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Abstract: The conversion of glycerol to value-added products has received considerable attention recently because the booming
biodiesel industry produces a large amount of glycerol as a byproduct. Among various means, electrocatalytic oxidation of glycerol
is appealing owing to its environmental friendliness and high efficiency. However, electrooxidation of glycerol is very complex, in-
volving multiple electron and proton transfer processes with many reaction pathways. How to rationally design catalysts with high
selectivity toward targeted products is an overarching challenge, and of both fundamental and practical significance. In this minire-
view we aim to provide an overview of recent advancements in electrooxidation of glycerol focusing mainly on Pt- and Pd-based
catalysts. We start with summarizing fundamental understandings of factors dictating catalytic activity and selectivity garnered from
in-situ and online spectrometric experimental studies as well as from theoretical works. We then use selective examples to demon-
strate how these factors are manifested in the development of highly efficient glycerol electrooxidation catalysts. Finally, we sum-
marize the key issues to be addressed in future studies.
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the anode and hydrogen gas at the cathode?*. Similar-
ly, in fuel cells using carbon-based fuels, it is possible
to control the anode reaction selectivity towards valu-
able chemicals instead of forming CO,™. Glycerol pro-

1 Introduction

Electrosynthesis has attracted intense interests re-
cently because the activation energy of reactions can
be reduced by applying a potential without the need

of harsh conditions of high temperature and high
pressure, and the selectivity of the reaction can be di-
rectly controlled by changing the applied potential. A
variety of valuable chemicals can be obtained by the
electrooxidation of different bio-derived alcohols™. It
has been proposed and demonstrated that in an elec-
trolysis cell, value-added chemicals can be obtained at

vides a perfect example for this concept (Figure 1).
Glycerol is a byproduct of the biodiesel industry

through the transesterification of oils and fats with

large quantity and low price. The complete oxidation

of glycerol to CO, involves 14 electrons and 14 pro-

tons, therefore, is unlikely to occur efficiently.
CsHs0;3 + 3H,0 - 14e” — 3CO, + 14H*

Citation: Zhang W Y, Ma X Y, Zou S Z, Cai W B. Recent advances in glycerol electrooxidation on Pt and Pd: from reaction
mechanisms to catalytic materials. J. Electrochem., 2021, 27(3): 233-256.

Received: 2021-02-21, Revised: 2021-03-26. *Corresponding author, Tel: 1(202)885-1763, (86-21)31244050, E-mail: szou@

american.edu; wbcai@fudan.edu.cn



<234 . W, 2 2021 4
A e & o
+ <
s i3
Products H,0 Products L H,
g + ? £ + G
F|2 |2 Aok
= =» | & = =
2 | or g- = | or (=p
Q = | © 8
Gl}“CGrO] - OH- i Oz(air) GI)"CEI‘O] a OH- H20
Anode PRSI Cathode Anode S Cathode

Figure 1 Electro-oxidative valorization of glycerol by means of (A) fuel cell and (B) electrolysis cell. Reproduced with permission®.
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Instead, selective oxidation of glycerol enables
conversion to value-added chemicals™®, which can be
achieved through a wide range of reactions including
etherification, esterification, dehydration, pyrolysis
and oligomerization®*, However, poor yields and
harsh conditions have impeded their commercial ap-
plications. Electrocatalysis, which is expected to cir-
cumvent these problems, has received increasing at-
tention. The electrooxidation of glycerol can produce
a series of value-added products, such as glyceralde-
hyde, glyceric acid and hydroxypyruvic acid =%,
These reactions can take place in both a fuel cell and
an electrolysis cell as shown in Figure 1. In fuel cells,
the electricity is generated through the glycerol oxi-
dation at the anode where value-added chemicals are
produced, and oxygen reduction at the cathode. In
electrolysis, valuable chemicals are produced at the
anode and hydrogen is produced at the cathode.

Numerous studies have been devoted to the glyc-
erol electrooxidation reaction (GEOR) with the use of
Fourier transform infrared spectroscopy (FTIR), dif-
ferential electrochemical mass spectrometry (DEMS),
high-performance liquid chromatography (HPLC) and
density functional theory (DFT) calculations. Several
recent reviews have summarized studies on GEOR.
Baranova et al.® and Coutanceau et al.’® showed gen-
eral trends concerning the activity and selectivity of
glycerol oxidation reaction where the catalyst selec-
tion and reaction conditions play an important role.
Rahim et al.® discussed how different experimental

parameters such as electrode materials, pH of elec-
trolyte, applied potential, current density, tempera-
ture and catalyst surface additives affect the reaction
pathways. Antolini®™ put emphasis on GEOR in alka-
line media and its use in fuel cells. Alaba et al.' pro-
vided an overview of different catalyst materials. It
has been recognized that a great challenge in glycerol
electrooxidation research is to selectively oxidize
glycerol to important industry products without pro-
moting C-C bond breaking therefore formation of
carbon oxides. A detailed understanding of the mech-
anism is crucial for rational design of competent cat-
alysts with desired selectivity and activity.

In this review, we start with the discussion of se-
lected publications on mechanistic studies of GEOR
which provides an overview of rational design of
electrocatalysts. We then use selective examples to
demonstrate how the rational design rules are at play
in the development of highly efficient GEOR cata-
lysts. Finally, we summarize the remaining key issues
in the mechanism research of GEOR, and provide
perspectives for the future development of GEOR
catalysts. Because the electrooxidation of glycerol
has been studied extensively and it is impossible to
cover all aspects of the new developments, we will
focus our discussion on Pt- and Pd-based catalysts.

