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Abstract Antimony irreversibly adsorbed on a carbon
supported platinum electrode oxidizes glycerol selectively
to dihydroxyacetone with a lower onset potential (ca.
150 mV) and a higher peak current density (ca. 170 %)
compared to clean Pt/C. Pb, In, and Sn also promote the
catalytic activity of glycerol oxidation, however the reac-
tion pathway towards the primary alcohol oxidation
remains unchanged. Higher surface coverage by adatoms
on Pt/C generally increases the activity of glycerol
oxidation.
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1 Introduction

Glycerol, a surplus byproduct of biodiesel, is an attractive
and versatile feedstock as it is nontoxic, edible, and bio-
degradable [1, 2]. Valorisation of glycerol in generating
valuable C; chemicals such as dihydroxyacetone (DHA),
glyceraldehyde, and glyceric acid is viewed with particular
interest to avoid rather expensive processes such as refining
and distillation [2-6]. DHA, the product of secondary
alcohol oxidation, is economically the most interesting one
among the various target compounds due to its wide
applications, especially in the cosmetic industry as a
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self-tanning agent [3, 7]. To date, DHA is produced by a
fermentation process due to high yield, selectivity and
quality requirements [3]. However microbial oxidation
suffers from a low glycerol concentration and a long
operating time [3, 7]. Recent advances in the catalytic
oxidation of glycerol with Pd based homogenous catalyst
report promising conversion (97 %) and selectivity (99 %)
in the presence of benzoquinone as an oxidant within
15 min at room temperature [5]. Alternatively, in hetero-
geneous catalysis, Pt—Bi bimetallic catalyst has been shown
to be a good candidate offering high conversion and
selectivity towards DHA at low pH and mild operating
conditions, among several monometallic (Pt, Pd, Au) [8, 9]
and bimetallic catalysts (Pt-Bi, Au-Pt) [4, 9—12]. Elect-
rocatalysis may offer additional advantages owing to the
highly precise control of the oxidizing conditions through
the electrode potential [6, 13-21]. Our previous study,
following the electrocatalytic approach, revealed for the
first time that a Pt/C electrode in a Bi-saturated solution at
a carefully chosen potential is capable of oxidizing glycerol
to DHA with 100 % selectivity [19]. As an attempt to gain
more insight into active and selective conversion of glyc-
erol to DHA by the Pt-M bimetallic catalyst system, it is
important to study the trends and inherent relationships as
to how the different metallic adatoms such as Sb, Pb, Sn,
and In promote the electrocatalytic glycerol oxidation, as
well as their effects on the product distribution.

In this paper, we demonstrate the enhanced activity and
selectivity of glycerol conversion by incorporating adatoms
(Sb, Pb, Sn, and In) onto the surface of a carbon-supported
platinum (Pt/C) electrode in acidic solution by correlating
the voltammetry with online HPLC product analysis. Two
methods of reversible and irreversible modification have
been used. Our results show that irreversibly deposited Sb
on Pt/C is the most promising modifier for DHA formation
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with a low onset potential (ca. 150 mV than on pure Pt)
and enhanced peak current density (ca. 170 %) compared
to unmodified Pt/C. Although Pb, Sn, and In on Pt/C also
promote the catalytic activity of glycerol oxidation, the
reaction pathway towards the primary alcohol oxidation to
generate glyceraldehyde as a dominant reaction product
remains unchanged.

2 Experimental Section

Electrochemical measurements were carried out in a stan-
dard three-electrode cell controlled by a potentiostat/gal-
vanostat (p-Autolab Type III). A thin-film electrode with
3 nm Pt/C nanoparticles (50 wt%, Tanaka) was fabricated
by loading defined amounts of nanoparticle suspension (10
pL) in water (1 mg mL™") onto a polished glassy carbon
substrate, subsequently dried by purging Ar at room tem-
perature. In order to confirm the electrochemically active
surface area of the loaded catalyst, a blank voltammogram
was recorded before each experiment. A large Pt plate was
employed as a counter electrode and a reversible hydrogen
electrode (RHE) as a reference. Oxidation of glycerol was
performed in a mixture of glycerol (0.1 M, analytical
grade) and 0.5 M H,SO, under deaerated conditions by
purging Ar.

