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Highly Efficient and Selective Electrooxidation of Glucose and Xylose in 

Alkaline Medium at Carbon Supported Alloyed PdAu Nanocatalysts 

Thibault Rafaïdeen, Stève Baranton, Christophe Coutanceau* 

IC2MP, UMR CNRS – Université de Poitiers n° 7285, 4 rue Michel Brunet, TSA 51106, 

86073 Poitiers cedex 9, France. 

Abstract.  

The effect of the composition of carbon supported PdAu nanomaterials toward 

electrocatalytic oxidation of glucose and xylose was evaluated in alkaline medium. PdxAu10-

x/C catalysts were synthesized by a water-in-oil microemulsion method and characterized by 

physical (TGA, AAS, TEM, XRD) and electrochemical methods. Bulk Pd/Au alloys were 

formed, but the surface composition was different than the bulk one. The surface of PdxAu10-

x/C catalysts were enriched in Pd with respect to the nanoparticle bulk composition as 

determined by AAS. Electrochemical experiments combined with in situ infrared spectroscopy 

measurements showed the dissociative adsorption of aldoses on Pd-rich catalysts at low 

potentials (appearance of the typical band of COads on Pd surface). For catalysts with Au at. 

% ≥ 70 %, this band was not visible. Pd3Au7/C catalyst provided the lowest oxidation onset 

potential, the highest activity and the best selectivity towards gluconate and xylonate. 

Therefore, long term chronoamperometry measurements of glucose and xylose 

electrooxidation were performed on this catalyst in a 25 cm
2
 geometric active surface area 

electrolysis cell at a voltage of 0.4 V and at 293 K. Reaction products were analyzed by 

HPLC every hour, and by 
1
H NMR at the end of the experiments. The main products were 

gluconate and xylonate. Glucose oxidation led to selectivity in gluconate of 87 % for 67 % 

conversion, and higher for lower conversion. Xylose oxidation led to selectivity in xylonate of 

100 % after 1 and 2 hours electrolysis  and of 92 % after 6 hours (45 % conversion). The 

conversion of glucose and xylose into gluconate and xylonate acids was performed with high 

selectivity and an energy cost below 36 € per ton of reaction products. 
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1. Introduction. 

Xylonic and gluconic acids belong both to the top-30 list of value added chemicals from 

biomass.
1
 They can indeed be used in numerous applications, such as building blocks for the 

syntheses of various biodegradable chemicals, chelating agents, additives for cement, 

concrete, food and pharmaceutical, etc.
2,3

 For these reasons, different chemical and 

biotechnological methods have been developed for the oxidation of glucose and xylose into 

gluconic (gluconate) and xylonic (xylonate) acids, respectively. Gluconic acid is produced at 

the industrial scale by fermentation processes that involve Aspergillus niger or Gluconobacter 

suboxidans bacteria.
4
 The synthesis of xylonic acid from xylose using bacteria has also been 

reported, but to date not at the industrial scale production.
2
 Although such biotechnological 

processes show generally acceptable selectivity, their main drawbacks concerns the low 

conversion rate, microbe separation, the control of byproducts, and the disposal of waste 

water produced by the industrial fermentation process. Therefore, the heterogeneous catalytic 

oxidation of carbohydrates has been proposed as a challenging but attractive process for 

industry.
5,6

  

Numerous works have been devoted to the study of glucose and xylose oxidation in 

aqueous media, mainly on noble metals supported on MgO, -Al2O3, carbon black etc., in 

presence of oxygen or air as oxidant. Generally, Pt-based catalysts led to poor selectivity with 

breaking of the C-C bond and formation of by-products.
6,7

 According to Onda et al.
7
, a Pd/C 

catalyst led to lower yield in gluconic acid than a Pt/C catalyst (ca. 15.5 % and 45 %, 

respectively, in NaOH 1.0 mol L
-1

 aqueous solution under bubbling air after 2 h reaction at T 

= 353 K). On the other hand, Mirescu and Prüße reported selectivities of 99 % and 96 % 

towards xylonic and gluconic acids for the oxidation reaction of xylose and glucose, 

respectively, at a 4.6 % Pd/Al2O3 catalyst in aqueous solution at pH = 9.2 under oxygen 

bubbling at T = 313 K. The selectivity dropped down to 80 % and 83 % with a 5 % Pt/ Al2O3 



catalyst.
8
 Pd catalysts are indeed generally described in the literature as relatively selective for 

glucose oxidation
9
, and their activity and selectivity can still be improved by modification 

with, for example, bismuth.
10,11

 However, the problem of bismuth leaching
9,12

 leads to 

decrease the durability of catalysts and makes them inappropriate for food and pharmaceutical 

applications. Gold catalysts have also shown very promising results in terms of activity and 

selectivity for the aldose oxidation reaction
13,14

. For example, Mirescu and Prüße
8
 reported 

selectivities higher than 99.5 % towards xylonic and gluconic acids for the oxidation reaction 

of xylose and glucose, respectively, at a 0.45 % Au/TiO2 catalyst in aqueous solution at pH = 

9.2 under oxygen bubbling at T = 313 K. Other authors achieved 100 % selectivity using gold 

colloids immobilized on carbon
13

 or using gold nanoparticles supported on alumina prepared 

by the incipient wetness method
15

. The reader could find more information on gold-catalyzed 

glucose oxidation in presence of oxygen or H2O2 in the review of Della Pina and Falletta.
16

 

Generally, the aldose oxidation by heterogeneous catalysis are performed at temperatures 

higher than 40 °C in order to activate the reactions and in the presence of an oxidant as 

oxygen source (oxygen or hydrogen peroxide). But, Bujak et al.
 17

 have shown that the pre-

activation by ultrasounds of silica-supported nanogold suspended in 30% hydrogen peroxide 

led to very active and selective catalysts for the oxidation of glucose at room temperature. 

More recently, the oxidation of glucose was performed in a 35% H2O2 aqueous solution with 

FeSO4 as catalyst using low frequency ultrasounds as non-thermal activation process. The so-

called sono-Fenton process (FeSO4/H2O2/ultrasound) allowed achieving 95 % selectivity 

towards gluconic acid at low temperature (297.65 K).
18

 Microwave were also used for 

activating selectively the conversion of glucose and derivatives
19

. A conversion of 99 % and a 

selectivity of 96 % could be obtained using an Au/Al2O3 catalyst at 60 °C and in the presence 

of hydrogen peroxide. These recent results highlight the role of non-thermal activation 

processes for achieving high activity and selectivity. 



Electrochemical methods are also non-thermal activation processes that can be used for the 

controlled oxidation reactions of organic molecules. Indeed, these processes have the 

advantage to allow the accurate control of both the activity of the reaction by modifying the 

catalyst structure/composition and the selectivity of the reaction by accurately tuning the 

anode potential (cell voltage), which control both the water and the saccharides 

adsorption/activation at the catalyst surface
20-24

. Moreover, in electrochemical method, water 

molecules can be activated at the solid electrode materials to provide extra-oxygen atoms for 

the oxidation reaction of organic compounds, which allow avoiding the addition of oxidative 

agents in the reaction medium. Indeed, in the case of electrochemical methods, reactants are 

water as oxygen source, solid electrode materials and electrons, which contributes to make 

electrocatalysis a more sustainable process than catalysis. The reaction are carried out at low 

temperature (293 K in the present case), i.e. without external power supply for the heater and 

without temperature control system), and in the only presence of saccharides, water and 

electrolyte (Na
+
/OH

-
).  

Strangely, the great majority of papers dealing with glucose electro-oxidation considers 

only direct glucose fuel cell
25,26

 or sensor applications
26-28

. In such applications, the activity of 

the electrocatalysts is more important that its selectivity because high power densities and low 

detection limits are required for these applications, respectively. The electrooxidation of 

glucose at different catalytic metals has then been extensively studied, while literature 

concerning that of xylose is scarcer
29,30

. The most studied catalytic metals are platinum and 

gold, because they display good activity for these reactions. While platinum shows relatively 

good activity towards glucose oxidation in acidic media, gold exhibits higher oxidation rate in 

alkaline media.
25

 Moreover, during the oxidation process, platinum tends to deactivate, due to 

the formation of adsorbed CO at its surface.
31

 This clearly indicates that platinum is able to 

break the C-C bond and therefore is non-selective for sugar electrooxidation. In the case of 



gold, Tominaga et al.
32

 showed on the basis of surface enhanced infrared adsorption 

spectroscopic measurements and electrochemical quartz crystal microbalance measurements 

that the deactivation of the surface was only due to the formation of a close-packed vertically 

adsorbed gluconic or xylonic acid molecules. One method to avoid such poisoning effect is to 

alloy gold with a second metal. As mentioned above, Pd catalysts are relatively selective for 

aldose oxidation.
9
 Moreover, it has been shown that interactions between gold and palladium 

led to enhance the activity for glucose oxidation and the selectivity towards gluconic acid. 

