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Abstract

In the most recent decade, glycerol electrooxidation (GEOR) has attracted extensive re-
search interest for valorization of glycerol, i.e., the conversion of glycerol to value-added prod-
ucts. These reactions at platinum, palladium, and gold electrodes have a lot of uncertainty
in their reaction mechanisms, which has generated some controversies. This review gathers
many reported experimental results, observations and proposed reaction mechanisms in order
to draw a full picture of GEOR. A particular focus is the clarification of two propositions: Pd is
inferior to Pt in cleaving the C-C bonds of glycerol during the electrooxidation and the massive
production of CO2 at high overpotentials is due to the oxidation of the already-oxidized car-
boxylate products. It is concluded that the inferior C-C bond cleavability with Pd electrodes,
as compared with Pt electrodes, is due to the inefficiency of deprotonation, and the massive
generation of COy as well as other C1/C2 side products is partially caused by the consumption
of OH™ at the anodes, as a lower pH reduces the amount of carboxylates and favors the C-C
bond scission. A reaction mechanism is proposed in this review, in which the generation of
side products are directly from glycerol (“competition” between each side product) rather than
from the further oxidation of C2/C3 products. Additionally, GEOR results and associated
interpretations for Ni electrodes are presented, as well as a brief review on the performances of
multi-metallic electrocatalysts (most of which are nanocatalysts) as an introduction to these
future research hotpots.
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Figure 1: Molecular structures of glycerol and its oxidation products.

1 Introduction

Glycerol is produced on a large scale as a byproduct of biodiesel production, in the transterification
of triglycerides with alcohols.!") This makes it a cheap and useful starting point for conversion into
value-added products ("valorization") such as dihydroxyacetone, glyceraldehyde, glyceric acid, gly-
colic acid, lactic acid, hydroxypyruvic acid, and etc (see Figure 1). (2] Previously, glycerol oxidation
for valorization and energy generation has been implemented with many non-electrochemical meth-
ods. However, most of these have disadvantages such as requiring high temperature, high pressure,
an external oxygen supply, or even use of heavy metals. *) Compared with those harsh reaction con-
ditions that are hard to maintain or toxicity that poses a threat to human health, electrooxidation
of glycerol (GEOR) occurs under mild conditions and avoids those requirements.

There has been a rapid increase in the number of GEOR studies since 2010 (Figure 2a). Among
the Scientific-Citation-Indexed studies on GEOR, most of which were done with highly catalytically
active noble metals (e.g. platinum, palladium, and gold) for high efficiencies. However, as a non-
noble metal abundant on earth, nickel has been receiving more and more attention (see Figure 2b).



Figure 2: Statistical data of Scientific-Citation-Indexed (SCI) publications about glycerol electroox-
idation since 2011. (a) Numbers of Scientific-Citation-Indexed (SCI) publications from 2011 to Jul
2019 found on Web of Science using the keyword “glycerol electrooxidation”. (b) Numbers of GEOR
studies conducted with Pt-based, Pd-based, Au-based, and Ni-based electrocatalysts from 2011 to
Jul 2019. (c¢) Portions of GEOR studies focusing on catalysts, fuel cells, conversion / mechanism
and etc, from 2011 to Jul 2019. (d) Portions of mechanism or conversion studies using HPLC or
FTIR.

Nickel used to be utilized synergistically with noble metals,[* ¢ but, its high activity of electro-
catalyzing GEOR alone has made it a promising substitute for noble metals.["? With metallic
electrocatalysts offering high efficiency in GEOR, studies conducted by researchers worldwide have
covered all aspects related to GEOR, including novel nanocatalysts enhancing the efficiency and
selectivity of GEOR towards certain products,!% 2 product distribution analysis for the deter-
mination of the reaction mechanisms and kinetics,['314 and fuel cell fabrications (theoretically
generating 1.01 V),[1517) as shown in Figure 2c. Among them, the selectivity of glycerol oxidation
products (usually reported with HPLC or FTIR data as illustrated in Figure 2d) is of great interest
as it directly influences the potential for commericial production of value-added products.

To obtain a high selectivity towards certain value-added products, reaction mechanism studies
should be a prerequisite, but they are considerably outnumbered by papers describing empirical
discoveries of novel electrocatalysts.!!'18] Moreover, the previously reported GEOR mechanisms
with Pt, Pd, and Au are plagued by the fact that many hypotheses, observations and results are
contradictory to each other. The innovations in new catalysts has somewhat worsened this issue as
their preparation processes are under disparate conditions, and reporting of elemental compositions,
morphologies and crystal planes have not been standardized. 8]

An overview of these hypotheses and controversies is therefore timely, and should be used to
direct the future works. It is an area that has not yet been emphasized in previously published re-
views.1921] The reaction mechanism of GEOR was partially reviewed by Gomes et al.[??] together



with other C3 alcohols. Different chemisorption assumptions are covered, including the adsorption
via both terminal carbon atoms, or through one terminal carbon atom and the secondary carbon
atom. In recently published reviews, Coutanceau et al.!??! categorized GEOR processes into two
categories, that is, acidic and alkaline electrolytes, together with the performances of different metal
catalysts. Baranova et al. presented a very broad survery of literatures reporting the product dis-
tribution of glycerol oxidation at various catalysts. 24 Du et al.[3] reviewed Pt-based, Pd-based and
Au-based catalysts and proposed that higher pH and overpotentials tend to generate more highly
oxidized products. Those reviews have nicely summarized the reported product distributions, but
a comprehensive understanding of the mechanism remains elusive. A recent article in Encyclopedia
of Interfacial Chemistry by Angelucci et al. provides a good overview and summarizes most of the
reported observations and accepted mechanisms in GEOR studies on Au, Pt, Pd and Ag.[?% Also,
a noteworthy overview was given by Martins et al.['8] as a chapter of the book Increased Biodiesel
Efficiency. The overview ranges from reaction mechanisms to the types of electrocatalysts, and
to the performances of glycerol-based fuel cells. Instead of giving detailed experimental conditions
and comparing product distributions, only a few widely recognized observations and explanations
are mentioned (e.g. enhanced selectivity towards DHA by adding Bi atoms to (111) planes). They
concluded that the reaction mechanisms of GEOR are still far from fully understood .

Herein, an overview of GEOR conducted with Pt, Pd and Au catalysts is presented as an attempt
to elucidate GEOR more comprehensively by presenting a comprehensive mechanistic scheme based
on previously reported GEOR results by researchers worldwide. The content of this review includes:
(1) summaries of the observations, hypotheses and controversies of GEOR brought by researchers
in the most recent decade, (2) elucidations and clarifications of two propositions that prevail in
the field of GEOR at Pt and Pd electrodes, (3) a proposed reaction mechanism arguing that the
generation of C1/C2 products are directly from glycerol rather than from the electrooxidation of
C2/C3 side products, and therefore the generation of a C1/C2 product is competing with other
products generated through parallel pathways. For completeness, mechanisms for Ni-based GEOR
and properties of nanocatalysts are also discussed.

2 Summary of Observed Glycerol Oxidation Results and Re-
ported Reaction Mechanisms

Benefitting from the high reactivity induced by the adjacent hydroxyl groups,26-28! glycerol enjoys
the potential of being oxidized into multiple intermediates/products, most of which are favored
in industry because of the added commercial value. Pt, Pd and Au are noble metallic catalysts
commonly used for electrocatalytically oxidizing glycerol. 23] Based on hundreds of experimental
observations, reaction mechanisms have been proposed by researchers worldwide to elucidate the
oxidation processes. However, as concluded by Angelucci et al., 2% there is still much unknown
nature of the surface-adsorbed species, which is the main challenge in deeply understanding the
reaction mechanism of GEOR on noble metals. In this section, controversies and hypotheses are
reviewed to give a comprehensive elucidation of GEOR mechanisms presented so far.

2.1 Platinum

In general, the electrocatalytic oxidation of alcohol can be divided into four steps: dissociative
adsorption, bond breaking / electron transfer, reaction between oxygenated species and functional
groups of adsorbed species on the surface, and intermediate/final product desorption. (22] Different
adsorption pathways may lead to different adsorbates (e.g. alkoxide, acyl, aldehydes, etc.[31]),
and presumably different products. Among all noble metallic catalysts, Pt is considered as the



most active one due to its low d-band center (-2.25 V)32 which favors deprotonation. According
to researchers, the reaction pathways of GEOR with Pt can be categorized into two groups: O-
adsorption (happening at higher overpotentials through the coordination of a lone pair of oxygen
electrons in the hydroxyl group) and C-adsorption (major pathway at lower overpotentials) whose
adsorbates are reportedly more stable than O-adsorbates in acidic medium. 33!

O-adsorption (Figure 3a) involves the deprotonation of the primary or the secondary hydroxyl
group to produce alkoxide. Kwon et al.[?4 reported that strong alkali can promote this deprotona-
tion step, since glycerol behaves as a weak acid in a strong alkaline solution whose pH is close to the
pKa of glycerol (14.15). Once chemisorbed, a second deprotonation from the carbon atom occurs,
which oxidizes glycerol into glyceraldehyde or DHA.'! As in alkaline conditions OH" exists in the
electrolyte, Pt-OH(ads) (reportedly produced at 0.5 V — 0.6 V vs RHE [2]) can subsequently oxidize
the chemisorbed glyceraldehyde into glyceric acid or glycerate. It is also known that in strong base,
the Cannizzaro reaction can convert aldehyde to carboxylic acid (or to carboxylate in alkali) and
alcohol®®). Similaly, glyceraldehyde and DHA can be chemically converted to lactic acid through
2-hydroxypropenal or pyruvaldehyde (produced from based-catalyzed dehydrated glyceraldehyde
or DHA). [36-38] (As emphasized by Koper’s group, the chemical conversion of soluble intermediates
can sometimes lead to misinterpretion of results by researchers. [35]) However, no scission of the C-C
bond occurs in either sub-pathway.