For the Pt/C surface modification, analytical grades of
Sb (Sb,05, Sigma-Aldrich), Pb (Pb(ClOy4),, Acros), Sn
(SnCl,02H,0, Merck), and In (Iny(SOy);, Sigma-Aldrich)
were used. Irreversible adsorption of adatoms was per-
formed by placing the freshly prepared Pt/C electrode in
contact with a 1 mM solution of Pb, Sn, and In, and Sb-
saturated 0.5 M H,SO, solutions for a set amount of time.
After rinsing the electrode with water, each coverage is
determined by recording the suppression of the hydrogen
region [22], and then transferred to the electrochemical
cell. For reversible adatom adsorption/desorption, 1 mM
adatoms (Pb, Sn, and In) and a sufficiently large amount
of Sb,03, which corresponds to a concentration of ca.
107*-10~° M, were introduced directly into the electro-
chemical cell. A freshly prepared Pt/C electrode was kept
at a constant potential of 0.1 V for different times, after
which the surface coverage is measured by the suppression
of the hydrogen region in a blank solution, before applying
it for glycerol oxidation.

The reaction products during voltammetry were col-
lected and analyzed with an online HPLC system as
described in our previous work [19-21, 23]. Sample vol-
umes of 30 pL. were injected into the columns in series of
Aminex HPX 87-H (Bio-Rad) and Sugar SH1011 (Shodex)
with diluted sulfuric acid (0.5 mM) as eluent. The selected
temperature of column oven was 85 °C. Details of system
configuration are described elsewhere [20, 21].
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Fig. 1 Glycerol oxidation (0.1 M) on Pt/C electrodes modified by
Sbirrev. (Gsb =381 %)s Pbsol. (HPb =27 %)s Snirrev, (08n =23 %)s and
Ingo). (O, < 5 %) in comparison with blank and Big. (0p; = 100 %)
in 0.5 M H,SO,, with a scan rate of 1 mV s !

3 Results and Discussion

The glycerol oxidation on Pt electrode in acidic condition
is relatively sluggish and generates glyceraldehyde as one
of the dominant products without apparent C—C bond
splitting in the potential window between 0.4 and 1.0 V
(vs. RHE) [19-21]. Above 1 V, however, PtO, activates
the cleavage of the carbon—carbon bond to form mainly
formic acid and glycolic acid followed by carbon dioxide
formation from formic acid oxidation [19, 20]. Bismuth in
the solution (Big,.) blocks active sites for primary alcohol
oxidation, lowers the onset potential (ca. 50 mV), and
enhances the turnover frequency (ca. 180 %) compared to
Pt/C blank by forming a Bi-related active site on the sur-
face poised for secondary oxidation [19]. However, a
constant and full coverage of Bi on the Pt/C surface is
essential to obtain optimal activity and selectivity towards
DHA for a PtBi catalyst prepared by the irreversible
modification method [19].

Shown in Fig. 1 are the linear sweep voltammetry
curves of 0.1 M glycerol on the Pt/C catalyst with several
adatoms on the Pt surface or in the solution of 0.5 M
H,SO,4. As can be seen from the comparison of the six
voltammograms, irreversibly deposited antimony (Sbjyey.)
on Pt/C shows significantly lowered onset potential (ca.
150 mV) and enhanced peak activity (ca. 170 %) com-
pared to unmodified Pt/C. Interestingly, Sbiye,. on Pt/C
shows a comparable turn over frequency but a lower onset
potential (ca. 100 mV) than that of bismuth, which is
considered the best surface modifier on Pt catalyst [4, 10—
12]. Irreversible modified Sn (Snj.ey.) on Pt/C also lowers
the onset potential, starting at 0.35 V, the same potential of
Sbiev, but the current density is lower than that of
unmodified Pt/C. Lead (Pb,, ) and indium (Iny, ) dissolved
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Fig. 2 Glycerol oxidation (0.1 M) on Pt/C electrode modified by
Sbirrev. (Bsp = 81 %) in 0.5 M H,SO,: a current density profile at a
scan rate of 1 mV s~', b concentration changes of reaction products,
and c selectivity (%) of products as a function of potential. white
circle glyceraldehyde, asterisk DHA, blackcircle glyceric acid, black
up-pointing triangle glycolic acid, circled plus formic acid

in solution show comparable activities in terms of onset
potential and peak current density to those of Big.