These bimetallic catalysts displayed similar performances than those achieved with the best 

Bi-Pd/C catalysts, without metal leaching.
33

 Yan et al.
34

 have studied the electrocatalytic 

behavior of non-alloyed PdAu/C catalysts and found a higher poisoning tolerance during 

glucose oxidation with a Pd3Au7/C composition. It has also been shown that PdAu bimetallic 

catalyst led to higher activity than the pure metals for glycerol electrooxidation.
20,35

  

Based on these bibliographic data, the objective of this contribution is to evaluate the 

electrocatalytic behavior at room temperature of mono-metallic Pd/C, Au/C and alloyed bi-

metallic PdxAu10-x/C catalyst (x = 1, 3, 5, 7, 9) with different atomic compositions towards 

glucose and xylose electro-oxidation. Because glucose is more reactive in alkaline medium 

than in acidic one
36

, and due to the use of gold which is not electroactive in acidic media, an 

alkaline medium (aqueous 0.1 M NaOH electrolyte) was chosen for the study. The activity 

will be determined by cyclic voltammetry, whereas the reaction products and intermediates 

will be monitored by in-situ infrared spectroscopy under potential control. Particularly, this 

last technique will allow determining the potential region where the oxidation of 

monosaccharides occurs without C-C bond breaking. At last, the most promising catalyst in 

terms of activity and selectivity will be used in the anode of a 25 cm
2
 geometric active surface 

area electrolysis cell for product accumulation. Analysis of the reaction products during long-



term chronoamperometry experiments at a cell voltage of 0.4 V will be made by 
1
H NMR and 

HPLC. 

2. Experimental. 

2.1. Synthesis of catalysts.  

The PdxAu10-x/C (x = 0, 1, 3, 5, 7, 9, 10) catalysts were prepared using a water-in-oil 

microemulsion method.
37-39

 Briefly, appropriate amounts of potassium tetrachloropalladate 

and tertrachloroauric acid trihydrate (K2PdCl4 and HAuCl43 H2O, 99.99% purity, Alfa 

Aesar) were dissolved in ultra-high purity water (Milli-Q, 18.2 M cm, Millipore) in order to 

reach a total metal concentration of 0.1 mol L
-1

, with Pd/Au atomic ratios of 10/0, 9/1, 7/3, 

5/5, 3/7, 1/9 and 0/10. A 1.6 mL aliquot of aqueous solution containing metal salts was 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 Adrich). The mixture was stirred until a 

translucent and stable microemulsion was obtained. Then, 100 mg of sodium borohydride 

were added as reducing agent. After reduction of metal salts, a given amount of carbon 

powder (Vulcan XC72, Cabot Corp.) was added to the colloidal solution in order to reach a 

metal loading of 40 wt. %. The mixture was then filtered and washed several times with 

acetone and ultrapure water. The catalytic powder was dried under air overnight in an oven at 

343 K before undergoing a thermal treatment for 2 h at 473 K under air in order to eliminate 

remaining surfactant.  

2.2 Characterization of catalysts.  

Thermo-Gravimetric Analysis (TGA) measurements were carried out to determine the 

exact value of metal loading using a TA Instrument model SDT Q 600. The measurements 

involved gradually heating the sample from 298 K to 1173 K with a heating rate of 10 K 

min
−1

 under an air flow of 100 mL min
−1

. Atomic absorption spectroscopy (AAS) analyses 

were carried out with a Perkin Elmer AA200 Atomic absorption spectrometer. TEM analysis 



was performed using a JEOL JEM 2100 (UHR) microscope with a resolution of 0.19 nm. The 

mean size and size distribution of the PdxAu10-x-NPs were determined from the Feret’s 

diameter and by counting at least 300 isolated NPs using the ImageJ free software.
40

 X-ray 

Diffraction (XRD) patterns were acquired using PANalytical Empyrean X-ray diffractometer. 

Measurements were performed from 2θ = 20 ° to 2θ = 110 ° in a step mode, with a step 

interval of 0.06 ° and a fixed acquisition time of 10 s at each value of 2θ. 

2.3 Electrochemical measurements.  

The experimental setup consisted in a thermostated classical three-electrode cell fitted with 

a reversible hydrogen electrode (RHE), a 0.071 cm² geometric surface area glassy carbon disk 

as substrate for the working electrode and a 8 cm
2
 surface area glassy carbon plate as counter 

electrode. The cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements 

were performed using a Voltalab PGZ402 potentiostat (Radiometer analytical) in a N2-purged 

0.1 mol L
-1

 NaOH (semiconductor grade 99.99 %, Sigma-Aldrich) electrolyte at 293 K. The 

electrocatalytic activity of materials was evaluated at 293 K in the presence of 0.1 ml L
-1

 of 

glucose or xylose (99 %, Sigma-Aldrich) in the electrolyte. The working electrodes were 

prepared by dispensing onto the glassy carbon disk 3 µL of a catalytic ink prepared as 

follows: first, 17.7 mg of PdxAu10-x/C catalytic powder were added to 2.646 mL of ultra-high 

purity water and the suspension was homogenized using an ultrasonic bath for ca. 15 min; 

then, 354 μL of commercial solution of Nafion (only used as a binder in electrodes to avoid 

loss of catalytic materials) dissolved in aliphatic alcohols (5 wt. %, Sigma Aldrich) were 

added to the above-described suspension; the 3.00 mL Nafion-containing suspension was then 

homogenized in an ultrasonic bath (ultrasonic bath Fisherbrand 15051, 2.75 L, 37 kH, 320 W) 

for ca. 30 s. Considering the targeted 40 wt. % of metals in the catalytic powder for the 

catalyst synthesis, this procedure of electrode preparation leads to a metal loading on the 

electrode of 100 µgmetal cm
-2

. 



2.4 In-situ Fourier transform infrared spectroscopy (FTIRS) measurements.  

In situ FTIRS experiments were performed with a Bruker IFS 66 FTIR spectrometer 

modified for beam reflection on the electrode surface at a 65 ° incident angle. To remove 

interferences from atmospheric water and CO2 the beam path was evacuated. An Infrared 

Associates liquid nitrogen-cooled HgCdTe detector was used. The spectral resolution was 4 

cm
-1

, and each spectrum was obtained by averaging 512 spectra recorded for 35 s. Spectra 

were recorded every 0.05 V during the linear voltammetry carried out in a 0.1 mol L
-1

 NaOH 

and 0.1 mol L
-1

 glucose (xylose) electrolyte at 1 mV s
-1

 (i.e., each spectrum represents the 

average signal recorded for 0.035 V range every 0.05 V) from 0.05 to 1.15 V vs RHE. The 

experimental details of the electrochemical setup for SPAIRS (single potential alteration IR 

spectroscopy) are described elsewhere.
41,42

 Spectra were normalized as follows: 

 
  

 
  

        

     

         (1) 

where RE is the reflectivity recorded at the electrode potential E during the positive potential 

scan and RERef
 is the reflectivity recorded at 0.05 V vs RHE. Therefore, negative absorption 

bands correspond to the formation of species at the electrode surface and positive absorption 

bands correspond to the consumption of species at the electrode surface. 

2.5 Chronoamperometry (CA) measurements.  

Electrolysis measurements were conducted at 293 K in a 25 cm² single filter press type 

electrolysis cell fitted with a Pd3Au7/C anode (0.5 mgmetal cm
-2

) and a Pt/C cathode (0.5 mgPt 

cm
-2

), both separated by a simple blotting paper and mechanically pressed in the cell. Both 

compartments of the cell were fed in recirculation at 25 mL min
-1

 by 30 ml solution, 

containing 0.1 mol L
-1

 NaOH and 0.1 mol L
-1

 glucose or 0.1 mol L
-1

 xylose, using a 

Masterflex L/S peristatic pump fitted with Norpren tubes (Masterflex precision tubing L/S 

14), and rotated at 50 revolutions per minute. The current was recorded for 6 hours at a cell 

voltage of 0.4 V. The Icell(t) curves were recorded by using a Voltalab PGZ402 potentiostat 



(Radiometer analytical) to record the applied cell voltage and the current. Fig. 1 displays the 

schematic representation of the filter press type electrolysis cell designed for the 

chronoamperometry measurements. 

A 0.6 mL aliquot was taken every hour and analyzed by HPLC (Varian Prostar HPLC 

equipped with a Transgenomc ICSep ICE-COREGEL 107H column for organic acids, 

aldehydes, alcohols and ketone molecules separation). All standards corresponding to the 

compounds expected were prepared from sodium gluconate, lithium xylonate, tartronic acid, 

2-ketogluconic acid, 5-ketogluconic acid, glucuronic acid, oxalic acid, formic acid, tartric 

acid, glycolic, L-threonic acid hemicalcium salt and glyoxylic acid from Sigma–Aldrich 

(purity ≥ 97 % except for lithium xylonate, purity ≥ 95 %) The compounds were dissolved in 

ultrahigh purity water with concentrations from 0.02 M to 0.1 M (with increments of 0.02 M) 

and neutralized with NaOH when necessary. The chromatography was performed with 0.007 

mol L
-1

 H2SO4 aqueous solution as eluent at 0.6 mL min
-1

 flow rate with UV detector set at 

= 210 nm. At the end of the electrolysis experiments, the solutions were analyzed by NMR 

(Bruker Ultrashield 400 plus with a Bruker AD-XT pump and a Bruker B-ACS 60 automatic 

sample changer). The samples were neutralized by HCl, lyophilized and put in D2O 

(Deuterium oxide, 99.9 atom % D, Sigma Aldrich) for analysis. 