In the case of C-adsorption (Figure 3b), Koper et al.[*3 and Sieben et al.[ showed that
in acidic conditions Pt(100) only chemisorbs a terminal carbon atom of glycerol and oxidizes it
into glyceraldehyde with partial deprotonation, whereas Pt(111) chemisorbs both types of carbon
atoms either individually or through two Pt-C bonds producing an enediol-like intermediate for the
oxidation to DHA [ and glyceraldehyde. Besides, as found by Koper et al. and Greeley et al.,
another intermediate that is adsorbed onto Pt(111) by two terminal carbon atoms can be a poisoning
species, as the following deprotonation is hard to proceed.[3341:42] For those two intermediates to
proceed to further deprotonation, two sub-pathways exist and take effect based on whether there is
Pt-OH(ads). If not, since the C-C bond has been weakened by adsorption, 3] the breaking of the
C-C bond can generate Pt-CO(ads) (surface-poisoning species) and Pt-R(ads) (C2 or C1 products),
as shown in [Eq. (1)]. In fact, as reported by Greeley et al. in a DFT study[*!), the transition state
energies for breaking C-C bonds become much lower once the adsorbed glycerol has gone through
several deprotonation steps, so that the scission of C-C bonds can occur at this stage and produce
CO(ads) as a major product. Without extensive production of Pt-OH(ads) at higher overpotentials,
Pt-CO(ads) ends up slowing down the oxidation.*?! In alkaline conditions, with the help of Pt-
OH(ads), Pt-CO(ads) can react with Pt-OH(ads) to give CO5 (Langmuir-Hinshelwood mechanism,
[Eq. (2)]) or Pt-COOH(ads) (subsequently converted into carbonate, [Egs. (3)-(5)]). It is widely
hypothesized that the removal of CO is the rate-determining step of GEOR, [16 and therefore higher
OH" concentration leads to better catalytic activity because of the higher OH(ads) coverage and
greater OH™ diffusion. Therefore, it is believed that the onset potential of OH adsorption has a
negative correlation with pH, which also applies to Pd and Au. %!

Pt — RCO(ads) — Pt — R(ads) + Pt — CO(ads) (1)

Pt — CO(ads) + Pt — OH(ads) — 2Pt + CO,+H" +e~ (2)
Pt — CO(ads) + Pt — OH(ads) — Pt + Pt — COOH (ads) (3)
Pt — COOH(ads) + Pt — OH(ads) + 20H — CO2~4+2H,0 (4)
Pt — CO(ads) + 2Pt — OH(ads) + 20H™ — COZ ™ +2H,0 (5)

In a hypothesis proposed by Roquet et al.,[**] C-adsorption may happen with both types of car-
bon atoms, implying the existence of multiple adsorbates. It is widely observed that glyceraldehyde
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and DHA are the two major intermediates, which indicates two major oxidation pathways, either
through the primary alcohols or the secondary alcohol.[*?) Dai et all*¢! measured the product dis-
tribution of GEOR in alkali with Au-Pt nanoparticles using NMR spectra and HPLC. Their results
show that the secondary alcohol oxidation occurs preferentially at lower overpotentials (0.45 V vs
RHE) leading to DHA, whereas primary alcohol oxidation starts at higher overpotentials (0.9 V vs
RHE), and generates mainly glyceric acid and tartronic acid. However, with both Pt and Pt-Cu
electrodes, Ribeiro et al.[*®! illustrated that glyceraldehyde was identified as the major oxidation
product under acidic conditions, together with DHA and glyceric acid. These results derived by
different research groups seem contradictory, but can be reconciled by assuming two co-existing
effects. Firstly, a structural effect (two primary OH groups to one secondary OH group) makes the
hydroxyl group on terminal carbon atoms more easily oxidized. 247 Secondly, secondary alcohol
groups oxidize through simpler deprotonation steps. 8] Currently, an observation widely reported
is the high selectivity towards DHA if metals like Bi, Ru and Sb are introduced to Pt(111) or poly-
crystalline Pt,[*9-%4 which indicates that the reaction pathway through primary alcohol oxidation is
suppressed. A widely accepted mechanism interpreting this observation is that the adatoms disturb
the three adjacent Pt sites which are needed for the oxidation of primary alcohols (see Section 5).
However, Koper et al. 53] showed that Pb, In and Sn adatoms do not promote the GEOR selectivity
towards DHA.

The ease of C-C bond cleavage is a controversial area that is still under debate and needs further
investigation. The capability of an electrocatalyst to dissociate C-C bonds is usually estimated by
calculating the ratio of C1/C2 products to C3 products. 2l The presence of CO(ads) can be taken
as an indicator of bond cleavage.[%5) Some observations suggest that this cleavage is favored at
low overpotentials'® and in acidic conditions, *%:56] which may be explained by the remarkable
effect of oxygenated species on converting intermediates into carboxylates rather than breaking
C-C bonds, ¥ together with a possibly higher barrier for C-C cleavage in the presence of more
OH(ads)/O(ads) at such overpotentials. Other researchers argue that large overpotentials overcome
the energy barrier of C-C cleavage, as they observed massive production of CO4 at potentials higher
than 1.1 V vs RHE.[7:%8]

Aside from pH and overpotential, other factors affecting the C-C bond dissociation have also
been examined. A higher temperature can generally promote the oxidation of adsorbed species by
enabling the energy barrier crossing, which is then followed by desorption of adsorbates. Ribeiro
et al.l"%] tested the effect of high temperature on C-C bond cleavage and concluded that high-
temperature acts positively on this process as glycolic acid was found at the expense of glyceric
acid. However, researchers have also reported a barely affected DHA selectivity over a range of
temperatures up to 70°C using a Sb-modified Pt catalyst. 49!

Investigations of GEOR with Pt electrodes have involved both polycrystalline and monocrys-
talline (e.g. Pt(111), Pt(110), and Pt(100)) electrodes. Two CV peaks are shown during the anodic
scan of GEOR at Pt(111) in acidic solution, which can be ascribed to the deprotonation of glycerol
towards CO(ads) (0.56 V, broad and decreasing during continuous cycling) and the removal of
CO(ads) with OH(ads) (0.78 V, sharp).[®"! Spectroscopic (FTIR) studies show that bridge-bonded
CO (COg) only exists on Pt(100) above 0.05 V vs RHE, and linearly bonded CO (COy,) appears at
higher overpotential, while Pt(111) and Pt(110) have only linearly absorbed CO.[33:58:60] Pt(111)
was proven to be the most active plane for removal of CO and other intermediates. 'S Gomes et
al.[01] reported that the dissociative adsorption and the breaking of C-C bonds are much easier
on Pt(110) and Pt(100) than Pt(111), from which they argued that RCO(ads) is more stable on
Pt(111). Angelucci et al.l%%! also reported that acyl (Pt-RCO(ads)) groups are stable on Pt(111),
and therefore O-adsorption is thought to be the major oxidation pathway through which the ad-
sorbates generated are relatively more unstable.

On polycrystalline Pt, GEOR occurs by various reaction pathways, which occur at different



overpotentials. %3] Also, it is believed that the reaction processes on polycrystalline Pt are just the
total of the reaction processes on the three different low index single-crystal faces. According to
Fernandez et al.[%3] the oxidation peak of GEOR below 0.8 V vs RHE is associated with defects in
the (111) and (110) planes, whereas another peak at higher overpotentials (above 0.8 V vs RHE)
is ascribed to the effect of Pt(100) defects.

At higher potential, Pt is oxidized to PtO, which is also regarded as an GEOR-active catalyst. [*4]
Dissociative adsorption of glycerol happens at the surface of PtO, with which both the primary
carbon and secondary carbon are adsorbed onto two PtO sites. Nevertheless, only one proton is
removed from each carbon adsorbed. The simultaneous reduction of PtO and oxidation of hydroxyl
groups lead to Pt and a dissociated C-C bond, i.e. C1 or C2 products.

2.2 Palladium

Pd has a higher d-band center (-1.83 eV[3?]) than Pt. Also, a difference between Pd and Pt is that
on low index planes like (111) and (110), spectroscopic studies only show the existence of COp.[04:6%]
Pd only has linearly adsorbed CO at step and kink sites with low coordination numbers. [66:67]

One reaction mechanism proposed 8! is very much like the C-adsorption pathway in Pt-GEOR.
However, Pd requires a more basic electrolyte as a promotor of this deprotonation process compared
with Pt.[%6] Nevertheless, excessive OH(ads) occupying the active sites may reduce the efficiency
of GEOR. %] Therefore, efficient GEOR on Pd depends on the presence of both Pd-OH(ads) and
free Pd sites.["”) The reaction of Pd-RCO(ads) with Pd-OH(ads) is usually assumed to be the
rate-determining step as on Pt ([Eqs. (6) and (7)]) 772, but other researchers have hypothesized
that the rate-determining step is the desorption of reaction intermediates (e.g. DHA at a low
overpotential (3]),

Pd — (RCH,0H)(ads) + 30H — Pd — RCO(ads) + 3H,0 + 3¢~ (6)

Pd — RCO(ads) + Pd — OH(ads) — Pd + Pd — RCOOH(ads) (7)

Similar to Pt-GEOR, the production of CO, is usually seen at high overpotentials. ™ However,

