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a  b  s  t  r  a  c  t

Electrocatalytic  oxidation  of  glycerol  for cogenerating  electricity  and  higher-valued  chemicals  on  a Pt/C
anode catalyst  (2.4  nm)  in an  anion-exchange  membrane  fuel  cell  (AEMFC)  was  investigated.  The  peak
power  density  of  an anion-exchange  membrane  – direct  glycerol  fuel  cell  (AEM-DGFC)  with  1.0  mgPt cm−2

anode  and  non-PGM  catalyst  cathode  can  reach  124.5  mW cm−2 at 80 ◦C and  58.6  mW  cm−2 at  50 ◦C, while
the  highest  selectivity  of  C3 acids  (glyceric  acid  +  tartronic  acid)  can reach  91%.  The  study  found  that  higher
pH  reaction  media  could  enhance  fuel  cell  output  power  density  (electricity  generation)  and  selectivity  of
C3 acids,  while  lower  glycerol  concentration  could  improve  the  selectivity  of deeper-oxidized  products
(mesoxalic  acid  and  oxalic  acid).  The  fuel cell reactor  with  the  Pt/C  anode  catalyst  demonstrated  an
excellent  reusability,  and  successfully  obtained  tartronic  acid with  a selectivity  of  50%  and  mesoxalic
acid  with  a selectivity  of 7%,  which  are  high  compared  to heterogeneous  catalytic  glycerol  oxidation  in
lectrocatalysis batch  reactors.  It is  found  that  the anode  overpotential  can  regulate  the  oxidation  product  distribution,
and  that  higher  anode  overpotentials  favor  C C bond  breaking,  thus  lowering  the  C3 acids  selectivity.
The  reaction  sequence  of  glycerol  electro-oxidation  detected  in an  electrolysis  half  cell  with  an  on-line
sample  collection  and  off-line  HPLC  analysis  agrees  with  the  results  obtained  from  single  fuel  cell  tests.
However,  inconsistencies  between  the two systems  still  exist  and  are  possibly  due  to different  reaction
environments,  such  as  electrode  structure,  glycerol:catalyst  ratio,  and  residence  time  of  reactants.
. Introduction

Highly efficient catalytic processes are essential for biomass
efinery into cost-competitive energy or valuable chemicals [1–3].
elective catalytic oxidation of biomass-derived polyols is of fun-
amental importance in many fine chemical production processes.
lycerol (0.3 US$ kg−1, crude glycerol [4]), which can be mas-
ively obtained as a byproduct of blooming biodiesel production,
as great potential to serve as a main building block for future pro-
uctions of higher-valued oxygenated chemicals, including glyceric
cid, tartronic acid, mesoxalic acid and glycolic acid, etc. [5,6]. How-
ver, at present these value-added oxygenates are mostly produced
hrough either costly and non-environment-friendly stoichiomet-
ic oxidation processes [7],  or slow fermentation processes with
ow product yields [8].

To replace these out-of-date processes, extensive researches
ave been carried out on selective oxidation of glycerol through

green” and fast heterogeneous catalysis using molecular oxy-
en with mono-metallic catalysts, such as Pt [7,9–13], Pd
7,9–11,14,15], and Au [7,11,14–25], and multi-metallic catalysts,
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such as PtPd [26], PtAu [27–29],  AuPd [14,28,30–33], PtBi [34,35],
PtCu [36], and PtPdBi [37]. It has been found that the activity and
product distribution of glycerol oxidation depend on both the cata-
lyst, such as particle size, loading, support, etc. and the reaction
conditions, such as pH, glycerol:catalyst ratio, O2 pressure, etc.
Gallezot and co-workers studied glycerol oxidation on Pt and Pd
at different pH and observed that the initial glycerol oxidation
rate increased significantly with increased pH of reaction media
on both catalysts [9,10,38]. They also found that the oxidation of
primary –OH is more favorable than that of secondary –OH in alka-
line solutions. Groups of Hutchings and Prati separately studied
glycerol oxidation on Au and achieved very high selectivity to glyc-
eric acid under their optimized conditions [16,17].  Hutchings and
co-workers also investigated the effects of O2 pressure and catalyst
loading on glycerol oxidation on Pt/C in basic environments, and
found that lower O2 pressure and higher catalyst loading favor the
oxidative cleavage of C C bonds in glycerol and reaction intermedi-
ates to yield C1 products [7].  Despite great progress in the oxidation
of glycerol, previous researches were heavily focused on selective
oxidation of one hydroxyl group of glycerol to glyceric acid or dihy-

droxyacetone, and breaking C C bond of glycerol to glycolic acid.
Glyceric acid is the only C3 product that has shown high selectiv-
ity through heterogeneous catalysis in alkaline media. It is hard to
obtain further oxidized C3 products (tartronic acid and mesoxalic
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http://www.sciencedirect.com/science/journal/09263373
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cid). The published selectivity of tartronic acid is always <30% [7].
esoxalic acid has rarely been reported as a product from catalytic

xidation of glycerol on the metallic catalysts in batch reactors in
igh pH media.

