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A B S T R A C T

The glucose oxidation reaction (GOR) was studied on Au and Ni electrodes by cyclic voltammetry (CV), rotating
disk electrode (RDE) measurements coupled with Koutecky–Levich analysis, Differential Electrochemical Mass
Spectrometry (DEMS), in situ Fourier Transform Infrared spectroscopy (FTIRS) and High Performance Liquid
Chromatography (HPLC) analysis of the reaction products after electrolysis in potentiostatic mode under
continuous flow conditions. This study allowed to identify the reaction products and propose tentative reaction
mechanisms. On gold, glucose is adsorbed on metallic sites through its anomeric function (C1) resulting in
the formation of gluconate as the main GOR product at potentials close to 0.6 V vs. RHE, with a selectivity
towards gluconate close to 100% and a projected faradaic efficiency of ca. 70%. The conversion rate is rather
low, close to 20%, due to poisoning of the surface, leading to a strong deactivation. At potentials above 0.7 V
vs. RHE, the selectivity towards gluconate decreases and non-selective GOR oxidation proceeds through C–C
bond cleavage. On nickel, the GOR occurs at high potentials (close to 1.2 V vs. RHE) on Ni(OH)2 and NiOOH
sites, and proceeds through C1–C2 bond breaking, resulting in arabinose and formate. At higher potentials,
the selectivity towards arabinose decreases, formate being the main reaction product.
1. Introduction

The electrocatalytic conversion of glucose has been broadly studied
in the past, owing to its possible application in biosensors [1], syn-
thesis of value-added products from biomass [2], fuel cells [3], and
electrolyzers [4]. However, it is well known that the glucose oxidation
reaction (GOR) can proceed in multiple oxidation steps and, therefore,
the development of highly active, selective and stable electrocatalysts
becomes crucial for its further implementation at large industrial scales.
Several materials such as metals, metal oxides, alloys, complexes and
carbon derivatives have been used to electrocatalyze the GOR in al-
kaline media; however, the first two groups remain the most studied
and are usually used as models to understand this reaction [5]. Within
the metals used for the GOR, platinum [6], palladium [7] and gold [8]
electrodes have attracted particular interest, due to the low potentials
at which they start to catalyze the reaction (<0.6 V vs. RHE) and high
activity, with Au electrodes showing the highest selectivity (under cer-
tain conditions) towards value-added products such as gluconate [9].

∗ Corresponding authors.
E-mail addresses: marian.chatenet@grenoble-inp.fr (M. Chatenet), elena.savinova@unistra.fr (E. Savinova).

On the other hand, the use of inexpensive earth-abundant materials
such as cobalt [10], nickel [11,12] and copper [13] (hydr)oxides is
considerably attractive, even though on these electrodes glucose is
oxidized at higher potentials (>1.1 V vs. RHE). Ni(OH)2 is particularly
interesting, because of its high sensitivity towards glucose, which is of
interest for sensor applications [14]. In practice, both Au and Ni(OH)2
are representative materials that have been widely used for the study
of the glucose oxidation reaction; however, the exact mechanism of
oxidation is still elusive for both surfaces.

The generally accepted mechanism of glucose oxidation on Au in
alkaline media involves the adsorption of glucose through the anomeric
function and its subsequent electrochemical reaction, involving hy-
droxide species from solution for the formation of gluconate as a
product [8]. Recent studies from Faverge et al. [15] and Neha et al. [9]
have shown through cyclic voltammetry (CV), differential electrochem-
ical mass spectrometry (DEMS) and in situ Fourier transform infrared
spectroscopy (FTIRS), that GOR in the low potential region (<0.9 V vs.
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RHE) proceeds through the adsorption of glucose on metallic Au sites
and its subsequent reaction with either OH adsorbed on the surface,
Au-OH, or OH− from the electrolyte for the formation of gluconate
nd water. This agrees with studies made by Holade et al. where,
hrough in situ FTIRS, the only product of GOR on Au/C electrodes
as gluconate (at 0.5 and 0.8 V vs. RHE) [16]. However, recently,

Schlegel et al. have detected gluconic acid and glucaric acid as the
main products of the GOR on polycrystalline Au electrodes by high
performance liquid chromatography (HPLC) at 0.55, 0.8 and 1.1 V vs.
RHE, and suggested that glucose is first oxidized to gluconic acid, the
latter being then oxidized to glucuronic acid and then to glucaric acid,
transferring 2 e− per each of these steps [17]. This selected literature
review demonstrates that the mechanism, the nature of intermediates
and products remain uncertain despite the large number of studies
dedicated to the GOR on Au.

Contrary to Au, the oxidation of glucose on Ni is known to occur at
high potentials (>1.1 V vs. RHE) through an electrochemical-chemical
catalytic mechanism (EC′) in which Ni(OH)2 is firstly electrooxidized
to NiOOH, the latter reacting chemically with glucose to form an
intermediate/product, and regenerate the Ni(OH)2 species [18]. Even
though this mechanism is generally accepted, it remains oversimplified
and fails to fully describe the active sites involved in the reaction.
Recently Danaee et al. studied the GOR on electrodeposited Ni/GC,
and concluded that glucose requires the adsorption on NiOOH sites
in order to react [19]. Contrariwise, Medrano-Banda et al. recently
presented arguments in favor of glucose adsorption on the Ni(OH)2
(rather than NiOOH) sites [20]. Furthermore, while gluconate was
previously assumed the major product of the GOR on Ni [21], the
study by Medrano-Banda et al. instead demonstrated generation of
formate by in situ FTIRS on a Ni disk [20]. Moreover, Sanghez de Luna
et al. performed GOR on Ni/NiO foams and detected a wide variety of
products, including gluconic acid, glucaric acid, formic acid, arabinose,
glycolic acid and tartronic acid by HPLC [22]. The variety of products
observed suggests that the oxidation of glucose on Ni proceeds through
the breaking of C–C bonds, which would hint at a more complex
mechanism than the ones proposed previously and urges further efforts
to understand the mechanism of the GOR on Ni.

