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Abstract
Pt/C and Pt9Bi1/C catalysts are synthesized by wet chemistry, characterized by physicochemical and electrochemical methods,
and evaluated towards glucose and methyl-glucoside electrooxidation in alkaline medium. Pt9Bi1/C leads to onset potentials 150
to 350 mV lower than those recorded on Pt/C for glucose and methyl-glucoside oxidation, respectively. From in situ infrared
spectroscopy, main reaction products of glucose and methyl-glucoside oxidation are gluconate and methyl-glucuronate, respec-
tively. Chronoamperometry is performed for 6 h in a 25-cm2 electrolysis cell fitted with a Pt9Bi1/C anode to oxidize 18.0 g L−1

glucose and 19.4 g L-1 methyl-glucoside at cell voltages of 0.30 V and 0.50 V, respectively, and a Pt/C cathode to produce
hydrogen. Analyses of the reaction products by high-performance liquid chromatography, by 13C nuclear magnetic resonance,
and by mass spectroscopy indicate that gluconate and methyl-glucuronate are formed with 100% faradaic efficiency and 100%
selectivity at 40% glucose and 37% methyl-glucoside conversions, respectively.
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Introduction

Biomass represents the most abundant and the only renewable
carbon reservoir [1] that can be an alternative to fossil resources
for platform chemicals [2]. But, to avoid competition with hu-
man feeding, nonedible biomass, such as cellulose, must be
preferred to edible biomass, such as starch or vegetal oils, for
energy and fine chemistry applications. Cellulose can be
depolymerized using highly concentrated solutions of acids or
bases [3], but more recently, other cleaner processes have been
developed to yield glucose and glucose derivatives [4–6].

Oxidation of bio-sourced molecules is a very interesting
method for producing valuable chemicals. Classical oxidation
methods of organic molecules based on the use of

stoichiometric oxidants (permanganate, chromic acid, or nitric
acid [7]) are not convenient due to their low environmental
quotient [8, 9]. Greener processes, such as catalytic methods,
have then been proposed as alternatives for the oxidation of
organics in general, and in particular of aldose [10–12]. The
selective (electro)oxidation of glucose leads generally to
gluconic acid because the oxidation of the primary alcohol
into carboxylic acid is very difficult to perform, and this
reaction remains one of the important problems of organic
chemistry [13–15], and because the anomeric group of
glucose is a reductive function. However, D-glucuronolactone
and D-glucaric acid are very interesting compounds for, as
examples, hepatoprotective effects and as a common
ingredient in energy drinks for the former one [16], and as a
precursor for plastics and textile industries for the latter one [10,
17]. But, to obtain these compounds, the primary alcohol group
must be oxidized into glucuronic acid.

Amaniampong et al. [18] reported the oxidation of glucose
into glucuronic acid with 95% selectivity at 93% conversion
using high-frequency ultrasounds (550 kHz) at 80 °C on a
copper oxide catalyst. However, the general strategy consists
in protecting the reductive anomeric function of glucose by a
methyl group and to perform the oxidation of the primary

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12678-020-00586-y) contains supplementary
material, which is available to authorized users.

* C. Coutanceau
christophe.coutanceau@univ-poitiers.fr

1 IC2MP, UMR, CNRS - Université de Poitiers, n° 7285, 4 rue Michel
Brunet, TSA 51106, 86073 Cedex 9 Poitiers, France

https://doi.org/10.1007/s12678-020-00586-y

Published online: 22 February 2020

Electrocatalysis (2021) 12:1–14

http://crossmark.crossref.org/dialog/?doi=10.1007/s12678-020-00586-y&domain=pdf
https://orcid.org/0000-0001-6839-2491
https://orcid.org/0000-0001-5464-7721
https://doi.org/10.1007/s12678-020-00586-y
mailto:christophe.coutanceau@univ-poitiers.fr


alcohol group. The oxidation of methyl-glucoside has then
been carried out by heterogeneous catalysis. Hua et al. [15,
19] developed Pd/La0.5Pb0.5Mn0.9Sn0.1O3 and Pd/CuO–
Ce0.5Mn0.5O2 catalysts and performed the reaction with a
catalyst/methyl-glucoside mass ratio of 1/6 at 70 °C under
stirring and oxygen bubbling. They reported 60% yield over
Pd/La0.5Pb0.5Mn0.9Sn0.1O3 and 90% yield over Pd/CuO–
Ce0.5Mn0.5O2 in desired products (methyl-glucuronic acid
and methyl-glucuronolactone) after acidic hydrolysis. Omri
et al. [20] obtained 90% yield with catalysts consisting of
TEMPO grafted on nanosized TiO2, AlO2, and CeO2 sup-
ports, with a catalyst/methyl-glucoside molar ratio of 1/10 at
35 °C by using the synthetic method developed by Zhao [21]
for oxidation of primary alcohols into carboxylic acid. But
these methods are both relatively complex to implement in
terms of catalyst fabrication and reaction conditions.

Electrochemical reactors are already used in industries for
several organic electrosynthesis reactions [22], one of the
most famous applications being the Monsanto process for
the electrochemical formation of adiponitrile from acryloni-
trile. The main advantages of electrochemical methods consist
first in only using the molecule to be transformed, water and
electrons as reactants, and second in working under mild con-
ditions (room temperature and pressure), which contribute to
make electrocatalysis a sustainable nonthermal activation
method. For oxidation reactions, electrochemical methods al-
low activating water molecules at the solid electrode material
surface, which will serve as an oxygen source to provide extra
oxygen atoms for the oxidation of organic compounds without
the use of oxidative agents in the reaction medium (O2 or
H2O2, as it is the case in many processes from heterogeneous
catalysis). In addition, the activity for an organic reaction can
be controlled by modifying the catalyst structure/composition
and the selectivity of the reaction by accurately tuning the
anode potential (cell voltage), which controls both the water
and the organic molecule adsorption/activation at the catalyst
surface [23, 24]. For example, Pd3Au7/C catalysts have been
shown to be very active [25] for glucose electrooxidation at
room temperature and very selective towards gluconic acid
formation at a cell voltage of 0.4 V.