Recently, Davis and co-workers’ elegant work revealed the roles
f OH− and O2 on metallic catalyst (Au or Pt) surfaces based on
PLC–MS analysis, 18O isotope tracing, and DFT calculation [23].
hey found that OH− in the reaction media could greatly facili-
ate glycerol oxidation, and the role of O2 is simply to facilitate the
H− regeneration loop via a 2-electron-transfer process on Au (or a
-electron-transfer process on Pt). The function of O2 in heteroge-
eous catalytic oxidation of glycerol is similar to the O2 reduction
eaction (ORR) at the fuel cell cathode. However, due to restric-
ions in the design and nature of traditional batch reactors, the
hemical energy stored in glycerol (6.3 kWh  L−1) has been wasted
n the catalytic oxidation process (it is just converted to heat in the
xidation). From energy conservation, economy, and environment
spects, it is desirable to develop new catalytic process to cogener-
te both energy and value-add chemicals from these biorenewable
ompounds.

Glycerol has been considered a promising fuel for direct alcohol
uel cells (DAFC), due to its relatively low price, simple purification
nd storage, and non-volatile and environment-friendly properties
39–42]. Matsuoka et al. first investigated glycerol as fuel in an
nion-exchange membrane fuel cell (AEMFC) with PtRu/C anode
atalyst, and obtained a maximum power density of ∼7 mW cm−2

t 50 ◦C [43]. Later, Bambagioni et al. expanded the anode cata-
yst to Pd/MWCNT in an anion-exchange membrane direct glycerol
uel cell (AEM-DGFC), and observed a peak power density of
6 mW cm−2 in a passive fuel cell (room temperature) and a peak
ower density of ∼80 mW cm−2 in an active fuel cell (80 ◦C) [44].
ianchini and Shen further reported an AEM-DGFC performance of
118 mW cm−2 on a Pd-(Ni-Zn-P)/C anode (80 ◦C) [39]. Ilie et al.
ptimized the membrane electrode assembly (MEA) fabrication
ethod and reaction conditions (i.e. fuel composition, fuel flow

ate, etc.), and demonstrated an AEM-DGFC peak power density of
24 mW cm−2 with Pt and Pt-based bimetallic anode catalysts at
0 ◦C [45]. However, most previous research efforts targeted at fully
xidization of glycerol to achieve high fuel cell output power den-
ity and high Faradic efficiency, while exploring selective (partial)
xidation of glycerol to produce valuable chemicals and investigat-
ng the glycerol electro-oxidation behaviors (product distribution)
n metallic catalysts in real AEMFC are ignored.

In this article, cogeneration of electricity and higher-valued
hemicals from glycerol electrocatalytic oxidation was success-
ully achieved in single AEMFC by separating the O2 reduction
eaction (cathode) from the glycerol catalytic oxidation (anode).
arbon supported Pt nanoparticles (1–4 nm)  served as the catalyst
or glycerol electro-oxidation [46–51],  which not only demon-
trated decent electricity generation performance (124.5 mW cm−2

t 80 ◦C), but also showed unique catalytic selectivity towards
igher-valued chemicals, such as glyceric acid, glycolic acid, and
artronic acid. It is interesting to find that the fuel cell operation
oltage (anode overpotential) could regulate the product distribu-
ions. In addition, the fully oxidized C3 acid, mesoxalic acid, was
irectly produced in this alkaline cogeneration system.

. Experimental

.1. Preparation of Pt/C catalysts
Pt/C catalyst was synthesized through a solution phase-
ased nanocapsule method [49–52].  In detail, 196.7 mg Pt(acac)2
0.5 mmol, Acros Organics) 200 �l oleylamine (OAm, Aldrich Chem-
stry), and 200 �l oleic acid (OAc, Fisher Chemical) were dissolved
ironmental 119– 120 (2012) 40– 48 41

in a mixture of 146.3 mg  carbon black (Vulcan XC-72R, Cabot) and
40 ml  benzyl ether (Acros Organics, 99%) at 60 ◦C in an inert N2
atmosphere. As the temperature increased to 120 ◦C, 1.0 ml  LiBEt3H
(1 M in THF, Acros Organics) was  quickly injected into the system.
The temperature was held constant for 30 min, and then slowly
increased to 180 ◦C and held for an additional 30 min. The final Pt/C
catalyst (40 wt%) was obtained by filtration, washed with copious
ethanol, and dried in a vacuum oven at 50 ◦C overnight.

2.2. Characterizations

X-ray diffraction (XRD) pattern of Pt/C catalyst was  collected
using a Scintag XDS-2000 �/� diffractometer with Cu K� radiation
(� = 1.5406 Å), with a tube current of 35 mA  and a tube voltage of
45 kV. Transmission electron microscopy (TEM) was  performed by
JEOL 2010 with an operation voltage of 200 kV in order to ana-
lyze the morphology of Pt/C. The Pt particle size distribution was
evaluated by 100 randomly chosen particles in an arbitrary area.