From the above, it appears that different materials, metals or metal
oxides, lead to completely different activity, stability, and products
during electrochemical glucose oxidation. It is evident that a deeper
understanding of the reaction mechanisms of the GOR on Au and
Ni is necessary to design the next generation of active and selective
electrocatalysts. For this reason, a comparative study of both Au and Ni
electrodes for the GOR was performed by CV, rotating disk electrode
(RDE), DEMS, in situ FTIRS and HPLC, to unveil the nature of the
active sites, the products formed and the mechanisms through which
this reaction occurs on different surfaces.

2. Experimental

2.1. Chemicals

All solutions were prepared using ultra-pure water with resistivity
of 18.2 MΩ cm and <1 ppb TOC (PURELAB Chorus 1 or Millipore).
HPLC grade water (Milli-Q system, Millipore) was used for all HPLC
related measurements. The reagents NiSO4⋅6H2O (99.99%), (NH4)2SO4
99.0%), D-glucose (>99%), gluconic acid potassium salt (99%), D-
ructose (99%), tartronic acid (97%), glycolic acid (99%), oxalic acid
98%), D-arabinose (>99%), sodium carbonate anhydrous (99.8%) and
L-glyceric acid hemicalcium salt hydrate (>98%) were purchased

rom Sigma Aldrich. Other reactants used were sodium bicarbonate
99.7%, ChemLab), formic acid (98%, Fisher Scientific), potassium
ydroxide pellets (85%, Honeywell) and sulfuric acid (>95%–97%)

(HPLC, Merck Millipore). All chemicals mentioned were used as pur-
chased and without any further purification. NaOH (50% in water,
Aldrich) was used either as-received or after Fe-purification, carried
out according to the protocol inspired by Trotochaud et al. [23] and
2

specified in Supplementary Information 1.1.
2.2. RDE measurements

The procedure used for the preparation of the bulk polycrystalline
Au electrode (2 mm diameter) as well as the electrochemical setup
used for measurements are described in detail elsewhere [15]. NiED/GC
and NiED/XC72 samples were prepared by Ni electrodeposition on a
5 mm diameter glassy carbon (GC) electrode (the pretreatment of the
GC electrode and NiED/GC preparation are described elsewhere [20]).
For NiED/XC72, Vulcan XC-72 carbon (Cabot) was used as catalyst
support with a loading of 100 μg cm−2

𝑔𝑒𝑜𝑚. Electrodeposition of Ni on
XC72 was performed at 25 ◦C from the N2-saturated 0.01 M NiSO4 and
0.1 M (NH4)2SO4 solution in a glass cell with separate compartments for
working (GC disk), counter (Ni wire), and reference (Hg|Hg2SO4|K2SO4
(sat.), MSE) electrodes. Electrodeposition was made under potentio-
static regime with rotation set at 400 rpm, with single step (E = −1.45 V
vs. MSE with 150 mC charge transferred) deposition. After electrodepo-
sition, NiED/GC and NiED/XC72 were quickly washed and transferred
to the three-electrode Teflon cell. First, CVs were acquired in 0.1 M
NaOH, without glucose. Then, a solution of 0.5 M glucose dissolved
in 0.1 M NaOH was added to the electrochemical cell in a step-wise
manner to reach the target concentration. The electrochemical set-up
and parameters are explained elsewhere [20].

2.3. DEMS measurements

Mass spectrometry was coupled to cyclic voltammetry using a 50 nm
thick metal film, sputtered onto a PTFE membrane (Cobetter PF-002H,
20 μm thickness, 20 nm pore diameter) as working electrode. The
species probed were H2, O2 and CO2 (m/z = 2, 32 and 44 respectively).
CO (m/z = 28) was also detected, but it is considered as a fragment
from CO2. The detailed electrochemical and mass spectrometry setup
is described elsewhere [15].

2.4. FTIRS measurements

Spectroelectrochemical measurements were performed at room tem-
perature with a Bruker Vertex 80v Fourier transform infrared spec-
trometer equipped with a MCT (HgCdTe) detector cooled with liquid
nitrogen. The GOR on Ni or Au bulk electrodes (10 and 9 mm diameter,
respectively) was performed in a N2 saturated Fe-unpurified 0.1 M
NaOH solution using a glass cell with a ZnSe prism. A Pt wire and
a Hg|HgO in 0.1 M NaOH (E = 0.94 V vs. RHE) electrodes were
used as counter and reference electrodes, respectively. The spectra
were collected in a double-sided acquisition mode between 700 and
4000 cm−1 with a resolution of 1 cm−1. In order to obtain a single-
beam spectrum, 64 interferograms were co-added and then Fourier
transformed. The measurement protocol in potentiostatic mode was
inspired by the work of Oshchepkov et al. [24] and consists of the
following steps:

(i) First, the Ni disk electrode was submitted to 1.55 V vs. RHE for
30 min to grow Ni(OH)2/NiOOH surface layer until the stabilization
of current when cycling in the 0.93 to 1.6 V vs. RHE region. On Au
disk several CVs were measured in the 0 to 1.5 V vs. RHE region until
stabilization.

