. This is expected, because even at moderate values of
@ (~100 rpm), the effects of (natural convection and) diffusion are mostly eliminated by forced
convection of the RDE.”

The contribution of convective mass transport to the faradaic efficiency of the RDE is
also seen in the higher recovery of the anodic currents generated during the reverse (cathodic)
sweeps in Fig. 7B compared to those of the stationary electrode in Figs. 3A and 4A. This
observation is consistent with the results reported by Qi et al., where Gly conversion on an Au/C
anode was found to vary as a function of electrolyte flow rates.”* The overall currents of
Gly/Gly oxidation in Figs. 3 and 4 are higher than those found in Fig. 7B, due to the lower Gly
concentration used in the latter case.

The limiting currents observed in Fig. 7B increase with increasing values of @ according
to eqn (5). However, the limiting current plateaus eventually begin to appear as “peaks” after @
exceeds a certain value (300 rpm in the present case). This effect has been frequently observed in

65, 66

previous CV studies of RDE systems, and its origin has been explained in terms of a

competition between the speed of voltage scan and that of disc rotation under quasi-steady state
conditions." ¢’ The underlying mechanism of this effect is briefly noted below.

The velocity component (V) of disc rotation along the surface normal near the electrode
is expressed as: V, ~—0.51(v,"*®**)x?, which rapidly drops to zero as x — 0."> %" As a result,
in the close vicinity of the electrode surface, a scan rate dependent reaction zone of thickness o,
dominates over J, as a major governing factor of the effective reaction rate.”® Here 7 denotes

the timescale necessary for voltage driven replenishment of reactants at the electrode surface;

t=(RT /n,Fv), and 8. ~ (xD7)"*. The value of &,decreases with increasing values of @, and
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depending on the experimental system, eventually can become comparable to the dimension of

o, . When this happens, the voltage response of iis no longer controlled by J,, but is dictated by

67,19
5.

Within the reaction zone of o, the interfacial characteristics of the RDE resembles those
of a stationary electrode, and hence the corresponding currents become peak-shaped (as those in
Figs. 3A and 4A.°® The largely depleted reactant concentration created at the electrode interface
following the anodic voltage scan is maintained in the reverse scan until the voltage reaches ~0.0
V, where the oxidation current rises again. However, owing to the continually decreasing
oxidation overpotential encountered in going from —0.1 to —0.2 V, this current subsequently
drops back to zero. As a result, no well-defined peaks or plateaus are detected in the cathodic
voltage scans of Fig. 7B (and also in those of Figs. 3A and 4A for the same reason).

As noted above, o, increases with decreasing values of v, and 6, decreases with increasing

values of @ . Thus, the threshold of @, at which the limiting plateau of the RDE current changes
over to a peak shape, can be regulated by adjusting the value of v. In addition, according to

Levich equation, the RDE current can be maintained as i, and examined over an appreciable
range of @ as long as ¢, is maintained at a low/moderate value. Thus, it is necessary to
simultaneously adjust the three experimental variables, v, ¢, and @ in RDE based quasi steady
state CV of Gly oxidation to effectively maintain the 7, plateau (this plateau is necessary for the

analyses of Levich and Koutecky—Levich plots). In the present work, this has been accomplished
by choosing the appropriate control variables through a series of preliminary trial measurements.
While the analysis presented in Fig. 7 is based on CV scans applied at a rate of 50 mV

s™', the value of v for RDE-CV measurements is often limited in the 20-25 mV s range.zo’ e
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Therefore, to verify the criterion of quasi-steady state, we also performed these measurements at
v=20 mV s and compared the results with those recorded at 50 mV s™'. For the 20 mV s~
scan, the conditions necessary to support adequately widened i;, plateaus were met by using 2 =
80-300 rpm, with ¢, (Gly) = 0.03 M. As shown in Fig. 8, these additional RDE voltammograms
are very similar to those obtained in Fig. 7 at v = 50 mV s '. This demonstrates that the quasi-
steady state condition for RDE-CV is maintained in the 20-50 mV s™' range of v examined here.
In addition, the slower scans of CV in Fig. 8A allow for a higher recovery of the oxidation
currents in the negative voltage sweeps compared to those seen in Fig. 7A. This further affirms

the presence of diffusion limited (slow) transport in the eletro-oxidation of Gly.