2.3. MEA fabrication and electro-oxidation of glycerol in
AEM-DGFC

The MEA  was assembled with a Pt/C-based anode, Tokuyama
A201 membrane (28 �m)  and a non-Pt group metal (PGM) catalyst-
based cathode. To prepare the anode, catalyst ink containing 90 wt%
of as-prepared Pt/C catalyst (40 wt%) and 10 wt%  of Teflon was
sprayed on a carbon cloth anode diffusion layer to obtain a catalyst
loading of 1.0 mgPt cm−2. On the cathode, a commercial non-PGM
HYPERMECTM catalyst (Fe-Cu-N4/C, Acta) was blended with AS-4
anion conductive ionomer (Tokuyama), and sprayed directly onto
the A201 membrane to obtain a catalyst loading of 1.0 mg  cm−2,
and was  covered with a 25CC carbon paper (SGL Group) cathode gas
diffusion layer. The MEA  was  mounted in a fuel cell with an active
cross-sectional area of 5 cm2, and tested by a Scribner-Associates
850e fuel cell test system. The electricity generation performances
were evaluated with a 2.0 M KOH + 1.0 M glycerol solution and high-
purity O2 (99.999%) at a constant flow rate of 0.4 l min−1 under
30 psi back pressure, at 50 and 80 ◦C. The glycerol oxidation was
performed by looping 55 ml  of glycerol alkaline electrolyte from
the anode fuel vessel into the anode plate channels at 50 ◦C with
the same O2 flow rate under 30 psi back pressure for 2–6 h. During
the glycerol oxidation test, the anode overpotential was  monitored
with a Hg/HgO/1.0 M KOH electrode, and reported vs. standard
hydrogen electrode (SHE) for convenience. After each test, 0.5 ml
sample was  collected from the anode fuel vessel for HPLC analysis.
All the investigated products are in their deprotonated (salt) forms
in alkaline media, however, we  reported them in their acid forms
throughout the paper.

2.4. Electro-oxidation of glycerol in half cell with on-line sample
collection

The half cell test was conducted in a conventional three-
electrode-cell setup, with a glassy carbon working electrode, a
Hg/HgO reference electrode and a Pt wire counter electrode, at
room temperature. Before each test, 2.0 mg of Pt/C catalyst were
dispersed in 1.0 ml  isopropanol by sonication to form a uniform
ink. The working electrode was prepared by dropping 40 �l of the
ink onto the glassy carbon electrode. 20 �l of 0.05 wt% AS-4 anion
conductive ionomer solution was  then added on the top to affix the
catalyst. To analyze the glycerol oxidation sequence, linear stair-
case scans with increments of 100 mV  10 min−1 were carried out

in both 0.1 M KOH + 0.1 M glycerol and 1.0 M KOH + 1.0 M glycerol
solutions. Inspired by the on-line sample collection off-line HPLC
analysis system reported in references [53–55],  the instant reaction
products under different potentials were collected on-line through
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Fig. 1. (a) XRD pattern, (b) TEM image, an

 self-designed needle that was positioned within 0.5 mm to the
enter of working electrode surface. Before collection, the needle
as washed with copious amounts of de-ionized water. The col-

ection rate was  controlled at 50 �l min−1 by a peristaltic pump
Gilson minipuls 3). At each potential, 0.5 ml  sample was collected
nd stored in a 2 ml  screw cap vial (Agilent).

.5. Products analysis

The product analysis was carried out using an HPLC (Agilent
100) with a refractive index detector (RID, G1326A, Agilent). 20 �l
f the sample was injected into the HPLC system and was separated
sing an OA-1000 column (Alltech) at 60 ◦C with an eluent of 5 mM
queous sulfuric acid. Products were identified by comparison with
uthentic samples.

. Results and discussions

.1. Catalyst characterization
The XRD pattern of Pt/C catalyst is shown in Fig. 1a, which dis-
layed a typical face-centered cubic (FCC) pattern. The average
etal crystal size of Pt/C catalyst calculated based on the Pt (2 2 0)
particle size distribution of Pt/C catalyst.

diffraction peak is 1.9 nm, using the Debye–Scherrer formula shown
below [51,56]:

L = 0.9�K˛

B2�cos�max

where L is the mean crystal size, � is the wavelength of the X-ray
(1.5406 Å), B is the full width at half-maximum of the peak (rad)
and �max is the Bragg angle (rad) of Pt (2 2 0).

A typical TEM image of Pt/C and its corresponding histogram are
shown in Fig. 1b. It is observed that most of the nanoparticles are
round in shape and are uniformly dispersed on carbon support with
only few agglomerations. The average particle size evaluated from
the TEM image is 2.4 nm for Pt/C catalyst, which is in good agree-
ment with the XRD result. The histogram of particle sizes (Fig. 1c)
counted from 100 randomly chosen particles in an arbitrary area
shows a narrow size distribution of 1–4 nm.

3.2. Electricity generation performance of anion-exchange
membrane direct glycerol fuel cells (AEM-DGFCs)
Pt/C has demonstrated high activity towards electrocatalytic
oxidation of glycerol in AEM-DGFC. As shown in Fig. 2, fed with
an anode fuel of 2.0 M KOH + 1.0 M glycerol, the AEM-DGFC with an
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Fig. 3. (a) Electricity generation and products distribution from electrocatalytic oxi-
dation of glycerol in AEMFC with 2.0 M KOH + 1.0 M glycerol at cell operation voltage

◦

de: Fe-Cu-N4/C (Acta 4020) 1.0 mg  cm , membrane: Tokuyama A201, 28 �m.
.0  M KOH + 1.0 M glycerol. O2: 0.4 l min−1, 30 psi. PEM-DGFC: Anode: PtRu/C
4.0  mgPtRu cm−2), cathode: Pt/C (4.0 mgPt cm−2), membrane: Nafion 115.