C-C bond dissociation is reportedly more difficult on Pd than Pt and Au,® 7! which is supported
by the observation that glyceric acid is more commonly produced on Pd than Pt.[*6! In addition,
oxygenated species are believed to facilitate C-C cleavage, 7577 which is strongly contrasted by the
negative role OH(ads) plays on C-C bond cleavage with Pt catalysts. Fortunately, the influence
of the functional groups and the surface sites of Pd on C-C bond dissociation are much more
deeply studied than on Pt catalysts. For example, Miller et al.[™8! compared the C-C cleavability
of ethanol and glycerol with Au@Pd nanoparticles (Pd shell covering Au core) and hypothesized
that adjacent alcohol groups are needed for this bond cleavage. According to Coutanceau et al. 5%,
the cleavage of C-C bonds is subject to the adjacent sites on Pd terraces, as both the primary and
secondary carbon atoms are supposed to be adsorbed on the crystal plane for this process. The
preferential deposition of Bi on Pd(111) rather than Pd(100) remarkably reduces the availability of
adjacent Pd atoms, therefore lowering the ability of C-C cleavage. With the change in the amount
of deposited Bi, the surface rearrangement from Bi monomers to islands leads to fluctuation of Pd
atom adjacency and consequently affects the C1/C2 selectivity. '¥ Interestingly, GEOR occuring
at Bi-modified Pt(111) electrode!™ has also been widely studied, which usually shows an increased
DHA selectivity. However, the interpretation of this phenomenon given by Koper’s group is that the
adatoms of Bi promote the isomerization reaction of the enediol intermediate!®3 towards DHA. In
addition, Shishido et al.[8! tested the oxidation of glycerol on Bi-modified Pt (non-electrochemical)
and found that the preferred conversion towards DHA is due to the chelation effect promoting the
oxidation through secondary OH groups.

10



Additionally, a large number of studies have been directed to the catalytic activities of spe-
cific Pd crystal planes. For example, Pd(100), which is prominent in some nanostructured Pd
catalysts, 2! is found to outperform Pd(111) in terms of the catalytic efficiency,®-81:%2] as it can
adsorb glycerol more easily. °*:*2l Furthermore, GEOR through the primary carbon on Pd(100) has
been demonstrated in studies showing high selectivity towards glycerate[®3! and tartronate.[* In
fact, comparative studies of the catalytic activity of different crystal planes of noble metals are
highly valued in the illustration of reaction mechanisms, which include not only the comparison
between undercoordinated planes like (111), (100) and (110), but also between low-index planes and
high-index planes. For example, Pd(520), as a high-index plane with many kinks and steps which
promote bond dissociation of glycerol, was found to have a higher catalytic activity compared to
low-index planes. 1185 However, the Ferndndez group tested the catalytic activity of Bi and Pb-
modified Pt (both polycrystalline and low-index planes) and concluded that the undercoordinated
planes are more electrocatalytically active in GEOR, once the poisoning effect is suppresed by the
adatoms on such planes.[®8] Their work is a reminder that any conclusions regarding the catalytic
activity of certain crystal planes need to be made carefully, and the effect of adsorbates on the
activity of electrodes needs to be considered.

2.3 Gold

The most important feature for GEOR occuring at Au electrodes is that GEOR only occurs with a
noticeable current in alkaline media, and therefore most of the GEOR studies with Au electrodes are
carried out in basic solutions. As shown by Koper et al.,[** in strong alkaline condition the initial
deprotonation of alcohol is catalyzed by base instead of metal (as mentioned above). Therefore the
reactive species of GEOR  in strong alkaline condition is glyceroate due to the deprotonation of H,,
(scission of O-H). The electrooxidation continues with the deprotonation of Hg (C-H scission) 86!
According to Roy et all87 and other researchers,®8 deprotonation of Hp is the rate-determining
step of GEOR on Au, which differs completely from Pt and Pd.

Also, DFT studies showed that the adsorbed OH on Au surfaces lowers the activation barrier
and thus facilitates the dissociation of C-H and O-H bonds[®¢!. In fact, researchers found that
glycerol anchors to Au-OH(ads) for deprotonation and subsequent adsorption, (89-91] which leads to
the production of glyceraldehyde at lower overpotentials in weak and strong alkaline conditions [Eq.
(8-9)],187) and therefore both OH(ads)-covered and free surface sites of Au must be present for the
dissociative adsorption to proceed. 2] Fortunately, free sites of Au without adsorbed OH are always
available, as the maximum OH(ads) coverage on Pt (at 0.85 V) and Au (at 1.3 V) is estimated to
be around 0.4-0.5 monolayers. 3] Some researchers believe that glycerol can be oxidized directly to
glycerate rather than via glyceraldehyde under alkaline condition, ¥ which implies the existence
of another reaction pathway.

RCH;OH(ads) + Au — OH(ads) + OH™ — Au+ RCHO + 2H;0 + e~ (8)

RCH20™ (ads) + Au — OH(ads) — Au+ RCHO + H,0 + e~ (9)

The Au(111), Au(100) and Au(110) surfaces are all reportedly GEOR-active, ¥>%] among which
Au(111) has the lowest surface energy and highest catalytic activity. 97.98] However, a study com-
paring the onset potential of OH(ads) formation on (111), (100) and (110) facets of Au showed
that Au(110) is the most active one for OH(ads) formation as it has the lowest onset potential of
GEOR, followed by (100) and lastly (111).[9]

The fully filled d-band of Au is believed to hinder the bond formation with free radicals of
dissociated alcohols, which is one of the explanations of the reduced catalytic activity of Au.[100:101]
Nevertheless, this feature prevents both the poisoning effect (CO existing as COg [102]) and the
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formation of Au-OH(ads).!'%3] Tt is noticeable that the poisoning effect reportedly plays a positive
role on the efficiency of Au-GEOR (possibly due to the promotion of OH(ads) formation on Au(111)
and Au(100) by CO(ads)) 104 197)> This is supported by an experiment carried out using SERS to
monitor CO(ads) on Au electrode, showing that the onset potential of OH(ads) formation becomes
much lower in the presence of CO(ads)['%8]. The researchers proposed that the potential of zero
charge (PZC) for Au is shifted downward by CO(ads) so that the formation of OH(ads) is promoted.

GEOR on Au is able to highly oxidize glycerol into C1 products, or highly oxidize glycerol into di-
carboxylates. Researchers found that Au can adsorb both primary and secondary carbon atoms!”")
and it favors C-C bond cleavage towards COs at potentials higher than 0.9 V vs RHE.[36.109,110]
The ability to cleave C-C bonds has also been reported by Ottoni et al.®?] using PdsoAusg/C, and
only C1 products (formate and carbonate) are identified. Similarly, Yongprapat et al. (111 reported
a higher selectivity towards formate (>60%) at potentials from 0.2 to 0.4 V vs Hg|HgO. Highly
oxidized GEOR products are also commonly identified, which is attributed to a possible mechanism
of simultaneous adsorption of either both of the terminal carbon atoms !’ or all three carbon atoms.
Oxalate and formate are identified as main oxidation products (>0.95 V vs RHE) by Garcia et al.[*%]
Tartronate was reported to be produced at a low overpotential (lower than 0.45 V vs RHE) (112] op
with a low ratio of glycerol concentration to the surface area, while the secondary hydroxyl group
can be oxidized between 0.45 and 0.9 V.['13:114] The reported generation of other products includes
DHA and 2,3-dihydroxypropenal, which were produced at 0.39 V vs RHE, whereas glyceraldehyde
can be produced at 0.6 V vs RHE, which means that secondary alcohol oxidation is facile at low
overpotentials. 11%116] One possible explanation is that Au(100)-OH(ads) favors the deprotonation
of secondary carbon atoms. 9!

2.4 Nickel

The demand for new catalysts with lower cost of production has stimulated the development of Ni-
based catalysts which exhibit a decent activity compared with noble metals. " Fundamental studies
have shown that the catalytically active 5-NiOOH (generated at 1.3 V vs RHE from /-Ni(OH)3)
is responsible for the oxidation of glycerol as well as other alcohols. The mechanism proposed by
Fleischmann et al. (also called the indirect electron transfer pathway, see [Eqs. (10) and (11)])
described the oxidation of hydroxyl groups by the reduction of S-NiOOH, which is demonstrated
by the observation that no reduction peak appears during the cathodic scan. By contrast, other
researchers argue that the alcohol diffuses through the surface and reacts with OH™ on the surface
to get oxidized (direct electron transfer pathway).[117-118]

Existing reports show that Ni is capable of cleaving the C-C bond,®''% and it is very likely
to convert glycerol into C1 products and produce COq (carbonate).[uo] Oliveira et al.% reported
that formate was produced as the major product at 1.6 V vs RHE, while glycolate and glycerate
were identified as minor products. Additionally, they also found that switching potentials between
1.6 V and 1.9 V did not strongly affect the selectivity, since glycerate, glycolate and formate were
produced in both cases, except the production of CO, above 1.70 V.[121] So far, the reaction pathway

of C-C bond cleavage (e.g. towards to production of formate [9*122]) is still unclear.
B-NiOOH + R — CH,OH + OH™ — -Ni(OH),+H20 + R — CHO + e~ (10)
R — CHO 4+ 30H™— R — COO™ +2H50 + 2¢~ (11)

In the presence of glycerol, oxygen evolution on NiOOH is shifted to a higher potential,¥) which
indicates that NIOOH prefers generating intermediates of GEOR instead of generating OH(ads). (122]
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2.5 Summary

In general, many observations with respect to GEOR under various conditions have implied that
the oxidation of a primary alcohol group into a primary carboxylate or carboxylic acid is likely
to inhibit the oxidation of other alcohol groups.!'%?! As evidence, the production of glyceralde-
hyde/glyceric acid and glycolic acid, is favoured over production of tartronic acid, mesoxalic acid
and oxalic acid. Also, compared with the easily produced DHA and glyceraldehyde, the production
of hydroxypyruvic acid is rarely found, which could be because the oxidation of either a primary
alcohol group or a secondary alcohol group would make it more difficult for the oxidation of the
remaining group. A second explanation could be the lower possibility of having both terminal car-
bon atoms and secondary carbon atom simultaneously adsorbed on (111) planes for the oxidation
to occur. Similar observations include the one illustrated by Miller et al.[™8 that diols with two
alcohol groups on adjacent carbon atoms tend to be oxidized into mono-carboxylates, while diols
without this adjacency can be oxidized into di-carboxylates or ketones.

