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Direct liquid fuel cells have advantages over hydrogen-based fuel cells and lithium-ion batteries for
portable and mobile applications due to their high volumetric energy density and the convenient storage
or refueling of liquid fuels. Unfortunately, the electrochemical oxidation of liquid fuels (such as
methanol, ethanol, and formic acid) currently corresponds to ~50% of the energy losses of these
devices at operating conditions. Moreover, state-of-the-art catalysts for such critical reactions are
generally composed of precious metals such as Pt and Pd, hindering the cost-effective implementation
of these technologies. The development of novel catalyst design principles for electrochemical liquid
fuel oxidation has been constrained by its complex, structure-sensitive reaction energetics that can
involve multiple parallel, competitive reaction intermediates and pathways. In this review, we aim to
dissect and bridge the understanding of fundamental energetics and the materials engineering of novel
catalysts for the electrochemical oxidation of various liquid fuels. By deconvoluting these reactions into
the energetics of different critical elementary steps, we define essential descriptors that govern the
activity and selectivity of electrochemical liquid fuel oxidation. Several universal and fundamental design
principles are proposed to optimize the catalytic performance of state-to-the-art and emerging

Received 8th May 2024, electrocatalysts by tuning the chemistry and electronic structure of active sites. This review aims to
Accepted 21st June 2024 provide a unique perspective connecting the electro-oxidation energetics of different liquid fuels with
DOI: 10.1039/d4ey00100a mechanistic and materials-centric studies to provide a holistic picture connecting the fundamental

surface science with materials engineering for the rational design of electrocatalysts for liquid fuel
rsc.li/eescatalysis oxidation.

Broader context

Direct liquid fuel cells and liquid fuels, with their high volumetric energy density and ease of refueling, are particularly suitable for portable applications where
size can be the main limitation. However, the oxidation of liquid fuels is particularly challenging, constituting about ~50% of the voltage losses found in these
devices, even with high loading of catalysts. While there has been considerable work into both the understanding and engineering liquid fuel oxidation
electrocatalysts, the benchmark materials have remained stagnant for nearly 50 years. This review aims to bridge the fundamental surface science and
mechanistic understandings with electrocatalyst engineering for methanol, ethanol, and formic acid oxidation in acidic media. By understanding the
energetics of the key elementary steps, descriptors for the activity and selectivity of liquid fuel oxidation are proposed. Design strategies aimed at materials with
optimal descriptors are discussed with selected examples to highlight the effectiveness of these strategies. Finally, unexplored but potentially promising
avenues for liquid fuel oxidation electrocatalysis are discussed. Taken altogether, this review provides a holistic picture that connects the fundamental surface
studies for liquid fuel oxidation with the materials design and engineering studies to provide insight into the rational design of liquid fuel oxidation
electrocatalysts.

“ Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA. E-mail: jypeng@mit.edu, shaohorn@mit.edu
b Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA. E-mail: yroman@mit.edu

¢ Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

9 Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

¢ Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ey00100a

f Denotes equal contribution.

§ Present address: Department of Energy Systems Engineering, Seoul National University, Seoul 08826, Republic of Korea.

© 2024 The Author(s). Published by the Royal Society of Chemistry EES Catal.


https://orcid.org/0000-0002-9471-6856
https://orcid.org/0000-0003-3696-770X
https://orcid.org/0000-0002-4317-0902
https://orcid.org/0000-0002-7841-8058
https://orcid.org/0000-0002-0025-4233
https://orcid.org/0000-0001-8714-2121
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ey00100a&domain=pdf&date_stamp=2024-08-02
https://doi.org/10.1039/d4ey00100a
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ey00100a
https://pubs.rsc.org/en/journals/journal/EY

Open Access Article. Published on 02 August 2024. Downloaded on 8/8/2024 3:12:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

1. Introduction: promise and
challenges in liquid fuel oxidation

Reducing the carbon footprint of our global energy consump-
tion requires novel, cost-effective technologies that store and
use low-cost electricity from renewable sources to meet our
energy needs at scale and on demand." Low-cost solar and wind
energy can be stored in the chemical bonds of energy carriers,
such as hydrogen, hydrocarbons, and liquid fuels. Moreover,
electrical energy can be regenerated through the oxidation of
such energy carriers using fuel cells.> Such technologies are
advantageous over other clean energy storage and conversion
technologies, such as Li-ion batteries, as these energy carriers
store greater energy per unit weight and only involve earth-
abundant elements in their chemical bonds.? In contrast, Li-
ion batteries require a transition metal ion to store one electron
and are thus constrained by the availability of critical minerals
(e.g., cobalt and nickel).* Powering the planet with fuel cell
technologies can enable efficient renewable energy utilization
in diverse applications.