In heterogeneous catalysis, the high catalytic activity of
platinum-bismuth (PtBi) and palladium-bismuth (PdBi) mate-
rials towards controlled oxidation of alcohols, polyols, and
carbohydrates was recognized for several decennia [24–28].
More recently, non-alloyed Pt9Bi1/C structure has shown
unique catalytic behavior towards the electrooxidation of
glycerol [29]: very high activity from very low electrode po-
tentials, prevention of the C–C bond breaking, and very high
selectivity towards low-oxidized species (dihydroxyacetone
and glyceraldehyde) at low potentials [27, 28].

In this context, the present contribution intends to shed
light on the electrooxidation mechanism of glucose and
methyl-glucoside on Pt/C and Pt9Bi1/C catalysts by

comparing the activity and selectivity of catalysts and the
reactivity of molecules. The activity of catalysts will be deter-
mined by linear scan voltammetry, whereas the chemical func-
tion formed by oxidation of molecules will be monitored with
respect to the electrode potential using in situ Fourier trans-
form infrared spectroscopy. At last, chronoamperometry mea-
surements at a fixed cell voltage will be performed in a 25-cm2

surface area electrochemical reactor (electrolysis cell) to accu-
mulate reaction products at the Pt9Bi1/C anode, which could
be further analyzed by high-performance liquid chromatogra-
phy, 13C nuclear magnetic resonance, and mass spectroscopy.
Results will show a 100% faradaic yield and a 100% selectiv-
ity towards the production of gluconate from glucose and
methyl-glucuronate from methyl-glucoside with very low en-
ergy consumption that makes Pt9Bi1/C the outstanding
electrocatalyst for such reactions.

Experimental

Synthesis of Catalysts by the “Water-in-Oil”
Microemulsion Route

The protocols for the synthesis of Pt/C and Pt9Bi1/C are ex-
plained elsewhere [25, 27, 28, 30]. Briefly, appropriate
amounts of metal salts (H2PtCl6•3 H2O and BiCl3 99.99%
purity, Alfa Aesar) are dissolved in ultra-high purity water
(Milli-Q, 18.2 MΩ cm, Millipore) to obtain a total metal con-
centration of 0.10mol L−1 with the desired Pt/Bi atomic ratios.
A 1.6 mL aliquot of aqueous solution containing dissolved
metal salts is added to a homogeneous solution of 37 g n-
heptane (99% purity, Acros Organics) and 16.1 g polyethylene
glycol dodecyl ether (Brij® L4, Sigma-Aldrich). The mixture
is stirred until a translucent and stable microemulsion is ob-
tained. Then, 100 mg of sodium borohydride are added as a
reducing agent. After reduction of metal salts, a given amount
of carbon powder (Vulcan XC72, Cabot Corp.) is added to the
colloidal solution to reach a metal loading of 40 wt%. The
mixture is then filtered and washed several times with acetone
and ultrapure water. The catalytic powder is dried under air
overnight in an oven at 343 K before undergoing a thermal
treatment for 2 h at 473 K under air to eliminate remaining
traces of surfactant.

Catalysts are characterized by thermogravimetric analysis
(TGA) to check the metal loading on carbon (TA Instrument
model SDT Q600), by transmission electron microscopy
(TEM) to evaluate the mean size of particles (JEOL JEM
2100 UHR microscope with a resolution of 0.19 nm), by X-
ray diffraction (XRD) to explore the microstructure of mate-
rials (PANalytical Empyrean X-ray diffractometer), and by
atomic absorption spectroscopy (AAS) after complete disso-
lution of the catalyst to determine the bulk composition
(Perkin Elmer AA200 atomic absorption spectrometer).

2 Electrocatalysis (2021) 12:1–14



Electrochemical Measurements

Cyclic voltammograms (CV) and linear sweep voltammo-
grams (LSV) are recorded at 293 K in a thermostated three-
electrode cell using a Voltalab PGZ402 potentiostat
(Radiometer Analytical). The reference electrode is a revers-
ible hydrogen electrode (RHE), the counter electrode is a 6-
cm2 surface area glassy carbon plate, and the working elec-
trode consists in the catalytic layer deposited on a 0.0707-cm2

geometric surface area glassy carbon disc as substrate. The
electrolytes consist in a N2-purged 0.10 mol L−1 NaOH (semi-
conductor grade 99.99%, Sigma-Aldrich) solution for catalyst
characterization, with addition of 18.0 g L−1 of glucose or
19.4 g L−1 methyl-glucoside (99%, Sigma-Aldrich) for elec-
trocatalytic activity evaluations. The working electrode prepa-
ration is described elsewhere [25, 27–30]. Briefly, an aliquot of
3μL of a catalytic ink (containing 17.7mg of catalytic powder,
2.646 mL of ultra-high purity water, and 354 μL of 5 wt%
Nafion suspension in aliphatic alcohols from Sigma-Aldrich)
is dispensed onto the glassy carbon disc, which corresponds to
a metal loading of 100 μgmetal cm

−2 on the working electrode.
The scheme of the setup for chronoamperometry measure-

ments (CA) at 293 K is presented in supporting information
(SI 1). A 25-cm2 single filter press–type electrolysis cell is
fitted with a Pt9Bi1/C anode (2.0 mgmetal cm

−2) and a Pt/C
cathode (0.5 mgPt cm

−2) separated by a blotting paper. A
30 mL solution containing 0.10 mol L−1 NaOH and
18.0 g L−1 glucose or 19.4 g L−1 methyl-glucoside
(0.10 mol L−1 each) feeds in recirculation at 25mLmin−1 both
compartments of the cell. The icell(t) curves are recorded at the
constant cell voltages (Ucell = 0.30 V for glucose oxidation
and Ucell = 0.50 V for methyl-glucoside oxidation) by using
interfaced Agilent E3614 generator to fix the voltage and two
Agilent 34405Amultimeters to record the applied cell voltage
and the current.