3 General Discussion

Detailed analysis of the reaction mechanisms of GEOR is always hindered by the uncertain inter-
pretations of observed results. This issue is worsened by vaguely using words such as “favor” and
“improve”, because in some cases these words describe the efficiency of GEOR reactions, and in
other cases they mean a higher selectivity towards certain products. Many of the controversies
might have been resolved if the exact meaning of these descriptions were given.

Since the 1990s, in-situ FTIR has been used for monitoring electrochemical interfaces. '23 In the
last decade, this method has been applied to the identification of the adsorbates and intermediates
during GEOR. So far, many peaks / bands of IR spectra have been assigned to specific vibrational
modes. 9124 Nevertheless, controversies of peak identification still exist as the convolution of peaks
may mask weak bands or shift the center of peaks. Overall, several facts can be confirmed by
interpreting IR spectroscopic results.

In many GEOR studies by FTIR, Pt and Pd electrodes show three “stages” (denoted as Stage I,
IT and III here) as the overpotential is increased. [33-°7:61.64] Initially in Stage I, at low overpotentials
which do not facilitate the formation of OH(ads), a complete decomposition of glycerol can occur,
which is confirmed by characteristic peaks of COy, (mostly at Pt(111) and Pt(110)) and COp (mostly
at Pd and Pt(100)) (see Figure 4a-4c), together with the parallel production of glyceraldehyde. %!
Another proof of complete dissociation is that an experiment using isotope-labelled terminal carbon
atoms show that CO(ads) are generated from both terminal and secondary carbon atoms (see Figure
4d).571 When the potential is above approximately 0.6 V into Stage II, the bands of CO(ads)
disappear (see Figure 4e), shrink or remain unchanged (rarely seen), indicating that the amount of
CO adsorbed on the surfaces of Pt and Pd stop increasing. [°®! Meanwhile, carboxylates are rapidly
produced and accumulate, as revealed by the complexity of spectra in the range of 1100-1600 cm™'.
The beginning of the last stage is characterized by a steeply rising peak at 2343-2345 cm™ (usually
above 1.0-1.1 V vs RHE), which translates into the evolution of CO;. At the same time, the peaks
of carboxylates stop rising. The staging demonstrated in this paragraph can be clearly indicated
by the change in the IR intensities of CO(ads) and CO; (see Figure 4e).

Au is a special case as it very rarely produces CO(ads), and therefore COy production is also
limited (even though a short peak at 2343 cm™ can be seen for some cases). Carboxylate peaks are
usually seen, and are the only features in the FTIR spectra for Au.[77:91]

It is believed by many researchers that the capacity of Pd to cleave C-C bonds of glycerol is
weaker than Pt (referred to here as Proposition A),[25] This proposition is usually supported
by two empirical observations: (1) a larger portion of C3 intermediates is often reported from Pd

13



Figure 4: In-Situ FTIR spectra of glycerol electrooxdation with Pt catalysts and the analyses of
adsorbed CO on Pt. (a-c) In-situ FTIR spectra of GEOR on Pt monocrystalline in 0.1 M glycerol
with 0.1 M HCl1O4 or HySO4. (Reprinted with permission from Ref (61] " with annotations in red
and blue. Copyright © 2012 Elsevier Ltd. All rights reserved.) (d) In-situ FTIR spectra in the
presence of 0.255 M 3CH,OH-'2CHOH-'3CH,OH + 0.1 M HCIO,4. (Reprinted with permission
from Refl®”!| with annotations in red. Copyright © 2012 Elsevier Ltd. All rights reserved.) (e)
Normalized absorbance of CO and CO5 for GEOR at different potentials (0.1 M glycerol with 0.1
M HCIO,) (Reprinted with permission from Ref’®!, with annotations in blue. Copyright © 2011
Elsevier Ltd. All rights reserved.)
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Table 1: Reported onset potentials of GEOR, OH adsorption, and surface oxide formation with Pt

and Pd electrodes. Potentials vs RHE unless otherwise stated
Onset Potentials

Pt Pd
GEOR  0.05 V for (110),(100)%T 0.4 V64, 0.6 VI
OH(ads) 0.4 VI 0.5-0.6 V20 0.15 V vs HgO[1%9]
Oxide 0.5 V193] 0.5 V130l .67 VI3 0.7 vIT4

catalysts than Pt,[*% and (2) the current density of Pd obtained in cyclic voltammetry is much
lower than Pt (see Figure 5a).[29] In fact, this conclusion is doubtful, as there are many spectra
comparing Pt and Pd catalysts showing that the onset potentials at which CO(ads) is formed on
the surface of Pt and Pd are very close (see Figure 5b-5¢), and both Pt and Pd can catalyze
glycerol oxidation to produce large amounts of COy at high potentials in Stage III (see Figure
6). [50,59,62,64,125,126] Comparative DFT studies are strongly needed to justify this proposition. DFT
studies conducted by Rangarajan et al. [127] investigated the energetically favored reaction pathways
of GEOR at Pt and Pd electrodes and found that both Pt and Pd favor C-C bond scission (after
three deprotonation steps) over C-O bond scission, which matches what was found by Greeley et
al.[*!. Liu and Greeley!'?®! also revealed that the decomposition energetics of glycerol on Pd (111)
and Pt (111) are similar, with Pd (111) having a higher C-C scission transition state energy.

Proposition A becomes clearer if it is combined with three other observations: (1) higher over-
potentials and alkaline electrolytes lower the cleavability of C-C bonds on Pt,[16:36] whereas they
improve the C-C bond dissociation on Pd.[74.76.77] (2) GEOR occurring on the surface of Pd is
usually in alkaline conditions as its activity (current density) is very limited in acidic solutions
compared with Pt.[1] (3) The difference between the onset potentials of rapid GEOR and OH(ads)
formation are much closer in the cases of Pd than Pt (see Table 1).

Based on these three widely reported observations, it is important to re-visit Proposition A, as
researchers tend to use this proposition but not to consider the effect of OH(ads) on deprotonation
in different stages. In Stage I, the dissociative adsorption of glycerol on Pd is very slow, and only a
few researchers detected CO(ads) signals at low overpotentials (e.g. 0.3 V vs RHE) where there is
no OH adsorption. Under circumstances where OH(ads) is generated and promotes the dissociative
adsorption of glycerol, Pd catalysts share a similar selectivity towards C2/C1 products with Pt.
Higher overpotentials and alkalinity of electrolytes can bring both Pd and Pt to a stage where
OH(ads) acts as a major reactant with glycerol. On one hand, as illustrated by [Eq. (5)], OH(ads)
is able to convert poisoning species CO(ads) into CO, via a Langmuir-Hinshelwood mechanism.
On the other hand, glyceric acid, glycolic and formic acid can be produced via the production of
carboxylates [Eq. (7)], which means that a large portion of oxidized glycerol is directed to carboxy-
late (mainly glycerate!*0:°%:132:133]) ‘yather than completely oxidized into CO(ads). As the current
density under such circumstances is much higher than for low-overpotential / acidic conditions,
aside from the production of carboxylates which are represented by multiple IR bands overlapping
each other, many researchers report increasing generation of COs due to the fast depletion of OH™
at the working electrode, while others find an increase of the IR band of carbonate (exemplified
by Lima et al.37 and deSouza et al. [134]). Therefore, “selectivity” can be hard to determine as
it is very challenging to quantify the IR bands of different products and intermediates measured
in real time. When referring to Proposition A, researchers are strongly encouraged to clarify
the experimental conditions, and emphasize whether they mean the selectivity of GEOR towards
C1/C2 or C3 products.

