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Abstract

The mechanism and kinetics of the electrochemical oxidation of glucose on gold

surfaces in 0.1 M NaOH solution are investigated by rotating disc electrode and

differential electrochemical mass spectrometry coupled to microkinetic modelling.

For this purpose, the glucose mass-transport parameters (solution viscosity and

density, glucose diffusion coefficient) were determined in the relevant conditions.

Koutecký-Levich analysis of rotating disc electrode current-potential curves re-

vealed that the glucose oxidation reaction (GOR) follows a one-electron mechanism

at 0.6 V vs RHE, while H2 production could be evidenced by DEMS in this poten-

tial range. This suggests that the glucose oxidation selectively produces gluconate

at 0.6 V vs RHE through an electrochemical oxidative dehydrogenation (EOD)

mechanism. A microkinetic model of the current-potential curves was developed,

taking into account the hydrogen electrode reactions kinetics, the dissociative ad-

sorption/desorption of glucose, and the glucose electrooxidation on gold surfaces.

The dissociative adsorption of glucose was found to be the rate-determining step

of the reaction. It is also revealed that the release of anodic H2 through the Tafel

step is triggered by the consumption of the adsorbed reaction intermediates. The

gluconate electrooxidation into further products has to be considered for potential

above 0.7 V vs RHE.
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Highlights

• The glucose diffusion coefficient was determined in 0.1 M NaOH.

• The GOR follows an electrooxidative dehydrogenation process on gold at 0.6

V vs RHE.

• The rate-determining step of the GOR is glucose dissociative adsorption.

• The H2 anodic production is triggered by the oxidation of GOR adsorbed

intermediates.

1 Introduction

Fine chemistry massively relies on fossil fuels, used as feedstock [1]. In order to

respond to current environmental challenges, a change in raw material is neces-

sary. Glucose is a promising carbon source, that can be used as an alternative raw

material [2]. It can be extracted by hydrolysis [3] from lignocellulosic biomass [4]
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(a renewable resource) such as agricultural waste, urban wood waste or industrial

organic waste. Then, as a biomass-derived platform molecule, it can be trans-

formed into many value-added products such as fumaric acid, itaconic acid, malic

acid, arabinose and 5-hydroxymethylfurfural (HMF) among many others [5, 6],

but also into gluconic acid [7], the latter having a wide range of applications in

food, health, textile and cosmetic industries [8].

Due to its possible applications, the glucose oxidation reaction (GOR) has been

studied on many catalysts [9] and especially on noble metals such as Ag, Ir and

Rh [10], but also Pd [11, 12, 13] and Pt [14, 15, 16]. Among those catalysts,

Au demonstrated very promising properties for the selective oxidation of glucose

into gluconate [17, 18]. In a recent contribution, it was shown that the glucose

oxidation is accompanied by anodic hydrogen production, as evidenced by differen-

tial electrochemical mass spectrometry (DEMS) measurements [18]. This process,

called electrochemical oxidative dehydrogenation (EOD) [19], involves C-H bond

cleavage and H2 desorption from the recombination of the adsorbed hydrogen Had,

through a Tafel step.

Although the glucose oxidation into gluconate on gold is generally considered as

a 2-electron mechanism [20], Koutecký-Levich (KL) analysis of rotating disc elec-

trode current-potential curves recently revealed that only 1 electron is exchanged

per glucose molecule for the early stages of the glucose oxidation reaction [21],

which is consistent with the electrochemical oxidative dehydrogenation of aldehy-

des to carboxylates discussed by Ramos et al. [19].

Despite numerous studies, the EOD mechanism is still under discussion. In

the case of hydroxymethylfurfural electrooxidation, it was suggested that gem-

diolate formed through the reaction of aldehyde with OH– is the active species

[22]. Kinetic isotope effect studies have shown that the C-H bond cleavage is

involved in the rate determining step [23]. Besides, it was suggested that the

formation of anodic H2 is favored by the displacement of Had by OH– adsorption

[24], the Tafel step being then faster than the Had oxidation to form H2O (Volmer

step).

In this contribution, we study the kinetics of the GOR on gold surfaces by em-

ploying rotating (ring) disc electrode, differential electrochemical mass spectrome-

try and microkinetic modelling. First, the evaluation of the number of exchanged
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electrons by a KL study relies on the value of the glucose diffusion coefficient. To

the best of our knowledge, no accurate data for the glucose diffusion coefficient in

alkaline media are currently available: a value of 6.7 10−6 cm2 s−1 (at infinite di-

lution in water at 25°C) is given by the CRC Handbook of Chemistry and Physics

[25], while a much higher value (calculated as a mean over experiments measured

at various concentrations and at room temperature) is proposed by Hassaninejad-

Darzi et al. [26]. The actual value of the glucose diffusion coefficient is evaluated

using a rotating ring disk electrode (RRDE) under relevant conditions for the

study of the glucose oxidation reaction, and an updated Koutecký-Levich analysis

is proposed.

Then, a mean field microkinetic model of the glucose oxidation reaction (GOR)

on gold is developed to provide insight into the EOD kinetics. The GOR reaction

steps used in the microkinetic model are based on the mechanism previously pro-

posed by Medrano-Banda et al. [21]. To account for the glucose mass-transport,

the model relies on viscosity and diffusion coefficient values, that were determined

in the relevant conditions. The kinetic parameters of the hydrogen evolution re-

action (HER) on Au electrode are adjusted using the current-potential curves

obtained in supporting electrolyte in the absence of glucose. These parameters

were used in the model of the glucose oxidation reaction to simulate the anodic

H2 production observed by DEMS. By confronting the experimental data to the

microkinetic simulations, we conclude that the glucose dissociative adsorption is

the rate-determining step of the GOR on Au surfaces. Analyzing the rates of the

steps involved in the GOR reveals that the anodic H2 production occurs through

the Tafel step and is triggered by the consumption of the adsorbed intermediates

of the GOR. Finally, the gluconate oxidation has to be taken into account for

potential above 0.7 vs RHE.

2 Experimental

2.1 Materials

All solutions were prepared using ultrapure water (Milli-Q, resistivity > 18.2 MΩ

cm, < 3 ppb TOC) and purged using 5.0 purity argon from Messer. D-(+)-glucose

(≥ 99.5% purity) was purchased from Sigma Aldrich, and sodium hydroxide so-

lution (50% w/w) from Alfa Aesar. All chemicals were used as received, without
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further purification. Au sputtering targets (4N purity) used for the thin film de-

position for DEMS experiments were purchased from Neyco.