2 Mechanistic Aspects of Glycerol
Electrooxidation

Glycerol electrooxidation is an intricate process.
The possible reaction pathways of GEOR are shown
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Figure 2 Plausible reaction pathways with intermediates and products of glycerol oxidation.

in Figure 2. There are mainly three pathways. First is
the oxidation of primary hydroxyl to form glyceralde-
hyde and the oxidation of glyceraldehyde to glyceric
acid, followed by C-C bond cleavage and further oxi-
dation to CO,. The second is the oxidation of sec-
ondary hydroxyl to form 1,3-dihydroxyacetone and
then the terminal hydroxyl is oxidized to generate hy-
droxypyruvic acid. The third is that both terminal hy-
droxyl groups are oxidized to produce tartronic acid.
Tartronic acid and hydroxypyruvic acid may be oxi-
dized to mesoxalic acid and oxalic acid, and further
oxidized to CO,. Many of the above products have
wider applications and much higher values than glyc-
erol. For example, 1,3-dihydroxyacetone has been
used increasingly in self-tanning industry!®! and is
more than 200 times more expensive than glycerol.
Glycolic acid is extensively used in skin care for both
therapeutic and cosmetic purposes®®, and mesoxalic
acid is a precursor for an anti-HIV agent®.
2.1 Experimental Studies

Considering the complexity of GEOR products,
it is critical to detect and identify various reaction
products and adsorbed intermediates for mechanistic
studies. By combining electrochemical methods with
various spectroscopic methods such as infrared spec-
troscopy®*1, mass spectroscopy® = *!, chromatogra-

phy#-2:38448 nyclear magnetic resonance spectroscopy
(NMR) B+ sum frequency generation spectroscopy
(SFG)™, researchers have been able to perform qual-
itative or quantitative analysis of reaction products
and intermediates on the molecular level. In the fol-
lowing, we will use selective examples to illustrate
the determination of key reaction intermediates and
products. We then summarize experimental findings
on the effects of catalyst structure and composition
on GEOR.

Carbon monoxide and carbon dioxide are probably
the first products detected from GEOR on Pt. Leung
and Weaver™ reported the in-situ FTIR spectroscop-
ic studies of GEOR on Pt in acidic solutions. A band
at 2056 cm™ was assigned to adsorbed CO (CO,;) on
Pt atop sites and an absorption band at 2343 cm™ was
assigned to CO, dissolved in the solution. The CO4
was attributed to the dissociative adsorption of glyc-
erol at low potentials. More recently, Schnaidt et al.®
investigated GEOR on Pt film electrodes in acidic
media with a combined spectro-electrochemical
DEMS/attenuated total reflection(ATR)-FTIR set-up
under flow conditions. The absorption bands at about
2050 and 1880 cm™ were assigned to linearly and
multiply bonded CO,, respectively. CO, was generat-
ed at potentials between 0.1 and 0.7 V from dissocia-
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tive adsorption of glycerol and oxidation products.
CO, was detected at potentials higher than 0.5 V vs.
RHE in a small amount, indicating the prevalence of
the incomplete oxidation of glycerol which was at-
tributed to a high barrier of C-C bond breaking on Pt.
Adsorbed glyceroyl and glycerate were identified
through the observations of absorption bands at 1640
cm?and 1380 and 1315 cm™ in the ATR-FTIR spec-
tra, respectively. They suggested that glyceric acid
was a dead end in GEOR due to its inertness for fur-
ther the oxidation and that glyceraldehyde was an in-
termediate to the formation of CO,, and glyceric acid.

Fernandez et al.®™ studied GEOR on Pt nanoparti-
cles supported on multi-walled carbon nanotubes and
further elucidated the formation pathways of CO,.
Their results suggest that CO, is produced through
two ways. At low potentials, CO, was formed
through the oxidation of adsorbed CO arising from
the dissociative adsorption of glycerol through one of
its terminal carbons. At high potentials, CO, was
formed by glycerol reacting with Pt-O. This assertion
was confirmed using glycerol with isotopically la-
beled terminal carbons in their in-situ FTIR studies,
which showed that as the potential increased, the
Pt-O coverage also increased which brought about
different degree of oxidation. At low potentials, in
addition to CO,, glycerol produced glyceraldehyde
by dehydrogenation and glyceric acid by reacting
with a single Pt-O. At intermediate potentials, the in-
crease in Pt-O coverage was beneficial to the forma-
tion of further oxidized species, and glycerol reacted
with two Pt-O through its terminal carbons to generate
tartronic acid. Above 1.1 V (vs. RHE), CO, was formed
through the interaction of carbons with O-species.
The same group performed further isotope-labeled
investigations™ . Their results showed that the ter-
minal (-®*CH,OH) and central (-2CHOH) groups of
glycerol formed adsorbed CO at low potentials, indi-
cating that glycerol could be completely dissociated
on the Pt nanoparticles. The electrooxidation of iso-
tope-labeled glycerol produced *CO, and *CO, at the
same time, but the oxidation of the terminal
-®CH,OH group was easier than that of the central

group, due to the steric effect of -*CH,OH on the
-2CHOH group. Therefore, in all potential ranges,
3CO, was the main source of CO,. In addition, glyc-
eraldehyde appeared to be an intermediate in the pro-
duction of glyceric acid.

High-performance liquid chromatography (HPLC)
is instrumental for determining soluble reaction prod-
ucts of GEOR. Roquet et al. used HPLC to monitor
reaction products of GEOR on Pt in both acidic and
alkaline solutions at selected potentials for hourst,
They found that the product distribution depended
strongly on the applied potential and solution pH. In
an acidic medium, at potentials where Pt surface oxi-
dation occurs, formic acid, oxalic acid and glycolic
acid were the main products. At lower potentials
where Pt is not oxidized, glyceraldehyde was domi-
nant. In an alkaline medium, selectivity toward glyc-
eraldehyde was the highest. Kwon et al.”*“! did more
thorough mechanistic studies by combining HPLC
with linear scan voltammetry to detect soluble reac-
tion products of GEOR on polycrystalline Au and Pt
electrodes and applied online electrochemical mass
spectrometry for CO, detection in acidic, neutral and
alkaline media. They found that the activity and
product distributions were strongly dependent on the
solution pH and the catalyst material, while the gen-
eral reaction pathways remained the same. For the
two electrode materials, the activity in an alkaline
medium was higher than that in an acid medium, and
Au was more active than Pt at high potentials in an
alkaline medium. In alkaline media, glyceric acid
was the main product on Pt electrodes through oxida-
tion of glyceraldehyde, while on Au electrodes, glyc-
eric acid was readily oxidized to glycolic acid and
formic acid, and no glyceraldehyde was detected.
These differences were attributed to the higher onset
potential of GEOR on Au (0.85 V vs. RHE) than on
Pt (0.43 V vs. RHE). At potentials where significant
GEOR current was observed on Au, glyceraldehyde
is oxidized to glyceric acid, and then to glycolic and
formic acid. At these potentials Pt surface is signifi-
cantly oxidized and GEOR activity is lower. It should
be emphasized that in this work to minimize glycer
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aldehyde degradation in alkaline solutions, the sam-
ples were stabilized by neutralizing the solution at the
sampling tip. Given the rapid degradation of glycer-
aldehyde, cares should be taken in quantifying this
product. In the neutral solution, the current density of
GEOR significantly decreased on both electrodes. On
Pt, glyceraldehyde became the dominant product, fol-
lowed by glyceric acid, formic acid and glycolic acid.
Glyceraldehyde was the only product detected on Au.
In acidic media, glyceraldehyde was the main prod-
uct on Pt electrodes with a low conversion under po-
tentials lower than 1.1 V, while Au did not show
catalytic activity. Formic acid and CO, were final
products in acidic media at potentials where PtO, sur-
face oxide formed on Pt electrodes and facilitated the
further oxidation of glyceraldehyde. Dihydroxyace-
tone was more favored in acidic media than in alka-
line media.