Direct liquid fuel cells (DLFCs) possess many advantages
over hydrogen-fed polymer electrolyte membrane fuel cells
(PEMFCs). While hydrogen is flammable, explosive, and typi-
cally stored at high pressures (up to 700 bar), liquid fuels are
much safer to handle and do not need high pressure for their
transport and storage.> More importantly, liquid fuels have
comparable thermodynamic oxidation potentials but signifi-
cantly higher volumetric energy density compared to com-
pressed hydrogen, making DLFCs particularly promising for
applications that require compact configurations and are
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primarily constrained by volume, e.g., portable electronic,
space, and military applications.” Based on our calculations
(Note S1, ESIT), while these liquid fuels and hydrogen
have similar oxidation potentials (Fig. 1a and Table 1), metha-
nol (4820 W h L") and ethanol (6310 W h L") have
markedly higher volumetric energy densities than hydrogen
(e.g., 1320 W h L™" at 700 bar). Moreover, alcohols with larger
molecular weights (e.g., propanol and ethylene glycol) have
even higher volumetric energy densities (Fig. 1a), but their
complete oxidation is challenging due to the possibility of
multiple partial oxidation by-products.’ Formic acid, dimethyl
ether, and hydrazine have also been used as liquid fuels in
DLFCs. However, dimethyl ether and hydrazine have safety
concerns due to their flammability and toxicity.® On the other
hand, formic acid is generally regarded to be safer to handle
than most liquid fuels.? Although the volumetric energy density
of formic acid is relatively low (2100 W h L") compared to
alternatives, its electro-oxidation potential (—0.22 V vs. the
reversible hydrogen electrode, Vgyg) is also lower than most
liquid fuels (Fig. 1a), which affords a greater theoretical cell
potential (~ 1.45 V) than the other DLFCs. From the perspective
of thermodynamics, selectivity, and safety, methanol, ethanol,
and formic acid have been considered the most desirable fuels
for DLFCs.>® Therefore, we mainly focus on the electrochemi-
cal oxidation of these three liquid fuels in acidic conditions for
this review.

Compared to hydrogen-fueled PEMFCs, DLFCs have much
higher kinetic losses at comparable current densities (Fig. 1b
for direct methanol fuel cells (DMFCs) and Fig. 1c for hydrogen-
fueled PEMFCs), which can be attributed mainly to the slow
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Fig. 1 Thermodynamics and kinetics of liquid fuel electro-oxidation. (a) Comparison of the volumetric energy density and oxidation potential of
hydrogen (700 bar) and various liquid fuels at 25 °C and 1 atm. The theoretical fuel cell potential was calculated using the difference between the fuel
oxidation potential and the oxygen reduction potential at 1.23 Vgpne. (b) Contribution of various voltage losses to the overall cell voltage of a practical
DMFC. The losses are dominated by the sluggish kinetics of MOR (red) and ORR (blue). This figure has been adapted from ref. 7 with permission from
John Wiley & Sons, Inc., copyright 2008. The inset schematic shows the typical operating procedure of a DMFC device. Methanol is fed into the anode
and oxidized to CO,, producing electrons and protons. Oxygen (or air) is fed into the cathode, which reacts with protons that have been shuttled through
a polymer electrolyte and electrons that have traveled through an external circuit to be reduced to H,O. O: red, H: blue, C: green. (c) Contribution of
various voltage losses to the overall cell voltage of a practical Hy/air-fed PEMFC.® The losses are dominated by the sluggish ORR kinetics (blue) and are
also led by minor contributions from the ohmic resistance (yellow) and the poor O, mass transport (grey). DMFC conditions: 80 °C; 1.0 mg cmgeof2
PtRu/C anode, 1 M CH30H; 0.4 mg cmgeo ~2 Pt/C cathode, air-fed (1 bar). PEMFC conditions: 80 °C; 0.4 mg CMgeo ~2 Pt/C anode, hydrogen-fed (1.5 bar);
0.4 mg cmgeo_’2 Pt/C cathode, air-fed (1.5 bar). Adapted from ref. 8. Copyright 2005 with permission from Elsevier.
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Table 1 Half-cell reactions of liquid fuel electro-oxidation and thermodynamic properties of liquid fuels at 25 °C and 1 atm?