node catalyst loading of 1.0 mgPt cm−2 yields an open circuit volt-
ge (OCV) of 0.796 V and a peak power density of 58.6 mW cm−2 at
0 ◦C. At a higher temperature of 80 ◦C, the OCV and peak power
ensity can reach to 0.850 V, 124.5 mW cm−2, respectively, due to
he benefits of better reaction kinetics and fuel diffusion. We  fur-
her reduced the anode catalyst loading to 0.1 mgPt cm−2 with Pt/C
4.6 wt%) and observed that the peak power density of AEM-DGFC
emains 69.1 mW cm−2 at 80 ◦C. The demonstrated power density
epresents 2–3 orders of magnitude higher than that of the current
iofuel cells [57,58],  and is also higher than the published results
ith Pd-based anode catalysts [39,44], which indicate Pt/C catalyst
ith small particles size (1–4 nm)  possesses a high electrocatalytic

ctivity toward glycerol oxidation in real fuel cell operations. In
ddition, the performance observed in AEMFC is over an order
f magnitude higher than that of proton exchange membrane-
irect glycerol fuel cell (PEM-DGFC) with the PtRu/C anode and Pt/C
athode catalysts with heavy loadings (8.0 mgPGM cm−2

MEA). The
omparison of electrocatalytic activity of glycerol oxidation using
nion-exchange membrane (alkaline media) and proton-exchange
embrane (acid media) is consistent with the results found in het-

rogeneous catalysis: the glycerol oxidation will be facilitated in
igh OH− concentrations [9,23].

.3. Electrocatalytic oxidation of glycerol in AEM-DGFCs

.3.1. Cogeneration of electricity and higher-valued chemicals
To investigate the cogeneration of electricity and valuable prod-

cts on Pt/C in AEM-DGFC, 55 ml  2.0 M KOH + 1.0 M glycerol was
ontinuously looped from an anode fuel vessel into the anode
or 2 h. The fuel cell operation voltage was controlled at 0.7, 0.5,
.3, and 0.1 V, to represent the operation in the close OCV, high
orking voltage, high power density and high current density

onditions. As summarized in Fig. 3a and Table 1, the average
ower density and current density (within 2 h) are 6.6 mA cm−2 and
.5 mW cm−2, 50.0 mA  cm−2 and 25.0 mW cm−2, 158.9 mA  cm−2

nd 47.6 mW cm−2, and 326.3 mA  cm−2 and 32.5 mW cm−2, for fuel
ell operation voltage at 0.7, 0.5, 0.3, and 0.1 V, respectively. The
verage power density and current density are slightly lower than

he values shown in Fig. 2 (regular I–V scan with open fuel-feeding),
ecause the glycerol concentration gradually decreased during the

ong reaction time (2 h), due to cycled fuel-feeding. The high and
table AEMFC performance further suggests that fast kinetics of
at  0.7, 0.5, 0.3 and 0.1 V with an operation duration of 2 h at 50 C, anode overpo-
tential (vs. SHE) marked in parenthesis; (b) products distribution with different
operation duration at the cell operation voltage of 0.5 V.

glycerol oxidation is not necessarily associated with complete oxi-
dation of glycerol to CO2 (as what has been achieved in biofuel
cells).

The products were collected after 2 h of reaction and analyzed by
HPLC. The selectivity is defined as the moles of product divided by
the moles of C2 and C3 products observed at that time [23,59].  The
oxidation products distributions under different operation voltages
are summarized in Fig. 3a and Table 1. Traditional heterogeneous
catalysis of glycerol oxidation in basic environment has been inef-
ficient in the generation of deeper-oxidized C3 acids (tartronic acid
and mesoxalic acid). Tartronic acid selectivity is normally <7% on
Pt/C catalyst in traditional batch reactors with a OH−:glycerol ratio
of 2:1 [7,23].  Even at an extremely high glycerol:catalyst ratio of
100:1 (mol mol−1), the tartronic acid selectivity in batch reactor is
still lower than 30% [7].  Although a high selectivity of mesoxalic
acid of 70% is reported by oxidizing tartronic acid in acid (pH 1.5)
[60], to the best of our knowledge, no mesoxalic acid has ever been
reported on metallic catalysts in basic environment batch reactor
operations, due to low reactivity of the secondary hydroxyl. How-

ever, different from the traditional catalytic oxidation of glycerol
in batch reactor, the fuel cell reactor uniquely facilitates deeper-
oxidized C3 acids. The selectivity of tartronic acid can reach around
33–39% in the whole fuel cell operation voltage range. In addition, it
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Table 1
Electro-oxidation of glycerol over Pt/C in AEM-DGFC with different base/glycerol concentrations at different fuel cell operation voltages.