2.2 Physical parameters determination

The dynamic viscosity (µ, mPa s or cP) of the electrolyte (1, 5 or 10 mM glucose

in 0.1 M NaOH) was determined using a viscometer Brookfield Fungilab Alpha,

thermostated at 10, 25 and 40°C. A series of volumic mass (ρ, g cm−3) measure-

ments were performed in the same conditions, using a LASER densimeter (Anton

Paar DMA 4101). Out of these measurements, the kinematic viscosity (ν, cm2 s−1)

of the electrolyte was determined using the well-known relation ν = µ/ρ. This

physical parameter of the electrolyte allows then accessing the diffusion coefficient,

through the use of a rotating ring disk electrode (RRDE).

2.3 Electrochemical measurements

RRDE measurements

The rotating ring disk electrode (RRDE) can be used under certain conditions to

determine the diffusion coefficient of an electroactive species. The measurement

method, described in details elsewhere [27, 28, 29], relies on the so-called transit

time (ts) measured between the application of a potential perturbation at the disk

electrode, and its effect measured at the ring. This transit time can be expressed

as:

ts = K

(
ν

D

)1/3
ω−1 where K = 43.1

(
log

[
Dir

Dod

])2/3
(1)

Thus, the transit time ts (s) depends on the previously determined kinematic

viscosity of the electrolyte (ν, cm2 s−1), the diffusion coefficient of the electroactive

species (D, cm2 s−1) and the rotation speed of the electrode (ω, rpm). The

geometry of the RRDE is accounted via K (s.rpm). Here, the internal diameter of

the ring (Dir) and external diameter of the disc (Dod) were measured respectively

at 4.96 and 4.57 mm, i.e. K = 4.661. A series of measurements made by a VSP

95 potentiostat at various rotation rate will then allow plotting ts vs ω−1, the

slope of the straight line obtained giving access to the diffusion coefficient of the

electroactive specie. An example of a series of measures is given in section 4.1.
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RDE measurements

Once the glucose diffusion coefficient is known at the relevant concentration and

temperature, in the actual electrolyte (NaOH 0.1 M), it is possible to determine

the number of exchanged electrons through a Koutecký-Levich study. To that

goal, cyclic voltammetry measurements were performed at 10 mV s−1 and at

rooom temperature, on a rotating disk electrode (RDE) equipped with a 1 µm

mirror-polished gold disk of 2 mm diameter, dipped into a 1 mM glucose + 0.1

M NaOH solution. By expressing Ik the kinetically-limited current and IL the

mass-transport limited current, one obtain at a given potential [30]:

1
I

= 1
Ik

+ 1
IL

= 1
Ik

+ 1
0.62 z F A D2/3 ν−1/6 C ω1/2 (2)

where I is the measured current (mA), z is the number of electrons exchanged,

F the Faraday constant (96485 C mol−1), A the geometric surface of the electrode

(cm2), D the diffusion coefficient of the electroactive species (cm2 s−1), ν the

kinematic viscosity of the electrolyte (cm2 s−1), C the electrolyte concentration

in electroactive species (mol L−1) and ω the rotation speed of the electrode (rad

s−1). Again, a series of CV acquired at various rotation rate will allow plotting

1/I vs ω−1/2, the slope of the straight line obtained giving access to the number

of exchanged electrons, z.

2.4 DEMS measurements

Differential Electrochemical Mass Spectrometry (DEMS) was used to probe hy-

drogen production (H2, M/z = 2) during cyclic voltammetry, performed with a

VMP2Z potentiostat. The mass spectrometer (QME 220, Pfeiffer Vacuum) is

separated from the cell by a porous steel frit, supporting 3 layers of porous hy-

drophobic PTFE membrane (Cobetter PF-002H, 20 µm thickness, 20 nm pore

diameter) to ensure water tightness. The working electrode (WE) was either a

RDE, either a 50 nm thick gold film deposited onto the upper PTFE membrane,

see section 4.3. Detailed deposition procedure and cell description are given else-

where [18], and the choice of the relevant WE is discussed in the results section. A

2 cm2 glassy carbon plate held by a gold wire was used as counter electrode, and a

commercial RHE (Gaskatel HydroFlex) was used as reference electrode (RE). The

RE was coupled to an auxiliary electrode (a Pt wire) through two capacitors (22
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µF each) to act as a filter for high frequency noise [31] generated by the DEMS

setup, and especially the turbo-molecular pumps.

3 Microkinetic model development

3.1 Parameters definition

Ci is defined as the interfacial concentration of the species i, and C∗
i its concentra-

tion in the bulk. These low values (in the order of magnitude of 10−5 mol cm−3)

can lead to significant numerical errors during resolution. To avoid so, Cref =

10−5 mol cm−3 and C0 = 1 mol cm−3 are defined as normalization concentrations,

and the model will use dimensionless (through C0) and normalized (through Cref)

concentrations: [i] = Ci/C0

Cref/C0 = Ci
Cref

and [i]∗ = C∗
i /C0

Cref/C0 = C∗
i

Cref
.

Besides, θi is defined as the surface coverage in specie i. For the simple species

(H, OH, O), a single surface site is considered as covered by their adsorption. For

the significantly larger species (gluconate and dissociated glucose), ns adjacent

sites will be considered as occupied. Finally, a non-dissociated glucose molecule

requires ns + 1 available sites to be adsorbed. Glu-H, Glu and Gla will designate

respectively non-dissociated glucose, dissociated glucose, and gluconate. From

this, one obtains the free sites (s) fraction: θs = 1−θH−θOH−θO−ns∗θGlu−ns∗θGla

In order to simplify the notations, we write f = F
RT as the reduced Faraday

constant. It will be used preferentially in all notations for the future and we will

note St the surface density of atoms (mol cm−2). This value defines the number

of sites available on the surface of the electrode, and the calculation of its value

(for a perfectly flat surface) is detailed in supporting information, section SI.3.2.

The real surface having a roughness Rf, we will take St, real = St, flat× Rf for the

model.