Every hour, a 0.6 mL aliquot of the solution is ana-
lyzed by high-performance liquid chromatography (HPLC)
using a Knauer Azura HPLC equipped with a
Transgenomic ICSep COREGEL 107H column for organic
acids, aldehydes, alcohols, and ketone molecule separation.
Because no standard is available for the expected product
from methyl-glucoside oxidation, the comparison of the
HPLC peak positions is made with respect to those re-
corded with standards from glucose and xylose oxidation
products at 0.10 M, neutralized with NaOH (when neces-
sary): sodium gluconate, lithium xylonate, glucuronic acid,
and glucaric acid (purity ≥ 97%, except for lithium
xylonate with purity ≥ 95%). Chromatography analyses
are performed with 0.007 mol L−1 H2SO4 aqueous solu-
tion as eluent at 0.6 mL min−1 flow rate with a UV
detector set at λ = 210 nm. After a 6-h electrolysis exper-
iment, the solutions are analyzed by 13C nuclear magnetic
resonance (NMR) using a Bruker Ultrashield 400 plus

with a Bruker AD-XT pump and a Bruker B-ACS 60
automatic sample changer. The samples are first neutral-
ized by HCl, then lyophilized and put in D2O (deuterium
oxide, 99.9 atom % D, Sigma-Aldrich) for analysis. The
exact mass of compounds is determined by mass spectros-
copy (MS). A 3-μL sample is injected in direct mode
using an autosampler SIL 20AC HT. Analysis is per-
formed in a negative mode (M − 1) with an interface tem-
perature of 623 K, a DL temperature of 523 K, a nebu-
lizer gas flow of 1.5 L min−1, a heat block temperature of
473 K, and a drying gas flow of 10 L min−1. Samples are
eluted using a LC-20AD pump by a solution of water/
acetonitrile (70/30) containing 5 mM ammonium acetate
and 0.1 wt% acetic acid (flow rate of 1 mL min−1).
Scan measurement is operated over the m/z range from
100 to 1000. The remaining methyl-glucoside concentra-
tions after the 6-h electrolysis are analyzed by a HPLC
equipped with a refractometer (SI 2). Analysis is done at
343 K using a HPLC Shimadzu apparatus composed of a
Zorbax NH2-column (250 × 4.6 mm), a Shimadzu LC-
20AD pump, and a Shimadzu Waters 2014 detector. The
mobile phase (0.4 mL min−1) is an acetonitrile/water 20/
80 v/v mixture. The calibration curves are given in SI 2.

In Situ Fourier Transform Infrared Spectroscopy
Measurements

In situ Fourier transform infrared spectroscopy (in situ FTIRS)
experiments are performed with a Bruker IFS 66 FTIR spec-
trometer modified for beam reflection on the electrode surface
at a 65° incident angle. To remove interferences from atmo-
spheric water and CO2, the beam path is evacuated. An
Infrared Associates liquid nitrogen–cooled HgCdTe detector
is used. The spectral resolution is 4 cm−1, and each spectrum is
obtained by averaging 512 spectra recorded for 35 s. Spectra
are recorded every 0.05 V during the linear voltammetry car-
ried out in a 0.10 mol L−1 NaOH and 18.0 g L−1 glucose
(19.4 g L−1 methyl-glucoside) electrolyte at 1 mV s−1 (i.e.,
each spectrum represents the average signal recorded for
0.035 V range every 0.050 V) from 0.050 to 1.200 V vs
RHE. The experimental details of the electrochemical setup
for SPAIRS (single potential–alteration IR spectroscopy) are
described elsewhere [31, 32]. Spectra were normalized as fol-
lows:

ΔR
R

¼ RE−RERef

RERef

ð1Þ

where RE is the reflectivity recorded at the electrode po-
tential E during the positive potential scan and RERef is the
reflectivity recorded at 0.050 V vs RHE. Therefore, nega-
tive absorption bands correspond to the formation of spe-
cies at the electrode surface, and positive absorption bands
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correspond to the consumption of species at the electrode
surface.

Results and Discussion

Physicochemical Characterization of Catalysts

The morphology and the mean size of carbon-supported mate-
rials are observed by TEM, whereas the microstructure is ob-
served by XRD. Figure 1a,b shows typical micrographs of Pt/C
and Pt9Bi1/C catalysts, respectively, and as the corresponding
size distribution histograms are presented in Fig. 1c,d, respective-
ly. The metal particles are quasi-spherical in shape and relatively
well-dispersed on the carbon support, although some agglomer-
ates could be found. From the counting of at least 300 isolated
particles, the metal particle mean sizes are found to be ca. 5.2 nm
and ca. 4.7 nm for Pt/C and Pt9Bi1/C, respectively.

XRD patterns of the Pt/C and Pt9Bi1/C catalysts are
depicted in Fig. 2. Both patterns exhibit diffraction peaks of
the different crystallographic planes located at the character-
istic positions for a face-centered cubic (fcc) structure, typical
of metallic Pt. A small diffraction peak located at ca. 25° is
attributed to the (002) plane of turbostratic graphite. The ap-
parent mean crystallite sizes (Lv) are calculated using the
Scherrer equation from the (111) diffraction peak located close
to 2θ = 40°, leading to mean crystallite size values of 3.5 nm

and 4.3 nm for Pt/C and Pt9Bi1/C, respectively. Due to size
and strain effects, these values of crystallite sizes are
underestimated but still consistent with those obtained by
TEM. The positions of diffraction peaks related to (111),
(200), (220), and (311) planes allow calculating for all mate-
rials the average values of the lattice parameters (a) using the
Bragg equation [33]. These values are 0.392 nm for both Pt/C
and Pt9Bi1/C, indicating the formation of non-alloyed Pt9Bi1
structure using the “water-in-oil” microemulsion method, in
agreement with previous works [29, 34]. Previous studies by
molecular dynamics simulations and deep physicochemical
characterization [29] have shown that Pt9Bi1 nanoparticles
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Fig. 1 Typical TEM images and
size distribution histograms for
Pt/C (a, c) and Pt9Bi1/C (b, d)
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Fig. 2 XRD patterns of Pt/C and Pt9Bi1/C nanomaterials
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prepared by the low-temperature microemulsion method
consisted in Bi shell structures surrounding and interacting
with well-crystallized Pt cores.