Cell voltage (V) Selectivity (%) Glycerol
conversion (%)

Current density
(mA cm−2)

Power density
(mW  cm−2)

C3 acids Glyceric
acid

Tartronic
acid

Mesoxalic
acid

Glycolic
acid

Oxalic
acid

2.0 M KOH + 1.0 M
glycerol

0.7 84 47 37 0 16 0 4.4 6.6 4.5
0.5  81 41 40 0 4 15 10.5 50.0 25.0
0.3  79 44 33 2 5 16 21.5 158.9 47.6
0.1  70 34 33 3 8 22 37.1 326.3 32.5

4.0  M KOH + 1.0 M
glycerol

0.7 83 46 37 0 17 0 3.1 6.7 4.5
0.5  87 41 45 1 5 8 10.7 53.7 26.8
0.3  85 40 42 3 5 10 23.7 195.0 58.4

0.5  M KOH + 1.0 M
glycerol

0.7 78 44 34 0 22 0 0.6 1.9 1.3
0.5  71 38 33 0 15 14 3.1 17.9 8.9
0.3  70 49 21 0 13 17 9.9 69.3 20.8
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2.0  M KOH + 0.1 M
glycerol

0.7 91 41 50 0
0.5  76 40 36 0
0.3  62 21 34 7

s interesting to find that at the fuel cell operation voltage of <0.3 V,
–3% of mesoxalic acid was collected in the AEMFC anode. The high
electivity of tartronic acid, together with the existence of fully oxi-
ized C3 acid, mesoxalic acid, strongly suggests that AEM-DGFC
as unique ability to facilitate deeply oxidizing glycerol without
reaking C C bonds, as compared with glycerol oxidation in tra-
itional heterogeneous catalytic batch reactors. In addition, more
lectrons transferred in producing deeper-oxidized products leads
o a higher Faradic efficiency of fuel cell operation. For instance,
he Faradic efficiency of glycerol oxidation to mesoxalic acid is 71%
10/14), which is higher than the Faradic efficiency of 29% (4/14)
or glycerol oxidation to glyceric acid product.

On the other hand, the results clearly show the fuel cell oper-
tion voltage has an ability to control the product distribution: as
he fuel cell voltage reduces, a clear trend of C3 product selectivity
rop has been observed from 84% to 70%. Moreover, the fuel cell
oltage also affected the C2 product selectivity. At the cell voltage
f 0.7 V, the only C2 product was glycolic acid (16%). With the oper-
tion voltage decreasing to 0.5 V, the main C2 product was  oxalic
cid (15%). As the fuel cell voltage operated at 0.1 V, the selectivity
f main product oxalic acid further increased to 22%. To investigate
he effects of fuel cell operation voltage on the product selectiv-
ty, a Hg/HgO/1.0 M KOH electrode was used to on-line monitor
he anode overpotential, which are 0.281, 0.350, 0.444, and 0.495 V
s. SHE for the fuel cell operation voltage at 0.7, 0.5, 0.3 and 0.1 V,
espectively. The higher potential (electrical energy) applied on the
node obviously leads to deeper oxidations of glycerol, resulting
n the formation of more oxalic acid and mesoxalic acid. Thus, it
rovides a feasible way to tune the product distributions though
ontrolling the cell operation voltage (anode overpotential).

To further study the voltage effect on catalyst selectivity, 55 ml
.0 M KOH + 1.0 M glycerol solution was cycled into the anode for

 longer reaction time (6 h) at the cell voltage of 0.5 V. It can be
een from Table 2 that while glycerol conversion increased lin-

arly during the entire test duration, the current density and power
ensity decreased linearly due to the decreasing glycerol concen-
ration. However, as shown in Fig. 3b, the anode overpotential
as stable in the range of 0.350–0.356 V, indicating that the anode

able 2
lectro-oxidation of glycerol over Pt/C in AEM-DGFC with 2.0 M KOH + 1.0 M glycerol at th

Reaction
duration (h)

Selectivity (%) 

C3 acids Glyceric acid Tartronic acid Mesoxalic acid Glyco

2 81 41 40 0 4 

4 83  44 39 0 4 

6  83 45 38 0 5 
9 0 4.7 1.1 0.7
8 16 14.8 15.4 7.7

10 28 63.7 56.7 17.0

overpotential could be controlled by regulating the fuel cell oper-
ation voltage. During the test, a 0.5 ml  sample was  taken from the
system every 2 h for products analysis. The results as a function
of time are shown in Fig. 3b. All product selectivity kept almost
constant with time, and no mesoxalic acid or other products were
found in the system at the fuel cell voltage of 0.5 V in the whole
6 h operation. This strongly indicated that the product selectiv-
ity could be well controlled by the cell operation voltage (anode
overpotential).

After 6 h test, the volume of the electrolyte slightly increased
to ∼56 ml,  which is higher than the original volume of 55 ml, due
to the continuous generation of H2O at the anode during the test.
The glycerol and oxidation products trapped in the reaction sys-
tem (mainly in catalyst layer and diffusion layer) were collected
by flushing with de-ionized water until the OCV dropped to 0.01 V.
The overall carbon balance is calculated by the following equation:

Carbon balance = 3MGi − 3MC3 − 2MC2 − MC1 − 3MGf

3MGi
× 100%

where MGi and MGf are the initial and final moles of glycerol in the
electrolyte, MC3 , MC2 , and MC1 are the moles of C3 products (glyceric
acid, tartronic acid, and mesoxalic acid), C2 products (glycolic acid
and oxalic acid), and C1 products (formic acid and carbonic acid),
respectively. Assuming that no C2 product was further oxidized to
C1 product, MC2 is equal to MC1 . Therefore, the equation can be
simplified as:

Carbon balance = MGi − MC3 − MC2 − MGf

MGi
× 100%

MC3 , MC2 and MGf include the amount of trapped chemicals. By
this method, the carbon balance for the AEM-DGFC operated at a
voltage of 0.5 V, 6 h is 6.5%. The carbon balances for the AEM-DGFC
operation voltage at 0.7, 0.3, and 0.1 V are 4.3%, 14.0%, and 26.1%,

respectively. The carbon balance is high at low fuel cell voltage,
indicating some C2 products (glycolic acid and oxalic acid) may be
further oxidized to C1 products (formic acid or carbonic acid) on
the highly active Pt/C catalyst.

e fuel cell voltage of 0.5 V for different time.