3.2 Modelled reactions

From the mechanism proposed in a previous contribution [21], 9 steps were taken

into account for this model, as depicted in Fig. 1.
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Figure 1. Modelled reactions in absence (supporting electrolyte, black lines) or in presence (red

lines) of 10 mM glucose in NaOH 0.1 M.

The HER mechanism comprises the Volmer, Heyrovský and Tafel elementary

steps:

Volmer: Had + OH– k◦
V EV αV−−−−−−⇀↽−−−−−−

1−αV
H2O + e– + s (3)

Heyrovský: H2 + OH– + s
k◦

H EH αH−−−−−−⇀↽−−−−−−
1−αH

H2O + Had + e– (4)

Tafel: 2Had
k◦

T−−−⇀↽−−−
k◦

T.fa

H2 + 2s (5)

k◦
V and k◦

H are defined as the kinetic constants of the Volmer and Heyrovský

steps, respectively. In the same way, αV and αH are defined as the charge-transfer

symmetry coefficients of the Volmer and Heyrovský steps, in the direct direction,

while EV and EH are the standard potentials of these steps. Concerning the

Tafel step, we define fa as the ratio between the kinetic constant in the backward

direction and the kinetic constant in the forward direction. By taking k◦
T the

kinetic constant in the forward direction, we then obtain k◦
T.fa the kinetic constant

in the backward direction. Finally, in the absence of information on local pH

variations during the reaction, the [OH–] concentration is kept constant. It will

therefore not be involved in the expression of reaction rates, as well as H2O. Thus,

the reaction rates are written:
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Volmer: vV = k◦
V

(
θH eαVf(Edl−EV) − θs e−(1−αV)f(Edl−EV)

)
(6)

Heyrovský: vH = k◦
H

(Cref

C0 [H2] θs eαHf(Edl−EH) − θH e−(1−αH)f(Edl−EH)
)

(7)

Tafel: vT = k◦
T θ 2

H − k◦
Tfa

Cref

C0 [H2] θ 2
s (8)

In order to take into account the thermodynamic potential of the couple H2O/H2

(equal to 0 V vs RHE for a H2 pressure of 1 bar, the hydrogen concentration in

the electrolyte then being [H2]sat), there is a relationship between EV, EH and

fa at thermodynamic equilibrium and in stationary conditions (see supporting

information, section SI.3.1). From that, we derive the expression of fa (see Eq.

SI.6):

fa = e2fEV

Cref
C0 [H2]sat

(9)

together with the expression of the standard potential of the Heyrovský step (see

Eq. SI.12):

EH =
ln
(

Cref
C0 [H2]sat

)
f

− EV (10)

These relations therefore make it possible to ensure that Edl = 0 V corresponds

to 0 V vs RHE. The other parameters (k◦
V, k◦

H, k◦
T, αV and αH) are adjusted to

reproduce the experimental behavior measured in the HER potential zone.

At high potential, the formation of surface hydroxides and oxides are considered

on Au surface:

Hydroxides: OH– + s
k◦

ox,Au Eox,Au−−−−−−−⇀↽−−−−−−− OHad + e– (11)

Oxides: OHad + OH– k◦
ox2,Au Eox2,Au−−−−−−−−⇀↽−−−−−−−− Oad + H2O + e– (12)

As before, we define k◦
ox,Au and k◦

ox2,Au the kinetic constants associated with the

formation of hydroxides and oxides, respectively. In the same way, we express

Eox,Au and Eox2,Au the associated standard potentials. The reaction rates are then

written as:
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Hydroxides: vox,Au = k◦
ox,Au

(
θs eαf(Edl−Eox,Au) − θOH e−(1−α)f(Edl−Eox,Au)

)
(13)

Oxides: vox2,Au = k◦
ox2,Au

(
θOH eαf(Edl−Eox2,Au) − θO e−(1−α)f(Edl−Eox2,Au)

)
(14)

In a first approximation, the charge-transfer symmetry coefficients α are taken

equal to 0.5 here, as in the rest of the model. In order to reproduce as faithfully as

possible the plateau observed at high potential, a Frumkin interaction parameter

constant (g) was introduced into the expression of the oxide formation rate. This

constant did not improve the simulations, so we considered a Langmuir adsorption

isotherm (g = 0) for simplicity.

In the presence of glucose, new reaction steps must obviously be considered.

First of all, we will consider the dissociative adsorption/desorption of glucose

(Glu), but also the adsorption/desorption of the gluconate ion (C6H11O –
7 , Gla).

These reactions are written:

Glucose: Glu H + (ns + 1)·s
k◦

ad,Glu−−−−⇀↽−−−−
k◦

des,Glu

Gluad + Had (15)

Gluconate: Gla + ns·s
k◦

ad,Gla−−−−⇀↽−−−−
k◦

des,Gla

Glaad (16)

It should be mentioned that the GOR reaction steps considered in the microki-

netic model might comprise several elementary processes, especially the dissocia-

tive adsorption of glucose on gold. For the sake of simplicity, it is considered

as a single step. We note k◦
ad,i and k◦

des,i the kinetic constants of adsorption and

desorption of the specie i, respectively. The adsorption of a glucose molecule re-

quires ns + 1 free sites: ns sites are covered by the glucose adsorbate itself, and

an additional site is needed to form the adsorbate Had, by dissociative adsorption.

Gluconate produced by oxidation of glucose therefore releases ns sites when it

desorbs. The associated reaction rates are then written as:

Glucose: vad,Glu = k◦
ad,Glu

Cref

C0 [Glu-H] θ (ns+1)
s − k◦

des,Glu θGlu θH (17)

Gluconate: vad,Gla = k◦
ad,Gla

Cref

C0 [Gla] θ ns
s − k◦

des,Gla θGla (18)
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For the sake of consistency, we noted here [Glu-H] the normalized concentration

of glucose (not dissociated), at the interface. In the following we will simply write

[Glu], the coverage rate of (dissociated) glucose adsorbate being written θGlu and

therefore cannot be confused.

The second category of reactions to consider are adsorbate oxidation reactions.

