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Abstract

The dual problems of sustaining the fast growth of human society and preserving the
environment for future generations urge us to shift our focus from exploiting fossil oils to
researching and developing more affordable, reliable and clean energy sources. Human
beings had a long history that depended on meeting our energy demands with plant
biomass, and the modern biorefinery technologies realize the effective conversion of
biomass to production of transportation fuels, bulk and fine chemicals so to alleviate our
reliance on fossil fuel resources of declining supply. With the aim of replacing as much
non-renewable carbon from fossil oils with renewable carbon from biomass as possible,
innovative R&D activities must strive to enhance the current biorefinery process and

secure our energy future.

Much of my Ph.D. research effort is centered on the study of electrocatalytic conversion
of biomass-derived compounds to produce value-added chemicals, biofuels and electrical
energy on model electrocatalysts in AEM/PEM-based continuous flow electrolysis cell
and fuel cell reactors. High electricity generation performance was obtained when
glycerol or crude glycerol was employed as fuels in AEMFCs. The study on selective
electrocatalytic oxidation of glycerol shows an electrode potential-regulated product
distribution where tartronate and mesoxalate can be selectively produced with electrode
potential switch. This finding then led to the development of AEMFCs with selective
production of valuable tartronate or mesoxalate with high selectivity and yield and
cogeneration of electricity. Reaction mechanisms of electrocatalytic oxidation of ethylene
glycol and 1,2-propanediol were further elucidated by means of an on-line sample
collection technique and DFT modeling. Besides electro-oxidation of biorenewable
alcohols to chemicals and electricity, electrocatalytic reduction of keto acids (e.g.
levulinic acid) was also studied for upgrading biomass-based feedstock to biofuels while
achieving renewable electricity storage. Meanwhile, ORR that is often coupled in
AEMEFCs on the cathode was investigated on non-PGM electrocatalyst with comparable

activity to commercial Pt/C. The electro-biorefinery process could be coupled with
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traditional biorefinery operation and will play a significant role in our energy and

chemical landscape.
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Chapter 1 Introduction and Significance of the Research

1.1 Energy Outlooks

The rapid growth of global population and rising standards of living will place
additional demand on energy supply,' The U.S. Energy Information Administration
(EIA) has projected that the overall energy consumption in the U.S. will increase by 12%
from 95 quadrillion Btu in 2012 to 106 quadrillion Btu in 2040," while the global energy
demand grows by 50 % from 12 billion toe (tones oil equivalents) in 2009 to 18 billion
toe by 2035 as projected by International Energy Agency (IEA).>> Non-renewable fossil
fuels (coal, petroleum and natural gas) have been serving to boost the fast growth of
human society for decades and are expected to remain the dominant energy source,
accounting for 80% of total consumption in U.S. as of 2040 projected by the U.S. EIA
(Fig. 1.1 (a))* and for 75% of global energy demand as of 2035 projected by the IEA (Fig.
1.1 (b))’. However, with continuing improvement of the people’s living standards, our
heavy addiction to fossil fuels has aroused great concerns, mainly due to the dwindling
supply of the fossil fuel resulting in the rising and volatility of prices of the transportation

fuels and electricity in the long term,”®

and more importantly, to the air quality
deterioration and global climate change because of the global greenhouse gas, CO,,
emission that is expected to be 27% higher in 2030 than today.’ Therefore, the dual
problems of meeting future energy demand and preserving the environment for future
generations urge us to shift our focus from exploiting fossil fuels to researching and
developing more affordable, reliable and clean energy sources. This trend has been
reflected in the energy outlooks by different agencies and companies, among which the
U.S. EIA projects that the consumption of marketed renewable fuels will grows by 1.4%

per year in their 2014 Annual Energy Outlooks* and BP forecasts that renewables will

account for 18% of the global energy growth in 2030.
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Fig. 1.1 (a) U.S. primary energy consumption by fuels, 1980-2040 (quadrillion Btu).
(Source: U.S. Energy Information Administration (December 16, 2013))* (b) World
growth in total primary energy demand, 1987-2035. (Source: World Energy Outlook
2013 Launch — a presentation by Maria van der Hoeven in London © OECD/IEA, 2013)’.

1.2 Biorefineries: the VValorization of Biomass

In the short term, biomass is the only renewable carbon resource that can replace
petroleum derived transportation fuels, commodity and fine chemicals.” It is estimated
that the annual production of biomass in nature by photosynthesis is 170 billion metric
tons (t), only 3.5% of which are used by human worldwide for food purpose.*’ The
current cost of lignocellulosic biomass in the U.S. ranges from $5 to 15 boe (barrels of oil
energy equivalent),'® which is significantly lower than crude oil of $97/bbl (per barrel)

averaged in 2013,'" and the price gap between the delivered biomass and crude oil will be
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enlarged as the demand growing in the future.* On the other hand, it has been predicted
that in 2050, the world wide raw biomass will have an energy content between 25 x 10
to 79% 10° boe,'*'? and by 2030, 20% of transportation fuels and 25% of chemicals in the

U.S. will ultimately derived from biomass."

The effective exploitation of biomass resources largely relies on the development of
modern biorefinery processes that employ biological, chemical and thermal approaches to
convert biomass to biofuels, bio-chemicals and direct energy (heat and electricity).*”'”
The U.S. Department of Energy (DOE) has identified the top ten platform molecules that
can be readily obtained from the established biorefinery processes, including ethanol,
furans, glycerol and derivatives, biohydrocarbons, lactic acid, succinic acid,
hydroxypropionic acid/aldehyde, levulinic acid, sorbitol and xylitol."*""* These chemicals
will be of particular importance as promising starting materials for further conversion to a
viable range of derivatives as building blocks for commodity chemicals, fuels and
polymers. The focus of my Ph.D research was however only laid on the electrocatalytic
conversion of glycerol, levulinic acid and their derivatives (1,2-propanediol, ethylene
glycol), while the developed innovative -electrocatalytic processes and acquired

knowledge will possibly be extended to the rest of platform chemicals for the synthesis of

bio-based products.

According to the source provided by the U.S. EIA, the production of biodiesel (B100,
100% biodiesel) in the U.S. was 1339 million gallons with a capacity of 2236 million
gallons.'® The most common inputs of biodiesel production are vegetable oils and animal
fats that contain non-edible triglycerides. They are upgraded by trans-esterification with

alcohols (e.g. methanol, ethanol or 2-propanol) in the presence of acid or base catalyst

(Fig. 1.2 (a)).'""

Roughly speaking, every 100 pounds of biodiesel will produce 10 pounds of glycerin as
a co-product.'® The expanding production of biodiesel (Fig. 1.3) will result in the surplus
production of glycerol as byproduct; therefore the drop of market price of glycerol is

expected (0.74-0.89 US$ gal ' for crude glycerol, vs. 1.34 US$ gal”' for methanol and



3.15 US$ gal”' for ethanol, the latter two beings are obtained mainly from the
microorganism fermentation process of biomass). Although the traditional uses of
glycerol have already been found in the production of food additives, cosmetics,

) ) 19
pharmaceuticals, antifreeze, detergents, etc.,g’

the utilization of glycerol as platform
molecule for producing larger-volumes of fine chemicals and fuel additives will better
meet industrial interest.'®" Various technologies, including fermentation, oxidation,
reduction, dehydration, polymerization, esterification, pyrolysis, etc., for the valorization
of glycerol are current under investigation and some of them have already been

commercialized.”!*

(a

Triglycerides ———— = Alkyletster (Bio-diesely * HO OH

(Vegetable Oil, Animal Faty - transesterification H
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® . - -H,0 7'\ H 0 o
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| I

Fig. 1.2 Production of (a) glycerol and (b) levulinic acid by biorefinery process.
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Fig. 1.3 U.S Biodiesel production, exports and consumption (Data adapted from'®*").

Levulinic acid is also suggested as the primary building block for our future production

of chemicals and fuels. It can be efficiently manufactured via acid-hydrolysis of

4



lignocellulosic biomass containing cellulose and hemicellulose (> 75%) (Fig. 1.2
(b)).'**'* Both experimental results and the kinetic models have demonstrated that the
yield of levulinic acid is influenced by reaction conditions, such as the composition of
reaction mixtures, operation temperatures, acid concentrations and initial amount of
cellulose. Highest yield of 76 mol.% levulinic acid was predicted by kinetic study when
using the optimum process conditions with insoluble humins/tars as the main byproduct
that could be easily separated for the sub-sequential upgrading process.” The analysis of
liquid mixture revealed that the water soluble reaction intermediates and byproducts of
glucose, 5-(hydroxymethyl)furfural (HMF) and furfural (< 0.1 wt.%) were negligible
compared to the yields of levulinic acid and formic acid that were in an equal molar ratio.
The Biorefine process developed by BioMetics Inc. has realized a large-scale production
of levulinic acid in pilot plant at a yield of 50-70% and a cost of only $0.09-0.11 kg™ was

26-29
d,

estimate which is significantly cheaper than $5 kg for pure levulinic acid in the

global market.*

The transformation of levulinic acid has been actively explored. Numerous useful
compounds can be derived from levulinic acid through dehydration/hydrogenation,
esterification, oxidation, condensation and reductive amination reactions.” %1426 Methyl
tetrahydrofuran (MTHF) produced from dehydration/hydrogenation of levulinic acid has
been reported to have a high octane number of 87. The U.S. DOE has approved the blend
of MTHEF in regular gasoline (up to 70%) as a component of P Series fuel.'’ Valeric ester,
another levulinic acid derivative developed by Shell, has been proved by road run trial to
be an excellent cellulosic biofuel that can be directly used as a blending component of

high ratio in both gasoline and diesel.”’

Many advances in science and technologies have been made recently toward extracting
energy content of renewable biomass to produce chemicals and fuels. Nevertheless, with
an aim of replacing as much non-renewable carbon from fossil fuels with renewable
carbon from biomass, innovative R&D activities are still needed to increase the
efficiency and sustainability of present biorefinery process so as to diversify and secure

our energy future.



1.3 Electro-biorefinery: Electrocatalytic Processing of Biomass-derived
Oxygenated Compounds to Chemicals, Liquid fuels and Electricity

Driven by the government policies and requirements in short terms and cost
competitiveness with nonrenewable technologies in long terms, renewable electrical
energy is expected to account for 28% of the overall electricity generation in the U.S.
from 2012 to 2040 (Fig. 1.4).* This motivates us to not only improve the efficiency of the
current renewable electricity generation processes, but also develop new technologies for
generation electricity from biorenewable feedstock and renewable electricity storage, in
order to make significant contributions to this trend. Therefore, electrocatalytic
processing of biomass-derived oxygenated compounds to chemicals, liquid fuels and
electricity in electrochemical cells (including fuel cells and electrolysis cells) may play a

significant role in our energy and chemical landscape.
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Fig. 1.4 Electricity generation by fuel type, 1990-2040 (trillion kWh) (Source: U.S.
Energy Information Administration (December 16, 2013))".

Fuel cells have attracted considerable research interest as potentially alternative options
for portable, transport and stationary power supply sources, as they can alleviate major

problems associated with the production and consumption of fossil fuel based energy,

31,32

including greenhouse gas emission and environment pollution. Fuel cells are the



energy conversion device in which the efficient transformation of chemical energy stored
in small organic molecules directly to electrical energy has been a long-time research
challenge and appreciable key successes have been achieved.” Several H,-PEMFCs
(proton exchange membrane fuel cells) powered cars have been unveiled, including
Chevrolet Equinox Fuel Cells vehicle, Honda FCX Clarity, Hyundai ix35 Fuel Cell
electrical vehicle, Mercedes-Benz F-Cell vehicle and Toyota FCV. However, the cost
involved in the high loading of platinum-group catalysts, the development of H, gas
storage materials and the H, gas transport infrastructure make H, fuel cell vehicle less

competitive in the automobile market.**

While intensive researches are undergoing to
resolve these concerns, direct alcohol fuel cells (DAFCs) have recently been recognized
as another promising alternative electrical power general device to meet the humanity’s
energy demand.’>* The interest in DAFCs is mainly aroused by higher volumetric
energy density and thermodynamic efficiency of alcohol fuels when compared with
liquid H, fuel (Table 1.1). Also, liquid alcohol fuels are easy to store and transport, and
can be derived from annually renewable biomass feedstock. In addition, the introduction
of anion exchange membrane (AEM) serving as solid alkaline electrolyte can further
improve the cell performance as both the anode and cathode reactions are significantly
enhanced by the better mass transfer and lower adsorption of spectator charged
species.’®” High pH environment also allows the participation of low cost non-platinum
catalysts thereby significantly reducing the cost of fuel cells.>>*® On the other hand, the
products, including carbonate (COs”) of anion exchange membrane-direct alcohol fuel
cells (AEM-DAFCs) remain in the aqueous solution, with zero environmental impact.

Therefore, numerous studies have been carried out in AEM-DAFCs, including

methanol***, ethanol*'™**, ethylene glycol®**, 1,2- propanediol*®*” and glycerol®***#%4,



Table 1.1 The standard thermodynamic voltage (E 9, energy density (We), and maximum
reversible efficiency (7ry) of hydrogen and selected pure polyols under standard
conditions.””

Fuel EIV | WekWhKg' [kWhL'] Nrev

Hydrogen (H») 1.23 39.0 [2.6 (liquid H,)] 0.83

Ethylene glycol (HOCH,CH,OH) 1.22 5.3[5.9] 0.99
1,2-Propanediol (CH;CHOHCH,OH) | 1.16 6.7 [6.9] 0.98
Glycerol (HOCH,CHOHCH,OH) 1.23 5.1 [6.4] 0.98

On the other hand, aqueous phase selective oxidation of biorenewable alcohols to
valuable chemicals over metal catalysts with molecular oxygen or H,O, oxidant also
represents a very attractive green process in heterogeneous catalysis due to its low
environmental impact, especially when compared to current stoichiometric oxidation
reaction.”’™? Interestingly, there are many similarities between electrocatalysis and
heterogeneous catalysis as in both areas, the oxidation of alcohols are often carried out on
supported metal catalysts that are responsible for the adsorption of reactants, activation
and stabilization of intermediates and desorption of the products.”®> Density functional
theory (DFT) calculations have revealed that the presence of OH™ ions in high pH
solution would greatly reduce the activation energy of the first dehydrogenation step,
thereby facilitating the alcohol oxidation. They also inferred that O, in heterogeneous
catalysis merely facilitates the OH™ regeneration loop via oxygen reduction reaction
(ORR) without direct interaction with alcohol, whose function is similar to the reaction at

the cathode of a fuel cell.>*

In spite of these similarities, electrocatalysis holds significant advantages against the
heterogeneous catalysis system. The energy barriers of a multistep reaction can be
manipulated by controlling electrode potentials so that the product selectivity can be
easily tuned.” On the other hand, the current that is indicative of the extent of the
electrochemical reactions (Equation 1-1) often relates exponentially to the variation of
electrode potentials (Equation 1-2).° Therefore, high temperature and pressure often

required in heterogeneous catalysis are not needed in electrocatalysis:

mol dN i
Rate (%) =% =7 D



where N (mol) is the moles of the reactant electrolyzed; i (A) is the current; n is the
number of electrons transferred in the electrode reaction; F is the Faraday constant.
i = ip[F2 g-arn _ CROOD G-a)rm) (1-2)
Co Cr
where ijis the exchange current; Cj, and Cy are the bulk concentrations of oxidized and
reduced species, respectively; Cp(0,t) and Cgr(0,t) are the -electrode surface
concentrations of oxidized and reduced species as the function of time, respectively; a

the transfer coefficient; f = F/RT; n = E — E, is called overpotential of the reaction.

In this context, an AEM-DAFC can be envisioned not only as an electrical energy
generator for the current delivery but also as a chemical reactor for the useful chemicals
production, as illustrated in Fig. 1.5 (a). The cogeneration process is thought to be highly
desirable and with great commercial potentials from energy conservation, economics and

sustainability viewpoints.

(a)
Cathode
R-OH
R-COOH RH
R-OH =0

Fig. 1.5 Schematics of (a) AEM fuel cell reactor for cogeneration of electrical energy and
valuable chemicals from biorenewable alcohols and (b) AEM electrolysis cell reactor for
electrochemical hydrogenation of biomass derived oxygenates into liquid fuels.

Electrolysis cell is another operative derivative of fuel cell setups, where electric energy
is consumed to produce chemical compounds of interest as shown in Fig. 1.5 (b).
Production of H; fuel through electrolysis of water by renewable energy sources (solar,
wind, geothermal, tidal powers, etc.) has been reported as a sustainable energy option for

34,57

the widespread applications of for H,-PEMFC in automobile industry. However, in

the foreseeable future, the most desirable energy carriers for transportation purposes



(autos, ships, airplanes, etc.) are still long-chain hydrocarbon fuels, such as gasoline,
diesel, and kerosene, due to their unparalleled high energy density as well as the already
established infrastructures for their storage and transportation.”® However, the finite
nature of fossil fuels calls for the devotion of active research and development to
renewable biomass resources. Though the advances in plant science have led to
improvement of carbon capture efficiency of biomass from atmosphere, the harvest
efficiency of solar energy in the most energetic plants is less than 2%, making further
increasing of biomass energy content very limited.® As a comparison, great progress has
been made in photovoltaic (PV) cells that are already commercially available for
capturing solar energy in the form of electric energy with a harvest efficiency of more
than 15%.” In these respects, electrochemical hydrogenation in electrolysis cells takes
advantages of using highly efficient man-made renewable electricity generation
techniques (e.g. PV cell) for raising the energy content of biomass related compounds
and upgrading these oxygenates to biofuels. Meanwhile, the electrical energy produced
from PV cells that is absent during the off-peak hours, could be stored in the liquid fuels

of high chemical energy densities.

The operation modes of both electrochemical cells are coupled with the oxygen
electrode (Fig. 1.5). During cogeneration process in AEM-DAFC mode, ORR reduces O,
to OH" that is a ubiquitous cathode reaction in AEM-based fuel cell reactor. On the other
hand, in electrolysis cell mode during electrochemical hydrogenation process, oxygen
evolution reaction (OER) that oxidizes OH back to O, takes place on the anode side of
AEM electrolysis cell reactor. The interconversion of O, + 2H,0 +4e~ < OH™
involving multiple electron transfer is a sluggish reaction that requires the employment of
platinum-group metals (PGMs), such as IrO, or RuO, for OER and Pt or Pd for ORR.
However, the scarcity of these metals and expensive cost are a serious challenge to the
broad deployment of these novel energy conversion and storage technologies. Therefore,
extensive efforts have been taken to understand these reactions, and explore efficient and
durable catalysts based on earth-abundant metals, which becomes the focal point of the

current research.’%7?
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1.4 Research Goals and Significance

My Ph.D. research goals are to efficiently electro-catalytically convert biomass-derived
polyols (glycerol, ethylene glycol and 1,2-propanediol) and keto-acid (levulinic acid) to
produce value-added chemicals, hydrocarbon fuels or electricity, on supported
nanoparticle electro-catalysts and acquire new understanding of these electrocatalytic
reactions. In Chapter 3, kinetics and electricity performance of glycerol and crude
glycerol electro-oxidation were studied on three model precious metal catalysts, Pt/C,
Pd/C and Au/C in both half cells and AEMFCs. After better understanding of electrode
potential-regulated electrocatalytic selective oxidation of glycerol (featuring two primary
and one secondary —OH groups) through developing novel continuous flow AEM-based
electrolysis cells, cogeneration of chemicals (tartronate or mesoxalate) and electricity was
realized in AEM-DGFCs under different reaction conditions (see Chapter 4). To study
the electrode potential-dependent electro-oxidation reaction pathway in-depth, selective
electrocatalytic oxidation of ethylene glycol, the simplest polyol that contains only two
primary alcohol groups, was performed by means of on-line sample collection system in
conjunction with electrochemical tests (i.e. LSV) (see Chapter 5). The electrocatalytic
oxidation mechanism associated with the charge transfer at the electrode-electrolyte
interface was further elucidated via combining the preliminary computational quantum
mechanical modeling (i.e. DFT) and the experimental results from electrocatalytic
oxidation of 1,2-propanediol, a C; polyol including one primary and one secondary
hydroxyl groups, in AEM-based electrolysis cells (see Chapter 6). In addition to electro-
oxidation and conversion of biorenewable alcohols to chemicals and electrical energy,
my Ph.D. research was also devoted to electro-reduce and upgrade biomass derived
compounds to biofuels with simultaneous storage of renewable electricity (see Chapter
7). In Chapter 8, efficient non-PGMs ORR catalysts were also evaluated, so as to
facilitate the development of AEM-DAFCs. My Ph.D. research has gained new insights
into electrocatalytic processing of biomass-derived feedstocks on model catalysts and

may open up a new sustainable electrochemical biorefinery route that could be coupled
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with traditional biorefinery facilities for the production of chemicals, biofuels and

electricity, at the same time enabling the storage of other renewable electrical energy.
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Chapter 2 Experimental Details and Materials

2.1 Chemicals and materials

The chemicals and materials used for my Ph.D. research are purchased from different

sources as follows.
Chemicals from Sigma Aldrich:

Oleylamine (70%), Oleic acid (90%), Super-Hydride solution (1.0 M lithium
triethylborohydride (LiBEt;H) in THF), 1-Propanol (99.5+%), Potassium hydroxide
(KOH, 85+%), Potassium hydroxide (99.99%, trace metal basis), Polytetrafluoroethylene
preparation (60 wt.% dispersion in H,0), Glycerol (99%, GC Grade), D-(+)-
Glyceraldehyde (98+%, HPLC), 1,3-Dihydroxyacetone dimer (97%), Mesoxalic acid
monohydrate disodium salt (98+%, Fluka Analytical), B-Hydroxypyruvic acid (95+%),
Glycolic acid (99%), Glycolaldehyde dimer, Oxalic acid dihydrate (99+%, GC), Glyoxal
(40 wt% solution in water), 1,2-Propanediol (99.5+%), Levulinic acid (97+%), Valeric
acid (99+%), Nitric acid (70%), Potassium hexacyanoferrate(II) (Ks;[Fe(CN)s], 99.99+%,
trace metal basis), Propionic acid (99.5+%), Butyric acid (99+%)

Chemicals from Acros Organics:

Platinum(1Il) acetylacetonate (Pt(acac),, 98%), Palladium(Il) acetylacetonate (Pd(acac),,
35% Pd), Gold(IlI) chloride (64.4+% Au), 1-Octadecene (90%), Glyoxylic acid (98%),
DL-Lactic acid (85%), Pyruvic acid (98%), y-valerolactone (98%)

Chemicals from Alfa Aesar:
Dibenzyl ether (98+%), Tartronic acid (98%), Hydroxyacetone (95%)
Chemicals from Fisher Scientific:

Glycerol (99.8%), Hydrogen peroxide (H,O,, aqueous solution, 31.6%), N,N-
Dimethylformamide (DMF, 99.9%)
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Chemicals from BDH Chemicals:

Isopropanol (99%), Ethylene glycol (99+), Acetic acid (99.7+%), Ammonium hydroxide
(28-30%)

Chemicals from PHARMCO-AAPER:
Ethanol (200 proof, anhydrous)

Chemicals from TClI AMERICA:
DL-Glyceric Acid (20% in water, ca. 2 mol L™
Chemicals from EMD Chemicals Inc.:

Potassium phosphate dibasic (K,HPO,, Powder, 98+%), Hydrochloride acid (36.5-
38.0%), Sulfuric acid (17.8 M, 95.0-98.0%)

Chemicals from Mallinckrodt Chemicals:
Potassium phosphate monobasic (KH,PO4,Crystal, 99+%), Formic acid (88+%)
Materials:

Crude glycerol (88%, a byproduct from soy bean biodiesel manufacturing, Kingdom Bio
Solution Inc.), Carbon black Vulcan XC-72R (Fuel Cell Store), 4020 series cathode
catalyst (Fe-Cu-N4/C, HYPERMEC™, Acta), XGnp-M-5 graphite nanoplatelets (XG
Sciences), Multi-wall carbon nanotubes-COOH (5-15 nm OD, 10-50 um length,
Cheaptubes Inc.), 25CC carbon paper (Teflon Treated, SGL Group), Carbon cloth
(Teflon Untreated or Treated, 381 pum, Fuel Cell Store), AS-4 anion exchange ionomer
(5.0 wt.%, OH™ conductivity of 13 mS cm™ Tokuyama Corp.), Nafionl17 proton
exchange membrane (Ion Power, Inc.), Nafion proton exchange ionomer (LIQUION™
Solution LQ-1105, 1100 EW, 5 wt.%, lon Power Inc.) A-201 anion exchange membrane
(28 um, OH™ conductivity of 38 mS cm™, Tokuyama Corp.), A-901 anion exchange
membrane (10 pm, OH™ conductivity of 42 mS cm™, Tokuyama Corp.), FAA anion
exchange membrane (110 pm, OH conductivity of 17 mS cm”, Fuma-Tech, GmbH),
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Silicon gaskets (508 um) Lead (Pb) plate (Rotometals Inc., United States, 99.9%),
Copper (Cu) plate (Small Parts Inc., United States, 99.9%), Pt foil (0.5 mm thickness,
Sigma-Aldrich, 99.99%, trace metal basis), Pt/Vulcan Carbon (20 wt.%, Fuel Cell Store),
Pt/Vulcan Carbon (40 wt.%, Fuel Cell Store)

2.2 Electrochemical cell setups

2.2.1 Batch-type three-electrode cell reactor

A conventional three-clectrode cell is shown in Fig. 2.1. The setup includes a working
electrode, a reference electrode (e.g. Hg/HgO/1.0 M KOH), and a coiled platinum
counter electrode that was placed in a glass tube with glass frits to prevent the diffusion
of the products generated on the working electrode. The water jacket of the cell enables
the system to be thermostated at various temperatures during the tests. The potential
applied on the working electrode is controlled through a potentiostat hardware
(VersaSTAT MC, Princeton Applied Research) with respect to a reference electrode that
has a stable and known redox potential. To reduce the solution resistance, the distance
between the reference electrode and working electrode was kept small (< 0.5 cm). The
counter electrode balances all the charge transfer of the working electrode from and to the
electrolyte. All the electrochemical data in this dissertation was collected either versus a
mercury/mercury oxide reference electrode (Hg/HgO) or a silver chloride reference
electrode (Ag/AgCl) and had been converted to values versus reversible hydrogen
electrode (RHE) as reported unless otherwise mentioned. Based on the manufacturer’s
specification (Pine Instrument Co.), the standard electrode potential of Hg/HgO is 0.098
V vs. standard hydrogen electrode (SHE) and Ag/AgCl (in saturated KCI solution) is
0.197 V vs. SHE, at 25°C Therefore, potentials versus RHE were calculated as:

V (vs.RHE) =V (vs.Hg/Hg0) + 0.098 + 0.059 X pHgypporting electrode (2-1)
V (vs.RHE) =V (vs.Ag/AgCl) + 0.197 + 0.059 X pHgypporting electrode (2-2)

for example, the potential differences of the Hg/HgO in 1.0 M KOH and Ag/AgCl in
KH,PO4/K,HPO, buffer solution vs. RHE are 0.098 + 0.059 x 14 = 0.924 V and 0.197 +
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0.059 x 7.5 =0.64 V, respectively. Both reference electrodes were also calibrated against
RHE (HydroFlex®) in a fresh prepared 1.0 M KOH or KH,PO./K,HPO, buffer solution
(pH = 7.5) at the end of each electrochemical test, and the potential differences were
maintained 0.924 + 0.007 V for Hg/HgO electrode and 0.64 + 0.01 V for Ag/AgCl

electrode throughout all of the experiments.

Fig. 2.1 (a) shows the three electrode cell equipped with a glassy carbon rotation disk
electrode (RDE) of 5 mm outer diameter. The employment of RDE allows the study of
electrochemical reactions on an electrocatalyst that is deposited on the glassy carbon
electrode under either stationary or rotation mode. For the purpose of acquiring more
knowledge about the reactions occurring on the disk electrode, a second working
electrode is added in the form of a ring surrounding the first disk working electrode. As
shown in Fig. 2.1 (b), the platinum ring in the rotating ring-disk electrode (RRDE) is
independent of the center disk electrode.’® Any products generated from electrochemical
reactions on the disk electrode under a rotation are continuous swept pass the ring
electrode held at a constant potential where those intermediate species can be collected

and electrochemically reduced or oxidized.
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Fig. 2.1 Setups of three electrode cells with (a) RDE and (b) RRDE.

The collection efficiency, N, is the important factor in RRDE testing which measures
the percentage of products on disk electrode that can be probed by the ring electrode. N is
only dependent on the geometry of RRDE, r; (disk radius), r, (ring inner radius), and r3

(ring outer radius):>

N=1-F(a/B)+B**[1-F(@] -1 +a+p)**1-F[(a/B)1+a+ ]}

(2-3)
where,
_ (T_2)3 1 2-4
a=(Z (2-4)
_n_n ]
p=t-=2 2-5)
(B, (a+63)) | 3 201/3-1\ | 1
F(6) = (T) In {—1+9 +-arctan (—31/2 ) +3 (2-6)
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For the RRDE (E6, Pine Instrument Co.) with r; = 2.5 mm, r, = 3.25 mm and r3 = 3.65,
N = 25%. N can be also determined experimentally by performing linear scan
voltammetry with thin-film Pt/C coated disk electrode in the N, deaerated 0.1 M KOH +
10 mM K;3Fe(CN); electrolyte, meanwhile a constant potential of 1.55 V vs. RHE will be
held at the ring electrode, where the oxidation of K4Fe(CN)s that produced by the
reduction reaction at the disk electrode process purely under diffusion control. (Fig. 2.2)

N is then determined to be 23% according to:

N=-2 (2-7)

—T T T
Ring

1600 =
025 rpm E. =155V vs. RHE

0-10‘: 100 rpm

100 rpm
400 rpm
900 rpm Disk
600 rpm

Disk current/ mA  Ring current / mA
o
o
2

0.3 04 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
Potential / V vs. RHE

Fig. 2.2 Current of ring (Iz, Fe(CN)g~ — Fe(CN);™ + e7) and disk (Ip, Fe(CN)g™ +
e~ — Fe(CN); ") for the determination of the collection efficiency of the RRDE, N.
Linear scan voltammetry performed on Pt/C thin-film electrode in N,-saturated 0.1 M
KOH + 10 mM Kj3Fe(CN)g electrolyte under rotation scan rates. Scan rate: 20 mV s'l,
25°C. Eying = 1.55 V vs. RHE.

2.2.2 Continuous flow-type AEM or PEM-based electrolysis cell reactor

Fig. 2.3 shows continuous flow AEM based electrolysis cell reactor that was custom
made for selective electrocatalytic oxidation of polyols (Chapter 4 and 6). The electrode
of a 5.0 cm” active cross-sectional area was constructed by mechanically sandwiching the
AEM (A201, Tokuyama Corp.), electrocatalysts sprayed anode and cathode carbon

clothes as a membrane electrode assembly (MEA). The anode end plate was made of
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stainless steel (316L) so as to tolerate the alkaline environment. A home-made graphite
block with a serpentine pattern was used in anodic half-cell where polyol alkaline
solution was introduced at a flow rate regulated by a peristaltic pump (Gilson Miniplus 3),
while an alkaline electrolyte of the same pH as the anode reactant solution was cycled
through the cathode chamber that was made of high-density polyethylene. The cell was
sealed with the assistance of unreactive silicon gasket and a torque of 20 N m. The
reaction temperature was controlled by a thermocouple and the potential applied on the
anode side by potentiostats could be well controlled with respect to a Hg/HgO/1.0 M

KOH reference electrode that was inserted to the anode compartment.

Fig. 2.3 Setups of continuous flow AEM based electrolysis cell reactor constructed with a
MEA-type electrode for selective electrocatalytic oxidation of polyols.

Another type of continuous flow reactor was assembled, as shown in Fig. 2.4, for
selective electrochemical reduction of keto acids (e.g. levulinic acid) and electrical
energy storage (Chapter 7). Instead of using carbon cloth supported porous electrodes,
the planar Pb or Cu plate with a projected area of 6.5 cm” served as the working electrode,
which was placed in the cathode chamber, while Pt foil employed as the counter
electrode was placed in the anode chamber. Solid-polymer electrolyte membranes,
including AEM (FAA, Fuma-Tech, GmbH) for reduction in a neutral environment or
proton exchange membrane (PEM, Nafion 117, Ion Power, Inc.) for reduction in an acid
environment, was used to separate the anode and cathode chambers in order to minimize
the cross-over of the products or reactants from the cathode to the anode. The larger
electrode area (6.5 cm?) and small cathode chamber volume (12 ml), along with a fast

flow rate of 30 ml min™ were optimized to ensure a sufficient reactant fuel supply to the
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Pb electrode surface, while avoiding the mass transport issue resulting from hydrogen
bubbles (H* + e~ —» 1/2H, in acid, H,0 + e~ - OH™ + 1/2H, in neutral) striking the
Pb electrode. Keto acids in neutral or acid electrolyte were introduced into sealed four-
necked glassware that was placed in an ice-bath and pumped into the cathode
compartment through a closed loop by a peristaltic pump (Gilson Miniplus 3) at a
controlled flow rate. At the same time, acid or buffer solution with the same pH as the
cathode reactant solution was cycled through the anode chamber. A thermocouple was
used to control the temperature of the reactant solution in order to minimize the
evaporation of the low-boiling point products. Electrochemical reduction reactions were
then initiated by the potential applied through a potentiostat at the cathode versus

Ag/AgCl reference electrode, and the products at the end of the reaction were collected.

Nafion 117 ol To HPLC

Pb plate

" Ag/AgClI reference
electrode Pb cathode
Membrane
Pt anode

H,0/H,S0, or buffer solution

0.2 M Levulinic acid
(in H;80, or buffer solution)

Fig. 2.4 (a) Setups and (b) schematic view of continuous flow solid-polymer electrolyte
membranes (AEM or PEM) based electrolysis cell reactor constructed with metal foil
electrodes for selective electrochemical reduction of keto acids and electrical energy
storage.

2.2.3 Continuous flow-type AEM based fuel cell reactor

The performance of electricity generation and cogeneration of chemicals and electrical
energy from polyols (Chpater 4 and 5) were tested on a Scribner fuel-cell test system
(850¢) (Fig. 2.5). The fuel-cell fixture was purchased from Fuel Cell Technology Inc.
with an active area of 5 cm” and modified with the stainless steel (316 L) end plates to
tolerate the alkaline working environment. A port for the Hg/HgO/1.0 M KOH reference

electrode was introduced so that the anode operation potential could be monitored by
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using an electrode load (BK Precision, 8540). A MEA based electrode involving anode
catalysts sprayed carbon cloth and cathode catalysts coated membrane is responsible for
polyols oxidation and O, reduction, respectively. The performance of electricity
generation from AEM-DAFCs was evaluated by a polarization scan at various cell
temperatures, with a solution of polyols in alkaline fed into the anode compartment and
the high-purity humidified O, (99.999%) fed in into the cathode compartment under a
back pressure of 30 psi. On the other hand, the cogeneration study was carried out by a
constant voltage discharging for certain duration of time with a cycling of the polyols

alkaline solution from a plastic vessel into the anode channels

Fig. 2.5 Continuous flow-type AEM based fuel cell reactor for electricity generation and
cogeneration of electrical power plus useful chemicals.