(ii) Then, glucose was injected to the cell to reach the target
concentration of 5 mM (for Ni) or 25 mM (for Au) and a CV was
recorded in the same potential interval.

(iii) Next, an initial potential (of 1.0 or 0.1 V vs. RHE for Ni and
Au, respectively) was applied to the working electrode, at which it was
pressed onto the prism and a background spectrum was recorded.

(iv) Finally, the electrode was polarized at the potentials of interest
at which a series of FTIR spectra (typically 8) was collected in order to
see the dynamics of their evolution with time.

All spectra of the reference compounds (glucose, gluconic acid,
arabinose, oxalic acid, glycolic acid, formic acid, sodium bicarbon-
ate and sodium carbonate) were recorded in ATR configuration us-
ing a hemispherical ZnSe prism and 256 interferograms with 1 cm−1
resolution.
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2.5. HPLC measurements

Electrolysis measurements were conducted using a Micro Flow Cell
supplied by ElectroCell, with a dedicated setup detailed in Supporting
Information, Fig. 1 SI. 1.2. The electrodes used were either Ni foam
or ‘Au foam’ acquired from Recemat BV, each having a geometrical
surface area of 10 cm2 (dimensions of 40 × 44 × 1.6 mm with only
10 cm2 active area). The ‘Au foam’ was obtained by depositing a thick
layer (2–3 μm) of Au on a Ni foam to ensure the absence of the signal
from Ni and its influence on the performance. The reference electrode,
a Ag|AgCl in 3.4 M KCl with a PEEK shaft, was placed within the
cathode compartment for Ni foam experiments and within the anode
compartment for Au foam experiments. Separation between the anodic
and cathodic compartments was achieved using an anionic exchange
membrane AHA from Eurodia. To maintain consistent flow rates in
each compartment, two peristaltic pumps from Masterflex were em-
ployed, while the feeding solutions were continuously stirred using two
magnetic stirrers from Cole-Parmer. 5 h electrolysis was realized and
the current was measured at constant working electrode potential with
a Radiometer potentiostat PGP201 controlled by a computer running
VoltaMaster 4 software.

Following the electrolysis process, the samples were acidified by
adding H2SO4 to achieve a pH in the range between 1 to 3 (pH 13
was initially measured for the electrolytes circulating in both cathodic
and anodic compartments). The analysis was performed using a Thermo
Vanquish HPLC system featuring a Vanquish Split Sampler and an
Aminex HPX-87H column (300 mm × 7.8 mm, 9 μm particle size,
8% cross-linkage, pH range 1–3). Both ultraviolet (UV) and refractive
index (RI) detectors were employed to detect reactants and products: a
Vanquish Variable Wavelength UV detector capable of acquiring up to
4 wavelengths simultaneously, analyzing at a wavelength of 210 nm,
and a RI detector RefractoMax 520. A mobile phase of 10 mM sulfuric
acid was utilized under isocratic conditions, maintaining a flow rate
of 0.6 mL min−1. The injection volume was 20 μL, and the column
temperature was maintained at 50 ◦C. The separation process required
approximately 16 min. Quantification of the samples was carried out
through external calibration curves (made of 5 independently prepared
repetitions) over specific concentration ranges: 0.2 to 2 g L−1 for
glucose, gluconic acid, sorbitol, fructose, and arabinose, and 0.01 to
1 g L−1 for formic acid, glycolic acid, oxalic acid, tartronic acid, and
glyceric acid. Notably, all calibration curves exhibited a minimum
regression coefficient (R2) of 0.998, ensuring high precision and re-
liability for both the UV and RI detectors. For glucose and sorbitol,
which were undetectable using the UV detector, the calibration curve
was made from the RI detector only. The conversion (𝑋), product
selectivities (𝑆) and faradaic efficiency (FE) were calculated following
the equations detailed in Supporting Information (Eq. 1, 2 and 3 of
SI. 1.3, respectively). A reminder of the molecular structures of the
investigated products is available in Supporting Information 1.4, Fig.
SI. 2.

3. Results and discussion

The experimental results obtained by cyclic voltammetry, RDE
voltammetry coupled with Koutecky–Levich analysis, differential elec-
trochemical mass spectrometry, in situ Fourier transform infrared spec-
troscopy and high-performance liquid chromatography after electroly-
sis are presented and discussed hereinafter.

3.1. Cyclic voltammetry

Cyclic voltammograms of Au and Ni electrodes acquired at low
(10 mV s−1) and high (100 mV s−1) scan rate and shown in Fig. 1
emonstrate significant differences between the two metals. While on
3

he Au surface, the GOR starts at potentials above ca. 0.3 V vs. RHE, d
hat is in the potential interval where the Au surface is metallic, on
i the GOR only occurs in the high potential interval, at ca. 1.2 V vs.
HE, that is ∼100 mV before the onset of the Ni(OH)2/NiOOH peak, as
lready observed for the oxidation of polyols [25]. Thus, on Ni the GOR
s catalyzed by the Ni(OH)2/NiOOH film, while on Au it is catalyzed
y metal sites, formation of the oxide film above ca. 1.2 V vs. RHE
esulting in surface passivation and decline of the catalytic activity.
uring the backward scan, the Au electrode reactivates as soon as the

urface oxides are reduced. The shape of the CVs is also very different.
or Au, the first low-potential wave is followed by two high-potential
nes at 0.8 and 1.0 V vs. RHE, suggesting that the GOR mechanism and
ikely the reaction products depend on the electrode potential.

