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Abstract

Electro-oxidation is a way to utilize glycerol, a byproduct of biodiesel production, to produce fuels
and feedstock chemicals for the chemical industry. A significant challenge is to get products with high
selectivity, so it is desirable to understand the glycerol oxidation mechanisms in further details. Using
density functional theory calculations, we investigate possible glycerol oxidation intermediates on
Pt(111) and Ag(111). We find that the different adsorption preferences of the intermediates on Pt
(adsorption via carbon atoms) and on Ag (adsorption via oxygen atoms) lead to different preferred
reaction pathways, resulting in different products. The reaction pathways on both surfaces involve
glyceraldehyde as a key intermediate, however, upon further oxidation, Pt(111) preferentially
produces glyceric acid (CH2OH-CHOH-COOH), while on Ag(111) C-C bonds are broken, which
leads to production of glycolaldehyde and formic acid (CH,OH-CHO and HCOOH). These
predictions agrees well with the experimental outcome of electro-oxidation of glycerol on Pt and Ag
surfaces. Our study therefore provides useful insights for optimizing the selectivity of glycerol

oxidation and improving the utilization of glycerol.
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1. Introduction

Glycerol is an abundant byproduct from biodiesel production,' which can be converted to
sustainable value-added chemicals and fuels via electro-oxidation.*®* However, additional research is
required to understand the underlying reaction mechanisms and to optimize the reaction pathways on

different electrocatalysts toward desired products.

In an attempt to understand the underlying reaction mechanisms, we start by recapping
experimental glycerol electro-oxidation product selectivities on different metal surfaces and reaction
conditions found in the literature (Table 1). We present an extended literature data collection in Table
S2 in Supporting Information, which contains experimental data from ref -2, Platinum is the most
studied electrocatalyst for glycerol oxidations, so we can use the Pt data in Table 1 to establish a few
overall principles. Firstly, increasing the electrode potential (vs the reversible hydrogen electrode
(RHE)) shifts the glycerol oxidation selectivity from weakly to strongly oxidized products. More
specifically, the dominant products shifts from glyceraldehyde (at less than 0.9 V vs RHE) to glyceric
acid and tartronic acid (between 0.9 V and 1.2 V vs RHE), and finally to formic acid (at 1.44 V vs
RHE).”>!"13 The formation of formic acid means that Pt is able to break C-C bonds, but only under
very strong oxidizing conditions.!! Secondly, when glyceraldehyde is produced under alkaline
conditions, it quickly isomerizes in solution and turns into lactic acid.'**! Thirdly, another way to
favor more oxidized products is to lower the glycerol concentration. This is shown by the two
experiments from ref °, where the first experiment is conducted with 0.1 M glycerol and mostly yields
glyceric acid, and the second experiment is conducted with 1 M glycerol and mostly yields

glyceraldehyde.

Table 1 further shows that glycerol electro-oxidation on Au can give some of the same C3
products as on Pt, i.e., lactic acid and glyceric acid. However, Au can also break C-C bonds, resulting

in noteworthy amounts of C2 (glycolic acid) and C1 (formic acid) products. The simultaneous
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formation of C3, C2, and C1 reduces the overall glycerol electro-oxidation selectivity on Au. The last
row in Table 1 shows the result of a glycerol electro-oxidation experiment on Ag. The rate of glycerol
electro-oxidation on Ag is quite low, but importantly, the experiment reports very little C3 products
and, instead, observe C2 (glycolic acid) and C1 (formic acid) products.'¢ This indicates that Ag has a

strong preference for C-C bond breaking.??

Table 1. Experimental product selectivities of electro-oxidation of glycerol on different metal

catalysts and reaction conditions.

catalyst | GLAD | LA GLA TA GLCA |FA UvsrHE pH | ref
o 0 o o0 o o]
HO H | CHs oH HOﬂ)LOH HO OH HO\)\OH H)LOH
OH OH OH OH
16 78 1.44 0 =
41 50 1.2 143 |7
20 67.3 0.9 0 ?
88.6 10.4 0.9 0 ?
Pt/C
22.6 50.0 0.9 14 |8
58.6 18.1 0.8 0 12
50.4 41.6 0.45 14 | B
100 0.37 0 I
50.3 13.7 1.57 13 | B
Au/C
44.5 14.7 11.9 244 | 0.9 14 |8
Ag/C 37 61 ~1 13.7 | 16