3. Results and discussion. 

3.1 Physicochemical characterization of PdxAu10-x/C materials.  

Table 1 gives the characterization data for the PdxAu10-x/C materials. The actual metallic 

charges of the carbon-supported mono- and bi-metallic materials, as determined by TGA, are 

close each to the others and in accordance with the expected 40 wt % metal loading (between 

34.5 and 42.7 wt %). The actual composition of the bi-metallic materials as determined by 

AAS are very close to the expected ones. The combination of both results confirms that metal 

atoms (Pd and Au) were completely incorporated in NPs during the synthesis process. To 



complete these data with information concerning the microstructure of the materials, XRD 

patterns were recorded (Fig. 2a). They were analyzed using the Levenberg-Marquardt method 

and deconvoluted using a pseudo-Voigt fitting by means of a computer refinement program 

(Fityk free software
43

). All materials exhibit diffraction peaks of the different crystallographic 

planes located at the characteristic positions for a face centered cubic (fcc) structure, typical 

of metallic Pd and Au. In the case of the Pd/C mono-metallic material, additional peaks 

appear (indicated with  in Fig. 2a), the positions of which are typical of a tetragonal PdO 

phase (JCPDS 41-1107). The diffraction peaks related to this latter phase are no longer 

observable as soon as gold is added to palladium, even in a small content, which indicates the 

existence of strong interactions between both metals. Another small diffraction peak located 

at ca. 25 ° is attributed to the (002) plane of turbostratic graphite. The positions of diffraction 

peaks related to the crystallographic planes of the fcc structure are shifted towards lower 2 

value when the gold content in crystallites increases. The lattice parameters (a) determined for 

all materials are given in Table 1; it correspond to the average of the values obtained from the 

(111), (200), (220), and (311) planes, calculated using the Bragg equation
44

: 

 
       

  
  

 

  
  

        

  
        (2) 

     
          

     
         (3) 

where λ is the K1 radiation wavelength (1.5406 Å) of the Cu source, θ the angle at the 

maximum diffraction intensity and h, k, l the Miller indexes of crystallographic planes. 

The lattice parameter calculated for the mono-metallic Pd/C and Au/C materials are 

consistent with those of bulk materials. The value of the lattice parameter increases linearly 

with the Au atomic ratio, as shown in Fig. 2b, which is also consistent with the formation of 

PdAu alloy structures. Additionally, XRD results confirm the compositions of materials as 

determined by AAS. The apparent mean crystallite sizes (Lv) have been calculated from the 



diffraction peak located close to 2θ = 40 °, which corresponds to the (111) crystallographic 

plane of metallic palladium and gold:  

      
 

         
         (4) 

where φ is the shape factor (φ = 0.89 for spherical crystallite) and FWHM is the full width at 

half-maximum
44

. 

For palladium-rich materials (5 ≤ x ≤ 10), the crystallite size values remain almost constant, 

between 3 and 4 nm. But for gold-rich materials (x < 5), a dramatic increase of the particle 

size from 4 to 6 nm occurs. 

Typical TEM images of some PdxAu10-x/C materials are given in Figs. 3a,c,e,g, along with 

the particle size distributions in Figs. 3b,d,f, h. From these histograms, the mean particle sizes 

could be determined. The smaller mean size (4.0 nm) and the bigger one (6.8 nm) were 

obtained for the mono-metallic Pd/C and Au/C materials, respectively. The mean particle 

sizes of the bi-metallic nanomaterials increase with the increase of the Au atomic content in 

the particles, as well as the spread of the particle size distributions. The presence of big 

objects with sizes greater than 20 nm could be noted for materials with high Au contents (Au 

at. % ≥ 70 %, Fig. 3e, g). These objects were not taken into account in the statistics for the 

determination of the mean particle size. TEM results are consistent with those obtained from 

XRD, showing that the crystallite size increased with the increase of Au content in the 

materials.  

3.2 Electrochemical characterization of PdxAu10-x/C materials.  

Fig. 4 displays the cyclic voltammograms (CV) recorded for the PdxAu10-x/C materials at 

5.0 mV s
-1

 and 293 K in a N2-purged NaOH 0.1 M aqueous electrolyte. In the case of mono-

metallic materials, the electro-active surface areas (EASA) were calculated from the 

integration of the current involved in the surface oxide reduction peaks centered at 0.647 V vs 

RHE for Pd and 1.100 V vs RHE for Au. Grdén et al.
45

 showed that the potential upper limit 



of 1.450 V during the positive scan of the CV led to the formation of a monolayer of PdO and 

that a charge density of         

     424 µC cm
-2

 was associated to the reduction of the formed 

PdO monolayer during the negative scan. An EASA of ca. 61 m
2
 g

-1
 was calculated for Pd/C. 

The same procedure was applied for Au/C catalyst. Kahyaoglu
46

 showed that the charge 

involved in the Au surface oxide peak reduction in NaOH 0.1 M electrolyte for the upper limit 

potential of the positive scan of the CV fixed at 1.450 V corresponds to         

      280 µC 

cm
-2

. An EASA of ca. 14 m
2
 g

-1
 was calculated for Au/C.  

Considering the CVs recorded with the bi-metallic PdxAu10-x/C catalysts, three 

observations can be made: first the reduction peak at lower potential changes in position, 

shifting towards higher potential values when the Au content is increased; second the charge 

under this peak decreases when the Au content increases; third, for high Au contents (x ≥ 7), 

the peak at ca. 1.1 V vs RHE related to reduction of Au surface oxides appears and grows 

with the content of Au. Because electrochemical reactions take place only at the surface of the 

materials, these observations will help us to determine the surface composition of the 

catalysts, which is of primary importance for electrocatalytic reactions. To determine the 

surface composition, the well-established electrochemical method developed by Rand and 

Wood
47

 was used. Such a method provides more interesting information than XPS 

measurement because (i) only the surface atoms which can be electro-active are probed (the 

mean escape depth of electrons by XPS is close to 1 nm or more for Pd and Au
48-50

), (ii) the 

surface compositions are determined in the environment of their use and (iii) it gives access to 

the surface alloy(s) composition while XPS would just give a global surface composition in 

Pd and Au. Rand and Wood demonstrated that the potential position of the oxide reduction 

peak on a PdAu surface alloy depended on its composition according to the following 

equations: 

             
     

       
        

  
       (5) 



       
  

     
   

  

  
     

          (6) 

where XPd and XAu are the Pd and Au surface atomic fractions and Ep
Pd

 and Ep
Au

 are the oxide 

reduction peak potentials for the monometallic Pd and Au nanoparticles, respectively. Results 

are given in Table 1. For PdxAu10-x/C materials with low Au atomic content (x ≥ 5), a single 

oxide reduction peak is observed and the surface alloy is palladium enriched when compared 

with the bulk ratio (Pd surface at. % > Pd bulk at. % for all catalysts). For materials with high 

gold contents (x ≤ 3), three reduction peaks appear, corresponding to two PdAu surface alloys 

with different compositions and to pure gold. The surface of materials becomes gold rich. 

These samples clearly present a heterogeneous distribution of palladium on the nanoparticle 

surface and islands of non-alloyed Au sites. Since XRD measurements, which consider the 

bulk of nanomaterials, indicated a linear variation of the lattice parameter with the Au atomic 

ratio, it can be concluded that the segregation of Pd or Au atoms, depending on the atomic 

ratio range, affects only the few first atomic layers of nanoparticles. 

From the surface composition, the real surface area of materials (and the electroactive 

surface area) could be determined using the following equations
51

: 

     
    

   

        

            (7) 

     
    

   

        

            (8) 

        
    

       

        

                 

        
      (9) 

where     
   ,     

    and     
       

 are the charges in the reduction peaks of Pd, Au and PdAu 

alloys, respectively; XPd and XAu represent the atomic surface compositions of the Pd/Au 

surface alloys as determined from the Rand and Wood method.  