It is also instructive to compare the reactivity of gluconate, the
rospective glucose oxidation product on Au, on the two electrodes.
he CVs obtained on Au and on Ni in presence of gluconate (Fig. SI.
) also demonstrate significant differences between the two metals.
ndeed, CVs of the Au electrode in the presence of gluconate show no
ignificant current until ca. 0.7 V vs. RHE, that is ca. 0.4 V above the

‘onset’ of the glucose oxidation, thus indicating that if glucose, in the
potential interval from 0.3 to 0.7 V vs. RHE, is oxidized to gluconate,
as suggested in previous publications [15], the latter will be a stable
reaction product. On the contrary, on Ni the ‘onset’ of the gluconate
oxidation is even lower than that of the GOR, which evidences that
Ni cannot catalyze selective GOR into gluconate. At potentials higher
than 0.7 V vs. RHE, gluconate on Au can be further oxidized (Fig. SI.
3) possibly into glucaric acid [17].

Thus, already the cyclic voltammetry measurements allow us to
conclude that Au and Ni significantly differ in terms of the nature of
the active sites and likely also the nature of the products.

3.2. Rotating disk electrode measurements

The RDE measurements at various rotation rate, from 100 to 2500
rpm followed by Koutecky–Levich (KL) analysis were conducted for Au
and Ni electrodes (Fig. 2) in order to estimate the number of transferred
electrons and their possible dependence on the electrode potential.
The curves measured at 0 rpm are shown for comparison but were
not used in the KL analysis. For Au, the measurements performed on
a polycrystalline Au electrode and CVs acquired at different rotation
rates demonstrated (Fig. 2a) an increase of the current, as expected
for a mass-transport limited process. On the contrary, for the NiED/GC
electrode, currents were almost independent on the rotation rate (Fig.
SI. 4a), suggesting that they are limited by reaction kinetics rather
than by mass-transport. In order to shift the process into the mass-
transport controlled regime, we prepared a NiED/XC72 electrode with a
high ECSA Ni electrode by electrodepositing Ni nanoparticles on a thin
film of Vulcan XC-72 carbon immobilized on a GC disk. This, indeed,
allowed us to observe the influence of the rotation rate on the currents
(Fig. 2b).

The number of exchanged electrons can be estimated from KL
analysis of voltammograms under steady-state conditions. On Au, these
conditions are reached in the potential interval from 0.6 to 1.18 V vs.
RHE. At higher potentials, the KL analysis is no longer relevant, due to
the electrode deactivation and then the loss of stationary conditions.
The number of electrons was determined using a glucose diffusion
coefficient value of 6.70 × 10−6 cm2/s and a kinematic viscosity value
of 1.20 × 10−2 cm2/s [26] as reported in Table 1.

One may see that at 0.6 V vs. RHE the number of electrons is
comprised between 1 and 2, but increases with potential, suggesting
that at high potential glucose undergoes consecutive oxidation steps.
The influence of the potential on the GOR mechanism will be discussed
hereinafter. At potentials above 1.0 V vs. RHE, the reader must consider
the values into brackets as indicative only.

On NiED/XC72, the GOR and the Ni(OH)2∕NiOOH transition are
oncomitant, therefore the catalyst surface is changing in parallel to
he GOR, and no steady-state conditions are reached. Thus, KL analysis
annot be used to determine the number of exchanged electrons, as

iscussed in the Supporting Information (SI. 3).
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Fig. 1. CVs on bulk Au (top) and NiED/GC (bottom) in N2 purged 0.1 M NaOH with absence (black dotted line) and presence (red line) of 1 mM glucose at room temperature
and measured at 10 (left) and 100 (right) mV s−1. The electrochemical surface area (ECSA) for Au bulk and NiED/GC was 0.1 and 0.6 cm2, respectively.
Fig. 2. Rotating disk CVs on (a) bulk Au and (b) NiED/XC72 in 0.1 M NaOH with absence (black dotted line) and presence (solid lines) of 1 mM glucose at 25 ◦C and measured
at 10 mV s−1. The insert at (a) corresponds to the Koutecky–Levich plot obtained at 0.6 V. The ECSA for Au bulk and NiED/XC72 was 0.1 and 15.2 cm2, respectively.
Table 1
Electron numbers exchanged in the GOR on polycrystalline Au.
E/V vs. RHE e− number

0.6 1.5
0.78 2.3
0.88 4.6
0.98 8.1
1.08 (10.0)
1.18 (10.0)

3.3. Differential electrochemical mass spectrometry

The DEMS measurements (Fig. 3) showed that on gold, molecular
hydrogen is released between 0.3 and 0.8 V vs. RHE, while no such
signal could be detected on nickel, at any potential. The potential
region in which H is released on gold matches with the ‘‘plateau’’
4

2

region observed in the RDE experiment, in which the KL study allowed
to propose a mechanism involving 1.5 𝑒− (close to 0.6 V) per glucose
molecule. It is then coherent with the previously proposed mecha-
nism [15], in which glucose dissociatively adsorbs onto the surface
through C–H bond cleavage, leading to the formation of Had species.
The glucose adsorbate can be oxidized through a 1 electron mecha-
nism, and the Had species can either recombine to form H2 through
a Tafel step (chemical step, hence no additional electron transfer) or
be oxidized in a Volmer step (1 additional electron transfer) leading
to an overall transfer of 1 to 2 electrons, depending on the relative
contribution of either the Tafel or Volmer step.