Fuel Anodic half-cell reaction Oxidation potential (Vgyg) —Specific energy (W h kg™')  Energy density (W h L™)
Hydrogen H, — 2H" +2¢~ 0 33300 (fuel) 1320 (700 bar)
3660 (device)”

Methanol CH,OH + H,0 — CO, + 6H" + 6e~ 0.02 6090 4820

Ethanol C,H-OH + 3H,0 — 2CO, + 12H" + 12¢~  0.09 8000 6310

Formic acid HCOOH — CO, + 2H" + 2e~ —0.22 1725 2100
1-Propanol CsH,O0H + 5H,0 — 3CO, + 18H" + 18¢~ 0.1 8960 6990
2-Propanol C,H,OH + 5H,0 — 3CO, + 18H" + 18¢~  0.11 8880 7190

Ethylene glycol C,HeO, + 2H,0 — 2CO, + 10H" + 10e” 0.01 5320 5850
Dimethyl ether C,HgO + 3H,0 — 2C0, + 12H" + 12¢~  ~0.05 8960 5910
Hydrazine N,H, — N, + 4H" + 4e~ ~0.38 5390 5410

“ Potentials and energy densities were calculated using Gibbs free energy of formation and density data available from the NIST standard reference

database and chemical handbooks.®*! ?

Device-level gravimetric energy density was calculated by considering the mass of all reactants and

products. For PEMFCs, the device-level gravimetric energy density was limited by the mass of the liquid product H,O (3660 W h kg™ '), which is
significantly lower than the gravimetric energy density of pure H, fuel (33300 W h kg™").

kinetics of electrochemical liquid fuel oxidation. For example,
in a DMFC, at least 50% of the overall potential losses (i.e., a
total loss of ~0.9 Vat1A cmgeofz, Fig. 1b) results from the
sluggish kinetics of the anodic methanol oxidation reaction
(MOR, CH;0H + H,0 — CO, + 6H" + 6e~), while the cathodic
oxygen reduction reaction (ORR, O, + 4H' + 4¢~ — 2H,0)
primarily accounts for the remaining voltage losses, even with
2.5x anode catalyst loading compared to the cathode (i.e., 10x
loading compared to the anode catalyst in a hydrogen-fueled
PEMFC).” In contrast, in state-of-the-art hydrogen-fueled
PEMFCs, the ORR process gives rise to a ~0.35 V potential
loss at 1 A cmgeofz, whereas the kinetics of anodic hydrogen
oxidation reaction are extremely facile with only millivolts of
overpotential (Fig. 1c).>® Apart from high voltage losses, the
crossover of liquid fuels from the anodes to the cathodes in
DLFCs can lead to reduced fuel utilization, decreased cell
potential, and cathode catalyst deterioration due to CO
poisoning.”> In the past decades, many efforts have been
focused on increasing the energy efficiencies and power den-
sities of these devices. While many top-performing ORR cath-
ode catalysts have been developed with enhanced activity,>"
stability,"*'* and tolerance for liquid fuels,">'® only limited
progress has been achieved for the design of anode catalysts for
liquid fuel oxidation,'” " which can be attributed to complex
reaction pathways, surface intermediate interactions, and para-
sitic by-products of liquid fuel oxidation reactions.**>* More
importantly, while many efforts have been devoted to either the
elucidation of the mechanism or the materials engineering of
novel catalysts for liquid fuel oxidation, there still exists a
knowledge gap between previous mechanistic studies on
single-crystal surfaces”*® and materials-centric studies on
nanostructured catalysts."”>" Such a lack of a systematic and
unified understanding across these two types of studies makes
it challenging to establish meaningful activity descriptors and
catalyst design principles for liquid fuel oxidation.

This review aims to construct a framework bridging funda-
mental energetics with catalyst designs for liquid fuel electro-
chemical oxidation in acidic media. There has been
considerable work on the oxidation of liquid fuels in alkaline-
based media due to the higher oxidation activity compared to

© 2024 The Author(s). Published by the Royal Society of Chemistry

acidic conditions and a wider range of stable elements in
alkaline media.>’** However, the low ionic conductivity of
alkaline-based membranes®* and the formation of carbonate/
bicarbonate (CO;*> /HCO; ) precipitates that can block the
porous structure of the electrodes and membranes limit the
practicality of such devices.*® Furthermore, the local pH
changes near the electrode associated with the CO;> /HCO;
species can make it difficult to draw fundamental conclusions
on the energetics of the reaction due to an ill-defined interface.
Therefore, we elected to focus on MOR, the ethanol oxidation
reaction (EOR), and the formic acid oxidation reaction (FAOR)
in acidic media and start by highlighting the critical reaction
steps and surface intermediates in these processes (please refer
to the following references for some reviews of liquid fuel
oxidation in alkaline conditions**°). We deconvolute the
reaction pathways of MOR, EOR, and FAOR into the energetics
of elementary steps, including initial dehydrogenation, C-C
bond cleavage, and CO electro-oxidation, from which descrip-
tors that govern the activity and selectivity of electrochemical
liquid fuel oxidation are proposed. Based on these descriptors
and energetics, we summarize key strategies for optimizing
state-of-the-art catalysts and designing new materials for liquid
fuel oxidation.