2.3 Preparation of electrodes

2.3.1 Glassy carbon electrode

Prior to catalyst deposition, glassy carbon electrode was polished using 1.0 um and then
0.05 pum alumina suspensions (BUEHLER) to achieve a mirror like surface. 1.0-2.0 mg
supported catalyst was then dispersed in 1.0 ml isopropanol by ultra-sonication in an ice
bath for at least 30 min to form uniform ink. And 20-40 pl of the catalyst ink was drop-
casted using a syringe on the polished glassy carbon electrode, followed by 10-20 pl of
0.05 wt% AS-4 anion conductive ionomer solution (Tokuyoma Corp.) added on the top
to bind the catalyst particles.
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2.3.2 Metal foil electrode

The Pb and Cu plates were served as working electrodes in electrochemical reduction
reactions (Chapter 7). Prior to experiments, the metal electrodes were polished to a
mirror finish using sandpaper (320 grit and subsequently 1200 grit) purchased from Leco
Corporation. Then, they were further cleaned using acetone, ethanol under ultra-
sonication for 30 min each. DI water was used to rinse the electrode after each cleaning

step.
2.3.3 MEA electrode

MEA electrode was fabricated via catalyst coated membrane (CCM) or catalyst coated
gas/liquid diffusion layer (CCG(L))method. The anode catalyst ink, which was made by
mixing a 10 wt.% dispersion of PTFE and supported catalyst powder in isopropanol, was
sprayed onto a Teflon untreated carbon cloth that was used as a liquid diffusion electrode
(LDE). On the cathode side in AEM-based eclectrolysis cell reactor (Fig. 2.3), a
commercial Pt/Vulcan Carbon (40 wt.%, Fuel Cell Store) dispersed in isopropanol with a
10 wt.% PTFE suspension was airbrushed on a Teflon untreated carbon cloth, while in
AEM-based fuel cell reactor (Fig. 2.5), the cathode catalyst ink, which was made form a
commercial  non-platinum-group-metal 4020  series  catalyst (Fe-Cu-N4/C,
HYPERMEC™, Acta) that was blended with an AS-4 anion conductive ionomer
(Tokuyama Corp.) in 1-propanol, was sprayed directly onto the AEM, followed by a
Teflon treated carbon paper covered on the top as the gas diffusion layer (GDL). The
MEA was then assembled by mechanically sandwiching anode and cathode electrode on

separate side of AEM.
2.4 Preparation of supported electrocatalysts

Selective electrooxidation of polyols was studied on supported Pt, Pd and Au
monometallic catalysts (Chapter 3-6), and the electrocatalytic behaviors gained on these
model catalysts will guide the future design and engineering of efficient and durable

multi-metallic electrocatalysts. On the other hand, the carbon supported Ag catalysts for
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ORR (Chapter 8) was also studied in order to couple with the electro-biorefinery
processes. For these purposes, an effective synthesis method is needed to produce metal
nanoparticles with controlled structure and dispersion on the supporting materials. An
organic solution phase-based nanocapsule synthesis method, first developed by IBM
researchers for the preparation of monodispersed magnetite nanoparticles,”” was modified
and used exclusively during my research. The Pt, Pd, Au, and Ag nanoparticles
synthesized via this method can be well controlled in a range of 2-5 nm, and the synthesis

details are described below:
2.4.1 Pretreatment and preparation of carbon supporting materials

Vulcan XC-72R carbon black purchased from Fuel Cell Store was refluxed in a 2 M

H,SO4 + 4 M HNOs acidic solution for 6 hours in order to oxidize the surface before use.
2.4.2 Preparation of Pt/C (40 wt.%)

Pt(acac), (Platinum (II) acetylacetonate, 0.5 mmol), oleylamine (200 pl), and oleic acid
(200 pl) were dissolved in a mixture of Vulcan XC-72R carbon black (146.3 mg) and
benzyl ether (40 ml) at 60°C under a N, blanket. LiBEt;H (1.0 ml, 1 M in THF) was
quickly injected by syringe into the system as the temperature was raised to 120°C. After
being maintained at 120°C for 30 min, the temperature was slowly increased to 180°C and
maintained at that temperature for an additional 30 min. The Pt/C catalyst was collected
by filtration, washed with copious amounts of ethanol, and dried in a vacuum oven

overnight at 50°C.
2.4.3 Preparation of Pd/C (40 wt.%)

Pd(acac), (Palladium (II) acetylacetonate, 0.5 mmol) and 79.8 mg of carbon black were
mixed in 40 ml benzyl ether solvent, and was rapidly heated to 100°C in a N, atmosphere.
As the temperature reached 100°C, 200 ul of oleylamine and 200 pl of oleic acid were
added into the system, followed by quick injection of 1.0 ml LiBEt;H by syringe. The

temperature was held for 20 min, and then slowly raised to 180°C and held for an
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additional 30 min. The Pd/C catalyst was collected by filtration, washed with copious

amounts of ethanol, and dried in a vacuum oven overnight at 50°C.
2.4.4 Preparation of Au/C (40 wt.% or 55 wt.%)

AuCl; (0.5 mmol) was mixed with 1-Octadecene (16 ml) and oleylamine (4 ml) under a
N, blanket. The system was then rapidly heated to 80°C, followed by a quick injection of
LiBEtzH (1.5 ml, 1 M in THF) by syringe. After being maintained at the same
temperature for 10 min, the solution was cooled to room temperature and separated by
centrifugation. The as-prepared Au were re-dispersed into 50 ml hexane and slowly
deposited in an ethanol dispersion of Vulcan XC-72R carbon black to afford an Au/C
catalyst with a loading of 40 wt.% or 55 wt.%.

2.4.5 Preparation of Ag/C (40 wt.%)

Ag(acac) (0.25mmol) and 40.5mg VulcanXC-72R carbon black were mixed in 10 ml
oleylamine and 20ml benzyl ether by vigorous stirring under a N, blanket. The
temperature was kept at 30°C, while 0.25 ml LiBEt;H (1.0M THF solution) was injected
into the solution by syringe. After held at that temperature for an additional 30min, the
final product Ag/C was collected after filtration, washed with 800ml ethanol, and drying

overnight in a vacuum oven.
2.5 Physical characterizations

2.5.1 Transmission electron microscopy (TEM)

JEOL JEM-2010F TEM was employed to characterize the structure, morphology and
composition of catalysts with an operation voltage of 200 kV. Before tests, a uniform and
dilute solution of the as-prepared catalyst in ethanol or isopropanol was prepared by
ultra-sonication, and then one or two drop was deposited on amorphous carbon film
coated copper grids (Ted Pella, Inc.) and dried. The average size (length or diameter) and
dispersion of metal catalysts on supporting materials were revealed from the TEM images.

Histograms of particle size were obtained with imagelJ software by randomly measuring
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over 100 nanostructures from representative regions on TEM images. The structure of the
metal particles and supporting materials was characterized using selected area electron
diffraction (SAED) on the TEM. In addition, the catalyst composition was analyzed by
the Energy-dispersive X-ray spectroscopy (EDX) connected to the TEM by taking the

average of at least five different regions from TEM images.
2.5.2 Scanning electron microscopy (SEM)

SEM (JOEL JSM-6400) equipped with EDX was used to characterize the surface of Cu
and Pb electrode for keto acids electrochemical reduction (Chapter 7). Metal electrode
was attached onto the sample holder by double sided scotch tape. The roughness of

electrode surface was qualitatively revealed in SEM images.
2.5.3 X-ray diffraction (XRD)

XRD patterns of metal particles and supporting materials were collected by a Scintag
XDS-2000 /8 diffractometer using Cu K, radiation (A = 1.5406 A), with a tube current
of 35 mA and a tube voltage of 45 kV. A silicon substrate of zero background was used
to hold the deposition of catalysts whose structure information was obtained by using the
Scintag DMSNT software. The average particle size in crystalline domain was calculated
by Debye-Scherrer formula:”*

I = 0.9)»1(0[
B9 €0S Omax

(2-8)

where L is the average crystal size (diameter of metal particles), 4 is the wavelength of X-
ray (1.5406 A), Bpis the full width at half maximum of the peak in radians, and 6,4, is
the Bragg angle in degree.

Lattice parameter (@) derived from Bragg’s law was calculated by:

Vi,

sin Omax

afcc -

(2-9)
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2.5.4 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES was employed to analyze the metal loading and bulk elements composition of
as-prepared catalysts. Sample was prepared by dissolving supported catalyst of known
weight (ca. 10 mg) in 4 ml of fresh prepared Aqua Regia (concentrated nitric acid and
hydrochloric acid in a volume ratio of 1:3). The mixture was stored for 1 day, followed

by using DI water (18.2 Q) to dilute to 250 ml for the analysis.
2.6 Electrochemical methods

Electrochemical techniques include chronoamperometry (CA), cyclic voltammetry, and
linear sweep voltammetry (LSV), etc. CA records current that related to Faradaic
reactions under constant potential as a function of time. Cyclic voltammetry can be
considered as potential swept from low to high boundaries of multiple cycles with time
and the i-E curve is recorded directly. LSV is a single scan of potential that varies
linearly with time at a slow scan rate that allows the electrochemical reactions occurring
near the electrode approach a quasi-steady state. These electrochemical characterizations
can be also performed with stationary electrode or with electrode that moves with respect
to the electrolyte where a steady state will be attained rather quickly. Useful information
about electrocatalysts and complicate electrocatalytic reactions can be obtained by
deliberately designing the electrochemical experiments and detail discussions will be

made in the following chapters.
2.7 Product analysis

The products in aqueous phase were removed periodically from outlet of AEM-based
electrolysis cell reactor (Fig. 2.3 and 2.4) or AEM-based fuel cell reactor (Fig. 2.5) and
analyzed by high performance liquid chromatography (HPLC, Agilent 1100) using a
cation exchange column (Alltech, OA-1000) with a refractive index detector (RID,
Agilent G1362A) and a variable wavelength detector (VWD, 220 nm, Agilent G1314A).

An eluent of 5 mM aqueous sulfuric acid at a flow rate of 0.3 ml min"' and column
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temperature of 60°C were applied for the product separation. 20 ul of sample was injected

into the HPLC system. Products were identified by comparison with authentic samples.

The term of selectivity is used to describe the relative rates of two or more competing
reactions on an electrocatalyst. For a single reactant participating in two or more

reactions, the selectivity for each product is defined by:

Selectivity = ;—é (2-10)

where ¢; is the rate of increase of the extent of reaction i.

Therefore, the selectivity of products in the liquid phase was calculated by:

Moles of specific identified product

Selectivity = x 100% (2-11)

Total moles of all the identified products
and the yield of product was calculated by:
Yield = Selectivity X Conversion (2-12)

The carbon balance, indicative of the material balance of the system, was calculated by:

Moles of carbon in all the identified product

X 100%

Carbon balance = . —
Moles of carbon in the fuels initially fed

(2-13)

For electrochemical reactions carried out in AEM electrolysis cell reactors, the Faradaic

efficiency indicates the efficiency of the system and calculated by:

Faradaic ef ficiency = nXFmels’I’ictiﬁ”’mdm x 100% (2-14)

in which n is the number of electrons transferred, F is the Faraday constant, I is the
current recorded in the experiment, and t is the duration of the reaction. Detail

discussions will be made in the following chapters
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Chapter 3 Supported Pt, Pd and Au Anode Catalysts for
Anion-Exchange Membrane-Direct Glycerol/Crude
Glycerol Fuel Cells (AEM-DGFCs/DCGFCs)

3.1 Background

Glycerol has been considered as a potential fuel for direct alcohol fuel cells (DAFCs),
because of its relatively low price, simple purification and storage, as well as its non-
toxic, non-volatile, non-flammable and environmentally friendly properties.’*0-#5:4%7>.76
In addition, with the highly active triol structure, glycerol demonstrates a high volumetric
energy density of 6.4 KWh L (Table 1.1). Some early studies have been carried out in
the electro-oxidation of glycerol on Pt, Pd, and Au based catalyst aiming to achieve high
fuel cell output power densities in anion-exchange membrane-direct glycerol fuel cells
(AEM-DGFCs). Matsuoka et al. first reported a peak power density of 7 mW cm™ at
50°C using PtRu as the anode catalyst.” Bianchini’s group has recently reported peak
power density of ca. 79 and 118 mW cm™ on Pd/CNT* and Pd-(Ni-Zn)/C”" anode
catalysts at 80°C, respectively. On the other hand, Ilie et al. investigated the MEA
fabrication methods and operation conditions (fuel concentration, flow rate, etc.) and

obtained an optimized peak power density of ca. 24 mW cm™ with Pt and Pt-based

bimetallic anode catalyst at 60°C.*

“The material contained in this chapter was previously published in Applied Catalysis B:
Environmental 2013;136—-137(0):29-39: “Supported Pt, Pd and Au nanoparticle anode
catalysts for anion-exchange membrane fuel cells with glycerol and crude glycerol fuels”
by Zhang Z', Xin L', Qi J, Chadderdon DJ, Li W. (" equal contribution) Copyright ©
2013 Elsevier B. V. Reprint with permission shown in Appendix C
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However, all of these studies were based on the high price petrochemical derived high-
purity glycerol (99.8%, usually ca. 40 US$ L™ or 150 US$ gal” according to the major
chemical suppliers). As the purification of crude glycerol is prohibitively expensive,’® it
is usually sold with many impurities, including methanol, fatty acids (usually in the form
of soaps), transesterification catalysts residues (as ash content), a variety of element such
as K, Ca, Mg, Hg, P, S, As, etc. (in both dissolved and undissolved salts).79 Directly
utilization of crude glycerol has great practical meanings for AEM-DGFCs (Fig. 3.1) as
future mobile electrochemical power sources for transportation and portable electronics.
Even so, little investigation has been performed on the anion-exchange membrane fuel
cells (AEMFCs) with direct crude glycerol fuel, due to the concerns over the
contamination and poisoning of the impurities to the fuel cell systems. Therefore, there is
a clear need to firstly investigate the intrinsic activity of monometallic Pt, Pd and Au
catalysts toward pure glycerol oxidation and demonstrate their performances as the anode
catalysts with crude glycerol fuel, so as to further develop more efficient multi-metallic

catalysts for DGFCs/DCGFCs.

Excess

Cathode

0,/Air

t
I Fe-Cu-N,/C
Pt/C, Pd/C, or Au/C catalyst

Crude glycerol

Fig. 3.1 Illustration of continuous flow-type AEM based fuel cell reactor directly fed
with crude glycerol for the electricity generation.

In this chapter, carbon black supported precious metal Pt, Pd and Au nanoparticles were
employed as the model catalysts. Their electrocatalytic activities toward pure glycerol

oxidation were first compared in half cells at different temperatures. Based on the half-

29



cell test results, these catalysts were further applied as the anode catalysts in AEM-
DGFCs. The effects on the performance of electricity generation with soybean biodiesel

derived crude glycerol were evaluated at 80°C.
3.2 General experimental

3.2.1 Preparation of Pt/C, Pd/C and Au/C (40 wt.%)

The organic solution phase-based nanocapsule method was applied to prepare the
carbon black supported Pt, Pd and Au nanoparticles. The detail synthesis procedures have
been described in Section 2.4.2-2.4.4.

3.2.2 Physical characterizations

The morphology, nanostructure and metal loading of the catalysts were analyzed by

TEM, XRD and ICP-OES, as described in Section 2.5.1, 2.5.3 and 2.5.4.
3.2.3 Electrochemical tests
3.2.3.1 Half-cell tests

Half-cell tests were conducted in a conventional three-electrode half cell (Section 2.2.1)
at 25, 50 or 60°C. The testing setup is equipped with a glassy carbon RDE, a Hg/HgO/1.0
M KOH reference electrode, and a Pt coil counter electrode. Prior to tests, all the
electrolytes were deaerated by purging with high-purity N, (99.99%) for 30 min. All
potential in the present study were given vs. Hg/HgO/1.0 M KOH electrode (0.098V wvs.
SHE). Glassy carbon electrode was prepared according to Section 2.3.1. In detail, 2.0 mg
of catalyst was dispersed in 1.0 ml of isopropanol by bath ultra-sonication until no
aggregation was visible. 20 ul of the ink was dropped onto the glassy carbon electrode,
which yielded a catalyst loading of ca. 40 pgmea cm™. 10 ul of 0.05 wt.% AS-4 ionomer

solution was then added on top to affix the catalyst particles.

A 10-cycle cyclic voltammetry test was performed on each catalyst in 1.0 M KOH with

a sweep rate of 50 mV s and at 25°C. The stable polarization curve obtained from the
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last cycle was used to calculate the electrochemical surface area (ECSA, m” g), which
was obtained according to Equation 3-1.

ECSA=-% (3-1)

mxC

where Q is the total charge integrated from the wave used for ECSA calculation; m is the
mass of catalysts coated on the glassy carbon electrode, and C is the charge capacity
constant. For Pt/C catalyst, the ECSA were evaluated based on hydrogen desorption peak
assuming one hydrogen atom adsorbed on one platinum atom with the pseudo-capacity of
0.210 mC cm™.* The ECSA of Pd/C was obtained on the basis of the PdO reduction
peak to avoid the multilayer hydrogen adsorption/absorption issue on Pd. A pseudo-
capacity of 0.405 mC cm™ that is associated with the charge required for the reduction of
a 1 cm” monolayer PdO was used.®’ Due to the weak hydrogen adsorption/desorption on
Au surface, the ECSA of Au/C was also measured from the reduction peak at ca. 0.13 V
vs. Hg/HgO/1.0 M KOH, with a pseudo-capacity of 0.386 mC cm™ for the reduction of

the oxide formed on Au surface.®

To study the glycerol oxidation activity, a 10-cycle-CV test was performed on all the
three catalysts in 1.0 M KOH + 0.5 M glycerol at the same sweep rate of 50 mV s™ and at
25°C. A linear sweep voltammetry (LSV) on each catalyst with a sweep rate of 1 mV s
and a rotation rate of 2500 rpm was performed at different temperatures to investigate the
temperature effects. The onset potential of glycerol oxidation at different temperature is
defined as the potential where the inflection is observed on the quasi-steady state
polarization curve. The linear polarization plot at 25°C was also used to study the Tafel
slope and turnover frequency (TOF). The Tafel plot was achieved by plotting the
potential against the logarithm of current density, which is described by the following

equation °:
RT j
n = 2.303 x ﬁlog(}?—o) (3-2)

In this equation, 7 is the potential, a is the charge transfer coefficient, n is the number

of electrons transferred during the reaction, j, is the exchange current density, and j is the
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current density obtained in the quasi-steady state scan. The quantity proceeding the

logarithm is defined as Tafel slope: 2.303 X % :

The turnover frequency (TOF) of electrons is defined as follows:*’

TOF = L (3-3)

N

where N; is the active surface atom density that calculated from the ECSA of the catalyst.
3.2.3.2 AEM-DGFC single cell tests

The electricity performance of AEM-DGFC was evaluated at 80°C, with a high purity
glycerol or crude glycerol + KOH solution and high purity O; (99.999%) at a constant
flow rate of 0.4 L min™ under 30 psi back pressure.(Section 2.2.3)

MEA clectrode was fabricated according to Section 2.3.3. At the anode, a catalyst ink
containing 90 wt.% of Pt/C, Pd/C, or Au/C catalyst and 10 wt.% of Teflon was
airbrushed on a carbon cloth anode liquid diffusion layer, to obtain a catalyst loading of
1.0 mgmetal cm™. At the cathode, 70 wt.% of a commercial non-PGMs catalyst (Fe-Cu-
N4/C, HYPERMECTM, Acta) was blended with 30 wt.% AS-4 anion conductive ionomer
(Tokuyama Corp.), and sprayed directly onto the A201 anion-exchange membrane
(Tokuyama Corp.). A 25CC carbon paper (Teflon Treated, SGL Group) was then covered
on the cathode catalyst as a cathode GDL.

3.3 Results and discussions

3.3.1 Physical characterizations

The XRD patterns of Pt/C, Pd/C, and Au/C catalysts were collected in the range from 15
- 100°, and are shown in Fig. 3.2. All of them displayed a typical face-centered cubic
(FCC) pattern, with the diffraction peaks at ca. 39°, 46°, 67°, and 80° assigned to the
corresponding facet of (111), (200), (220), and (311), respectively. The peak around 25°
in all the catalysts is referred to the graphite (002) facet of the carbon supports. The

average crystal size of each catalyst is calculated based on the (220) diffraction peak,
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using the Debye-Scherrer formula (Equation 2-8). The results yielded from the equation
are summarized in Table 3.1, which are 1.9, 2.5, and 3.4 nm for Pt/C, Pd/C, and Au/C

catalysts, respectively.

Graphite

(002) (220) (311)

Au/C

Intensity (a.u.)

"20 30 40 50 60 70 80 90 100
2 theta (°)

Fig. 3.2 XRD patterns of Pt/C, Pd/C, and Au/C catalysts.
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Table 3.1 Summary of physical properties of Pt/C, Pd/C, and Au/C catalysts.

Metal loading Diameter Diameter ECSA | Active surface
detected by | calculated from | measured by | (m>g”') | atom density
ICP-AES XRD (nm) TEM (nm) (nmol cm™)
Pt/C 38% 1.9 2.4 41.5 34.9
Pd/C 37% 2.5 3.4 48.3 41.2
Au/C 35% 3.4 3.5 24.2 26.2

The typical TEM images of Pt/C, Pd/C, and Au/C, and their corresponding histograms

are shown in Fig. 3.3. It is evidenced that most of the catalysts are round in shape and are

uniformly dispersed on carbon support with little agglomeration. The average particle

sizes evaluated from TEM images are 2.4, 3.4, and 3.5 nm for Pt/C, Pd/C, and Au/C

catalysts, which are in good agreement with the results from XRD analysis. The

histograms of particle sizes of these catalysts are counted from 100 randomly chosen

particles in an arbitrarily chosen area, and show narrow size distribution for all the

catalysts, indicating a good morphology control of the nanocapsule method for these

three metal catalysts. The metal loading of Pt/C, Pd/C, and Au/C catalysts evaluated by
the ICP-OES (Table 3.1) are 38%, 37%, and 35%, respectively, which very close to the

setting ratio (40 wt.%), indicating all the metal precursors were fully reduced by the

presented synthesis method.
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Fig. 3.3 TEM images and corresponding particle-size histograms of (a) Pt/C (ca. 40
wt.%), (b) Pd/C (ca. 40 wt.%), and (c) Au/C catalysts (ca. 40 wt.%).
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3.3.2 Half-cell tests

The cyclic voltammograms (CV) obtained on Pt/C, Pd/C, and Au/C catalysts in N,-
saturated 1.0 M KOH at 25°C are shown in Fig. 3.4. In the CV plot of Pt/C, the anodic
peak from -0.9 — -0.45V vs. Hg/HgO/1.0 M KOH is assigned to the hydrogen
underpotential desorption peak, which is immediately followed by the OH™ adsorption
peak.®*” However, in the CV plot of Pd/C, the OH starts at even negative potentials,
which covers the hydrogen underpotential desorption peak and give rise to the small peak
at ca. -0.35 V vs. Hg/HgO/1.0 M KOH.*** Compared to the CVs of Pt/C and Pd/C, no
hydrogen underpotential desorption was observed on Au/C due to its weak adsorption
ability. The ECSA of Pt/C was obtained from the hydrogen underpotential desorption
peak, which is 41.5 m* g". The ECSAs of Pd/C and Au/C were calculated from their
corresponding regions for reduction of a monolayer surface oxide, which are 48.3 and
242 m? g', for Pd/C and Au/C, respectively (Table 3.1). Based on the charges
transferred in their identical reaction regions, the active surface atom density was

calculated by the following equation:
N, =2~ (3-4)

where N; is the active surface atom density, Q is the total charge used for the ECSA
calculation, n is the number of electrons involved in the reaction, F is Faraday’s constant,
and 4 is the geometric area of the glassy carbon electrode (0.1963 cm?). The number of
electrons, n, is 1 for the hydrogen desorption reaction on Pt, and is 2 for the reduction of
PdO. In the case of Au/C, it is reported that the compositions of monolayer oxide on Au
surface are AuO and Au(OH), in alkaline electrolyte.* Therefore, n is 2 for the reduction
of Au oxides. Based on the Equation 3-4, the active surface atom densities are 34.9, 41.2,
and 26.2 nmol cm™ for Pt/C, Pd/C, and Au/C, respectively (Table 3.1).
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Fig. 3.4 CVs of Pt/C, Pd/C, and Au/C catalysts in 1.0 M KOH, at 50 mV s™', 25°C.

Fig. 3.5 shows the CV profiles of glycerol oxidation in 1.0 M KOH + 0.5 M glycerol on
Pt/C, Pd/C, and Au/C catalysts at 25°C. Compared to the CVs in the blank KOH
electrolyte (in Fig. 3.4), the hydrogen adsorption/desorption peaks were totally
disappeared on Pt/C and Pd/C when glycerol was added into the electrolyte, indicating
the surface active sites on these two catalysts were covered by the adsorbed glycerol or
the corresponding intermediates. As the potential increasing, the covered surface active
sites were refreshed with the assistance of adsorbed OH, which resulted in the anodic
peaks on Pt/C and Pd/C in the course of the forward scan. It is noted that a weak shoulder
peak was observed at ca. 0.25V vs. Hg/HgO/1.0 M KOH on Pt/C in the course of the
forward scan, which is probably due to the glycerol oxidation on Pt oxide. Different from
Pt/C and Pd/C, Au/C catalyst showed very little activity toward glycerol electro-oxidation
at lower potentials. However, it demonstrated an extremely high peak current density at
high potentials and a very broad active potential region.”””' This indicates that the Au
catalyst can maintain its activity in a wide applied potential range for a long time.
Therefore, it can serve as the model catalyst for the study of potential controlled glycerol
selective oxidation.”” It is noted that at high potentials, the current density on Au/C

became unstable. Previously, some authors assigned this instability to the complex
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kinetics of glycerol electro-oxidation on Au.*™ However, taking into consideration of the
fast reaction rate under these high potentials, it is possible due to the mass transfer issue,
which leads to the insufficient supply of KOH and glycerol to the electrode surface.
When comparing the polarization curves on these three catalysts, it is clear that at low
potential regions (e.g. < 0 V vs. Hg/HgO/1.0 M KOH), Pt/C has the highest activity

towards glycerol oxidation.

400
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3504 - - -Pd/C

a00] 7 AUC ' ."‘.I
250
2001
150-
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50
X

Current Density (mA cm?)

.0.8-0.6-0.4-02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V vs. Hg/HgO/1.0 M KOH)

Fig. 3.5 Cyclic voltammograms of glycerol oxidation reaction on Pt/C, Pd/C, and Au/C
catalysts in 1.0 M KOH + 0.5 M glycerol, 50 mV s, 25°C.

The glycerol electro-oxidation on these three catalysts was further investigated by LSV
in 1.0 M + 0.5 M glycerol at different temperatures. A slow sweep rate of 1 mV s and a
rotation rate of 2500 rpm were applied during the test to reduce the mass
transfer/diffusion issue. As shown in Fig. 3.6 (c), at 25°C the unstable current observed
on Au/C catalyst in Fig. 3.5 disappeared in this linear sweep, which evidenced that a
better mass transfer was obtained. Therefore, it is reasonable to consider the reaction was
taking place under quasi-steady states. As presented in Fig. 3.6, temperature significantly
promotes the glycerol electro-oxidation on all these three catalysts. The onset potentials
on these three catalysts (in Table 3.2) moved to the negative position as the working

temperature, increasing from 25°C to 60°C. Meanwhile, the current density increased on
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all these catalysts in the whole tested potential ranges, indicating a better kinetics was
achieved at elevated temperatures. It is noted that at temperatures > 50°C, a shoulder peak
appeared at ca. -0.4 V vs. Hg/HgO/1.0 M KOH on the Pt/C, which is probably due to the
complex kinetics of glycerol oxidation. The HPLC analysis combined with half-cell
voltammetry investigations on both carbon supported Pt nanoparticle catalyst’® and
polycrystalline Pt electrode””* has demonstrated that at room temperature (25°C),
glycerol on Pt/C catalyst is first oxidized to glycerate, which is then further oxidized to
glycolate, tartronate, and oxalate. Increasing temperature may lead to different reaction
rate changes in these multi-step reactions and result in the formation of the shoulder peak.
However, on Pd/C and Au/C catalysts, the polarization curves are similar at all the
temperatures, indicating the reaction mechanisms on these two catalysts do not change
significantly when the temperature increases. It needs to be mentioned that at 25°C, Pd/C
has a higher onset potential, lower current density, and a narrower active potential region
than Pt/C, which is probably due to the heavy poisoning from CO species on the Pd/C
catalyst. As the reaction temperature increasing, the removal of these poisonous species
on Pd/C was facilitated. As a result, at 60°C, the peak current density increased to 68.6
mA cm’, which is even higher than the peak current density on Pt/C catalyst (54.2 mA
cm™). However, at low potentials (e.g. < -0.1 V vs. Hg/HgO/1.0 M KOH), the current
density on Pt is still higher than that on Pd/C. Compared to Pt/C and Pd/C catalyst, Au/C
shows a much higher glycerol electro-oxidation activity at high potentials. Due to the
highly stable nature of Au/C, the glycerol electro-oxidation peak at 25°C was observed at
ca. 0.59 V vs. Hg/HgO/1.0 M KOH, with the peak current density at 117.2 mA cm™. The
kinetics of glycerol electro-oxidation on Au/C was further facilitated at high temperatures.
At temperatures > 50°C (Fig. 3.6 (c), the anodic current density on Au/C continuously
increases without any observation of peak current in the whole investigated potential

range (-0.9 — 0.8 V vs. Hg/HgO/1.0 M KOH).
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Fig. 3.6 Quasi-steady state linear scan voltammograms of glycerol oxidation on (a) Pt/C,
(b) Pd/C, and (c) Au/C catalysts in 1.0 M KOH + 0.5 M glycerol, ] mV s™, 2500 rpm.
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Table 3.2 Onset potential, peak current density, Tafel slope, and an on Pt/C, Pd/C, and
Au/C catalysts at different temperatures.

Pt/C Pd/C Au/C
25°C | 50°C | 60°C | 25°C | 50°C | 60°C | 25°C | 50°C | 60°C
-625 | -689 | -695 | -446 | -460 | -475 | -368 | -382 | -408

Onset potential
(mV)
Peak current
density (mA 274 | 394 | 542 | 209 | 49.2 | 68.6 | 117.2 - -

)
cm’™)

Tafel slope 145 108 102 88 88 85 134 | 127 | 127
an 0.102 | 0.148 | 0.162 | 0.168 | 0.182 | 0.194 | 0.110 | 0.126 | 0.130

To further compare the kinetic activities of Pt/C, Pd/C and Au/C catalysts toward
glycerol electro-oxidation, the Tafel Plots at different temperatures were investigated by
plotting the potential versus the logarithm of current density, and the results are shown in
Fig. 3.7. As the electro-oxidation of glycerol is a complicated reaction that may generate
more than five possible stable oxygenates in alkaline electrolytes (glycerate, tartronate,

76929495 the current density range for the Tafel plot

mesoxalate, glycolate, oxalate, etc.),
investigation was chosen within 2 mA c¢m™ (< 10% of the peak current density on Pd/C at
25°C), in order to avoid the influences of deeper electro-oxidation reactions. As shown in
Fig. 3.7 and Table 3.2, within the investigated temperature of 25 — 60°C, the Tafel plots
on all these three catalysts follow linear trend line, with the Tafel slopes in the range of
85 — 145 mV dec”. The comparable values of Tafel slope indicate that the glycerol
electro-oxidation mechanisms in the low current density region should be similar on these
three catalysts. The comparison of Tafel plots on different catalysts clearly shows that
Pt/C needs an overpotential much lower than Pd/C and Au/C to obtain a certain current
density, indicating that Pt/C holds the highest catalytic activity in this low potential range.
The product of charge transfer coefficient and number of transferred electrons (an) are
also calculated and summarized in Table 3.2. As the temperature increasing, the products

(an) increased on all the catalysts, indicating the kinetics is greatly facilitated at higher

temperatures.
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Fig. 3.7 Tafel plots of glycerol electro-oxidation on Pt/C, Pd/C, and Au/C catalysts at (a)
25°C, (b) 50°C, and (¢) 60°C, in 1.0 M KOH + 0.5 M glycerol.
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Fig. 3.8 shows plots of the TOF of electrons as a function of potentials in the low
potential regions, which is estimated from Equation 3-2. TOF is an absolute reaction rate,
representing the number of electrons being transferred per unit time per catalyst surface
active site. It directly reflects the intrinsic activity of the catalyst. It is clear that the TOF
on all these three catalysts increases as the potential and temperature increasing. At low
potentials, Pt atom demonstrated the highest activity based on the TOF plots at all the
tested temperatures. At -0.4 V vs. Hg/HgO/1.0 M KOH, the reaction rate per Pt atom
(TOF) is 16 times higher than that per Pd atom at 25°C, and is 23 times higher at 60°C. At
-0.3V vs. Hg/HgO/1.0 M KOH, the TOF on Pt is also 4 — 5 times higher than that on Pd
and 20 — 30 times higher than that on Au at tested temperatures, even though Au/C has
the highest current density when potential is > 0 V vs. Hg/HgO/1.0 M KOH under the
temperatures studied (Fig. 3.6) where both Pt/C and Pd/C have been oxidized and

deactivated.
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Fig. 3.8 Turnover frequencies (TOFs) of electrons for glycerol oxidation on Pt/C, Pd/C,
and Au/C catalyst at (a) 25°C, (b) 50°C, and (c¢) 60°C, in 1.0 M KOH + 0.5 M glycerol.
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3.3.3 Pt/C, Pd/C, and Au/C anode AEMFCs with high purity glycerol (99.8%)

The performances of the AEMFCs with Pt/C, Pd/C, and Au/C anode catalysts were first
studied with high purity glycerol fuel. As shown in Fig. 3.9, fed with 2.0 M KOH + 1.0
M glycerol, the Pt/C anode AEMFCs demonstrated the highest performance at the cell
operation temperature of both 50°C and 80°C, which is consistent with the Tafel plot and
TOF investigations. The cell polarization curves on Pt/C anode are higher than that on
Pd/C anode, and are much higher than that on Au/C anode in the whole current density
range. At the fuel cell operation temperature of 50°C (Fig. 3.9 (a)), the open circuit
voltage (OCV) observed on Pt/C anode AEMFC is 0.80 V, which is 0.07 V higher than
that on Pd/C anode (0.73 V), and 0.19 V higher than that on Au/C (0.61 V). The OCV
drop sequence is in good agreement with the half-cell results, with Pt/C demonstrated the
lowest onset potential (-689 mV vs. Hg/HgO/1.0 M KOH) and Au/C demonstrated the
highest one (-382 mV vs. Hg/HgO/1.0 M KOH). Meanwhile, the peak power density
obtained on Pt/C anode AEM fuel cell is 58.6 mW cm™, which is also much higher than
the peak power density on Pd/C (37.4 mW em?) and Auw/C (17.8 mW cm™) anode
AEMFCs. During the tests, the anode potentials were able to be monitored through a
Hg/HgO/1.0 M KOH electrode (Fig. 2.5).”%% At the peak power densities, the potentials
were ca. -0.45, -0.4, and -0.34 V vs. Hg/HgO/1.0 M KOH on Pt/C, Pd/C, and Au/C
anodes, respectively. The Tafel plot and TOF analysis obtained from half-cell tests
(shown in Fig. 3.7 and 3.8) also demonstrated that at the same temperature of 50°C and
the same potentials (-0.45 V for Pt/C, -0.40 V for Pd/C, and -0.34 V for Au/C, all the
potentials are versus Hg/HgO/1.0 M KOH), the Pt/C catalyst possessed the highest
intrinsic activity toward glycerol electro-oxidation in terms of both the current density
and TOF of electrons. These results indicated a good consistency between the half-cell
and single AEM fuel cell tests. As the fuel cell operation temperature increased to 80°C
(Fig. 3.9 (b)), it is clear that the electricity performances over the whole tested current
density range were greatly improved on all these catalysts. The peak power density of
Pt/C anode AEM fuel cell reached 124.5 mW cm™, which is two times greater than the

peak power density at 50°C (58.6 mW cm™). The peak power density of Au/C anode
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AEM fuel cell also shows a three-fold increase when the temperature increased from
50°C to 80°C. The higher performances of Pt/C, Pd/C, and Au/C anode AEMFCs can be
attributed to the two aspects. Firstly, the kinetics of both anode and cathode are enhanced
at the elevated temperatures. The half-cell investigations have demonstrated that for the
glycerol oxidation reaction, both an and TOF greatly increases on all these three
catalysts, while the onset potentials move negatively. Meanwhile, the cathode ORR
kinetics is also accelerated at higher operation temperatures. As a result, the OCVs of the
AEMFCs with all these three anode catalysts increased at 80°C. Secondly, the mass
transfer is improved at higher temperatures. The conductivity of OH™ ion in the AEM
(A201) increases with the increasing of the cell operation temperature, which
significantly reduces the internal resistance.” In addition, the reactant diffusion is also
better at higher temperature. Therefore, the mass transport limiting currents almost
doubled on AEMFCs with all these three anode catalysts when the working temperature
increased from 50°C to 80°C. It also needs to be mentioned that the peak power density
on Pt/C anode AEM-DGFC (124.5 mW cm™) is comparable to the state-of-art direct
methanol (168 mW cm™) and ethanol (160 mW cm™) AEMFCs with their optimized
multi-metallic catalyst system (3 mgpry cm™ for methanol and 1 MEpd-(Ni-Zn) cm™ for
ethanol) and optimized experimental conditions (i.e. fuel composition flow rate, and
temperature).”>*® The performances collected on Pt/C, Pd/C, and Au/C anode AEM-

9798 and are

DGFCs are 2-3 orders of magnitude higher than that of current biofuel cells,
also an order of magnitude higher than that of proton-exchange membrane direct glycerol
fuel cells (PEM-DGFCs) with PtRu/C anode (4.0 mgpr, cm™) and Pt/C cathode (4.0 mgp

cm™?),’® indicating that glycerol serves as an efficient liquid fuel in AEMECs.
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Fig. 3.9 Polarization and power density curves of Pt/C, Pd/C, and Au/C anode AEMFCs
with high purity glycerol at the operation temperature of (a) 50°C and (b) 80°C; anode
fuel: 2.0 M KOH + 1.0 M high purity glycerol (99.8%).