Since no reduction current (excluding HER) is measured in the potential range

considered, these reactions are considered irreversible. For glucose, we have two

possible oxidation reactions: a direct oxidation (1 step) with two hydroxide ions

in solution (which releases an electron) and a two-step oxidation which involves

an adsorbate OHad, the electron being then released during its adsorption. As no

effect of considering both paths distinctly was observed on the simulated data,

we will only take into account the global reaction, corresponding to the 1 step

process:

Gluad + 2OH– k◦
ox,Glu−−−→ Glaad + H2O + e– (19)

We denote by k◦
ox,Glu the kinetic constant of the glucose oxidation into gluconate

ion (C6H11O –
7 ad, denoted by Glaad. The electrical charge balance is therefore re-

spected). The reaction rate is then written:

vox,Glu = k◦
ox,Glu θGlu eαfEdl (20)

This glucose oxidation reaction is insufficient to reproduce the CVs obtained ex-

perimentally in the high potential region, see supporting information (Fig. SI.3).

It is therefore necessary to consider the oxidation of the gluconate. The detailed

mechanism of gluconate oxidation being beyond the scope of this paper, we will

only consider a one-step oxidation, which involves only hydroxide ions in solution,

although their prior stabilization on the surface is possible. The gluconate oxida-

tion products (which could include glucaric acid [20] and xylonic acid [16]) as well

as the number of electrons and OH– ions involved are not precisely known, and

will not be specified. This reaction is written:

Glaad + x OH– k◦
ox,Gla−−−→ Products + ns·s + y H2O + z e– (21)

And similarly to the oxidation of glucose, the reaction rate is written:
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vox,Gla = k◦
ox,Gla θGla eαfEdl (22)

The model considered being that of an RDE, the mass-transport in the electrode

vicinity takes place in a Nernst diffusion layer. The thickness δ (cm) of this

layer depends on the rotation speed ω (rad s−1) of the electrode, but also on the

viscosity of the electrolyte ν (cm2 s−1) and on the diffusion coefficient of the specie

i considered Di (cm2 s−1), according to the relation [30]:

δi = 1.61 D
1/3
i ν1/6 ω−1/2 (23)

We therefore define, for each species, a boundary layer thickness. For gluconate,

we will consider a diffusion coefficient value identical to that calculated for glu-

cose. Fick’s first law [30] then allows to express the diffusion speed of the species

considered here:

vdiff,H2 = DH2

δH2

(
[H2]∗ − [H2]

)
= DH2

δH2

C∗
H2

Cref
− [H2]

 (24)

vdiff,Glu = DGlu

δGlu

(
[Glu]∗ − [Glu]

)
= DGlu

δGlu

(
C∗

Glu
Cref

− [Glu]
)

(25)

vdiff,Gla = DGla

δGla

(
[Gla]∗ − [Gla]

)
= DGla

δGla

(
C∗

Gla
Cref

− [Gla]
)

(26)

3.3 ODE system definition

All the reactions taken into account previously, and in particular the associated

reaction rates, make it possible to define the system of ordinary differential equa-

tions (ODE), which describes the behavior of the system over time. Variations in

the coverage rate of each species result directly from the reaction rates, which lead

to the formation (counted positively) or consumption (counted negatively) of the

adsorbates considered. We then express:

dθH

dt
= vH − vV − 2 vT + vad,Glu (27)

dθOH

dt
= vox,Au − vox2,Au (28)
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dθO

dt
= vox2,Au (29)

dθGlu

dt
= vad,Glu − vox,Glu (30)

dθGla

dt
= vox,Glu + vad,Gla − vox,Gla (31)

and rely on the work of Koper et al. [32], subsequently refined by Berthier et al.

[33] in order to express the variations in interfacial concentrations (normalized) to

hydrogen, glucose and gluconate, as follows:

d[H2]
dt

= π2

4 δH2

×
(

St

Cref
(vT − vH) + vdiff,H2

)
(32)

d[Glu]
dt

= π2

4 δGlu
×
(
− St

Cref
vad,Glu + vdiff,Glu

)
(33)

d[Gla]
dt

= π2

4 δGla
×
(
− St

Cref
vad,Gla + vdiff,Gla

)
(34)

Moreover, the variation of the applied potential (U ) simply corresponds to the

(arithmetic) scan rate vs.

dU

dt
= vs (35)

Finally, the variation of the double-layer potential (Edl) is deduced from the

equivalent electrical diagram of the electrode (Fig. 2), which involves the double-

layer capacitance (Cdl), the charge-transfer resistance (Rct) and the electrolyte

resistance (RΩ):

Figure 2. Equivalent electrical diagram of the electrode.
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The total current (IT) is expressed according to Ohm’s law, but can also be

expressed as the sum of the faradic current (IF ) and the capacitive current (Idl).

We obtain:

IT = IF + Idl ⇔ U − Edl

RΩ
= IF + Cdl

dEdl

dt
(36)

After rearrangement and expressing IF according to the rate of the steps which

produce or consume some electrons, we finally obtain:

dEdl

dt
= −F St A

Cdl

(
vV + vH + vox,Au + vox2,Au + vox,Glu + z vox,Gla

)
+ U − Edl

Cdl RΩ
(37)

The set of eqs. (27) to (35) and (37) forms the ODE system to solve. This system

of equations was coded in Scilab (v 2023.1.0), and a brief calculation (depending

on the potential limits, the scan rate, and the desired temporal resolution) makes

it possible to obtain the time vector corresponding to a scan (positive or negative).

Once the initial conditions are fixed, the ’ode’ solver implemented in Scilab makes

it possible to solve the system of differential equations for each step of the time

vector, therefore at each potential of the scan considered. The ’ode’ function

will be called with the ’stiff’ option (which allows sudden variations to be finely

resolved, such as when reactivating the surface for example) and with a relative

tolerance on the solutions obtained of 1 10−12. In order to optimize calculation

times, the initial conditions are set at 1.5 V vs RHE, and the first scan calculated

is therefore the return scan (negative arithmetic scan rate). At the end of this

calculation, the scan rate is inverted (now positive), the values obtained at -0.5 V

vs RHE (lower limit) are used as the new initial conditions, and a second resolution

of the equations system allows to obtain the forward sweep.