GLAD, glyceraldehyde; LA, lactic acid; GLA, glyceric acid; TA, tartronic acid; GLCA, glycolic acid;

FA, formic acid. For better overview, we only include product selectivities higher than 10%.
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We believe that the C-C bond breaking preference of Ag compared to Pt is very interesting,
especially if it can be explained by simple surface specific properties that differ for Ag and Pt. In this
regard, the following theoretical studied are of special relevance. Firstly, the observed Pt product
selectivities (Table 1) have been rationalized by DFT calculations of glycerol oxidation intermediates
on Pt(111).2* Secondly, a recent study found that glycerol adsorbs either via a carbon (C*) atom or an
oxygen (O*) atom depending on the surface in question. Ag prefers glycerol adsorption via O*, while
Pt prefers glycerol adsorption via C* atom.?* Finally, a related study found that the glycerol adsorption
energy is a good descriptor for the subsequent reaction steps.”> Combining the insight from these
studies, we hypothesize that the difference in adsorption preference of glycerol (and subsequent
intermediates) is responsible for the difference in glycerol electro-oxidation products. In this paper,
we therefore investigate the stability of possible glycerol electro-oxidation reaction intermediates and
products on Pt(111) and Ag(111) with DFT calculations. Based on our results and the current scientific
understanding, we propose the main reaction pathways shown in Figure 1 for glycerol electro-
oxidation on Pt(111) and Ag(111). The first reaction step is glycerol adsorption via a C* atom on
Pt(111) and via an O* atom on Ag(111). This and all other vertical reaction steps in Figure 1 release
H* + ¢ and is therefore electrochemical in nature. The next step produces glyceraldehyde in both
cases, even though the glycerol adsorbs differently on the two surfaces. As mentioned earlier,
glyceraldehyde can undergo isomerization to lactic acid in alkaline solution (not electro-
chemical),'*?! however, if glyceraldehyde adsorbs, it will preferably bind via the aldehyde C* atom
on Pt(111) and via the middle hydroxyl O* atom on Ag(111). The different adsorption configurations
are crucial for how the next electro-oxidation step occurs, specifically the addition of OH. On Pt(111),
the C* atom can concertedly break the bond to the surface, while simultaneously forming a bond to

OH. This produces glyceric acid in good agreement with the experimental behavior of Pt (Table 1).
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On Ag(111), OH forms a bond with the aldehyde C atom, which leads to the breaking of a C-C bond,

and formation of glycolaldehyde and formic acid.
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Figure 1. Proposed glycerol electro-oxidation pathways on Pt(111) and Ag(111).

2. Computational details

We have used density functional theory (DFT) to calculate energies of possible glycerol electro-
oxidation intermediates and products. In our modeling, the intermediates are adsorbed on metal slabs
with 4x4 (111) surface cells and four atomic layer thicknesses. We fix the two bottom layers of the
slabs to emulate bulk metal and include 22 A distance between metal slabs (periodic images) to avoid
interlayer interactions. The atomic structures are set up with the atomic simulation environment (ASE)

27.28 ysing the revised

program.?® The DFT calculations are carried out with the GPAW program
Perdew-Burke-Ernzerhof (RPBE) exchange correlation functional,” plane-wave basis sets with 400

eV energy cut-off, and 4x4x1 Monkhorst-Pack k-point sampling. The atomic structures are relaxed

to a maximum force of 0.10 eV/A on each atom. Finally, we use the climbing-image nudged elastic
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band (NEB) method* to obtain activation energies for formation of glyceric acid and two competing

intermediates in the fourth oxidation step on Pt(111).

We consider two types of reactions in order to elucidate the glycerol electro-oxidation pathways
on Pt(111) and Ag(111). The first reaction type is dehydrogenation (eq 1), where one hydrogen is
removed from the adsorbate (C3HyOx) resulting in a more oxidized glycerol intermediate (C3Hy-10x)

and the transfer of H'(aq) to the electrolyte and e- to the circuit.