3.3.4 Pt/C, Pd/C, and Au/C anode AEMFCs with crude glycerol (88%0)

Although glycerol demonstrates a high efficiency in AEMFCs, its wide application is
heavily hurdled by the high cost of the high-purity glycerol fuel (ACS grade, which is
usually applied in the academic research), even the price of industrial grade purified
glycerol is around 4 — 4.8 US$ gal'.In contrast, the price of the 80 — 88% crude glycerol
(after two simple steps of separation removing most of methanol, water, fatty acids, and
unreacted oils) is only one sixth of the purified glycerol (0.74 — 0.89 US$ gal™"), which
allow it serve as a more economical liquid fuel. However, it is concerning that the
complicated components and multiple impurities may contaminate the fuel cell system
and poison the anode catalyst. For example, the ash component may clog the pores in the
liquid diffusion layer, the free fatty acids (soaps in alkaline solutions) would increase the
liquid viscosity and adsorb on catalyst’s surface, while the poisoning elements (Ca, Mg,
Hg, P, S, and As) may also deactivate the anode catalysts. Therefore, up to now, all
previous AEM-DGFCs investigations were focused on the high purity glycerol fuel.
None systematical work has been carried out to study the electricity performance of

AEMFCs with biodiesel-derived crude glycerol.

In this work, the performances of Pt/C, Pd/C, and Au/C anode AEMFCs were further
investigated with crude glycerol fuel at 80°C. The soy bean biodiesel derived crude

glycerol contains 88.05 wt.% of glycerol, 5.42 wt.% of matter organic non glycerol
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(MONG), 4.16 wt.% of moisture, 2.37 wt.% of ash, and 628 ppm methanol, and was used
as purchased without any further treatment. As shown in Fig. 3.10 and 3.11, when 2.0 M
KOH + 1.0 M crude glycerol was applied, the limiting current densities on AEMFCs with
all the three anode catalyst dropped by ca. 100 mA cm™ than that obtained with high
purity glycerol fuels (Fig. 3.9 (b)) under the same testing conditions, indicating that the
ashes and high viscosity MONG components (mainly soaps) will lead to a poor mass
transfer phenomenon. Meanwhile, the comparison between Fig. 3.9 (b) and Fig. 3.10 (b)
and (c) also shows that the crude glycerol fuel yielded lower OCVs and peak power
densities on Pd/C and Au/C anode AEMFCs. Comparing to the results obtained with high
purity glycerol (Fig. 3.9 (b)), fed with 2.0 M KOH + 1.0 M crude glycerol, the OCVs on
Pd/C and Au/C anode AEMFCs dropped by 0.08 and 0.16 V, respectively, while the peak
power density also reduced by 10.7 and 27.2 mW cm™, correspondingly. The drop in the
performances with crude glycerol fuel may have risen from two aspects. First, the
MONG components (methanol and soaps) in crude glycerol may block the active site on
the surface of anode catalysts and lead to the loss in the overall performance. Second, the
poisoning elements may also be adsorbed on the catalysts and lead to the loss of its
catalytic activity. Comparing to Au/C and Pd/C anode AEMFC:s, it is interesting that the
both the OCV and the peak power density of Pt/C anode fuel cell shows very little drop
when switching from high purity glycerol to the crude glycerol fuel, which may indicate

the highly active Pt catalyst is also highly stable in this crude glycerol system.
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Fig. 3.10 Effect of crude glycerol concentration on fuel cell performances with (a) Pt/C,
(b) Pd/C, and (c) Au/C anode catalysts, at 80°C; KOH concentration: 2.0 M.
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Fig. 3.11 Effect of KOH concentration on fuel cell performances with (a) Pt/C, (b) Pd/C,
and (c) Au/C anode catalysts, at 80°C; crude glycerol concentration: 1.0 M.
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The effect of crude glycerol concentration on the AEMFCs with Pt/C, Pd/C, and Au/C
was investigated by fixing the KOH concentration at 2.0 M, while increasing the crude
glycerol concentration from 0.5 M to 5.0 M. The results were shown in Fig. 3.10 and the
OCVs summarized in Table 3.3 clearly demonstrated an increasing trend on AEMFCs
with all these anode catalysts with the increasing of the crude glycerol concentration. As
demonstrated in the half cell studies (Fig. 3.4 and Fig. 3.5), glycerol is adsorbed on Pt
and Pd at very low potentials, and is further electrochemically oxidized at higher
potentials with the assistance of adsorbed OH.% Therefore, in AEMFCs, the anode
electrode potential on Pt/C and Pd/C are governed by the catalyst surface coverage rate of
both crude glycerol and OH. When the crude glycerol concentration increases, it will
definitely reduce the adsorption of OH. At the OCV states, the electrode reaction is
infinitely slow. The catalyst surface OH concentration can be maintained at an
appropriate level. Therefore, when the crude glycerol concentration increased from 0.5 M
to 5.0 M, small increment in OCVs is still observed on Pt/C and Pd/C anode AEMFCs.
For Au catalyst, the previous investigations have demonstrated that the alcohol electro-
oxidation on Au depends on the formation of highly active alkoxide in the alkaline

electrolyte.”””!

HgR — OH, + OH™ S HgR — 0~ + H,0 (3-5)

As glycerol is a weak acid with a pK, = 14.15, under the same pH value, higher glycerol
concentrations will facilitate the formation of highly reactive glycerolate. Similarly to the
cases of Pt/C and Pd/C catalysts, the increasing of glycerolate concentration will favor its
adsorption on the surface of Au catalyst and lead to a higher OCV on the Au/C anode
AEMFCs.

The peak power densities presented a volcano-type behavior against the crude glycerol
concentration on all these three anode catalysts. The highest power densities were
obtained with 3.0 M crude glycerol with Pt/C and Au/C anode catalysts, while it was
achieved with 1.0 M crude glycerol with Pd/C catalyst. On the one hand, the lower

glycerol concentration will lead to lower coverage rate of glycerol on the surface of the
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catalysts (Pt and Pd) or lower concentration of the highly reactive glycerolate within the
catalyst layer (Au), which further results in a lower performance. On the other side, with
a lower bulk glycerol concentration, the local glycerol concentration at the catalyst layer
is restricted by the fuel delivery. When the reaction rate is fast enough, a glycerol
concentration gradient was built up between the catalyst surface and the bulk electrolyte.
Therefore, if the bulk glycerol concentration is low, at higher current density region, the
insufficient supply of fuel to the catalyst layer will become a main limitation of the power
output. This phenomenon is clear on Pt/C and Pd/C anode AEMFC fed with 2.0 M KOH
+ 0.5 M crude glycerol. When the current density is > 250 mA cm™, the cell output
voltage dropped faster with the increasing of current density, compared to the
polarization curves with higher crude glycerol concentrations. However, due to the lower
kinetics of glycerol electro-oxidation on Au/C, the transport issue is less important.
Compared to lower glycerol concentrations, too high crude glycerol concentration will
also lead to the decrease in AEMFC performance. As is explained above, the higher
crude glycerol will lead to a lower OH coverage on Pt/C and Pd/C catalyst surfaces.
When the electrode deviates away from the OCV state, a lower coverage rate of OH will
not be enough for the reaction, and consequently limits the AEMFC performance.
Meanwhile, the products of glycerol oxidation (acids) need to be neutralized to salt form
in the alkaline environment, which further consumes the OH" in the catalyst layer. In
addition, a higher crude glycerol concentration will increase the viscosity of the
electrolyte, which will decrease the OH™ mobility, the release of products (in salt form)
from the catalyst layer and increase the fuel cell internal resistance, leading to the drop of

AEMEC performance.*%*!!
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Table 3.3 Performances of AEMFCs with Pt/C, Pd/C, and Au/C anode and biodiesel
derived crude glycerol fuel.

Pt/C Pd/C Au/C
Crude . Peak Peak
KOH Iveerol OCV | Peak power d_ensny oCcv power ocv power
/M | & }/]M /'V / mW cm™ /'V density /'V density
/ mW cm™ /mWem™
0.5 0.845 107.7 0.733 52.8 0.607 22.8
20 1.0 0.853 120.9 0.746 61.3 0.655 30.7
' 3.0 0.867 121.0 0.752 56.6 0.680 34.4
5.0 0.873 78.6 0.753 42.5 0.689 29.4
4.0 L0 0.889 154.8 0.816 80.8 0.679 43.1
6.0 ' 0.911 184.2 0.863 93.9 0.701 50.1

The KOH effects on the AEMFC performance were investigated by fixing the crude
glycerol concentration at 1.0 M, while increasing the KOH concentration from 2.0 M to
6.0 M, and are presented in Fig. 3.11. For Pt/C and Pd/C anode AEMFCs, the increasing
of bulk KOH concentration will lead to a higher local OH™ concentration at the catalysts
layer and a higher OH coverage on the catalyst surface, which will facilitate the glycerol
oxidation. Therefore, as summarized in Table 3.3, the OCVs on both Pt/C and Pd/C
anode AEMFCs increased at higher KOH concentrations. For Au/C, a higher pH of the
electrolyte will lead to a higher concentration of glycerolate, leading to a higher OCV on

Au/C anode AEMFC.

High KOH concentration will also facilitate the mass transfer in the system. Although it
is reported that a higher KOH concentration will lead to the increase of internal resistance
in an AEMFC,™'""!" in our tested KOH concentration range (from 2.0 M to 6.0 M), we
found the internal resistance reduced at higher KOH concentration. When 2.0 M KOH
was applied, the internal resistances on Pt/C, Pd/C, and Au/C anode AEMFCs were 150.9,
224.9, and 243.7 mQ cm'z, respectively, which reduced to 134.2, 151.9, and 227.4 mQ
cm, respectively, when 6.0 M KOH was applied. In AEMFCs with liquid anode fuels,
the internal resistance mainly rises from the membrane and the cathode, the resistances of
which are related with their humidification. In our test, the anode was fabricated by

airbrushing a thin layer of catalyst on the carbon cloth diffusion layer. Therefore, water
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from the anode liquid can easily penetrate into the thin AEM (28 pum), which allows the
conducting of OH™ in the membrane under good humidification at all tested current
densities. The cathode catalyst was directly airbrushed on the membrane to increase the
contact at the interface. As a result, all the AEMFCs in our tests are observed with very
low internal resistance. In addition, the higher KOH concentration will facilitate the
release of the anode glycerol oxidation products and maintain the local pH in the catalyst
layer during the current density region, both of which are better for both charge transfer
and mass transfer at the anode. Consequently, when the KOH concentration increased
from 2.0 M to 6.0 M (Fig. 3.11), the limiting current density on all the AEMFCs greatly
increased. Due to the better kinetics and mass transfer, the performances were also
greatly enhanced. Fed with 6.0 M KOH + 1.0 M glycerol, the peak power densities on
Pt/C, Pd/C, and Au/C anode AEMFC reach 184.2, 93.9, and 50.1 mW cm'z, respectively.
These exciting results may open a new avenue to efficiently utilization of biofuel waste

crude glycerol as fuel for high electricity performance AEMFC.
3.4 Conclusions

In this work, the carbon supported Pt (2.4 nm), Pd (3.4 nm), and Au (3.5 nm) with small
average sizes and narrow particle size distributions were prepared through a modified
nanocapsule method, and served as the model catalysts for the study of glycerol electro-
oxidation and the electricity performance of AEMFCs with both high purity glycerol
(99.8%) and biodiesel derived crude glycerol (88 wt.%) fuels. The half-cell tests clearly
demonstrated that Pt/C holds the highest activity in the low potential region, with a TOF
4 — 5 times higher than that on Pd and 20 — 30 times higher than that on Au at -0.3 V vs.
Hg/HgO/1.0 M KOH. The fuel cell investigation demonstrated that the Pt/C anode
AEMECs can yield a peak power density of 124.5 mW ¢cm™ with 2.0 M KOH + 1.0 M
high purity glycerol at 80°C, and amazingly show no drop in performance when the fuel
was switched to the biodiesel derived crude glycerol, indicating that a high stability of the
Pt/C anode AEMFCs against the contamination/poisoning from the impurities in crude
glycerol in high pH media. Tests with different crude glycerol concentrations show that

an optimum crude glycerol concentration exists on Pt/C, Pd/C, and Au/C anode AEMFCs
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at a given KOH concentration, while at a given crude glycerol concentration, the fuel cell
performance with all the three anode catalysts increases at higher KOH concentration.
Fed with 6.0 M KOH + 1.0 M crude glycerol, the Pt/C anode AEMFC exhibits a very
high power density of 184.2 mW cm™ at 80°C.
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Chapter 4 Simultaneous Generation of Mesoxalate or
Tartronate and Electricity from Glycerol in Continuous
Flow-type AEM-based Fuel Cell Reactors

4.1 Background

Glycerol i1s a key biomass-derived compound, readily available from the bio-diesel
manufacture.” In addition to working as a fuel for electricity generation, as discussed in
Chapter 3, glycerol is a highly functionalized molecule featuring three hydroxyl (-OH)
groups and has great potentials serving as a major building block for the production of
new polymers, chemicals, pharmaceuticals, etc.'”'** A series of chemoselective catalytic
conversion processes have been developed to transform glycerol into more valuable
products of industrial importance.'*!'** Selective partial oxidation of glycerol can lead to
the formation of a large number of higher value oxygenated chemicals such as glyceric
acid, dihydroxyacetone, tartronic acid, hydroxypyruvic acid, mesoxalic acid, etc. (Fig.
4.1) Among them, mesoxalic acid (140 US$ g') has potential applications as a
complexing agent and as a precursor to the synthesis of 4-chlorophenylhydrazoned

103

mesoxalic acid, which has been demonstrated as an anti-HIV agent, ~ and its salt form

(mesoxalate) has an application in the treatment of diabetes.'™ Like mesoxalic acid,
tartronic acid is a fine chemical and has found its medical application in the treatment of

109

106-108 . . .
and anti-corrosive protective agents .

osteoporosis and obesity'”, food industries
However, the current high price of tartronic acid (1536 US$ g"') impedes the expansion

of its potential market."”

"The material contained in this chapter was previously published in Applied Catalysis B:
Environmental 2014;154—-155:360-368 by Qi JT, Xin LT, Chadderdon DJ, Qiu Y, Jiang Y,
Benipal N, Liang C, Li W. (" equal contribution). Copyright © 2014 Elsevier B. V. And
ChemCatChem 2012;4(8):1105-1114 by Xin L, Zhang Z, Wang Z, Li W. Copyright ©
2012 John Wiley & Sons, Inc. Reprint with permission shown in Appendix D
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Great progress has been made on selective oxidation of glycerol in aqueous phase with
O, or H,0O, oxidant. However, primary research focus are focusing on enhancing the
activity and selectivity to glycerate or glyceric acid if in low pH aqueous solution on Pt,

54,110-118 . 114,115,119-121
Pd and Au-based mono-"" and bi-

metallic catalysts. Yet it is still
challenging to efficiently oxidize two primary —OH groups (to tartronate) or completely
oxidize three —OH groups (to mesoxalate) on monometallic catalysts, the selectivity of
which is mainly limited by the C-C cleavage reaction to yield glycolic acid or oxalic acid.
Nevertheless, under certain reaction conditions, the selectivity to tartronate or mesoxalate
via consecutive oxidation of glycerol was found to be promoted. Prati and Hutchings
groups have demonstrated that increasing the catalyst amount and decreasing the glycerol
concentration can promote the tartronate formation, which could be attributed to the

111,121,122
4522 1t was also observed

increasing of the ratio of glycerol to catalyst active sites.
that by increasing the reaction temperature and oxygen concentration, the transformation
of glycerate to tartronate could be facilitated.'"''? Independent studies by Prati and
Davis have reported that glycerol oxidation carried out in a fixed bed continuous up-flow
reactor significantly increased the selectivity to tartronate compared with that conducted
in semi-batch reactor.'**'** The preparation of mesoxalate from glycerol was then based
on two step reactions combining two different catalysts, one of which was responsible for
the oxidation of glycerol yielding tartronate and another was responsible for further
oxidizing tartronate to mesoxalate.'”> Even though research breakthroughs have been
made to obtain reasonable yield of tartronate or mesoxalate, complicate multi-functional
catalysts, such as Ce-Bi-Pt-Pd/Carbonl%, Bi-AuPd/Activated Carbonm, Bi-Pt/Activated
Carbon'?® or Ce-Bi-Pt/Carbon'?’ have to be used and multi-step sequential reactors were
often involved.'*>'* On the other hand, Au based catalysts were an inefficient catalyst to
yield tartronate (< 25%) and the formation of mesoxalate has so far not been reported."”
More importantly, conventional heterogeneous catalytic oxidation of glycerol that takes
place in aqueous solution cannot take advantage of the rich energy stored in the chemical

bonds of glycerol, which otherwise can be directly converted to electrical energy via

electrocatalytic oxidations.
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Since selective oxidation of glycerol in the aqueous phase is a redox reaction in
heterogeneous catalysis where O, functions in the same way as the ORR at the fuel cell
cathodes based on DFT calculation and HPLC/MS isotope analysis,”* the study of
electrocatalytic oxidation, therefore, could provide new insights into heterogeneous
catalytic oxidation reactions. In this respect, exhaustive research efforts in
electrochemical oxidation of glycerol have been made aiming to gain fundamental
understanding of the key factors that govern the electrocatalytic oxidations. In situ FTIR
spectroscopy and HPLC combined with voltammetry have been applied to probe reaction
intermediates/products under a wide range of potentials in half cells.¥%?%94130-133
Employing the technique that couples the in situ sample collection during the staircase
LSV with ex situ HPLC analysis, glycerate and glycolate were identified as the two
dominant products on polycrystalline bulk Pt, and Au in alkaline electrolyte.”>**
Tartronate was only observed as a side product with a small amount on Pt electrode,
whereas on bulk Au electrode surface, the presence of tartronate and mesoxalate was

132 On the other

detected as weak FTIR signals at very high potential of > 1.2 V vs. RHE.
hand, Simoes et al. performed the electro-oxidation of glycerol on carbon supported
bimetallic PdAu, PdNi, PdBi and Trimetallic PdPtBi nanoparticle catalysts.*®'**> With the
assistance of spectroscopy or chromatography, they detected the formation of tartronate

and mesoxalate at 0.55 and 0.85 V vs. RHE, respectively with the help of ad-atoms.
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Fig. 4.1 Products obtained by the selective oxidation of glycerol.

In Chapter 3, it has introduced that tremendous progress in the electrical energy
generation performance have been accomplished through rational design of
electrocatalysts for AEMFCs using pure glycerol as fuel and discussed the electricity
performance of AEMFCs directly using biodiesel derived crude glycerol on Pt/C, Pd/C
and Au/C anode catalysts. However, complete oxidation of glycerol to carbonate in
alkaline media remains the minor reaction in comparison with its partial oxidation to
various carboxylates,”” which will lead to low energy density and utilization efficiency of
glycerol fuel. For this reason, AEM-DGFCs may have industrial application potential
only if reasonable output power density and high yield of higher valued target products
can be achieved simul‘[aneously.134’135 On the other hand, as shown in Table 4.1,
chemical production does not necessarily sacrifice electricity generation efficiency. For
example, the thermodynamic efficiency (1) and reversible potential (E°) for partial
oxidation of glycerol to mesoxalate or tartronate are 98.1%, 1.117 V, and 98.4%, 1.170 V,
respectively, which are comparable to that for complete oxidation of glycerol to CO,

(combustion of glycerol, 98.4%, 1.230 V). When glycerol oxidizing to mesoxalate or
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tartronate , the volumetric energy density (W,) of glycerol is 4.5 and 3.6 kWh L™,
respectively, which is also close to that of full oxidation of glycerol to CO, (6.4 kWh L™).
The Faradaic efficiency (7.), which is defined as the ratio of number of transferred
electrons in the partial oxidation to that in the complete oxidation (combustion of
glycerol), is also high (71%, 10 e: 14 ¢ to mesoxalate and 57.1%, 8 e™: 14 ¢” to tartronate)
It is noted that both the volumetric energy density and Faradaic efficiency for the partial
oxidation of glycerol to mesoxalate or tartronate are higher than that for the oxidation of
ethanol (a biorenewable mono-alcohol) to acetate (2.1 kWh L, 33.3%=3 ¢ 12 ¢) — the
major product in alkaline media. Therefore, it is desirable and theoretically practical to
simultaneously generate higher-valued mesoxalate or tartronate and electricity from the
electro-oxidation of glycerol in AEM-DGFCs, with little effect on electricity-generation

efficiency.

Table 4.1 Thermodynamic data of the electro-oxidation of biorenewable alcohols into
target products.

[6] [c] [d] [e]
- @ | E° We Me Ui
Fuel Final Product Ne IV S kWh.L o o,
Hydrogen H,0O 2 1.229 2.6 100 83.3
CO, 12 1.145 6.4 100 96.9
Ethanol Acetate 2 | L7l 2.1 333 | 918
CO, 14 1.230 6.4 100 98.4
[f] Glycerate 4 1.140 1.8 28.6 91.1
Glyeerol Tartronate 8 1.170 3.6 57.1 | 984
Mesoxalate 10 1.117 4.5 71.4 98.1
[a] Ne: Number of transferred electrons. [b] E°: Thermodynamic reversible potential.
[c] W,: Volumetric energy density, liquid H,. [d] n.: Faradic efficiency. [e] n:
Thermodynamic efficiency. [f] Based on predicted thermo-data from'*°.

In my previous collaborative research, we self-designed a continuous flow AEM-based
electrolysis cell reactor (Fig. 2.3) to investigate glycerol electro-oxidation on Au/C with
carbon cloth substrate (liquid diffusion electrode), which is similar to AEM-DGFC anode
structure (Fig. 2.5). It was interesting to find that tartronate with the selectivity of >79%
was produced at potential <0.45 V and mesoxalate was not observed in the product
profile until applied potential > 0.45 V. As shown in Fig. 4.2, a pathway of glycerol

electrocatalytic oxidation was also proposed based on the products detected in the bulk
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electrolyte as a function of applied potentials.*” The current of glycerol electro-oxidation
as a function of time at each applied potential is shown in Fig. 4.3. It can be observed that
the current at most potentials remains stable over the course of test (1 hour), indicating
little deactivation or loss of Au catalyst. However, a slight but noticeable current drop
observed at the most positive potentials, 0.65 and 0.7 V vs. RHE tested could result from
the faster reaction rates which gives rise to the more serious mass transport issue, in
particularly at the cathode side where hydrogen evolution reaction occurs, as the bubbles
will block the active area of the Pt/Vulcan Carbon (1.0 mgp, cm™) based liquid diffusion
electrode (Fig. 2.3 and Section 2.3.3) from contacting fresh electrolytes. The Faradaic
efficiency (calculated according Equation 2-14) of >90% at each applied potential
studied in the continuous flow AEM based electrolysis cell reactor (Fig. 4.4) confirmed
the stability of Au anode electrode as well as little interference of O, from OER in the

system.

As shown in Equation 4.1 and 4.2, the thermodynamic potentials of glycerol oxidation
to tartronate and mesoxalate under standard conditions are -0.77 and -0.72 V vs. SHE in a
basic electrolyte with pH of 14 (thermodynamic properties of some biomass compounds
are obtained from reference'*®), which are very close to each other. Thermodynamically,
it is possible to obtain these products simultaneously. In electrolysis, the oxidation
reactions take place at the electrified catalyst-electrolyte interface close to the anode,
where reaction rate, pathway and products distribution can be regulated via manipulation

of the anode potential, so as to facilitate selectively formation of valuable target products.

Glycerol + 100H™ 2 Tartronate + 8H,0 + 8¢~ E° = —0.77 Vvs.SHE
(4-1)

Glycerol + 120H™ 2 Mesoxalate + 10H,0 + 10e~ E° = —0.72 Vvs. SHE
(4-2)
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2.0 MKOH + 1.0 Mglycerol, 50 °C, 1 hour
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Fig. 4.2 Electrocatalytic oxidation of glycerol on Au/C (40 wt.%) under different applied
potentials in the continuous flow AEM based electrolysis cell reactor.
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Fig. 4.3 The current of glycerol electro-oxidation on Au/C (40 wt.%) as a function of
time at different potentials (V vs. RHE) in the continuous flow AEM based electrolysis

cell reactor.
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Fig. 4.4 The Faradaic efficiency of glycerol electro-oxidation on Au/C (40 wt.%) as a
function of time at different potentials (V vs. RHE) in the continuous flow AEM based
electrolysis cell reactor.

One the other hand, in the continuous flow-type AEM based electrolysis cell reactor, a
porous LDE (thickness >700 pum, consisting of carbon cloth substrate: 381 um and
catalyst layer of 5.0 mga, cm?, ca. 40 wt.% Au/C: 324 pm, measured by micrometer)
with a confined electrolyte volume was used in this study. The “holding effect” of this
thick porous matrix would help retain reaction intermediate species in the catalyst layer,
so that the obtained product selectivity was different from that studied on the
polycrystalline Au electrode where the only glycerol oxidation product in alkaline media
is glycerate, at low potentials (< 0.8V).””* The different electrode structures can
significantly influence reactant transport/diffusion (to catalyst surface), and therefore
affect the overall reaction kinetics. In the course of glycerol oxidation, glycerate is the
first stable product, as well as a reaction ‘intermediate’ required for the production of
tartronate (Fig. 4.2). When the flat surface Au electrode was employed, the generated
glycerate would irreversibly diffuse from the electrode surface to the bulk electrolyte,
which will prevent the further oxidation process. In the AEM based electrolysis cell

reactor, the carbon cloth can help holding/trapping the stable reaction ‘intermediates’
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(glycerate, tartronate, etc.) from escaping, thus the final oxidation product generation

could be better controlled by the electrode potentials.

In this chapter, the results of potential regulated selectivity obtained from AEM-based
electrolysis cell reactor (Fig. 2.3) have been translated into the AEM-based fuel cell
reactor (Fig. 2.5) to seek co-production of valuable tartronate or mesoxalate and
electricity over Au/C anode catalysts (Fig. 4.5). The MEA structure, electrolyte pH, fuel
flow rate and operation temperature in AEM-DGFCs have been optimized to allow fine
tuning anode potential to favor the electro-oxidation of either two primary —OH groups of
glycerol to tartronate or all three —OH groups to mesoxalate, while minimizing the C-C
bond cleavage (e.g. to glycolate and oxalate). It has also been found that Au/C catalyzed
glycerol partial oxidation products (glycerate, tartronate or mesoxalate) in AEMFCs are
relatively stable after desorbing into bulk electrolyte, which has been further supported

by studies previously carried out in the AEM-based electrolysis cell reactor.

electricity o o o o
e[yl e Ao oo
exhaust B O OH O o 4 o
0,+H,0 =
(Qy+ H,0) OH- Tartronate Mesoxalate
e valuable chemicals
o OH-
1 HO OH
0,+H,0~ & /\cg\
glycerol
Fe-based catalyst
Anion
Exchange
Membrane

Fig. 4.5 Illustration of continuous flow AEM-based fuel cell reactor for selective
electrocatalytic oxidation of glycerol for valuable tartronate or mesoxalate and electricity
cogeneration.
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4.2 General experimental

4.2.1 Preparation of Au/C (40 wt.% and 55 wt.%0)

The organic solution phase-based nanocapsule method was applied to prepare the
carbon black supported Au nanoparticles with setting loadings of 40 wt.% and 55 wt.%.
The detail synthesis procedures have been described in Section 2.4.4.

4.2.2 Physical characterizations

The morphology, nanostructure and metal loading of Au/C were analyzed by TEM,
XRD and ICP-OES, as described in Section 2.5.1, 2.5.3 and 2.5.4.

4.2.3 Electrochemical characterizations
4.2.3.1 Half-cell tests

Half-cell tests were performed in a conventional three-electrode-cell setup (Section
2.2.1), equipped with a glassy carbon working electrode, a Hg/HgO/1.0 M KOH
reference electrode and a Pt coil counter electrode. A water bath is used to hold system
temperature at 25, 50, or 60°C throughout the tests. 2.0 mg Au/C (55 wt.%) was firstly
dispersed in 1.0 ml isopropanol by sonication to form uniform ink. Before each test, 20 ul
of the 2.0 mg ml 'catalyst ink was drop-casted on the glass carbon electrode, followed by
adding 10 pl of 0.05 wt.% AS-4 anion conductive ionomer (Tokuyama Corp.) on the top
to bind the catalyst particles. (Section 2.3.1) Prior to tests, all the electrolytes were
deaerated by purging with N, gas (99.99%) for 30 min. 10-cycles of cyclic voltammetry
were recorded for Au/C catalystat 25, 50, and 60°C in 0.1 M KOH and the stabilized
polarization curve obtained from the last cycle as reported. All potentials were reported
with respect to RHE. LSVs on Au/C catalyst with sweep rate of 1 mV s ' without
rotation was carried out in 0.1 M KOH, 0.1 M KOH + 0.1 M glycerol, 0.2 M KOH + 0.1
M glyceric acid, 0.3 M KOH + 0.1 M tartronic acid and 0.1 M KOH + 0.1 M sodium
mesoxalate monohydrate at 50 or 60°C. Excessive KOH (0.2 or 0.3 M) was used to

neutralize glyceric acid (pK,= 3.52) and tartronic acid (pK,1 = 2.42, pK,2 = 4.54)."%*
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4.2.3.2 AEM-DGFC single cell tests

Electrocatalytic selective oxidation of glycerol on Au/C anode catalyst in AEM-DGFCs
with electricity cogeneration was conducted on a Scribner fuel-cell test stand (850e).

(Section 2.2.3)

MEA electrode was fabricated according to Section 2.3.3. The anode catalyst ink was
made by mixing Au/C (40 wt.% and 55 wt.%) catalyst power, 5 wt.% PTFE in water
suspension into iso-propanol(10 mgcatayst ml'l, mass ratio PTFE : catalyst = 5:95), and
sprayed onto a carbon cloth (PTFE-untreated, 381 um, Fuel Cell Store) that serves as the
liquid diffusion layers to achieve a loading of 1.0 or 5.0 mgu, cm ~. The cathode catalyst
ink (10 mgcatalyst ml'l, mass ratio ionomer : catalyst = 3:7), which was made from 1-
propanol dispersion of a commercial non- PGMs catalyst (Fe-Cu-N4/C, HYPERMEC™,
Acta) blended with an AS-4 anion conductive ionomer (Tokuyama Corp.), was
airbrushed directly onto the AEM. A 25CC carbon paper (Teflon Treated, SGL Group)
was employed as the cathode GDL. The evenly-sprayed carbon cloth anode and catalyst
coated membrane (CCM) cathode were dried in air under room temperature overnight
before use. The MEA was fabricated by directly assembling the anode, cathode and

carbon paper in sequence without hot press.

During each run, 30 ml of glycerol + KOH solution (glycerol : Au=1:1300 and 1: 6500
mol/mol for 1.0 and 5.0 mgu, cm * respectively) was introduced into a plastic vessel and
pumped into the anode at a flow rate of 1.0 or 4.0 ml min"' through a closed loop by a
peristaltic pump (Gilson Minipuls 3), while the high-purity O, (99.999%) was fed into
the cathode compartment at a flow rate of 0.1 or 0.4 L min ' under a backpressure of 30
or 0 psig. The electro-oxidation was carried out by controlling the fuel cell voltage to 0.5,
0.3 or 0.1 V. During the reactions, the reactor temperature was controlled at 50 C or
60 C and the anode potential was monitored by a inserted Hg/HgO/1.0 M KOH electrode,
and reported with respect to RHE (the conversion of Hg/HgO to RHE has been discussed
in Section 2.2.1. The generated current density and power density were recorded.

Samples were taken after certain time and analyzed by HPLC.
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4.2.4 Product analysis

The glycerol electro-oxidation products were analyzed by HPLC and identified,

quantified by comparison with authentic samples (Section 2.7).

The product selectivity/yield and glycerol conversion are calculated by the following

. 54110,117,124
equations.