4.7. Effects of convective mass transport on the faradaic efficiency of glycerol electro-
oxidation

Fig. 9A and C displays Levich plots constructed using the anodically swept parts of RDE
voltammograms collected at 50 and 20 mV s scan rates, respectively. The corresponding plots
shown in Fig. 9B and D, are based on the Koutecky-Levich equation. Due to the competing
effects of @ and v mentioned in the last section, the i; dominated sectors of the voltammogams
exhibited a somewhat slanted trend at the higher rotation speeds. To confirm that these features
did not arise from any voltage dependent reaction mechanisms, the i; values were determined
using standard protocols’® at three equally spaced regions of the voltammograms between —0.05
and 0.10 V. The three plots shown in each panel of Fig. 9 correspond to the mid-point voltages
of these sampling regions. As seen in the nearly coincident three plots in each panel, the voltage

dependence of i, (@) is insignificant.
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From the slopes of the linear fits to the data in Fig. 9, one can determine » by using the
known values of v, for water at 25 °C, D and c, . Since the conventional Levich (as well as the

Koutecky-Levich) equation corresponds to a single step electron-transfer, the linear behavior of
this equation for multistep reactions is typically observed over a limited segment of @ where the
prevailing RDS dictates the reaction kinetics.”> ’' This is seen in Fig. 9, where 7 indicates the
average value of n collected from the three sampling voltages within the limiting current regime.
These results for 7, obtained using two different values of v and employing the framework of
both Levich and Koutecky-Levich analyses, are in close mutual agreement.

The combined average value of 7 obtained from the four panels of Fig. 9 is 9.31. An
examination of the previously known (alkaline) reaction pathways of Gly oxidation® * 7
suggests that, the maximum expected electron count closest to this observed value of 7 should

be 10 for the RDE system. Such a process would involve 4e” oxidation of malonate to
mesoxalate:

C,H,0; +40H =C,0! +3H,0+4e", (14)
occurring after reaction (13). Glyceraldehyde, malonic acid and mesoxalic acid are commonly
found products of Gly oxidation on Au based electrodes, and the total 10 e pathway detected
here for reactions [(8) or (11) + (12) + (13) + (14)] is consistent with earlier published results.”
3% 72 The intermediates generated in the reaction sequence terminating in eqn (14) should only
represent those of electron-exchanging surface reactions. Therefore, as noted in the context of
eqn (11), the bulk decomposition products of glyceraldehyde do not appear to measurably
interfere with the surface reactions studied here. At the same time, convective transport of
electrode species (including that of OH™ to the electrode surface) seems to be a critical factor for
supporting reaction (14).
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4.8. Rate determining step under convective mass transport

Since reaction (14) is the final step of Gly/Gly oxidation activated here by switching
from the stationary electrodes to the RDE, it is expected that the initial RDS of the reaction chain
remains unchanged irrespective of the electrode’s rotation. This can be verified by checking if

the typical value of n (1—a), determined for the stationary electrodes (Figs. 3C and 4C), agrees

with that associated with the RDE. Measuring this RDS parameter with v dependent CV, as
considered in Figs. 3B and 4B, is not possible for the RDE data, because the RDE
voltammograms do not use v as a control variable. Nevertheless, since the mass transfer limited

component of iin Figs. 7 and 8 can be separated as ir, these irreversible currents are suitable for
Tafel analysis. In the following we evaluate 7 (1—c)for the RDE system using the latter

approach.”
Figure 10 shows plots of eqn (4) using the data from Figs. 7 and 8 for the different

1

conditions of the RDE experiments: v=50mV s, at® = 190, 200 and 210 rpm (closed squares,

circles and triangles, respectively); and v = 20 mV s~

,at o =100, 110 and 120 rpm (open
squares, circles and triangles, respectively). All the six sets of data plotted in Fig. 10 converge on
a single graph as indicated by the linear fit to the composite group. The value of 7, (1-a)
resulting from these fits to the RDE data is 0.09, which is in general agreement with those found

in Figs. 3B and 4B for the stationary electrodes. This indicates that the same RDS operates in the

oxidation of Gly on both the rotating and the stationary electrodes.
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5. Conclusions

The experiments reported here utilize a combination of the CV and SPR techniques to
investigate the electrocatalytic steps of Gly oxidation on stationary and rotating Au electrodes in
a supporting base of 2M NaOH. The cumulative number, n, of electrons released in the electro-
oxidation of Gly is measured by CV with and without convective support for mass transport.
These values of n are used as markers of the associated surface reactions to identify the step-wise
generated electro-oxidation products of Gly. The kinetic features of the voltammetric data are
examined by varying the potential sweep rates of stationary Au electrodes, and by varying the
disc rotation speeds of an Au RDE.

The effective n values measured for the stationary Au electrodes are indicative of a 6 e~
oxidation process for both Gly and Gly, where the latter solution species comes from the base
catalysis of Gly. The experimentally monitored electron-counts suggest glyceraldehyde,
glycerate and malonate as the subsequent oxidation products of Gly/Gly . At the stationary
electrode surface, this oxidation sequence terminates at the six-electron stage due to diffusion
limitation of reactants and site blocking. Controlled variations of the upper voltage bound of CV
scans indicate that the initial dehydrogenation of Gly/Gly is the RDS. Levich and Koutecky-
Levich analyses of the RDE data suggest a 10 e process for the RDE. The increased electron
yield found for the RDE is attributed to further oxidation of malonate to mesoxalate (4 ™). Tafel
plots obtained from the RDE-CV data demonstrate that, the RDS of Gly/Gly- oxidation remains
unchanged between the stationary and rotating electrodes.