As the potential increases from Stage II to Stage I1I, the peak intensities of carboxylates basi-
cally remain unchanged after rapidly rising in the beginning of Stage II (in both acidic and alkaline
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Figure 5: Cyclic voltammograms and In-Situ FTIR spectra and of glycerol electrooxidation with
Pt and Pd electrocatalysts. (a) Cyclic voltammetry showing GEOR with Pt, Pd, and Au at room
temperature (0.1 M glycerol + 1.0 M NaOH electrolyte). (b-c) In-situ infrared spectra of GEOR
with Pt/C and Pd/C working electrodes (Reprinted with permission from Ref!*’!, Copyright ©
2009 Elsevier B.V. All rights reserved.).
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Figure 6: In-situ FTIR potential-dependent spectra of GEOR with Pt and Pd catalysts. (a) 0.5
M glycerol in 0.1 M NaOH on Pt(111). Potential: 0.05 to 0.9 V; (Reprinted with permission from
Ref%2], © 2017 Elsevier B.V. All rights reserved.) (b) 0.2 M glycerol in 0.5 M H,SO4 solution with
Pt(111) (Reprinted with permission from Ref(®%!, © the Owner Societies 2016) (c) 0.05 M glycerol
& 0.1 M HC1O,4 with Pt nanoparticles (Reprinted with permission from Ref (125] " Copyright © 2014
Elsevier B.V.) (d) 0.1 M glycerol in 0.1 M NaOH electrolyte at 1 mV s=! on Pd/C (Reprinted with
permission from Ref(®4, Copyright © 2013 American Chemical Society) (e) 0.1 M glycerol in 0.1
M NaOH on Pd/C (Reprinted with permission from Ref'?6!, © Springer Science+Business Media
New York 2013) (f) 0.1 M glycerol in 0.1 M NaOH at Pd. Scan rate: 1 mV s~! (Reprinted with
permission from Ref®"!, Copyright © 2015 Elsevier Ltd. All rights reserved.) IR bands of CO,
(2343 cm™1) or carbonate (1398 cm™!) are highlighted by dashed rectangles in red.
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Figure 7: Previously reported reaction pathways of glycerol electrooxidation. (a) The glycerol oxi-
dation mechanism on a Pt electrode in acidic media. (Reprinted with permission from Ref!?%!, Copy-
right © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) (b) Proposed reaction scheme
for glycerol electrooxidation on PdNi/C and PdAg/C nanocatalysts in alkaline medium. (Reprinted
with permission from Refl®4, Copyright © 2013 American Chemical Society) (c¢) Schematic sug-
gested pathways for glycerol electrooxidation on Pt surfaces in acid medium (Reprinted with per-
mission from Ref'”) © Springer Science+Business Media, LLC, part of Springer Nature 2018) (d)
Proposed reaction pathways for glycerol oxidation in alkaline solution on AuPt catalysts. (Reprinted
with permission from Ref*%, © 2017 Elsevier Inc. All rights reserved.)

conditions), while evolution of COy becomes a major feature. Another proposition proposed by
researchers (Proposition B) is that the massive production of COs in Stage III (usually above
1.0-1.1 V vs RHE) is due to the electrooxidation of carboxylate intermediates. In almost all GEOR
studies reporting the generation of COs or carbonate, they are produced from the oxidation of
formic acid / formate (which is produced from the oxidation of other C2/C3 intermediates). How-
ever, there are several GEOR studies proposing the production of COy / carbonate directly from
glycolic acid / glycolate, 84:135] oxalic acid / oxalate[114132] "and tartronic acid / tartronate [50,56]
This proposition is usually developed into a reaction mechanism that attributes the production of
C1/C2 products to the electrooxidation of C2/C3 intermediates (see Figure 7).[17:30:36.641 A cau-
tious verification of Proposition B requires two aspects: (1) showing that these C3/C2 intermediates
have a relatively higher probability to be further oxidized than glycerol, and (2) how CO, / formate
/ C2 intermediates are produced at high overpotentials in Stage IT and Stage III.

Exemplified by a Pd and a PdAg electrodes, at a constant potential (e.g. 0.8 V vs RHE [64]) where
there is no COy production observed, the peak intensities of carboxylates increase versus time, but
the ratio of the intensities remains the same (see Figure 8a-8b). Also, the HPLC results displayed
in Figure 8¢-d*%! shows that the percentage of each side product remains the same throughout the
electrooxidation, showing that no significant amount of any side product is further oxidized into
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other side products. Similarly, as shown in Figure 8d (PtFe composites oxidizing glycerol towards
tartronic acid under alkaline conditions[l?’ﬁ])7 the rapid conversion from glycerate into tartronate
and other side products occurs only after the complete depletion of glycerol. This strongly supports
the fact that C3 intermediates can be oxidized into other highly oxidized products, but only in the
absence of glycerol. Also, Koper et al.[?3 compared the current densities of oxidizing glycerol,
glyceraldehyde and DHA using Pt(111) and Pt(100) under acidic conditions. The results (Figure
8e) reveal that the current densities of glyceraldehyde and DHA oxidation are approximately one
order of magnitude smaller than the current density of GEOR, which indicates that glycerol has
higher reactivity than glyceraldehyde and DHA. (Very few researchers have ever reported C-C bond
cleavage of tartronic acid and mesoxalic acid. Also, no studies have compared the current densities
of C2 intermediates with that of glycerol.) Considering the massive production of COy monitored
by in-situ FTIR, it is unlikely that the majority of CO, originates from intermediates (except from
formic acid / formate), as they are outnumbered by glycerol. In those GEOR studies in which
formate was reported as a major side product, the portion of COs production directly from glycerol
(through CO(ads), which is produced from the full dissociation of glycerol) or from the oxidation
of formate needs to be carefully assessed before proposing reaction pathways.

Generally, the rapid generation of CO4 at higher overpotentials is regarded as a sign that the
cleavage of C-C bonds is accelerated at such potentials. However, inspecting the spectra (Figure
9a-9b) obtained by Camara et al.['3% at PdRh electrodes, the peak at 1574 cm™' (carboxylate)
kept rising (although slowly) as the potential increased from 0.63 V to 1.3 V when 1 M KOH
was used to better maintain the pH of the electrolyte at the interface. This observation shows
that the levelling off of peak intensities of carboxylates at potentials above which the signal of
CO; is detected is due to the complete consumption of hydroxide in the interface region, rather
than the higher overpotentials favoring (a higher selectivity) C-C bond cleavage of glycerol and
C3 intermediates. However, since the complete oxidation of glycerol into carbonate consumes 20
hydroxide ions per molecule of glycerol, the alkalinity of the electrolyte cannot be easily maintained
if the applied potential facilitates a fast oxidation. It is also observed that the peak of CO(ads)
vanishes at different potentials (or not at all throughout the whole potential range) in various
studies.798] A widely accepted explanation is that the band intensity of CO(ads) depends on the
rate of its generation and consumption, ! thereby a fast consumption of CO(ads) would lead to an
earlier disappearance of the CO(ads) peak. In acidic conditions, only Pt(100) exhibits more C-C
bond cleavage in Stage IT and conversion into COs (see Figure 4b).[61]

Based on the explanation given in the above paragraphs, Proposition B is unlikely to be true.
Combining both propositions that are discussed in this section, a full picture of GEOR with Pt
and Pd catalysts can now be presented. It is most likely that C3/C2/C1 “intermediates” (or side
products) of GEOR are generated from both resources, that is, directly generated from glycerol
(mainstream) and indirectly generated from intermediates that are lightly oxidized (minor). The
overpotentials and the alkalinity of the electrolytes are the most important factors controlling the
portion of each. Therefore, a new reaction mechanism that differs from previously presented reaction
pathways (exemplified by reaction pathways shown in Figure 7a-d) is proposed in Section 4.

4 Parallel Pathways Proposed as the Major Reaction Mech-
anism of Glycerol Electrooxidation

Recent GEOR studies have proposed many reaction pathways and mechanisms, contributed by,
among others, the groups of Koper[39:33:34] " Coutanceau > 7137 Fernandez 373842134 and Mar-

tins17:84138] - Soluble intermediates and products are well established by experiment, but evidence
for surface-adsorbed intermediates comes mainly from DFT studies. Overall, a well-established
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Figure 8: In-situ FTIR spectra, HPLC results and cyclic voltammograms showing the results of glyc-
erol electrooxidation with various electrocatalysts. (a-b) FTIR spectra recorded during chronoam-
perometry in 0.1 M NaOH + 0.1 M glycerol on Pd/C and Pd;gAgso/C catalysts at 0.8 V vs RHE.
(Reprinted with permission from Refl04), Copyright (©) 2013 American Chemical Society) (c¢) AuPt
(15% Ptgyrp) with applied potential of 0.45 V vs RHE in 0.5 M glycerol & 1 M KOH solution
in 12 h. (Reprinted with permission from Ref®%!, © 2017 Elsevier Inc. All rights reserved.) (d)
concentration-time profiles on the annealed PtFey 5 catalyst (GLY: glycerol, GLYA: glyceric acid,
TAR: tartronic acid, Others: lactic acid, formic acid, etc) in 0.43 M glycerol + 1.2 M KOH solution
(Reprinted with permission from Ref('36], Copyright © 2017 American Chemical Society) (e) Cyclic
voltammograms for 0.1 M of glycerol, glyceraldehyde, and DHA oxidation on Pt(111) (black line)
and Pt(100) (red line) electrodes in HCIOy, respectively. (Reprinted with permission from Ref!?3],
Copyright (© 2016 American Chemical Society)
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Figure 9: In-situ FTIR spectra in (a) 0.1 M and (b) 1.0 M KOH + 0.1 M glycerol on PdRh.
(Reprinted with permission from Ref13%!, © 2013 Elsevier B.V. All rights reserved.)

mechanism of GEOR in terms of individual reaction steps has not yet been presented. Based on
the experimental results from many GEOR studies, an approach to illustrate the reaction mecha-
nism through the initial dissociative adsorption of carbon atom which interpretes the behavior of
Pt, Pd and Au is proposed below, which awaits reliable experimental results for full validation. It
explains how a high selectivity towards C-C bond cleavage, glycerate, or DHA is achieved, and also
explains many common observations and hypotheses. It should be noticed that as C-adsorbates are
more stable than O-adsorbates, the reaction pathways that involve O-adsorbates are not mentioned
here. Also, as GEOR through C-adsorption involves many pathways which may co-exist during
the reaction, in this section we focus on the major pathways that lead to full dissociation and
production of carboxylates.

4.1 Dual Pathways of Deprotonation Processes on Pt, Pd, and Au

Different from the model shown in Figure 10a presented by Camara et al. 7/, DFT studies [33:115,132,139-141]
have shown that glycerol molecules can contact the (111) facet of Pt, Pd, and Au through carbon
atom and / or oxygen atom (as shown in Figure 10b-d). However, the C-adsorption pathway is
more involved in C-C bond cleavage, as M-CO(ads) is commonly seen in GEOR, and has been
widely accepted as the main poisoning species generated from the C-adsorption pathway for the
electrooxidation of methanol, and formic acid.