The bulk compositions of binary catalysts as determined by
AAS give a Pt/Bi atomic ratio of 89/11, close to the expected
ones. At last, the metal loadings on carbon as determined by
TGA are 39 wt% and 37 wt% for Pt/C and Pt9Bi1/C, respec-
tively, again close to the expected loadings of 40 wt%. All
these results also demonstrate that the “water-in-oil”
microemulsion synthesis method is quantitative, meaning that
all metal atoms are incorporated in the catalytic particles.

Electrocatalytic Behavior of Catalysts

The surfaces of the catalysts are first characterized by cyclic
voltammetry. Figure 3 displays the typical CVs of Pt/C (black
line) and Pt9Bi1/C (gray line) recorded in a N2-purged 0.10 M
NaOH electrolyte. The current densities are reported versus
the geometric surface area of the electrode (i.e., 0.0707 cm2)
loaded with the same mass of metals. The Pt/C catalyst pre-
sents redox features in the potential region from 0.05 to 0.45V
vs RHE corresponding to hydrogen adsorption on (negative
currents) and desorption from (positive currents) the Pt sur-
face, and in the potential range from 0.50 to 1.20 V vs RHE
corresponding to Pt surface oxidation into PtO (positive cur-
rents) and the reduction of PtO into Pt (negative currents).
After modification of Pt by 10 at% of bismuth, the redox
features in the 0.05 to 0.45 V vs RHE range have disappeared,
which indicates inhibition of the hydrogen adsorption process
on Pt. This behavior was already observed by different authors
[34, 35], although still not completely understood. It suggests
either a (quasi) full coverage of Pt surface by Bi structures or
an electronic effect of Bi on Pt inhibiting the hydrogen ad-
sorption process. In the potential range from 0.50 to 1.20 V vs
RHE, the positive current peaks at ca. 0.62 V and 0.82 V vs

RHE have been proposed to correspond to the oxidation of
bismuth atoms from Bi(0) to Bi (II) [36] and Bi (III) [37] in
low and strong interactions with platinum surface, respective-
ly [38]. The reduction peak at ca. 0.72 V vs RHE corresponds
to the simultaneous reduction of Pt and Bi oxides. The
electroactive surface area could be calculated for the Pt/C
catalyst from the integration of the hydrogen desorption cur-
rent densities in the 0.05 to 0.45 V vs RHE region after cor-
rection of the double-layer capacitive current (41 m2 gPt

−1);
but unfortunately, it cannot be calculated for the Pt9Bi1/C cat-
alyst for which the hydrogen adsorption process is inhibited.

The linear scan voltammetry (LSV) curves for the
electrooxidation of glucose and methyl-glucoside over Pt/C
(black lines) and Pt9Bi1/C (gray lines) are compared in
Fig. 4. The onset potentials Eonset and maximum current den-
sity in the catalytically interesting potential region (below
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Fig. 3 Cyclic voltammograms of Pt/C (black line) and Pt9Bi1/C (gray
line) nanomaterials, (scan rate = 5 mV s−1, N2-purged 0.10 M NaOH
electrolyte, and T = 293 K)
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0.8 V vs RHE) jmax are given in Table 1. Regarding the LSVs
recorded for glucose electrooxidation in Fig. 4a, Pt9Bi1/C dis-
plays much higher activity than Pt/C as lower onset potential
and higher current densities are recorded over the whole po-
tential range studied. It is worth to notice the very low onset
potential between 0.00 and 0.06 V vs RHE, which makes this
catalyst the outstanding one for glucose electrooxidation.
Indeed, Ghoshs et al. [39] prepared Au-based NPs on
graphene nanosheets active for glucose electrooxidation from
the onset potential of ca. 0.30 V vs RHE; Yan et al. [40]
obtained an onset potential of ca. 0.40 V vs RHE on non-
alloyed PdxAuy/C, whereas Rafaïdeen et al. [25] developed
an active-alloyed Pd3Au7/C catalyst presenting an onset po-
tential of ca. 0.1 V vs RHE.

Regarding the LSVs recorded for methyl-glucoside
electrooxidation in Fig. 4b, the same trends as for glucose
electrooxidation are observed: Pt9Bi1/C is the most active cat-
alyst from ca. .22 V vs RHE. Pt/C displays lower activity for
this reaction. But the onset potentials for methyl-glucoside
oxidation are shifted towards higher values than those obtain-
ed for glucose oxidation, by more than 150 mV and ca.
350 mV on Pt9Bi1/C and Pt/C, respectively. The second re-
mark is that over Pt9Bi1/C, the general shape of methyl-
glucoside oxidation differs from that of glucose oxidation,
showing only one well-defined oxidation peak rather than an
oxidation wave and a kind of current plateau at higher poten-
tials. The shape of the LSVs for methyl-glucoside oxidation
resembles a lot those obtained for the oxidation of full polyols,

Table 1 Onset potentials Eonset and maximum current densities jmax for the electrooxidation of glucose and methyl-glucoside on Pt/C and Pt9Bi1/C
catalysts

Pt/C Pt9Bi1/C

Eonset
a

(V vs RHE)
jmax

b

(mA cm−2)
Eonset

a

(V vs RHE)
jmax

b

(mA cm−2)

Glucose 0.06 1.54c 0 < Eonset < 0.06 4.58c

Methyl-glucoside 0.42 0.71d 0.22 6.60e

a Onset potential, b Maximum current densities c 0.66 V, d 0.72 V, e 0.69 V vs RHE
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Fig. 5 Infrared spectra recorded
for the oxidation of 0.10 M
glucose (a, b) and 0.10Mmethyl-
glucoside in 0.10 M NaOH (c, d)
electrolyte on Pt/C (a, c) and
Pt9Bi1/C (b, d) catalysts (scan
rate = 1 mV s−1, resolution
4 cm−1, and T = 293 K; certical
scale: ΔR/R). For the interpreta-
tion of the references to colors in
this figure legend, the reader is
referred to the web version of this
article
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such as glycerol [22, 27] and ethylene glycol [41], which
seems to indicate that other functions than the anomeric one
are involved in the oxidation reaction.