The effect of antimony on the product distribution of
glycerol oxidation is shown in Fig. 2, which compares the
positive-going potential sweeps and the associated product
spectrum as detected by online HPLC at 1 mV s~ '
A Sbjey. on Pt/C electrode (g, = 81 %) is obtained by
dipping a freshly prepared Pt/C electrode in Sb-saturated
solution for 3 min, after which the electrode is rinsed by
water and the surface coverage of Sb is measured by
recording the suppression of the hydrogen region before the
electrochemical oxidation of glycerol. The presence of
antimony (Sbjey.) on Pt/C surface enhances the glycerol
oxidation as shown by a peak at 0.5 V and the magnitude of
this peak is strongly related to the surface coverage of Sb on
Pt/C (see Supporting Information, Fig. S1). The results from
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HPLC analysis confirm that Sby.., on Pt/C electrode is
selective in oxidizing the secondary alcohol, and the main
product observed is DHA with a selectivity of more than
80 % in between 0.35 and 0.55 V. At higher potentials, a
similar product distribution as on Pt/C blank is obtained,
ascribed mainly to the oxidative desorption of the adsorbed
Sb [24, 25]. However Sb in the solution (Sby,; ) results in a
complete inhibition of glycerol oxidation (see Fig. S1),
whereas Big, maximizes the activity [19]. Interestingly,
glyceric acid is observed as the second oxidation product
from ca. 0.35 V, which is at a lower potential than the
detection of glyceraldehyde formation. Since glyceralde-
hyde is expected to be the first reaction intermediate or
product in the primary alcohol oxidation pathway and DHA
is not oxidized to glyceric acid on PtSb (and PtBi) as proved
by a separate experiment (see Fig. S2), it is obvious that
antimony on Pt surface interferes and accelerates glycerol
oxidation to glyceric acid via glyceraldehyde in the low
potential range mainly on unmodified Pt sites. Arsenic (As),
which features above Sb in the periodic table, also adsorbs
on Pt sites. However irreversibly modified As on Pt/C
mainly suppresses glycerol oxidation at low potentials
before the surface oxide formation, and glyceraldehyde and
glyceric acid were observed as dominant products on oxi-
dized Pt surface (>1.0 V). (See Fig. S3).

Shown in Fig. 3 are the products formed during glycerol
oxidation as detected by online HPLC in the presence of
other adatoms (Pb,;, Snj..,, and Ing,; ) on Pt/C surface or
in the solution. Panels (b) in Fig. 3 show that there is no
strong effect of adatoms on the product distribution of
glycerol oxidation compared to Pt/C blank. The only sig-
nificant difference is that the presence of Pb (Op, = 27 %)
in the solution generates DHA near the onset potential.
Additionally, we were able to observe a small amount of
2-hydroxypropanedial (glucic acid) as one of oxidation
products from Pb, Sn, and In modified Pt/C electrodes,
whereas 2-hydroxypropandial is not observed either in the
absence of modifiers [19-21, 23] or in the presence of Bi
[19]. This could suggest that an adatom on the Pt surface
anchors glyceraldehyde and oxidizes another primary
alcohol rather than the secondary. The maximum surface
coverage of Pb (0p, = 27 %) is achieved by underpotential
deposition for 3 min at 0.1 V in 1 mM Pb solution and the
increase of the glycerol oxidation activity is proportional to
the surface coverage. However irreversibly modified Pb on
Pt/C partially blocks glycerol oxidation (see Fig. S4). In
contrast to Pb, irreversibly adsorbed Sn (Snjyev.,
Osn. = 27 %) on Pt/C enhances the glycerol oxidation
activity, whilst a reversible system of Sn in solution (Sng;)
completely suppresses the glycerol oxidation, similar to Sb
(see Fig. S5). Injyey. on Pt/C inhibits the activity of glycerol
oxidation similar to Pb. However an enhanced activity
from Ing, is observed although almost no surface coverage
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Fig. 3 Glycerol oxidation (0.1 M) in 0.5 M H,SO, for and a Pt/C
electrode in 1 mM Pb solution (in sol., Op, = 27 %), a Sn-modified
Pt/C (irrev., Os, = 23 %), and a Pt/C electrode in 1 mM In solution
(in sol., O, <5 %): a current density profile at scan rate of
1 mV s’l,b concentration changes of reaction products, and