The second reaction type is incorporation of OH (eq 2) into the adsorbate, which also results in a
more oxidized glycerol intermediate (C3Hy+1Ox+1), as well as consumption of one liquid H>O

molecule and formation of H(aq) + €.
C3H,0x + HyO(l) — C3Hy+1Oxs1 + H'(aq) + & )

Many computational studies have considered hydrogen removal starting from glycerol via reaction

eq 1,242°3133 while fewer studies have also considered OH addition via reaction eq 2.2+

The H'(aq) and e species are difficult to model, so we use the computational hydrogen electrode

) 36,37
2

approach (eq 3 which connects the free energy of H'(aq) and ¢ to the free energy of gas phase

H> and the electrostatic potential at the RHE scale (U,sruE).
N1
AG(H (aq) + ) = - AG(Hy) — eUpspur 3)

We set Uysrue = 0 throughout the Results and discussion section, but keep in mind that both types of

electro-oxidation steps (eq 1 and eq 2) are stabilized by -eU,srur when applying Ulsrre > 0.

We calculate the DFT energy differences of the adsorbed intermediates (AE;,termediate) 10 the

following way:
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AEintermediate = Lslab+intermediate — Eslab - Eglycerol + nHZEHZ - mHZOEHZO (4)

Ineq 4, Egjap+intermediate ad Egiqp represent the DFT energy of the slab with and without adsorbed
intermediates, respectively, while Egyceror, En,, and Ey, o represent the DFT energies of gas phase
glycerol, gas phase H», and gas phase H>O, respectively. ny, is the total number of produced
hydrogen molecules and my,o is the total number of consumed H>O molecules, when converting

glycerol to the intermediate in question.

The AEitermediate Values do not include entropy differences, zero-point energy differences, or
heating enthalpy differences, which are needed to convert DFT reaction energies to reaction free
energies. The size of these effects has been mapped out in the literature for CH30* reduction to
COOH*.*® This reduction goes through three type eq 1 reaction steps with an average free energy

correction of AGg" = —0.32eV (standard deviation of 0.06 V), and one type eq 2 reaction step

with a free energy correction of AGg, = +0.39 eV (details are included in the Supporting
Information). We adopt the same free energy corrections, even though we study glycerol reduction
instead of methanol reduction, and approximated the free energy differences of the adsorbed

intermediates AGintermediate OY €q 5. The neqi and meq2 in eq 5 are the number of eq 1 and eq 2

reaction steps needed to convert glycerol to the intermediate in question.

— corr corr
AGintermediate - AEintermediate + neqlAGeql + mquAGqu (5)

The corrections use gas phase H>O pressure of 0.0035 MPa, such that the free energy of gas
phase H>O is the same as the free energy of liquid H>O, since liquid H>O is the relevant species in
room temperature electrochemistry.>® We note that our calculations do not account for solvation of
the glycerol molecule and subsequent reaction intermediates nor do we impose constant potential at
the interface. Solvation effects can be especially large, but unfortunately, they are also prohibitively

computationally expensive to accurately account for.*’
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The fourth oxidation step incorporates OH into the glycerol oxidation intermediates via eq 2 on
both Pt(111) and Ag(111). This likely requires that both the OH and the intermediate are adsorbed on
the surface. This is supported by glycerol electro-oxidation on Au(111), where adsorbed *OH is found
to be the oxidative species under alkaline conditions.*’ In the fourth oxidation step, we therefore also

consider the free energy of the following *OH formation reaction (eq 6).
H>O(l) — *OH + H*(aq) + ¢ (0)

The computed reaction free energy of eq 6 is AG = 1.40 eV on Pt(111) at Uysgue = 0 (using the 0.37
eV free energy correction associated with eq 2). However, we know from experiments that this is
erroneous and should be around AG = 0.76 eV.*! The error is largely due to us neglecting solvation
of the *OH species.*” We therefore use experimental insight, rather than calculations, to set AG =
0.76 eV for *OH formation on Pt(111)* and use the calculated *OH adsorption energy difference

between Pt(111) and Ag(111) to obtain AG = 0.48 eV for Ag(111).

The DFT calculations and python scripts, which form the basis of this study, are accessible online

at https://nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/glycerol-electro-oxidation.

3. Results and discussion

Glycerol adsorbs electrochemically on metal surfaces by releasing a H atom in the form of H" and ¢

. Following the approach of 2

, we have compared glycerol adsorption free energies for adsorption
via C* and adsorption via O* and present our results in Figure 2. Similar to the previous studies, we
find that Pt(111) and Pd(111) have preference for glycerol adsorption via a C* atom, while Ag(111),
Cu(111), and Ru(111) have strong preference for glycerol adsorption via an O* atom. Au(111) equally

prefers adsorption via either O* or C* atom. The preference for O* or C* adsorption is controlled by

the electronic structure of the metal in question. The relations between adsorption strength and
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electronic structure have been extensively studied in the literature, for instance for *OH and *CH3 in
49 and for O* and *CO in **. It is therefore well established that some metals (e.g. Ag and Cu) prefer

adsorption via O* atoms, whereas other metals (e.g. Pt and Pd) prefer adsorption via C* atoms.