Results are given in Table 1. The trend is that both the real surface and the electroactive 

surface area decrease with the increase of Au content. These results are fully consistent with 

previously published ones on PdxAu10-x/C prepared by a water-in-oil microemulsion 

method.
37,39

 

3.3 Electrocatalytic activity of PdxAu10-x/C materials.  

Fig. 5 displays the third (stable) polarization curves recorded at 293 K and 5 mV s
-1

 on 

mono-metallic Pd/C and Au/C catalysts for the oxidation of 0.1 mol L
-1

 glucose and 0.1 mol 

L
-1

 xylose in a 0.1 mol L
-1

 NaOH aqueous electrolyte. The potential scan rate of 5 mV s
-1

 is 

slow enough to be close to the steady state; then only the stationary faradaic currents (due to 

electrochemical reaction of the saccharide oxidation) are observed and the transient currents 

(electrosorption of species on catalyst surface and capacitive currents due to the electrode 

polarization) are limited to the minimum. Since the electrodes have the same geometric 

surface area and are loaded with the same mass of catalytic powder, the polarization curves in 

Figs 5a,c compare the mass activities of the catalysts towards the oxidation of 

monosaccharides after correction by the metal loading determined from TGA (Table 1). The 

Au/C catalyst displays higher mass activity than the Pd/C one at low potentials, as higher 

current densities are recorded on the potential range from ca. 0.20 V to ca. 0.60 V vs RHE and 

ca. 0.25 V to ca. 0.68 V vs RHE, for glucose and xylose oxidations, respectively. For higher 

potentials up to 1.05 V vs RHE, Pd/C provides higher current densities than Au/C, finally, for 

potentials higher than 1.05 V vs RHE, the formation of an oxide surface on Pd leads to a 

drastic drop of activity. The specific activity, i.e. the catalytic activity per square centimeter of 

electrocatalytic metal, is dramatically higher for Au/C catalyst than for Pd/C one over the 

whole studied potential range (Figs. 5b,d). The second remark is that glucose is more 

electroreactive than xylose on both materials. For example, Figs. 5a,c clearly show that higher 

current densities are recorded at 0.40 V vs RHE for the glucose oxidation than for the xylose 



oxidation (2.58 mA cm
-2

 on Au/C and 0.92 mA cm
-2

 on Pd/C for glucose, and 1.16 mA cm
-2

 

on Au/C and 0.14 mA cm
-2

 on Pd/C for xylose). 

Simões et al.
20

, showed that the electro-oxidation of glycerol in alkaline media started for 

both catalytic materials Pd/C and Au/C at the same onset potential of ca. 0.55 V. This was 

explained in terms of a Langmuir-Hinshelwood mechanism for Pd/C, i.e. adsorption of 

glycerol on the Pd surface at low potentials, activation of water molecules to form Pd-OH 

surface species from ca. 0.55 V vs RHE and reaction between adsorbed glycerol species and 

adsorbed OH to form the final reaction products. In the case of Au/C catalysts, the first step of 

glycerol electro-oxidation was the adsorption of hydroxyl ions with partial charge transfer 

(rate-determining step) followed by the interaction between the hydrogen atom born by the 

second carbon atom in the glycerol molecule and the Au-OHads species.
52

 It has been proposed 

that the first step of glucose oxidation on Pt sites occurred via the adsorption of the anomeric 

carbon,
31,53

 leading further to the formation of glucono-lactone in the hydrogen potential 

region, which is converted into gluconate in presence of hydroxyl ions,
54

 and directly to 

carboxylate species for potentials higher than 0.6 V. Because Pt and Pd behave similarly in a 

catalytic point of view, the same mechanism could be proposed for the Pd/C catalyst. In the 

case of Au, Beden et al.
55

 have shown that gold was able to adsorb OH species in alkaline 

media from ca. 0.4 V vs RHE. However, the electrooxidation reactions start at lower 

potentials, i.e. ca. 0.2 V and ca. 0.25 V vs. RHE for glucose and xylose, respectively (Figs. 

5a,c). Therefore, the mechanism proposed for glycerol electro-oxidation doesn’t apply in the 

case of saccharides. Adzic et al.
56

 proposed that the first peak of glucose oxidation (between 

0.00 and 0.60 V) could involve metallic gold surfaces, without a strong adsorption of OH
-
, 

whereas the second one at higher potentials could coincide with the formation of an AuOH
(1 - 

)-
 layer, leading to the formation of gluconate. More recently, on the basis of the analysis of 

the glucose oxidation peak at potential lower than 0.6 V during the cathodic scan of a cyclic 



voltammogram, Pasta et al.
26

 also proposed a mechanism involving the adsorption of glucose 

on metallic Au surface at low electrode potentials with formation of gluconolactone. It seems 

then that for both metals, the first intermediates formed at low potentials for glucose and 

xylose oxidations are lactone structures, which could remain either adsorbed on the surface or 

released in the reaction medium where it would be further hydrolyzed into gluconate and 

xylonate. In this case, the lactone structures must be more strongly adsorbed on Pd surface 

than on Au surface to explain the delay in oxidation onset potential between both catalysts 

(Figs. 5a,c). Moreover, considering the same mechanisms for glucose and xylose 

adsorption/oxidation, the adsorbed species from xylose seems to be more strongly adsorbed 

than the adsorbed species from glucose. 

Fig. 6 presents the third (stable) polarization curves recorded at 5 mV s
-1

 on bi-metallic 

PdxAu10-x/C catalysts for the oxidation of 0.1 mol L
-1

 glucose and 0.1 mol L
-1

 xylose in a 0.1 

mol L
-1

 NaOH aqueous electrolyte. The linear scan voltammograms were recorded under the 

same conditions as those for monometallic Pd/C and Au/C catalysts, and the current densities 

were corrected from the metal loading determined by TGA (Table 1). The polarization curves 

of Fig. 6 compare then the mass activity of catalyst as a function of the electrode potential. 

For both sugars, the same trend arises. Pd-rich catalysts (bulk Au content ≤ 50 at. %) behave 

very closely to pure Pd/C one, whereas Au-rich catalysts (bulk Au content ≥ 70 at. %) behave 

almost as the pure Au/C one. These important changes in catalytic behavior are more likely 

related to the surface composition than to the bulk composition. Indeed, for Au bulk 

composition ≤ 50 at.% of Au, the surface of catalysts are very rich in Pd atoms (higher than 

80 at. % of Pd), whereas for Au bulk composition ≥ 70 at. %, the surface of the catalysts 

becomes richer in gold (higher than 70 at. % of Au). The catalytic mass activity of catalysts at 

low potentials, i.e. the current density at a given potential between the oxidation onset 

potential and ca. 0.90 V vs RHE, increases with the increase of gold content up to 70 at % for 



both sugars and then decreases towards that of pure gold. It is worth to note that, for potentials 

lower than 0.45 V vs RHE, both the Pd3Au7/C and Pd1Au9/C materials lead to higher catalytic 

activity than Au/C (Pd3Au7/C being the best catalyst in terms of mass activity). Fig. 7 presents 

as examples the CVs recorded on d/C and Pd3Au7/C for glucose and xylose electrooxidation 

(Figs. 7a and 7b, respectively). The reverse negative scan reveals that the Pd3Au7/C is less 

poisoned by adsorbed species from glucose and xylose as higher oxidation current are 

observed below 0.7 V vs. RHE. It is also worth to note that higher poisoning tolerance during 

glucose oxidation was obtained with our alloyed Pd3Au7/C catalyst than with the non-alloyed 

Pd3Au7/C catalyst by Yan et al.
34

, as much lower onset potentials (i.e. much more active 

catalysts) for aldose oxidation are obtained in the present work. This suggests that obviously a 

synergetic effect occurs between both metals, and that the higher the interaction between Au 

and Pd (alloyed structures), the higher the activity is at low potentials (tolerance to 

poisoning). Generally, the increase of activity and/or tolerance to poisoning of bi-metallic 

catalysts is explained either in terms of bi-functional mechanism
57,58

 or ligand effect
59,60

. The 

bifunctional mechanism stipulates that one of the both types of surface atoms adsorbs the 

organic reactant and the other adsorbs (activates) OH species from water or hydroxyl ions, 

providing the extra oxygen atom necessary to complete the oxidation reaction and to desorb 

the organic products. However, in the low potential range of catalytic activity improvement (E 

< 0.40 V vs RHE), none of both metals, Pd and Au, are expected to be able to adsorb 

(activate) OH species. The Ligand effect stipulates that the change in cell parameter by 

alloying Pd and Au (as demonstrated by XRD measurements) results in change in the 

electronic density of states close to the Fermi level, which further could modify the adsorption 

process and adsorption strength of species, modifying the route, intermediates and products of 

the electro-oxidation reaction. This last effect seems to be responsible of the catalytic 

improvement of Au-containing materials. 



3.4 In-situ infrared spectroscopy measurements. 

In order to shed light on the processes taking place at the electrode/electrolyte interface, 

infrared spectra were recorded as a function of the electrode potential in a N2-purged 0.1 mol 

L
-1

 electrolyte at 293 K and 1 mV s
-1

 for the electrooxidation of 0.1 mol L
-1

 glucose and 

xylose on the different catalysts (Figs. 8 and 9). 