2. Electro-oxidation mechanisms of
liquid fuels and state-of-the-art
catalysts

The electrochemical oxidation reactions of liquid fuels, such as
methanol, ethanol, and formic acid, are known to proceed via
competitive, multi-pathway mechanisms.?>® Overall, the
electro-oxidation reactions start with the adsorption and dehy-
drogenation of liquid fuel molecules. After initial dehydrogena-
tion, two major types of reaction pathways can be potentially
involved in the further oxidation of liquid fuels, including the
indirect and direct pathways. Specifically, in the indirect path-
way, *CO is the key intermediate in the rate-limiting step and
can lead to CO poisoning on the catalyst surface. On the
contrary, the direct pathway proceeds without a *CO

EES Catal.
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Fig. 3 Methanol oxidation on typical reference catalysts. (a) Cyclic voltammetry polarization curves on Pt/C and PtRu/C catalysts, which are the typical
benchmark catalysts for MOR. Adapted with permission from ref. 51. Copyright 2004, American Chemical Society. (b) The activity dependence of
Pt,Ru;_, alloys. A maximum in MOR activity occurs when the bulk ratio of Pt: Ru is about 1: 1, which can lead to a ~15x enhancement in activity. Adapted

from ref. 57. Copyright 1975 with permission from Elsevier.

hydrogen underpotential deposition region-derived surface
area, Fig. 3a)°>*" and mass activity of ~0.05-0.2 A MZcacatyse |
at 0.6 Vgyr when measured using cyclic voltammetry®'>* in
acidic electrolytes (H,SO,4-based electrolytes generally leads to a
lower MOR activity compared to HClO, electrolytes on the same
material due to the specifically adsorbing nature of SO,>~
ions®®). When measured using chronoamperometry (CA), the
MOR activity of PtRu is typically slightly lower than the mea-
surements from CV.’°*® Furthermore, the measured current
during CA usually decreases with time, which has been attrib-
uted to the progressive poisoning of the catalyst surface due to
organic residues.’® The addition of Ru can increase the MOR
reaction rate as much as 15-30x,°%*” with a 1:1 bulk ratio of
Pt:Ru showing the highest activity (Fig. 3b). However, reports
indicate that the surface may be closer to a 9:1 Pt:Ru ratio.>
As it appears that Pt is largely inevitable when it comes to
highly active MOR catalysts, many recent reports have sought to
ensure a high noble metal utilization. For example, Poerwopra-
jitno et al. dispersed Pt islands grown on Ru-branched nano-
particles to create highly dispersed Pt atoms (“‘single-atoms”)
within a Ru matrix, achieving a high specific activity of
0.52 mA cmp, > and Pt-mass activity of 1.1 A mgp, ', respec-
tively, at 0.6 Vrue."? However, due to Ru acting as the support
matrix, a relatively low mass activity based on total metal
loading of ~0.09 A Mg~ Was achieved.”® To note, the
polarization curve in Fig. 3 may appear to be different than the
one found in Fig. 1b, which can be primarily attributed to the
loading difference between the two measurements. In a fuel cell
device, the loading of the catalyst is typically at least one to two
orders of magnitude higher than in the three-electrode setup
used in Fig. 3a, leading to a much higher effective surface area
and higher current at a given potential. Unfortunately, to the
best of our knowledge, there has not been a way to translate

© 2024 The Author(s). Published by the Royal Society of Chemistry

results obtained in the smaller-scale three-electrode setup to a
real fuel cell device, even for reactions such as the ORR, which
has had more systematic studies than liquid fuel oxidation.>®

2.2 Ethanol oxidation

Compared with MOR, the mechanism of EOR is much less
understood. EOR can involve a series of parallel and sequential
reaction steps and a multitude of possible adsorbed species
and oxidative products,”*°® making it challenging to rigorously
determine the predominant adsorbed species and differentiate
active intermediates from pure spectators. EOR can follow
either the C; or C, pathway (Fig. 2b), which determines the
product selectivity and fuel utilization efficiency. The C, path-
way is a 12-electron transfer process where ethanol fully oxi-
dizes to CO, (C,HsOH + 3H,0 — 2CO, + 12H" + 12¢7), while
the C, pathway leads to the partial oxidation of ethanol to
acetaldehyde (CH3;CHO) or acetic acid (CH;COOH) via the
transfer of 2 or 4 electrons, respectively.”® In the C; pathway,
C-C bond cleavage can occur in ethanol or acetaldehyde after
the initial dehydrogenation steps, leading to the formation of
*CO and *CH, species, where these *CH, species can be further
oxidized to *CO at high potentials.>>*" Similar to MOR, the
electro-oxidation of *CO to form CO, can occur via the Lang-
muir-Hinshelwood®* or Eley-Rideal pathways,*” which limits
the EOR reaction rate. On the other hand, the C, pathway is
typically thought to initiate with a p-hydrogen dehydrogena-
tion, producing acetaldehyde, which undergoes further oxida-
tion to acetic acid.®® The acetaldehyde intermediate of the C,
pathway has also been proposed to be able to undergo C-C
bond cleavage, at which it then follows the C; pathway to
complete oxidation.