Glycerol
conversion (%)

Current density
(mA cm−2)

Power density
(mW cm−2)

lic acid Oxalic acid

15 10.5 50.0 25.0
13 16.2 43.9 21.9
12 20.4 38.6 19.3
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Fig. 4. Electricity generation and product distribution from electrocatalytic oxida-
tion of glycerol in AEMFC with 1.0 M glycerol + (a) 4.0 M KOH and (b) 0.5 M KOH fuel
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or  an operation duration of 2 h at 50 C, anode overpotential (vs. SHE) marked in
arenthesis.

.3.2. Effects of base concentration
To evaluate the KOH effects, 1.0 M glycerol mixed with 4.0 M or

.5 M KOH as fuel was cycled into the anode for 2 h, and the results
re shown in Fig. 4. Comparison between Fig. 3a and Fig. 4 reveals
hat higher KOH concentration will lead to higher electricity gener-
tion performance. The average power density at 0.3 V with 4.0 M
OH + 1.0 M glycerol is 58.4 mW cm−2, which is almost three times
f that with 0.5 M KOH + 1.0 M glycerol (20.8 mW cm−2). This can be
ttributed to the following reasons. First, the higher OH− concen-
ration will improve OH− diffusion at the anode, thus, increasing
he fuel cell electricity performance [61]. Second, according to the
i-functional theory, the oxidation of alcohol is governed by the
overage degree of both –ROads and OHads. High OH− concentra-
ion in bulk electrolyte will increase OHads on Pt catalyst surface.
hird, it was reported that high pH would benefit the initial dehy-
rogenation of alcohol [59]. Therefore, high OH− concentration will
romote the generation of alkoxy intermediate adsorbed on Pt cata-

yst surface by lowing the activation energy barrier [23]. As a result,

aster reaction kinetics will be achieved in a higher pH electrolyte.
his is evidenced by the lower anode overpotential observed in a
igher KOH concentration electrolyte.
Fig. 5. Electricity generation and product distribution from electrocatalytic oxida-
tion of glycerol in AEMFC with 2.0 M KOH + 0.1 M glycerol as the fuel for an operation
duration of 2 h at 50 ◦C, anode overpotential (vs. SHE) marked in parenthesis.

As the O H bond activation barrier is greatly reduced in high pH
media [23], it is more favorable to oxidize hydroxyl group to car-
boxyl other than break C C bond. Therefore, higher concentrations
of KOH have been found to slightly benefit the C3 acids formation.
When 0.5 M KOH was used (Fig. 4b), the C3 acids selectivity varies
from 70% to 78% with the fuel cell voltage from 0.7 to 0.3 V. As KOH
concentration increased to 2.0 M (Fig. 3a), the C3 acids selectivity
is 79–84%. When the KOH increased to 4.0 M (Fig. 4a), the C3 acids
selectivity is 83–87%. As the O H bond activation barrier drops in
higher pH media, mesoxalic acid production, which requires the
oxidation of the secondary hydroxyl, was observed even at the
operation voltage of 0.5 V in the 4.0 M KOH + 1.0 M glycerol test. On
the contrary, when 0.5 M KOH + 1.0 M glycerol was used, no mesox-
alic acid was  collected even at 0.3 V operation voltage, indicating a
strong KOH concentration effect on the product selectivity.

3.3.3. Effects of glycerol concentration
Since glycerol oxidation is related to both –ROads and OHads

coverage degree on the Pt catalyst surface, when glycerol concen-
tration decreasing from 2.0 M to 0.1 M,  both the current density
and power density remarkably decreased, and the anode overpo-
tential shifted positively. As shown in Fig. 5 and Table 1, glycerol
concentration strongly affects the glycerol conversion rate. Due
to the reduced amount (concentration) of glycerol, glycerol con-
version in 2.0 M KOH + 0.1 M glycerol is higher than that obtained
in 2.0 M KOH + 1.0 M glycerol. This is especially apparent at a fuel
cell operation voltage of 0.3 V, where the glycerol conversion could
reach 63.7%, which is three times of that observed in 1.0 M glyc-
erol (21.5%). The limitation of fuel feeding also affects the product
selectivity. At the cell voltage of 0.7 V, a high tartronic acid selec-
tivity of 50% and a total C3 acids selectivity of 91% were achieved.
As the cell voltage decreased to 0.3 V, the total C3 acids selectivity
decreased to 62%, while the glyceric acid dropped to 21%. However
in the meantime, very high mesoxalic acid and oxalic acid selec-
tivities reached 7% and 28%, respectively. This indicates that with a
low glycerol concentration, the high output power density at 0.3 V
requires deeper oxidation of glycerol, resulting in high mesoxalic
acid (fully oxidized C3 acid) and oxalic acid (fully oxidized C2 acid)
selectivities.
3.3.4. Reaction stability test
The reaction stability of Pt/C catalyst was  tested through 10

runs of 2-h-operation of glycerol oxidation with 2.0 M KOH + 1.0 M
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Fig. 7. Electrocatalytic oxidation of glycerol on Pt/C catalyst: (a) polarization curves
ig. 6. Reaction stability of Pt/C catalyst in AEM-DGFC with 2.0 M KOH + 1.0 M
lycerol at the cell operation voltage of 0.1 V, cathode: Fe-Cu-N4/C (Acta 4020),
.3 mg  cm−2, run time: 2 h, 10 runs, 50 ◦C.