C active: Pd, Pt &
1.254 OH i‘i
.
HO OH
1.001
T 77 ,/’
0.751
>
9 /
¥ 0.501 Ady
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o) 7
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OH |
—0.251 //’ A
/,/

—0.25 0.00 025 050 075 1.00 1.25
AGc site (€V)

Figure 2. The Gibbs free energy difference for glycerol adsorption (C3HgOs(g) — C3H;03* +

72Ha(g)) via C* adsorption (AGc site) vs O* adsorption (AGossie) on (111) metal surfaces.

Our hypothesis is that the preference for C* or O* adsorption on different catalyst surfaces is
responsible for glycerol electro-oxidation product selectivity. We test this by modeling and comparing
glycerol electro-oxidation on Pt(111), which prefers glycerol adsorption via C*, to electro-oxidation
on Ag(111), which prefers glycerol adsorption via O*. At every oxidation step, we look for the most
stable intermediate obtained by reaction eq 1 or reaction eq 2, and (with a rationalized exception for
glyceraldehyde on Pt(111)) use this intermediate as the reactant for the next oxidation step. This maps

out the reaction diagram illustrated in Figure 1 and the free energy landscape shown in Figure 3. Our
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reaction pathway on Pt(111) is similar to the one presented in ref 23, which is also based on DFT

calculations.
Glycerol oxidation reaction
Pt(111) Ag(111)
1.10
(a) (b) CH,0H-CH@*-CHO+*OH
1.01 CH,OH-CH(OH),+*+C=0 ] ! eq.6
/
/
056 i
0.8 . y
cf l. _-0.28 4 « CHO/
*CHOH-CHOH-*C=0 “ SHooH C“36§H9
0.6 1 £d; ] H,0H-CHOH-CH,0* L
< CH,OH-CHOH-*C=0++OH S A i
3 CH,OH-CHOH-C*HOH e Y A \ /
G 041 o031 . T 039 _
< // \\ \\ l’ V ﬁ
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] / Y' *\CH,0H-CHOH-CHO CH O CHOH 00N \ ! ,—‘..
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-0:26_  lep OH-CHOH-CH,OH

CH,OH-CHOH-*c=0 0-28

Oxidation step Oxidation step

Figure 3. Free energy landscape for glycerol electro-oxidation on Pt(111) and Ag(111). Atom color

code, red: O; grey: C; white: H. We highlight the potential determining step with a solid black line.

We now discuss the oxidation steps shown in Figure 3, one by one. Initially, glycerol is
physisorbed on Pt(111) and Ag(111) with adsorption free energies of 0.04 eV and -0.02 eV,
respectively, compared to gas phase glycerol. In the first oxidation step, a H atom is removed and
glycerol is chemisorbed via a C* atom on Pt(111) and via an O* atom on Ag(111) with adsorption

free energies of 0.37 eV and 0.50 eV, respectively.

We propose that glyceraldehyde (CHOH-CHOH-CHO) formation by removal of another H
atom is the most facile second oxidation step on both Pt(111) and Ag(111). On Pt(111), two
intermediates (AG = 0.06 eV, Figure 4a and AG = 0.07 eV, Figure 4b) are more stable than

glyceraldehyde (AG = 0.14 eV, Figure 4c). These two intermediates remain on the surface and have

11

https://doi.org/10.26434/chemrxiv-2023-1z5h6-v2 ORCID: https://orcid.org/0000-0001-6943-0752 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-1z5h6-v2
https://orcid.org/0000-0001-6943-0752
https://creativecommons.org/licenses/by-nc/4.0/

formed an additional bond to the Pt(111) surface by removing a H atom. The additional bond is either
a new bond between the middle C atom and the surface (Figure 4a), or conversion of the existing

bond between the end C atom and the surface into a double bond (Figure 4b). The fact that

glyceraldehyde is observed in experimental glycerol electro-oxidation on Pt at < 0.9 V vs RHE*!!:12

strongly indicate that the 0.08 eV additional free energy cost does not prohibit glyceraldehyde
formation. The reason that our results do not predict glyceraldehyde formation could be kinetic (i.e.
glyceraldehyde formation may have the lowest activation energy) or because we are missing
important effect in our calculations, such as competitive adsorption between surface intermediates
and water molecules**® or related to free energy differences between adsorbed and solvated
species.*” On Ag(111), glyceraldehyde is the most stable intermediate (Figure 4d) with AG = 0.11 eV,
which is significantly lower than the second (AG = 0.83 eV, Figure 4e) and third (AG = 1.16 €V,

Figure 4f) most stable identified intermediate.