E/V (vs. RHE)

E/V (vs. RHE)

¢ selectivity (%) of products as a function of potential. white circle
glyceraldehyde, asterisk DHA, white diomond 2-hydroxypropanedial,
blackcircle glyceric acid, black up-pointing triangle glycolic acid,
circled plus formic acid
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is obtained from Iny, regardless of surface modification
time. (see Fig. S6).

As shown above, the irreversible/reversible adsorption
of the adatoms Sb, Pb, Sn, and In is not able to achieve a
100 % surface coverage on Pt/C electrode as Bi does.
However we found that Pt/C electrode modified for 3 min
by both methods gives the highest activity of glycerol
oxidation, except for indium, as shown in Fig. 4. This
general relationship suggests that a higher surface coverage

leads to a higher activity, although the change of the sur-
face coverage by adatoms as a function of time remains to
be understood.

4 Conclusions
Pt-M bimetallic systems were developed to significantly

enhance the activity and the selectivity of electro-oxidation
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of glycerol through the reversible/irreversible addition of
adatoms (Sb, Pb, Sn, and In). A Pt/C electrode onto which
antimony is irreversibly adsorbed is the most promising as
it is capable of oxidizing glycerol selectively to DHA with
a lower onset potential (ca. 150 mV) and with an enhanced
peak current density (ca. 170 %) compared to a unmodified
Pt/C. Pby, Ingor, and Snjyey. on Pt/C promote the elec-
trocatalytic oxidation of glycerol, however the reaction
pathway remains unchanged towards the primary alcohol
oxidation to generate glyceraldehyde as a dominant reac-
tion product. Although Sby..,. shows a highly potent and
remarkable activity, even higher surface coverage should
be reached by other methods including overpotential
deposition, since the activity of glycerol oxidation is
strongly dependent on surface coverage by adatoms.

Acknowledgments This research has been performed within the
framework of the CatchBio program. The authors gratefully
acknowledge the support of the Smart Mix Program of the Nether-
lands Ministry of Economic Affairs and the Netherlands Ministry of
Education, Culture and Science.

References

1. Zhou CH, Beltramini JN, Fan YX, Lu GQ (2008) Chemoselective
catalytic conversion of glycerol as a biorenewable source to
valuable commodity chemicals. Chem Soc Rev 37:527-549

2. Behr A, Eilting J, Irawadi K, Leschinski J, Lindner F (2008)
Improved utilisation of renewable resources: New important
derivatives of glycerol. Green Chem 10:13-30

3. Katryniok B, Kimura H, Skrzynska E, Girardon JS, Fongarland P,
Capron M, Ducoulombier R, Mimura N, Paul S, Dumeignil F
(2011) Selective catalytic oxidation of glycerol: perspectives for
high value chemicals. Green Chem 13:1960-1979

4. Woerz N, Brandner A, Claus P (2010) Platinum-bismuth-cata-
lyzed oxidation of glycerol: kinetics and the origin of selective
deactivation. J Phys Chem C 114:1164-1172

5. Painter RM, Pearson DM, Waymouth RM (2010) Selective cat-
alytic oxidation of glycerol to dihydroxyacetone. Angew Chem
Int Ed 49:9456-9459

6. Simoes M, Baranton S, Coutanceau C (2012) Electrochemical
valorisation of glycerol. ChemSusChem 5:2106-2124

7. Svitel J, Sturdik E (1994) Product yield and by-product formation
in glycerol conversion to dihydroxyacetone by gluconobacter-
oxydans. J Ferment Bioeng 78:351-355

8. Carrettin S, McMorn P, Johnston P, Griffin K, Kiely CJ,
Hutchings GJ (2003) Oxidation of glycerol using supported Pt, Pd
and Au catalysts. Phys Chem Chem Phys 5:1329-1336