Looking first at the spectra recorded for the glucose oxidation on PdxAu10-x/C catalysts 

(Fig. 8), one can remark that the infrared absorption bands in the so-called infrared fingerprint 

region of organic molecules, between 1000 cm
-1

 and 1600 cm
-1

, appear at lower potentials 

with the increase of the Au content from 0 at. % (pure Pd/C) to 70 at. % (Pd3Au7/C), in 

agreement with the gain in activity at low potentials observed by cyclic voltammetry. The 

second remark is that the positions of absorption peaks on the spectra in this wavenumber 

region don’t change with both the potential and the catalyst composition, only their intensities 

are varying, which indicates that same functional groups are formed or consumed at different 

rates. 

A first group of negative absorption bands located at ca. 1044, 1092 and 1136 cm
-1

 (bands 

A, B, C in Fig. 8a) corresponds to the (C-O) stretching of CH2-OH functions.
31,61,62

 At 

higher wavenumber values, two bands appear simultaneously, a medium one at 1414 cm
-1

 and 

a strong one at 1581 cm
-1

 (bands D and E in Fig. 8a). The absorption bands at ca. 1581 cm
-1

 is 

associated with a shoulder at ca. 1680 cm
-1

 (band F in Fig. 8a and band K in Fig. 8f). In the 

case of the Pd7Au3/C catalyst a new band appears at 1734 cm
-1

 for potentials higher than 0.75 

V (Band J in Fig. 8e). Between 1870 and 1920 cm
-1

, an absorption band (band G in Fig. 8a) 

appears for Pd-rich PdxAu10-x/C catalysts (x ≥ 5) at potentials as low as 0.10 V vs RHE (Figs. 

8a,b,c,d). This absorption band is typical of CO adsorbed species (COads) on Pd surface,
63

 

which results from the dissociative chemisorption of the glucose molecule at low potentials. 

The intensity of this infrared band decreases with the increase of Au content in catalytic 



materials, which indicates that the surface is less and less poisoned (blocked) by adsorbed CO 

species. For the Pd3Au7/C catalyst, this absorption band is no more visible (Fig. 8e), as well as 

for pure Au/C material (Fig. 8f), indicating that these catalysts don’t have the ability to break 

the C-C bond at low electrode potentials. The decrease of the blocking of the Pd surface with 

the increase of the Au content may partly explain the improvement of the activity at low 

potentials. At high electrode potentials (E > 0.70 V vs RHE), an intense peak appears at 2343 

cm
-1

 (band H in Fig. 8a). This peak corresponds to the formation of interfacial CO2
64,65

. 

The band located at 1581 cm
-1

 clearly indicates the formation of carboxylate species
31,66,67

 

over the whole potential range where catalysts are active. The band at 1414 cm
-1

 is more 

difficult to assign. On the one hand, Christensen et al.
66

 observed an absorption band at ca. 

1410 cm
-1

 for the oxidation of ethylene glycol in alkaline medium and proposed that it could 

be due to the formation of CO3
2-

. On the other hand, Beden et al.
31

 proposed that both bands 

they observed on a Pt electrode at 1410 and 1590 cm
-1

 corresponded to gluconate. But, in the 

case of Pd3Au7/C catalyst no infrared band corresponding to adsorbed CO species is observed 

(no C-C bond breaking) and the absorption band at 1414 cm
-1

 appears concomitantly with the 

band at 1581 cm
-1

 as soon as the catalyst is active for the glucose oxidation. For this catalyst 

at least, this latter absorption band seems rather due to the formation of gluconate as proposed 

by Beden et al.
31

 than to the formation of carbonates as proposed by Christensen et al.
66

. In 

the case of Pd-rich PdxAu10-x/C catalysts (x ≥ 5), the formation of a layer of adsorbed CO 

species at the surface of the materials as soon as 0.1 V vs RHE indicates clearly that the C-C 

bond could be broken, leading to a mixture of reaction products and possibly, to a 

contribution of carbonate formation to the absorption band at 1414cm
-1

. In the case of 

PdxAu10-x/C catalysts with x ≤ 0.3 the C-C bond breaking is avoided, and gluconate seems to 

be the only product formed. The presence of gold at the surface of the catalytic nanoparticles 

avoids the dissociative adsorption of glucose, the formation of adsorbed CO species and 



further improves the activity of the catalysts at low electrode potentials. At high potentials (E 

> 0.7 V vs RHE), all catalysts lead to the formation of CO2, which indicates that the C-C bond 

breaking occurs and that the selectivity towards gluconate decreases. However, the similarity 

of the spectra in the 1000 to 1600 cm
-1

 wavenumber range seems to indicate that gluconate is 

the main reaction product on all catalysts. The shoulder at 1683 cm
-1

, as well as the peak at ca. 

1734 cm
-1

 observed with Pd3Au7/C, which are both in the infrared carbonyl region, could 

reasonably be attributed to the formation of lactone structures.
31,61,62

 But, lactones once 

released in the electrolyte are likely hydrolyzed in the presence of hydroxyl groups to form 

gluconate.
31,54

 

About the same remarks as above for glucose can be done from the infrared spectra 

recorded for the electrooxidation of xylose on the different PdxAu10-x/C catalysts (Fig. 9). The 

absorption bands in the 1000 to 1800 cm
-1

 being located at the same wavenumber values as 

for glucose oxidation, it can be proposed that species with the same functionalities are 

formed. The COads absorption band is again visible on Pd-rich catalysts, but no more visible 

with the Pd3Au7/C catalyst, (Fig. 9e), as well as for pure Au/C material (Fig. 9f), confirming 

that these catalysts don’t have the ability to break C-C bonds at low electrode potentials. It is 

then likely that these catalysts display very high selectivity towards xylonate formation. 

Comparing the COads absorption band relative intensities on PdxAu10-x/C catalysts with x ≥ 5 

(Pd-rich catalysts) for the glucose and xylose oxidations, it seems that xylose is more prone to 

adsorb dissociatively on Pd surface than glucose; the resulting more important blocking of the 

surface could explain the lower reactivity of xylose as observed by voltammetry study. 

From both these studies, the Pd3Au7/C catalyst appears to be very promising in terms of 

activity and of selectivity towards gluconate/xylonate formation at low electrode potentials. 

For these reasons, this material was chosen to perform larger scale electrolysis measurements 

and reaction product analysis from glucose and xylose electrooxidation. 



3.5 Chronoamperometry (CA) measurements. 

With the objective of determining the products formed at the electrode, CA measurements 

were carried out in a 25 cm
2
 geometric active surface area electrolysis cell at 293 K for 6 h at 

a constant cell voltage of 0.4 V selected from the in situ infrared spectroscopy results. In the 

cathodic compartment, the Pt/C catalyst served for the hydrogen evolution reaction (HER) 

according to the following reaction: 

 2 H2O + 2 e
-
 H2 + 2 OH

-
       (10) 

The anodic reactions, assuming the formation of gluconate or xylonate are given in equation 

(11) and (12), respectively: 

Glucose: C6H12O6 + 3 OH
-
  C6H11O7

-
 + 2 H2O + 2 e

-
   (11) 

Xylose: C5H10O5 + 3 OH
-
  C5H9O6

-
 + 2 H2O + 2 e

-
   (12) 

The reversible potential of the H2O/H2 redox couple being 0.0 V vs. RHE and considering that 

the HER occurs with very high kinetics (low overpotentials), it can be assumed that under 

actual operational conditions the anode potential remains between 0.35 V and 0.4 V vs RHE. 

The shift in the anode potential was controlled during the electrolysis measurements using 

reversible hydrogen electrode (RHE) as reference, and it was observed that indeed it remained 

between 0.35 V and 0.40 V versus the reversible hydrogen electrode. This results is not 

surprising because the cell voltage (difference between the anode potential and the cathode 

potential) was imposed at a value of 0.4 V. In such potential conditions, the anode potential 

could not overcome 0.4 V vs. RHE (reversible hydrogen electrode). Indeed, the standard 

potential of the hydrogen electrode being 0.0 V vs SHE (standard hydrogen electrode), the 

cathode potential when hydrogen is evolved will be slightly lower than 0.0 V vs. RHE (the 

hydrogen evolution overpotential is low because the reaction occurs with high kinetics but is 

not zero); it can then be calculated that under the actual operational conditions of 

measurements the potential reached by the anode will be slightly lower than 0.4 V vs RHE 



(the potential difference between both electrodes remaining constant and equal to 0.4 V). The 

choice of the cell voltage for electrolysis measurements was done because according to the in 

situ infrared spectroscopy measurements, the oxidation of the anomeric group of glucose or 

xylose into gluconate or xylonate appeared by far the main reaction pathway at so low anode 

potentials (very high selectivity). 

In addition, because some hydroxyl ions are produced at the cathode for the hydrogen 

evolution reaction and consumed at the anode for the aldose electrooxidation, the pH of the 

solution was measured prior to and after 6 hours electrolysis measurements. It was found that 

the pH decreased from 13 to 12.5.  

Fig. 10 shows the current versus time curves recorded at a cell voltage of 0.4 V for 6 hours for 

both glucose and xylose electro-reforming. The initial current of glucose electrolysis is ca. 