Gomes et al. ™ investigated GEOR on polycrys-
talline Au and Pt with in-situ FTIR in both acid and
alkaline media, and draw the similar conclusions as
those reported by Kwon et al.®*! In an alkaline
medium, dihydroxyacetone, tartronic acid, mesoxalic
acid, glyoxylic acid and CO, were formed on Au; in
an acidic medium, tartronic acid, formic acid and
CO, were detected at higher potentials than those in
an alkaline medium, and the activity was very low as
indicated by the nearly identical cyclic voltammo-
grams obtained with and without glycerol. The
GEOR on Pt generated tartronic acid, glycolic acid,
glyoxylic acid, formic acid and CO,, regardless of the
solution pH. CO, was detected on both electrodes, in
dicating that the C-C-C bond can be broken.

GEOR is a structure-sensitive reaction. Sandrini
et al.®* * found that Pt(100) in an alkaline medium
was resistant to poisoning during multiple potential
cycles, while Pt(110) and Pt(111) were severely poi-
soned during the first forward scan. FTIR results re-
vealed glycerol dehydrogenated (C-H bond cleavage)
into alkoxy groups and subsequent aldehyde interme-
diates, which adsorbed as %'(0O)-aldehyde and 1*(C)
-acyl, respectively. The acyl intermediate character-
ized by the »(C=0) acyl vibration mode remained ad-

sorbed even at high potentials, which was believed to
be the cause of the severe deactivation of the elec-
trode throughout the potential cycles. Among the
three basal plane surfaces, only Pt(110) surface was
able to break C-C bond at low potentials.

Gomes et al.B studied GEOR on the three basal
planes of Pt in an acidic medium. CO was one of the
residues of glycerol adsorption and dissociation, and
linearly bonded CO was a common adsorption inter-
mediate for GEOR on Pt(111), Pt(100) and Pt(110) in
acidic media. The formation of CO at low potentials
on Pt(100) and Pt(110) suggests that these surfaces
are beneficial to break the C-C-C bond. The formed
CO remained adsorbed on Pt(100) and Pt(110), and
poisoned these surfaces even at high potentials be-
cause its oxidation requires a higher potential on Pt
(100) and Pt(110) than on Pt(111). The surface struc-
ture of Pt(111) is not favorable for the breaking of
C-C-C bonds at low potentials. However, the glyc-
erol dissociation residue has less poisoning effect on
Pt(111). Therefore, Pt(111) had a higher oxidation
activity for glycerol than Pt(100) and Pt(110) at low
potentials.

The effect of surface defects on GEOR was also
studied on a series of Pt crystal planes. Fernandez et
al.[® 351 conducted GEOR on well-ordered and dis-
ordered Pt(100). The CV profiles combined with FTIR
spectra indicated that the highly ordered surface can
oxidize glycerol at lower potentials than the disor-
dered surface. DFT calculations showed that CO and
glycerol bonded more strongly on the disordered sur-
faces, indicating the Pt-CO bond cleavage was the
rate-determining step in GEOR. Defects on Pt(111)
only slightly changed the initial potential of glycerol
electrooxidation, but significantly changed the ratio
of CO, and carbonyl-containing compound C=0.
FTIR also confirmed that the lower activity of the de-
fective electrode at a lower potential was related to a
higher degree of CO poisoning. Therefore, it is diffi-
cult to oxidize glycerol at a potential lower than 0.6
V due to the CO poisoning. The density of defects
had different effects on the selectivities of Pt (111)
and Pt(100) surfaces. Defects increased the relative
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Figure 3 Glycerol oxidation mechanism on Pt(111) and Pt(100) electrodes in an acidic solution. Reproduced with permission(,

Copyright © 2016, American Chemical Society.

production of glyceric acid on Pt(100), while decreased
the production of dihydroxyacetone on Pt(111).

Garcia et al.™ also studied GEOR on Pt(111)
and Pt(100) electrodes. Online HPLC and online
electrochemical mass spectroscopy showed glycer-
aldehyde, glyceric acid, and dihydroxyacetone were
products on Pt(111), while glyceraldehyde was the
only product on Pt(100). Combining DFT calculations
with spectroscopic results, they proposed a mecha-
nism (Figure 3) to elucidate the selectivity difference.
On Pt(111), an enediol-type intermediate with two
Pt-C bonds on adjacent carbons was formed by dehy-
drogenation and prone to be oxidized to dihydroxy-
acetone and glyceraldehyde. On Pt(100), the interme-
diate with a double Pt=C bond on the edge could on-
ly be oxidized to glyceraldehyde. Besides these two
active intermediates, a third inactive intermediate
with two Pt-C bonds at two ends was proposed. Al-
though not yet clear, the intermediate was resistant to
oxidation and could only be removed from the Pt sur-
face after multiple potential scans.

The electrocatalytic performance of GEOR on
Pt can be enhanced by adding other metals to form

binary or ternary catalysts. Bismuth is the most stud-
ied ad-atom for GEOR. Kwon et al.™ demonstrated
high selectivity for dihydroxyacetone on Pt-Bi in an
acidic solution, which was attributed to Bi blocking
the active sites for primary alcohol oxidation and
providing active sites for secondary alcohol oxida-
tion. Garcia et al.”" studied the effect of Bi atoms on
improving the electrooxidation activity and selectivi-
ty of glycerol on Pt single crystal electrodes in HCIO,
solutions. The presence of Bi on Pt(111) improved the
reaction activity and the selectivity to dihydroxyace-
tone, while it decreased the activity on Pt(100) and
like unmodified Pt(100) only glyceraldehyde was pro-
duced. The improved activity on Pt(111) was attribut-
ed to that Bi prevented the adsorption of poisonous
intermediates (such as CO), and the increase in selec-
tivity was explained by invoking the interaction of
adsorbed Bi atoms with enediol-type intermediates,
which existed on Pt(111) but not on Pt(100). Enediol
is a key intermediate in the isomerization reaction be-
tween glyceraldehyde and dihydroxyacetone. The
enediol-type intermediates were believed to be stabi-
lized by the interaction with Bi atoms which promoted
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the isomerization reaction to the most thermodynami-
cally stable isomer dihydroxyacetone. Antimony (Sb)
has also been reported to promote secondary alcohol
oxidation. However, the addition of Pb, In, and Sn
did not change the pathway towards primary alcohol
oxidation®7,