In Situ Infrared Spectroscopy Measurements

To shed light on the chemical functions formed for the oxida-
tion reactions of glucose and methyl-glucoside at Pt/C and
Pt9Bi1/C electrodes, infrared spectra are recorded over the
0.050 to 1.200 V vs RHE potential range every 50 mV with
the very low potential scan rate of 1 mV s−1 (Fig. 5).

Figure 5a,b presents the spectra recorded for the oxi-
dation of glucose at Pt/C and Pt9Bi1/C electrodes, respec-
tively. The spectra on both catalysts display the same
main infrared absorption bands, but they appear at lower
potentials and show higher intensities for Pt9Bi1/C than
for Pt/C, confirming the higher activity of the former cat-
alyst as evidenced by voltammetry study. Based on liter-
ature data [42–44], the infrared absorption bands located
at ca. 1044, 1092, and 1136 cm−1 are assigned to the ν(C–
O) stretching mode of CH2–OH functions, whereas the
medium infrared absorption band at 1414 cm−1 and the
strong one at 1581 cm−1 are attributed to the formation of
gluconate. The infrared absorption band at ca. 1360 cm−1

was assigned by Beden et al. [42] to δ(CH2) mode of
gluconate or gluconolactone. On Pt/C catalysts, a strong
absorption band arise in the 2000 to 2100 cm−1 wavenum-
ber range from 0.10 V vs RHE that is assigned to the
formation of linearly adsorbed CO [45]. This indicates
that Pt/C material can break the C–C bond of the glucose
molecules from relatively low electrode potentials. This is
confirmed by the appearance of the absorption band cen-
tered at 2343 cm−1 for potentials higher than 0.60 V vs
RHE. This infrared absorption band is typical of the for-
mation of interfacial CO2 [46–48] and indicates that deg-
radation products from glucose, involving C–C bond
breaking, are formed. In the case of Pt9Bi1/C catalyst,
no absorption band in the 2000 to 2100 cm−1 wavenum-
ber region is visible, but the band at 2343 cm−1 appears
for potentials higher than 0.70 V vs RHE. These observa-
tions show that the Pt9Bi1/C material has much lower
ability to break the C–C bond at low potentials than Pt/
C. The high similarity of the spectra in the 1000 to
1800 cm−1 wavenumber range recorded on Pt/C and
Pt9Bi1/C materials indicates that gluconate is the main
reaction product formed on Pt9Bi1/C catalyst according
to the chemical equation presented in the following elec-
trochemical semi-equation (Eq. 2):

O OH

OH

OH

OH

OH O

OH

OH

OH

OH

OH

O–

+ 3 OH- + 2 H2O + 2 e-
ð2Þ

Figure 5c,d presents the spectra recorded for the oxidation
of methyl-glucoside at Pt/C and Pt9Bi1/C electrodes, respec-
tively. Again, the spectra on both catalysts display the same
main infrared absorption bands, but again, they appear at low-
er potentials and show higher intensities for Pt9Bi1/C than for
Pt/C, confirming the higher activity of the former catalyst as
evidenced by the voltammetry study. The comparison with the
spectra recorded for glucose oxidation shows that if the same
infrared absorption bands located at 1414 cm−1 and 1581 cm−1

are present in the spectra of methyl-glucoside oxidation, the
band at 1360 cm−1 is no more present and a band at ca.
1305 cm−1 appears. The peaks at 1305, 1414, and
1581 cm−1 are assigned to the formation of carboxylate spe-
cies. The absence of the peak at 1360 cm−1 assigned to δ(CH2)
vibration mode of gluconate or gluconolactone translates into
a different reaction pathway without formation of this CH2

group (typical of the gluconate/gluconolactone) in the reaction
products of methyl-glucoside oxidation. It is also worth to
note the absence, in the case of Pt9Bi1/C, of the absorption

band at ca. 2343 cm−1 related to the formation of interfacial
CO2 over the whole studied potential range. This demon-
strates that the anomeric function is protected, which
avoids C–C bond cleavage. It also indicates that in the
case of glucose oxidation, the C–C bond-breaking mecha-
nism operates through a successive transformation of the
carboxylate group into carbonate or CO2, creating a car-
boxylate with one less carbon and shortening the molecule
one carbon at a time. Indeed, Rafaïdeen et al. [25] showed
the presence of xylonate and traces of threonate after the
6-h electrolysis of 0.1 M glucose on a Pd3Au7/C catalyst.
This means that the –CHOH–COO− group is less stable
than the primary or secondary alcohol groups. From all
these observations, it appears that the product formed from
methyl-glucoside oxidation presents a carboxylate group
which is different to that of gluconate from glucose oxi-
dation, without C–C bond breaking. It is then reasonable
to propose that methyl-glucuronate is formed according to
the electrochemical semi-reaction presented in Eq. (3):
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LSVs (Fig. 4a, b) show that Pt9Bi1/C catalyst displays higher
activity (higher current densities) than Pt/C catalyst towards
glucose and methyl-glucoside oxidation reactions over the
whole potential range studied. In situ FTIRS measurements
(Fig. 5) show that gluconate andmethyl-glucuronate are obtain-
ed as main products on both catalysts for glucose and methyl-
glucoside oxidation reactions, respectively. The modification of
a catalytic metal, namely platinum, by foreign atoms can affect
the amount and composition of chemisorbed species and further
the course of their electrooxidation [49]. Actually, three main
effects of surface modification have been proposed [50]: the
ligand effect (electronic effect) that stipulates changes in surface
electronic properties induced by the foreign atoms altering both
adsorption and intramolecular bond energies, the ensemble ef-
fect (third body or geometric effect) that stipulates that blocking
particular adsorption sites by foreign atoms favors a given re-
action pathway without decreasing the activity of the catalytic
surface, and the bifunctional mechanism that stipulates that OH
species adsorbed on the foreign atoms can be provided to the
adsorbed organic species on the catalytic surface to complete
the oxidation reaction.