EOR is a difficult reaction to catalyze efficiently as both
activity and selectivity are critical to maximize device
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performance. Pt is regarded as the most effective mono-
metallic electrocatalyst for the EOR with a specific activity of
~0.015 MA CMcaeatyse - at 0.6 Vipe (Fig. 4a),*® but the faradaic
efficiency towards CO, has been measured to only be about 0.5-
8%, even across a wide range of ethanol concentrations
(Fig. 4b).°* Putting the selectivity in context, using the max-
imum selectivity of 8% towards CO,, and assuming the remain-
ing products are entirely acetic acid (4 electrons transferred),
then only ~40% of the energy contained in ethanol can be
extracted. Alloying Pt with Sn leads to a slight increase in
activity at potentials near the onset of EOR (~0.03 mA
CMeagatyse - at 0.6 Vgug, Fig. 4a).%® On the other hand, alloying
Pt with Ru significantly increases the overall EOR activity
(Fig. 4a) (specific activity of ~0.1 mMA cMcaearyse - and mass
activity ~0.002 A Mgmeta * at 0.6 Vryg). However, alloying Pt
with either Ru or Sn has little effect on the selectivity towards
the C, pathway (Fig. 4c).*® Adzic et al. reported one of the
highest activities towards EOR by growing Pt monolayers on
heterometallic extended surfaces and found that Pt monolayers
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on Au(111) gave a specific activity of 1.57 mA cmp, > at 0.6 Vg,
but Pt monolayers supported on Au/C nanoparticles only gave a
specific activity of 0.5 mA cmp, 2. However, in situ infrared
reflection absorption spectroscopy revealed that only the C,
pathway was followed on these catalysts, suggesting that there
is an activity/selectivity tradeoff for EOR catalysts.®®

2.3 Formic acid oxidation

For FAOR, the oxidation of formic acid to CO, (HCOOH —
CO, + 2H' + 2e7) occurs via a dual-pathway mechanism,
including an indirect (dehydration) pathway and a direct (dehy-
drogenation) pathway (Fig. 2c).*>** While the indirect pathway
involving the oxidation of HCOOH to *CO intermediates (which
is followed by CO oxidation, similar to MOR and EOR) is
relatively well-understood,®” a remaining question within the
FAOR mechanism is the nature of active intermediates in the
direct pathway,*® especially concerning the role of formate
species. The first school of thought has proposed that formate
is a key intermediate in the direct pathway of FAOR,*®®® while
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Fig. 4 Ethanol oxidation on benchmark catalysts. (a) Cyclic voltammetry polarization curves on Pt/C, PtRu/C, and PtzSn/C catalysts, which are the
typical benchmark catalysts for EOR. Adapted from ref. 63. Copyright 2006 with permission from Elsevier. (b) Selectivity of EOR on Pt/C catalysts as a
function of ethanol concentration in the supporting electrolyte. Adapted with permission from ref. 64. Copyright 2004 American Chemical Society. (c)
Selectivity of EOR on benchmark Pt/C, PtRu/C, and PtsSn/C catalysts. The current benchmark EOR catalysts still showing low selectivity (~1%) towards
full oxidation (CO,). Adapted from ref. 65. Copyright 2006 with permission from Elsevier.
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the second school of thought has argued that formate is only a
spectator and the direct FAOR pathway proceeds without the
formate species.”””! Furthermore, some studies have suggested
possible dual dehydrogenation pathways (e.g., due to compar-
able surface energetics for the formate-involving and formate-
free pathways)’>”* or dual-species collaboration (e.g., due to
non-negligible interactions between the adsorbed formate spe-
cies and formate ions in solutions)’*”® for the oxidation of
formic acid. Therefore, to the best of our knowledge, a final
conclusion has not been drawn on the nature of active species
in the direct pathway of FAOR.