Huang et al.® conducted a detailed mechanistic
study of GEOR on Pt/C, PtRu/C and PtRh/C in acidic
media by in-situ FTIR and ®C-NMR. At high poten-
tials (0.45 V), oxygen insertion reactions were more fa-
vored on PtRh than PtRu, so tartronic acid was pre-
ferred on PtRh/C. Otherwise, C-C cleavage of glycer-
ic acid was more favored. NMR results confirmed
that glyceric acid could not be oxidized to tartronic
acid and tartronic acid was produced from direct oxy-
gen insertion reaction on the two terminal carbons of
glycerol. A mechanism of GEOR on Pt/C, PtRu/C
and PtRh/C was proposed by these authors as shown
in Figure 4. Bifunctional mechanism may account for
the enhancement of GEOR activity after alloying Pt
with Ru or Rh. Glycolic acid was formed either by
C-C bond breaking of the vicinal diol group in glyc-
eric acid or by oxidation of the C2 fragment generat-
ed from dissociative adsorption of glycerol. Tartronic
acid was generated by reaction of glycerol with two
Pt-O via its two terminal carbons at high potentials,
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as Fernandez et al. also proposed®.

By combining electrochemical in-situ FTIR and
online HPLC, de Souza et al.? #? studied Bi- and
Pb-modified polycrystalline Pt(Pt,) electrodes in alka-
line solutions. In the presence of Bi or Pb, the activity
of polycrystalline Pt increased. Contrary to the be-
havior in acidic media, FTIR indicated that the
adatoms suppressed C-C bond cleavage and CO for-
mation, and promoted the selectivity toward glycer-
ate, formate, and glycolate in alkaline media. As dis-
cussed above, in acidic media Bi prevented the oxida-
tion of primary alcohol and promoted the formation
of dihydroxyacetone. In contrast, glycerate was the
main product in alkaline media while dihydroxyace-
tone was rarely produced. Also, tartronate was ob-
served in the presence of adatoms, which was absent
on unmodified polycrystalline Pt. The behaviors of
Bi- and Pb-modified Pt(110) were similar to those of
Pt,-Bi and Pt,-Pb, respectively. Therefore, it was pro-
posed that adsorbed atoms mainly activated the
low-coordinated Pt atoms. Low-coordinated Pt atoms
usually bind to the adsorbate more tightly, thus more
likely to suffer from poisoning. The presence of ad-
sorbed atoms reduces the number of adjacent Pt
atoms and prevents the formation of multiple bond
intermediates. This is likely due to a combination of

—— Confirmed pathway
- --- Plausible pathway

~

OH
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glyceric acid

I

\)k 2
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Figure 4 Schematic of glycerol electrooxidation mechanism on Pt, PtRu and PtRh in acidic media. Reproduced with permission®.

(color on line) Copyright © 2016, American Chemical Society.
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the third-body effect and electronic configuration
changes on the catalyst surface. The better promotion
effect of the adsorbed atoms in the alkaline medium
was ascribed to the stabilization of the negatively
charged intermediate by the Coulomb interaction
with the positively charged adsorbed atoms. Reaction
pathways proposed by de Souza et al. is shown in
Figure 5. Briefly, on polycrystalline Pt, CO,4 was
formed via an intermediate with three Pt-C bonds and
was oxidized to COs*. Glyceroate ion adsorbed on Pt
surface through Pt=C on the edge to form glycerate
ion. Since glycerate was confirmed unreactive,
tartronate was formed from glyceroate directly via an
intermediate with two terminal carbons bonded to the
electrode surface; formate and glycolate were formed
from the C-C cleavage of an intermediate with two
adjacent carbons bonded to the surface.
2.2 Theoretical Studies

Theoretical studies play an important role in unrav-
elling the mechanisms of catalytic glycerol conver-
sions to value-added chemicals®?. Liu and Greeley™*
showed that the transition state energies of C-C bond
cleavage decreased on Pt(111) as more hydrogen
atoms were abstracted, finally being comparable to
those of C-H and O-H bond. Therefore, C-C bond
could not be broken without significant dehydrogena-

tion. C-O bond scission was slow in the early stages
of dehydrogenation and thermodynamically unfavored
in the late stages of dehydrogenation. By conducting
periodic DFT calculations on Pt(111), Pd(111), Rh
(111), Cu(111) and Ni(111), they determined the
trends in the decomposition of glycerol on these met-
als. Pt(111) and Pd(111) were predicted to have high
selectivity for C-C bond breaking and the former had
a slightly higher activity than the latter. Rh(111) was
of average selectivity and activity. Ni(111) did not
show good selectivity towards C-C bond cleavage
versus C-O bond cleavage. Cu(111) showed a low ac-
tivity of glycerol decomposition.

Fernandez et al.® showed by DFT calculations
that CO bonded directly to the defects on Pt (111),
while most of the water and glycerol molecules
formed a network by hydrogen bonds farther from the
surface. CO had a stronger adsorption energy on Pt
than water or glycerol, suggesting that Pt-CO bond
breaking was the rate-determining step.

Gold has been considered to be active for GEOR
only in alkaline media. However, Valter et al.® de-
tected a low activity of GEOR on Au in an acidic solu-
tion and speculated a higher activity in HCIO, than in
H,SO,. They ascribed the difference to the Com-
petitve adsorption since sulfate ions adsorb stronger
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Figure 6 Catalytic routes of glycerol dehydrogenation on Au(111), presented as (A) catalytic cycles and (B) energy landscape. Re-
produced with permission®. (color on line) Copyright © 2018, American Chemical Society.

than perchlorate ions. Catalytic pathways and the
Gibbs free energies of the intermediates on Au(111)
were calculated as shown in Figure 6. The most fa-
vorable route started by the dehydrogenation of the
secondary carbon of glycerol and dihydroxyacetone
was formed at 0.39 V vs. RHE, which is consistent
with their experimental onset potential.