Another product detected on gold at potentials above 1.1–1.2 V vs.
RHE is CO2, which means that glucose is going through multiple oxi-
dation steps, leading to C–C bond breaking and then CO2. Again, this is
coherent with the increasing number of electrons (up to 10) calculated
for these high potentials through KL analysis. Interestingly, no CO
2
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Fig. 3. DEMS measurements performed in CV mode on (a) Au and (b) Ni sputtered thin layer in 0.1 M NaOH aqueous solution in the absence (black dotted line) or presence
(colored line) of 10 mM glucose, at 10 mV s−1 and at room temperature. The electrochemical current is reported in the top panels, while the relative ionic current of H2, O2 and
CO2 are reported in the bottom panels, as indicated.
Fig. 4. FTIR spectra obtained during the GOR in 0.1 M NaOH measured at different potentials on either (a) a polycrystalline Au disk in the presence of 25 mM glucose, or (b) a
polycrystalline Ni disk in the presence of 5 mM glucose. In (a) the spectra measured at 0.3 and 0.5 V were multiplied by a factor of 2 for clarity.
could be detected on the Ni(OH)2 surface even at high potentials. This
points again towards a very different GOR mechanism on Au and Ni.

Finally, at potentials higher than 1.5 V vs. RHE, O2 production is
evidenced on Ni in the blank electrolyte (0.1 M NaOH without glucose)
on the forward scan. Observation of the oxygen signal on the backward
scan, down to very low potentials, may be attributed to bubbles stuck
in the pores of the sputtered Ni electrode. The addition of glucose
into solution completely inhibits this oxygen production. This could be
explained either by the GOR and OER competition, with GOR being
favored in the potential interval of the OER, or surface blocking by
glucose or its derivatives.

3.4. In situ Fourier transform infrared spectroscopy

FTIR spectra were measured on polycrystalline Au and Ni electrodes
in the external reflection configuration. To minimize local effects (pH
5

changes, depletion of glucose concentration, consecutive transforma-
tion of the GOR products), the measurements were performed in a
sequence of potential steps, each step followed by lifting the electrode
and re-establishing the thin-layer configuration. Fig. 4 shows the ap-
pearance of vibrational bands, which corresponds to the formation of
the GOR products, being different in the case of Au and Ni electrodes.

On the Au electrode, the main bands start appearing around 0.3 V
vs. RHE, which agrees with the electrochemical and DEMS data. Bands
a and b at 1580 and 1415 cm−𝟏 (corresponding to the asymmetric and
symmetric stretching of the carboxylate group), and e at 1350 cm−𝟏

(corresponding to the bending of the methylene group) point towards
the production of gluconate in the potential interval from 0.3 to 0.7
V vs. RHE (Table 2). As the electrode potential reaches 0.7 V vs. RHE,
a new band (band f, 1310 cm−𝟏) appears, revealing the formation of
oxalate species. This attribution agrees well with literature and internal
references measured at the same pH, as shown in Fig. SI. 7. Finally,
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Table 2
FTIRS band attribution.

Label Wavenumber/cm−𝟏 Vibration Proposed attributions References

a 1580 𝜈asymO–C–O Carboxylate [27]
b 1415 𝜈symO–C–O Gluconate [16]
c 1385 𝜈symO–C–O Formate [28]
d 1360 𝜈 C–O Carbonate/bicarbonate [29]
e 1350 𝛿CH2

Carboxylate [30]
f 1310 𝜈 C–O Oxalate [31]

starting from ca. 0.9 and 1.3 V vs. RHE the bands at 1360 (band d) and
343 cm−1 appear, respectively, suggesting the formation of carbonates
nd then dissolved CO2 (Fig. SI. 6) in agreement with the DEMS data.
his confirms that C–C bond breaking occurs during the GOR on Au at
igh potential.

On Ni, vibrational bands of the GOR products start appearing
round 1.17 V vs. RHE. In agreement with the electrochemical data,
o gluconate formation could be observed on Ni at potentials below
.47 V vs. RHE, bands a, c and d rather pointing to production of
ormate, hence evidencing C–C bond breaking. Neither oxalate (band
) nor CO2 were evidenced here, which is coherent with the DEMS
ata. It is then reasonable to propose that the carbon chain of glucose
s oxidized differently on Au and Ni, as the oxidation products are
ifferent. Finally, at potentials higher than 1.47 V vs. RHE (that is in
he potential interval where anodic current in the presence of gluconate
rops, see Fig. SI. 3), the band b attributed to gluconate appears
s a shoulder, suggesting formation of gluconate as a by-product. In
he meantime, bands a, c and d keep increasing their intensity with
otential.

While FTIRS in thin layer configuration is a relevant technique to
bserve in situ products formed depending on the potential applied,
t is prone to local effects related to local pH changes, depletion of
he reactant concentration, and consecutive transformation of the re-
ction products trapped in the thin layer. Furthermore, while infra-red
pectroscopy is useful in identifying various functional groups (alco-
ol, carbonyl, carboxylic, etc.), it has limited utility in distinguishing
olecules with similar functional groups, such as various carbohy-
rates. To aid in identification of various GOR products, an ex situ
haracterization technique such as HPLC can be used after electrolysis
t constant potential.

.5. High performance liquid chromatography

The products obtained after constant potential electrolysis in a
ontinuous flow reactor at various potentials applied to either Au or Ni
node were determined by HPLC. Some of the chromatograms obtained
re presented in Figs. 5 and 6 for Au and Ni correspondingly.