While the initial base catalysis of Gly is controlled by bulk OH™ species, the surface
bound (OH),q4 facilitate the successive oxidation steps of Gly/Gly . The (OH),q surface species

acts as a coupler between the Au surface and the co-adsorbing Gly species, where the activation
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barrier for the latter’s oxidation is lowered. Thus the chemisorption characteristics of the Au

surface within the oxidation regime of Gly continue to be dominated by those of OH. This role

of the surface bound OH is verified with SPR measurements performed within the voltage region

of Gly oxidation.
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Figure Captions

Figure 1. (A) Voltammograms for a gold film electrode recorded using CV in 2 M NaOH at a
scan rate of 0.05 V s'. (B) Voltammograms of the Au film electrode obtained in 2 M NaOH
using different scan speeds between 0.03 (inner most plot) and 1 V s”' (outer most plot). The
potentials (E,) corresponding to the (a) anodic and (b) cathodic current peaks are shown in (C).
(D) Shows voltage scan rate dependent peak valuess (i,) of the (a) anodic and (b) cathodic
currents taken from (B). In (C) and (D), the symbols denote data points and the traces are linear
fits to the data.

Figure 2. CV data for a polycrystalline Au stationary electrode, recorded in 2M NaOH using (A)
v=0.05V s, and (B) at different values of v between 0.03 and 1 V s™'. The anodic potential
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(Ep) and the current densities (i,) corresponding to the peaks found in (B) are also shown as of
functions (C) log (v) and (D) v, respectively; the traces are fits to the data (symbols).

Figure 3. (A) CV data for a gold film electrode collected in 2 M NaOH + 0.1 M Gly at different
scan rates between 0.03 and 1.0 V s™'. The inset in (A) separately shows the currents from the
positive voltage scans. The potentials (Ep) and the electrode currents (i,) corresponding to the
anodic peaks are shown as functions of (B) log (v) and (C) v, respectively; ; the traces are fits to
the data (symbols).

Figure 4 (A) CV data for a polycrystalline Au stationary electrode, recorded in 2M NaOH +
0.1M Gly at different scan rates between 0.03 and 1.0 V s™'. The inset in (A) separately shows
the currents from the positive voltage scans. The potentials (£p) and the electrode currents (ip)
found at the peak points of the graphs in (A) are shown as functions of v in (B) and (C),
respectively. The symbols and the traces denote experimental data and linear fits to the data,
respectively (B and C).

Figure 5. Currents of Gly electro-oxidation at the surface of a stationary polycrystalline Au
electrode, varied as a function of the maximum anodic overpotential applied. The arrows indicate
the direction of voltage scan.

Figure 6. Angle resolved SPR reflectivity plots (A and B) for a thin film Au electrode, recorded
at different voltages in 0.1 V intervals between —0.5 and 0.5 V using 2 M NaOH + x M Gly
electrolytes. (C) Voltage dependent SPR angles (6,), taken from A (squares) and B (circles). The
symbols are experimental data and the solid line shows the common general trend of the data for
both values of x.

Figure 7. (A) CV data for a gold RDE, recorded in (A) 2M NaOH and (B) 2 M NaOH + 0.03 M
Gly at a voltage scan rate of 0.05 V s™'. The electrode rotation speed is 200 rpm in (A) and
varied between 150 and 900 rpm in (B). The limiting current regions of the voltammograms
observed during the anodic sweeps in (B) are separately shown in (C).

Figure 8. (A) CV data for a gold RDE, recorded in 2M NaOH + 0.03 M Gly at a voltage scan
rate of 20 mV s, with @ varied as shown. The limiting current regions of the voltammograms
observed during the anodic sweeps in (A) are separately shown in (B).

Figure 9. (A) Levich and (B) Koutecky-Levich plots of the limiting current for a gold RDE,
recorded at v = 0.05 V s™'. The traces are linear fits to the appropriate regions of the data (@ <
300 rpm). (C) and (D) show, respectively, Levich and Koutecky Levich graphs obtained for the
Au RDE at v=0.02 V s™". The linear fits to the data in (C) and (D) correspond to @ < 180 rpm.

Figure 10. Tafel plots for the Au polycrystalline RDE, recorded in 2 M NaOH with 0.03 M Gly

using two different rates of voltage sweep (mV s') at several angular speeds of disc rotation
(rpm). A single linear fit is applied to the full data set.
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