Valter et al. further calculated the preferred path-
ways for the first and second deprotonation steps for
glycerol on Pt(111), Ag(111), Pd(111), Ru(0001),
Ir(111), Rh(111), Cu(111), Ni(111), Co(0001), and
Au(111), as shown in Figure 757, In the first deproto-
nation, Rh, Ir, Pd, Pt and Au preferred carbon depro-
tonation, while Ru, Ni, Co, Cu and Ag preferred oxy-
gen deprotonation. In the second deprotonation step,
on Co, Ni and Cu glycerol underwent another oxygen

deprotonation to form a six-membered ring interme-
diate with two M-O bonds and produced hydrox-
ypyruvic acid. Pd(111) and Pt(111) were prone to form
a four-membered ring with two M-C bonds through a
second carbon deprotonation and were selective to-
wards either glyceraldehyde or dihydroxyacetone. On
the other five metals glycerol underwent one carbon
deprotonation and one oxygen deprotonation, and fa-
vored dihydroxyacetone production. These results
were explained in terms of the relative bonding
strength of carbon and oxygen on these metals.

3 Catalyst Materials

3.1 Catalysts Design Concepts

From the discussion of mechanistic studies pre-
sented in the last section, several design concepts of
high performance GEOR catalysts can be obtained.
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First, the chemical nature of the catalyst material
plays a central role in GEOR activity and selectivity.
Pt is by far the most active metal for GEOR, followed
by Pd. The product distribution is a strong function of
the catalytic material as well.

Second, GEOR is a surface-sensitive reaction, and
therefore, the catalytic activity largely depends on the
crystal plane orientation of the catalysts. The surface
structure of Pt(110) is beneficial for breaking the C-C
bond at a low potential, but it is easily poisoned by
CO. Pt(111) has a higher oxidation activity for glyc-
erol than Pt(100) and Pt(110) at low potentials. The

(i) Structural & electronic effect

- Consecutive dehydrogenation
& C-C cleavage

CoH4(OH),
C3H5(OH)3
Oxidation reaction

COo,

| co,q4, or COlike residues |

5
>

&
<

< Structural and electronic
modifications >

introduction of surface defects can also significantly
alter the activity and selectivity of the catalysts.
Third, modifying Pt with other metals through alloy-
ing or irreversible adsorption can improve its GEOR
activity. The improvement can be explained in part in
the framework of the d-band center theory(eq) which
was populated by Ngrskov and coworkers®, At the
heart of the theory is that the adsorption energy is
strongly dependent on the metal d-band center posi-
tion, the higher the d-band center, the stronger the
adsorption. The d-band center can be manipulated by
alloying or modifying with a second metal, which is

(ii) Synergistic effect of Ru & Sn

- CO (CO-like residues) oxidation
toCO,

H+

(49

Sn

H+

Figure 8 Schematic illustration of catalytic surface reactions over the ternary PtRuSn/C catalyst for the electrooxidations of glyc-

erol. Reproduced with permission®. Copyright © 2011, Elsevier B.V.
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attributed to the ligand effect and strain effect. An-
other rationale for the improving activity through
modifying catalyst surfaces with another metal is the
bifunctional mechanism, where the second metal fa-
cilitates water dissociation to form surface hydrox-
ides at lower potentials than unmodified catalyst sur-
faces, which can then more easily oxidize the CO in-
termediate, and therefore, reduce the onset potential
and exhibit relatively high activity. The underlying
mechanism is a surface reaction between CO (or other
carbonaceous species) and OH (or oxygen-containing
substances) on the surface of the catalyst, i.e., CO4 +
OHy4 — CO, + H* + e, as shown in Figure 8.

In addition to the catalyst composition and struc-
ture, the experimental conditions also play important
role in the observed activity and product distribution.
For example, it has been generally accepted that
GEOR is more facile in alkaline media than in acidic
media, and glycerol concentration can also affect the
reaction path®®!, Therefore, when results from differ-
ent groups are compared, it is important to recognize
the differences in experimental conditions. In the fol-
lowing, we use selective examples to illustrate how
the different structural factors discussed above have
been manifested in catalyst designs in the literature.

Because of the extensive work in GEOR, we will fo-
cus mainly on Pt- and Pd-based catalysts.
3.2 Pt-Based Catalysts
Platinum is the most studied glycerol electrooxi-

dation catalyst due to its high activity and wide appli-
cable pH range. Whether in acidic or alkaline media,
Pt-based catalysts are often used as benchmarks for
new GEOR catalysts. However, pure Pt is easily poi-
soned by intermediates (such as CO). A series of metal
elements, such as Bi®? 64-67], Ru'®2 68—76]’ S (42 62, 68, 76]’
N 7&79], Ag[so-sa]’ pPqi 84—86]’ Cul® 87—89], Sb[90-92], CO[93],
Pol™ %1 Rh[™ %1 Ayl %%1 and Fel® *1 have been
adopted to enhance activity and selectivity. In addi-
tion, the enhancement effects of metal oxides, such as
MnO,®4, 1r0, CeO,™, Ni(OH),"*™, and nonmetal
element P and supports®®*® have also been inves-
tigated. Selective examples of Pt-based electrocata-
lysts with reported quantitative selectivity toward
representative products are shown in Table 1.

Gonzilez-Cobos et al.® synthesized Bi-modified
carbon-supported Pt-based nano-catalysts and tested
their GEOR performance in alkaline media. Pt,Bi,/C
with modification of about 10a.t.% of Bi is the most
active catalyst, and the oxidation onset potential is as
low as 0.3 V (vs. RHE). The in-situ FTIR spectroscop-

Table 1 Quantitative selectivity of Pt-based electrocatalysts

Catalyst Electrolyte Condition Selectivity Ref.
Pt,Bi,/C 2 mol-L* glycerol + 0.5 mol-L* NaOH 0.55V vs.RHE, 4 h, 20 °C glyceraldehyde 79.6% [64]
Pt/C 0.1 mol - L* glycerol + 0.5 mol-L* H,SO, 1.1V vs. SHE, 7 h, 60 °C glyceric acid 57.8%

Pt:Ruy/C dihydroxyacetone 35.0% (%]
Pt/GNS 0.5 mol - L* glycerol + 0.5 mol-L* KOH 0.2V vs. SCE, 2 h glycolate 65.4%