Moles of C, or C3 product

Selectivity of C, or C3 product = X 100%

Total moles of C, and C3 products

(4-3)
. Concentration of glycerol at certain time
Conversion of glycerol = (1 — — S 9Ly : ) X 100%
Initial concentration of glycerol
(4-4)

Yield of C, or C3 product = Selectivity of C, or C3 product X Conversion of glycerol
(4-5)

The carbon balance is based on:>*!'**

3Mg,~3%¥ Mc;—2 % Mc,~Y. Mc, —3M

Carbon balance = " 7T % 100% (4-6)
9i

where My, and M, ; is the initial and final moles of glycerol in the electrolyte. }; Mc,,
Y. Mc, and Y M, are the total moles of C3 (glycerate, tartronate, mesoxalate, lactate), C,
(glycolate, glyoxylate, oxalate,) and C; (formate, carbonate) products, respectively. If
assuming that no C-C bond cleavage occurs through C, products, then Y M¢, = Y Mc,.
Thus the equation for carbon balance calculation can be simplified to:

Mgi_ZMcs_ZMCZ_Mgf

My,

Carbon balance =

x 100% (4-7)

Therefore, a carbon balance of 0 means all the C;, products generated from C-C breaking
of C5 products do not undergo further C-C cleavage, and the summation of all the C, and

C3 products and unreacted glycerol is equal to the initial glycerol. A smaller carbon
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balance value indicates less C, intermediates were further oxidized to C; products (carbon
balance of 0 means no C, intermediates were further oxidized to C; products). The carbon
balance under all the test conditions is less than 15%, which is within the system error

expected in HPLC analysis.
4.3 Results and discussions

4.3.1 Physical characterizations

TEM images (Fig. 4-6 (a) and (b)) of Au/C with different loadings (ca. 40 wt.% and 55
wt.%) shows similar average particle size of around 3.5 nm and identical size distribution
of 2-6 nm. The XRD patterns (Fig. 4.6 (c)) of ca. 40 wt.% and 55 wt.% Au/C display the
same FCC crystaline structure of Au. Both TEM and XRD characterizations indicate that
the increasing of Au loading on carbon black supports do not significantly alter its

physical properties.
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Fig. 4.6 TEM images and corresponding particle-size histograms of (a) Au/C (ca. 40
wt.%) and (b) Au/C (ca. 55 wt.%); (c) XRD pattern of ca. 40 wt.% and 55 wt.% Au/C.
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4.3.2 The effects of MEA structures and reaction conditions on the selectivity of
tartronate and mesoxalate in AEM-DGFCs and electro-oxidation activity evaluation

of main glycerol partial oxidation C3 products in half cells

Electrocatalytic oxidation of glycerol in AEM-DGFCs could provide a new route to
sustainable conversion of glycerol to value-added oxygenated chemicals with important
industrial applications. The AEM-DGFCs can be envisioned as a continuous fixed-bed
reactor with multiple plates, which is more prone to produce deeply oxidized products
than conventional heterogeneous catalytic oxidation of glycerol in semi-batch reactor

. 122-124
configuration.

However, our reactor significantly distinguishes from heterogeneous
catalytic reactors: (1) The anion-exchange membrane was introduced to separate the O,
gas phase from the catalyst—electrolyte (solid-liquid) phase, to resolve the problem of
oxygen mass transfer that was encountered by the multiphase reactor.**3*1*" (2) The
LDE was not only used as a catalyst bed but also as a conductor to collect electric current.
Therefore, the cogeneration of electricity and higher-value chemicals could be achieved.
Considering that glycerol electro-oxidation on Au/C in AEM-DGFCs involves complex
reaction sequences, any changes in reaction conditions, such as the electrode thickness,

flow rate, the reaction temperature and electrolyte pH, could affect the anode potential,

thereby influencing the final products distribution.

Electrode thickness was first optimized toward anode potential tuning for selective
oxidation of glycerol in AEM-DGFCs. The different anode thicknesses (length scales)
result in different timescales of which the reactants diffuse into and products diffuse out
of the porous electrodes, which affect the concentration profiles of reactants and reaction
intermediates available inside the electro-catalytically active region. In other words, the
thicker the porous electrode is, the more reaction intermediates will be held within the
confined electrolyte volume to possibly facilitate their deeper oxidation, meanwhile, the
fresh reactant will be held outside of the electro-catalytically active region. As a results, a
18% selectivity to mesoxalate was obtained with Au/C of ca. 40 wt.% loading (Fig. 4.7
(a)) where the anode potential was monitored to be 0.54 V vs. RHE. Increasing the metal

loading of Au/C catalyst from 40 wt.% to 55 wt.% decreases the amount of carbon black
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amount on the anode (from 7.5 mg to 4.0 mg), therefore decreases the thickness of the
porous liquid diffusion anode (from 650 pm to 597 pum, including the thickness of carbon
cloth substrate of 381 um and catalyst layer of 269 um or 216 um measured by a
micrometer), given that the same Au loading (1.0 mga.cm %) was used at the anode.
Compared to the Au/C (1.0 mga,cm 2, 40 wt.%) anode used the presented thinner porous
anode structure (1.0 mga,cm %, 55 wt.%), allows more fresh glycerol from bulk
electrolyte to replenish the oxidation reaction, which leads to the glycerol conversion
increasing from 13.1% (Fig. 4.7 (a)) to 14.7% (Fig. 4.7 (b)) in 1 h operation. It has been
discussed in Chapter 3 that higher local concentration of glycerol present at the catalyst—
electrolyte interface will not only negatively shift the onset potential of glycerol electro-
oxidation in half cell but also increase the OCV in AEM-DGFCs, as it facilitates the
formation of highly reactive glyceraldehyde. The cathode non-precious Fe-Cu-based
catalyst loading was also increased from 1.0 mg cm™ to 3.0 mg cm™ to facilitate ORR. It
was observed that the measured anode potential decreases from 0.54 V to 0.41 V vs. RHE
with the anode thickness decreasing and enhanced ORR. This observation can also be
explained by the ease of the removal of reaction intermediates by glycerol fluxing in
through the thinner porous electrode, as their presence could inhibit the oxidation of

glycerol and lead to the anode potential increasing.'*!
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Fig. 4.7 Electro-catalytic selective oxidation of glycerol in AEM-DGFCs with different
MEA structures and operation conditions: cell voltage: 0.1 V; reaction time: 1 h. Details
of MEA structure and operation conditions (a)—(e) are listed in Table 4.2.

Table 4.2 Details of MEA structure and AEM-DGFCs operation conditions with constant
cell potential of 0.1 V.

Entry (a) (b) (c) (d | (e)
Membrane type A201 | A901 | A901 | A901 | A901
Anode catalyst loading / mg cm™ 1 1 1 1 1
Cathode catalyst loading / mg cm™ 1 3 3 3 3
Anode catalyst metal loading / wt. % 40 55 55 55 55
Anode fuel flow rate / ml min™ 4 4 1 1 1
Cathode gas flow rate / ml min”’ 400 400 100 100 100
Temperature / °C 50 50 50 60 60
KOH concentration / M 2 2 2 2 8
Back pressure / psi 30 30 0 0

The independent LSV experiments were carried out at 50°C by using KOH solution with
glycerate, tartronate, or mesoxalate (Fig. 4.8 (a)). It shows that glycerate is more difficult
to be oxidized on Au/C (55 wt.%) than glycerol as shown by its lower peak current
density (e.g. 4.5 mA cm > vs. 23.6 mA cm ° at 50°C) and more positive onset potential
(e.g. 0.82 V vs. ca. 0.57 V (vs. RHE) at 50°C). It needs even higher onset potentials of
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about 1.2 and 1.3 V vs. RHE, respectively, for tartronate and mesoxalate adsorption and
oxidation on Au/C (55 wt.%). This strongly indicates that desorbed glycerate, tartronate
and mesoxalate are difficult to be further oxidized under the fuel cell operation conditions

with relatively low anode potentials.

As will be discussed in Chapter 5, the C-C cleavage product glycolate is nearly inert on
both Au smooth polycrystalline and nanoparticle electrodes. Therefore, lowering anode
potential and enhancing mass transport using the modified thin electrode structure can
promote the tartronate formation by the sequential oxidation of glycerol via adsorbed Cs
reactive intermediates, while minimize its over-oxidation to mesoxalate or C-C bond
cleavage by-products (glycolate and oxalate), leading to the tartronate selectivity
increasing from 34% (Fig. 4.7 (a)) to 49% (Fig. 4.7 (b)) in 1 h. However, the decreasing
of the anode potential weakens the adsorption of glyceraldehyde, a possible unstable
byproduct generated at low potential (0.4 V vs. RHE).”* The desorbed glyceraldehyde
decomposes in the bulk alkaline electrolyte, which is likely responsible for the lactate

detected in the final products profile (Fig. 4.7 (b)).”!

50
25 |——0.1MKOH+0.1Mglycerol @ t—— 0.1 MKOH +0.1 M glycerol
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Fig. 4.8 Linear sweep voltammograms of Au/C (55 wt.%) in 0.1 M KOH + 0.1 M
glycerol, 0.2 M KOH + 0.1 M glyceric acid, 0.3 M KOH + 0.1 M tartronic acid, 0.1 M
KOH + 0.1 M sodium mesoxalate salt and 0.1 M KOH at a scan rate of I mV s !, without
rotation, (a) 50°C, (b) 60°C.

Glycerol fuel flow rate for the AEM-DGFC reactor was also optimized to study its

effect on the reaction rate and product distribution of glycerol electro-oxidation. Under
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similar reaction conditions, the liquid flow rate was decreased from 4 ml min' to 1 ml
min ' and the results are shown in Fig. 4.7 (b) and (c). After slowing down the flow rate
of 2.0 M KOH + 1.0 M glycerol, it is observed that the glycerol conversion drops from
14.7% to 11.5%, which could also be attributed to the more intimate contact between the
reaction intermediates and catalyst confined within the porous electrode through lowering
the fuel flow rate. Although the fuel flow rate has a minor effect on the anode potential,
the increasing of the retention time can help hold/trap the reaction intermediates within
the porous matrix of the anode, therefore, glyceraldehyde is more likely to remain
chemisorbed at the surface and under goes consequential oxidation to mesoxalate. This is
evidenced by the mesoxalate selectivity increasing from 10% to 13% and the selectivity

of the glyceraldehyde degraded by-product lactate decreasing from 6.0% to 2.6%.

In order to gain insight into the influence of reaction temperature on electro-oxidation of
glycerol, cyclic voltammetry was performed on Au/C (55 wt.%) catalyst in blank 0.1 M
KOH at 25, 50, and 60°C. It is shown in Fig. 4.9 that with the temperature increasing, the
onset potential where Au starts to adsorb OH' shifts negatively, and within the potential
window investigated (<1.65 V vs. RHE), the OER activity on Au/C (55 wt.%) is
negligible at 25, 50, and 60°C. Early studies suggested that the presence of the sub-
monolayer of the adsorbed OH governs the catalytic behavior of Au for alcohol
oxidation,'** and there is no glycerol adsorption before the onset potential of Au(OH)
formation.”’ The DFT results also indicated that the adsorbed OH will significantly lower
the activation barrier for both O-H and C-H bond dissociation and enhance the catalytic

activity of Au:>*
HgR — OHy + OHggs 2 HgR — Ogqs + H, O (4-8)
HﬁR - OHO_, + OHads =2 R = Oads + HZO (4'9)

In Chapter 3, it was shown that the onset potential of the glycerol electro-oxidation on
Au/C (40 wt.%) in half cell shifts negatively, as the reaction temperature increases from
25°C to 60°C, which could be attributed to the higher adsorption rate of OH™ on Au at

elevated temperatures. (Fig. 3.6 (c)) In addition, the reported voltammograms also
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indicated better electro-oxidation kinetics was achieved at higher temperatures, as shown
by the increasing of the peak current density. In agreement with these prior results, it is
observed that the AEM-DGFCs operated at higher temperature (60°C) promotes the
glycerol conversion from 11.5% (Fig. 4.7 (c), 50°C) t013.5% (Fig. 4.7 (d), 60°C) in 1 h.
Moreover, it further decreases the anode potential from 0.40 V to 0.35 V vs. RHE,
contributing to the increasing of tartronate selectivity to 54.8%. On the other hand, the
elevated reaction temperature may also promote the reaction intermediates diffusion to
the bulk electrolyte, which prevents the further oxidation to mesoxalate, leading to the
drop of mesoxalate selectivity from 13.0% to 9.4%. The by-product lactate selectivity
remains small (2.3%), mainly due to the rapid oxidation of glycerol to glycerate via

glyceraldehyde at the higher temperature.
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Fig. 4.9 CVs of Au/C (55 wt.%) in 0.1 M KOH at 25, 50, or 60°C, at a scan rate of 50
mV sfl, without rotation.

High pH alkaline environment has been reported to effectively improve glycerol electro-
oxidation rate.”>’***>!¥% The AEM-DGFCs fed with 8.0 M KOH + 1.0 M glycerol
shows appreciably increasing of the tartronate selectivity from 54.8% to 70.6% and the
glycerol conversion from 13.5% to 18.2% when compared to2.0 M KOH + 1.0 M
glycerol (Fig. 4-7 (e)). Higher OH concentration was reported to benefit the initial base-
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catalyzed dehydrogenation of alcohol to promote the generation of highly reactive alkoxy

intermediate by lowering the activation barrier:’’
HgR — OHy + OH™ @ HgR — 0™ + H,0 2 HgR — Ogqs + €~ (4-10)

On the other hand, higher OH concentration in the bulk electrolyte will increase OH,gs
coverage rate on Au surface. As aforementioned, the OH,qs will also facilitate the

elimination of both Hyand Hg of adsorbed alcohols through the metal surface catalyzed

process (Equation 4-8 and 4-9). As a result, the electrolyte with higher pH (8.0 M KOH
+ 1.0 M glycerol) greatly enhances the reaction rate, giving rise to the observed higher
glycerol conversion and lower anode potential (0.29 V vs. RHE). This result can be
supported by my previous collaborative studies of electro-oxidation of glycerol over
Au/C (40 wt.%) in half cell, which showed that the onset potential of glycerol oxidation
shifted negatively with the KOH concentration increasing.” The very low anode potential
favors the tartronate formation with a selectivity of 70.6% determined by HPLC analysis.
A slight increase of lactate could be also attributed to this low anode potential achieved,
as it weakens the adsorption of glyceraldehyde on the Au catalyst. Additionally, the
increment of OH,qs on Au surface promotes the removal of adsorbed C; intermediate

388 to form glycerate or tartronate, before they undergo further oxidation to

53,88

species

mesoxalate or C-C bond breaking to by-products of glycolate and oxalate.

Compared with the traditional heterogeneous catalysis, electro-catalytic selective
oxidation of glycerol in the AEM-DGFC reactor is a more sustainable process, in which
the valuable chemicals and electrical energy can be simultaneously generated.”®> The
efforts will be focused on employing the optimum conditions, as listed in Table 4.2 (a)
and (e), to demonstrate the high activity and selectivity to mesoxalate and high yield to

tartronate for potential industrial synthesis applications.
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4.3.3 Cogeneration of electricity and tartonate with high yield in the continuous
flow-type AEM-DGFCs reactor

The reaction profile shown in Fig. 4.10 exhibits that electro-catalytic selective oxidation
of glycerol can achieve a tartronate yield of 61.8% (69.3% of selectivity at 89.2%
glycerol conversion) after 12 h, concurrently with energy release of 1527 J (constant
discharging at 0.1 V) in the AEM-DGFC reactor with Au/C (55 wt.%) under the
optimized conditions (Table 4.2 (e)). The maximum yields of tartronate from
heterogeneous catalytic oxidation of glycerol have been reported to be 58% on Ce-Bi-Pd-
Pt/C'*® and 78% on Bi@AuPd/Cm. However, mono-Au or AuPd, AuPt heterogeneous
catalysts were found to be rather inefficient for tartronate production from direct glycerol
oxidation". The high tartronate yield on Au/C (55 wt.%) electro-catalyst achieved may
open an alternative route to sustainable electro-catalytic conversion of bio-renewable

intermediates to chemicals along with electricity cogeneration.
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Fig. 4.10 Electro-catalytic selective oxidation of glycerol on Au/C (55 wt.%) in AEM-
DGFC under optimized condition for high yield of tartronate (Table 4.2 (e)): cell voltage:
0.1 V; reaction time: 12 h.

Fig. 4.10 also shows that as the reaction was prolonged to 12 h, the glycerol conversion
reached 89.2% and the tartronate selectivity only slightly decreased from 70.6% to 69.3%,
even though the anode potential of the AEM-DGFCs kept increasing from 0.29 V to 0.48
V vs. RHE. This indicates that the final products distribution in bulk electrolyte is
governed by both the electro-catalytic reaction at the electrified catalyst—electrolyte
interface that can be regulated by the anode potential, and the reactants/reaction inter-

mediates/products diffusion/transport through the catalyst layer. As discussed previously,
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the MEA structure and reaction conditions of AEM-DGFCs were optimized to not only
lower the anode potential so as to favor the consecutive oxidation of glycerol to tartronate
with less C-C bond cleavage or over-oxidation to mesoxalate, but also facilitate
desorption of the intermediates/products off the catalytic active sites and diffusion back

to the bulk electrolyte.

The LSVs performed on Au/C (55 wt.%) in half cell at 60°C with alkaline electrolytes of
glycerate, tartronate, mesoxalate and glycerol are shown in Fig. 4.8 (b). The results
showed the electro-catalytic activity sequence of these desorbed glycerate, tartronate and
mesoxalate during the glycerol electro-oxidation. Higher anode potential is needed to
make them reactive on Au/C (55 wt.%) electrode. In addition, previous studies by Lamy
et al. have found that the glycolate and oxalate cannot be oxidized on Au electrode in
alkaline solution in the potential range of 0 — 1.0 V vs. RHE, which is within the fuel cell

anode potential window.'**

For this reason, the products presented in the bulk electrolyte
are more difficult to re-adsorb and further oxidize on the Au catalyst as compared with
glycerol, resulting in the relatively stable products distribution in the bulk electrolyte and
no apparent change in the product selectivity from 1 h to 12 h. In particular, the relatively
low activity (onset potential and peak current density) of electro-oxidation “desorbed”

tartronate may account for its high selectivity.

However, as glycerol was continuously converted, increasing concentrations of
glycerate and tartronate will accumulate in the product mixture solution. It is reported
that the adsorption of glycerate or tartronate during the glycerol oxidation could strongly
deactivate metal catalysts in the heterogeneous catalysis system, which is attributed to the

formation of ketonic species.'*''**

To investigate the influence of the product salts on the
rate of glycerol electro-oxidation, equal molar glyceric acid was added to a 0.1 M
glycerol solution. Additional KOH was also added to neutralize the glyceric acid in order
to maintain a close base to reactant ratio of around 1:1 (mol : mol). Chronoamperometries
(CAs) were carried out on Au/C (55 wt.%) at 0.8 V vs. RHE, where the electro-oxidation
proceeds slowly so that the mass transport effect is negligible. Fig. 4.11 (a) shows that

the oxidation current density of 0.1 M glycerol remains at ca. 0.28 mA cm ° after 1800 s
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test, while with addition of 0.1 M glycerate, it is significantly lower and drops rapidly to
0.014 mA cm °. The controlled CA experiment using 0.2 M KOH + 0.1 M glyceric acid
showed no current generation on Au/C (55 wt.%) under the same test conditions, which
suggests that the decreased reaction rate is not due to the competitive electro-oxidation of
glycerate, but rather due to the inhibitory effect of glycerate. It is worth to mention that
the adsorbed glycerate could be washed off with copious deionized water and the active
sites of Au/C (55 wt.%) can be recovered, as evidenced by the similar broad peaks
correlated to the reduction of AuOy during the cyclic voltammetry in 1.0 M KOH before
and after CV tests (Fig. 4.11 (b)). The mechanism of the inhibition of supported metal
catalysts by reaction intermediates/products formed in the course of the electro-oxidation
of glycerol is still elusive and currently under study. Nevertheless, the deactivation of
Au/C (55 wt.%) will cause the activity loss of the glycerol electro-oxidation and is
responsible for the increasing of the anode potential in AEM-DGFCs with the elongated
reaction time, as shown in Fig. 4.10. As a result of anode potential increasing, the
selectivites to C-C cleavage products glycolate and oxalate, were increased from 0.8%

(after 1 h) to 1.2% (after 12 h) and 2.5% (after 1 h) to 3.8% (after 12 h), respectively.
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Fig. 4.11 (a) Influence of glycerate on the chronoameperometric activity of glycerol
oxidation on Au/C (55 wt.%) at 0.8 V vs. RHE, 25°C; (b) cyclic voltammograms of Au/C
(55 wt.%) before and after chronoamperometry tests with the addition of glyceric acid,
used Au/C (55 wt.%) catalyst was washed with deionized water before there cycle test,
1.0 M KOH, 25°C.

4.3.4 Cogeneration of electricity and mesoxalate with high selectivity in the
continuous flow-type AEM-DGFCs reactor

In light of the reaction condition in Table 4.2 (a), the electro-catalytic selective
oxidation of glycerol aiming at cogeneration of electricity and mesoxalate was conducted
by continuously looping 2.0 M KOH + 1.0 M glycerol from a plastic vessel into the
anode compartment of an AEM-DGFC reactor for 2 h, at 50°C.

A constant fuel cell voltage (0.5, 0.3, or 0.1 V) was applied by controlling the outer
circuit resistance and electricity was simultaneously generated. Fig. 4.12 (a) shows the
glycerol oxidation product distribution and electricity-generation performance on an
Au/C (40 wt.%) anode with a loading of 1.0 mgs, cm™. During the oxidation, the average
anode potentials were monitored by using an Hg/HgO electrode and the values (reported
vs. RHE) are given in parentheses (Fig. 4.12) with their corresponding fuel cell operating
voltages. Fig. 4.12 (a) and Table 4.3 show that the selectivity for mesoxalate was well
controlled by the fuel cell operating voltage (anode potentials): At 0.5 V, which was close
to the OCV, the anode potential was 0.47 V vs. RHE, and no mesoxalate was detected.

Instead, selectivities of 26, 49, and 25% were obtained for glycerate, tartronate, and
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oxalate, respectively, with 3.5% glycerol conversion, which agrees very well with the
results from AEM based electrolysis cell where a switch potential of 0.45 V vs. RHE was
required for the conversion of glycerol to mesoxalate on Au/C (40 wt.%). When the fuel
cell operating voltage was decreased to 0.3 V, the anode potential increased to 0.51 V vs.
RHE and mesoxalate was appeared in the final mixture of products with a selectivity of
19% at 7.4% glycerol conversion. Moreover, electricity was generated with a peak power
density of 14.8 mW cm™. The yield of mesoxalate seemed to suppress the selectivity for
tartronate from 49% to 39%. When the fuel cell voltage was further decreased to 0.1 V,
which was sufficiently low to approach the limiting current density during the steady
state discharging, the anode potential increased to 0.58 V vs. RHE and lower selectivity
of mesoxalate (12%) was observed. Under the higher anode potential (0.58 V vs. RHE),
glycerol conversion within 2 h ramped up to 20% and a small amount of glycolate (3%)
was yielded. At a cell voltage of 0.1 V, the anode potential gradually increased in the
course of the reaction owing to the continuous consumption of glycerol, while at higher
fuel cell operating voltages (0.5 and 0.3 V) where the monitor anode potential is
relatively low compared to that at 0.1 V, the glycerol consumption was <7.4%, which
affects the anode potential to a lesser extent. Thus, the anode potentials that were

monitored at higher cell voltages were quite stable with minor variations.
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Fig. 4.12 Product selectivity and the generation of electricity from electro-catalytic
selective oxidation of glycerol on (a) Au/C (40 wt.%), 1.0 mga, cm™, and (b) Au/C (40
wt.%), 5.0 mgay cm” in AEM-DGFC reactors, 50 °C, reaction time: 2 h.

Table 4.3 Electrocatalytic selective oxidation of glycerol on Au/C (40 wt.%) in AEM-

DGFC reactors at different fuel cell operation voltages.

Anode Cell Anode Selectivity / % Glycerol Carbon Power
Catalyst Voltage | potential ["GA T TA | MA | GLA | OA | Conversion | Balance Density
/'V / 'V vs. /% /% /mW cm™
RHE
Au/C (40 0.5 0.47 26 | 49 0 0 25 3.5 0.43 2.9
wt.%) 0.3 0.51 17 | 39 19 0 25 7.4 0.51 14.8
1.0 mg,, cm™ 0.1 0.58 26 | 37 12 3 22 20.0 0.78 14.6
Au/C (40 0.5 0.45 13 | 32 | 28 0 27 3.2 1.2 5.7
wt.%) 0.3 0.53 13 19 | 46 0 22 7.2 2.0 22.7
5.0 mgy, cm” 0.1 0.63 14 | 22 | 34 0 30 12.5 0.4 13.8

GA = glycerate. TA = tartronate. MA = mesoxalate. GLA = glycolate. OA = oxalate.
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To further investigate the effects of reaction time, and the corresponding increase in
anode potential, on mesoxalate selectivity, the reaction time was prolonged to 6 h. The
same reaction conditions were used Table 4.2 (a) at the fuel cell operating voltage of 0.1
V. The anode potential increased from 0.50 V vs. RHE at 30 min to 0.63 V vs. RHE over
the 6 h reaction, as shown in Fig. 4.13 (a). As a result, the initial selectivity for
mesoxalate (22%) could not be maintained. The concentration of mesoxalate decreased
after 2 h, thereby leading to the drop in selectivity (Fig. 4.13 (b)), whilst the
concentrations of tartronate, glycolate and oxalate gradually increased, with a
corresponding increase in their selectivity. These results confirmed that the oxidation of
glycerol into deeper-oxidized mesoxalate underwent a metal-surface-catalyzed step, as
proposed by Davis et al.>*'"7 In electrolysis, this step would be enhanced on a polarized
Au surface. Herein, the degree of positive polarization on Au increased as the anode
potential increased, which promoted the formation of tartronate from the oxidation of
glycerate. Tartronate is an important intermediate that is directly oxidized into
mesoxalate.'*® This process was favored within a mild anode potential range on Au/C. It
is suggested that the formation of mesoxalate was accompanied by its decarboxylation
into oxalate, as supported by the studies in electrolysis cell reactor (Fig. 4.2), which could
be accelerated at higher anode potentials. The accumulation of glycolate presumably
resulted from the C-C bond cleavage of glycerate at higher anode potentials. In sharp
contrast to Au/C, my previous collaborative work has demonstrated that Pt/C catalyzes
glycerol electro-oxidation more actively, generating higher peak power density while
yielding more C-C bond breaking C, and C; product (glycolate, oxalate, formate and
carbonate). The different electro-catalytic activities between Pt and Au were attributed to
binding energy between metal catalysts and the hydroxyl and oxygenated functional

groups.”®
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Fig. 4.13 (a) Product selectivity and electricity generation, and (b) products and glycerol

concentrations from electro-catalytic selective oxidation of glycerol on Au/C (40 wt.%)

from 0.5 to 6 hours in AEM-DGFC reactor, 50°C. The cell operation voltage was set at

0.1V.

Interestingly, when the loading of Au/C (40 wt.%) anode was increased to 5.0 mgu, cm’
?_ considerable higher selectivity to mesoxalate (46%) with a glycerol conversion of 7.2%
was obtained along with an output peak power density of 22.7 mW cm™ at fuel cell
voltage of 0.3 V. Glycerol conversions on both the Au-loaded anodes (1.0 mg cm™ and
5.0 mg cm™) were comparable at each cell voltage studied; however, different product
distributions were observed. Compared with the anode with 1.0 mga, cm?, the selectivity
to mesoxalate by using the anode with 5.0 mg, cm™ increased significantly (from 0% to
28%) at 0.5 V, whilst the selectivity for tartronate dropped from 49% to 32%. As the cell
potential was further lowered to 0.3 V, a significant amount of mesoxalate was produced

with a selectivity of 46%, whilst the selectivity for tartronate dropped to 19%. These
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results indicated that the production of mesoxalate in this AEM-DGFC reactor might
follow a sequential oxidation process starting from glycerol, that is, glycerol — glycerate
— tartronate — mesoxalate, which has been demonstrated in heterogeneous catalysis
systems in low-pH media.'*'*> A very high mesoxalate achieved was resulted from that
the increasing of the anode electrode thickness allows more glycerate and tartonate that
are the important intermediates preceding the production of mesoxalate retain inside the
active Au porous matrix, therefore, provided with the suitable anode potential (0.53 V vs.
RHE, as shown in Fig. 4.12 (b)), the selectivity of 46% for mesoxalate in the AEM-
DGFC reactor is expected.

It also indicated that the average selectivity of each reaction intermediate (glycerate or
tartronate) should exceed 77 %! However, further decreasing the cell potential to 0.1 V
led to a decrease in the selectivity for mesoxalate, but an increase in the selectivity for
oxalate. Compared to the anode with 1.0 mga, cm™, no glycolate was observed with 5.0
mga, cm” at the anode, which indicated that high Au loading (glycerol to Au: 1: 6500
mol : mol) favored the oxidation of the C; hydroxyl groups without breaking their C-C
bonds. We also observed that the carbon balance remained within 2.0% (Table 4.3) by
using the anode with 5.0 mga, cm?, thereby suggesting that, despite large amounts of
fully oxidized C; product (mesoxalate) being produced, negligible quantities of C,
products were broken into C; products. The higher yield of mesoxalate would also result

in a higher Faradaic efficiency of the fuel cell and greater utilization of glycerol fuel.

The stability of the Au/C (40 wt.%) anode AEM-DGFC reactor was investigated over
10 runs with an operation time of 2 h for glycerol oxidation with 2.0 M KOH + 1.0M
glycerol under the same test conditions (Fig. 4.14). The anode catalyst loading was
maintained at 5.0 mga, cm’, whilst the cathode catalyst loading was increased to 2.0 mg
cm™ to minimize the effect of the loss of catalytic activity. The fuel-cell operating
voltage was fixed at 0.3 V, at which the Au/C anode AEM-DGFC generated the highest
selectivity for mesoxalate, as well as the highest power density. After each run, the anode
was cleaned by flushing with deionized water until the OCV was <0.01 V. The glycerol

conversion and selectivity for mesoxalate increased to 10% and 49 %, respectively,
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presumably owing to the increase in catalyst loading at the cathode (Fig. 4.14). The
selectivity for each product remained almost constant over the 10 runs, thereby indicating
that the catalytic activity and selectivity on Au/C (40 wt.%) was stable over repeated
cycles. Meanwhile, the Au/C (40 wt.%) anode also showed good stability against
deactivation; the glycerol conversion stabilized at about 10% and the power density
remained steady at about 27.6 mW cm™. The internal resistances during the reactions
were stable at about 142 Qm cm?, as shown in Fig. 4.15, thus indicating that no structural
changes of either the anode or cathode catalyst electrode occurred, and no decomposition

of the AEM occurred, even after 10 runs (a total operation time of 20 h).
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Fig. 4.14 Stability test of Au/C (40 wt.%) anode AEM-DGFC with 2.0 M KOH + 1.0 M

glycerol at the cell operation voltage of 0.3 V and 50°C. Anode catalyst loading: 5.0 mga,
cm’; cathode catalyst loading:2.0 mg cm™.

87



40

gl O~ T T 140 §
S 1 —=— Power density I
g 36—_ —o— Internal resistance -120§
= 100 §
% | (7]
% 30 3
8 30 180 &
R e e N S . g
5 | — 160 &

261 E

Run number

Fig. 4.15 Power density and internal resistance plots in AEM-DGFC with 2.0 M KOH +
1.0 M glycerol during the stability test. Conditions: Anode: 5.0 mga, cm™; Cathode: 2.0
mg cm?; Run time: 2 hours, 10 runs; Fuel cell operation voltage: 0.3 V; 50°C.

4.4 Conclusions

Electro-catalytic selective oxidation of glycerol over Au nanoparticle catalysts to
tartronate with a high yield of 61.8% with cogeneration of electrical energy of 1527 J for
12 h or to mesoxalate of a high selectivity of 46% for 2 h with cogeneration of power
density of 22.7 mW cm™ has been achieved in a stable 5 cm*> AEM-DGFC continuous
flow reactors. The MEA structure and reaction conditions were found to be able to
strongly influence tartronate and mesoxalte selectivity during the glycerol electro-
oxidation. Rational optimization of the MEA structure, flow rate, oxidation temperature
as well as the electrolyte pH could not only tune the anode potentials to either < 0.45 V or
> 0.45 V in favor of tartronate and mesoxalate production, respectively, but also improve
the mass transport of the reactant and products/intermediates, so as to improve the
reaction kinetics and desorption rate of targeted products off the active sites. The half-cell
study on electro-oxidation of C; products (glycerate, tartronate and mesoxalate) shows
they are less active than glycerol on Au/C, therefore, they are not likely to be further
oxidized upon diffusion into the bulk electrolyte. Particularly, the lowest electro-
oxidation activity of both tartronate and mesoxalate may be related with their high

selectivity and yield.
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Chapter 5 Electrocatalytic Selective Oxidation of Ethylene
Glycol (EG): Reaction Pathway Investigation via On-line
Sample Collection System Collected to Three-electrode Half
Cells”

5.1 Background

Chapter 4 has proposed the electrode potential dependent reaction pathway of glycerol
electro-oxidation on supported gold catalysts based upon the products identified in the
bulk electrolyte away from the catalyst deposited carbon cloth electrode after long term
chronoamperometries under various potentials applied. Aiming to elucidate the
electrocatalytic reaction sequence, products generated close to the electrode layers of thin
porous matrix structure need to be on-line collected in conjunction with electrochemical
tests. Herein, ethylene glycol (EG), that is the simplest polyol featuring two primary
alcohol groups, was chosen as the model molecule and its selective electro-oxidation on

Au/C and Pt/C was studied.

Compared to methanol fuel, EG has advantages of high volumetric energy density (5.9
kWh L' vs. 4.8 kWh L', Table 1.1), high boiling point (197°C vs. 65°C) and low
toxicity, which makes it an attractive fuel for DAFCs.>>">'*® Additionally, recent studies
found that EG can be directly produced from catalytic conversion of biomass-related
cellulose with high yields (Fig. 5.1)."*”"*® This provides new opportunities for sustainable

widespread applications of direct EG fuel cells (DEGFCs). However, the slow kinetics of

*The material contained in this chapter was previously published in Applied Catalysis B-
Environmental 2012;125:85-94: “Electrocatalytic oxidation of ethylene glycol (EG) on
supported Pt and Au catalysts in alkaline media: Reaction pathway investigation in three-
electrode cell and fuel cell reactors” by Xin L, Zhang Z, Qi J, Chadderdon D, Li W.
Copyright © 2013 Elsevier B. V. Reprint with permission shown in Appendix E

89



electro-oxidation of small alcohols remains a long-standing scientific issue to developing
efficient DAFCs.>'*"1°* Pt and Au have been investigated as catalysts for the electro-

o 54,151-15
oxidation of EG for decades,™ !

and Pt exhibits higher electrocatalytic activity than
Au. Furthermore, it has been found that in acid electrolyte, CO or CO-like intermediates
may strongly adsorb on the active sites of Pt, resulting in catalyst poisoning; while Au is
nearly inactive to EG electro-oxidation in acid media due to its weak adsorption
capability. However, when high pH electrolyte is used, the high concentration of OH in
the electrolyte and adsorbed hydroxyl on the Pt or Au surface are able to greatly facilitate
the de-protonation of alcohols, and thus significantly lower the energy barrier of alcohol
oxidation reactions.”*’! Therefore, the alkaline media can improve the kinetics of EG

electro-oxidation on both Pt and Au, and even make Au a possible anode catalyst for

DEGFCs.