Pt(111)
(@) £G=0.06eV (b) aG=0.07eV (c) aG=0.14eV

S

CH,OH-*COH-*CHOH  CH,OH-CHOH-**COH  CH,0H-CHOH-CHO

Ag(111)
(d) aG=0.11ev (e) 2G=083eV () aG=116ev

T A X NI e O

CH,OH-CHOH-CHO ~ CH,0OH-COH-CH,0 CH,OH-CH(OH),+CH,0

Figure 4. (a), (b), and (c) show the most stable C3H¢O3 or C3HgO4 intermediates following oxidation
of CHOH-CHOH-*CHOH on Pt(111). (d), (e), and (f) show the most stable C3H¢O3 or C3HgO4

intermediates following oxidation of CHOH-CHOH-CH>O* on Ag(111). The free energies of the
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intermediates are in relation to gas phase glycerol, H2O(l) and Ha(g). We report free energies and

structures of all studied intermediates in Table S4 of the Supporting Information.

We examine glyceraldehyde re-adsorption in the third oxidation step. Similar to glycerol,
glyceraldehyde adsorbs differently on the two surfaces when removing one H atom. On Pt(111),
glyceraldehyde adsorbs via the aldehyde C* atom (AG = -0.30 eV, Figure 5a). This CHOH-CHOH-
*C=0 configuration is significantly more stable than adsorption via the middle C* atom (AG = 0.20
eV, Figure 5b), and adsorption via the last C* atom (AG = 0.39 eV, Figure 5c). The glyceraldehyde
adsorption step is also significantly more energetically favorable than the initial glycerol adsorption
step. On Ag(111), the most stable intermediate is adsorbed via the middle hydroxyl O* atom (AG =
0.62 eV, Figure 5d). This CH,OH-CHO*-CHO configuration is only slightly more stable than
adsorption via the last hydroxyl O* atom (AG = 0.65 eV, Figure 5e), but more stable than adsorption
via the middle C* atom (AG = 0.84 eV, Figure 5f). Glyceraldehyde adsorption and the initial glycerol

adsorption are equally energetically costly on Ag(111).

Pt(111)
(a) aG=-030ev  (b) AG=0.20eV (c) 8G=039eV

0®

AN RS gDk
CH,0H-CHOH-*C=0 CH,0OH-*COH-CHO  *CHOH-CHOH-CHO

Ag(111)
(d) 8G=062ev  (e) 8G=065eV  (f) 4G=084ev

<X (s BDa@e
CH,OH-CHO*-CHO CH,O*-CHOH-CHO CH,0OH-*COH-CHO
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Figure 5. (a), (b), and (c) show the most stable C3HsO3* intermediates on Pt(111) and (d), (e), and (f)
show the most stable C3HsO3* intermediates on Ag(111) following oxidation of glyceraldehyde
(CH,OH-CHOH-CHO). The free energies of the intermediates are in relation to gas phase glycerol,
H>O(1) and Ha(g). We report free energies and structures of all studied intermediates in Table S5 of
the Supporting Information. We have not considered formation of C3H704* intermediates, because

this is an adsorption reaction (of glyceraldehyde).

Finally, we discuss the fourth oxidation step, which is also the last step we investigated. We find
that on Pt(111) formation of glyceric acid has the lowest activation energy, explaining the high
selectivity towards glyceric acid observed in experiments.”*!> However, Figure 6 shows that glyceric
acid is not the most stable intermediate on Pt(111) following oxidation of CHOH-CHOH-*C=0
(Figure 5a). Instead, it is more energetically favorable to remove a H atom from the last C atom to
form *CHOH-CHOH-*C=O0 that has an additional bond to the surface (AG =-0.28 eV, Figure 6a). It
is also more energy favorable to react OH with the middle C atom in CHOH-CHOH-*C=0, which
forms CH,OH-CH(OH),, breaks a C-C bond, and leaves *CO on the surface (AG = -0.26 eV, Figure
6b) and to remove a H atom from the middle C to form CH,OH-*COH-*C=0 (AG =-0.26 eV, shown
in Table S6 of the Supporting Information). The formation of glyceric acid by addition of OH to
aldehyde C* atom is only the fourth most stable intermediate (AG = 0.18 eV, Figure 6¢). However,
NEB calculations show that glyceric acid formation is the most facile reaction, because it has the

lowest activation energy.