PtNi/GNS 0.1V vs.SCE, 2h glycerate 47.7%

PtRUNi/GNS 0.2V vs. SCE, 2 h glyceraldehyde 39.2% (7]
PtRhNi/GNS -0.4V vs.SCE, 2 h oxalate 37.6%

PtAg skeleton 0.5 mol-L* glycerol + 0.5 mol-L* KOH 0.7V vs.RHE, 2 h dihydroxyacetone 82.6%  [81]
PLAU@Ag 0.5 mol - L* glycerol + 0.5 mol-L* KOH 1.1V vs.RHE, 2h dihydroxyacetone 77.1%  [83]
PtSh/C 0.1 mol-L* glycerol + 0.5 mol-L*H,SO,  0.797 V vs. SHE, 10 h, 60 °C dihydroxyacetone 61.4%  [92]
Pt,Rh,/C 0.1 mol-L* glycerol + 0.1 mol-L*HCIO,  0.45V vs. SCE, 8 h, 60 °C tartronic acid ~40% [34]
P-doped 0.5 mol- L glycerol + 0.5 mol-L*KOH  0.28 V/ vs. Ag/AgCl, 1 h tartronate ~52% [102]

Pt/MCNTSs
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Figure 9 Infrared spectra recorded for glycerol oxidation on Pt/C, Pt;PdsBi,/C, and Pt,Bi,/C catalysts in 0.1 mol - L* glycerol + 1.0

mol-L* NaOH electrolyte (scan rate = 1 mV-s?, resolution 4 cm?, T'= 293 K). Reproduced with permission®. (color on line) Copy-

right © 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

ic analysis (Figure 9) also showed that the modifica-
tion of Pt with Bi avoided the cleavage of the C-C
bond as suggested by the absence of CO, absorption
band in the red box region at around 2050 cm?,
thereby, improving the selectivity for high-value C3
compounds. The emergence of bands at 1220, 1390,
and 1415 cm™? (blue boxes) at low potentials (0.35 V)
was attributed to the formation of glyceraldehyde. At
high potentials (above 0.5 V), glyceraldehyde and di-
hydroxyacetone could be further oxidized to form
carboxylate, characterized by peaks at 1355 and 1590
cm™ (green boxes).

PtRu and PtSn are two bimetallic catalysts that
are often studied. Falase et al.®™ studied GEOR on
Pts,Rusg, PtesSn,, PtgRUsSN and Pt nanostructured cat-
alysts prepared by spray pyrolysis. Their results
showed that the binary catalyst Ptg,Ru,¢ had the high-
er oxidation current and better stability than other
catalysts. The higher ratio of the forward peak current
to the reverse peak current (//;) in the cyclic voltam-
mograms of GEOR on the binary and ternary cata-
lysts indicated that the accumulation of oxidation
products on these catalysts was much less than that
on Pt. The addition of Ru and Sn together to Pt is not
conducive to maximize the current generation as sug-
gested by the lower current density observed on this
catalyst compared to two binary catalysts, but the
coverage of reaction intermediates that will block the
electrode and reduce the performance on the ternary
catalyst was lower than that of the binary PtRu, PtSn

and Pt nanocatalysts as deduced from the higher /1.

Interestingly, others found that ternary nano-alloys
show higher electrocatalytic performance®™7 %], Kim
et al. @ synthesized PtRu/C and PtRuSn/C ternary
catalysts, and found that the catalyst with the atomic
ratio of Pt:Ru:Sn being 5:4:1 had a lower onset po-
tential (0.44 V) and higher peak current density (41.6
mA-cm? @ 0.871 V) for GEOR than PtsRus/C and
Pt/C. The I{I, ratio on PtRu,Sn, was significantly
greater than those on Pt and PtRu, indicating that
there was less accumulation of intermediate residues
on this catalyst during GEOR. This observation was
explained by that the addition of Sn changed the elec-
tronic structure of Pts;Ru,Sn, catalyst through affect-
ing the electron affinity of the surface Pt atoms, and
generating surface oxygen-containing species effec-
tively oxidizing surface poisoning substances at a
lower potential and improving stability.

The activity and product selectivity of GEOR can
be improved by carefully designing the structure and
morphology of the electrocatalysts!®: & & &. 8, 93, 84, 106]
Kim et al.® synthesized PtAg nanotubes (PtAgNTS)
through a partial galvanic exchange on Ag nanowires
by Pt. In alkaline media, the activity of PtAgNTs was
increased by 50% compared with those of Pt nan-
otubes (PtNTs) and Pt/C, and 3 times compared with
that of Pt black. The enhanced performance was
largely attributed to the structural effect of nanotube
morphology and the electronic effect of doping Ag
into Pt. Zhou et al.®™ studied GEOR on three-dimen-
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Figure 10 Voltammograms of PtAg skeletons and Pt/C. (A) Cyclic voltammograms (CVs) recorded in 1 mol-L* KOH with a scan
rate of 50 mV -s?, (B) linear sweep voltammograms (LSVs) recorded in 0.1 mol-L* KOH and 1 mol - L* glycerol with a scan rate of
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er current peak in the forward potential scan. Note that the current density of Pt/C was enlarged 5 times. (color on line) Reproduced

with permission®. Copyright © 2019, American Chemical Society.

sional nanoporous PtAg skeletons. The observed
peak current density was 7.57 mA -cm? which was
about 15.4 times of that on Pt/C, as shown in Figure
10(C). In addition, the selectivity of dihydroxyacetone
on PtAg skeletons measured by HPLC was as high as
82.6% at 0.7 V (vs. RHE), which was attributed to the
abundant Pt(111) facets on the PtAg skeletons that
greatly promoted GEOR through the secondary alco-
hol oxidation pathway. They further studied the de-
pendence of product distribution on the reaction con-
ditions. The low concentration of glycerol was bene-
ficial to the formation of glyceraldehyde and its se-
lectivity reached 92.6% when the glycerol concentra-
tion was 0.05 mol - L. When the KOH concentration
was higher than 0.5 mol - L*, the production of dihy-
droxyacetone decreased, but the formation of formic
acid increased. Morphology can also be tuned by
electrochemical methods. Hersbach et al.t® performed
cathodic corrosion of Pt(111) in 10 mol-L* NaOH at
-3.0 V vs. RHE. After the pretreatment, Pt(100) ter-
races were formed on the electrode and became dom-
inating. As a result, the etched Pt electrode behaved
like Pt(100) and the selectivity towards glyceralde-
hyde correspondingly increased as that of dihydroxy-
acetone decreased.
3.3 Pd-Based Catalysts

Due to its excellent performance under alkaline
conditions, Pd-based catalysts are receiving more and

more attention. By adding metals such as Bil® #1710
Ay 98 110417] - \Jj[38, 49, 75, 110, 117, 118] Ag [38, 115, 118, 119] Py [120]

CU[121'123], Pt[122'125], Snlizs 127], CO[128—130], Fe[129-131]’ Mn[131],

Ir2 Rul™, RhU# or metal oxides (CeO,, NiO,
C0;0,, Mn;O,4, MnO,"™!), and nonmetal element
P31 or adopting different supports®& modify-
ing the morphology of Pd™* 9, a series of novel cata-
lysts have been synthesized for enhanced GEOR per-
formance. The quantitative selectivity of selective
Pd-based electrocatalysts toward representative prod-
ucts is summarized in Table 2.