After each resolution of a scan, we directly obtain the applied potential, the

double layer potential, and the surface coverage for each species. We deduce from

that the total current (see Eq. 36) as well as the equivalent current of hydrogen

generated (DEMS). The latter is calculated from the hydrogen flow (taken from

the diffusion speed) according to Faraday’s law and is expressed as:

Ieq,H2 = −2 F A Cref vdiff,H2 × Hcor (38)
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where A is the geometric surface of the electrode. The factor Hcor makes it pos-

sible to correct the modeled hydrogen current so that it corresponds to the values

measured in the supporting electrolyte, according to the calibration constant. The

same Hcor value is used in the presence of glucose.

The list of the parameters used to solve the ODE system and their values is

given in Appendix A.

4 Results and discussion

4.1 Diffusion coefficient determination

The dynamic viscosity and volumetric mass density measurements were performed

at 10, 25 and 40°C, with 0.1 M NaOH solution containing 1, 5 or 10 mM glucose.

Raw results of these measurements and the calculated kinematic viscosity are

given in supporting information, Tab. SI.1, Tab. SI.2 and Tab. SI.3, respectively.

As previously described, a series of measurement was performed on a gold-gold

RRDE, the ring being polarized at 1 V vs RHE during 20 s, and the disk being

polarized first at 0 V vs RHE (from 0 to 10 s) and then at 1 V vs RHE (from

10 to 20 s). Each measure was repeated 3 times to ensure repeatability, and an

example of series is given Fig. 3.

Figure 3. One series of measures performed at the gold ring of a RRDE, dipped into 0.1 M NaOH

+ 1 mM glucose, at 25°C. The transit times ts measured at 64 and 169 rpm are given as illustration,

and a detailed description of the calculation procedure is given in supporting information, Fig. SI.1.

As expected, the current measured before disk polarisation (at 10 s) increases

with the rotation rate, due to an increased mass-transport. After polarization,

15
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the transit time ts decreases with the rotation rate, also due to a faster mass-

transport. Out of these measurements, the transit time was plotted vs ω−1 for

each condition (10, 25 and 40°C, 1, 5 and 10 mM glucose) and showed excellent

linearity, the minimum R2 value obtained from the linear fit being 0.9960. The

treated data are given in supporting information, Fig. SI.2. Combining the slope

of the linear fit to the previously determined kinematic viscosity allows to calculate

the glucose diffusion coefficient, as synthesized in Tab. 1.

Table 1. Glucose diffusion coefficient in 0.1 M NaOH calculated from RRDE measurements.

D, 10−5 cm2 s−1
Temperature

10°C 25°C 40°C

1 mM 0.68 1.68 2.85

5 mM 1.00 1.43 2.21

C
on

c.

10 mM 1.13 1.27 1.79

These values were compared to the few values available in the literature in Fig.

4.

Figure 4. Glucose diffusion coefficient measured by RRDE as function of the temperature,

compared to the values available in the literature.

The glucose diffusion coefficient values found by RRDE are comprised be-

tween those proposed by the CRC Handbook of Chemistry and Physics [25] and

Hassaninejad-Darzi et al. [26]. As expected, the apparent diffusion coefficient is

higher at higher temperature, the species having a better mobility. This effect is
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reduced with increasing glucose concentration, due to an increasing viscosity of the

electrolyte, which has an adverse effect on the species mobility. Surprisingly, this

trend is inverted at low temperatures (10°C), where the electrolyte containing the

highest glucose concentration exhibits the highest apparent diffusion coefficient.

This could be tentatively attributed to a temperature-dependant modification of

the water structure by glucose [34]. Although they require to be reproduced by

other groups to be confirmed, these values are, to the best of our knowledge,

the most relevant available data for the determination of the glucose oxidation

mechanism.

4.2 Electron number determination

A series of voltammograms was measured at 10 mV s−1 on a gold RDE, in presence

of 1 mM glucose and at room temperature. Then, as previously described, a

Koutecký-Levich (KL) study was performed at potentials ranging from 0.60 to

1.18 V vs RHE. The raw voltammograms and the associated KL plots are given

in Fig. 5.

Figure 5. Cyclic voltammograms measured on a gold RDE (2 mm diam.) in 0.1 M NaOH + 1

mM glucose, at 10 mV s−1 and at room temperature. Currents are measured during the positive

scan for the Koutecký-Levich analysis.

Based on the parameters extracted from the KL plots and on the kinematic

viscosity (1.26 10−2 cm2 s−1) and glucose diffusion coefficient (1.68 10−5 cm2 s−1)

calculated at 1 mM and 25°C, the number of electrons exchanged during glucose

oxidation on gold were calculated as synthesized in Tab. 2.
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Table 2. Koutecký-Levich analysis for the GOR on gold.

E (V vs RHE) 1/Ik (mA−1) Slope R2 Exchanged electrons

0.60 23.6 488 0.9956 0.8

0.78 16.9 314 0.9968 1.3

0.88 18.3 156 0.9945 2.5

0.98 11.8 88.1 0.9922 4.4

1.08 7.79 72.1 0.9961 5.4

1.18 6.21 71.8 0.9996 5.5

These updated calculations of the number of exchanged electrons are in agree-

ment with the proposed mechanism, described in details elsewhere [21] and repro-

duced in Fig. 1. Roughly one electron per glucose molecule is exchanged at mod-

erate (0.6 V vs RHE) potentials, from the oxidation of the adsorbed glucose into

gluconate. At this potential, the Had species formed through the dissociative ad-

sorption of glucose onto the gold surface recombine to produce H2 through a Tafel

step, as confirmed by DEMS. In this case, the GOR equation is: C6H12O6 + 2OH–

→ C6H11O –
7 + H2O + 1

2 H2 + e–. At higher potential (0.7 - 0.8 V vs RHE), the

Volmer step (Had oxidation into H2O, with one electron exchanged) becomes faster

than the Tafel step, which leads to an overall number of 2 electrons exchanged,

according to the equation: C6H12O6 + 3 OH– → C6H11O –
7 + 2 H2O + 2 e–. With

increasing potential, up to 4 additional electrons come from the oxidation of the

gluconate species previously formed by glucose oxidation, leading to an overall

number of ca. 6 electrons exchanged per glucose molecule.

Although the calculated number of electrons agrees with the proposed mecha-

nism, this is insufficient to validate it firmly. To go one step further, the proposed

mechanism will be modelled and confronted in a semi-quantitative manner to the

experimental data acquired by cyclic voltammetry and DEMS measurements.