0.037 A, whereas that of xylose is ca. 0.026 A, confirming the higher reactivity of glucose 

than that of xylose as observed by cyclic voltammetry. For both aldoses, the current decreases 

monotonously over the 6 h electrolysis time range down to ca. 0.012 A. At a so low anode 

potential, it is unlikely that the catalyst undergoes restructuration. Poisoning of the surface 

could occur. However, as shown in Fig. 10, using the same system (anode, cathode and 

separator) with a fresh xylose solution leads to recover currents close to the initial ones with 

the same progression for the subsequent 6 h. It appears then that the decay in current is mainly 

due to the depletion of glucose or xylose in the solution owing to their consumption.  

The analyses by 
1
H NMR of the reaction products after CA of 0.1 M of glucose solution and 

0.1 M xylose solution at 0.4 V were performed at the end of the electrolysis measurements to 

confirm the nature of the compounds formed at the anode (Figs. 11a and 11b, respectively).  

The Fig. 11a shows the 
1
H NMR spectra for the initial glucose solution before electrolysis 

(black curve) and after 6 h of electrolysis (green curve) normalized with respect to the internal 

reference (acetic acid, 0.03 M,  = 2.1 ppm). The 
1
H NMR spectrum of the initial solution 



shows typical signals for glucose in water with several peaks in the 3.3 to 3.8 ppm range, two 

doublets at  = 4.6 ppm and  = 5.2 ppm, typical of the hydrogen on the anomeric carbon of 

the  and  forms, respectively, and one doublet of doublets at  = 3.2 ppm attributed to the 

hydrogen on the carbon next to the anomeric carbon of the  form of glucose. After 6 h of 

electrolysis, the signal of glucose has decreased and the global amount and position of peaks 

in the 3.3 to 3.8 ppm range has changed. Furthermore, a triplet and a doublet of peaks have 

appeared at  = 4.0 ppm and  = 4.2 ppm, respectively. They are typical of sodium gluconate 

(reference prepared from D-gluconic acid sodium salt, ≥ 99 %, Sigma Aldrich). 

The Fig. 11b shows the 
1
H NMR spectra for the initial xylose solution before electrolysis 

(black curve) and after 6 h of electrolysis (green curve) normalized with respect to the internal 

reference (acetic acid, 0.03 M,  = 2.1 ppm). As observed for glucose, the 
1
H NMR spectrum 

of the initial solution shows typical signals for xylose in water with several peaks in the 3.0 to 

3.6 ppm range, two doublets at  = 4.4 ppm and  = 5.1 ppm, typical of the hydrogen on the 

anomeric carbon of the  and  forms, respectively, and a quadruplet of peaks at  = 3.75 

ppm attributed to the hydrogen on the carbon next to the anomeric carbon of the  form of 

xylose. After 6 h of electrolysis, again the signal of xylose has decreased and the global 

amount and position of peaks in the 3.0 to 3.8 ppm range has changed. One triplet and two 

doublets have appeared at  = 3.8,  = 3.9 and  = 4.0, respectively. They are typical of 

presence of xylonate (reference prepared from D-xylonic acid lithium salt, ≥ 95.0%, Sigma 

Aldrich).  

Looking more closely to the 
1
H NMR spectra (SI 1), some small peaks could be attributed 

to the formation of small amount of xylonate (and maybe to some trace of threonate in the 

case of glucose) and of threonate in the case of xylose (reference prepared from L-threonic 

acid hemicalcium salt, > 97 %), Sigma aldrich). 



To go further into the identification and quantification of reaction product, an aliquot of 0.6 

mL of solution was sampled every hour using a microsyringe and analyzed by HPLC. Figs. 

12a and 12b give the evolution of the chromatograms with the time of glucose and xylose 

electrolysis, respectively, together with the reference chromatograms of gluconic and xylonic 

acids. The black lines in both figures represent the chromatograms recorded on glucose and 

xylose 0.1 M. Because these molecules don’t bear chromophores, they are not detected using 

a UV detector set at a wavelength of 210 nm. A refractometer as detector was also useless to 

determine the glucose and xylose concentration because in our set-up they were detected at 

the same retention times as gluconic and xylonic acids, respectively.  In both figures, the main 

peaks detected at ca. 7.6 min for glucose oxidation (Fig. 12a) and ca. 7.9 min for xylose 

oxidation (Fig. 12b) clearly correspond to gluconic and xylonic acids, respectively. In both 

case a peak appears at a retention time of ca. 6.7 min. This peak could not be univocally 

attributed to a given species. This peak is already present after 1 hour electrolysis and does 

not increase for longer times. It could correspond to the injection peak or it could come from 

the formation of other compounds in a very small amount at the very early stage of the aldose 

electro-oxidation as it does not increase. We propose that it could be due to the presence of an 

impurity in glucose and xylose commercial samples, which is rapidly oxidized explaining the 

invariance of the peak intensity. The main peaks of the chromatograms at 7.6 and 7.9 min for 

glucose and xylose oxidation reactions, respectively, were used to determine the gluconate 

and xylonate concentrations (and further Cglu,exp and Cxyl,exp) by rescaling the gluconate 

(xylonate) reference chromatogram until it fits with the one recorded after a given electrolysis 

time. Gluconate and xylonate are formed according to equations (11) and (12). Then, by 

subtracting both chromatograms, we were able to identify additional small peaks which 

corresponded to other formed compounds. In the case of glucose electrooxidation, two 

additional small peaks evidenced the presence of xylonate and threonate, and a unique small 



peak evidenced the presence of threonate in the case of xylose, confirming 
1
H NMR results. 

(SI 2).  

Figs. 13a and 13b compare Cglu,exp and Cxyl,exp with the theoretical number of moles 

determined from the Faraday’s law, Cglu,theo and Cxyl,theo, which were expected assuming only 

the formation of gluconate and xylonate via a two-electron process. The resulting faradaic 

efficiency for the formation of gluconate or xylonate from both aldoses can be determined 

using the equation (13): 

    
             

             
        (13) 

where Cglu(xyl),theo and Cglu(xyl),exp are the theoretical concentration of gluconate or xylonate 

determined from the Faraday law and the experimental concentrations determined from HPLC 

measurements, respectively.  

The curves for both aldoses do not overlap, indicating that other products are formed, 

which were not directly detected by HPLC. The peak at ca. 6.7 min could correspond to one 

of these species. But, the fact that it does not increase with time cannot explain the increasing 

difference between the curves as a function of time. This also shows that the increase of 

reaction times leads to an increase of conversion rate, but due to the consumption of initial 

reactants, their concentrations at the electrode surface decrease and other oxidation reactions 

will take place at the electrode involving the first reaction products as intermediates. 

Therefore, the gain in conversion for longer reaction times will be at the expense of the 

selectivity. Nevertheless, if other compounds are formed, they necessary correspond to highly 

oxidized ones. It can be reasonably proposed that these compounds come from the 

degradation of glucose molecule into xylonate and threonate and from the degradation of 

xylose into threonate, as these compounds were detected by HPLC and 
1
H NMR, according to 

the following electrochemical reactions: 

Glucose: C6H12O6 + 9 OH
-
 → C5H9O6

-
+ CO3

2-
 + 6 H2O + 6 e

-
  (14)  



 C6H12O6 + 15 OH
-
 → C4H7O5

-
+ 2 CO3

2-
 + 10 H2O + 10 e

-
  (15) 

Xylose: C5H10O5 + 9 OH
-
  C4H7O5

-
 + CO3

2-
 + 6 H2O + 6 e

-
  (16) 

Furthermore, in both scenarios, the number of exchanged electrons per molecule produced 

is higher than the number of electrons required for the production of gluconate or xylonate (2 

electrons), and even with a 65 % and 80 % faradaic efficiency after 6 hours for glucose and 

xylose oxidation, respectively, the concentration of by-products may remain very low and the 

selectivities towards the formation of gluconic and xylonic acid remain high.  

The concentration of glucose after 6 hours electrolysis has been determined after reaction 

with a Fehling solution and analysis by UV-visible spectroscopy using a calibration curve (see 

SI 3). A concentration of ca. 0.033 mol L
-1

 was determined (confirmed by HPLC on a Aminex 

column for carbohydrate separation), indicating that ca. 0.067 moL L
-1

 glucose were 

consumed (conversion rate of 67 %). After 6 hours electrolysis, ca. 0.058 moL L
-1

 of 

gluconate were obtained (Fig. 13a), so that ca. 0.009 mol L
-1

 of glucose have been consumed 

to form other compounds (selectivity towards gluconate of 87 %). The formation of xylonate 

and threonate, the only by-products determined by HPLC and 
1
H NMR, with simultaneous 

production of CO2, involves the consumption of 6 and 10 electrons, respectively, instead of 2 

for the formation of gluconate (i.e. 3 and 5 times more, respectively). If assuming the only 

formation of gluconate with 2 moles of electrons involved per mole of glucose oxidized, 

0.0916 mole L
-1

 of gluconate should be obtained instead of 0.058 mol L
-1

 (Figure 13a). Now 

the production of xylonate (x mol L
-1

) and threonate (t mol L
-1

) can be determined by 

resolving the following system of equation: 

 x + t = 0.009 mol L
-1

        (17) 

 3x + 5t + 0.058 = 0.0916 mol L
-1

      (18) 

which leads to x = 0.0057 mol L
-1

 of xylonate (ten times less than gluconate) and y = 0.0033 

mol L
-1

 of threonate (17.5 times less than gluconate). 