H OH
(C6M1005)n ——F— HO —H O/—/
2 HO OH 2 H
H
H H
Cellulose Glucose Ethylene glycol

Fig. 5.1 Ni-W,C/AC catalyzed conversion of cellulose into polyols.'*’

The electro-oxidation of EG is a complex reaction, involving various successive and
parallel pathways. To design efficient anode electrocatalysts for DEGFCs, it is of primary
importance to understand the mechanisms of EG electro-oxidation on metal catalysts. A
variety of analysis techniques, such as FTIR spectroscopy,””® HPLC,"”*" and

190 etc. have been developed to

differential electrochemical mass spectrometry (DEMS),
analyze the reaction intermediates on catalyst surfaces and/or in liquid electrolyte, thus to
investigate the reaction pathways of EG electro-oxidation. With mass-spectroscopic
investigation, reaction intermediates/products such as glycolaldehyde, glycolate, glyoxal,
glyoxylate, oxalate, formate and CO were examined on a polycrystalline Pt electrode
during the electro-oxidation of EG in alkaline electrolyte,'>* while Christensen and co-

workers used in situ FTIR spectroscopy to study the electro-oxidation of EG in alkaline
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media and found that glycolate, oxalate and carbonate were the main products on Pt
electrode.'™ Analyses of the alkaline electrolyte solution after electro-oxidation of EG on
Au electrode were also performed by combining HPLC and FTIR analyses. It was
reported that at potentials less than 1.13 V vs. RHE, glycolate was the only product,
whereas at potentials greater than 1.13 V, glycolate could be further oxidized to
glyoxylate, oxalate and formate.'”"'>? In addition, Weaver and co-workers proposed the
C-C bond cleavage on Pt involved the short-lived surface intermediates, whereas on Au,
it occurred involving long-lived solution-phase intermediates.'*® Based on HPLC analysis
results, two parallel pathways were proposed regarding the EG electro-oxidation on Pt in
alkaline media: a non-poisoning pathway which yielded oxalate without C-C bond
scission, and a poisoning pathway which produced adsorbed CO species via the rupture
of C-C bond of C, intermediates.'*® However, the pathways of EG electro-oxidation on Pt
and Au in alkaline media are still unclear, in particular, the detailed pathway of C-C bond
cleavage process. Recently, Koper’s group developed an elegant on-line collection oft-
line HPLC analysis system. Combined with electrochemical voltammetry, they
investigated the products of electro-oxidation of glycerol and some primary alcohols in
situ generated close to the electrode surfaces in liquid electrolyte under accurately
controlled potentials, and gained new insights into the oxidation pathways.”*** Currently,
there is a clear need to examine the acquired reaction pathways in real fuel cell reactors,

so as to help the development of more efficient anode catalysts for DEGFCs.

In this chapter, a self-designed on-line sample collection system, linked to a
conventional three-electrode cell setup was employed to study the electrocatalytic
selective oxidation of EG. Through a combined study of staircase LSV and cyclic
voltammetry on supported Pt or Au nanoparticle catalysts (Pt/C and Au/C) in alkaline
solution of EG, glycolate, and oxalate, the detailed reaction sequence of EG electro-
oxidation on Pt/C and Au/C catalysts in high pH media was obtained. It further examined
the catalytic functions (reactivity and selectivity) of Pt/C and Au/C anode catalysts in the
continuous flow-type AEM-DEGFC reactors, and it was observed that the product
distributions from EG electro-oxidation in AEM-DEGFCs are closely consistent with the
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results obtained from the electro-chemical study in the three electrode cell with the on-

line sample collection system.
5.2 General experimental

5.2.1 Preparation of Au/C (40 wt.%) and Pt/C (40 wt.%0)

The Au/C (40 wt.%) and Pt/C (40 wt.%) were synthesized through a modified organic
solution-phase reduction method developed in our group. The detail synthesis procedures

have been described in Section 2.4.4 and Section 2.4.2.
5.2.2 Physical characterizations

The morphology, nanostructure and metal loading of the catalysts were analyzed by

TEM, XRD and ICP-OES, as described in Section 2.5.1, 2.5.3 and 2.5.4.
5.2.3 Electrochemical tests
5.2.3.1 Half-cell tests

Half-cell tests were performed in a conventional three-electrode-cell setup (Section
2.2.1), equipped with a glassy carbon working electrode, a Hg/HgO/1.0 M KOH
reference electrode and a Pt coil counter electrode. 2.0 mg Au/C or Pt/C (40 wt.%) was
firstly dispersed in 1.0 ml isopropanol by sonication to form uniform ink. Before each test,
20 ul of the 2.0 mg ml 'catalyst ink was drop-casted on the glass carbon electrode,
followed by adding 20 pl of 0.05 wt% AS-4 anion conductive ionomer (Tokuyama Corp.)
on the top to bind the catalyst particles. (Section 2.3.1)

To investigate the EG oxidation pathways, staircase linear scans with an increment of
100 mV 10 min' were used for 1.0 M KOH + 0.5 M EG, 1.0 M KOH + 0.5 M glycolic
acid, and 1.5 M KOH + 0.5 M oxalic acid solutions. The instantaneous oxidation
products at different potentials were on-line collected through a self-designed needle that
was positioned within 0.5 mm of the center of the working electrode surface.”® The

needle configurations were cleaned with copious de-ionized water before use. The flow

92



rate of sample collection was controlled by a peristaltic pump at 50 pl min'. At each
potential, 0.5 ml of sample was collected in 10 min and stored in a 2 ml screw cap vial

(Agilent) for HPLC analysis. All voltages were reported with respect to RHE.
5.2.3.2 AEM-DEGFC single cell tests

The AEM-DEGFC tests were performed on the Scribner Fuel Cell System 850e
(Section 2.2.3). MEA electrode was fabricated according to Section 2.3.3. The anode
catalyst ink was made by mixing water-dispersed 10 wt.% of PTFE and Au/C (or Pt/C)
powder. The ink was sprayed onto carbon cloth that was used as the anode LDE with a
loading of 1.0 mgmetal cm™. For the cathode, a commercial non-PGMs HYPERMEC™
catalyst (Fe-Cu-N4/C, Acta) blended with AS-4 anion conductive ionomer (Tokuyama
Corp.) was directly sprayed onto the AEM (Tokuyama A201, 28 um) with a loading of
1.0 mg cm™. 25CC carbon paper (SGL Group) was applied as the cathode GDL. The
MEA was fabricated by mechanically sandwiching the anode, AEM, and cathode
together. 1.0 M or 0.1 M EG in 2.0 M KOH was fed into the anode compartment at 4 ml
min '.High purity O, (99.999%) regulated at 400 ml min"' was fed into the cathode
compartment under a back pressure of 30 psi. After the MEA was fully activated by fast
operating the voltage from the OCV to 0.1 V for 30 cycles, the polarization curves of the
AEM-DEGFCs were obtained by scanning current and collecting the respective voltage
and power density. The studies of electrocatalytic selective oxidation of EG and glycolate
were carried out by looping 55 ml of EG or glycolate alkaline electrolyte from a plastic
fuel vessel into the anode compartment at 50°C and with the same O, flow rate and back
pressure at the cathode compartment. The EG oxidation was performed for 2 h for each
constant voltage. During the tests, the anode potential was monitored by a Hg/HgO/1.0 M
KOH electrode, and reported with respect to RHE. In the meantime, the current density
and power density generated were recorded. The temperatures of anode fuel, cathode
humidifier, and fuel cell were kept at 50°C. Samples were collected after the 2 h reaction

period for HPLC analysis
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5.2.4 Product analysis

The glycerol electro-oxidation products were analyzed by HPLC and identified,

quantified by comparison with authentic samples (Section 2.7).

The product selectivity and EG conversion are calculated by the following equations:

Moles of C, or C; product

Selectivity of C, or C; product = x 100% (5-1)

Total moles of C, and Cy products

Concentration of EG at certain time

Conversion of EG = (1 — ) X 100% (5-2)

Initial concentration of EG
The carbon balance is based on:

ZMEGi_ZZMCZ_Z MC]__ZMEGf
2MEg;

Carbon balance = X 100% (5-3)

Assuming that no formate was further oxidized to carbonate (CO, combined with OH

in high pH electrolyte), then } M, = ¥ Mc, .

Therefore,

MEgG;=XMc,~1/2X Mc, ~MEG,

MEG,:

Carbon balance = X 100% (5-4)

where Mg, and Mg ; is the initial and final moles of EG in the electrolyte. 3. M, and

XM, are the total moles of C, (glycolate, glyoxylate, oxalate), and C; (formate,
carbonate) products, respectively. A smaller carbon balance indicates less formate was

further oxidized to carbonate.
5.3 Results and discussions

5.3.1 Physical characterizations

The XRD patterns of Pt/C and Au/C catalysts have been shown in Fig. 3.2 and
discussed in Section 3.3.1, and both display a typical face-centered cubic (FCC) structure.
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Typical TEM images of Pt/C and Au/C and their corresponding size histograms have
been shown in Fig. 3.3 (a) and (¢) and discussed in the Section 3.3.1.

5.3.2 Electrocatalytic selective oxidation of EG on Pt/C and Au/C catalysts in three-
electrode cells with an on-line sample collection system

Fig. 5.2 shows the staircase linear scans for electro-oxidation of EG on Pt/C and Au/C
in alkaline solution, alongside the products distribution as a function of applied potential.
The onset potential of 0.5 M EG oxidation in 1.0 M KOH solution on Pt/C is 0.3 V vs.
RHE, which is around 400 mV more negative than that on Au/C (0.7 V vs. RHE). The
peak current density obtained on Pt/C (38 mA cm ?) is also higher than that on Au/C (15
mA cm 2). As expected, Pt/C exhibits a higher activity toward EG oxidation compared
with Au/C in alkaline media, due to the stronger adsorption of hydroxyl group and better
electro-catalytic properties of Pt.**!'°! Whereas, a reasonable catalytic activity toward EG
oxidation on Au needs a higher applied potential to achieve a sufficient degree of

88,91,151

coverage of adsorbed OH to facilitate the Hp abstraction. It was reported that the

OH adsorption was enhanced in alkaline media, which initiated at 0.4 V and 0.6 V vs.
RHE on Pt and Au, respectively.*!'®" This is in good agreement with the onset potential
of oxidation of 0.5 M EG in 1.0 M KOH solution on Pt/C (ca. 0.3 V vs. RHE) and Au/C
(ca. 0.7 V vs. RHE), as shown in Fig. 5.2 (a) and (b).

During the staircase linear scans, the instantaneous oxidation products at different
potentials were on-line collected through a self-designed needle positioned near the
center of Pt/C (Au/C) deposited working electrode, and analyzed by HPLC. Fig. 5.2 (a)
shows that on the Pt/C catalyst, only glycolate, oxalate and formate were detected as the
stable products in liquid electrolyte, which can represent the local products distribution
near the working electrode surface during the sweep of the applied potentials. The first
observed product, glycolate, was detected since 0.3 V vs. RHE, which is in agreement
with the observed onset potential. This suggests that the on-line sample collection system
is able to effectively catch the instant oxidation products generated near the catalyst

surfaces. As the potential increases, the concentration of glycolate steeply ramps up until
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0.9 V vs. RHE, which corresponds to the potential of peak current density in staircase
linear voltammetry. It has been demonstrated that at ca. 0.85 V vs. RHE, Pt starts to form

surface oxide, which blocks the active sites of Pt.”***

Therefore, the concentration of
glycolate, along with the current density in voltammetry, decreases while the potential is
higher than 0.9 V vs. RHE. Oxalate and formate were also observed as products with
relatively low concentrations starting from 0.6 V vs. RHE. The concentration of oxalate
reaches its peak at 1.0 V vs. RHE, and subsequently decreases at higher applied
potentials. Interestingly, the concentration of formate first increases slowly until 0.9 V vs.
RHE, where the highest current density is obtained, and then its concentration starts to
decrease due to the formation of PtOy. As the applied potential reaches 1.1 V vs. RHE,

the concentration of formate increases again, and its accelerated increasing from 1.5 V to

1.7 V vs. RHE may count for the slight increase in current density.
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Fig. 5.2 Voltammograms and product concentrations of electrocatalytic selective
oxidation of EG on (a) Pt/C, (b) Au/C in 1.0 M KOH + 0.5 M EG in a three-electrode cell
with an on-line sample collection system.

Different from Pt/C, only two products — glycolate and oxalate were detected on Au/C

in the potential region investigated. As shown in Fig. 5.2 (b), the appearance of the
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dominant product glycolate, commences at 0.7 V vs. RHE and shows its peak
concentration at 1.3 V vs. RHE, potential corresponding to the peak current density of
EG oxidation. At an applied potential higher than 1.3 V vs. RHE, which has been

828894 the concentration of

reported the onset potential of surface Au oxide formation,
glycolate decreases sharply. It implies that AuQOy is nearly inactive to EG oxidation under
the experiment conditions performed in this study. The concentration profile of formate
has a similar trend as that of glycolate, except that it begins to be detected as a product at
1.0 V, which is 300 mV more positive than glycolate. A significant difference between
EG oxidation on Au/C and Pt/C is that oxalate is absent from the product distribution

profile on Au/C over the whole range of applied potentials.

Based on the results discussed above, it is clear that glycolate is an important reaction
intermediate in the process of EG oxidation on both Pt/C and Au/C catalysts. In order to
gain deep insights to the pathways of electro-oxidation of EG in alkaline solution,
glycolate was used as a reactant in independent cyclic voltammetry experiments, which
were conducted with a scan rate of 50 mV s . The CVs of 0.5 M glycolic acid oxidation
on Pt/C and Au/C in 1.0 M KOH are shown in Fig. 5.3 (a) and (b). Compared with the
CVs recorded in only 1.0 M KOH, Pt/C with addition of 0.5 M glycolic acid produced a 3
orders of magnitude higher peak current density. On the contrary, nearly no current was
generated from glycolate oxidation on Au/C at a potential of less than 1.2 V vs. RHE, and
only a very small oxidation current was detected on Au/C at a potential of greater than
1.2 V vs. RHE in 1.0 M KOH solution + 0.5 M glycolic acid. This observation agrees
well with the results reported by Kadirgan et al. that glycolate is the only product on Au
at potential below 1.13 V vs. RHE, whereas at potentials above 1.13 V, glycolate could
be further oxidized to glyoxylate, oxalate and formate, based on liquid chromatography
(HPLC) and infrared spectroscopy (FTIR) analysis."”""'>* It can be concluded that Pt/C is
much more active than Au/C for the electrocatalytic oxidization of glycolate in alkaline
media, and the only product is oxalate. The CV of 0.5 M oxalic acid oxidation in 1.5 M
KOH on Pt/C was also tested, and compared with that of a blank 1.0 M KOH (Fig. 5.3
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(€)). Their similar CVs suggest that oxalate is a stable reaction product, and Pt is nearly

inert to its further oxidation (C-C bond cleave of oxalate to carbonate).
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Fig. 5.3 CVs of (a) Pt/C and (b) Au/C in 1.0 M KOH + 0.5 M glycolic acid, and (c) Pt/C
in 1.5 M + 0.5 M oxalic acid with a scan rate of 50 mV s ', room temperature.
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The staircase linear scan voltammetry was conducted in 1.0 M KOH solution + 0.5 M
glycolic acid on Pt/C. The results shown in Fig. 5.4 indicate that on Pt/C, the peak current
density produced from glycolate oxidation (8.5 mA c¢cm 2) is smaller than that produced
from 1.0 M KOH + 0.5 M EG solution (38 mA cm?), although the oxidations of both EG
and glycolate have the same onset potential of 0.4 V vs. RHE. This indicates that Pt/C
has higher activity toward EG oxidation than glycolate oxidation. However, their
different product distributions may account for the difference in their produced current
densities. Compared to the 4-electrons-transfer from glycolate oxidation to oxalate,
oxalate and formate produced from EG oxidation involve 8- and 6-electrons-transfer,
respectively; this will contribute to the higher generated current. The current density of
glycolate oxidation features two peaks: the bigger one centered at 0.8 V vs. RHE can be
attributed to its oxidation on clean Pt surface, while the smaller one centered at 1.1 V vs.

RHE is due to the catalytic activity of PtOy at high potentials (>1.0 V vs. RHE).
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Fig. 5.4 Voltammogram and product concentrations of electrocatalytic selective
oxidation of glycolate on Pt/C in 1.0 M KOH + 0.5 M glycolic acid in a three-electrode
cell with an on-line sample collection system.

Samples were collected during the staircase linear scan and analyzed by HPLC. The
major product, oxalate starts to appear at 0.3 V vs. RHE and its concentration increases
until 0.8 V vs. RHE, beyond which it drops until 1.0 V vs. RHE because of the surface
oxide formation. Then, a small peak is shown at 1.1 V vs. RHE, suggesting PtOy is
catalytically active toward glycolate oxidation at higher potentials, after which the
concentration of oxalate decreases. A very small amount of glyoxylate was detected from
0.6 V vs. RHE, which is 300 mV behind the oxalate detection. Glyoxylate is a reaction
intermediate for glycolate oxidation to oxalate. However, it has been found that the
oxidation of aldehyde group proceeds much faster than hydroxyl group'®. Thus, the
glyoxylate was not detected until higher potentials are applied (i.e. >0.6 V vs. RHE), at
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which more glycolate was generated and participated into the reaction, and thus
glyoxylate can be caught by the on-line collection system. Compared with the product
distribution of EG oxidation on Pt/C, the absence of formate in the whole applied
potentials suggests the C; product formate was not derived from the further oxidation of
glycolate, but rather derived from direct C-C bond breaking of EG on the Pt surface at
relative high potential (e.g. >0.6 V vs. RHE). On the contrary, Au/C is inert to the
glycolate oxidation, and no products, such as glyoxylate, oxalate and formate, were
detected in the entire potential range (0-1.7 V vs. RHE) by using HPLC analysis,
suggesting that on Au/C, glycolate is a fairly stable reaction intermediate for EG

oxidation under the investigated experimental conditions.

5.3.3 Proposed pathways for electro-oxidation of EG on Pt/C and Au/C in alkaline

media

Based on the results obtained from our three-electrode cell with the on-line sample
collection system, it is proposed reaction pathways for EG oxidation on Pt/C and Au/C in
alkaline solution, as shown in Fig. 5.5. It has been reported that glycolaldehyde is the
first intermediate formed on Pt via the solution and metal catalyzed steps.”*’' Previous
electrochemical in situ FTIR study also examined the adsorbed glycolaldehyde on Pt
electrode during EG electro-oxidation."” However, glycolaldehyde is not stable in
alkaline solution and will decompose through non-Faradaic reaction.”' In order to clarify
the role of glycolaldehyde in EG electro-oxidation, comparison experiments were carried
out using 10 mM glycolaldehyde + 1.0 M KOH with and without the applied potentials
(0.6 Vor 0.9 V vs. RHE) in the absence of oxygen. Samples were taken out after 10 min
and immediately neutralized with equal moles of H,SOy, this is in agreement with the
sample withdraw intervals (10 min for each potential) during the online sample collection
process in the three-electrode cell experiments. Various glycolaldehyde decomposition
products including formate, glycerate, erythrose etc. were detected by HPLC, regardless
of the potentials applied. It is interesting to find that the concentration of formate
generated in 10 min with and without the applied potential (0.6 V or 0.9 V vs. RHE) were
nearly the same: no potential applied: 2.3 mM, 0.6 V, and 2.4 mM, 0.9 V. It suggests that
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in alkaline media formate was not favorably produced by further electro-oxidizing
glycolaldehyde on Pt/C catalyst, but merely a glycolaldehyde decomposition product.
Furthermore, it was shown in Fig. 5.2 (a) that in the whole studied potential ranges (0.3—
1.7 V vs. RHE) during the electro-oxidation of EG on Pt/C in alkaline solution, other
glycolaldehyde decomposition products (such as glycerate, erythrose etc.) were not
observed in liquid electrolyte by the HPLC analysis. Therefore, the absence of these
products from the non-Faradaic reaction of glycolaldehyde strongly indicates that the
dominant reaction intermediate (glycolaldehyde) formed on the surface of Pt/C was
readily further oxidized to glycolate, starting at 0.3 V vs. RHE, without any noticeable
desorption to form “glycolaldehyde in solution-phase”, therefore its decomposition

reaction would not occur.

Subsequently, two reaction pathways proceed in parallel for electro-oxidation of EG at
potentials >0.6 V vs. RHE: (1) the hydroxyl group of glycolate is oxidized to produce
glyoxylate, which is rapidly oxidized to oxalate; (2) EG directly dissociates its C-C bond
to form formate, which possibly generates adsorbed CO species, and finally carbonate,
according to previous in situ FTIR spectroscopic’”'**!**15 and DEMS'® studies.
Interestingly, PtOy also shows activity to promote the EG oxidation to oxalate through
stepwise oxidation of EG without C-C breaking, and to formate through the direct
dissociation of EG at higher potential range of >1.0 V vs. RHE. Neither Pt nor PtOy
demonstrates activity to the oxidation of oxalate (Fig. 5.3 (c)). On Au/C, the oxidation of
EG occurs at 0.7 V vs. RHE, which is 400 mV more positive than that on Pt/C. Similar to
Pt/C, the glycolaldehyde decomposition products on Au/C were absent from the product
profile. The higher onset potential of EG oxidation on Au/C possibly makes the
glycolaldehyde a quite reactive intermediate, which is quickly oxidized to glycolate, thus,
cannot be detected in the electrolyte. This is similar to glycerol electro-oxidation: no
glyceraldehyde but only glycerate was detected from glycerol oxidation’. Tts first
product, glycolate, is very difficult to be further oxidized. As the applied potential is
higher than 1.0 V vs. RHE, where OH,q starts to accumulate on the Au surface, the C-C
bond of EG is directly broken to yield formate.
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Fig. 5.5 The proposed pathways for electrocatalytic selective oxidation of EG on Au/C
and Pt/C in alkaline media, the starting potentials (vs. RHE) for observed reaction paths
are marked.

Extensive studies have been conducted to investigate their EG oxidation pathways on Pt
and Au electrodes, 71315019 however, detailed reaction paths still need to be clarified.
It has been generally accepted that two reaction pathways proceed on Pt/C: a poisoning
path that involves C-C breaking of C, chemicals to produce CO, and a non-poisoning
path that stops at oxalate. The presented results confirmed that oxalate is a fairly stable
oxidation product that hurdles further C-C scission to C; products on Pt/C. Furthermore,

it is found that the C-C bond cleavage is not a favorable process on other C, reaction
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intermediates, such as glycolate and glyoxalate, while the successive oxidation of
hydroxyl (-OH) or carbonyl (C=0) to deeper-oxidized chemicals is a dominant process. It
is clarified that the C-C bond cleavage mainly occurs on EG both for Pt/C and Au/C. This
may be due to its symmetric structure and a favorable O bridge adsorption on the catalyst
surface.”” Predominant cleavage of the C-C linkage of EG to yield solely formate has
been observed on NiO film in 0.5 M KOH at very high potential (i.e. >1.4 V vs. RHE)

using electrochemical FTIR."®

Koper’s group found that dissociation of C-C bond of
glycerate to form glycolate on both Au and Pt electrodes in relatively high potentials.
This also occurs on the C-C containing two adjacent -OH groups.”* Combining the
presented new observations, it is hypothesize that C-C bond cleavage is a common
process that occurs on vicinal diol compounds, such as EG and glycerate, on both Pt and
Au catalysts in relatively high potentials (i.e. 0.6 V vs. RHE for Pt and 1.0 V vs. RHE for

Au).

5.3.4 Electrocatalytic selective oxidation of EG in continuous flow-type AEM-
DEGFC reactors with Pt/C and Au/C anode catalysts

In order to examine the proposed reaction pathway, AEM-DEGFCs were employed to
further investigate electrocatalytic selective oxidation of EG. The polarization and power
density curves are shown in Fig. 5.6. Compared with Pt/C, the fuel cell electricity
performance is much lower when using Au/C anode catalyst. In detail, when fed with 2.0
M KOH + 1.0 M EG into the anode compartment, the AEM-DEGFC with the Pt/C anode
catalyst yields an OCV of 0.868 V and a peak power density of 71.0 mW cm > at 259 mA
cm 2 at 50°C, while for the AEM-DEGFC with the Au/C anode catalyst, an OCV of
0.478 V and a peak power density of 7.3 mW cm * at the current density of 60 mA cm *
were achieved. Around 400 mV greater OCV obtained on Pt/C than on Au/C closely
agrees with the 400 mV more negative onset potential observed on Pt/C compared with
Au/C in the three-electrode cell setup, where the same concentration ratio of KOH to EG
(2:1) was used (Fig. 5.2). In addition, the higher fuel cell peak power density obtained on
Pt/C as compared with Au/C is also consistent with higher generated current density from

EG oxidation on Pt/C observed in the staircase linear scan voltammetry (Fig. 5.2). It is
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observed that the fuel cell voltage dropped more rapidly when the EG concentration was
switched from 1.0 M to 0.1 M, in a fixed 2.0 M KOH electrolyte, giving rise to the
decreased power density of 25 mW cm * and 1.3 mW cm ? on Pt/C and Au/C,
respectively. Furthermore, the limiting current density also decreased from 539 mA cm >
to 134 mA c¢cm 2 on Pt/C, and 114 mA cm 2 to 26 mA cm > on Auw/C. This can be
reasoned as that the diluted EG cannot provide sufficient reactant to the catalyst active
sites, especially in the high current density region, where a high mass transfer rate is

needed.
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Fig. 5.6 Polarization and power density curves of AEM-DEGFC at 50°C. Anode: Pt/C or
Au/C (40 wt%), 1.0 mgmew cm °, cathode: Fe-Cu-Nu/C (Acta 4020), 1.0 mge cm °.
Membrane: Tokuyama A201, 28 pm, 2.0 M KOH + 1.0 M EG or 2.0 M KOH + 0.1 M
EG, O,: 0.4 L min ", 30 psi.

The product distribution and electricity generation from electrocatalytic selective
oxidation of EG was investigated in the AEM-DEGFC reactors with Pt/C or Au/C anode
catalyst. The EG oxidation was performed by applying different constant fuel cell
voltages, while the anode potential was monitored in situ and reported with respect to
RHE. The oxidation products were analyzed by HPLC after each 2 h reaction. As the fuel
cell operation voltage was controlled at 0.5 V, 0.3 V and 0.1 V, the average power
density and current density of an AEM-DEGFC with the Pt/C within 2 h reaction were
21.4 mW cm 2 at 42.7 mA c¢cm 2, 53.0 mW cm Z at 177.1 mA cm 2, and 33.2 mW cm ° at
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332.1 mA cm 2, respectively, as shown in Fig. 5.7 (a) and summarized in Table 5.1.
These current density and power density are slightly lower than the values observed in
regular [-V scan with open circuit of fuel (Fig. 5.6). This is due to the gradual decrease
of EG concentration during the 2 h reaction with closed circuit of fuel. In addition, the
on-line monitored anode potential is 0.39 V, 0.44 V and 0.49 V (vs. RHE) on Pt/C at the
fuel cell operation voltage of 0.5 V, 0.3 V and 0.1 V, respectively, when the AEM-
DEGFC reactor is fed with 2.0 M KOH + 1.0 M EG. Fig. 5.7 (a) and Table 5.1 also
summarize the oxidation products from EG oxidation in basic environment on Pt/C under
different operation voltages. Glycolate was observed as the major product, with a
selectivity of 83.0-95.0% in the whole fuel cell operation voltage range. Meanwhile,
oxalate and formate also appeared in the final products profiles. This observation is
consistent with the product distributions examined from the three-electrode cell system,
where all glycolate, oxalate and formate were found at relatively low applied potentials
(<0.6 V vs.RHE). (Fig. 5.2 (a)) Furthermore, it is interesting to note that the fuel cell
operation voltage (anode potential) is able to tune the product distributions. With the fuel
cell voltage decreasing, the selectivity to glycolate drops from 95.0% at 0.5 V to 83.0% at
0.1 V. Conversely, the selectivity to oxalate and formate increase from 1.3% to 12.3%,
and 3.7% to 4.7%, respectively. The carbon balance for the AEM-DEGFC operated at 0.5
V, 0.3 V,and 0.1 V are 3.4%, 5.5%. 8.8%, respectively. The high carbon balance at low
fuel cell operation voltages indicates that formic acid may be further oxidized to CO, or
carbonate on the active Pt/C catalyst. These products escaped the identification of HPLC,
but have been probed as the reaction intermediates/products by using the FTIR

151,154,158,165
spectroscopy. =T T
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Fig. 5.7 Product selectivity and electricity generation from electrocatalytic selective
oxidation of EG or glycolate on Pt/C with (a) 2.0 M KOH + 1.0 M EG or (b) 2.0 M KOH
+ 1.0 M glycolic acid in AEM-DEGFC reactors for an operation duration of 2 h at 50°C.
Anode potential (vs. RHE) is marked in parentheses.

Table 5.1 Electrocatalytic selective oxidation of EG on Pt/C in AEM-DEGFC reactor
with 2.0 M KOH + 1.0 M or 0.1 M EG at different fuel cell operation voltages for 2 h,
50°C.

Cell Anode Selectivity / % EG Power Carbon
Pt/C . .
(40 wt.%) Voltage Voltage . Acid GLA OA FA Conversion Dellslty2 Balance
' Y /Vvs.RHE | -24c1ds /% /mWem’ 1%
0.5 0.39 96.3 95.0 1.3 3.7 10.6 214 34
20M
K?H 0.3 0.44 96.4 93.5 2.9 3.6 31.6 53.0 5.5
1.OMEG
0.1 0.49 953 83.0 123 4.7 51.7 332 8.8
0.5 0.43 94.7 92.7 2.0 5.3 393 11.7 32
2.0M
KS_)H 0.3 0.54 91.8 80.2 11.6 8.2 94.9 24.0 16.5
0.1 M EG
0.1 0.71 914 62.2 29.2 8.7 99.7 10.0 25.0
GLA = glycolate. OA = oxalate. FA = formate

In order to elucidate the reaction pathway of intermediate glycolate in EG oxidation on
Pt/C in AEM-DEGFC reactor, 2.0 M KOH + 1.0 M glycolic acid was applied as fuel. It
seems that on Pt/C more energy is needed to oxidize glycolate than EG, which is
evidenced by the higher anode potential (0.55 — 0.66 V vs. RHE) and lower peak power
density (24.2 mW cm 2), as observed in Fig. 5.7 (b) and Table 5.2. It is also shown that

oxalate with a selectivity of >98% was obtained, along with production of a small amount
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of glyoxylate (<2% selectivity). In this study, 100% selectivity to C, products was
achieved without detection of any formate even at the fuel cell voltage of 0.1 V, at which
the anode potential is as high as 0.66 V vs. RHE and the conversion of glycolate reaches
38.7%. The appearance of glyoxylate is due to the partial oxidation of glycolate, and its
selectivity decreasing from 2.0% to 0.2% with the fuel cell potential decreasing from 0.5
V to 0.1 V is because of its further fast oxidation to oxalate. Moreover, the carbon
balance calculated generally closes to less than 5%, which is within the system error
expected in HPLC analysis. Based on the observed results, it is suggested that in AEM-
DEGFCs, glycolate oxidation does not produce formate, but produces oxalate, which
exactly matches the proposed pathways of EG oxidation on Pt/C catalyst in three-
electrode cell (Fig. 5.2 (a) and Fig. 5.5). The C-C bond cleavage occurs directly from EG

(not glycolate) on Pt/C under fuel cell operations.

Table 5.2 Electrocatalytic selective oxidation of glycolate on Pt/C in AEM-DEGFC with
2.0 M KOH + 1.0 M glycolic acid at different fuel cell operation voltages for 2 h, 50°C.

Cell Anode Selectivity / % GLA Power | Carbon
Pt/C . )
(40 Wt.%) Voltage Voltage C, GLO OA FA Conversion Densny2 Balance
' /'V /Vvs.RHE | Acids /% /mWem® /%
20M 0.5 0.55 100 2.0 98.0 0 0.4 4.9 4.0
KOH
+ 0.3 0.62 100 0.8 99.2 0 153 242 4.1
1.0M
GLA 0.1 0.66 100 0.2 99.8 0 38.7 234 4.5
GLA = glycolate. GLO = glyoxylate. OA = oxalate. FA = formate

In sharp contrast to Pt/C, Au/C is much less active to the EG electro-oxidation in the
AEM-DEGMFC with 2.0 M KOH + 1.0 M EG fuel under the working conditions, as
evidenced by its lower peak power density (4.8 mW cm * at 47.9 mA cm ) and lower
EG conversion (3.6% at 0.3 V, and 10.4% at 0.1 V). The on-line monitored anode
potentials are 0.60 V and 0.69 V for the fuel cell voltage operated at 0.3 V and 0.1 V,
respectively, which are obviously higher than that observed on Pt/C, as shown in Fig. 5.8
and Table 5.3. However, it is found that on Au/C, EG is oxidized to glycolate with nearly
100% selectivity, and no oxalate has been detected in the final products. The overall

carbon balance for the EG oxidation is far less than 5%, which clearly indicates Au is
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inactive to further oxidation of formate. In addition, 2.0 M KOH + 1.0 M glycolic acid
was also used as the anode fuel, but no electricity was generated, confirming that the
collected formic acid from EG oxidation does not come from the C-C bond dissociation
of glycolate but from direct C-C bond breaking of EG under fuel cell operations.
Therefore, the results further confirm the pathways of EG electro-oxidation on Au/C in
alkaline electrolyte proposed in light of the studies performed in the three-electrode cell
with the on-line sample collection system (Fig. 5.5): on Au/C catalyst, the stepwise
oxidation of EG without breaking the C-C bond stops at the formation of glycolate, and
the yield of formate results from direct C-C bond scission of EG itself at relatively high

anode potentials in fuel cells.
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Fig. 5.8 Product selectivity and electricity generation from electrocatalytic selective
oxidation of EG on Au/C with 2.0 M KOH + 1.0 M EG in the AEM-DEGFC reactor for
the operation duration of 2 h at 50°C. Anode potential (vs. RHE) is marked in parentheses.
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Table 5.3 Electrocatalytic selective oxidation of EG on Au/C in AEM-DEGFC with 2.0
M KOH + 1.0 M or 0.1 M EG at different fuel cell operation voltages for 2 h, 50°C.