As expected, different products were identified upon electrolysis
n Au and Ni electrodes. The results suggest that gluconate is the
ajor product on gold, as expected. The conversion, selectivity towards

luconic acid, and faradaic efficiency were calculated for potentials
etween 0.6 and 1.28 V vs. RHE. Despite the results of the KL analysis
oint towards a number of electrons increasing with potential, calcula-
ions of the FE were performed assuming a one-electron process at any
otential, as the gluconate production involves only one electron on Au.
he additional electrons originate from Had oxidation in a Volmer step
t low potentials, and then from the carbon chain oxidation, eventually
ntil CO2 production, as evidenced by the DEMS experiment. Note
owever that the complete oxidation of glucose into CO2 following the
eaction (C6H12O6+24OH− → 6CO2+18H2O+24e−) should involve the
ransfer of 24 electrons, which is much higher than what was evaluated
hrough the KL analysis. This indicates that the oxidation to CO2 makes
nly a small contribution to the overall process. C–C bond breaking in
lucose, along with CO2 production, leads to the production of low
6

mounts of other by-products, such as tartronic acid, glyceric acid,
Table 3
Chemical conversion, selectivity and faradaic efficiency towards gluconic acid during
the GOR on Au foam. At 0.6 V vs. RHE, the raw value (uncorrected from the ORR)
of the FE would be 150%. An estimation of a corrected value is 70% FE at 0.6 V vs.
RHE, see Fig. SI. 9. No correction were made on the FE values at higher potential.
E/V vs. RHE 0.6 0.78 0.88 0.98 1.08 1.18 1.28

X/ % 16.3 24.1 21.5 24.8 23.1 29.6 47.3
𝑆gluconic acid/ % 100 73.6 70.9 70.6 74 74.3 83.4
FEgluconic acid/ % 70 62 51 50 44 38 41

Table 4
Electrolysis performances during GOR on Ni foam.
E/V vs. RHE 1.0 1.47 1.6

X/ % 2 5 5
𝑆arabinose/ % – 45 64
FEarabinose/ % – 72 40
𝑆formic acid/ % – 104 182
FE formic acid/ % – 117 92

glycolic acid, formic acid and also oxalic acid. Some of these products
were detected in amounts close or below the quantification limit. A
part of them can be further oxidized into CO2, not detectable by HPLC.
Moreover, despite the electrolyte being continuously N2-purged, some
oxygen traces remain in the solution, leading to a non-negligible ORR
current of ca. 7 mA at 0.6 V vs. RHE (see Fig. SI. 8) that overlaps
with the GOR current. For these reasons, calculation of the FE should
be considered as indicative only, the most relevant value being the
selectivity. Results are synthesized in Table 3 and in Table SI. 4.

The conversion rate increases from 16 to 47% with the increase of
the applied potential. These rather low values after 5 h of electrolysis
can be explained by a strong deactivation of the electrode, possibly due
to the surface poisoning by adsorbates [32]. Cycling the electrode in
the potential interval between 0 V vs. RHE and the originally applied
potential allows to reactivate its surface as illustrated in Supporting
Information (Fig. SI. 10). However, the calculations in the work were
done without reactivation to ensure a more relevant comparison with
electrolysis on Ni, where the reactivation was not performed.

The selectivity towards gluconic acid stays within the 70%–83%
range, with no clear dependence on the applied potential, except for the
electrolysis at 0.6 V vs. RHE where it reached 100%. The other products
detected were tartronic acid, glyceric acid, glycolic acid, and formic
acid with selectivities between 2 and 10% depending on the potential
applied. In this context, it is worth mentioning that potentials could not
be ohmic drop-corrected (since currents during the electrolysis decayed
in time due to the poisoning resulting in time-dependent ohmic drop
values) and thus the actual electrode potentials are lower than the
applied ones, the electrolyte resistance was estimated to be around 5
Ω.

Finally, the FE (calculated assuming 1 e− transfer) decreases with
the applied potential, from 70% at 0.6 V vs. RHE to only ca. 40% at
1.28 V vs. RHE. The latter likely arises from the formation of a mixture
of products with different numbers of transferred electrons making the
FE analysis ambiguous. Thus, to perform selective GOR into gluconate
on Au, the applied potential should be set around 0.6 V vs. RHE.

For the Ni foam, the products obtained after a 1 h of potential-
controlled electrolysis of a 27 mM glucose solution in a continuous flow
reactor were also determined by HPLC. The chromatograms obtained
are presented in Fig. 6, from where it is possible to observe that
the main products differ significantly from those on Au. As discussed
previously, little gluconate could be detected, the main products be-
ing arabinose (C5 sugar) and formic acid (C1 compound) [33], as
summarized in Table 4 and in the Supporting Information, Table SI 5.

First, at 1.0 V vs. RHE no GOR current could be detected (Fig.
SI. 11), nonetheless, a small decrease of the glucose concentration
(the estimated conversion rate of 2%) and some GOR products (albeit
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Fig. 5. Chromatograms measured before (gray line) and after (colored line) 5 h of electrolysis on Au foam in N2 saturated 0.1 M KOH and 27 mM glucose at 0.6 (a, blue line),
0.98 (b, green line) and 1.28 (c, orange line) V vs. RHE. Two detectors were used: RI (top) and UV (bottom).
Fig. 6. Chromatograms measured before (gray line) and after (colored line) 1 h electrolysis on Ni foam in N2 saturated 0.1 M KOH and 27 mM glucose at 1.0 (a, red line), 1.47
(b, pink line) and 1.6 (c, purple line) V vs. RHE. Two detectors were used: RI (top) and UV (bottom).
below the quantification limit) were observed and can be attributed
to the degradation of glucose in alkaline media in the presence of
oxygen traces (products of glucose degradation in presence of oxygen
are presented in Table SI. 6). At potentials of 1.47 and 1.6 V vs.
RHE, the conversion rate reached 5% after 1 h of electrolysis. As a
C5 (arabinose) and C1 (formic acid) products are produced from a C6
compound (glucose), it is straightforward to suppose that Ni breaks the
C–C bond to form those two species as fragments of the initial glucose
molecule. However, the calculated selectivities for both products do not
match each other: roughly two moles of formic acid were produced for
one mole of arabinose at 1.47 V vs. RHE, while this ratio increases
to 3:1 at 1.6 V vs. RHE. This is attributed to multiple uncontrolled
oxidation steps occurring on Ni at high potentials. Thus, the calculated
selectivities and faradaic efficiencies should be considered cautiously.