4.3 Experimental data acquisition

For simplification reasons, the mass-transport is modelled as for a RDE, with a

rotation rate determining the thickness of a diffusion layer at the vicinity of the

electrode. This model is perfectly suitable for experiments carried out on a real

RDE, with a well-defined rotation rate and mass-transport. However, the exper-

imental data comprised also DEMS data, only measurable in an electrochemical
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cell coupled to the mass spectrometer. Then, it has been tried to bring a RDE

(used as WE) near the uncoated PTFE membranes of the DEMS, as depicted

in Fig. 6.a. In that configuration, the mass-transport was well-defined, but no

gaseous species could be detected by the spectrometer. It is likely that the gas

dissolution in the solution bulk is faster than its transfer through the PTFE mem-

branes to the DEMS vacuum. A common technique to overcome this limitation

is the use of a capillary (diameter typically below 1 mm) as MS inlet, placed very

close to the electrode surface (10 µm) as depicted by Briega-Martos et al. [35]. In

our case, the distance between the RDE tip and the DEMS membrane couldn’t be

reduced below 1-2 mm due to the experimental configuration, which was therefore

discarded. An alternative experimental configuration was preferred (Fig. 6.b),

with the use of a gold thin film (deposited onto the PTFE membrane) as WE,

ensuring a correct gas collection by the DEMS. A RDE equipped with a PTFE

tip was approached to the surface and used as a stirrer to create a ”controlled”

mass-transport at the vicinity of the WE.

Figure 6. Initial (a) and final (b) configuration of the DEMS + RDE setup, and the associated

CV measurements in 0.1 M NaOH + 10 mM glucose. No gaseous species could be detected in

configuration a, then the configuration b was preferred.

Although the effect of the rotation rate of the RDE is clearly visible in the

chosen configuration (b), the actual mass-transport is significantly lower than on

a real RDE rotating at the same speed (a), leading to lower currents. Then, a
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correction factor needs to be applied on the actual rotation speed of the RDE used

as a stirrer to match the efficient mass-transport produced at the electrode. On

a real RDE (configuration a), the mass-transport limited current density (jl,R) is

defined by the Levich equation:

jl,R = 0.62 z F D2/3 ν−1/6 C ω
1/2
R (39)

where ωR is the rotation rate of the real RDE. Then, as it will be done for the

model, the DEMS porous working electrode (configuration b) is assimilated to a

RDE, rotating at ωD,eq. Thus, the current density measured at the DEMS (jl,D)

can be linked through the same equation to the effective mass-transport:

jl,D = 0.62 z F D2/3 ν−1/6 C ω
1/2
D,eq (40)

The experiment being carried at the same potential and in the same electrolyte,

any other parameters are kept constant between the configuration a and b, leading

to:

jl,D

jl,R
=
(
ωD,eq

ωR

)1/2
from what ωD,eq =

jl,D

jl,R

2

ωR (41)

Finally, a RDE used as a stirrer (configuration b) generates a mass-transport at

the DEMS working electrode equivalent to a real RDE (configuration a) rotating

slower, the correction factor being (jl,D/jl,R)2. This factor was evaluated at 0.6 V

vs RHE, at every rotation rate. The results are given in Tab. 3.

Table 3. Correction factor of ω at 0.6 V vs RHE

ω (rpm) jRDE (mA cm−2
geo) jDEMS (mA cm−2

geo) Factor ωD,eq (rpm)

400 3.62 0.47 59.32 7

900 5.44 0.64 72.25 12

1600 6.61 1.04 40.40 40

2500 7.39 1.62 20.81 120

As expected, the equivalent rotation rate of the fictive RDE is significantly

slower that the actual rotation rate of the RDE used as a stirrer, due to less

efficient mass-transport. In an ideal case, this factor should be equal to 1 (fully

efficient). It seems that at high rotation rate, the factor decreases, from more than

70 (calculated at 900 rpm) to ca. 20 at 2500 rpm. The mass-transport efficiency
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at the DEMS electrode is then higher at high rotation rate. However, due to the

low quality of the CV acquired at high rotation rate, the data obtained at 400

rpm were preferred. At this rotation rate, the correction factor is close to 59,

leading to an equivalent rotation rate of 7 rpm. This value will be used in the

model to determine the mass-transport conditions, and especially the diffusion

layer thickness.

4.4 Simulation of the CV in the absence of glucose

Based on the modelled reactions (Fig. 1) and on the ODE system derived from

them (see section 3.3), a first set of simulations were performed in the absence

of glucose, to reproduce the experimental data of Au electrodes in 0.1 M NaOH

obtained by CV and by DEMS. The experimental results and the optimized sim-

ulations are depicted in Fig. 7.

Figure 7. Experimental (black curves) and simulated (red curve) data of a CV (a) and of the

associated DEMS signal of H2 (b) measured at 10 mV s−1 in 0.1 M NaOH, at 25°C, under 7 rpmeq.

The simulated surface coverage (θ) are given in panel c, and the inset (d) shows a zoom on the

adsorbed hydrogen.

Cyclic voltammetry (panel a) reveals the formation of gold hydroxides and then

oxides, in the form of a current wave observed at potentials above 1.2 V vs RHE.

This region is well reproduced by the model, although the shape of the current

wave is not completely recovered. During the negative scan, the oxide reduction
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peak is faithfully reconstructed by the model. As this peak is integrated (on

the experimental data) to evaluate the ECSA and then the surface roughness,

its correct description validates the model in the high-potential region. In this

potential region, the model predicts (as expected) that the surface is covered

with hydroxides (OH, from 1.1 V vs RHE) and then oxides (O, from 1.25 V vs

RHE) during the forward scan, causing the fraction of free sites to decrease to

zero. Indeed, at 1.5 V vs RHE, the model predicts that the surface is completely

covered with gold oxides. During the return sweep, these oxides are reduced to

hydroxides and then rapidly reduced again to regenerate free metal sites. This

behavior is consistent with the charge measurement of the oxide reduction peak.

At low potential, the Volmer, Tafel and Heyrovský steps taken into account in

the model enable us to simulate the experimentally observed HER in the DEMS

cell, although it starts ca. 100 mV earlier than in the simulations. In the absence

of a better indicator, the amount of hydrogen predicted by the model is derived

from its diffusion rate in the Nernst layer. However, this assumption leads to an

underestimation of the amount of hydrogen produced at -0.5 V vs RHE, where the

experimental curves have been calibrated. This is consistent with the experimental

set-up, as hydrogen is extracted by the DEMS vacuum (additional driving force)

and not by diffusion in the Nernst layer. We therefore introduce the corrective

factor Hcor, which simulates this additional driving force, that could also explain

the H2 detection by DEMS at lower overpotentials than predicted by the model.