9. Demirel S, Lehnert K, Lucas M, Claus P (2007) Use of renew-
ables for the production of chemicals: glycerol oxidation over
carbon supported gold catalysts. Appl Catal B 70:637-643

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hu W, Knight D, Lowry B, Varma A (2010) Selective oxidation
of glycerol to dihydroxyacetone over Pt-Bi/C catalyst: optimi-
zation of catalyst and reaction conditions. Ind Eng Chem Res
49:10876-10882

Kimura H (1993) Selective oxidation of glycerol on a platinum-
bismuth catalyst by using a fixed-bed reactor. Appl Catal A
105:147-158

Kimura H, Tsuto K, Wakisaka T, Kazumi Y, Inaya Y (1993)
Selective oxidation of glycerol on a platinum bismuth catalyst.
Appl Catal A 96:217-228

Xin L, Zhang Z, Wang Z, Li W (2012) Simultaneous generation
of mesoxalic acid and electricity from glycerol on a gold anode
catalyst in anion-exchange membrane fuel cells. ChemCatChem
4:1105-1114

Zhang Z, Xin L, Li W (2012) Electrocatalytic oxidation of
glycerol on Pt/C in anion-exchange membrane fuel cell: cogen-
eration of electricity and valuable chemicals. Appl Catal B
119:40-48

Zhang Z, Xin L, Qi J, Chadderdon DJ, Li W (2013) Supported Pt,
Pd and Au nanoparticle anode catalysts for anion-exchange
membrane fuel cells with glycerol and crude glycerol fuels. Appl
Catal B 136:29-39

Zhang Z, Xin L, Qi J, Wang Z, Li W (2012) Selective electro-
conversion of glycerol to glycolate on carbon nanotube supported
gold catalyst. Green Chem 14:2150-2152

Gomes JF, Gasparotto LHS, Tremiliosi-Filho G (2013) Glycerol
electro-oxidation over glassy-carbon-supported Au nanoparticles:
direct influence of the carbon support on the electrode catalytic
activity. Phys Chem Chem Phys 15:10339-10349

Gomes JF, Martins CA, Janete Giz M, Tremiliosi-Filho G,
Camara GA (2013) Insights into the adsorption and electro-oxi-
dation of glycerol: self-inhibition and concentration effects.
J Catal 301:154-161

Kwon Y, Birdja Y, Spanos I, Rodriguez P, Koper MTM (2012)
Highly selective electro-oxidation of glycerol to dihydroxyace-
tone on platinum in the presence of bismuth. ACS Catal
2:759-764

Kwon Y, Schouten KJP, Koper MTM (2011) Mechanism of the
catalytic oxidation of glycerol on polycrystalline gold and plati-
num electrodes. ChemCatChem 3:1176-1185

Kwon Y, Koper MTM (2010) Combining voltammetry with
HPLC: application to electro-oxidation of glycerol. Anal Chem
82:5420-5424

Rodriguez P, Solla-Gullon J, Vidal-Iglesias FJ, Herrero E, Aldaz
A, Feliu JM (2005) Determination of (111) ordered domains on
platinum electrodes by irreversible adsorption of bismuth. Anal
Chem 77:5317-5323

Kwon Y, Raaijman SJ, Koper MTM (2014) Role of peroxide in
the catalytic activity of gold for oxidation reactions in aqueous
media: an electrochemical study. ChemCatChem 6:79-81.
doi:10.1002/cctc.201300460

Climent V, Herrero E, Feliu JM (1998) Electrocatalysis of formic
acid and CO oxidation on antimony-modified Pt(111) electrodes.
Electrochim Acta 44:1403-1414

Herrero E, Feliu JM, Aldaz A (1994) Poison formation reaction
from formic acid on Pt(100) electrodes modified by irreversibly
adsorbed bismuth and antimony. J Electroanal Chem 368:101—
108


http://dx.doi.org/10.1002/cctc.201300460

	Electro-Oxidation of Glycerol on Platinum Modified by Adatoms: Activity and Selectivity Effects
	Abstract
	Introduction
	Experimental Section
	Results and Discussion
	Conclusions
	Acknowledgments
	References