We have started all the NEB calculations with *OH and CH,OH-CHOH-*C=0 on the surface.

Since we compare very similar reactions, and are mainly interested in which reaction has the lower
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barrier, it is also less problematic that we do not include solvation and constant potential effects in

our NEB calculations.

The NEB reaction path from *OH + CH,OH-CHOH-*C=0 to *CHOH-CHOH-*C=0 + H,0*
is shown in Figure 6d. We included *OH in the NEB study to more fairly compare with the other
NEB reaction paths. However, the obtained reaction path shows that the *OH species does not
facilitate the formation of the *CHOH-CHOH-*C=0 intermediate. Instead, the bond between the H
atom and the last C atom is broken with the help of a surface Pt atom, forming a C*-Pt bond and
transferring the H atom to the surface. The *OH species then reacts with H* to from H>O*. The
activation energy for the reaction is 1.07 eV, which is very close to the activation energy obtained
without the presence of the *OH species on the surface (1.00 eV, Figure S2a in the Supporting

Information).

The NEB reaction path from *OH + CH,OH-CHOH-*C=0 to CH>,OH-CH(OH), and *CO
shows that addition of *OH to the middle C atom does not happen in a concerted reaction (Figure
6e). Instead, the C-C bond is broken first, which leaves *CO on the surface and only afterwards does

*OH react with the middle C atom. The lack of a concerted reaction results in a large activation energy

of 0.96 eV.

Lastly, the formation of glyceric acid by *OH addition to aldehyde C* atom happens in a
concerted reaction, where the C-OH bond is formed at the same time as the C-Pt bond is broken
(Figure 6f). This results in a small activation energy of 0.48 eV, even though it has the least stable

reaction energy of the investigated reaction pathways.
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Figure 6. (a), (b) and (c) shows the most stable C3H4O3 or C3HsO4 intermediates following oxidation
of CH.OH-CHOH-*C=0 (Figure 5a) on Pt(111). The CH>OH-*COH-*C=0 intermediate (not
shown) has AG = -0.26 eV on Pt(111). The free energies of the intermediates are in relation to gas
phase glycerol, H>O(1) and Ha(g). We report free energies and structures of all studied intermediates
in Table S6 of the Supporting Information. NEB potential energy surfaces for (d) CH-OH-CHOH-
*C=0 + *OH — *CHOH-CHOH-*C=0 + H>O* (¢) CH,OH-CHOH-*C=0O + *OH — CH,OH-

CH(OH), + *C=0 and (f) CH,OH-CHOH-*C=0 + *OH — CH,OH-CHOH-COOH on Pt(111).

Inserts show structures of initial states, transition states, and final states for these reactions.
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The most stable intermediate in the fourth oxidation step on Ag(111) is the combination of formic
acid (HCOOH) and glycolaldehyde (CH>OH-CHO) (Figure 7a), which is formed by the reaction
between CH,OH-CHO*-CHO (Figure 5d) and *OH. In the reaction, OH forms a bond with the
aldehyde C atom, the aldehyde C atom breaks its bond to the middle C atom forming formic acid,
and the middle C atom makes a double bond with the O* atom forming glycolaldehyde. The
preference of Ag(111) to bind intermediates via O* atoms is therefore directly linked the preference
for breaking C-C bonds in the intermediates. The formic acid and glycolaldehyde products also fits
well with the main experimental products on Ag (formic acid and glycolic acid),'® given that
glycolaldehyde can probably oxidize further, for instance to glycolic acid. The second and third most
stable intermediates on Ag(111) have both lost a H atom to form a ketone on the middle C atom (AG
=0.53 eV, Figure 7b), or a new bond between the aldehyde C atom and the surface (AG = 1.17 eV,

Figure 7c¢).