With this correction factor, the model correctly reconstructs the experimental

DEMS signal measured at low potential (panel b), which corresponds to a very

low surface coverage rate (of the order of 0.06%) by Had.

As the model reproduces in a satisfactory way the experimental CV and DEMS

data over the potential range studied, its behavior is validated in supporting elec-

trolyte and the kinetic parameters optimized at this stage are fixed for the next

simulations.
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4.5 Simulation of the CV in the presence of glucose

Following the simulation in supporting electrolyte, a new set of simulated data

were produced by taking into account the glucose adsorption/desorption, followed

by its oxidation into gluconate. This intermediate version of the model is presented

in supporting information (as the partial model, Fig. SI.3) but did not reproduce

faithfully the experimental data. Finally, the partial model was completed by

accounting for the gluconate oxidation into subsequent products, considering the

exchange of 4 electrons per gluconate molecule, in agreement with the KL analysis.

The experimental data and the optimized simulations obtained with the complete

model are depicted in Fig. 8. The model sensitivity to some of the kinetics

parameters is discussed in supporting information, Fig. SI.4.

Figure 8. Experimental (black curves) and simulated (red curve) data of a CV (a) and of the

associated DEMS signal of H2 (b) measured at 10 mV s−1 in 0.1 M NaOH + 10 mM glucose, at

25°C, under 7 rpmeq. The simulated surface coverage (θ) are given in panel c, and the inset (d

and e) shows a zoom on the adsorbed hydrogen, glucose and gluconate.

In the presence of glucose, the experimental curves obtained by CV and DEMS

are obviously different from those measured in the absence of glucose, as discussed

previously (Fig. 1). At potentials close to 0.5 V vs RHE, the model reproduces

semi-quantitatively the first oxidation step observed by CV (panel a), as well as

the associated hydrogen signal (panel b), which supports the proposed reaction
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model. In this range of potentials, the model predicts the transformation of ad-

sorbed glucose into adsorbed gluconate (panel e). Accounting for the gluconate

oxidation in the complete model results in a new oxidation wave at potential above

0.7 V vs RHE, which better reproduces the experimentally obtained CV (panel

a) compared to the partial model (Fig. SI.3). This supports the proposed mech-

anism, where the glucose oxidation into gluconate (at low potential) precedes the

oxidation of the gluconate formed (at high potential), reflecting a loss of selectiv-

ity at potentials above 0.7 V vs RHE. It is worth noticing that the magnitude of

the experimental H2 escape anodic current peak in the forward scan is well repro-

duced by the simulation, while the simulated H2 peak in the backward potential

scan is overestimated compared to the experimental one. This might be tenta-

tively attributed to the presence of adsorbed reaction products formed in the high

potential region and not considered in the microkinetic model. Further insight

into the electrochemical oxidative dehydrogenation (EOD) kinetics can be gained

by plotting the reaction rates vs the potential, as depicted in Fig. 9

Figure 9. Calculated reaction rates of the Volmer (black), Heyrovský (red) and Tafel (dark blue)

steps. The rates of glucose adsorption (green), glucose desorption (purple), glucose oxidation

(yellow) and gluconate oxidation (light blue) are also shown. Simulation performed at 10 mV s−1

in 0.1 M NaOH + 10 mM glucose, at 25°C, under 7 rpmeq.

Below 0 V vs RHE, the hydrogen evolution reaction (HER) on Au electrode

mainly follows a Volmer-Heyrovský mechanism, the contribution of the Tafel step
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being minor. In that potential region, the rates of glucose adsorption and desorp-

tion are balanced. At potentials above 0.2 to 0.3 V vs RHE, the product of glucose

adsorption starts being oxidized, which provokes the decrease of the glucose ad-

sorbates coverage and their replacement by gluconate adsorbates, as displayed in

Fig. 8.e. Consequently, the glucose desorption rate decreases (as less adsorbed

glucose molecules are present at the surface) together with the glucose adsorption

rate (the surface being partly covered by adsorbed gluconate and Had species).

Due to the oxidation of the glucose adsorbates, the surface coverage in Had species

increases (Fig. 8.d), which increases their recombination rate through a Tafel step

as H2, the maximum being reached close to 0.5 V vs RHE. At higher potential

(close to 0.7 V vs RHE), the rate of the potential activated Volmer step (oxidation

of Had) becomes predominant and leads to the decrease in the H2 signal detected

by DEMS. At such potential, the Volmer step and the glucose oxidation step oc-

curs at the same rate, each step leading to the exchange of one electron, i.e. 2

electrons per oxidized glucose molecule. Finally, at potentials higher than 0.7 V

vs RHE, the gluconate is further oxidized, its oxidation rate being limited by the

oxidation rate of glucose.

In addition, it is of interest to discuss the rate-determining step (RDS) of the

GOR at 0.6 V vs RHE. For a glucose concentration of 10 mM, the maximum glu-

cose dissociative adsorption rate can be estimated by k◦
ad,Glu CGlu/C0 = 0.25 s−1,

which is well below the maximum glucose oxidation rate: k◦
ox,Glu eαfEdl = 5.9 106

s−1. Thus, it can be concluded that in the model, the glucose dissociative adsorp-

tion is the rate-determining step of the GOR. In reality, the dissociative adsorption

might not be an elementary step, and the C-H bond cleavage is proposed to be

the rate-determining step [23]. The dissociative adsorption step being the RDS of

the model is in line with the sensitivity analysis (See supporting information, Fig.

SI.4), in which the adsorption kinetic constant has a major impact on the elec-

trochemical current simulated at 0.6 V vs RHE (Fig. SI.4.b), while no significant

effect of the oxidation kinetic constant is observed (Fig. SI.4.c). However, the

oxidation kinetic constant has a major impact on the simulated H2 anodic peak,

as it favors the production of Had species.
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Although the experimental data were correctly simulated below 1.0 V vs RHE,

the current model is still not fitting the shape of the current-potential curve above

1.0 V vs RHE. In that region, the current decrease observed during the forward

scan is due to the formation of gold oxides, occupying the surface. Then, during

the backward scan, the electrode reactivates as soon as the oxides are reduced.