lycerol under the same test conditions (Fig. 6). The fuel cell oper-
tion voltage was kept at 0.1 V, at which the anode catalyst suffers
he highest overpotential and the fuel cell generates the high-
st current density. The cathode catalyst loading was increased to
.3 mg  cm−2 to minimize the effect of cathode catalyst activity loss.
fter each run, the anode was cleaned by flushing with de-ionized
ater until the OCV dropped down to <0.01 V. As shown in Fig. 6, the

electivity to each product kept almost constant during the 10 runs
f stability tests, which demonstrates stable catalyst selectivity on
he Pt/C during the repetitive operations. In the meantime, the Pt/C
lso presents a high stability against deactivation. The glycerol con-
ersion dropped from 39.4% to 37.6% after the first run, and was
tabilized at 32–33% after four consecutive runs. The Pt/C catalyst
aintained 81.2% of its initial catalyst activity after 10 runs (a total

0 h operation), indicating an excellent stability and reusability of
he Pt/C for anode catalyst of the AEM-DGFC.

.4. Reaction sequence of electro-oxidation of glycerol on Pt/C in
alf cell

The combination of half cell voltammetry techniques with HPLC
nalysis to study the kinetics and mechanism of glycerol electro-
xidation was reported by Lamy’s group in 1990s. However, due
o the large gap in timescales of these two analysis method,
amy’s early research is limited to studying reaction products in
ong-time electrolysis [41]. Recently, Koper’s group developed an
n-line collection off-line HPLC analysis system, through which
he glycerol electro-oxidation products on polycrystalline Pt and
u electrode surface were continuously collected under different
otentials during a linear voltammetry scan in dilute glycerol solu-
ion (e.g. 0.1 M NaOH + 0.1 M glycerol), and analyzed thereafter by
PLC [53,55]. In light of Koper’s work, we designed a similar sam-
le collection set-up, and employed it in linear staircase scans on
upported Pt nanoparticle catalyst in both 0.1 M KOH + 0.1 M glyc-
rol and 1.0 M KOH + 1.0 M glycerol, with a potential increment of
00 mV  10 min−1. Our goal was to investigate the reaction sequence
f glycerol oxidation on supported Pt catalysts with high concen-
ration fuel solution.

The polarization curves are shown in Fig. 7a. The current gen-
ration started at 0.4 V, with a peak current at 1.1 V in 0.1 M
OH + 0.1 M glycerol. A steep drop in current density was  observed

t potential >1.1 V, which is due to the deactivation caused by the
xidation of surface Pt. When the concentration of KOH and glycerol
ncreased to 1.0 M,  the onset potential negatively shifted to 0.2 V,

hile the peak current density increased to 33.4 mA cm−2, which is
in  0.1 M KOH + 0.1 M glycerol and 1.0 M KOH + 1.0 M glycerol, and oxidation products
concentration profiles in (b) 0.1 M KOH + 0.1 M glycerol and (c) 1.0 M KOH + 1.0 M
glycerol, room temperature.

six times higher than that evidenced in 0.1 M KOH + 0.1 M glycerol
(5.8 mA cm−2). This indicated higher kinetics could be achieved in
higher KOH and glycerol concentrations, which is in good agree-
ment with the single AEMFC results.

The oxidation products under each applied potential were col-
lected by a needle positioned within 0.5 mm to the center of the

−1
working electrode with a collection rate of 50 �l min . The prod-
ucts in each sample were separated by HPLC column, and identified
by comparing their retention times with the authentic samples.
The product concentration was calculated from the peak area
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bserved in liquid chromatograms. The concentration profiles for
.1 M KOH + 0.1 M glycerol and 1.0 M KOH + 1.0 M glycerol are sum-
arized in Fig. 7b and c, respectively. Because only small amount of

atalyst was deposited on the glassy carbon electrode, the diffusion
ssue is negligible as compared with that in single cell. Therefore,
he samples collected from the half cell could be used to present the
nstantaneous products concentration around the catalyst surface.
s shown in Fig. 7b, the oxidation products were detected in the
equence of glyceric acid, glycolic acid, tartronic acid, and oxalic
cid. This observation agrees with the results on polycrystalline
latinum disk recently studied by Koper’s group, [53] indicating
hat glycerol oxidation sequence on supported Pt nanoparticle cata-
yst is similar to that on the bulk polycrystalline platinum electrode.
he products sequence in the half cell is also in agreement with the
roducts distribution examined from the fuel cell reactor, where
xalic acid is the product that was not found at relatively low anode
verpotential. The product concentration profile in Fig. 7b shows

 volcano shape on each product, with glyceric acid having the
ighest concentration in low potentials. However, different from
hat Kwon has reported, at potentials >1.3 V, the concentration

f glycolic acid in the collected samples exceeded that of glyceric
cid, suggesting that the C C bond cleavage dominates on the PtO
urface.