3.6. Glucose electrooxidation mechanism

The results obtained by cyclic voltammetry, Koutecky–Levich anal-
ysis, DEMS, FTIRS and HPLC suggest that the GOR on gold and nickel
electrodes follows different reaction mechanisms. These differences
could originate from different surface state and/or different surface
charge of these electrodes, which will be analyzed in what follows.

On Au, the GOR starts at potentials (>0.3 V vs. RHE) at which the
surface is metallic. According to the literature, Au is expected to be
7

negatively charged in the potential interval of the GOR. Indeed, the
potential of zero charge (𝐸pzc) depends on the surface crystallogra-
phy [34] and for Au(111) is given on the RHE scale by 𝐸pzc = 0.474
V + 0.059 pH [35], thus 𝐸pzc = 1.24 V vs. RHE at pH 13. Considering
the 𝐸pzc value, results of DEMS and previous publications [9,15], we
conclude that the first step of the GOR on Au is the dissociative
adsorption of glucose (noted Glu-H) through its anomeric function onto
a metallic site (noted Au), leading to the formation of glucose and
hydrogen adsorbates (Gluad and Had, respectively). This corresponds to
step 1 in the schematic representation of GOR mechanism on Au shown
in Fig. 7.

Glu − H + 2 Au ⟶ Gluad + Had (1)

Formation of Had is supported by the release of molecular hydrogen
(detected by DEMS experiments) resulting from recombination of hy-
drogen adatoms through a chemical recombination (Tafel) step (step 3
in Fig. 7) :

2 Had ⟶ 2 Au + H2 (2)

Dissociative adsorption of glucose is followed by the oxidation of the
glucose adsorbate into gluconate (C6H11O−

7 , noted Gla−) as evidenced
by HPLC, through a one-electron process (steps 4 and 5 in Fig. 7).

Glu + 2 OH− ⟶ Au + Gla− + H O + 1 e− (3)
ad 2
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Fig. 7. Tentative mechanism of the GOR on Au surface for potentials below 0.7 V vs. RHE, leading to gluconate formation.
The GOR through Eqs. (1), (2) and (3) is a one-electron process,
while, according to the KL analysis, at low potentials (close to 0.6 V vs.
RHE), the average number of transferred electrons is 1.5. This can be
explained by the hydrogen adatoms oxidation through a Volmer step
(Eq. (4), step 3′ in Fig. 7) occurring in parallel to the Tafel step.

Had + OH−− > Au + H2O + 1 e− (4)

With increasing potential, more and more glucose adsorbates are
oxidized, leading to an increase of the surface coverage in Had species,
and thus an increase in the contribution of the Tafel reaction (Eq. (2)).
At higher potential, the direct oxidation of the Had species (Eq. (4))
becomes predominant, explaining the decrease of hydrogen signal mea-
sured by DEMS and the corresponding increase of number of electrons
calculated through the KL analysis. An absence of a plateau in the RDE
voltammograms at 𝐸 > 0.5 V vs. RHE (Fig. 2) also reflects an increasing
number of electrons transferred in the GOR. Note that specific hydrox-
ide adsorption occurs on Au above ca. ∼0.5 V vs. RHE (depending on
the surface crystallography) [36,37] hinting that adsorbed OH species
may start participating in the GOR mechanism (step 4 in Fig. 7).

At potentials higher than 0.7 V vs. RHE, one can observe a sig-
nificant increase of the current measured on the CV, together with
a number of exchanged electrons higher than 2. This agrees with
the FTIRS data suggesting further oxidation of gluconate into oxalate
(evidenced by HPLC at potentials around 1.28 V vs. RHE) in a thin
layer configuration. At higher potentials, DEMS and FTIRS experiments
evidenced the oxidation of carbon chain with CO2 production, pointing
to uncontrolled oxidation of the glucose through successive C–C bond
breaking steps. Note that the residence time in the vicinity of the
electrode surface and glucose over OH− concentration ratio most likely
have a strong influence on the oxidation path [17], and could be
somewhat different under the conditions of FTIRS, DEMS, and HPLC
measurements, complicating direct comparison under exactly the same
potential. The GOR mechanism in the interval of high potentials is yet
to be understood precisely.

On Ni, no current is observed in the presence of glucose below
∼1.2 V vs. RHE (see Fig. 1), evidencing that the GOR occurs on
Ni(OH)2∕NiOOH but not on metallic surface sites. A recent study by
Medrano-Banda et al. [20] suggests that glucose is adsorbed on the
Ni(OH)2 sites and then reacts with the NiOOH sites, the latter formed
above ∼1.4 V vs. RHE through a one-electron Ni(OH)2/NiOOH redox
transition. The GOR ‘onset’ being much inferior than the ‘onset’ of
the Ni(OH)2∕NiOOH transition peak suggests that either glucose reacts
already on the Ni(OH)2 sites, or, more likely, that the initial step of
the Ni(OH)2 into NiOOH transformation occurs below the peak ‘onset’,
as previously suggested for the glycerol oxidation reaction [25,38,39].
Indeed, according to the ellipsometry study of Visscher [40], changes
in the refractive index of a Ni electrode start already above ∼1.17 V vs.
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RHE, that is exactly at the potential where FTIR spectra show the start
of the product formation (Fig. 4).