Bambagioni et al.™ adopted multi-walled carbon
nanotubes (MWCNT) as the support for Pd nanopar-
ticles and obtained a GEOR peak current density of
2800 A-get in a half cell containing 2 mol -L* KOH
and 5wt.% glycerol. Wang et al. ™ synthesized a
mixed support composed of carbon nitride and
graphene (CN,/G), which had a larger surface area than
CN,, resulting in smaller Pd nanoparticles loaded on
its surface. Due to the smaller particle size and the in-
teraction with nitrogen, Pd-CN,/G showed better ac-
tivity and higher selectivity for C3 products. HPLC
analysis showed that when Pd nanoparticles support-
ed on carbon black (Pd-CB) was used as a catalyst, part
of glycolic acid was oxidized to formic acid. Howev-
er, when Pd-CN,/G was used as a catalyst, this path-
way was demoted, leading to a reduction in the for-
mation of formic acid. Compared with Pd-CB, the se-
lectivity of Pd-CN,/G to glyceric acid was increased
by about 10% ~ 15%, and the selctivity to formic
acid was reduced by about 15%. Although the con-
centration of oxalic acid also increased, the ratio of
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Table 2 Quantitative selectivity of Pd-based electro catalysts

Catalyst Electrolyte Condition Selectivity Ref.
N N
PA/CNT 1.0 mol-L= glycerol + 6.0 mol L™ 5\, s spye 21, 60 °C tartronate ~ 60%
KOH [113]
PdAg//CNT oxalate 32%
L Nt
PA/CNT igﬂ”' L= glycerol + 4.0 mol-L™ 4} \/ s SHE, 2h, 60 °C tartronate 39.5% [119]
PdAg,/CNT oxalate 39.2%
N N i
Pd NCs 0.5 mol -L* glycerol + 0.5 mol -L 0.4 V vs. SCE, 2 h, ambient glyceraldehyde 61.2%
KOH temperature. [125]
Pt@Pd NCs glycolate ~ 40%
o1 o1
PAMN/C 0.1 mol -L* glycerol + 0.1 mol -L* ) o\, v RHE 4 h glycerate ~ 56% [131]

NaOH

0.5 mol -L* glycerol + 0.5 mol -L*

P-doped Pd/CNT KOH

0.5 mol -L* glycerol + 0.5 mol -L?
Pd-CN,/G, NaOH
0.2 mol -L* glycerol + 0.1 mol -L*

Pd nanocubes KOH

-0.13 V vs. Ag/AgCI, 0.5 h

0V vs. Hg/HgO, 2 h

0.87 Vvs.RHE, 9h

dihydroxyacetone 90.8%  [136]

glycerate ~ 32% [139]

tartronate 99% [146]

C3 products to other products in Pd-CN,/G was much
higher than that in Pd-CB.

Zalineeva et al."™ synthesized self-supporting Pd,Bi
catalysts by a sacrificial support method with high
surface areas (75 ~ 100 m?-g™) and porous nanostruc-
ture morphology as illustrated in Figure 11. Pd,Bi
showed the highest activity for GEOR. In-situ FTIR
revealed that the high selectivity was dependent on
the electrode potential: aldehydes and ketones were
primary products at low potentials, hydroxypyruvate
at moderate potentials, and CO, at high potentials.
The high selectivity to form hydroxypyruvate under
moderate potentials (0.6 to 0.8 V vs. RHE) was not
observed in other Pd-based catalysts. When the po-
tential was scanned in the negative direction, the cat-
alyst was selective for the generation of carboxylate.
This unique catalytic behavior was explained by the
confinement of reactants and intermediates in the cat-
alyst pores as nanoreactors.

Simaes et al. showed that Pt-free Pdo4Bi,:/C had the
same catalytic GEOR activity as Pt/C and PtyoBiy,/C
displayed a GEOR onset potential that was 0.2 V

more negative than Pt/C. Interestingly, the ternary
catalyst Pdy4sPto4sBio,/C with Pd atoms replacing half
of the Pt atoms achieved the same catalytic activity as
PtsBio2/CH®. Results from the electrochemical experi-
ments and in-situ FTIR revealed that the modification
of Pd and Pt surfaces by Bi did not change the mech-
anism of GEOR, and only the applied potential af-
fected the distribution of the final products.
Chronoamperometric experiments combined with
HPLC measurements showed that the main reaction
products at low potentials were glycerate, dihydroxy-
acetone and tartronate. The increase of electrode po-
tential resulted in the formation of mesoxalate. When
the potential was higher than 0.8 V, oxalate and for-
mate resulted from C-C bond breaking were detected.

Au and Ni are also promising atoms to improve
the activity of GEOR. simaes et al.[* synthesized
PdqsAUy-/C, PdysAu,s/C and PdysNigs/C catalysts, and
showed that the onset potentials of Pd,M,./C were
lower than those of Au/C and Pd/C, but higher than
that of Pt/C, which was about 0.15 V lower than
those of Pd/C and Au/C. For bimetallic catalysts, the
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Figure 11 (A,B) SEM and (C,D) TEM micrographs for a self-supported Pd,Bi sample. Reproduced with permission™. Copyright

© 2014, American Chemical Society.

order of activity at a low potential was: Pdy;Au,-/C >
PdysAugs/C > PdysNigs/C. In-situ FTIR (Figure 12) at
an interval of 0.1 V exhibited two bands of glycerol
consumption at 1000 ~ 1100 cm™ and six characteris-
tic absorption bands of the products denoted as bands
A-F between 1100 ~ 1600 cm™ The gray areas
marked the water absorption band from the OH bend-
ing mode. Adsorbed CO at 1900 cm™ was detected on
PdosAues/C and PdgsNigs/C, but not on PdyzAu-/C,
indicating the absence of dissociative adsorption on
gold-rich catalysts. The formation of hydroxypyru-
vate ions was exclusive on the pure gold catalysts
characterized by an absorption band at 1350 c¢cm?,
which was not observed on the Pd-based bimetallic
catalysts.