It has been clearly and extensively proven that Pt(111), Pt(100) and Pt(110) are able to catalyt-
ically oxidize glycerol in acidic solutions at potentials which cannot generate OH(ads) (e.g. below
0.5V vs RHE). [57.58,61] This complete oxidation of glycerol triggers the widely recognized poisoning
effect caused by adsorbed species. This observation indicates that base catalysis is not the only
way through which O-H cleavage and dehydrogenation can occur. Instead, it is more likely to be
one of several possible ways. In acidic conditions, on Pt(100), Pt(110) and Pt(111) facets, both
primary and secondary alcohols may oxidize through [Eqs. (12)-(17)] or [Egs. (18)-(19)]. Please
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Figure 10: Schematic illustration and DFT studies of GEOR on various metallic electrocatalysts.
(a) Schematic illustration of GEOR on Pt nanoparticles towards the production of COs (reprinted
with permission from Refl’”), Copyright © 2012 Elsevier Ltd. All rights reserved.). (b) Schematic
illustration of DFT results of GEOR on gold in alkaline medium (reprinted with permission from
Ref'15] Copyright (©) 2018 American Chemical Society). (c) Glycerol adsorbed on Pd(111) (left)
and Pdg 77Pbg.23(111) (right) using DFT calculations (reprinted with permission from Refl139! ©
Springer Science+Business Media, LLC, part of Springer Nature 2018). (d) Schematic illustration
of DFT results of glycerol binding on Pt in acidic medium (reprinted with permission from Ref[!3?!
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).
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be reminded that as proposed by Koper et al., the second deprotonation may occur initially on
carbon atom, but a proton can be transferred to the primary carbon atom from the primary OH
group. 33] The partial deprotonation at a primary carbon produces glyceraldehyde and deprotona-
tion at the secondary carbon leads to DHA. 33! In addition, complete deprotonation at a primary
carbon generates CH,OHCHOHCO (ads),'*? which is an intermediate leading to C-C bond cleav-
age. This cleavage is shown by the production of CO(ads) in acidic conditions and the subsequent
evolution of COs. This pathway from glycerol to glyceraldehyde, DHA and CO(ads) is called here
the acidic (OH-free) pathway (asterisks indicate C atoms bonded to the surface; two asterisks
mean bonding to two metal atoms):
Acidic pathway:

site + CH,OHCH(OH)CH,OH — CH,OHCH(OH)C*HOH (ads) + H' +e~ (12)
CH,OHCH(OH)C*HOH (ads) — CH,OHCH(OH)C*OH(ads) + H" +e~ (metal=C double bond)

Or CH,OHCH(OH)C*HOH (ads) — CH,OHCH(OH)C*HO(ads) + H 4¢~ ( ;
CH,OHCH(OH)C*OH(ads) + site — CH,OHCH(OH)C**O(ads) + H* +e~ (15)
Or CH,OHCH(OH)C*HO(ads) + site — CH,OHCH(OH)C**O(ads) + H 4e~ (16)
CH,OHCH(OH)C**O(ads) — CH,OHCH(OH)C*O(ads) + site (17)

site +CH,OHCH(OH)CH,OH — CH,OHC*(OH)CH,OH(ads) + H +e™ (18)
CH,OHC*(OH)CH,OH(ads) — site+ dihydroxyacetone +H ' +e~ (19)

Reaction mechanisms differ significantly when OH is present under alkaline condition or at high
overpotentials in an acidic solution. Pt-OH(ads), which is produced via Eq. (20) and Eq. (21) in
basic and acidic solution, respectively, promotes the deprotonation of glycerol. From Eq. (22) to
Eq. (27), CHROHCHOHCO(ads) can also form on the Pt surface. (Egs.(22)-(24) show the produc-
tion of CHoOHCHOHCO(ads) in acidic condition at high overpotentials, while the production of
CH>,OHCHOHCO(ads) in strong base is displayed as Egs. (25)-(27)) However, instead of removing
this adsorbate through C-C bond cleavage, a reaction between CH,OHCHOHCO(ads) and OH(ads)
can occur rapidly to convert this intermediate into glyceric acid / glycerate (Eq. (29)), followed by
its desorption. Behm et al.[®%! has shown that in the potential range of 0.6-0.7 V, over 95% of the
current goes to incomplete oxidation of glycerol. Presumably, this OH(ads)-present pathway
tends to oxidize glycerol all the way to glyceric acid while also producing glyceraldehyde and DHA
(Egs. (30)-(31)).

OH (ads)-present pathway:

OH™ — OH(ads) + e~ (20)
site +H,O — OH(ads) + H +e~ (21)
OH(ads) + CH,OHCH(OH)CH,OH — CH,OHCH(OH)C*HOH (ads) + H,0 (22)

CH,OHCH(OH)C"HOH(ads) + OH(ads) — CH,OHCH(OH)C*HO(ads) + site + H,O0  (23)
CH,OHCH(OH)C*HO(ads) + OH(ads) — CH,OHCH(OH)C**O(ads) + H,O (24)
OH™+CH,;OHCH(OH)CH, OH — CH,OHCH(OH)CH, O~ +H,0 (25)
CH,OHCH(OH)CH, O~ +0OH(ads) — CH,OHCH(OH)C"HO ™ (ads) + H,O (26)
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CH,OHCH(OH)C"HO™ (ads) + OH(ads) — CH,OHCH(OH)C"*O(ads) + H,O + e~ (27)
CH,OHCH(OH)C*0O(ads) — CH,OHCH(OH)C*O(ads) + site (28)
CH,OHCH(OH)C*O(ads) + OH(ads) — CH,OHCH(OH)C*OOH (ads) + site (29)
OH(ads) + CH,OHCH(OH)CH;OH — CH,OHC"(OH)CH;OH(ads) + H,O (30)
CH,OHC*(OH)CH,OH(ads) + OH(ads) — 2M+ dihroxyacetone +H,O (31)

However, the generation of glyceraldehyde as a final product can be suppressed as glycer-
aldehyde deprotonates again by reacting with OH(ads) to give CHoOHCHOHCO(ads) via an
Eley-Rideal mechanism.”) Given the observation that the removal of CO(ads) with OH(ads)
is the rate-determining step, the deprotonation steps are faster, which leads to a higher rate of
CH;OHCHOHCOOH(ads) and CH;OHCOCH>OH(ads) generation. Also, this interpretation suc-
cessfully matches the mainstream observations that C-C cleavage is favored in acidic solution and
at low overpotentials in Stage I. One good example for GEOR in acidic condition was presented
by Melle et al.['3], showing that glyceraldehyde has a tendency to be quickly deprontonated and
cleaved at polycrystalline Pt at overpotentials lower than 0.8 V, producing CO(ads) to poison
the surface. The absence of glyceric acid at such low potentials is because the pathway towards
CH,OHCHOHCOOH (ads) competing with the pathway of C-C bond cleavage does not exist under
these conditions.

According to many GEOR studies, Pd has a much higher d-band center and lower catalytic
activity compared to Pt.32 Also, it is observed that the catalytic activity of Pd is much inferior to
Pt without base-catalyzed deprotonations.*42] In addition, from cyclic voltammetry under alkaline
condition, the onset potential of observable GEOR is very close to the formation of OH(ads) (e.g.
within 100 mV) (see Table 1). These correlated results translate into a hypothesis that the acidic
pathway does exist in the case of Pd but is very limited. " Instead, the OH(ads)-present pathway
is definitely the main pathway for GEOR occurring on Pd, supported by the fact that very few
GEOR studies with Pd were conducted under acidic condition. This proposition perfectly explains
the positive role OH™ plays in Pd catalysts in cleaving C-C bonds, because the formation of Pd-
CH>,OHCHOHCO(ads) can only be promoted by OH through the OH(ads)-present pathway, in
contrast to its negative impacts in the case of Pt.

With the addition of adatoms like Bi and Sb, two observations are usually obtained with Pd
and Pt catalysts, that is, higher selectivity towards DHA and reduced ability to dissociate C-C
bonds (detailed in Section 5). Researchers have presented the theory that oxidation through a
primary carbon relies on the presence of three adjacent Pt(111)/Pd(111) sites, and the introduc-
tion of Bi can disturb this vicinity and thus disable this pathway. This explanation is consistent
with the mechanism proposed here, as the reduced number of vicinal Pt/Pd atoms affects both
acidic and OH-present pathways towards CHoOHCHOHCO(ads), and therefore the intermediates
(glyceraldehyde, glyceric acid, C1/C2 products) produced via these processes are suppressed.