Concerning the electrooxidation of glucose on noble metals
such as Au and Pt, it is admitted that the first step involves the
adsorption of the anomeric carbon and that the formation of
gluconolactone occurs [42, 51–53]. In low potential region and
intermediate potential region on pure Pt surface, gluconolactone
can desorb and be converted into gluconate in presence of hy-
droxyl ions in the electrolyte [54]. For potentials higher than
0.6 V vs RHE, Pt surface can activate water molecules and
adsorb OH species, allowing a Langmuir-Hinshelwood mecha-
nism to occur between adsorbed gluconolactone and adsorbed
OH species leading to direct carboxylate formation. The increase
of activity in the low potential region on the Bi-modified Pt
nanoparticles cannot be explained in terms of the bifunctional
mechanism, because Bi atoms are expected to be at the zero
valent state in the potential range below 0.25 V vs RHE [35,
55]. Therefore, the activity enhancement induced by the pres-
ence of bismuth at low electrode potentials is due either to the
ligand or to the ensemble effects.

In situ FTIRS measurements for glucose oxidation show
the formation of adsorbed CO on Pt/C, but not on Pt9Bi1/C.
This observation can be explained by the ensemble effect: the

dilution of Pt surface atoms by Bi atoms avoids the multi-
bonded adsorption mode of glucose, favors linearly bonded in-
termediates due to steric effect [56], and further prevents the
formation of COads on the Pt surface. This effect will enhance
not only the selectivity of the reaction but also the activity of the
catalyst by limiting its poisoning by strongly adsorbed CO spe-
cies. However, the ligand effect cannot be discarded, as it can
also explain the total inhibition of hydrogen adsorption on the Pt
surface modified by Bi atoms and the simultaneous reduction of
Pt and Bi surface oxide observed in the Pt9Bi1/C CVof Fig. 3.

In the case of methyl-glucoside oxidation, the anomeric
function is protected, and according to in situ FTIRS measure-
ments and chronoamperometry studies (see below), methyl-
glucuronate is formed. At low overpotentials, i.e., E ≤ 0.40 V
vs RHE, Pt surface is not expected to activate water and to
adsorb OH species necessary to complete the oxidation reac-
tion into carboxylate. This fact explains the onset potential of
ca. 0.42 V vs RHE for methyl-glucoside oxidation into
methyl-glucuronate through a Langmuir-Hinshelwood mech-
anism on Pt/C. In this case, the addition of Bi leads to shift the
onset potential down to ca. 0.22 V vs RHE (Fig. 4b), where
the redox transition from Bi(0) to Bi (II) (Bi (OH)2) is expect-
ed to occur [29] allowing the bifunctional effect to take place.
This mechanism can also be invoked for enhanced activity of
the glucose electrooxidation on Pt9Bi1/C catalyst for electrode
potentials higher than 0.25 V vs RHE.

Chronoamperometry Measurements (CA)

Previous voltammetric studies and infrared measurements un-
der electrode potential control allow determining the anode
potential range of interest to accumulate products with the
selectivity as high as possible. Because methyl-glucoside is
less electro-reactive than glucose, the cell voltage has to be
increased in this case to obtain enough conversion for further
analysis of reaction products; chronoamperometry measure-
ments of glucose and methyl-glucoside oxidations at fixed
constant cell voltages of 0.3 V and 0.5 V, respectively, are
performed at 293 K for 6 h in a 25-cm2 surface area filter
press–like cell fitted with a Pt/C catalyst at the cathode
(40 wt% Pt, 0.5 mgPt cm

−2) and a Pt9Bi1/C catalyst at the
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anode (40 wt% metal, 2.0 mgmetal cm
−2). In the cathodic com-

partment, the Pt/C catalyst served for the hydrogen evolution
reaction (HER) according to the following reaction:

2 H2Oþ 2 e−→H2 þ 2 OH− ð4Þ

The hydrogen evolution counter-reaction at a Pt/C cathode
has a reversible potential of 0.00 V vs RHE, and this reaction
occurs with very high kinetics. This means that the anode
potential value is close to the cell voltage value (slightly lower
due to the small negative overpotential at the cathode), be-
cause the cell voltage corresponds to the difference of elec-
trode potentials (Ucell = Ea – Ec, where Ea is the anode poten-
tial, Ec is the cathode potential, and Ucell is the cell voltage). It
can then be assumed that under actual operational conditions,
the anode potentials remain between 0.25 and 0.30 V vs RHE
for glucose electrooxidation and between 0.45 V and 0.50 V
vs RHE for methyl-glucoside electrooxidation. In a previous
paper, Rafaïdeen et al. [25] showed indeed that the Pt/C cath-
ode potential remained between − 0.03 and − 0.01 V vs RHE
for the 6-h electrolysis experiment of glucose electro-
conversion at a cell voltage of 0.4 V.

Figure 6 shows the i(t) curves recorded for 6 h electro-
reforming of glucose (Fig. 6a) and methyl-glucoside (Fig. 6b)
at cell voltages of 0.30 V and 0.50 V, respectively. The initial
currents for both glucose and methyl-glucoside electrolysis
measurements reach values between 0.05 and 0.06 A. For both
compounds, the current decreases monotonously over the first
hours of experiments and then reach plateaus of ca. 0.006 A
and 0.012 A for glucose and methyl-glucoside, respectively.
Pt9Bi1/C catalyst could undergo a first rearrangement of the
surface atoms or some poisoning of the surface by adsorbed
species from glucose and methyl-glucoside. For the
electrooxidation of methyl-glucoside, the bifunctional mecha-
nism [57, 58] is required in order to bring the extra oxygen

atom necessary to complete the oxidation reaction towards 1-
methyl-glucuronate according to reaction (3). Therefore, the
poisoning tolerance of the catalyst surface will depend on the
ability of the surface to adsorb OH groups from water and
species from methyl-glucoside (and therefore on the coverage
balance between both kinds of adsorbates at the surface) and
will rapidly reach a steady state. At so low anode potential (ca.
0.50 V vs RHE), it is likely that the balance between both
adsorbed species at the surface shifts slightly towards higher
coverage of methyl-glucoside species rather than towards OH
groups, which explains the rapid decay in current. In contrary,
in the case of glucose electrooxidation, at a so low anode po-
tential (close to 0.30 V vs RHE), the mechanism involves the
electrochemical formation and desorption of gluconolactone
[42, 51, 54], which does not need extra oxygen atoms to be
formed. Gluconolactone can be further hydrolyzed chemically
into gluconate in the alkaline medium, and the decay of the
current is only due to the difference in charge transfer kinetics
and desorption rate of gluconolactone species. The difference
between methyl-glucoside and glucose oxidation mechanisms
can be responsible of the different rates of the current decay
observed. The continuous slow current decay for longer elec-
trolysis times corresponds to the depletion of reactants in the
medium, as it was previously observed for glucose and xylose
electrooxidation on a Pd7Au3/C catalyst [25].