Pd nanoparticles supported on Ni-Zn phase (Pd-
(Ni-Zn)/C) have been shown to be active catalysts for
the electrooxidation of many small alcohol molecules.
A peak current density of 2150 A -ge;* for GEOR on
Pd-(Ni-Zn)/C was obtained in a half-cell®. The prod-

uct distribution was dominated by the oxidation prod-
ucts of primary alcohols, including glycolic acid,
glyceric acid, tartronate, oxalate, formate and carbon-
ate. No secondary alcohol oxidation products were
observed. The excellent electrocatalytic activity of
Pd-(Ni-Zn)/C was attributed to the high dispersibility
of metal particles and the inherent characteristics of
the Ni-Zn phase. The latter may increase the number
of OH, groups on the catalyst surface, which is re-
quired for the formation of carboxylates.

Holade et al.® ™ synthesized PdNi/C and PdAg/C
catalysts with different atomic ratios by a bromide
ion exchange method. The CVs showed that the reac-
tion kinetics at low potentials was enhanced. By
combining HPLC and in-situ FTIR measurements,
the authors confirmed that GEOR on the catalysts in-
volved glyceraldehyde as a reaction intermediate, and
the main products were glycolate and glycerate ions.
In addition, CO, (2343 cm?) and carboxylic acid
(3000 cm™) produced during GEOR in an alkaline
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medium (pH = 13) confirmed the important change
of pH near the electrode surface.

Doping metal oxides in Pd is another way to im-
prove the efficiency of GEOR. Xu et al.™ showed
that the addition of oxides such as CeO,, NiO, Co;0,
and Mn;O, to Pd/C significantly promoted the
catalytic activity and stability of the electrooxidation
of alcohols. Among them, Pd-Co,0, (2:1, w:w)/C had
the highest GEOR activity, while Pd-Mn,O,/C
showed better performance stability than other ox-
ides. Non-metallic components also play a role in the
rational design of catalysts. Kang et al.®" developed
a composite catalyst (Pd-NiO,-P/C) in which phos-
phorus and nickel oxide coexisted for improving
GEOR activity.

4 Conclusions and Perspectives

As shown by the literature discussed above, exten-
sive efforts have been devoted to the fundamental un-
derstanding of GEOR mechanisms and the develop-
ment of high performance GEOR catalysts in recent
decades. Armed with in-situ or online analysis tech-
niques such as HPLC, MS, NMR, and FTIR for qual-
itative identification and quantitative determination
of reaction intermediates and products, together with

Pdy 3Auy 7 Pdy sAug 5

DFT theoretical calculations, researchers have made
significant progress in understanding the mechanism
of GEOR. In general, it has been shown that the
GEOR product distribution is dependent on the ap-
plied potential, and the structure and composition of
the catalysts. Typically, at low potentials, the C-C-C
bond is not broken and C3 products are often domi-
nant. At higher potentials, more complete glycerol
oxidation occurs, and C2 and C1 products become
dominant. On Pt and Pd, although the overall GEOR
activity is high, glycerol dissociates even at low po-
tentials and forms strongly adsorbed intermediates,
such as CO that poisons the catalysts. To mitigate the
surface poisoning, a second, or sometimes, a third
metal or metal oxides is introduced in the form of
adatoms or alloys. The removal of surface poisoning
species is through either a bifunctional mechanism or
electronic effects or both. In addition to reduce sur-
face poisoning, the adatoms or alloys may also pro-
mote a desired reaction pathway thereby increase the
catalyst selectivity for products of high value through
modification of the adsorption energy of intermediates
or third body effect. Like many other surface reactions,
GEOR is structure sensitive, which has mostly demon-
strated on low-index Pt single crystal electrodes, with
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Figure 12 Infrared spectra recorded during glycerol oxidation on (A) Pdy3;Auy/C, (B) PdysAugs/C and (C) PdysNiys/C catalysts in
0.1 mol-L*glycerol + 1.0 mol-L* NaOH electrolyte at 293 K. Scan rate: 1 mV -s?, resolution 4 cm™. Reproduced with permission®,
Copyright © 2009, Elsevier B.V.
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the highest activity observed on Pt(111).

These fundamental understandings lay the founda-
tions for future work in GEOR. The complex nature
of GEOR presents many challenges, but also oppor-
tunities for further advancing the field. In the follow-
ing we attempt to provide some brief perspectives of
the areas that are of importance for developing
GEOR catalysts with high activity and selectivity.
Given that in general the lower potentials have higher
product selectivity, efforts in increasing the activity at
lower potential region are much needed. It has been
shown that defect sites on Pt surfaces are more active
for GEOR. However, these sites are also very active
for C-C bond cleavage and therefore prone to be poi-
soned. How to strike a balance between high activity
and keeping the C-C bond intact remains a challenge.
It is conceivable that high index surfaces, such as
multi-facet nanocrystals ! with high density of
unsaturated surface atoms are active for GEOR.
Modifying these surfaces with adatoms may be a
plausible approach to fine tune the adsorption energy
and thereby the selectivity of the catalysts. Moving
beyond Pt and Pd-based nanoparticle catalysts, atom-
ically dispersed Pt or Pd catalysts"®*4 may be an al-
ternative to promote C3 products because of the ab-
sence of neighboring Pt or Pd necessary for the C-C
bond cleavage.

From practical point of view, in addition to devel-
oping high performance catalysts through rational de-
sign, studies of GEOR under operating conditions of
fuel cellst* 7 113.116,:119.122,130.138,153] o1 a|ectrolysis cells for
hydrogen production® *4 or CO, coelectrolysis™ are
critical for realization of valorization of glycerol
through electrocatalysis. Finally, finding efficient cat-
alysts for the conversion of crude glycerol from
biodiesel industry, which contains impurities such as
CH,OH, residual heterogeneous or homogeneous cat-
alysts and other salts, into value-added products will
pave the way for practical applications of these cata-
Iysts[ll4, 153, 156].
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