Distinct from Pt and Pd, Au shows no catalytic activity through the acidic pathway as the
vast majority of researchers reported. This is supported by the fact that the onset potential of
GEOR matches the onset potential of Au-OH(ads) formation under alkaline conditions. [37-91:144]
Compared with bare Au, Au-OH(ads) has a much higher ability to break C-H bonds and O-H
bonds, and therefore a high activity of GEOR (large current density) is commonly reported. (86
CH>;OHCHOHCO(ads) on the surface of Au(111) can be converted very easily into C1/C2 prod-
ucts,®!) which is possibly due to the lowest d-band center among the three noble metals (-3.56
eV) 32l destabilizing RCO(ads). Besides, it has been widely reported that CO(ads) can further
lower the d-band center of Au (e.g. 3 eV for Au monomer['*9]) as the 5d bands narrows and the
number of states reduces near Ep(Fermi level), which implies a promoting effect of CO(ads) on the
catalytic activity of Au. A lower d-band center would increase the filling of the anti-bonding orbital
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of the adsorbed molecule and therefore facilitates the dissociation. The inexistence of the acidic
pathway may be a result of a surface covered by sulfate / perchlorate in acidic solution, disabling
the oxidation of glycerol.!11%]

4.2 Cleavage of C-C Bonds and Selectivity towards C1/C2 Products

The mechanism of dissociation of C-C bonds of CHoOHCHOHCO(ads) on the surface of met-
als still remains unclear as there are few mechanistic studies. However, it is clear that the fur-
ther reaction of CHoOHCHOHC*O(ads) has two directions, either through a cleaved C-C bond,
or through the reaction with OH(ads) to give glyceric acid / glycerate (as illustrated above in
Eq. (29) and below in Eq. (32)). Considering that glycerol can be adsorbed onto Pt(100) with
only one terminal carbon atom adsorbed and still generate CO(ads),[?’?’] two Pt-C chemisorption
bonds are presumably not a prerequisite for C-C bond cleavage. According to the previously re-
ported reaction mechanism of ethanol and propanol electrooxidation with respect to bond cleavage
(CH3CO(ads) — CH;(ads) + CO(ads), CH;CH, CO(ads) — CH,CHa (ads) 4+ CO(ads)), 22 poly-ols
with adjacent hydroxyl groups should have a much better reactivity as the newly adsorbed species
bear hydroxyl groups for further deprotonation and bond cleavage. Please note that after deprotona-
tion steps (Eq.(33)), the C-C bond dissociation proposed here (Eq. (34)) does not involve OH(ads)
and electron transfer. As a result of this cleavage, a poisoning species (CO(ads) or COp(ads)) is
formed, together with the generation of a new and shorter adsorbate with one fewer carbon (i.e.
CH>,OHCO(ads)), waiting for conversion into glycolic acid (Eq. (35)). Under this circumstance,
after deprotonation (Eq. (36)), C-C bond cleavage may occur the second time (see Eq. (37)),
generating more CO(ads) and C1 intermediates. It is clearly shown in many studies on methanol
electrooxidation at Pt that C1 intermediates can either be reacted into formic acid (Egs. (38)) or
deprotonated and left on the surface as the poisoning species CO(ads) (Eq. (39)).
GEOR to various products:

CH,OHCHOHC”O(ads) + OH(ads) — CH,0HCHOHC*OOH(ads) + M (32)
CH,OHCHOHC*O(ads) + site — CHOHC*OC*O(ads) + 2H" 42¢~ (33)
Or CH,OHCHOHC*O(ads) + 2 OH(ads) — CH,OHC*OC*O(ads) + 2H,0O + site
CH,OHC*OC*O(ads) — CH,OHC*O(ads) + CO(ads) (34)
Or CH,OHC*OC*O(ads) + site — CH,OHC*O(ads) + CO(ads)(COp)
CH,;OHC"O(ads) + OH(ads) — CH,OHC"OOH/(ads) (glycolic acid) (35)
CH,OHC*O(ads) + site — C*"HOC*O(ads) + 2H" +2e™~ (36)
Or CH,OHC*O(ads) + 2 OH(ads) — C*HOC*O(ads) + 2H, 0 + site
C*HOC*O(ads) — HC*O(ads) + CO(ads) (37)
Or C*HOC"O(ads) + site — HC*O(ads) + CO(ads)(COp)
HC*O(ads) + OH(ads) — HCOOH(ads) (formic acid)-+site (38)
HC*O(ads) — CO(ads) + H' +e~ (39)

Or HC*O(ads) + site — CO(ads)(COg) + H +e~

In summary, it is hypothesized that the R(H)CO(ads) intermediates, can react in two ways:
either reacting with OH(ads) to monocarboxylic acid / monocarboxylate, or degrading to
R®~1CO(ads) until they are fully oxidized to C1 products and intermediates (i.e. CO, / carbonate
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or formic acid / formate). This proposition is based on the fact that glycerol can be fully oxidized
to CO; on Pt, Pd and Au, together with the observation that glyceric acid and glycolic acid are
the most commonly seen products beside DHA. [10-12:49.146] This proposed mechanism also matches
the fact that oxalic acid, tartronic acid, and mesoxalic acid are not easily obtained unless a lower
ratio of glycerol concentration to the concentration of OH" is used,[2:36:46.112.147] which is likely to
involve the electrooxidation of DHA, glyceric acid and glycolic acid. Furthermore, this model also
supports the fact that glyoxylic acid, glycoaldehyde and formaldehyde are rarely found in most of
the studies.

Looking at FTIR results obtained with Pt and Pd (spectra in Figure 5 and 6), CO(ads) and
glyceraldehyde are generated in Stage I as a result of complete / partial deprotonation of a terminal
carbon atom in the absence of OH(ads) (as in acidic solutions, or at very low overpotentials in
alkaline solutions).[57’58’60] A trend towards carboxylic acid / carboxylate (mainly glyceric acid)
is initiated when OH(ads) is generated (in Stage II), which strongly directs the reaction pathway
towards carboxylate and therefore reduces the proportion of products from cleaved C-C bond. 7
(This reduction is enhanced by the alkalinity of the electrolyte.) As the overpotential progresses up,
a rapid consumption of hydroxide (up to 20 times of the amount of glycerol molecules consumed)
tends to re-direct the reaction pathway back to the acidic case.'3%] Therefore, more C1 /C2 products
and CQO, are generated in Stage III, which is synergized by the high overpotential applied to
overcome the energy barrier of C-C cleavage (not yet confirmed because of the uncertain local pH).
To sum up, a table (Table 2) lists the conditions for preferentially producing certain products from
GEOR, and a diagram summarizing the reaction mechanism proposed in this paper is shown in
Figure 11.
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Figure 11: Proposed reaction mechanism of glycerol electrooxidation on Pt, Pd, and Au.

In this model, since the reaction of R(™ CO(ads) into the degraded R =Y CO(ads) is competing
with other pathways towards carboxylates, a,, (C-C cleavage) and f3,, (conversion into R(")COOH)
are defined as the probabilities of these two processes, with the sum of «, and 3, to be 1. The
quantities «,, and f,, describe the preference of RCO(ads) towards each product, and therefore are
a function of overpotential 7, pH and the type of crystal plane ¢, i.e., a, (1, pH, €). The quantity
B, can be written as 1- «a,. Other factors possibly affecting «, include but are not limited to
temperature and pressure.

5 Electrocatalysts for Enhanced Efficiency and Selectivity
of GEOR

There has been significant recent research on bi-/tri-/multi-metallic nanocatalysts and composites
aimed at improving the efficiency of glycerol conversion and the selectivity towards certain products.
This section summarizes the achievements and also controversies with respect to the performances
of metallic catalysts reported so far. As Martins et al.[36] have commented, the properties of elec-
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trocatalysts used for GEOR are subject to preparation processes which vary significantly between
studies and between groups who conduct them. Also, conditions under which GEOR. occurs lack
uniformity, including even the choice of reference electrodes. It is barely possible to draw many
conclusions under such circumstances, and future researchers are strongly urged to standardize their
experimental conditions and give more mechanistic interpretations with tools like isotopic-labelling
studies.

As illustrated in Figure 12, many nanocatalysts with novel structures have been synthesized. |
Nanostructured catalysts (e.g. nano-dendrites, [21:1%5] nano-flowers) possess not only a higher spe-
cific surface area, but also the preferential growth on certain crystal planes. Also, they usually
enjoy a large number of step and kink sites, as well as high-index planes that have a higher activity
for catalysis. For example, Pd(520) has a higher catalytic activity compared with low-index planes.
The reason is that it has a higher density of kinks (with dangling bonds) and steps which weaken
the strength of C-C and C-H bonds. [11:85]

The catalytic performance of metallic electrocatalysts can be enhanced by alloying, introducing
skin or shell overlayers, or introducing ad-atoms. In general, many studies have proven that adding
other metals (e.g. oxophilic metals like Rh, Sn and Ni [156]) which have a lower onset potential of OH
adsorption can efficiently prevent the CO poisoning effect on the modified metal surface.199 Like
metallic catalysts, metal oxides (e.g. NiO (157 CeO, [158}), especially those with oxygen defects, (89
are also able to provide OH(ads) at a lower potential than the catalyst they modify.

Catalytic activities also depend on the electronic structures of the metallic substrates. With
a downshifted d-band center, a metallic catalyst tends to adsorb more alcohol®? (presumably
the ability to cleave the C-H bond is improved) and form more M-OH(ads) which facilitates the
oxidation of CO to COs. In this case, an overlap of the electronic orbitals of substrate metals (e.g.
Pt (5d)) and transition metals (3d/4d) can occur, " which leads to a lowered d-band center and
a destablized binding of intermediates. Researchers have revealed that amphoteric metals (e.g. Al
and Ga) have similar effects as their 3p orbitals can mix with the Pt(5d) orbitals. %) This downshift
can also be induced by ad-atoms with a different work function, because they can induce electron
transfer from substrate metals (e.g. Pt) to them, lowering of density of states near Fermi level of
the substrate metals to reach an equilibrium between two metals, 2161 and this electron transfer
can prevent the oxidation of substrate metals.[*?) In addition, the lattice strain generated by ad-
atoms can also downshift the d-band center of the metal they modify, and the effectiveness of lattice
strain depends on the difference between their lattice parameters.'2] This downshift would cause
the back-donation of electrons from Pt (5d) to CO(ads) (2p*), which reduces the bond strength
of M-CO and promotes the CO removal.2142] Tt is also reported that the position of the d-band
center (associated with the binding energy of intermediates) can be modulated by the morphology
and shape of metallic nanoparticles. '3 The introduction of a second metal into the lattice may
lead to the lattice distortion. In the case of PtFe nanocomposites,*3%l a sublayer of Pt atoms is
generated, which transfers electrons to the surface of Pt. As a result, the d-band electron density
of surface Pt increases and promotes the cleavage of C-H bonds.