FAOR electrocatalyst engineering has primarily focused on
Pt and Pd-based materials due to their high activity and
relatively high stability. Pt is known to primarily follow the
indirect pathway, whereby *CO can poison the surface, leading
to deactivation.”® On the other hand, Pd is known to have an
absence of *CO poisoning and typically follows the direct
oxidation pathway,”” but has lower stability than Pt in acidic
electrolytes. The measurements of FAOR catalysts are not as
standardized as other reactions, and typically a wider range of
values are found in literature. However, approximate ranges for
the specific and mass activities for Pt are 1-5 mA cm™> and 0.1-
0.3 Amg ' at 0.5 Vryg,”®’®”° respectively (Fig. 5a). The activity
of Pd is typically higher than Pt, with specific and mass
activities of approximately 2-10 mA cm ™2 and 0.3-0.5 A mg "
at 0.5 Veug. %% As with MOR and EOR catalysts, improving
FAOR electrocatalysts often relies on alloying Pt or Pd with
other hetero-metals (Fig. 5b). As the rate-limiting step of FAOR
is CO oxidation on Pt catalysts, state-of-the-art Pt-based FAOR
electrocatalysts have focused on either preventing the indirect
pathway from occurring on the Pt active sites or increasing the
CO oxidation rate. For example, alloying Pt with Bi has been
shown to increase the FAOR activity as Bi will cover the surface
sites, diminishing the number of certain Pt ensembles that
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81-84 purthermore, in addition to

facilitate the indirect pathway.
promoting MOR and EOR compared to pure Pt, PtRu has been
known to increase the FAOR activity by about 2x through
enhancing the CO oxidation step.®® Similarly, alloying Pd with
elements such as Bi®**®*> or Cu®® has also been shown to have
the potential to boost FAOR activity and stability.

Based on these mechanisms, three critical elementary steps
(i.e., dehydrogenation, C-C bond cleavage, and CO electro-
oxidation) are involved in the oxidation energetics of liquid
fuels. By further dissecting the overall energetics of liquid fuel
oxidation into the fundamental energetics of these individual
elementary steps in the next section, descriptors that determine
such elementary energetics and, thus, govern the overall cata-

Iytic activity can be summarized.

3. Scaling relations and elementary
energetics

The main role of a catalyst is to alter the energetic landscape
of the reaction and lower the activation energy AE, for convert-
ing the reactants to the products without changing the overall
reaction energy AEeaction (Fig. 6a). However, optimizing cata-
lysts to achieve the maximum possible activity for a given liquid
fuel oxidation reaction is extremely difficult, stemming from
the fact that their reaction mechanism often involves many
intermediates that have interactions with the catalyst surface
that cannot be completely decoupled from one another.®?” For
example, during the MOR, many C-bound and O-bound inter-
mediates interact with the surface of the catalyst, which leads to
a multitude of energetics that would need to be optimized for
the ideal catalyst. Fig. 6b shows the energetics of MOR on a
Pt(111) surface,** demonstrating the wide range of energetics
associated with the reaction. While a wide variety of

Fig. 5 Formic acid oxidation on benchmark catalysts. (a) Polarization curves of Pt/C and Pd/C catalysts in 0.5 M HCIO, electrolyte. Due to different
electrochemically active surface areas, the curves are normalized relative to the Pt/C curve. Adapted from ref. 78, Copyright (2007), with permission from
Elsevier. (b) Mass activity of various Pd and Pt-based alloys for formic acid oxidation after being held at 0.3 V for a set amount of time in a single-cell test.

Adapted from ref. 85. Reproduced with permission from Springer Nature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pathway. The CO oxidation steps typically are rate-limiting on Pt-based
surfaces, as indicated by having the highest thermodynamic reaction
barrier. Adapted with permission from ref. 44. Copyright 2012 American
Chemical Society.

intermediates and pathways have been proposed for liquid fuel
oxidation, the energetics of the various elementary steps are
fundamentally connected,®” which prevents the tailoring of
catalysts to tune the energetics of only a single step in the
reaction. These fundamental connections among intermediates
are broadly referred to as scaling relations, which states that
there is a general correlation of adsorption energies among
similar intermediates (e.g., bound by the same element) across
different catalytic surfaces.®” For example, the adsorption ener-
gies of O-bound intermediates scale linearly with the OH
binding energies (Fig. 7a), while the adsorption energies of C-
bound species scale linearly with the CO binding energies on
metal surfaces (Fig. 7b).** Therefore, the overall thermody-
namic reaction profiles of MOR can be described by the relative
binding strength of *CO and *OH species.*”>*> Likewise, the
reaction intermediates in EOR®*®*°° and FAOR®"> have similar
linear scaling relations with the C and O binding energies,
highlighting the importance of scaling relations in determining
the energetics of liquid fuel oxidation. In addition to the scaling
relations between adsorption energies, the transition state