Both HPLC and FTIRS data evidence that the GOR on Ni(OH)2∕
NiOOH occurs through a C–C bond cleavage, contrary to Au, where
it proceeds via oxidation of the anomeric into an acidic function, at
least in the low potential interval. Previous studies suggest that, on
Ni(OH)2∕NiOOH, mono-alcohols undergo selective electrooxidation of
the alcohol into either aldehyde/ketone [41] or acidic function [42],
while polyols (including carbohydrates) are prone to C–C bond break-
ing [43]. According to DFT calculations, C–C bond breaking in glycerol
on NiOOH occurs through a bridge-bonded adsorbed intermediate [44].

We assume that glucose adsorption on Ni(OH)2 sites occurs via C–O
bond formation between negatively charged Ni − O− surface species
and carbon atoms of the glucose molecule, as depicted in the schematic
representation of the GOR mechanism on Ni, shown in Fig. 8. In-
deed, even though the values of pzc and isoelectric point of Ni(II)
oxides/hydroxides reported in the literature vary significantly (from
7.5 to 11.8, see [45,46]), in any case at pH 13, the surface of Ni(OH)2
is expected to be negatively charged, exposing Ni − O− groups to the
surface. This C–O bond formation is facilitated by the positive charge
on carbon atoms, calculations suggesting the positive charge being
confined on C1, C2, C4 and C5 glucose atoms [47]. Considering steric
hindrance on C6, dissociative glucose adsorption is expected to occur
through C1–C2 bond cleavage, which agrees with the formation of
formic acid and arabinose. Increase of the formic acid/arabinose molar
ratio with potential can be attributed to consecutive C–C bond breaking
steps in arabinose.

At higher potentials, when the surface is fully NiOOH-covered,
the mechanism is likely to change, involving glucose dissolved in the
electrolyte reacting with surface NiOOH (see SI. 3.2 and Ref. [20]).

4. Conclusions

The glucose oxidation reaction was studied on Au and Ni electrodes.
The two metals show grossly different electrocatalytic properties. On
Au, it is the metal sites that are active in the GOR, formation of
Au oxide/hydroxide passivating the surface and resulting in the loss
of electrocatalytic activity. Combined evidence from electrochemistry,
DEMS, FTIRS and HPLC indicate that glucose oxidation on Au starts at
potentials above 0.3 V vs. RHE and results in its selective conversion
into gluconate up to ca. 0.7 V vs. RHE, where gluconate can be
further oxidized. Together with DEMS experiment, that evidences the
production of molecular H2 at potentials close to 0.6 vs. RHE, the
Koutecky–Levich study made by RDE measurements allows to estimate
that this oxidation into gluconate occurs with one electron exchanged
for the oxidation of adsorbed glucose, and a second electron coming
from the possible oxidation of the Had species. Thus, the overall elec-
tron number exchanged per glucose molecule is between 1 (all H
ad
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Fig. 8. Tentative mechanism of the GOR on Ni(OH)2∕NiOOH surface at potentials above 1.2 V vs. RHE, leading to arabinose and formic acid.
species recombining through Tafel step) and 2 (all Had species oxidized
through Volmer step). At higher potential, up to 10 exchanged electrons
were estimated by Koutecky–Levich study, and CO2 production was
evidenced by DEMS and FTIRS, indicating C–C bond cleavage and thus
the loss of selectivity towards gluconate. Although only a rather low
conversion rate (16 to 47%) could be achieved due to strong deactiva-
tion of the gold surface, HPLC measurements after 5 h electrolysis at
constant potentials revealed that the selectivity towards gluconic acid
reached 100% with a projected faradaic efficiency of 70% at 0.6 V vs.
RHE. Cycling the electrode between the initial potential and 0 V vs.
RHE is an easy and efficient way to reactivate the Au electrode, and
thus reach higher conversion rates, while preserving the high selectivity
towards gluconate.

On Ni, metallic surface sites are inactive in the GOR, the reaction
beginning at potentials as high as ∼1.2 V vs. RHE, where the electrode
surface is covered by Ni(OH)2. Besides, the oxidation of gluconate starts
at a lower potential, suggesting that selective gluconate formation is not
feasible on Ni. The different nature of the surface sites strongly impacts
the GOR mechanism, the reaction occurring through C–C bond breaking
(likely between C1 and C2 atom) and results in formic acid (C1 acid,
detected by FTIRS and HPLC) and arabinose (C5 sugar, detected by
HPLC). However, the molecular fractions of formic acid and arabinose
are not the same, suggesting that glucose and/or arabinose molecules
may be subject to multiple C–C bond breaking and oxidation steps.
Contrary to the gold surface, DEMS evidenced no CO2 formation, even
at high electrode potentials. It has also been demonstrated that the
presence of glucose completely inhibited the OER on Ni, either because
of competing reaction mechanisms or because of surface blocking by
glucose molecules. Experimental and simulation data demonstrated
that the Ni(OH)2∕NiOOH surface is not under stationary conditions
during the GOR, making Koutecky–Levich analysis of the rotation rate
dependence inappropriate.

Further than the catalyst nature, parameters such as the residence
time, poisoning, the glucose over hydroxide concentration ratio and the
oxidation state of the surface seem to have a large influence on the
glucose oxidation mechanism. Thus, a better understanding of the effect
of these parameters on the stability, conversion rate, selectivity and
faradaic efficiency is a prerequisite to the implementation of efficient
electrolysers for biomass-derived compounds at an industrial scale.
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