Cell Anode Selectivity / % EG Power Carbon
Au/C . .
(40 Wt.%) Voltage Voltage C, GLA OA FA Conversion Dens1ty2 Balance
’ /V /Vvs.RHE | Acids /% /mWem /%
2.0M
KO 0.3 0.60 100 100 0 0 3.6 22 0.5
+
LOMEG 0.1 0.69 98.4 98.4 0 1.6 10.4 4.8 0.6
2.0M
K?H 0.1 0.77 99.0 99.0 0 1.0 20.9 1.0 1.7
0.1 M EG
GLA = glycolate. OA = oxalate. FA = formate

When EG concentration decreases from 1.0 M to 0.1 M, it is observed that the current
density and power density significantly decreased on both Pt/C and Au/C, together with
the anode potential shifts more positively, as shown in Fig. 5.9 and Tables 5.1 and Table
5.3. This suggests that the EG oxidation is related to the ratio of — RO,4s and OH,gs
coverage on the catalyst surface. It is also noted that the EG conversion is strongly
affected by its concentration in the feeding fuel. The EG conversion in 2.0 M KOH + 0.1
M EG is much higher than that obtained in 2.0 M KOH + 1.0 M EG. Particularly, on Pt/C,
the EG conversion at fuel cell operation voltages of 0.5, 0.3 and 0.1 V increases from
10.6%, 31.6% and 51.7% with 1.0 M EG to 39.3%, 94.9% and 99.7% with 0.1 M EG,
and on Au/C, the EG conversion at fuel cell operation voltage of 0.1 V increases from
10.4% to 20.9%. Meanwhile, decreasing EG concentration also leads to a lower
selectivity of C, products on Pt/C, which further confirms that high applied potential
facilitates C-C bond breaking of EG. Still, no oxalate was observed from 0.1 M EG
electro-oxidation on Au/C anode catalyst in AEM-DEGFC, which suggests that the EG
concentration does not apparently change the reaction pathways. The EG oxidation
pathways proposed according to the study combining the three-electrode cell, on-line
sample collection, and HPLC analysis has been well verified by theAEM-DEGFC reactor
investigations. This approach is able to not only supplement the previous spectroscopic
findings, but also potentially produce new findings on the pathways of electro-oxidation
of biorenewable polyols (i.e. glycerol and sorbitol, etc.) on nanostructured metallic

catalysts.
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Fig. 5.9 Product selectivity and electricity generation from electrocatalytic selective
oxidation of EG on Pt/C (a) and Au/C (b) with 2.0 M KOH + 0.1 M EG in AEM-DEGFC
reactors for an operation duration of 2 h at 50°C. Anode potential (vs. RHE) is marked in
parentheses.

5.4 Conclusions

In this chapter, electrocatalytic selective oxidation of EG was studied on Pt/C and Au/C
catalysts in alkaline electrolyte. The three-electrode cell with on-line sample collection
system showed that glycolate, oxalate and formate were sequentially produced from EG
oxidation on Pt/C with increasing staircase LSV, while only glycolate and formate were
examined on Au/C. It was clarified that formate was produced favorably from direct C-C
bond cleavage of EG on both Pt/C and Au/C. Further oxidation of glycolate to oxalate
occurs only on Pt/C but not on Au/C at the specified test conditions. Electrocatalytic
selective oxidation of EG in the AEM-DEGFCs with Pt/C and Au/C anode catalysts
showed consistent results with the three-electrode cell tests. The AEM-DEGFCs with
Pt/C anode demonstrated a peak power density of 71.0 mW cm 2, which is much higher
than that obtained on Au/C anode (only 7.3 mW cm 2) at 50°C, this is consistent with
more negative onset potential and higher generated current density for electro-oxidation
of EG on Pt/C than on Au/C obtained in the three-electrode cell setup. With fuel cell
operation voltage decreasing (anode potential increasing), deeper-oxidized products
oxalate and formate were generated in the Pt/C anode AEM-DEGFC with increased
selectivity, and no formate was examined when glycolate was employed as fuel. On Au/C

anode catalyst, very high selectivity of >98% to glycolate was achieved. The AEM-
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DEGFCs results confirmed the EG electro-oxidation pathways proposed by using the on-
line sample collection system, which is anticipated to be used to explore the reaction

sequences for electro-oxidation of other polyols.
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Chapter 6 Electrocatalytic Selective Oxidation of 1,2-
Propanediol in the Continuous Flow AEM-based
Electrolysis Cell Reactor: Potential Controlled Electro-
oxidation Mechanism Determination via Combined

Experimental and Theoretical DFT Studies

6.1 Background

Chapter 4 and 5 have shown that tuning electrode potential can affect the reactivity of
possible reaction steps of electrocatalytic selective oxidation of glycerol and EG,
respectively, thereby enabling good control over the selectivity of final product. However,
it is still difficult to determine the reaction mechanism because there are numerous
elementary oxidation steps that involve many possible intermediates which cannot be
detected or quantified through conventional experimental approaches. On the other hand,
understanding the electrocatalytic mechanisms can help future rational catalyst design to
improving the conversion of biomass to valuable chemicals of industrial significance. In
this chapter, 1,2-propanediol, a Cs alcohol containing one primary and one secondary —
OH groups on vicinal carbons, was chosen as a model polyol to study its electrocatalytic
oxidation mechanisms on Au/C by combining experimental results obtained on
continuous flow AEM based electrolysis cell reactor (Fig. 2.3) and theoretical DFT

calculations.

Biorenewable 1,2-propanediol can be produced from catalytic
dehydration/hydrogenation of glycerol whose availability is sustained by the biodiesel
industry.'®® Further oxidation of 1,2-propanediol through primary —OH group can yield
lactic acid,'®” which is a useful intermediate for the production of food additives and
polylactide, a biodegradable polymer.” Oxidation of both the primary and secondary
alcohol groups of 1,2-propanediol can lead to pyruvic acid formation that finds its
application in both pharmaceutical and food processing industries.'®® Fig. 6.1 summarizes

the key industrial products derived from 1,2-propanediol.
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Fig. 6.1 Important industrial products derived from 1,2-propanediol.

Electrocatalysis sparks many interests as another central process that plays an important
role in sustainable generation of electricity and chemicals in fuel cells. Studies of
electrocatalytic oxidation of 1,2-propanediol have been performed on platinum
nanoparticle and planar electrodes with a focus only on electricity performance, which
have also shown that basic conditions could give enhanced activity.*® The analysis of
thermodynamic reversible potential for 1,2-propanediol electro-oxidation indicates that
the thermodynamic potentials of interested products (lactate and pyruvate, Equation 6-1
and 6-2) are very similar and also close to C-C bond breaking byproducts (acetate,
formate and carbonate, Equation 6-3 - 6-5). To realize the cogeneration of valuable
chemicals and electricity in a fuel cell system, knowledge of selective electrocatalytic

oxidation of 1,2-propanediol with varying the electrode potential should be obtained.

1,2 — Propanediol + 50H™ & Lactate + 4H,0 + 4e~ E° = —0.75V vs.SHE
(6-1)

1,2 — Propanediol + 70H™ & Pyruvate + 6H,0 + 6e~ E° = —0.80 Vvs.SHE
(6-2)

1,2 — Propanediol + 5.50H & 1.5Acetate + 2H,0 + 4e~ E° = —0.88Vvs.SHE
(6-3)

1,2 — Propanediol + 130H™ & 3Formate + 9H,0 + 10e” E° = —0.61V vs.SHE
(6-4)
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1,2 — Propanediol + 220H~ $ 3Carbonate + 15H,0 + 16e~ E° = —0.75V vs.SHE
(6-5)

6.2 General experimental

6.2.1 Preparation of Au/C (40 wt.%0)

The organic solution phase-based nanocapsule method was applied to prepare the
carbon black supported Au nanoparticles with setting loadings of 40 wt.%. The detail

synthesis procedures have been described in Section 2.4.4.
6.2.2 Physical characterizations

The morphology, nanostructure and metal loading of Au/C were analyzed by TEM,
XRD and ICP-OES, as described in Section 2.5.1, 2.5.3 and 2.5.4.

6.2.3 Electrocatalytic selective oxidation of 1,2-propanediol in AEM based
electrolysis cell reactor

Electrocatalytic selective oxidation of 1,2-propanediol was conducted in the custom
designed continuous flow AEM based electrolysis cell reactor (Fig. 2.3) that is
constructed with a MEA-type electrode. Au/C (40 wt.%, 5.0 mga, cm™) based working
electrode and Pt/C (40 wt.%, Fuel Cell Store, 1.0 mgp, cm™) based counter electrode were
fabricated by airbrushing catalyst mixed with 5 wt.% PTFE in water suspension into iso-
propanol onto carbon cloths (PTFE-untreated, 381 um, Fuel Cell Store) that serves as the
liquid diffusion layers, and assembled with a solid anion-exchange membrane (A201, 28
um, Tokuyama Corp.).During each run, 25 ml of 2.0 M KOH + 1.0 M 1,2-propanediol
was introduced into a plastic vessel and close-looped into the compartment of working
electrode at the rate of 1.0 ml min™, at the same time, 2.0 M KOH was cycled through the
compartment of counter electrode. The reactor temperature was controlled at 50°C. The
potentials were applied by the potentiostats on the Au/C based working electrode and
controlled with respect to a Hg/HgO/1.0 M KOH reference electrode that was inserted

into the compartment of working electrode. All the electrochemical data in this chapter
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was converted to values versus RHE as reported according to Equation 2-1.1,2-
propanediol electrocatalytic selective oxidation were performed at constant applied
potentials ranging from 0.35 V-0.75 V vs. RHE, each for 1 hour. The Faradaic efficiency
(calculated according Equation 2-14) of >90% at each applied potential studied in the
continuous flow AEM based electrolysis cell reactor (Fig. 6.1) confirmed the stability of
Au anode electrode as well as little interference of O, from OER in the system.

Subsequently, liquid products were withdrawn from the system and sent for analysis.

100 ————= . - —

| —a— Variation of Faradaic efficiency

5 38 38

Faradaic Efficiency (%)

N
?

0 —m-————————
0.3 0.4 0.5 0.6 0.7 0.8
Potential (V vs. RHE)

Fig. 6.2 The Faradaic efficiency of 1,2-propanediol electro-oxidation on Au/C (40 wt.%)
as a function of time at different potentials (V vs. RHE) in the continuous flow AEM
based electrolysis cell reactor.

6.2.4 Product analysis

The 1,2-propanediol electro-oxidation products were analyzed by HPLC and identified,

quantified by comparison with authentic samples (Section 2.7).

The product selectivity and 1,2-propanediol conversion are calculated by the following

equations:

Moles of C, or C3 product

Selectivity of C, or C3 product = X 100%

Total moles of C, and C3 products
(6-6)
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. . Concentration of 1,2—propanediol at certain time
Conversion of 1,2 — propanediol = (1 — S L2-prop

) X 100%

(6-7)

Initial concentration of 1,2—propanediol

The carbon balance is based on:

3Mppo;~3XMc3~2X Mc,~XMc,=3Mppoy

3Mppo;

Carbon balance = x 100%  (6-8)

where Mppo, and Mppo ; is the initial and final moles of 1,2-propanediol in the
electrolyte. Y M¢,, Y Mc, and } M¢, are the total moles of C3 (lactate, pyruvate), C,
(acetate) and C; (formate, carbonate) products, respectively. If assuming that no C-C
bond cleavage occurs through C, product (acetate), then Y M¢, = ¥ M, . Thus the
equation for carbon balance calculation can be simplified to:

Mppo;~XMc3~XMc,~Mppo,

Mgppo;

Carbon balance = X 100% (6-9)

Therefore, a carbon balance of zero means all the C, products generated from C-C
breaking of C5 products do not undergo further C-C cleavage, and the summation of all
the C, (acetate) and C3 products and unreacted 1,2-propanediol is equal to the initial 1,2-
propanediol. A smaller carbon balance value indicates less C, intermediate (acetate) were
further oxidized to C; products (carbon balance of 0 means no C, intermediates were
further oxidized to C; products). The carbon balance under all the test conditions is less

than 5%, which is within the system error expected in HPLC analysis.

6.2.5 DFT simulations of 1,2-propanediol electrocatalytic oxidation on Au (111)

surface

DFT calculation was performed by our collaborator, Prof. Dr. Michael Janik and his
undergraduate student Brian Brady at Pennsylvania State University on the Vienna Ab
Initio Simulation Program (VASP), a plane-wave pseudopotential package.'®® The
exchange and correlation energies were calculated using Perdew-Wang functional (PW91)

form of the generalized gradient approximation (GGA).'™ Computational details are
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presented in Brady B. (2014), Determining the Electrocatalytic Oxidation Mechanism for
Lactic Acid and Pyruvic Acid from 1,2-Propanediol using Density Functional Theory.

(Baccalaureate Degree Thesis)
6.3 Results and discussions

6.3.1 Physical characterizations

The XRD patterns of Au/C catalysts have been shown in Fig. 3.2 and discussed in the
Section 3.3.1, and displayed a typical face-centered cubic (FCC) structure. Typical TEM
images of Au/C and their corresponding size histograms have been shown in Fig. 3.3 (C)

and discussed in the Section 3.3.1.

6.3.2 Electrocatalytic selective oxidation of 1,2-propanediol Au/C (40 wt.%) in the

continuous flow AEM based electrolysis cell reactor

The conversion of 1,2-propanediol and electrocatalytic oxidation product profiles
(selectivity and concentration) under different applied potentials for 1 h at 50°C were
shown in Fig. 6.3. It clearly shows a shift in product selectivity as the applied potential
was increased, indicating the electrode potential strongly regulates the selectivity of
oxidation products.(Fig. 6.3 (a)) At 0.35 V vs. RHE, the selectivity of lactate and
pyruvate in the electrolysis cell were 51.7 and 18.6%, respectively, at 1,2-propanediol
conversion of 3.5%. With the increasing of potentials applied on the working electrode,
the selectivity of lactate gradually decreased to 33.2% at 0.75 V vs. RHE (1,2-
propanediol conversion of 12.5%), while the increasing selectivity to pyruvate was
observed, achieving 55.9% at 0.75 V vs. RHE. In addition, the absolute concentration of
products also increased with electrode potential increasing. (Fig. 6.3 (b)) The
experimental results suggest that at relatively low electrode potential, the polarization of
catalyst surface is weak and can only allow the oxidation primary —OH to form an
aldehyde (-CHO) or acid (-COOH). As the polarization of Au-based electrode becomes
more positive, the surface catalyzed oxidation of both primary and secondary —OH

groups is more favorable, leading to pyruvate being a dominant product.
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Fig. 6.3 Electrocatalytic selective oxidation of 1,2-propanedio (2.0 M KOH + 1.0 M 1,2-
propanediol) on Au/C (40 wt.%) in the continuous flow AEM based electrolysis cell
reactor, (a) selectivity and conversion versus different applied potentials (V. vs. RHE), (b)
concentration versus different applied potentials (V. vs. RHE). Reaction time: 1 h. 50°C.

6.3.3 Electrocatalytic oxidation mechanism determination for lactic acid and

pyruvic acid from 1,2-propanediol using density functional theory (DFT)

The electrocatalytic selective oxidation of 1,2-propanediol was studied using DFT that
considers the Gibbs free energies of all likely conformations of reactants, intermediates
and products over Au(111) surface at varied potentials (0 V, 0.5 V and 0.75 V). The
reaction energy diagram was provided in Fig. 6.4 that highlighted the preferred pathway
during the course of the reaction. (1 eV = 1.6 X 10719 J) The electro-oxidation of the
alcohol in alkaline media undergoes the initial de-protonation step catalyzed by OH™ in
the electrolyte, followed by metal-catalyzed C-H and C-C bonds breaking steps where the
Au catalyst is needed.”’ Therefore, DFT calculation was performed starting with the
adsorption of alkoxy (R-O) on Au(111) ensuing solution-mediated de-protonation step.
Since hydroxyacetone was not detected under our experimental conditions, the electro-
oxidation of 1,2-propanediol through O, binding (secondary —OH) pathway was excluded
in this dissertation. From Fig. 6.4, it depicts that the activation energy for each oxidation
step decreases as potential increases from 0 V to 0.75 V. At lower potential (0 V), high
energy barrier between lactic acid and pyruvic acid makes further oxidation of lactic acid
unfavorable. With increasing potential, the energy of this transition state decreases and

the free-energy pathway is then downhill to favor the formation of pyruvic acid. The
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preliminary DFT computational results explains the high yield of pyruvate obtained at
higher electrode potentials in experimental results fairly well (Fig. 6.3) However, the
reaction mechanism related to C-C bond breaking is still elusive in the current DFT study

and future work should be focused on it.
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Fig. 6.4 Reaction energy diagram at various potentials (vs. relative hydrogen electrode).
Relative energy is the value that compared to the energy of single gas phase 1,2-
propanediol molecule, the Au(111) surface, and water molecules at zero potentials.

6.4 Conclusions

In this chapter, electrocatalytic oxidation of biorenewable 1,2-propanediol on Au/C
catalyst was carried out in the continuous flow AEM based electrolysis cell to produce
lactate and pyruvate. The experiments show that the increasing of electrode potential can
promote both the conversion of 1,2-propanediol and the production of pyruvate. The
selectivity of pyruvate increases from 18.6% at 0.35 V vs. RHE with 1,2-propanediol
conversion of 3.5% to 55.9% at 0.75 V vs. RHE with 1,2-propanediol conversion of
12.5%. To determine and explain the mechanisms of potential-regulated electrocatalytic
oxidation reaction, DFT calculations were performed by our collaborators. The reaction
energy diagrams developed show that there is a high energy step for the transformation of

lactate to pyruvate, which requires a high electrode potential to overcome, thereby
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explaining the dominant product of pyruvate at high potentials observed in experiments.
Future researches should extend the DFT model to study the reaction steps involving C-C
bond breaking, so as to deepen the understanding the mechanisms of electrocatalytic
oxidation of 1,2-propanediol on Au/C. The acquired knowledge of the reaction
mechanisms through combined experimental and theoretical DFT studies will lead to

rational catalyst design for enhanced activity and controlled selectivity.
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Chapter 7 Electrocatalytic reduction of Levulinic Acid (to

Valeric Acid or y-Valerolactone)”

7.1 Background

Renewable electricity based on PV cell and wind power, although attractive, has an
intermittent nature that requires the development of efficient energy storage devices.
Current electrical energy storage techniques include pumped-storage hydropower (PSH),
compressed-air energy storage (CAES), batteries, flywheels, and electrolysis of water to
hydrogen (electro-hydrogen) for fuel cells, and so forth.'’' In general, they serve to
capture renewable electrical energy generated during off-peak hours and convert them
into the forms of gravitational potential energy (with PSH), molecular potential energy
(with CAES), electrical potential energy (with batteries) or kinetic energy (with
flywheels), and to release electrical energy during peak demand. PSH has a high
efficiency (70-85%) and long storage duration; however, the large amount of land
required for the construction of a hydro dam and reservoir can increase construction costs
and lower overall feasibility. CAES also has a high efficiency (70-89%), long storage
duration, and has attracted extensive attention recently, but it can only be constructed in
areas with favorable geography because it needs to be used in conjunction with a gas
turbine plant. Batteries are primarily for short-term storage and have more limited energy
storage capacities, that is, Li ion batteries have an effective practical energy density of
only 0.35 kWh kg™, which is approximately 20% that of gasoline (13 kWh kg™, however,

if considering its tank-to-wheel efficiency (including Carnot efficiency) of 12.6 %, the

"The material contained in this chapter was previously published in ChemSusChem
2013;6(4):674-686 by Xin L, Zhang Z, Qi J, Chadderdon DJ, Qiu Y, Warsko KM, Li W.
Copyright © 2013 John Wiley & Sons, Inc. And Green Chemistry 2014;16(3):1305-1315
by Qiu Y', Xin Lf, Chadderdon DJ, Qi J, Liang C, Li W. (" equal contribution).
Copyright © Royal Society of Chemistry 2014. Reprint with permission shown in
Appendix F
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energy density of gasoline becomes 1.7 kWh kg').'” Production of H, through

electrolysis of water (electro-hydrogen) for H,-PEMFCs is another sustainable energy

SSTIBIT T gw-temperature  Ha-based PEMFCs can  directly convert

175

cycle option.
chemical energy stored in H; into electricity without limitation of the Carnot cycle.
However, a high loading of noble metals (i.e., > 0.6 mg of Pt per electrode) is required in
PEMFCs to facilitate the sluggish ORR at the cathode; this is a longstanding scientific
issue, which dramatically decreases the energy conversion efficiency.'”*'” Although the
theoretical thermodynamic efficiency of a H,-PEMFCs is 83% under standard conditions,
the operating voltage must be significantly decreased for a high power output, that is,
0.65 V. Unfortunately, the resulting thermo-efficiency is only about 44%. Considering
the electrical current efficiency for H, production in a PEM based electrolysis cell is
around 70%, the overall energy efficiency of fuel cell + electrolysis cell based on the
hydrogen cycle is only 30%.'"" This does not even include the energy loss from fuel cells
to mechanic motors (to wheels). In addition, both fuel (consumption of H,) and
electrolysis (generation of Hy) cells have to employ very expensive precious metals, such
as Pt (for the ORR)'’® and IrO, or RuO, (for the OER)'™. In an acidic-electrolyte
environment, the durability of both the catalyst (even noble metals) and membrane (even
C - F backbone polymers) still needs improvement to achieve widespread application of
PEMFCs in automobiles.’! Furthermore, storage and transportation of H, have
encountered significant challenges compared with well-established liquid fuel pipeline

systems.

Although active R&D activities are still under way to achieve higher efficiency based
on the current electrical energy storage techniques, seeking new electrochemistry-based
energy storage methods should be simultaneously promoted in order to diversify and
secure our energy future. The electro-biorefinery process presented in this chapter can
capture overproduced renewable electricity in the form of chemical potential energy; this
can be achieved by employing electrocatalytic processes to convert abundant, cheap
biomass-derived compounds into biofuel-related compounds with higher energy densities

that are suitable for further upgrading and blending in gasoline or diesel.
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Abundant and renewable ligno-cellulosic biomass is expected to occupy a significant
position in our future energy landscape; thus it has great potential to serve as feedstock to
produce chemicals, polymers, and biofuels.®**'®" One of the most important components
derived from ligno-cellulosic biomass is highly polymerized cellulose (DP 7000-15 000),
which can be employed as a sustainable source to produce levulinic acid through dilute
acid-catalyzed hydrolysis processes.'”'®* Levulinic acid can be further upgraded to a

'%1% and has been identified as

wide range of value-added chemicals and fuel additives,
one of the top abundant, renewable building-block biomass compounds by the US-
DOE." The hydrolysis of waste cellulose to levulinic acid is carried out in 0.1-0.5 M
sulfuric acid aqueous solution; equal molar levulinic acid and formic acid (levulinic acid :
formic acid = mol: mol = 1 : 1) can be cheaply produced at yields of 70% and 50%,

: 26,184
respectively.”™

Levulinic acid, although considered a promising feedstock for chemicals and biofuel
production, has excess oxygen functionalities. Thus, effective processes are needed to
remove oxygen in the hydroxyl, ketone, aldehyde, and carboxylic groups of levulinic acid
or its derivatives (y-valerolactone (gVL), valeric acid, etc.) to upgrade them to high

energy density transportation fuels (gasoline, jet, and diesel fuels) or fuel additives.

Unfortunately, both the by-product formic acid and the residual sulfuric acid that
remained in the hydrolysis downstream will bring some complexities to the subsequent
transformation of LA to biodegradable chemicals or fuel additives during heterogeneous
catalytic processes.'”'® The hydrogenation of levulinic acid to GVL*"'*"*® and valeric
acid21’189, using Pt, Pd or Ru based mono- or bi-functional catalysts, have been
investigated through heterogeneous catalytic processes. It has been reported that formic
acid can rapidly deactivate the noble metal catalysts, and has negative effects on de-
oxygenation of levulinic acid. For example, fed with a levulinic acid + formic acid
mixture stream, GVL was produced in low yield over Ru/C, which was mainly due to the
poisoning effect of formic acid."*™'®” Thus, novel processing routes and advanced
catalysts have recently been explored to remove or utilize the by-product formic acid. For

example, a continuous dual bed tubular reactor was developed where Ru-P/SiO, and
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Ru/TiO;, catalysts fixed separately in this two-stage process are responsible for the
decomposition of formic acid and hydrogenation of levulinic acid, respectively.'*®
Dumesic and co-workers have also designed bimetallic RuSny/C and RuRe(3:4)/C
catalysts that demonstrate sufficient stability to tolerate acidic conditions for GVL
synthesis, through which levulinic acid together with formic acid can be fed into the
reactor and formic acid is directly self-decomposed to CO, and H,.**'®* It not only
successfully utilizes the formic acid as a hydrogen source, avoiding the external
petroleum-derived hydrogen supply, but also mitigates the greenhouse gas emission,
because the generated CO, can be effectively captured and treated for other
applications.'™'** On the other hand, the residual sulfuric acid in the downstream has
also been found to deteriorate the metallic catalysts for hydrogenation of the levulinic
acid to GVL;'""? thus, novel strategies need to be developed to separate levulinic acid
and formic acid from aqueous sulfuric acid. Direct esterification of levulinic acid and
formic acid using alcohols and butane has been developed to produce hydrophobic
levulinic acid and formic acid ester, which automatically separate from residual aqueous
sulfuric acid, and can then be recycled for cellulose dehydration.”'”*'®> Although
attractive, the above mentioned heterogeneous catalysis processes often requires the
operating temperatures and pressures are as high as 370-420 K and 10-30 bar,
respectively.”? The safety issues associated with pressurized hydrogen gas involved under
these conditions will arise from this biofuel upgrading rout that needs special hydrogen
management and robust and robust reactor design. In addition, the removal and reuse of
H,SO,, despite providing possible solutions, still need the subsequent separation and
recovery of target products, which accounts for a large portion of the working capital.'**
Therefore, exploring alternative and sustainable strategies of upgrading the cellulose
hydrolysis downstream to biofuel (intermediates) is still necessary to supplement the

current heterogeneous catalytic hydrogenation processes.

Regarding renewable electricity utilization, environmental conservation and economic
feasibility, electrocatalytic hydrogenation (ECH) mitigates several concerns associated

with the conventional heterogeneous catalytic hydrogenation of biomass-derived
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oxygenates, which are, in most cases, the demand for pressurized hydrogen gas, elevated
temperatures and energy-intense separation processes. Electrocatalysis has been
investigated for the reduction of biomass derived lactic acidl%, acetonem, furfurallgg'zol,
HMF***, glucose’” and bio-oil derived phenolic compounds®™ in aqueous solution. In
this chapter, levulinic acid was chosen as a model biomass derived compound. It will first
study the effects of applied potential, electrolyte pH on ECH of levulinic acid in both
batch-type three-electrode cell reactor and continuous flow-type AEM or PEM based
electrolysis cell reactor. (Fig. 7.1) Additionally, the molecular structure effects on the
electrocatalytic reduction of hydroxyl, ketone, and aldehyde groups of biomass-relevant
compounds in terms of reactivity, selectivity, and reaction pathway are also thoroughly
investigated. Next, a green integrated electrocatalytic strategy will be developed by
coupling AEM based electrolysis cell and PEM based fuel cell reactors to process
realistic raw biomass feed stock: the downstream of acid-catalyzed cellulose hydrolysis is
simulated by preparing a sulfuric acid aqueous solution of equal molar levulinic acid and
formic acid so that the effects of each coupled components on upgrading levulinic acid to

valeric biofuel intermediates will be examined. (Fig. 7.2)

Fig. 7.1 Illustration of selective electrocatalytic hydrogenation of levulinic acid to valeric
biofuels with renewable electricity storage.
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Fig. 7.2 Illustration of integrated electrocatalytic processing of levulinic acid and formic
acid to produce biofuel intermediate valeric acid.

7.2 General experimental

7.2.1 Preparation of electrode materials

Prior to experiments, Pb (99.9%, Rotometals Inc., United States) and Cu (99.9%, Small
Parts Inc., United States) metal electrodes underwent pretreatment procedures according

to Section 2.3.2 to remove surface impurities and oxides.

The carbon black supported Pd (ca. 40 wt.%) was synthesized by a modified organic

solution phase reduction method, and has been discussed in Section 2.4.3.
7.2.2 Physical characterizations

The morphology, nanostructure and metal loading of Pd/C were analyzed by TEM,
XRD and ICP-OES, as described in Section 2.5.1, 2.5.3 and 2.5.4.

The surface of Pb and Cu electrodes was characterized by a SEM equipped with EDS as
described in Section 2.5.2
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7.2.3 Electrochemical tests
7.2.3.1 Half-cell tests

Half-cell tests were performed in a conventional three-clectrode-cell setup (Section
2.2.1), equipped with a glassy carbon working electrode, a reference electrode and a Pt

coil counter electrode.

As for the ECH conducted in the batch-type half-cell reactor, Pb or Cu metal plate was
used as working electrode and the electrochemical data was recorded versus Ag/AgCl (in
saturated KCl solution) reference electrode and reported with respect to RHE. Cathodic
cyclic voltammetry scans were firstly performed for 20 cycles from -0.35 to -1.6 and -
0.35 to -1.5 V vs. RHE on a Pb electrode in a solution at pH 0 and 7.5, respectively,
whereas the scan range was -0.35 to -1.1 V vs. RHE on a Cu electrode in a solution of pH
= (. The scan rate was 50 mV s". The cyclic voltammetry scans were taken to ensure
that the surface CuOx and PbOy was reduced. The last stabilized CV curve was reported.
The upper limits of the cyclic voltammetry scan ranges were selected to be within the
potentials at which the dissolution of Pb and Cu metals would not occur. Buffer solutions
of K,HPO, and KH,PO4 with or without the addition of levulinic acid were prepared with
18.2 M1 deionized water and the pH of this neutral electrolyte was adjusted to ca. 7.5.
The acidic electrolyte was prepared by applying the precursors (levulinic acid, GVL,
pyruvic acid, and glyoxylic acid) in 0.5m H,SO4. The pH of the acidic electrolyte was set
to be ca. zero. Next, a fresh 55 ml of electrolyte was loaded into the three-necked
glassware and CA was carried out to study the potential effect on the product distribution

during the ECH process.

To investigate the effects of valeric acid present in the electrolyte on the electrocatalytic
oxidation of formic acid over Pd/C, half-cell tests were conducted by using Pd/C coated
glassy carbon electrode as working electrode and a reversible hydrogen reference
electrode (Hydroflex®). All testing electrolytes were de-aerated with high purity N,
(99.99%) for 30 min before use. Prior to the experiments, 2.0 mg Pd/C was ultrasonically

dispersed in 1.0 ml isopropanol and 10 pl of Nafion proton exchange ionomer solution (5
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wt%, 1100 EW, Ion Power, Inc.) to form uniform ink. 80 pl of the catalyst ink was drop-
casted onto the glassy carbon electrode. The activity of formic acid electro-oxidation on
Pd/C was measured by carrying out cyclic voltammetry in 0.5 M H,SO,4 aqueous solution
mixed with 1.0 M formic acid or 1.0 M formic acid + valeric acid (0.1-0.3 M) in the
potential region between 0.1 V and 1.2 V (vs. RHE) at a scan rate of 50 mV s', 25°C and
2000 rpm. CVs recorded in the same potential window using either blank 0.5 M H,SO4 or
0.5 M H,SO4 with different carboxylic acids, including acetic acid, propionic acid,
butyric acid and valeric acid, were employed to determine the ECSA change. Twenty

CVs were recorded under each condition and the final CV was reported.
7.2.3.2 Continuous flow-type electrolysis cell tests

The selective ECH of levulinic acid was also carried out in the continuous flow solid-
polymer electrolyte membrane (AEM or PEM) based electrolysis cell reactors
constructed with Pb or Cu foil electrode. (Section 2.2.2 and Fig. 2.3) During each run, 55
ml of 0.2 M, 0.5 M and 1.0 M levulinic acid with or without an equal concentration of
formic acid in 0.5 M H,SO4 or 0.2 M pure levulinic acid in K;HPO4/KH,PO,4 buffer
solution was fed into the cathode chamber in a closed loop by a peristaltic pump at 30 ml
min”', while the electrolyte of same pH without levulinic acid was quickly pumped into
the anode chamber to remove the O, that was produced during the OER on the Pt foil
electrode. After certain time of reaction under different applied potentials, the products
were sampled and analyzed by HPLC. ICP-OES was performed to examine the stability

of the Pb electrode after prolonged reaction.
7.2.3.3 Proton exchange membrane-direct formic acid fuel cell (PEM-DFAFC) study

Electrocatalytic oxidation removal of formic acid in the solution of valeric acid + 0.5 M
H,SO,4 was tested on a Scribner Fuel Cell system 850e of a fuel cell fixture setup similar
to Fig. 2.5. The anode electrode composed of 70 wt.% Pd/C catalyst and 30 wt.% Nafion
ionomer was sprayed onto a PTFE-untreated carbon cloth liquid diffusion layer to obtain
a catalyst loading of 3.0 mgpq cm ~. At the cathode, catalyst slurry containing 70 wt.% of
Pt/C (Fuel Cell Store, 40 wt.%) and 30 wt.% of Nafion ionomer was sprayed onto a
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PTFE-treated carbon cloth GDL to obtain a catalyst loading of 3.0 mgp; cm °. Finally, a 5
wt.% Nafion solution was sprayed onto the surface of both the anode and the cathode (1.0
mg Nafion cm ?) to form a thin Nafion layer. The MEA was constructed by hot pressing
the anode, the cathode and the pre-treated Nafion membrane (N117, Ion Power, Inc.)
under a pressure of 140 atm at 135°C for 3 min.*” 1.0 M formic acid with or without the
addition of 0.3 M valeric acid in 0.5 M H,SO,4 was pumped into the anode compartment
at 1 ml min"', while high purity O, (99.999%) regulated at 400 ml min_' was fed into the
cathode compartment under ambient pressure. The polarization curves of the PEM-
DFAFC were collected by scanning current at 30°C. Electrocatalytic oxidation of formic
acid was performed for 6 hours at a fuel cell voltage of 0.1 V. Samples were withdrawn

every 1 h and analyzed by HPLC.
7.2.4 Product analysis

The products from the selective ECH of organic compounds and oxidation removal of
formic acid were analyzed by HPLC and identified, quantified by comparison with
authentic samples (Section 2.7).Faradaic efficiency, selectivity, yield and carbon balance

of the reactions were calculated according to Equation 2-10 — 2-14.
7.3 Results and Discussion

7.3.1 Thermodynamics and Kkinetics of the ECH reaction

From a thermodynamic point of view, the reversible potential of the hydrogenation of
levulinic acid to valeric acid is around 500 mV more positive than that of the hydrogen
evolution reaction (HER) across the entire pH range, as shown in Fig. 7.3. This indicates
that, since levulinic acid reduction involves HO and H', the reversible potentials varies
in accordance with the pH of the electrolyte. In addition, the boundary region where the
forms of the stable acids (levulinic acid and valeric acid) and salt (Ilevulinate and valerate)
exist in the electrolyte is also shown; this is dependent on the electrolyte pH. At pH = 0
at room temperature, the thermodynamically stable forms are levulinic acid and valeric

acid as the ratio of [CH3CO(CH,),COOH] to [CH3;CO(CH,)2COO7] and
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[CH3(CH;);COOH] to [CH3(CH;);COQO] are 42000 and 66000, respectively. Therefore,
the ECH of CH3CO(CH,),COOH to CH3(CH;);COOH in aqueous solution is given in
Equation 7-1 with respect to SHE:

CH5CO(CH,),COOH + 4H* + 4e~ 2 CH5(CH,);COOH + H,0 E’ = +0.54 vs. SHE
(7-1)

At a pH value of ca. 7.5, the salt-to-acid ratios are [CH;CO(CH,),COO
1/[CH3CO(CH,),COOH] = 2400 and [CH3(CH;);COO)/[CH3(CH,);COOH] = 1500,
respectively; therefore, valerate (CH3(CH;);COO") is predominantly produced from
levulinate (CH3;CO(CH,),COQ"), as shown in Equation 7-2:

CH5CO(CH,),C00™ + 3H,0 + 4e~ 2 CH;(CH,)3C00™ + 40H™ E’ = +0.08 vs. SHE
(7-2)

As shown in Fig. 7.3, the ECH of levulinic acid to valeric acid is a thermodynamically
favorable reaction compared to HER. However, HER kinetically proceeds faster on the
metal electrode compared with the ECH reactions, and therefore, the actual electrolysis
potentials for ECH of levulinic acid and HER are very similar depending on the electrode

206

materials. Previous works have provided the mechanism of the HER,™ which proceeds

through the steps shown in Equations 7-3 — 7-7:

Volmer step:

H* + e~ - H,q4 (in acid) (7-3)
H,0 + e~ = H,4s + OH™ (in base) (7-4)
Tafel step:
2H,q4s = H, (7-5)
Heyrovsky step:
H,g4s + HT + e~ - H, (in acid) (7-6)

131



H,0 + e~ = H,qs + OH™ (in base) (7-7)

The adsorbed hydrogen generated from the Volmer step serves as the hydrogen source
for subsequent ECH steps. The Tafel and Heyrovsky steps facilitate the HER, which are
unwanted side reactions that reduce the surface adsorbed hydrogen density and consume
the applied electrical energy (decrease the Faradaic efficiency). Since the electrochemical
steps in Equations 7-3 — 7-7 govern the availability of adsorbed hydrogen, it is expected
that the ECH selectivity and reaction rate will be affected by the applied potential, the
electrolyte pH, and the metal catalyst.
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Fig. 7.3 Theoretical potential for the ORR, HER, and electrochemical hydrogenation of
levulinic acid to valeric acid as a function of pH.