EES Catal.
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barriers in MOR,” EOR,*° and FAOR> scale with the free
energy changes, which is known as the Brgnsted-Evans-Polanyi
(BEP) relation. For instance, such a BEP relation has been
reported between the activation barriers and reaction energies
of possible C-C, C-H, and O-H bond cleavage steps in EOR®°
(Fig. 7c), showing that the thermodynamic profiles correlate
strongly with the kinetics barriers and, therefore, the overall
reaction rates. Using the scaling relations and BEP relation, we
can further relate the energetics of dehydrogenation, C-C
cleavage, and CO oxidation with the C and O binding energies
(Fig. 8a) to develop fundamental intuitions on how the catalytic
activity of liquid fuel electro-oxidation can be optimized via
catalyst design. Generally, stronger C binding on catalyst sur-
faces promotes dehydrogenation and C-C cleavage but hinders
CO oxidation (Fig. 8a top). In contrast, stronger O adsorption
can result in less selectivity for C-C cleavage for CO, formation
but more favorable energetics for CO electro-oxidation (Fig. 8a
bottom). Therefore, for MOR and FAOR, as state-of-the-art
catalysts such as Pt are more limited by CO oxidation than
dehydrogenation, we need to reduce the C binding and
facilitate the O binding on these top-performing
catalysts.”*™*>°9°% Moreover, as EOR currently has chal-
lenges in both selectivity (C-C cleavage) and activity (CO
oxidation), which have opposite trends in their energetics
as a function of C or O binding (Fig. 8a), it is more challen-
ging to develop ideal catalysts for EOR than for the other two
anodic reactions in DLFCs. Common to MOR, EOR, and
FAOR, dehydrogenation (C-H bond cleavage) is critical for
full oxidation to CO,. Unfortunately, making a quantitative
version of Fig. 8a is quite difficult as it would require
benchmarking all the barriers with respect to the same
parameters (such as AE; or AEg). Doing so would require
further original experiments or computation as data from
different sources can have different experimental or compu-
tational parameters, making such an endeavor outside the
scope of this review. However, we hope that this review can
motivate such work for future studies. Nonetheless, the
discussion below will go into more detail about the scaling
and BEP relations for each of these elementary steps
individually.

First, the barriers for dehydrogenation can be lowered by
increasing the binding of surface C, as it has been shown
through experiments and computations to lead to higher rate
constants of dehydrogenation of methanol to *CO species.”®
Moreover, density functional theory (DFT) calculations have
indicated that stronger adsorption of ethanol molecules on
monometallic surfaces can lead to lower activation barriers for
the initial dehydrogenation of ethanol via either O-H or o/B-C-
H bond scission® (Fig. 8b). Such a correlation has been
supported by similar studies of DFT-computed dehydrogenated
profiles of ethanol molecules on close-packed metal surfaces,
where stronger C binding generally gives rise to more strongly
adsorbed dehydrogenated derivatives and also smaller activa-
tion barriers,””°® confirming the crucial role of C binding in
determining the dehydrogenation energetics and selectivity of
liquid fuels on catalyst surfaces. This trend originates from the

€ 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Scaling relations in liquid fuel electro-oxidation. (a) Linear scaling relations between the adsorption energies of O-bound MOR intermediates and
the adsorption energies of OH on different metal surfaces. Adapted with permission from ref. 44. Copyright 2012 American Chemical Society. (b) Linear
scaling relations between the adsorption energies of C-bound MOR intermediates and the adsorption energies of CO on different metal surfaces.
Adapted with permission from ref. 44. Copyright 2012 American Chemical Society. Subscripts of s and t denote steps and terrace facets of each
respective metal. (c) BEP relations between the activation barriers and reaction energies of possible bond-cleavage reaction steps in EOR on Pt(111) and
Pt(211) surfaces. Adapted with permission from ref. 60. Copyright 2012 American Chemical Society.

scaling relations and BEP relation and can be extended to other
processes, e.g., the dehydrogenation of hydrocarbons such as
ethane®® and propane.'®®