Ag(111)
(a) 8G=039ev  (b) AG=053eV  (c) AG=L17eV

A AC

CH,OH-CHO+HCOOH ~ CH,OH-C=O-CHO CH,OH-CHO*-*C=0

Figure 7. (a), (b), and (c) show the most stable C3H403 or C3HeO4 intermediates following oxidation
of CH,OH-CHO*-CHO (Figure 5d) on Ag(111). The free energies of the intermediates are in relation
to gas phase glycerol, H>O(l) and Hx(g). We report free energies and structures of all studied

intermediates in Table S6 of the Supporting Information.
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Our results for glycerol electro-oxidation on Pt(111) indicate that glyceraldehyde can be formed
without the involvement of adsorbed *OH species, since all steps to glyceraldehyde happen via
reaction eq 1. Additionally, the most costly oxidation step towards glyceraldehyde is adsorption of
glycerol, which has AG =0.37 eV compared to gas phase glycerol (Figure 3). It therefore makes sense
that glyceraldehyde (and lactic acid from glyceraldehyde isomerization) are the main products
observed on Pt at low electrochemical potentials (<0.9 V vs RHE).>!'"1* Adsorbed *OH species are
required to oxidize glyceraldehyde to glyceric acid. We estimate that *OH formation has AG of 0.76
eV (based on experiments), which would make *OH formation the potential determining step in
glyceric acid formation. The shift to glyceric acid and tartronic acid observed in experiments (between
0.9 V and 1.2 V vs RHE) on Pt, therefore fits very well with the potential region where *OH is

available on the Pt surface.*®

On Ag(111), the 0.52 eV energy difference between physisorbed and chemisorbed glycerol
makes this step potential determining (Figure 3). Le. at 0.52 V vs RHE the —eU,srur stabilization
from eq. 3 makes all steps downhill on Ag(111) including formation of *OH on the surface. The early
potential determining step could be the reason that only very oxidized products (glycolic acid and
formic acid) are reported in ref '°, while the less stable glycerol chemisorption on Ag(111) compared
to Pt(111) could be the reason for the low glycerol electro-oxidation rates on Ag electro-catalysts. At
low potential, glycerol doesn’t adsorb on the Ag(111) surface, whereas at high potential the glycerol

electro-oxidation continues all the way to very oxidized products.

4. Summary

In this study, we have explored the catalytic performance for glycerol electro-oxidation on Pt(111)

and Ag(111). The initial glycerol adsorption happens via a C* atom on Pt(111) and via an O* atom
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on Ag(111). We hypothesize that the different adsorption preference is responsible for the different
observed glycerol electro-oxidation product selectivity preference on Pt and Ag catalysts, especially
the preference of Ag to break C-C bonds compared to Pt. We identified the most probable oxidation
intermediate based on either stability or activation energy at every oxidation step and used this
intermediate as the reactant for the next oxidation step. We find that glycerol is most likely oxidized
to glyceraldehyde on both surfaces. Glyceraldehyde also adsorbs via a C* atom on Pt(111) and via an
O* atom on Ag(111) followed by OH incorporation in the next oxidation state. Due to the different
adsorption configurations, the OH incorporation results in glyceric acid (CH,OH-CHOH-COOH)
formation on Pt(111) and C-C bond breaking to formic acid (HCOOH) and glycolaldehyde (CH>OH-
CHO) on Ag(111). The adsorption preference of Pt(111) and Ag(111) is hereby linked to the glycerol
electro-oxidation selectivity in accordance with our hypothesis. Our hypothesis, to the extent that it
is correct, provides an important design principle for possible glycerol electro-oxidation catalysts,
where the general preference of catalysts for breaking C-C bonds can be assessed without much
computational effort by identifying the preferred glycerol adsorption configuration. Our hypothesis
is also falsifiable, so we hope that other research groups will test its validity by studying relations
between preferred adsorption configurations and glycerol electro-oxidation selectivities on a range of

electrocatalyst surfaces.

Supporting Information Available

List of products and their abbreviations in the glycerol oxidation reaction, productivities and
selectivities of experimental glycerol electro-oxidation reactions with different metal catalysts and
reaction conditions, lists of all investigated intermediates in the first, second, third, and fourth

oxidation step, NEB reaction pathways for CH,OH-CHOH-*C=0 — *CHOH-CHOH-*C=0 + H*
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and CH,OH-CHOH-CH>OH — CH,OH-CHOH-*CHOH + H* on Pt(111), overview of free energy

corrections used to estimate AG“”"eq1 and AG“""¢q2, and convergence test for the maximum force on

each atom used in structure relaxation.
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