Fig. 7.4 shows CVs of the ECH of levulinic acid on pretreated Pb and Cu electrodes.
The cyclic voltammetry scan was performed in a 0.5 M H,SO4 with or without 0.2 M
levulinic acid at a scan rate of 50 mV s”'. From the CVs of the Pb electrode with or
without the addition of 0.2 M levulinic acid, it is clear that the onset potential is over 200
mV more positive and the cathodic current is significantly greater with 0.2 M levulinic
acid than that without levulinic acid. In sharp contrast, the HER in 0.5 M H,SO4 on Cu
occurs at -0.4 V vs. RHE, which is 700 mV more positive compared with -1.1 V vs. RHE

for Pb. However, in the absence and presence of 0.2 M levulinic acid, the cathodic
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current density remains almost the same on the Cu electrode, indicating that the
adsorption of levulinic acid or charge transfer due to the ECH of levulinic acid is
suppressed by the very fast HER on Cu. The product analysis shown in Table 7.1 (entry
8) confirms that the conversion of levulinic acid is zero on the Cu electrode, indicating
that electrons transferred are all attributed to the HER. According to the Faraday Law,*"’
the net current flow during the electrochemical reaction can be proportionally attributed
to the amount of levulinic acid converted in the given time period. Valuable information
about the extent of the ECH of levulinic acid accompanied by the HER is provided by
cyclic voltammetry experiments. However, product analysis needs to be carried out under
different reaction conditions to investigate the extent of the levulinic acid ECH reaction

and to further elucidate reaction pathways.

5

Pb
05MH,SO,
—_—

5]
10
15
20
5]
30
35

Cu
0.5MH,SO,
——

Cu
0.5MH,S0, +02MLA

Current Density (mA cm’)

40
45

Pb
05MH,S0,+02MLA

-2.0

1.8 -16 -14 -1.2 -1.0 0.8 -0.6 -04 -0.2

Potential (V vs. RHE)

Fig. 7.4 CVs of the ECH of levulinic acid on Pb and Cu in an acidic electrolyte (pH = 0)
at a scan rate of 50 mV s, room temperature, and ambient pressure.

7.3.2 Potential-/pH- regulated selective ECH of levulinic acid to valeric acid and
GVL on a Pb electrode in batch-type half-cell reactors

Selective ECH of levulinic acid was conducted in a batch-type half-cell reactor with 55

mL of electrolyte. CA was carried out under different applied voltages for 1 h. As
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summarized in Fig. 7.5 and Table 7.1, the selective production of GVL and valeric acid
on a Pb electrode was governed by the extent of polarization of the Pb electrode, which
could be controlled by the applied potential. At -1.1 V vs. RHE, which is close to the
onset potential of levulinic acid ECH on the Pb electrode, 81.5% selectivity to valeric
acid (18.5% to GVL) was observed at a Faradaic efficiency of 27.9% and levulinic acid
conversion of 1.2%. When the applied voltage decreased to -1.3 V vs. RHE, the valeric
acid selectivity increased to 94.1% (5.9% to GVL), while the ECH Faradaic efficiency
and levulinic acid conversion increased to 83.8% and 6.7%, respectively. When the
applied potential further decreased to -1.5 V vs. RHE, the selectivity of valeric acid
increased to 97.0% and the conversion of levulinic acid jumped to 20.3% after 1 h
reaction, while the Faradaic efficiency slightly dropped to 78.3 %. The results
demonstrate that the ECH of levulinic acid (CH3;CO(CH,),COOH) might involve a serial
four-electron pathway through the reaction intermediate 4-hydroxypentanoic acid
(CH3COH(CH2),COOH,), the presence of which was proposed by Dumesic’s group.'*’
The adsorbed 4-hydroxypentanoic acid can be further reduced to wvaleric acid
(CH3(CH;);COOH) or desorbed into the bulk electrolyte to form GVL. The more
negative the potential applied, the higher the selectivity of valeric acid that can be

achieved with less GVL detected.

134



90 22

VZzZ2 GVL |
80- IS Valeric acid 20
g 118
& 70- 116 &
3 114 ¢
S 60- 112 %
L 1 1 [}
o 50- {10 2
g ] 188
S 40- > 16
g ] E A
30- 8 ‘2
] n -
20- 0

15 14 13 -12 141
Potential (V vs. RHE)

Fig. 7.5 Selective ECH of levulinic acid on a Pb electrode in a batch-type half-cell
reactor under different applied potentials; the Faradaic efficiency is related to the liquid
products (valeric acid + GVL); reaction conditions: 0.5 M H,;SO4+0.2 M levulinic acid,
room temperature, ambient pressure, 1 h.

The variation of Faradaic efficiency at different applied potential observed in Fig. 7.5 is
consistent with the CV (Fig. 7.4) and Tafel plot (Fig. 7.6). Within the voltage range close
to the onset potential at which the degree of Pb polarization is insufficient for levulinic
acid reduction, the ECH of levulinic acid proceeds slowly. Thus, only a slight difference
in the cathodic current density was observed with and without levulinic acid was
observed, leading to a lower Faradaic efficiency (27.9 %). With more negative applied
voltage potentials, the availability of surface H,ys atoms increases. The ECH of levulinic
acid accelerates, as illustrated in Fig. 7.4, when the slope of the CV curve in the presence
of levulinic acid becomes steeper than the blank electrolyte as the applied potential
becomes more negative. However, the more negative the applied potential is, the
unwanted HER is more competitive, proceeding through Tafel or Heyrovsky steps
(Equation 7-5 and 7-6). This is supported by the increasing Tafel slope due to the mass
transport issue arising from hydrogen gas bubbles generated on the Pb electrode surface
as the applied potential becomes higher than -1.4 V vs. RHE, as shown in Fig. 7.6 (a) and
(b). Therefore, the measured Faradaic efficiency reaches a maximum at -1.3 V vs. RHE

(83.8%) and decreases to 78.3% at -1.5 V vs. RHE.
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Fig. 7.6 Tafel plot of ECH of levulinic acid on Pb electrode as a function of pH, room
temperature and ambient pressure.

To evaluate the energy efficiency of the levulinic acid ECH reaction, the electricity

consumption (EC) is defined in Equation 7-8:

Electrical energy input _ EXIXt/1000

Electricity consumption = ,
Unit product

(7-8)

~ Unit product

in which E is the applied potential (in V vs. RHE) that only accounts for the cathodic
reactions; I is the current (in A); t is the reaction time (in hour); and EC is given in
kWh mol o quce Of KWh L1 qucr. A lower EC value means that the production of the

target product (e.g. valeric acid) requires a smaller amount of electrical energy input. The
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introduction of EC combines the Faradaic efficiency, the overpotential, and product yield
(conversion X selectivity) to quantify the energy efficiency of the ECH process. Based on
the ECH reaction carried out in the half-cell reactor, the lowest EC of 1.6
kKWh moly ) e ic acig Was achieved at -1.3 V vs. RHE, as shown in Table 7.1 and Fig. 7.7.
Thus, with an electricity input of 1.6 kWh, 1 L of valeric acid with a higher energy
density (25.9 MJ L', compared with LA of 24.0 MJ L") can be produced. Based on the
current industrial electricity rate of $0.068 kWh in the US, including demand charges,

all other end-use costs and state and local taxes,””*>"

the cost of the electricity is only
$0.42 for the production of 1 gallon of valeric acid from levulinic acid. In addition, the
conversion of levulinic acid to valeric acid results in removal of the oxygen content in the
biomass-derived oxygenate compound. Less-oxygen-containing valeric acid is an

important biofuel precursor for the next step of upgrading to valeric biofuels.”’
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Fig. 7.7 EC of selectivity ECH of levulinic acid to VA on Pb electrode in aqueous
solution as a function of applied potentials, reaction condition: 0.5 M H,SO4 + 0.2 M
levulinic acid, room temperature and ambient pressure, reaction time: 1 h.

The dependence of pH on the selectivity for ECH of levulinic acid on the Pb electrode
was also investigated in the half-cell reactor with 0.2 M levulinic acid + 0.5 M H,SO4
(pH = 0) or K;HPO4/KH,PO,4 buffer solution (pH = 7.5) as the electrolyte. Fig. 7.8

presents the CV curves of ECH of levulinic acid as a function of pH. The observed
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current density in neutral electrolyte is generally much lower than that in acid medium,
regardless of the addition of levulinic acid. This is probably due to the different kinetics
and pathways for the ECH reactions in acid and neutral environments. Thus, the
hydrogenation rate and selectivity would be expected to be a function of the electrolyte
pH. Table 7.1 (entries 4 and 6) shows that the ketone group of levulinic acid can be fully
reduced to -CH,- by a four-electron-transfer reduction to valeric acid in low pH
electrolyte (high H' concentration), whereas it is partially reduced to -OH in neutral
electrolyte and involves only two-electron-transfer reduction. A selectivity of 100% to
GVL at a levulinic acid conversion of 4.8% was achieved, although the EC in neutral
electrolyte (10.8 kWh Lgy.™") is much higher than that in acidic electrolyte (1.6 kWh
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Fig. 7.8 CVs of ECH of levulinic acid on a Pb electrode as a function of pH at 50 mV s,
room temperature, and ambient pressure.

The kinetic behavior of levulinic acid ECH on the Pb electrode in acid and neutral
electrolytes was further revealed by the analysis of Tafel plots. Fig. 7.6 shows that both
HER and ECH of levulinic acid proceed faster and require a lower overpotential to obtain
a certain current density in the acidic electrolyte than those in the neutral solution. The
number of electrons transferred in the acidic electrolyte with the presence of levulinic

acid is twice of that in a blank 0.5 M solution of H,SOy,, leading to a four-electron-
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transfer reaction that favors the production of valeric acid. In comparison, ECH of
levulinic acid on a Pb electrode involves two-electron-transfer (the same as the HER) to
generate GVL in a neutral environment. It can also be inferred from the Tafel slope
investigation that the energy required for the reactants to adsorb on the Pb electrode at a
lower pH is lower than that at higher pH, resulting in an increase in the production rate of
Ha.gs atoms as well as molecular hydrogen. The higher coverage of H,4s atoms and
levulinic acid on the Pb electrode in an acidic electrolyte could lower the energy barrier
for complete reduction of the ketone group of levulinic acid to -CH;,- by a four-electron-
transfer pathway. In the neutral electrolyte, both leuvlinic acid and monoatomic hydrogen
adsorb weakly on the Pb electrode; therefore, only the partial reduction product GVL (by

a two-electron-transfer pathway) was observed.

7.3.3 Selective ECH of levulinic acid on a Pb electrode in the continuous flow-type

AEM or PEM based electrolysis cell reactors

The ECH of levulinic acid was also conducted in a custom-made continuous flow AEM
or PEM based electrolysis cell reactors where the applied potential on the cathode was
controlled by using a potentiostat, as illustrated in Fig. 2.4. In constrast to the half-cell
setup, which is regarded to be a batch reactor, the electrolysis cell can be considered as a
fixed-bed continuous flow reactor. Interestingly, it is observed amazing consistency in
the pH-dependent product selectivity between the batch and flow reactors, as shown in
Table 7.1 (entries 4-7). At pH = 0, the selectivity for valeric acid and GVL in the PEM
based electrolysis cell reactor is 95.0 and 5.0%, respectively; these values are in good
agreement with the values achieved in a half-cell reactor: 94.5 and 5.5%. At pH = 7.5,
ECH of levulinic acid in both reactors yields 100% selectivity to GVL.
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Table 7.1 ECH of levulinic acid in bath-type half-cell and flow-type electrolysis cell
reactors.

Reactor E Reaction EC Selectivity™! Faradaic Conversion
Entry confieuration Electrode Solvent pH /V vs. time /kWh /o y efficienc™ /o
g RHE /h Lya" 0 /% 0
1 Half cell Pb H,0/H,S04 0 -1.5 1 1.9 97.0 (to VA) 78.3 20.3
2 Half cell Pb H,0/H,S04 0 -1.3 1 1.6 94.1 (to VA) 83.8 6.7
3 Half cell Pb H,0/H,S04 0 -1.1 1 43 81.5 (to VA) 27.9 1.2
4 Half cell Pb H,0/H,S0, 0 -1.3 2 1.6 94.5 (to VA) 84.2 12.7
5 flow cell Pb H,0/H,S0, 0 -1.3 2 1.5 95.0 (to VA) 86.5 18.6
10.8
6 Half cell Pb H,O/Buffer 7.5 -1.3 2 (to 100 (to GVL) 6.2 1.3
GVL)
4.0 (to
7 flow cell Pb H,O/Buffer 7.5 -1.3 2 100 (to GVL) 18.2 4.5
GVL)
8 Half cell Cu H0/H,80; | 0 -0.8 1 © 0l 0 0
[a] Selectivity of product in liquid electrolyte, VA = valeric acid, GVL = y-valerolactone. [b] Faradaic efficiency takes account the sum of electrons
transferred to both VA and GVL during ECH of levulinic acid. [c] No reduction products in liquid phase are detected. [d] All electrons transferred are
attributed to HER; the Faradic efficiency to products in liquid electrolyte is zero.

In addition, the ECH of levulinic acid conducted in the electrolysis cell demonstrates
higher Faradaic efficiency and levulinic acid conversion than the half-cell reactor, as
shown in Table 7.1 (entries 4-7) and Fig. 7.9. In neutral electrolyte (pH = 7.5), the ECH
of levulinic acid performed in the electrolysis cell reactor gives a higher Faradaic
efficiency of 18.2% and a conversion of 4.5%, with respect to 6.2 and 1.3%, respectively,
obtained in a half-cell reactor under the same reaction conditions. Table 7.1 (entries 6
and 7) shows the specific EC for the ECH process evaluated in both reactors at pH = 7.5.
It only requires 4.0 kWh to produce 1 L GVL in the electrolysis cell reactor, which is less
than half of the electrical energy input of 10.8 kWh for the production of 1 L GVL
obtained in the half-cell reactor. On the other hand, in acidic electrolyte, during the 6 h
reaction, the conversion of levulinic acid achieved in the electrolysis cell reactor at -1.3 V
vs. RHE 1is also generally 7% higher than that in the half-cell reactor under identical
reaction conditions. Notably, the Faradaic efficiency of the half-cell reactor decreases
much faster than that in the electrolysis cell reactor. After the 6 h reaction, the Faradaic
efficiency dropped to only 57.2% in the half-cell reactor, while a higher Faradaic
efficiency of 76.7% was still maintained in the electrolysis cell reactor. Better
performance of the electrolysis cell reactor versus the half-cell reactor could be attributed

to the custom design and optimized operation conditions in the electrolysis cell reactor.
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The large electrode area (6.5 cm?) and the small cathode chamber volume (12 ml) along
with the fast flow rate of 30 ml min"' were optimized to ensure a sufficient supply of
levulinic acid to the Pb electrode surface, while avoiding the mass transport issue caused
by hydrogen gas bubbles striking the Pb electrode. When ECH of levulinic acid is
conducted in an acidic environment, in which the reaction proceeds faster than that in
neutral electrolyte, as the reaction time was extended to more than 2 h, the HER started to
dominate because depletion of levulinic acid generates more hydrogen bubbles on the Pb
electrode surface. Interference from gas bubbles, preventing a fresh supply of levulinic
acid to the catalyst surface, is much more serious in the batch-type half-cell reactor, even

though the stirring rate has been optimized to minimize such mass transport issues
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Fig. 7.9 (a) Faradaic efficiency and (b) Conversion versus time at an applied potential of
-1.3 V vs. RHE for the batch-type half-cell reactor and flow-type PEM-based electrolysis
cell reactor with a Pb electrode. Reaction conditions: 0.2 M levulinic acid + 0.5 M H,SOy,
room temperature, and ambient pressure. The Faradaic efficiency is related to the liquid
products (valeric acid + GVL).

To investigate the durability of the Pb electrode in acidic solution, the ECH of levulinic
acid performed in the PEM-based electrolysis cell reactor was extended to 20 or 10 h at
applied potentials of -1.3 and -1.5 V vs. RHE, respectively. Liquid reactor effluent was
collected at certain time intervals and the reactant and product concentrations were
analyzed by using an HPLC system. Fig. 7.10 shows that, after continuous reaction for 20

or 10 h, the conversion of levulinic acid at -1.3 and -1.5 V vs. RHE can reach 91.1 and
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96.8 %, respectively. The reaction rate was provided to investigate the ECH reactions

versus time in the electrolysis cell reactor, which is defined:

. Converted levulinic acid
Reaction rate = x 100% (7-9)

Reaction time

As shown in Fig. 7.11, the reaction rate is generally higher at -1.5 V than at -1.3 V vs.
RHE, which could be due to more negative potential that activates the ECH of levulinic
acid. In addition, it is observed that the initial rate can reach up to 1.7 and 2.8 mmol h™' at
-1.3 V and -1.5 V vs. RHE, respectively. The reaction rate decreases quickly in the first
three hours and tends to be steady in the subsequent hours. The initial high rate of
reaction could be attributed to the sufficient levulinic acid available at the beginning of
the reaction and with the depletion of the reactant (levulinic acid), the reaction slows
down. However, this is probably not the only reason leading to the fast decreasing of the
reaction rate at the beginning of the reaction. Deeper study on the reaction kinetics is still

in progress.
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Fig. 7.10 (a) Faradaic efficiency and (b) Conversion of levulinic acid ECH versus time at
applied potentials of -1.3 and -1.5 V vs. RHE on a Pb electrode in the flow-type PEM-
based electrolysis cell reactor. Reaction conditions: 0.2 M levulinic acid + 0.5 M H,SOy,
room temperature, and ambient pressure. The Faradaic efficiency is related to the liquid
products (valeric acid+GVL).
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Fig. 7.11 Reaction rate versus time at the applied potential of -1.3 V and -1.5 V vs. RHE
for the flow-type PEM-based electrolysis cell reactor with Pb electrode. Reaction
condition: 0.2 M levulinic acid + 0.5 M H,SOj,, room temperature and ambient pressure.

In addition, as the conversion of levulinic acid increases, the Faradaic efficiency is
observed to decrease because the HER becomes more competitive as more levulinic acid
is converted. However, Fig. 7.12 demonstrates that the selectivities to valeric acid and
GVL are almost constant at 93.3 and 6.7 %, respectively, at -1.3 V vs. RHE after 20 h,
and at 96.9 and 3.1 %, respectively, at -1.5 V vs. RHE after 10 h reaction. ICP-OES
analysis indicated that no measurable quantities of Pb ions (< 2 ppm) were detected in the
liquid reactor effluent after reaction for 20 and 10 h. In addition, no clear difference was
observed in the CV curves carried out in blank 0.5 M H,SO,4 before and after prolonged
reaction (Fig. 7.13). Therefore, these results suggest good stability of the Pb electrode
and that no detectable Pb leaching occurred during the extended reaction study in low-pH

electrolyte (pH = 0) at negative potentials (< 1.3 V vs.RHE).
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Fig. 7.12 Selectivity of levulinic acid ECH versus time at applied potentials of (a) -1.3
and (b) -1.5 V vs. RHE on a Pb electrode in the flow-type PEM-based electrolysis cell
reactor. Reaction conditions: 0.2 M levulinic acid + 0.5 M H,SO4, room temperature, and

ambient pressure. The Faradaic efficiency is related to the liquid products (valeric acid +
GVL).
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Fig. 7.13 Cyclic voltammetry scan conducted in 0.5 M H,SO4 on Pb electrode before and
after the ECH of levulinic acid for 20 hours in the flow-type PEM-based electrolysis cell
reactor. Scan rate: 50 mV s™', room temperature and ambient pressure.

Significantly, it is exciting to observe that the yield of valeric acid could reach up to
84.0 and 93.4% at -1.3 and -1.5 V vs. RHE, respectively, as shown in Fig. 7.14.
Meanwhile, EC analysis shows that even though the ECH of levulinic acid proceeds
faster and the yield of valeric acid is higher at -1.5 V than that at -1.3 V vs. RHE, the EC
at -1.5 V vs.RHE is greater than that at -1.3 V vs.RHE, mainly due to the 200 mV higher
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overpotential required to accelerate the reaction. Thus, there is a trade-off between the
product yield, reaction rate, and the EC; all of which need to be taken into consideration
during practical ECH operation. The high yield of valeric acid achieved in the PEM-
based electrolysis cell reactor will significantly reduce the cost of subsequent energy-
intensive processes for the separation of target products. Additionally, it has been
reported that levulinic acid can be produced by a simple and costefficient acid-catalyzed
hydrolysis of waste cellulosic materials by HZSO4.9’15’2“’212 However, the presence of
H,SO4 will dramatically deactivate the catalysts employed to heterogeneously reduce
levulinic acid®*. Some energy-intensive processes, such as solvent extraction combined
with distillation, are required to separate levulinic acid from H,SO4 before the catalytic
hydrogenation of levulinic acid; thus making the overall process complicated and costly™.
The introduction of flow-type PEM-based electrolysis cell reactor presented herein offers
a feasible strategy to directly use outlet streams of the cellulosic hydrolysis process
(levulinic acid+aqueous H,SO,); this could reduce the capital costs required to upgrade
levulinic acid to a biofuel. Another big issue is the need for pressurized molecular
hydrogen in the chemical catalytic reduction of levulinic acid. The ECH of levulinic acid
conducted in the electrolysis cell reactor does not require an external molecular hydrogen
source, therefore it can be operated in low temperatures and atmosphere pressures. Taken
together, the flow-type PEM-based electrolysis cell reactor is particularly suited for
sustainable processing of biorenewable compounds under continuous operation and the

whole process is viable for scaleup.
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Fig. 7-14 (a) EC and (b) yield of VA versus time at applied potentials of -1.3 and -1.5 V
vs. RHE on a Pb electrode in the PEM-based electrolysis cell reactor. Reaction conditions:

0.2 M levulinic acid + 0.5 M H,SO,4, room temperature, and ambient pressure. The
Faradaic efficiency is related to the liquid products (valeric acid +GVL).

Additionally, the electrolysis cell reactor provides a new strategy to store renewable
electricity produced by PV cells and wind power into liquid fuel compounds by taking
advantage of the chemical potential differences (Table 7.2) between levulinic acid (2.42
MJ mol™) and valeric acid (2.84 MJ mol-1) or GVL (2.65 MJ mol™) to capture electrical
energy during off-peak hours. Off-peak electricity can be used to efficiently convert
levulinic acid into valeric acid or GVL, which can be further upgraded to hydrocarbon

fuels, such as octane and valeric biofuels.”""'**!"”! The efficiency of converting applied
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electricity into stored chemical energy in a specific product (valeric acid or GVL) for

ECH of levulinic acid is calculated by energy storage efficiency (ESE):

Moles (specific identified product)xA H, i ; ; ;
ESE = ( )XAcH epulinic acid-valeric acid or GVL (7_10)
EXIxt/1000

in which E is the applied potential (in V vs. RHE) which only accounted for the cathodic
reaction, the future exploration of efficient OER electrocatalysts will be required in order
to promote the ESE of the single cells, I is the current (in A), t is the reaction time (in
hour), andAcH,,yiinic acidovaleric acid or cvi 1S the difference in the standard enthalpy
change of combustion between levulinic acid and valeric acid or GVL (in kJ mol™). A

higher ESE means that more electrical energy is stored in more energetic fuel compounds.

Table 7.2 Physical properties of valeric biofuel-related compounds

bp | mp State Molar mass | Density Sol'ub}hty Energy Density (We)
Compound % /oC at / ! /KoL limit
STpM |/ EMOKE J /gL' | MImol" | MIL' | MJkg'
Valeric . [c]
acid 186 -35 liquid 102.1 0.93 40 2.84 259 27.8
’Y_
valerolacto | 208 | -31 | liquid 100.1 1.05 > 1001 2.65 27.8 26.5
ne
Lezgilémc 246 | 34 | solid 116.2 1.15 | Miscible | 2.42 24.0 20.8
[a] b.p. = boiling point; m.p.= melting point. [b] STP: standard condition for temperature (298.15 K) and pressure
(100 kPa). [c] Data from Material Safety Data Sheet (MSDS) by SIGMA-ALDRICH. [d] Data from
http://en.wikipedia.org/wiki/ y-Valerolactone. [e] Data from MSDS by ACROS ORGANICS.

Fig. 7.15 shows the ESE of selective ECH of levulinic acid to valeric acid or GVL in
the PEM-based electrolysis cell reactor on a Pb electrode in aqueous solution with
different pH values at an applied potential of -1.3 V vs. RHE. At pH = 0, 70.8% of the
electrical energy is directly stored in valeric acid (with 95% selectivity), whereas 16.7%
of electrical energy is stored in GVL (with 100% selectivity) at pH = 7.5. A detailed
calculation of ESE is tabulated in Table 7.3. The ESE obtained at pH = 0 is significantly
greater than the ESE achieved at pH = 7.5. This result is within the expectations because

the relative reaction rate ratio of ECH to HER is greater in an acidic electrolyte than that
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in a neutral electrolyte and the current density recorded at pH = 0 is about 40% higher

than that at pH = 7.5 in the flow-type electrolysis cell reactor.
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Fig. 7.15 ESE of the selective ECH of levulinic acid to valeric acid or GVL on a Pb
electrode in the PEM-based electrolysis cell reactor at different pH values. Reaction

conditions: 0.2 M levulinic acid, room temperature, ambient pressure, -1.3 V vs. RHE, 2
h.

Table 7.3 The calculation for ESE the PEM-based electrolysis cell reactor.

DHECENC) @)
Energy density -
/ KJ mol™ EleCtIICI'Fy Energy storage efficiency / %
13 Vs consumption
RHE LA | VA | GVL / KJ mol™
pH=0 2420 | 2840 | 2650 593.0 (to VA) [(2)-(1)]/(4) X 100% = 70.8 % (to VA)
pH=75 1377.6 (to GVL) | [(3)-(1)]/(4) X 100% = 16.7 % (to GVL)

LA = levulinic acid, VA = valeric acid, GVL = y-valerolacetone; reaction condition: reaction conditions:
0.2 M levulinic acid, room temperature, applied potential: -1.3V vs. RHE, reaction time: 2 h.

7.3.4 Reaction pathway and molecular structure effects on ECH of oxygenates

containing ketone or aldehyde groups

Based on the results obtained from the half-cell and electrolysis cell reactors, the
reaction pathway for the ECH of levulinic acid is proposed in Fig. 7.16. As discussed

before, the ketone group in levulinic acid is able to be selectively reduced to -OH (two-
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electron transfer) or fully reduced to -CH,- (four-electron- transfer): Lower overpotentials
favor the production of GVL (18.5% selectivity to GVL at -1.1 V vs. RHE), whereas
higher overpotentials facilitate the formation of valeric acid (97% selectivity to valeric
acid at -1.5 V vs. RHE). At low applied potentials, both the ketone group of levulinic acid
and monoatomic hydrogen adsorb weakly on the Pb electrode, resulting in the slower
reaction rate and lower current density observed (Fig. 7.17). According to the proposed
sequential mechanism for ECH of levulinic acid on a Pb electrode (Fig. 7.16 (a)), the
reaction intermediate (4-hydroxypetanoic acid) is more weakly adsorbed on the Pb
electrode surface than levulinic acid. This can be supported by the experiment using the
esterification intermediate GVL as a feedstock, for which the CV curve of the ECH of 0.2
M GVL on Pb in 0.5 M H,SO4 does not show any difference compared with the blank
CV curve recorded in 0.5 M H,SOy4 electrolyte (Fig. 7.17). The product analysis shown in
Table 7.4 further confirms that the conversion of GVL under identical conditions to the
ECH of levulinic acid is zero, and 100% electron transfer is attributed to the HER. The
results indicate that GVL is a relatively stable product under ECH conditions and further
hydrogenation will not proceed, as long as it is produced and desorbed from the metal
catalyst surface. Because the adsorption strength of 4-hydroxypentanoic acid is weaker
than levulinic acid, it is easily replaced by levulinic acid before it reacts with the surface-
adsorbed H atoms for further dehydration and hydrogenation to produce valeric acid. As
4-hydroxypentanoic acid desorbs from the Pb electrode surface, it subsequently
undergoes internal esterification (not an electrochemical reaction) to form the five C-ring
compound GVL. With increasing applied potential, a more negatively polarized Pb
electrode will perhaps not only facilitate the interaction of the C=O (ketone) group of
levulinic acid with the Pb electrode surface, but also increase the concentration of surface
Hags atoms. Thus, a more negative potential could accelerate the hydrogenation of the

C=0 (ketone) group of levulinic acid to -CH,- with less desorbed GVL.
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Fig. 7.16 Proposed reaction pathways for the ECH of (a) levulinic acid, (b) pyruvic acid,
and (c) glyoxylic acid on Pb.

It has also been demonstrated that the pH value can be used to control the final product
distribution. Selectivities of 95% to valeric acid in acidic electrolyte (pH = 0) and 100%
to GVL in neutral electrolyte (pH = 7) were obtained (Fig. 7.16 (a)). The effect of
electrolyte pH on product selectivity was also revealed by the Tafel plot investigation
(Fig. 7.6), which showed that four-electron transfer was involved in the ECH of levulinic
acid in acidic electrolyte, resulting in the formation of valeric acid, whereas only two-
electron transfer was observed in neutral electrolyte (pH = 7.5), leading to the production

of GVL.
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Fig. 7.17 CVs of the ECH of biomass compounds containing ketone or aldehyde groups
on a Pb electrode in acidic electrolyte at a scan rate of 50 mV s, room temperature, and
ambient pressure.

To gain insight into structural effects on C=0O reduction pathways, pyruvic acid and
glyoxylic acid, which contain ketone or aldehyde groups, were also studied. Fig. 7.17
demonstrates the half-cell CVs of the ECH of these oxygenates on Pb in an acidic
electrolyte. A cyclic voltammetry scan in 0.2 M pyruvic acid + 0.5 M H,SO4 gave a 700
mV more positive onset potential and significantly greater current density than that
conducted in 0.2 M levulinic acid electrolyte; this indicates Pb has a higher
electrocatalytic activity towards the ECH of pyruvic acid than that of levulinic acid. In
sharp contrast, with 0.2 M glyoxylic + 0.5 M H,SOs, the ECH reaction rate was much
slower on Pb than that with 0.2 M levulinic acid, as evidenced by the smaller current

density observed in the CV curves.
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Table 7.4 ECH of biomass compounds containing ketone or aldehyde group in half cell
reactor on Pb (pH = 0).

Biomass EC Selectivity Faradic efficiency'™ Conversion

compound / kWh mol™ /% /% /%
0.29 95.0

LA (to VA) (to VA) 57.1 51.3

GVL © o 0 0.0
L 0.14 100

Pyruvic acid (to lactic acid) | (to lactic acid) 36.1 89.6
3.23 100

Glyoxylic acid (to agézl;)()llc (to glycolic acid) 2.5 1.6

Reaction conditions: chronoamperometry of -1.5 V vs. RHE was performed for 4 hin 0.5 M
H,SO, + 0.2 M biomass compounds, room temperature; LA = levulinic acid, GVL = y-
valerolacetone, VA = valeric acid. [a] Faradaic efficiency takes account the sum of electrons
transferred during the ECH of LA to VA and gVL. [b] No products in liquid phase are
detected. [c] All electrons transferred are attributed to HER.

It is interesting to observe that the ketone groups in pyruvic and glyoxylic acid can be
only reduced to -OH through a two-electron- transfer reaction compared with the ECH of
levulinic acid on Pb in an acidic electrolyte, resulting in 100% selectivity to lactic acid
and glycolic acid, respectively (Table 7.4). However, 89.6% conversion of pyruvic acid
after 4 h ECH reaction is much higher than the conversion of both levulinic acid and
glyoxylic acid, whose conversion are only 51.3 and 1.6% respectively. This also agrees
well with the cyclic voltammetry experiment, in which the ECH of pyruvic acid exhibited
the greatest current density. The EC value for the target product, given by the yield,
Faradaic efficiency, and applied potential, determines the specific energy consumption.
As expected, the EC value for the conversion of pyruvic acid into lactic acid (0.14 kWh
mOlj,ctic acid'l) is lower than both values for valeric acid (from levulinic acid reduction) and
glycolic acid (from glyoxylic acid reduction), the EC values of which are 0.29 kWh
MOlygieric acig - and 3.23 kWh molgiycolic acid'l, respectively, as shown in Table 7.4 and Fig.
7.18. These results indicate that the final products may be influenced by the molecular
structure of the oxygenated compounds. As illustrated in Fig. 7.16, the ketone radical

anion could be stabilized by the neighboring electron-donating CHs- group, thereby
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favoring its formation, whereas the lack of CHj- attached to the aldehyde group of
glyoxylic acid makes the intermediate unstable’”, leading to the slower reaction rate of
glyoxylic acid hydrogenation on Pb. On the other hand, the presence of the two-carbon
chain (-CH,-CH,-) allows the dehydration step and subsequent hydrogenation to valeric
acid, as demonstrated in Fig. 7.16 (a).
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Fig. 7.18 EC of selective ECH of levulinic acid, pyruvic acid and glyoxylic acid on Pb
electrode in aqueous solution at the applied potential of -1.5 V vs. RHE, reaction
conditions: 0.5 M H,SO4 + 0.2 M reactants, room temperature and ambient pressure,
reaction time: 4 h.