Every hour, an aliquot of 0.6 mL of solution is sampled and
analyzed by HPLC. Figure 7a shows the liquid chromato-
grams recorded as a function of time for glucose electrolysis.
The retention time of the main peak at ca. 7.9 min corresponds
to that of gluconic acid in Fig. 7b. Figure 7c shows the chro-
matograms recorded as a function of time for methyl-
glucoside electrolysis. The retention time of the main peak
in this case does not correspond to any standard in Fig. 7b
(no commercial standard of methyl-glucuronate is available).
But its position is between that of glucuronic acid (ca. 7.4 min)
and that of gluconic acid (ca. 7.9 min). In both cases, glucose
and methyl-glucoside oxidation products, a peak at a retention
time of ca. 6.7 min is observed after 1-h electrolysis and does
not increase significantly for longer times. Such a peak was
also already observed in the case of xylose electrooxidation
[25], and we propose that it could correspond to the dead time
peak or to some rapidly oxidized impurity present in commer-
cial samples. In the case of glucose (Fig. 7a), the small peak at
ca. 7.6 min disappears after 2-h electrolysis, and therefore, we
propose that it is due to the oxidation of an impurity present as
a trace. In the case of methyl-glucoside, two very small peaks
are present at ca. 7.25 min and 8.6 min; the small intensities of
which indicate that these products are present as traces. At last,
another peak at the higher retention time of ca. 9.1 min ap-
pears and increases with time.

Concerning glucose oxidation, the experimental concentra-
tions of gluconic acid as determined by HPLC are compared
in Fig. 8 to the theoretical one determined from the integration

a
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Fig. 6 i(t) curves recorded at 293 K in the 25-cm2 electrolysis cell for the
oxidation of 0.10 M glucose (a) in 0.10 M NaOH aqueous solution at
0.3 Vand 0.10Mmethyl-glucoside (b) in 0.10MNaOH aqueous solution
at 0.5 V
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of the current along the electrolysis measurement time, con-
sidering that only gluconate is formed according to Eq. (2)
(two electrons involved for the oxidation of one glucose mol-
ecule). Both curves in Fig. 8 present a parallel growth and are
very close to each other, with that determined from current
integrations slightly above that determined from HPLC mea-
surements. The analysis by 13C NMR of the reaction products
after 6-h CA of 0.10 M glucose solution at 0.30 V was per-
formed at the end of electrolysis measurements to confirm the
nature of the products formed at the Pt9Bi1/C anode, and the
experimental 13C NMR spectrum has been compared with
those of standard 0.10 M glucose and 0.10 M gluconic acid
solutions (SI 3). In addition to signals related to remaining

glucose at δ = 92.1 ppm (α-glucose) and δ = 95.9 ppm (β-
glucose), signals at δ = 62.6 ppm and δ = 177 ppm are also
present in the spectrum of standard gluconic acid. Owing to
the chemical shift value of ca. 177 ppm, this last signal is
rather assigned to gluconic acid than to gluconolactone [53].
Zhang et al. [59] explained that the formation of δ- and γ-
gluconolactone through a lactonization reaction occurred in
acidic media. However, in the present case, the reaction mix-
ture was not acidified before measurements, only neutralized
to pH 7, which explains the absence of peaks related to lac-
tones in NMR spectra of reaction mixture.

Moreover, mass spectrometry measurements performed on
the sample after 6-h CA experiment (SI 4) showed a unique
peak at m/z = 195, which indicated that only one product was
present with the molecular mass of 196 g corresponding to
gluconic acid. Therefore, it can be concluded that the differ-
ence between both straight lines in Fig. 8 is due to a systematic
error (either slight overestimation of the current density or
slight underestimation of the HPLC peak surface area), and
that the selectivity towards gluconic acid on Pt9Bi1/C catalyst
is 100% for ca. 40% glucose conversion. Holade et al. [53]
announced a 100% selectivity towards gluconate at 65% con-
version for the electrooxidation of glucose on Au/C catalyst at
a cell voltage of 0.8 V, although two HPLIC (high perfor-
mance liquid ionic chromatography) peaks were obtained
(the second one at slightly higher retention time than that
assigned to gluconate). Rafaïdeen et al. [25] obtained 87%
selectivity for 67% glucose conversion at a cell voltage of
0.4 V after 6-h electrolysis, the main coproduct revealed by a
second HPLC peak at a slightly higher retention time than that
for gluconate being xylonate. In the present contribution, the
selective oxidation of glucose into gluconate was performed at
a cell voltage of 0.3 V. Because the electrical energy consump-
tion is only dependent on the cell voltage [60], energy savings
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Fig. 7 Chromatograms recorded as a function of time for the electrolysis
of 0.10 M glucose (a) and 0.10 M methyl-glucoside (c) in 0.10 M NaOH
aqueous solutions. The chromatograms for standard solutions at 0.10 M
of gluconic acid, glucaric acid, glucuronic acid, and xylonic acid are
given in (b). For the interpretation of the references to colors in this figure
legend, the reader is referred to the web version of this article
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of 25% with respect to results of Rafaïdeen et al. [25] and of
62.5% with respect to results from Holade et al. [53] are
achieved using Pt9Bi1/C anode catalyst.