Second, stronger C binding facilitates C-C bond cleavage,
whereas stronger O binding inhibits C-C bond scission
(Fig. 8a). This relation is supported by a recent study®® compar-
ing and evaluating the competing energetics of C; and C, EOR
pathways on monometallic surfaces. In the C, pathway, the
acetyl (*COCHj3) intermediate is oxidized to acetate species
(*O,CCH3) and finally becomes acetic acid, while in the C;
pathway, the fragmentation of acetyl species via C-C cleavage
leads to the formation of *CO, *CHj, and finally CO,.%%°71
Thus, the competition between acetyl oxidation and fragmenta-
tion can govern the product selectivity in EOR. In this study,® it
has been found that the barrier of acetyl fragmentation is
reduced by increasing the C binding energy (blue in Fig. 8c),
while stronger O binding and weaker C binding can lead to
more favorable energetics for forming the side product (i.e.,
acetate, green in Fig. 8c). In other words, although C-C bond
cleavage does not involve O-bound species, the side reaction
with respect to C-C bond cleavage involves O-bound species.
Thus, if O is more strongly bounded, the thermodynamic
driving force of the side reaction is stronger, and C-C bond
cleavage becomes less selective. Therefore, an ideal catalyst for
C-C bond cleavage in EOR should have strong C binding but
weak O binding, but among various metals, only Pt and Pd have
such energetics.®® These trends for C-C bond cleavage have
been corroborated by another recent work assessing the acetyl
oxidation and fragmentation energetics on ternary Pt;RhM
(M = Fe, Co, Ni, Cu, Ga, In, Sn, and Pb) nanoalloys.”® The
authors have proposed slightly modified pathways, where the
C-C bond cracking step can take place more easily in further
dehydrogenated *COCH, or *COCH intermediates, and the
dissociation of water to *OH and *H can have a lower activation

© 2024 The Author(s). Published by the Royal Society of Chemistry

barrier than the combination of acetyl with *OH to form acetic
acid. Nevertheless, this small change in reaction pathways does
not alter the dependence of C-C bond cleavage energetics on
the C and O binding energies. Enhancing the C adsorption can
still facilitate the fragmentation of *COCH,, while reducing the
O binding can hinder the energetics of both water dissociation
and acetyl oxidation steps on catalyst surfaces.

Lastly, CO electro-oxidation (Fig. 8a) can be promoted by
reducing the C binding and enhancing the O binding energies.
Although state-of-the-art monometallic catalysts for liquid fuel
oxidation (e.g,, Pt and Pd) show high activity for
dehydrogenation®>°* (Fig. 3b) and C-C cleavage®”*® (Fig. 8c),
these catalysts can still have CO electro-oxidation as rate-
limiting steps due to too strong C binding and too weak O
binding.***>°°°> To promote CO oxidation, we can facilitate
the formation of more *OH from water dissociation for CO
electro-oxidation via the Langmuir-Hinshelwood pathway by
increasing the O binding energy using more oxophilic elements
such as Ru** (orange in Fig. 8d). On the other hand, we can
reduce the C binding energy to promote the combination of
*CO and *OH to *COOH and the desorption of CO,** (red in
Fig. 8d) by, for example, incorporating metals that interact
more weakly with *CO, such as Au. Despite the low binding
strength of *CO on Au (near reversible binding to the surface),”®
Au exhibits a higher CO oxidation activity than Pt.'°> The
higher activity of Au compared to Pt for CO oxidation has been
hypothesized to be from the direct formation of *COOH from
*CO and H,0, due to the low binding strength of *CO on
Au.103'104

The binding strength of various intermediates, and there-
fore the reaction rates of the aforementioned elementary steps,
are largely dictated by the electronic structure of the surface,"*>
which acts as a strong lever for optimizing electrocatalytic
activity. While quantum mechanical models of the surface-
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oxidation as a function of C and O adsorption energies. (b) Dependence of the activation barriers of the initial dehydrogenation step of ethanol on the
adsorption energies of ethanol on different metal surfaces. Adapted with permission from ref. 95. Copyright 2017 American Chemical Society. (c)
Dependence of the energetic barriers of C-C bond cleavage and the side reaction (acetyl oxidation) in EOR on the adsorption energies of C and O on
different metal surfaces. Adapted from ref. 89, Copyright (2018), with permission from Elsevier. (d) Dependence of the barriers for the key critical steps of
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from ref. 44. Copyright 2012 American hemical Society.

adsorbate interactions give accurate descriptions of such inter-
actions, these models are computationally demanding and
their results are often not generalizable to other similar
systems.'% To address these limitations and aid in designing
catalysts with features that increase activity or selectivity, most
design strategies of liquid fuel oxidation electrocatalysts have
revolved around characteristics that capture the scaling of the
intrinsic activity with descriptors that are less computationally

EES Catal.

demanding or more intuitive to understand and
control.">'**'%” One example of these descriptors commonly
used for metallic surfaces is the relative energy difference
between the Fermi level and the d-band center for metals
(i.e., centroid energy of all d-states in a material), often referred
to as the d-band model."®>'® This descriptor has been shown
to scale linearly with the binding energy of adsorbates, in which
a higher d-band center leads to stronger adsorbate-surface

€ 2024 The Author(s). Published by the Royal Society of Chemistry
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