The same reasoning could be applied to xylose electro-oxidation. In this case, 0.048 mol L
-1

 

of xylose remained after 6 hours electrolysis (SI 3). Therefore 0.052 mol L
-1

 were consumed 

to produce 0.0476 mol L
-1

 of xylonate (Fig. 13b) and 0.0044 mol L
-1

 were transformed into 

other compounds (conversion rate of 52 % and selectivity towards xylonate of 92 %). If 

considering only threonate formation: 

 3t + 0.0476 = 3 x (0.0044) + 0.04756 = 0.0608 mol L
-1

   (19) 

This value is close to that for the theoretical concentration of 0.0594 mol L
-1

 (Fig. 13b). This 

indicates that in case of xylose electrooxidation, no other products are formed.  

The only formation of xylonate (with CO2) involving 6 electrons per molecule oxidized 

(Eq. 14), i.e. 3 times more than for gluconate, and the only formation of threonate (with CO2) 

involving 10 electrons per molecule oxidized (Eq. 15), i.e 5 times more than for gluconate, 

represent the limit scenarios of glucose oxidation. In the case of xylose, only threonate was 

detected as by-product, the formation of which involves 6 electrons (Eq. 16), i.e 3 times more 

than for xylonate. From these limit scenarios, it is possible to calculate at different reaction 

times the concentration limits of aldoses (C
6e-

Glucose(t), C
10e-

Glucose(t) and C
6e-

Xylose(t)), the 

conversion limits of aldoses (X
6e-

Glucose(t), X
10e-

Glucose(t) and X
6e-

Xylose(t)), and further the 

selectivity limits in gluconate and xylonate (S
6e-

Gluconate(t), S
10e-

Gluconate(t)  and S
6e-

Xylonate(t)), 

according to the following equations: 

   
                      

                    

 
    (20) 

   
                       

                    

 
    (21) 

   
        

      
      

   
          (22) 

   
         

      
       

   
       (23) 

   
        

         

      
      

        (24) 



   
         

         

      
       

 

where t is the reaction time in hour, the index i refers to glucose or xylose and the index j 

refers to gluconate or xylonate.   

Results are given in Table 2. For 6 hours electrolysis of glucose, the conversion rates and 

the selectivity values obtained from HPLC measurements are within the intervals of the 

calculated limit scenario values obtained. In the case of xylose, after 6 hours electrolysis the 

same values of 52 % and 92 % for conversion rate and selectivity, respectively, are obtained 

by the calculations and from HPLC measurements. Both these results confirm the accuracy of 

the method for determining the reaction selectivity with respect to the reaction time.  

In the case of glucose, the selectivity in gluconate is comprised between 91% and 98 % for 

ca. 18 % conversion (1-hour electrolysis). The selectivity falls down to 87 % after 6 hours 

electrolysis with a glucose conversion of 67 %, but remains still high. In the case of xylose, 

the results are still better, with a selectivity towards xylonate of 100 % after 2 hours 

electrolysis (22 % conversion), which reaches   92 % after 6 hours electrolysis (52 % 

conversion). 

The very high selectivities in gluconic and moreover in xylonic acid at very low cell 

voltage imply that the production of these value-added products can be performed with low 

electrical energy consumption. The counter reaction in the electrolysis cell being the hydrogen 

evolution reaction (Equation 10), the electrical energy to produce 1 kg of hydrogen at 0.4 V is 

10.73 kWh kgH2

-1
. The theoretical energy needed to produce 1 kg of hydrogen from water 

under standard conditions at the standard equilibrium voltage of 1.23 V is 33 kWh kg
-1

,
38

 

hence the saccharide electrolysis can also provide high purity hydrogen for one third of the 

theoretical energy required from water electrolysis. If the faradaic yield in gluconic/xylonic 

acid was 100 %, then the energy of 10.73 kWh would lead to the production of 98 kg of 

gluconic acid or 83 kg of xylonic acid (500 moles for both), i.e. 0.02144 kWh molAldose
-1

 or 



77.188 kJ molAldose
-1

. Considering the lowest faradaic yields of 63.3 % for gluconic acid and 

of 80.1 % for xylonic acid in Table 2, the electrical energy consumed of 10.73 kWh allows 

the simultaneous production of 1 kg of hydrogen at the cathode and of ca. 62 kg of gluconic 

acid (316.3 moles, 0.03392 kWh molGlucose
-1

, 122.11 kJ molGlucose
-1

) or ca. 67.3 kg of xylonic 

acid (405.2 moles, 0.02648 kWh molXylose
-1

, 95.33 kJ molXylose
-1

) at the anode. Now, 

considering the mean electricity cost in Europe (ca. 0.20 € / kWh)
68

, the energy cost for the 

production of 1 ton of gluconic or xylonic acid will range between 32 € and 36 € / ton (with 

co-production of 12 to 13 kg of high purity hydrogen). This cost represent less than 7 % of the 

global cost of gluconic acid or sodium gluconate industrially produced using biotechnological 

processes, which  ranges between ca. 600 to ca. 750 US $ (520 to 650 €) per ton (Dezhou 

Huiyang Biotechnology Co., Ltd, Wuxi Fengmin Environmental Technology Development 

Co., Ltd, etc.).            

4. Conclusion 

Nanocatalysts based on palladium and gold have been synthesized by a water-in-oil 

microemulsion route. PdxAu10-x/C nanosized materials with different atomic compositions 

have been characterized. Their activity and selectivity toward glucose and xylose 

electrooxidation has been investigated by cyclic voltammetry and in situ FTIRS 

measurements. The best catalyst composition, in terms of lower oxidation onset potential, 

higher activity and better selectivity towards gluconate and xylonate, was Pd3Au7/C. At last, 

chronoamperometry measurements in a 25 cm
2
 elecrolysis cell were conducted at the low 

potential of 0.4 V and at the low temperature of 293 K for 6 hours and the reaction products 

were analyzed. Several new insights were pointed out: 

- Pd and Au are alloyed in the bimetallic structures; 

- The surface composition of PdxAu10-x is different than the bulk one, being enriched in 

palladium with respect to the bulk composition determined by AAS;  



- The adsorption of aldoses at low potentials on Pd rich catalysts involves the dissociative 

adsorption to CO, whereas for catalysts with Au content ≥ 70 at%, this reaction is avoided; 

- Much lower onset potentials (ca. 0.1 V vs RHE), higher tolerance to poisoning and higher 

selectivity towards gluconate or xylonate were obtained with Pd3Au7/C catalyst for glucose 

and xylose oxidation, than those proposed for Pt-
29

, Pd-
69

 and Au-based
32,34

 electrocatalytic 

surfaces in the literature under similar experimental conditions;  

- Selectivity towards gluconate was 87 % for a glucose conversions of 67 %, and higher for 

lower electrolysis times (lower conversion); 

 - Selectivity towards xylonate was higher than 92 % for a conversion of 45 %, reaching 100 

% for 1 and 2 hours electrolysis; 

- Such high selectivities at so low cell voltages imply that the electric energy cost needed for 

the production of 1 ton of gluconic acid and xylonic acid (associated with the co-production 

of 12 to 13 kg of high purity hydrogen) is lower than 36 €, which is industrially very 

interesting for decreasing the operating expenditures. Indeed, the cost of gluconic acid or 

sodium gluconate industrially produced using biotechnological processes ranges between ca. 

600 to 750 US $ (520 to 650 €) per ton (Dezhou Huiyang Biotechnology Co., Ltd, Wuxi 

Fengmin Environmental Technology Development Co., Ltd, etc.).  

The present study proposes a catalyst which, conversely to other Pt- and Pd- based 

catalysts usually used, allowed the oxidation of glucose/xylose at very low potentials (onset 

potentials lower than 0.1 V vs RHE), without C-C bond breaking (no CO observed by in-situ 

infrared spectroscopy). In the literature, only one paper could be found regarding the glucose 

electrooxidation on PdAu bimetallic catalysts. Much higher poisoning tolerance during 

glucose oxidation was obtained with the alloyed Pd3Au7/C catalyst developed in the present 

work than with the non-alloyed Pd3Au7/C catalyst described in the literature. Indeed an 

important shift of the onset potential towards lower values was obtained with our alloyed 



catalysts (compared to pure Pd and Au catalysts) leading to much lower values of onset 

potential than those obtained with non-alloyed PdAu catalysts from the literature.  

This work corresponds to a proof of concept, which explains the reason why we have used 

low concentrations of glucose and xylose, and low metal loadings in the electrodes (generally, 

anodes for organics electrooxidation are loaded with several mg of metal per cm
2
)
70

.  