For methyl-glucoside oxidation, the integration of the cur-
rent along the electrolysis measurement time, considering that
only methyl-glucuronate is formed according to Eq. (3) (four
electrons involved for the oxidation of one methyl-glucoside
molecule), allows calculating a final methyl-glucoside conver-
sion of 36%. Analysis by 13C NMR of the reaction products is
performed after 6-h electrolysis at the cell voltage of 0.50 V.
The reaction mixture is first neutralized with HCl, then lyoph-
ilized, and at last, dissolved into D2O. The comparison of the
experimental 13C NMR spectrum obtained after 6-h electrol-
ysis with that of a 0.10 M methyl-glucoside standard and that
predicted (TopSpin 4.0.6 software) from the structure present-
ed in Fig. 9 is given in supporting information (SI 5). Both
spectra contain the typical signal for primary carbon bearing a
carboxyl group at δ = 173.2 ppm, whereas that at δ = 55.8 ppm
signifies the presence of a methyl group. Hence, the species

formed after 6 h of electrolysis of methyl-glucoside may cor-
respond to the structure of methyl-glucuronic acid.

In addition, and because several peaks are obtained in the
chromatograms of Fig. 7b, mass spectrometry measurements
after 6-h electrolysis point out the presence of two compounds
(Fig. 10a): the main one at m/z = 207 corresponds to the neg-
atively ionized methyl-glucuronic acid (molecular mass of
208 g mol−1) and the second one at m/z = 253 is already pres-
ent in the spectra of a fresh methyl-glucoside solution
(Fig. 10b) and therefore does not correspond to a reaction
product after electrolysis. This is an important result indicating
that according to MS, only methyl-glucuronate is formed at
the Pt9Bi1/C anode under our experimental conditions. The
small peak at ca. 9.1 min in chromatograms of Fig. 7b, which
increases slightly with time, does not give any MS peak, and
therefore corresponds likely to a dimer which is further disso-
ciated during acidification and/or ionization processes. The
final methyl-glucoside conversion, as determined from the
HPLC calibration curve (SI 2), reaches 38%. Both conver-
sions, determined by current integration and HPLC analysis,
are very consistent, the difference likely lying in the experi-
mental standard deviations, which confirms the formation of
only one product: methyl-glucuronate. Those analytical re-
sults evidenced then a 100% selectivity towards methyl-
glucuronate at ca. 36–38% methyl-glucoside conversion.

These results show that the faradaic yields to produce glu-
conate and methyl-glucuronate are 100%, as well as the selec-
tivities. Under these conditions, the costs related to the energy
consumption for producing 1 ton of sodium gluconate at 0.3 V
and 1 ton of sodium methyl-glucuronate at 0.5 V, together
with the production of ca. 9 kg and ca. 17 kg of pure hydrogen,
respectively (SI 6), are ca. 11.1 € and 17.5 €, respectively,
assuming a mean electricity cost of ca. 0.15 €/kWh in
Europe [61]. These costs represent less than 3% of, for
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Fig. 9 Structure of the compound used to predict the 13C NMR spectrum
for comparison with the experimental one from 6-h methyl-glucoside
electro-reforming at 0.50 V (see SI 5)

Fig. 10 MS spectrum of reaction products from methyl-glucoside (a) electro-reforming for 6 h at 0.50 V using a Pt9Bi1/C anode catalyst and MS
spectrum of a fresh methyl-glucoside solution (b)
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example, the commercial prices of industrially produced
gluconic acid or sodium gluconate ranging between ca. 600
to ca. 750 US $ (ca. 550 to ca. 680 €) per ton (Dezhou
Huiyang Biotechnology Co., Ltd., Wuxi Fengmin
Environmental Technology Development Co., Ltd., etc.).

Moreover, since glucuronate forms are considered a door to
produce glucarate or glucaric acid, key molecules for the in-
dustry of bio-sourced plastics, the green electrochemical pro-
cess described in the present contribution, based on a very
active and selective Pt9Bi1/C catalyst, is of paramount impor-
tance to propose alternative solution to petro-sourced re-
sources for polymer industries.

Conclusion

Pt9Bi1/C catalyst exhibits lower onset potentials and much
higher activity than Pt/C for both glucose and methyl-
glucoside electrooxidation. Moreover, according to in situ
infrared measurements, Pt9Bi1/C catalyst is less prone to
break the C–C bond than the Pt/C one, therefore
displaying also higher selectivity towards C6 and C7 ox-
idation compounds from glucose and methyl-glucoside,
respectively. The final reaction products are in both cases
carboxylate species, but these species are different for
glucose and methyl-glucoside electrooxidation reactions.
Chronoamperometry measurements in a real 25-cm2

electrosynthesis reactor conducted at 293 K for 6 h at
the low voltages of 0.3 V and 0.5 V for glucose and
methyl-glucoside electro-reforming reactions, respective-
ly, on a Pt9Bi1/C anode allowed accumulating reaction
products for further analyses by HPLC, 13C NMR, and
MS. Several new important insights are pointed out:

Gluconate is selectively formed from glucose oxida-
tion at potentials lower than 0.60 V vs RHE. For higher
potentials, CO2 and therefore degradation products
from glucose over-oxidation are formed. Reaction
product analysis after chronoamperometry at 0.30 V
showed 100% faradaic yield and selectivity towards
gluconate.
Methyl-glucoside oxidation occurs without CO2 forma-
tion over the whole potential range studied, evidencing
the protection of the anomeric function.
Methyl-glucoside oxidation leads selectively to methyl-
glucuronate from 0.22 V vs RHE. Reaction product anal-
ysis after chronoamperometry at 0.50 V showed 100%
faradaic yield and selectivity towards methyl-
glucuronate. Pt9Bi1/C catalyst shows remarkably high
activity and selectivity for the oxidation of primary alco-
hol groups, reaction considered one of the important
problems in organic chemistry.

Therefore, Pt9Bi1/C material corresponds to the outstand-
ing electrocatalyst for glucose and methyl-glucoside oxidation
since onset potentials lower than 0.05 Vand close to 0.22 V vs
RHE for the selective oxidations of glucose and methyl-glu-
coside, respectively, are much lower than those obtained for
Pt- [62], Pd- [63], and Au-based [39, 40, 53, 64] catalysts.

At last, the low energetic cost and the high yield towards
methyl-glucuronate of the methyl-glucoside electrocatalytic
process based on a very active and selective Pt9Bi1/C catalyst
open the door to green alternative solutions to fossil resources
for bio-sourced polymer industries.
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