The ratio of metal A to metal B needs to be carefully determined since the introduced metal
atoms may rearrange the locations and distribution of surface atoms. On one hand, the coverage of
certain active sites!14 / crystal planes with a non-active metal (e.g. Ru preferentially deposited on
Pt(111)[164]) can decrease the efficiency of oxidation. On the other hand, it is noteworthy that the
product selectivity strongly depends on the type of metal introduced, as preferential deposition can
restructure the surface atoms. For example, a study on the “ensemble effect” with different ratios
of Ag to Pd yields Pd with different structures and properties with respect to adsorption. 2! Some
atoms favor the defective sites with higher energy, whereas others prefer to deposit on a certain
facet. ) It is well known that three vicinal sites (i.e. atoms) on (111) facets are required to oxidize
primary alcohols in the case of Pt and Pd. The reason is that the oxidation through primary

7,85,148-154]
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Figure 12: SEM pictures of various nanometallic electrocatalysts for GEOR. (a) Pd nanoden-
drites@rGO (Reprinted with permission from Ref[!*8!, Copyright © 2013, Hydrogen Energy Pub-
lications, LLC. Published by Elsevier Ltd. All rights reserved.), (b) Au single nanoparticle@SiOs
(Reprinted with permission from Ref (1491 " Copyright © 2014 Elsevier B.V. All rights reserved. ),
(¢) Ni nanosponges (Reprinted with permission from Ref [, © The Royal Society of Chemistry
and the Centre National de la Recherche Scientifique 2019), (d) PdAQ@WO,, nanobundles (Reprinted
with permission from Ref(3%!, Copyright © 2019 American Chemical Society), (e) PtSn nanocubes
(Reprinted with permission from Ref!'*%), © 2018 Hydrogen Energy Publications LLC. Published
by Elsevier Ltd. All rights reserved.), (f) PtCuCo hexagonal nanocrystals (Reprinted with permis-
sion from Ref['?1]| ©) 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All
rights reserved.), (g) PtCu nano-tripods (Reprinted with permission from Ref!'°?!| © The Royal So-
ciety of Chemistry 2018), (h) Pt nanowires (Reprinted with permission from Ref1%3]| @ The Royal
Society of Chemistry 2017), (i) Pd trigonal/pyramidal nanocrystals (Reprinted with permission
from Refl'* © 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim).
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carbon atom involves the cleavage of two C-H bonds and one O-H bond. Each bond dissociation
requires an interaction with a surface atom.®® Reducing the number of these ensembles lowers the
efficiency of primary alcohol conversion, whereas secondary alcohol conversion is not affected as it
only requires one Pt/Pd atom.!**] Benefitting from that, high selectivity towards DHA (partially
converted to glyceraldehyde via isomerization!'24 and further to glycerate if in strong alkaliml])
through the preferential oxidation of the secondary carbon can be achieved, as exemplified by Bi-
modified, ®* Ru-modified, '] and Sb-modified Pt.['*:53] Moreover, researchers have reported that
Sb has a remarkably higher selectivity towards DHA (61.4%, obtained at 0.797 V vs RHE) than Bi
(usually between 10-20%) and a higher potential of oxidation towards its oxide. ("]

Ag is a special ad-metal that can oxidize glycerol on its own (producing formate, glycolate and
glycerate at 1.125 V vs RHE“%}). It can upshift the d-band center of the substrate metals (Pt, Pd
and Au) to promote the adsorption between substrate metals and glycerol. (64.166] Ag a noble metal
with similar lattice parameters to Au, it is found to promote the C-C bond cleavability of Pd and
Au.[33:167.168] With the help of Ag, GEOR occurs on Au through C-C bond cleavage to produce
formate and glycolate in alkaline media. '] Ag-OH(ads) produced in strong alkaline media (pH >
11) has been shown to be the catalytic species, and not Agl'% or Ag,O (previously taken as a
catalytic species, 2 but regarded as an inhibitor at present) (25]

The tailoring of GEOR with different ad-metals has been extensively studied. Rh shows little
promotion on the catalytic efficiency 2 and C-C bond cleavage!!7%-171] when alloyed with Pt (still
under debate!>17%)), whereas it facilitates the C-C bond cleavage on Pd.['3%) Additionally, Rh
shows reactivity through primary carbon oxidation and C-C bond dissociation on its own.!7?!
Ru can provide OH(ads) at lower potentials to promote GEOR, (2] facilitate the dissociation of
C-C bonds on Pd, and increase the selectivity towards glycerate (with Pd) or DHA (with Pt)
in alkaline condition, 6174 while it has no capability of oxidizing glycerol by itself.['75] Other
reported observations include the production of DHA and glycolic acid with a Pt-Ru electrocatalyst,
and the weakened binding energy of glycerol onto the PtRu surface in acidic solutions. 32!

Other commonly investigated ad-metals include Sb, Bi, Pb, In and Sn. Sb and Bi tend to
oxidize the secondary hydroxyl groups (via chelating and blocking effects as shown in Figure 13, as Bi
chelates with secondary alcohol groups), while Pb and In promote the primary alcohol oxidation. 53]
Sb is believed to facilitate C-C bond breakage at Pt under alkaline condition,'?*] while others
discovered an inhibiting effect in an acidic solution.*®! Whether Sn can promote the dissociation
of C-C bonds with Pt catalysts is still under debate. [176:177]

The conversion to CO4 from glycerol with Ni electrodes can be increased by involving elements
from the same group (e.g. Co and Fe). The enhancement can be attributed to CoOOH converted
from Co(OH),, which occurs at a lower overpotential compared with the conversion of Ni(OH), to
NiOOH. [21]

To make multi-metallic catalysts, electrodeposition is a method commonly adopted. The epi-
taxial relationship of the deposit to the substrate is strongly influenced by the potential used for
electrodeposition. It is also believed that the attachment of metallic catalysts onto carbon supports
can change the electronic structure of metals, and consequently change the bonding strength with
adsorbates. This modified electronic structure improves the adsorption of glycerol onto metals. 178
In addition, the interaction between metallic catalysts (e.g. nanoparticles) and carbon supports can
leave defects on the metal surfaces, which are highly active sites for catalysis. 17 The defects on a
carbon support are deemed as high-energy sites which could facilitate nucleation of metallic nanos-
tructures and their further growth. 2! Taking single-wall carbon nanotube (SWNT) as an example,
the preferential decoration of defect sites rather than sp?-bonded lattice sites can be achieved by
modulating the electrodeposition potentials. '8!
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Figure 13: Scheme showing the blocking and chelate effects of Bi adatoms to Pt/NCNT electrocat-
alyst. (Reprinted with permission from Ref('*), © 2016 Elsevier Inc. All rights reserved.).
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6 Summary and Outlook

Glycerol electrooxidation has been shown to be a very promising way of generating value-added
products. High selectivity towards certain products has been reported, including but not limited to
DHA, glyceric acid and glycolic acid. However, the investigation of mechanism of glycerol valoriza-
tion is still an open area of research. One of the key reasons is that the complete oxidation of glycerol
into CO5 consumes 20 OH" ions per molecule (together with 14 electrons transferred), causing a
significant change in the pH at the electrode, which may re-direct the reaction to other products and
eventually affect the interpretation of reaction mechanisms. '8! Moreover, uncertainty is introduced
by the diversity of catalysts used for GEOR. Unlike most studies arguing that C1/C2 products are
generated from the oxidation of C2/C3 products, this review provides a prospective in which all
side products are generated directly from glycerol via CHoOHCHOHCO(ads), CH;OHCO(ads),
and HCO(ads), supported by the observations that no side products have shown a higher electro-
chemical reactivity than glycerol. Based on the GEOR model proposed in this review, statements
regarding C-C bond cleavability should be re-assessed because the cleavabilities of two C-C bonds
are obviously different under the same conditions. Also, the proposition that Pd has a weaker
ability to cleave C-C bonds than Pt has been clarified: this weaker ability is due to the lack of
deprotonation efficiency without Pd-OH(ads). As Martins et al.'8! commented, more studies on
multi-metallic catalysts should be carried out, with detailed reporting and standard conditions of
catalyst preparations to better reveal the real reaction mechanisms. However, as many differences
exist in the experimental conditions which cannot be easily unified, great efforts should be made
by future researchers into fundamental studies of GEOR using advanced surface characterization
methods and isotopic-labelling studies.

Examples of other interesting observations which are worthy to be further investigated include:

. Coutanceau et al. '3 reported that hydroxypyruvate and C2 /C1 products were produced
simultaneously with Pd-Sn nanoparticles, as hydroxypyruvate is a rarely found product.

° The conversion of glyceric acid to lactic acid as a byproduct of GEOR is a special case, as
it is either not found in the mixture of products (mostly reported) or found to be a large amount. (36]

° Ni has been found as an effective catalyst for GEOR which has the potential of replacing
noble metals. The oxidation of alcohol to aldehyde and furthur to carboxylate has been widely
recognized. Also, the cleavage of C-C bonds of glycerol with 8-NiOOH to produce formate and
carbonate are commonly observed. Throwing lights on this issue is a promising research hotspot.
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The valorization of glycerol through its electrooxidation has been widely conducted with Pt, Pd,
and Au electrodes. However, the controversies brought by reported experimental results prevent us
from understanding the reaction mechanisms. This review summarized key observations of glycerol
electrooxidation at these electrodes, and proposed new reaction pathways.
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