Obviously, it opens the door to deeper studies and improvements of the system. For example, 

if the energy consumption is low, the rate of production must be increased. The metal loading 

in the anodes could be increased, as well as the concentrations of aldoses and NaOH in the 

solutions (as it is the case for glycerol electrooxidation).
24

 Other catalysts can also be 

developed to shift the oxidation onset potential towards lower values and to enhance the turn 

over frequency at low potential (to decrease the surface poisoning). The investigations on all 

these aspects are currently under progress in our laboratory.   
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Table 1. Characterization data of the PdxAu10-x/C catalysts.  

  Pd Pd9Au1 Pd7Au3 Pd5Au5 Pd3Au7 Pd1Au9 Au 

Metal loading(a) [wt %]  40 38.7 36.2 42.7 41.3 36.9 35.4 

Composition(b) [at%] 
Pd 

Au 

100 

0 

90 

10 

80 

20 

58 

42 

23 

77 

13 

87 

0 

100 

A(c) [Å]  3.897 3.915 3.936 3.986 4.033 4.050 4.071 

Lv [nm]  2.9 3.9 3.3 3.7 5.9 6.3 4.4 

Mean particle sized 

[nm] 
 4.0 4.5 4.3 4.4 5.8 6.4 6.8 

Epic
(e) [V vs RHE]  0.647 0.650 0.695 0.740 0.735 0.835 1.110 0.765 0.885 1.110 1.110 

Surface [%]  100 100 100 100 8 36 56 12 24 64 100 

Surface alloy 

composition(f) [at%]  

Pd 

Au 

100 

0 

99 

1 

89 

11 

80 

20 

81 

19 

60 

40 

0 

100 

74 

26 

55 

45 

0 

100 

0 

100 

Global surface 

composition(f) [at%] 

Pd 

Au 

100 

0 

99 

1 

89 

11 

80 

20 

28 

72 

22 

78 

0 

100 

Charge involved in 
oxide reduction(f) [C] 

 1837 1895 930 610 46 188 219 21 41 85 272 

Sreal [cm2]  4.33 4.48 2.35 1.54 0.12 0.51 0.78 0.06 0.11 0.31 0.97 

EASA [m2 gmetal
-1]  61 63 33 22  20   7  14 

(a) from TGA, (b) from AAS, (c) from XRD, (d) from TEM, (e) from cyclic voltammetry, (f) from integration of the oxide reduction peaks   



Table 2. Electrolysis and HPLC data for the calculation of the aldose conversion and 

selectivities in gluconate and xylonate.  

Glucose  

Time 

(h) 

QElec 

(C) 

Cglu,theor 

(mol L-1) 

Cglu.,exp. 

(mol L-1) 
F  

(%) 

        
   

 

(mol L-1) 

        
      

(mol L-1) 

        
       

(%) 

        
        

(%) 
         
       

(%) 

         
        

(%) 

1 
2 

3 

4 
5 

6 

121 
219 

298 

364 
420 

466 

0.0165 
0.0280 

0.0380 

0.0460 
0.0525 

0.0580 

0.0213 
0.0394 

0.0547 

0.0683 
0.0801 

0.0916 

77.4 
71.1 

69.4 

67.4 
65.2 

63.3 

0.0820 
0.0682 

0.0564 

0.0466 
0.0381 

0.0308 

0.0825 
0.0697 

0.0587 

0.0495 
0.0419 

0.0353 

18.1 
31.8 

43.6 

53.4 
61.9 

69.2 

17.5 
30.2 

41.4 

50.5 
58.1 

64.7 

91.1 

88.1 

87.2 

86.1 

84.9 

83.8 

94.5 

92.5 

91.9 

90.3 

95.7 

89.6 

Xylose 

Time 

(h) 

QElec. 

(C) 

CXyl.,theor. 

(mol L-1) 

CXyl.,exp. 

(mol L-1) 
F 

(%) 

       
   

 

(mol L-1) 
 

       
       

(%) 

 

 

        
       

(%) 
 

1 
2 

3 

4 

5 

6 

68 
126 

177 

224 

265 

303 

0.0124 
0.0222 

0.0273 

0.0335 

0.0451 

0.0477 

0.0124 
0.0227 

0.0326 

0.0420 

0.0509 

0.0594 

100 
97.7 

83.8 

79.9 

88.5 

80.1 

0.0876 
0.0777 

0.0709 

0.0637 

0.0530 

0.0485 

 

12.4 
22.3 

29.1 

36.3 

47.0 

51.5 

 

100 

99.2 

93.9 

92.2 

95.9 

92.3 

 

 

 



Figure caption. 

Figure 1. Schematic representation of the electrolysis cell designed for the 

chronoamperometry measurements. 

Figure 2. (a) XRD patterns of the PdxAu10-x/C (x = 0, 1, 3, 5, 7, 9, 10) catalysts ( indicates 

the diffraction peak relates to the tetragonal PdO structure), and (b) Graph of the related 

lattice parameters as a function of the Au content in catalysts. 

Figure 3. TEM images and histograms of particle size distribution from TEM observations on 

(a,b) Pd/C, (c,d) Pd7Au3/C, (e,f) Pd3Au7/C and (g,h) Au/C. 

Figure 4. Cyclic voltammograms of PdxAu1-x/C catalysts (scan rate = 5 mV s
-1

, N2-purged 0.1 

M NaOH electrolyte, T = 293 K, Emax = 1.45 V vs RHE). 

Figure 5. Polarization curves (a) and surface activity curves (b) of 0.1 M glucose oxidation 

and polarization curves (c) and surface activity curves (d) of 0.1 M xylose oxidation recorded 

on Pd/C (solid line) and on Au/C (dotted line). Scan rate = 5 mV s
-1

, N2-purged 0.1 M NaOH 

electrolyte, T = 293 K). 

Figure 6. Polarization curves (a) 0.1 M glucose oxidation and of (b) 0.1 M xylose oxidation 

recorded on Pd/C (black line), Pd9Au1/C (grey line), Pd7Au3/C (blue line), Pd5Au5/C (purple 

line), Pd3Au7/C (red line), Pd1Au9/C (pink line) and Au/C (orange line). Scan rate = 5 mV s
-1

, 

N2-purged 0.1 M NaOH electrolyte, T = 293 K). 

Figure 7. Cyclic voltammograms of (a) 0.1 M glucose oxidation and of (b) 0.1 M xylose 

oxidation recorded on Pd/C (black line) and Pd3Au7/C (red line). Scan rate = 5 mV s
-1

, N2-

purged 0.1 M NaOH electrolyte, T = 293 K). 

Figure 8. Infrared spectra recorded during 0.1 M glucose oxidation in 0.1 M NaOH 

electrolyte on (a) Pd/C, (b) Pd9Au1/C, (c) Pd7Au3/C, (d) Pd5Au5/C, (e) Pd3Au7/C and (f) Au/C 

catalysts. Scan rate: 1 mV s
-1

, resolution 4 cm
-1

, T = 293 K. Vertical scale: R/R 



Figure 9. Infrared spectra recorded during 0.1 M xylose oxidation in 0.1 M NaOH electrolyte 

on (a) Pd/C, (b) Pd9Au1/C, (c) Pd7Au3/C, (d) Pd5Au5/C, (e) Pd3Au7/C and (f) Au/C catalysts. 

Scan rate: 1 mV s
-1

, resolution 4 cm
-1

, T = 293 K. Vertical scale: R/R 

Figure 10. I(t) curves recorded at 0.4 V and 293 K in the 25 cm
2
 electrolysis cell for the 

oxidation of 0.1 M glucose (black line) and 0.1 M xylose (grey line) in 0.1 M NaOH aqueous 

solutions. 

Figure 11. 
1
H NMR spectra of (a) glucose 0.1 M, NaOH 0.1 M and (b) xylose 0.1 M, NaOH 

0.1 M solutions after neutralization with HCl, lyophilization and dissolution into D2O. The 

spectra correspond to the initial solution before electrolysis (black curves) and after 6 h of 

electrolysis (green curves) normalized with respect to the internal reference (acetic acid, 0.03 

M,  = 2.1 ppm). The * correspond to HOD signal from the solvent. 

Figure 12. Chromatograms recorded as a function of time during the electrolysis. (a) 0.1 M 

glucose and (b) 0.1 M xylose in 0.1 M NaOH aqueous solutions. The electrolysis time is 

presented with shades of green from 0h (black) to 6 h (light green). The chromatograms for 

standard solutions at 0.1 M of (a) sodium gluconate and (b) lithium xylonate are shown (red 

dashed curve).   

Figure 13. (a) Comparison of the theoretical concentration of gluconate assuming a 100 % 

selectivity (red line) with the experimental one determined by HPLC (blue line) as a function 

of electrolysis time; (b) Comparison of the theoretical concentration of xylonate assuming a 

100 % selectivity (red line) with the experimental one determined by HPLC (blue line) as a 

function of electrolysis time. 
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Figure 3 
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Figure 5 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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