As the model allows glucose adsorption only into metallic sites, the deactiva-

tion/reaction process are shifted to lower potentials compared to the experimental

data. Allowing the glucose to adsorb on gold hydroxides might lead to a better

reconstruction of the experimental curves in the oxides region (not shown), but

would require further experimental evidence. The model also fails to reproduce

the irreversibility observed between the forward and backward scans. This irre-

versibility, which seems to appear at low rotation speeds (see Fig. 6.a), may be

due to a poisoning effect by oxidation products, which are better evacuated un-

der high electrolyte flow (real RDE, 400 to 2500 rpm) than in the experimental

configuration considered here (fictive RDE, equivalent to 7 rpm).

5 Conclusions

A reaction mechanism of the glucose oxidation into gluconate on gold was proposed

in a previous contribution [21]. In order to confront this mechanism with the

experimental data, a microkinetic model of the GOR has been developed, based

on the measurements of glucose mass-transport parameters and on an updated

estimation of the electron number exchanged during the GOR. In particular, the

glucose diffusion coefficient calculation was derived from RRDE measurements in

0.1 M NaOH, leading to values ranging from 0.68 10−5 cm2 s−1 (at 1 mM and

10°C) to 2.85 10−5 cm2 s−1 (at 1 mM and 40°C). The model aims to reproduce

numerically the experimental data obtained in a specific DEMS cell, modified

to approximate as closely as possible the mass-transport conditions of a RDE

(which is the working hypothesis of the model). A correlation between the actual

rotating speed and the “effective” rotating speed has thus been used as an input

of the model.

The Koutecký-Levich analysis of the RDE data shows that the number of elec-

tron per glucose molecule increases from ca. 1 at 0.6 V vs RHE to 2.5 at 0.88 V vs

RHE and ca. 6 at 1 V vs RHE. These findings are consistent with an electrochem-
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ical oxidative dehydrogenation (EOD) of the glucose molecule to form gluconate

and 1
2 H2 at 0.6 V vs RHE, as confirmed by DEMS measurement. When the po-

tential increases above 0.7 V vs RHE, the increase of the number of electron is

due to the H2 as well as the gluconate electooxidation. This confirms that the

glucose oxidation occurs in several steps, the glucose being selectively oxidized

into gluconate at potentials below 0.7 V vs RHE, then the gluconate is in its turn

oxidized at higher potentials, leading to a loss of selectivity, as measured by HPLC

after electrolysis on gold [21].

Further insights on the EOD process could be gained by the microkinetic model.

The latter suggests that the anodic hydrogen production is triggered by the con-

sumption of the adsorbed reaction intermediates resulting in an increase of the

Had coverage and the of the rate of the Tafel step. In addition, it is found that the

glucose dissociative adsorption is the rate determining step (RDS) of the GOR.

This suggests that the C-H bond cleavage might be the RDS of the reaction.

Appendices

A Simulation parameters

Based on the experimental conditions, electrode geometry, experimental setup and

expected tolerance for the numerical resolution, a first list of parameters are set

as constants, as synthesized in Tab. A.1.
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Table A.1. Model constants

Parameter Value Source

Global constants

F 96485 C mol−1 -

R 8.314 J mol−1 K−1 -

T 298 K 25°C

α 0.5 Default value

Hcor 2.3 -

Electrode parameters

A ∼ 0.283 cm2 6 mm diam.

Rf 8 CV data, ECSA / A

Cdl 180 10−6 F CV data, Idl

St 2.1 10−9 × Rf mol cm−2 Eq. SI.13

Electrolyte parameters

ν 1.31 10−2 cm2 s−1 Tab. SI.3

RΩ 20 Ω ZIR measurements

Cglu 1 10−5 mol cm−3 10 mM

Cgla 0 mol cm−3 0 mM

CH2,sat 7.8 10−7 mol cm−3 nH2/ntot = 1.411 10−5 [25]

Cref 1 10−5 mol cm−3 10 mM

C0 1 mol cm−3 -

Solver parameters

vs 1 10−2 V s−1 10 mV s−1

tstep 1 10−3 s 1 ms

tol. 1 10−12 -

Mass transport parameters

ω 0.733 rad s−1 7 rpm, Tab. 3

DH2 5.11 10−5 cm2 s−1 [25]

Dglu 1.27 10−5 cm2 s−1 Tab. 1

Dgla 1.27 10−5 cm2 s−1 Dglu

These parameters are set initially, as much as possible on the basis of experi-

mental measurements, and are not modified during simulations to obtain the best

agreement possible between experimental data and simulation results. They are

used to set the framework of the simulation.

A second list of kinetic parameters were chosen and tuned in order to match

as mush as possible the experimental curves, first in supporting electrolyte, then
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in the presence of glucose. Their optimized values, used for the simulated curves

presented in Fig. 7 and 8, are listed in Tab. A.2.

Table A.2. Kinetic parameters of the model

Parameter Value Parameter Value

Volmer Adsorption (Glucose)

k◦
V 5 10−4 s−1 k◦

ad,Glu 2.5 104 s−1

EV -0.2 V vs RHE [36, 37] k◦
des,Glu 3 108 s−1

αV 0.45 ns 1

Heyrovský Oxidation (Glucose)

k◦
H 2.7 10−1 s−1 k◦

ox,Glu 50 s−1

EH ln
(

Cref
C0 [H2]sat

)
/f − EV

αH 0.4

Tafel Adsorption (Gluconate)

k◦
T 1 107 s−1 k◦

ad,Gla 1 104 s−1

fa e2fEV/(Cref
C0 [H2]sat) k◦

des,Gla 2 104 s−1

Gold (Hydr)oxides Oxidation (Gluconate)

k◦
ox,Au 3.5 10−2 s−1 k◦

ox,Gla 1 10−3 s−1

Eox,Au 1.18 V vs RHE z 6

k◦
ox2,Au 1.5 10−2 s−1

Eox2,Au 1.27 V vs RHE
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[36] E. Skúlason, V. Tripkovic, M. E. Björketun, S. Gudmundsdóttir, G. Karlberg,
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