As both KOH and glycerol concentrations increased to 1.0 M,  the
roducts concentration profile is shown in Fig. 7c. It is interesting
hat the oxidation products were detected in the same sequence as
hat in 0.1 M KOH + 0.1 M glycerol. However, the initial detected
otential for each product moved negatively, while the product
oncentration collected at each potential increased significantly,
ndicating higher catalyst reactivity achieved in a concentrated
lectrolyte. The effect of fuel concentration has also been observed
n AEM-DGFC tests: at high concentrations of glycerol or KOH, the
node overpotential decreased and the power density increased.

However, there are still some inconsistencies between these
wo electrocatalytic reaction systems. In the AEM-DGFC test with
.0 M KOH + 1.0 M glycerol, tartronic acid and oxalic acid were
bserved at anode overpotential of 0.281 and 0.350 V vs. SHE,
espectively. These anode overpotentials are much lower than
he ‘initial’ detected potentials in half cell (tartronic acid at 0.5 V,
xalic acid at 0.6 V, vs. SHE, in 1.0 M KOH + 1.0 M glycerol). At the
ame time, the concentration of tartronic acid in the AEM-DGFC
s much higher than that in the half cell. No mesoxalic acid was
etected in our half cell tests, nor in previous published work by
TIR [62] and HPLC [53,55]. Three possible reasons may  explain
hese discrepancies. First, the molar ratio of glycerol to catalyst in
he AEM-DGFC (2.0 M NaOH + 1.0 M glycerol) is 2146:1 (mol:mol),
hich is 57 times smaller than the ratio in the half cell test in

.0 M KOH + 1.0 M glycerol (121,928:1). The higher catalyst load-
ng in AEM-DGFC leads to a thicker catalyst layer and causes some
iffusion difficulty. Therefore, some glycerol and glycerol oxida-
ion intermediates could be trapped in the diffusion and catalyst
ayers, which may  lead to formation of deeper-oxidized products,
.e. tartronic acid and mesoxalic acid. The deeper-oxidized prod-
ct tartronic acid has also been reported in previous publication of
lectrolysis of glycerol, in which a glycerol to catalyst ratio similar
o ours was used [63]. Second, the product concentration profile
btained from the half cell tests represents the instantaneous local
roducts concentration around the Pt catalyst, which is not an equi-

ibrated product distribution. However, the products distribution in
he AEM-DGFC is the stable bulk concentration after a long reaction
ime. Third, the tartronic acid was produced much greater in the
EM-DGFC than in the half cell. As shown in Fig. 5, increasing the

ase concentration will lead to the products generated at a lower
otential. Therefore, when the KOH concentration further increases
o 2.0 M,  it is possible that these deeper-oxidized products are gen-
rated on dense catalyst nanoparticles at an even lower potential.

[

[
[

ironmental 119– 120 (2012) 40– 48 47

Higher concentration of tartronic acid will lead to its further oxi-
dation to mesoxalic acid in the AEM-DGFC reaction environment.
The inconsistencies between these two systems imply that glycerol
oxidation reactors and processes may  strongly influence the prod-
ucts distribution. The unique catalytic environment in AEM-DGFC
may  offer unique opportunities to selectively generate deeper-
oxidized products, which have not been detected in previous half
cell tests, and are difficult to be produced through heterogeneous
catalytic oxidation processes in batch reactors. In order to acquire
better understanding of the glycerol electro-oxidation mechanisms
in AEM-DGFC, research on designing model electrolysis cells with
on-line product collection and on-site characterization are needed,
and currently underway in our lab.

4. Conclusions

In summary, a solution phase-based nanocapsule method was
used to prepare Pt/C catalysts with a small diameter of 2.4 nm and
a narrow size distribution of 1–4 nm.  The Pt/C catalyst has demon-
strated unique electrocatalytic function towards cogeneration of
both electricity (124.5 mW cm−2 at 80 ◦C) and valuable chemicals
(91% C3 acids selectivity at 0.7 V, 2.0 M KOH + 0.1 M glycerol), as well
as excellent stability in AEM-DGFC. Compared to heterogeneous
catalytic oxidation of glycerol in traditional batch reactors, our
study showed unique fuel cell operation voltage (anode overpoten-
tial) regulated product distributions: high tartronic acid selectivity
(50% at 0.7 V, 2.0 M KOH + 0.1 M glycerol). In addition, the fully oxi-
dized C3 acid- mesoxalic acid with the highest selectivity of 7%
(0.3 V, 2.0 M KOH + 0.1 M glycerol) was  first reported on metallic
catalyst in high pH media. The reaction mechanism study based
on glycerol oxidation in half-cell using an online collection, offline
HPLC analysis technique indicates a similar glycerol oxidation
sequence as revealed in AEM-DGFC. However, the inconsisten-
cies between the two  systems still exist, possibly due to the quite
different reaction environments, such as electrode structure, glyc-
erol:catalyst ratio, and residence time of reactants.
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