The work discussed above has successfully demonstrates that valeric acid with high
yield of >90% can be produced from ECH of pure biomass platform compound levulinic
acid in the continuous flow-type PEM-based electrolysis cell reactor. However, it is well
known that most biorefinery downstreams are often very complex, containing lots of
components besides the main targeted feedstock compound. Therefore, it would be more
desirable and practical to investigate the effects of the “impurities” (the coupled
components in the biorefinery streams), such as adsorption and catalytic behavior, on the
electrocatalysts as well as the proposed electro-biorefinery process so that to explore
green electrocatalytic routes to directly process the biorefinery streams to fuels and
chemicals. To this end, efforts were made to integrate ECH of levulinic acid in the PEM-

based electrolysis cell reactor with electrocatalytic oxidation of formic acid in the PEM-
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DFAFC reactor by using the simulated downstream of the acid-catalyzed cellulose
hydrolysis process equal molar of levulinic acid and formic acid in sulfuric acid solution,

as shown in Fig. 7.19, and investigate the effects of each coupled component through this

integrated process.
OH H3S0, Solution
OH -
O o P o
H OH
OH n
H;S0, Solution
Electrocatalytic flow cell reactor Direct formic acid fuel cell
0 O 0]
NOH HO/‘.‘:_\O R \/\AOH HO/“:"‘\O P—— V\)I\OH COZ HQO
o) H,;S0,4 Solution H,S0,4 Solution
Acid Hydrolysis Process Electro-catalytic Hydrogenation Electro-catalytic Oxidation

Fig. 7.19 Schematic flow diagram of coupling the electrolysis cell reactor and PEM-
DFAFC reactor, using downstream of cellulose acid hydrolysis (levulinic acid + formic
acid + H,SO,) as feedstock.

7.3.5 ECH of levulinic acid + formic acid in the continuous flow-type PEM-based
electrolysis cell reactors

The aqueous-phase ECH of levulinic acid and levulinic acid + formic acid was carried
out in a custom-designed PEM-based electrolysis cell reactor with a Pb electrode.
Levulinic acid and formic acid with a molar ratio of 1 : 1 in H,SO4 aqueous solution was
circulated in a closed loop to the cathode chamber of the reactor at room temperature. As
a control experiment, the same concentration of levulinic acid (0.2 M, 0.5 M, and 1.0 M)
without the addition of formic acid was also tested under identical conditions. Section
7.3.2 and 7.3.3 have investigated the CVs of the ECH of levulinic acid on a Pb electrode
in 0.5 M H,SOs. In the presence of 0.2 M levulinic acid, the onset potential is over 200
mV more positive and the cathodic reduction current is greater than that without levulinic
acid. However, an optimized potential is required to yield a significant amount of target
products at an appreciable rate'*®'?"2°%2!4 Thus, all the presented electrocatalysis studies
are conducted at an optimized applied potential of —1.5 V vs. RHE, because as the

applied potential is set more negative, the relative ECH rate
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Fig. 7.20 (a) Conversion and (b) reaction rate of ECH of levulinic acid in 0.5 M H,SO4
aqueous solution at —1.5 V vs. RHE on a Pb electrode in the PEM-based electrolysis cell
reactor under ambient pressure and room temperature.

Fig. 7.20 presents the levulinic acid conversion and reaction rate vs. time for various
feed compositions over a Pb electrode in the PEM-based electrolysis cell reactor. The
reactant and products collected at certain time intervals were analyzed by HPLC. Fig.
7.20 (a) shows that levulinic acid conversions of 90.9%, 73.6% and 41.7% can be
obtained after 8 hours electro-hydrogenation reaction with levulinic acid concentration
fed at 0.2 M, 0.5 M and 1.0 M, respectively. The conversion decreases with the
increasing of the initial levulinic acid concentration, since the geometry of a Pb electrode
involved in the catalytic process governs the electrocatalytic efficiency.”"” In this respect,
the active surface of a Pb electrode intimately interacting with the levulinic acid aqueous
solution cannot provide sufficient reaction sites to afford hydrogenation of levulinic acid
with higher concentrations. Nonetheless, the reaction rate of 0.5 M levulinic acid is
generally higher than that of 0.2 M levulinic acid, as shown in Fig. 7.20 (b). However,
further increase of levulinic acid concentration to 1.0 M does not help to increase the
reaction rate, which may be due to the insufficient quantity of adsorbed hydrogen for the
complete hydrogenation of all the levulinic acid present in the solution. Importantly, it is
demonstrated in Fig. 7.20 that both the conversion and reaction rate of levulinic acid do
not decrease in the presence of formic acid in the course of 8 hours of reaction,
suggesting that formic acid has no “inhibition effect” on levunilic acid electro-

hydrogenation. For example, fed with equal molar formic acid and levulinic acid mixture
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streams (0.2 M, 0.5 M and 1.0 M), levulinic acid conversion of 90.4%, 73.1% and 47.6%
is desirably obtained; the results strongly resemble that of pure levulinic acid fed. In
order to examine whether formic acid is nearly inert on a Pb electrode at an applied
potential of —1.5 V vs. RHE, the formic acid concentration was quantified each hour
using HPLC. As seen in Fig. 7.21, the formic acid concentration undergoes no significant
change during the long run time. There are no unidentified side product peaks in the
liquid chromatographs either. The slight diminishing of formic acid concentration (ca.
10%) is probably a result of the evaporation of the formic acid during 8 hours of reaction,

which can be supported by the blank experiment without applying a potential of -1.5 V vs.
RHE

100ty ?

804 ——o05M H,SO,+0.2 M levulinic acid+0.2 M formic acid

| —0—05MH,SO,+0.5 Mlevulinic acid+0.5 M formic acid
——0.5MH,SO,+1.0 Mlevulinic acid+1.0 M formic acid

60+ —a—0.5MH,SO,+0.2 Mformic acid (without applied potential)

40-

20+

Normalized Concentraion of Formic Acid (%)

Time (h)

Fig. 7.21 Normalized concentration of formic acid during 8 hour ECH of levulinic acid at
—1.5 V vs. RHE on a Pb electrode in the PEM-based electrolysis cell reactor under
ambient pressure and room temperature.

Furthermore, the selectivity of valeric acid and GVL can be regulated by the applied
potential (—1.5 V vs. RHE) and almost remains constant during the 8 hour reaction, as
shown in Fig. 7.22. However, with the levulinic acid concentration increasing from 0.2 M
to 1.0 M, the selectivity of valeric acid decreases from 96.5% to 86.3%, while the
selectivity of GVL increases from 3.5% to 13.7% (Fig. 7.22). At higher concentration of

levulinic acid, protons in solution are presumably more quickly consumed for levulinic
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acid hydrogenation, resulting in the pH increasing near the cathode surface. Higher local
pH likely affects the adsorption behavior and reaction energies of the substrates and
makes the ECH of levulinic acid to valeric acid via four-electron transfer relatively
difficult (Fig. 7.16 (a)). It was demonstrated here that the selectivity to valeric acid can
be slightly increased by co-feeding levulinic acid along with the formic acid, especially
when a higher concentration of levulinic acid was employed, which is observed that the
selectivity of valeric acid ramps up from 86.3% in 1.0 M levulinic acid to 89.8% in 1.0 M
levulinic acid + 1.0 M formic acid solution (Fig. 7.22). In the presence of strong sulfuric
acid (pK, = —3), formic acid (pK, = 3.77) and levulinic acid (pKa = 4.59) are preferably
in neutral molecules without de-protonation in the aqueous solution. Therefore, it is
suggested that the amount of protons originating from formic acid is negligible; however,
the presence of formic acid probably diluted the levulinic acid aqueous solution, so that
the availability of adsorbed hydrogen in proximity to levulinic acid was enhanced, thus

facilitating the conversion of levulinic acid to valeric acid.
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Fig. 7.22 Selectivity of ECH of levulinic acid at —1.5 V vs. RHE on a Pb electrode in the
PEM-based electrolysis cell reactor under ambient pressure and room temperature: LA =
levulinic acid; FA = formic acid.

The Faradaic efficiency represents the competition between the ECH and the HER. In

general, Faradaic efficiency drops gradually in the course of ECH of levulinic acid,
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regardless of the different compositions of levulinic acid solutions introduced into the
system, as shown in Fig. 7.23. It indicates that a larger fraction of the current goes to
generating hydrogen gas as more levulinic acid is converted. With the equal moles of
formic acid added, no apparent change is observed regarding the Faradaic efficiency for
ECH of 0.2 M and 0.5 M levulinic acid, while the average Faradaic efficiency increases
by 4% when comparing 1.0 M levulinic acid without and with 1.0 M formic acid added.
During the ECH of levulinic acid of higher concentration, higher current was observed,
which accelerates the proton generation near the Pb electrode surface. Not only will it
result in higher local pH and more GVL production, but also the overall reaction rate and
efficiency are decreased. However, the replenishment of consumed protons in proximity

to the surface due to the dilution by formic acid increases Faradaic efficiency.

100

®
°

60+

|-~ 0.5 MH,50,+0.2 Mlevulinic acid

40_—[]— 0.5 MH,SO,+0.2 Mlevulinic acid+0.2 M formic acid

1—@— 0.5 MH,SO,+0.5 Mlevulinic acid

20 -{-0—0.5 M H,SO,+0.5 Mlevulinic acid+0.5 M formic acid

|—#—0.5MH,SO,+1.0 Mlevulinic acid

—/— 0.5 MH,SO,+1.0 Mlevulinic acid+1.0 M formic acid
. . ; . :

00 01 02 03 04 05 06
Converted Levulinic Acid Concentration (M)

Faradaic Efficiency (%)

Fig. 7.23 Faradaic efficiency versus the converted levulinic acid concentration at —1.5 V
vs. RHE on a Pb electrode in the PEM-based electrolysis cell reactor under ambient
pressure and room temperature.

Taken together, the presence of formic acid in the levulinic acid aqueous solution has
been found to have no negative effect on the ECH of levulinic acid in terms of conversion,
reaction rate, selectivity, as well as Faradaic efficiency. Although the detailed
mechanisms of the role of formic acid in the ECH of levulinic acid are not very clear yet,
the results show promise to upgrade the levulinic acid obtained directly from the

downstream of cellulose hydrolysis with sulfuric acid to provide an upstream (valeric
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acid + levulinic acid + sulfuric acid) for subsequent electrocatalytic oxidation of formic

acid to purify the biofuel intermediate valeric acid.
7.3.6 Electrocatalytic oxidation of formic acid + valeric acid

Employing a PEM-DFAFC offers a great opportunity to not only remove formic acid to
purify valeric acid biofuel intermediate, but also simultaneously generate electrical
energy to supplement the energy cost resulting from ECH of levulinic acid. Compared
with liquid alcohol fuels, PEM-DFAFC has shown higher output electrical power density.
It has been discovered that formic acid electro-oxidation on Pd-based catalysts proceeds
primarily via the pathway without the formation of strongly poisoning CO intermediates
and exhibits higher fuel cell performance than that on Pt.*'**** PEM-DFAFCs with Pd-
based catalysts can yield very high power density under optimized test conditions, which
has great potential for portable devices. Masel et al. have shown that a PEM-DFAFC with
Pd black and Pd/C anode catalysts can reach a maximum power density of 243 mW cm >
and 171 mW cmfz, respectively, with 3 M formic acid at 30°C.216217 Therefore, in the
present work, carbon supported Pd nanoparticles (Pd/C ca. 40 wt.%) was used as an
anode catalyst for a PEM-DFAFC to self-sustainably remove formic acid remaining in
the downstream of ECH of levulinic acid + formic acid. The electrocatalytic oxidation
(removal) of formic acid was performed by continuously cycling the effluent of a formic
acid — valeric acid mixture in H,SO4 solution (50 ml) into the anode chamber of PEM-
DFAFC at 1.0 ml min"" for 6 hours. A constant fuel-cell voltage of 0.1 V was applied by
controlling the outer-circuits resistance to cogenerate electrical energy. As shown in Fig.
7.24 (a), fed with 1.0 M formic acid + 0.3 M valeric acid of 0.5 M H,SO4 solution, the
current density drops to 17.8 mA cm ? from its initial value (218.6 mA cm ?) after 6
hours operation; meanwhile 47% of the FA present in the reactant mixture has been
electrocatalytically removed (Fig. 7.24 (b)). It is interesting to note that the independent
experiment conducted by feeding 0.3 M valeric acid + 0.5 M H,SOy into the fuel cell
produces a current density of < 0.1 mA cm > under identical operation conditions,
indicating the inertness of valeric acid over the Pd/C anode catalyst (Fig. 7.25). The

measured concentration of valeric acid remains close to 90%, shown in Fig. 7.24 (b), as
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compared with its normalized concentration at the beginning of the reaction. The small
loss of valeric acid after 6 hours reaction may be due to its evaporation, and could be
minimized by optimizing future fuel cell reactor design. In addition, it is worthwhile to
mention that the difference of total electrons calculated by integrating the total generated
charges from formic acid electro-oxidation using the coulometer in the fuel cell tester and
by counting the converted formic acid assuming that two-electron transfer to CO, is less
than 2%, which suggests a satisfactory experiment accuracy of the electrochemical and
analytical methods. In order to investigate the effect of added valeric acid on formic acid
electro-oxidation, 1.0 M formic acid alone with 0.5 M H,SO4 was fed into the PEM-
DFAFC. Fig. 7.24 (a) shows that in the absence of valeric acid, the current density also
gradually decreased and stabilized at 17.5 mA cm * because the reaction rate would
decrease with more FA converted. However, the conversion of formic acid can reach 69%
after 6 hours reaction, which is higher than that when valeric acid was added in the
solution (Fig. 7.24 (b)). The presence of valeric acid in the solution appears to inhibit the
formic acid electro-oxidation rate over Pd/C, resulting in low current density at fuel cell

operation at 0.1 V.
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Fig. 7.24 (a) Current density and (b) formic acid conversion and normalized
concentration of valeric acid as a function of time for electro-oxidation of formic acid in
the PEM-DFAFC at constant fuel cell voltage of 0.1V, 30 C.
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Fig. 7.25 Current density as a function of time for electro-oxidation of valeric acid in the
PEM-DFAFC at constant fuel cell voltage of 0.1V, 30°C.

The polarization and power density curves of PEM-DFAFC with two different fuels are
shown in Fig. 7.26. When fed with 1.0 M formic acid + 0.5 M H,SOy, at a flow rate of 1.0
ml min_l, the PEM-DFAFC with a loading of 3.0 mgpqg cm 2 yielded an OCV of 0.92 V
and a peak power density of 61.3 mW cm ~ (at 135.9 mA cm °) at 30 °C. However, with
the addition of 0.3 M valeric acid, this PEM-DFAFC only produced an OCV of 0.87 V
and its peak power density drops to 44.9 mW cm > (at 95.9 mA cm °). The observed
inhibition of Pd/C electro-catalysts by a valeric acid—formic acid mixture fuel can be
further evidenced by the decrease of the limiting current density from 208.1 mA cm * to
127.9 mA cm %, which implies poor fuel diffusion due to the presence of valeric acid in
the electrolyte. However, after the 6 hours reaction, the MEA was cleaned by washing
with copious deionized water until no valeric acid was detected in the filtrate. The
polarization and power density curves of the PEM-DFAFC with the recovered MEA were
collected again by feeding 1.0 M formic acid + 0.5 M H,SO4. As shown in Fig. 7.26,
nearly repeated I-V curves indicate no fuel cell performance drop between the fresh
MEA and its recovery with DI water washing, indicating that the negative effect of
valeric acid on formic acid electro-oxidation is a reversible process, the Pd/C anode
catalyst is highly stable and the PEM-DFAFC performance can be recovered with DI

water washing.

164



14 [—#— 0.5 MH,SO, + 1.0 Mformic acid
-e—0.5MH,S0, + 1.0 Mformic acid recovery 170
1.2 14— 05MH,S0, + 1.0 Mformic acid + 0.3Myaleric acid T
) ‘6,6=5‘8=6=O=5§6 4604
=0 N e
101 ), -
2 0.8 - \ _ %
(] .0
E ] 440 =z
g 0.6—_ 130 '%
T 044 1P
'®) ] _ 20 g
0.0 0

0O 50 100 150 200
Current Density (mA cm?)
Fig. 7.26 Polarization and power density curves of a PEM-DFAFC employing Pd/C

anode catalyst without and with valeric acid addition and after DI water washing
recovery, ambient pressure, 30 C.

To study the valeric acid effects on the electrocatalytic oxidation of formic acid over
Pd/C, various concentrations of valeric acid ranging from 0.1 M to 0.3 M was added to
1.0 M formic acid + 0.5 M H,SO4 and the cyclic voltammetry experiment was performed
on Pd/C in half cells. Fig. 7.27 shows that the peak currents for formic acid electro-
oxidation in the presence of 0.1 M and 0.2 M valeric acid are 12.7 mA and 0.22 mA,
respectively, which are 46% and 99% lower than the original current of 23.6 mA. As the
valeric acid concentration is increased to 0.3 M, hardly any anodic current can be
observed. To confirm that the decreased current is not attributed to the competitive
electro-oxidation of valeric acid, blank CV experiments with different valeric acid
concentrations of 0.1 M, 0.2 M, and 0.3 M were conducted under identical test conditions
in 0.5 M H,SO4 aqueous solution. Compared with the CV of a blank 0.5 M H;SO4, there
is nearly no anodic current generated from valeric acid oxidation on Pd/C in the course of
the cyclic voltammetry scan (0.1 V to 1.2 V) (Fig. 7.28), which agrees well with the
negligible current density observed when 0.3 M valeric acid + 0.5 M H,SO4 fed into the
PEM-DFAFC (Fig. 7.25). Therefore, the product valeric acid from ECH of levulinic acid
clearly suppresses the electro-oxidation of formic acid over Pd/C in the PEM-DFAFC
reactor, which is integrated for the electrocatalytically oxidize (remove) formic acid to

refine the valeric acid biofuel intermediate. It is also noted in Fig. 7.28 that the degree of
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inhibition is directly correlated to the concentration of valeric acid presented in the
formic acid sulfuric solution. In contrast to the CV curve recorded in blank 0.5 M H,SOy,
both the hydrogen desorption and PdO reduction peaks are decreased with the increase of
valeric acid concentration. The ECSA is calculated by quantification of the electric
charges associated with the reduction of the surface PdO layer. The upper potential bound
of 1.2 V vs. RHE corresponds to a charge density of around 300 uC cm 2, leading to
ECSA of 45.8 m? g_1 in 0.5 M H,SO,4. When the valeric acid concentration was increased
from 0.1 M to 0.3 M, the ECSA of Pd/C dropped to 25.5 and 8.6 m® g ', respectively, as
depicted in Fig. 7.28. The loss of ECSA indicates that the catalytic active sites have been

blocked by valeric acid via its carboxylic group adsorption.
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Fig. 7.27 CVs of Pd/C electro-catalyst in (a) 0 M and 0.1 M, (b) 0.2 M and 0.3 M valeric
acid + 1.0 M formic acid + 0.5 M H,SOy4 solution, at 50 mV sfl, room temperature.
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Fig. 7.28 (a) CVs and (b) ECSAs of Pd/C electro-catalyst in 0 M, 0.1 M, 0.2 M or 0.3 M
valeric acid + 0.5 M H,SOy solution, at 50 mV sfl, room temperature.

To further investigate how valeric acid inhibited the electro-oxidation of formic acid,
various carboxylic acids (0.2 M acetic acid, propionic acid, butyric acid and VA) with
different alkyl group sizes (from C, to Cs) were added to the 1.0 M formic acid + 0.5 M
H,SO, solution. Compared with the CV curve of blank 0.5 M H,SOy, it is noted in Fig.
7.29 that the C,—Cs carboxylic acids present in the electrolyte, despite showing no
activity on Pd/C, significantly reduce the ECSA of the Pd catalyst. Moreover, upon the
increase of the carbon chain length from C; to Cs, the ECSA loss of Pd/C becomes more
severe. For example, when 0.2 M acetic acid (C, carboxylic acid) is added, ECSA drops
to 35.8 m”> g ' (22% decrease from the original ECSA), and it decreases to 30.9, 24.1, and
13.9 m* g ' with the addition of 0.2 M propionic acid (C3), butyric acid (C4) and valeric
acid (Cs), respectively. These results indicate that the anion adsorption of —-COOH in
valeric acid is responsible for the inhibition of formic acid electro-oxidation on Pd/C, and

it will prevent formic acid from continuously oxidation on Pd/C in the PEM-DFAFC.
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Fig. 7.29 (a) CVs and (b) ECSA of Pd/C catalyst in 0.2 M acetic acid, propionic acid,
butyric acid or valeric acid + 0.5 M H,SO4 solution, at 50 mV sfl, room temperature.

A previous study on the influence of acetate ions on ethanol electro-oxidation on a
polycrystalline platinum electrode demonstrated that the accumulation of the product
acetic acid in the electrolyte will lead to acetate anions adsorbed on the platinum
electrode, which will compete with ethanol adsorption, thus significantly impeding
ethanol oxidation in direct ethanol fuel cells.”** It appears similar to the aforementioned
findings of the blocking effect of alkyl carboxylic acids. In addition, an alkyl group
linked to —COOH tends to donate electrons to carboxylic ions, and based on DFT
calculation, the electronegativity of alky groups, being electron releasing, was found to
decrease with the increase of the length of the alkyl chain.”*> Therefore, the electro-
donating effect of the alky group will increase the electron density of carboxylic ions,
making it destabilized, and readily coordinate with the metallic electrocatalysts, such as
Pd/C. Also, the long carbon chains will also entangle each other to prevent the formic

acid diffusion to the catalyst surface for the electro-oxidation reaction.

In summary, it is promising that formic acid conversion of 47% can be achieved in 6
hours of electro-oxidation of formic acid—valeric acid H,SO4 solution in PEM-DFAFC,
and the valeric acid present is inert to the Pd/C anode catalyst. However, the results also
suggest that Pt-group metal catalysts used for electrocatalytic conversion of formic acid

cannot tolerate the impurities of carboxylic acid with long alkyl chains.
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7.4 Conclusions

This chapter reports an efficient approach to renewable electricity storage in biofuel by
selective electrocatalytic reduction of biomass-derived levulinic acid to high-energy-
density valeric acid or GVL on a Pb electrode in the continuous flow-type solid —polymer
electrolyte membrane based electrolysis cell reactor. Compared to batch-type half-cell
reactor, it has been demonstrated a very high yield of valeric acid (> 90%), a high
Faradaic efficiency (>86%), a promising electricity storage efficiency (70.8%) , and a
low electricity consumption (1.5 kWh Lyaeric acid'l). In addition, the applied potential and
electrolyte pH were found to be able to accurately control the selectivity of reduction
products: lower overpotentials favor the production of GVL, whereas higher
overpotentials facilitate the formation of valeric acid. A selectivity of 95% to valeric acid
in acidic electrolyte (pH = 0) and 100% selectivity to GVL in neutral electrolyte (pH =
7.5) are obtained. The effects of the molecular structure on the electrocatalytic reduction
of ketone and aldehyde groups of biomass compounds were also investigated. Levulinic
acid can be fully electro-reduced to VA though a four-electron transfer, whereas the C=0
groups are only electro-reduced to -OH by a two-electron- transfer process when

glyoxylic acid and pyruvic acid served as feedstock.

Next, the electro-biorefinery of the downstream of acid-catalyzed cellulose hydrolysis
process was studied in an integrated electrocatalytic process that couples the ECH of
levulinic acid + formic acid in the continuous flow-type PEM-based electrolysis cell
reactor and electrocatalytic oxidation (removal) of formic acid in the PEM-DFAFC
reactor. The investigations on ECH of levulinic acid + formic acid in H,SO4 aqueous
solution to valeric acid and GVL on a Pb electrode in the electrolysis cell reactor show
that high selectivity to valeric acid (>90%) and high Faradaic efficiency (>47%) can be
maintained during 8 hours of reaction. It was also clearly demonstrated that the presence
of formic acid in the levulinic acid aqueous solution is stable and has been found to have
no negative effect in terms of levulinic acid conversion, ECH reaction rate and Faradaic
efficiency. When 1.0 M formic acid + 0.3 M valeric acid was directly fed into the PEM-

DFAFC, 47% formic acid conversion was achieved in 6 hours and valeric acid is inert to
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the Pd/C anode catalyst during the formic acid electro-oxidation reaction. However, Pd/C
was found to be reversibly deactivated by valeric acid in the reactant mixtures. The half-
cell tests demonstrated that higher valeric acid concentration leads to more serious
competition with formic acid for electrochemical active sites of Pd/C. In addition,
carboxylic acids with different lengths of alkyl chains (C, to Cs) were explored under the
formic acid electro-oxidation conditions and these compounds with longer carbon chains

apparently adsorbed stronger onto Pd/C, resulting in a lower ECSA.

The results suggest that the proposed integrated electro-biorefinery process, though very
promising, currently remains challenging. Advanced electrocatalytic materials that can
tolerate impurities existing in the streams of a crude biomass process need to be
developed. Coupling important electrocatalytic transformations of biomass-compounds

can be further optimized to minimize the overall material and energy costs.
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Chapter 8 Supported Non-Platinum Group Metal Ag
Catalyst for Oxygen Reduction Reaction (ORR) in Alkaline
Electrolyte”

8.1 Background

ORR coupled at the cathode of fuel cells involves multiple electron transferred steps and
proceeds sluggishly. Therefore a large overpotential is required for the delivery of a
satisfactory Faradaic current. Oftentimes in PEMFCs, PGMs have to be employed as
cathode catalysts in order to improve the kinetics of ORR and maintain long catalyst life
time.'”® In high pH media, the ORR kinetics can be greatly improved due to enhanced ion
transport and facile charge transfer.’® Recently, low-temperature AEMFCs have resurged
due to the introduction of novel solid anion exchange membranes that have demonstrated
high anion conductivity and chemical/electrochemical stability.””****** An attractive

merit of AEMFCs is inexpensive non-PGMs can be used as electrocatalysts.”"

In Chapter 3-5, it has been studied that the cogeneration of chemicals and electrical
energy in AEM-DAFCs using glycerol and EG as fuels, where the research focus was
placed on the anodic reactions. To advance the electrochemical valorization of alcohols
in the fuel cell reactors, efficient non-PGMs catalysts need to be explored. Among them,
Ag has exhibited very high ORR intrinsic activity and durability in high pH
electrolyte.”> In addition, the price of Ag is about 20 US$ oz, which is about 75 times
lower than precious metal Pt, 1500 US$ oz™', according to Nasdaq Precious metal Online

Price. Carbon supported Ag electrocatalysts have aroused extensive interests as an

*The material contained in this chapter was previously published in Frontiers in
Chemistry 2013;1: “Carbon Supported Ag Nanoparticles as High Performance Cathode
Catalyst for Anion Exchange Membrane Fuel Cell” by Xin L, Zhang Z, Wang Z, Qi J, Li
W. Copyright © 2013 Xin, Zhang, Wang, Qi and Li.
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alternative to Pt for ORR in alkaline media.*>*%**"*%** Blizanac and coworkers have
demonstrated that on Ag(111) single crystal, the ORR proceeds via four-electron pathway
in high alkaline media (i.e. pH > 15), with very little production of undesirable H,O, by-
product. It was also suggested that although Ag (111)-O,q interaction is weaker when
compared with Pt, it is still strong enough to facilitate dissociation of the O-O bond.*** In
addition, the research efforts were also given to the effect of carbon support on the

pathway of ORR in the alkaline electrolyte®

, and the preparation of Ag/C allows its
application in AEMFCs. Ag-based nanowire catalysts were also successfully synthesized
and it was concluded that four-electron ORR was predominant on the Ag

nanostructures.236

In this chapter, the nanocapsule method was modified to prepare carbon supported Ag
nanoparticles with an average size of 5.4 nm at near room temperature. The ORR
mechanisms and activity on Ag/C was studied in comparison with commercial Pt/C and
non-precious Acta 4020 series cathode catalyst (with approx. 3.5 wt.% Fe-Cu based

transition metals on carbon support).
8.2 General experimental

8.2.1 Preparation of Ag/C (40 wt.%)

The organic solution phase-based nanocapsule method was applied to prepare the
carbon black supported Ag nanoparticles. The detail synthesis procedures have been

described in Section 2.4.5.
8.2.2 Physical characterizations

The morphology, nanostructure and metal loading of the catalysts were analyzed by

TEM, XRD and ICP-OES, as described in Section 2.5.1, 2.5.3 and 2.5.4.
8.2.3 Electrochemical tests in half cells

A conventional three-electrode-cell setup (Fig. 2.1 (b)) consisting of a glassy carbon

disk (0.1963 cm?) / Pt ring(0.1099 cm?) working electrode, a Hg/HgO /1.0 M KOH
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reference electrode and a coiled Pt counter electrode, was used for RRDE tests of ORR
activity on cathode catalysts (Ag/C, Pt/C (40 wt.%, Fuel Cell Store) and Acta
4020).(Section 2.2.1) Before testing, 1.0 mg catalyst was dispersed in 1.0 ml isopropanol
by ultrasonication to form a uniform ink. The working electrode was prepared by
depositing 20 ul of the ink on the glassy carbon electrode and left to dry at room
temperature. Next, Next, 10 pl of 0.05 wt.% AS-4 anion exchange ionomer solution was
drop-casted on the catalyst layer in order to attach the electrocatalyst particles on the
glass carbon substrate. (Section 2.3.1) The RRDE test was conducted in O,-saturated
0.1M KOH electrolyte .LSV at a sweep rate of 10 mV s™' was performed from —0.9 to 0.1
or 0.2 V vs. Hg/HgO/1.0 M KOH at room temperature, on Ag/C, Pt/C and Acta 4020

catalysts. The working electrode rotation rate is 2500 rpm.
8.3 Results and discussion

A typical TEM image of Ag/C catalyst is shown in Fig. 8.1 (a). Uniformly dispersed Ag
nanoparticles were observed on carbon black support. The corresponding particle size
histogram in Fig. 8.1 (b) evaluated from 100 random particles in an arbitrarily chosen
area presents a narrow distribution of 2-9nm, centered at 5.4 nm for Ag nanoparticles,
which indicates the modified nanocapsule method has a strong ability to control over
nanoparticle size and morphology. The XRD patterns in Fig. 8.1 (C) show a typical Ag
fce structure, with the peaks at 38.2, 44.3, 64.4, 77.5, and 81.5° assigned to Ag (111),
(200), (220), (311), and (222) facets, respectively. The average particle size calculated
from the Ag (220) diffraction peak by Debye-Sherrer equation (Equation 2-8) is 4.2 nm,
which confirms the small size of Ag particles prepared by this nanocapsule method. The
metal loading of Ag/C catalyst has been determined by ICP-OES to be 31 wt.%. The
lower metal loading (31 wt.% vs. setting value of 40 wt.%) may be due to the small
amount of surfactant residue still left on the carbon supported Ag catalyst after the

filtration process.
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Fig. 8.1 (a) TEM image, (b) particle size histogram and (c) XRD patterns of Ag/C
catalyst.

Steady state polarization curves for the ORR on Ag/C and its ring current corresponding
to HO,™' oxidation on Pt ring electrode are shown in Fig. 8.2 (a) and (b), and compared
with those of the commercial Pt/C and Acta 4020 catalysts. The onset potential on Ag/C
1s 0.034 V vs. Hg/HgO/1.0 M KOH, which is more negative than those on Pt/C (0.104 V
vs. Hg/HgO/1.0 M KOH) and Acta 4020 (0.075 V vs. Hg/HgO/1.0 M KOH). However, it
is interesting to observe that the ring current on Ag/C is smaller than those on Pt/C and
Acta 4020 catalyst, indicating a lower HO, ™ generation on Ag/C. The HO," is the main
ORR by-product that will not only reduce the energy efficiency by 50%, but also can

deteriorate the ionomer and membrane, thus affect the durability of AEMFCs. The lower
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HO,™ generation rate suggests Ag/C is a more efficient and safe catalyst when employed
in AEMFCs. The number of transferred electron (n) during ORR on all three cathode

catalysts was caculated according to Equation 8-1:%7

n=-L (8-1)
g+ (g
where i, is the disk current, i, is the ring current and N = 0.23 is the RRDE collection
efficiency, the determination of which is discussed in Section 2.2.1 and Fig. 2.2. The
calculated n for Ag/C, Pt/C and Acta 4020 are 3.94, 3.92 and 3.56, respectively. This
indicates that they all catalyze ORR mainly through the four-electron pathway in alkaline
electrolyte. It has been reported that on Ag (111) single crystal, the oxygen reduction
proceeds four-electron pathway in base, whereas two-electron pathway in acid,
suggesting that although Ag-O,qs interaction is weaker than Pt-O,q4s, but it is still strong
enough to break the O-O bond in high pH electrolyte. While in acid electrolyte, anion
coverage on Ag is relatively high, thereby disabling the surface to provide the required
number of virgin sites for adsorption of O, and subsequent O-O bond cleavage

processes.234

Fig. 8.3 shows the Tafel plots on Ag/C, Pt/C and Acta 4020 for the comparison of their
intrinsic activities. The kinetic current density (ji) is estimated by correcting the mass
transport limiting current though Equation 8-2, which is derived from Levich-Koutecky
equation by assuming that ORR obeys first-order kinetics.**®

LI/ ]

Jk =575 (8-2)
where j; is the diffusion limiting current density and j is the collected current density. In
Fig. 8.3, the Tafel slopes on Ag/C, Pt/C and Acta 4020 can be divided into two regions.
The values of 50.4, 46.0, 53.8 mV decade™ are for Ag/C, Pt/C and Acta 4020 in the low
overpotential region, which could be attributed to the transfer of the first electron as a rate

239

determine step and Temkin condition of intermediate adsorption™”. The close values of

Tafel slopes of these three catalysts also suggest the ORR pathway and rate determine
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step occurs similarly. However, in the high overpotential region, the Tafel slopes of 125.4
and 128.5 mV dec™ are obtained for Ag/C and Pt/C and 275.6 mV decade™ for Acta 4020.
The higher Tafel slope observed on Acta 4020 is probably due to the worse mass
transport issue associated with the thicker catalyst layer as Acta 4020 being coated on the

glassy carbon electrode.
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Fig. 8.2 Linear sweep voltammograms of Pt/C, Ag/C and Act 4020 catalysts for ORR in
O,-saturated 0.1 M KOH. (a) Ring current; (b) Steady state polarization curve.

176



0.10 =
o PuC
] : O Ag/C (40%10 ml OAMm)
%.ma}’ A Actad020
0.05- :

0.00+
-0.05
-0.10

-0.15+

Potential (V vs. Hg/HgO/1.0 M KOH)

-0.20 T e o
0.01 0.1 1 10

j, (MAcm?)

Fig. 8.3 Tafel plots of ORR on Pt/C, Ag/C and Act 4020 catalysts in O,-saturated 0.1 M
KOH.

8.4 Conclusion

In this chapter, a solution phase-based nanocapsule method was developed to prepare
Ag/C (ca. 40 wt.%) catalyst. The characterizations reveal that Ag nanoparticles had small
size of 5.4 nm and narrow size distribution of 2-9 nm. High activity and four-electron
reaction pathway of ORR in alkaline media on Ag/C were confirmed by using RRDE
tests and compared with commercial Pt/C (40 wt.%) and Acta 4020 (Fe-Cu-N4/C).
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Chapter 9 Concluding Remarks and Recommendations

My Ph.D. research has been focused on the electrocatalytic selective conversion of
biomass-derived compounds (ethylene glycol, 1,2-propanediol, glycerol and levulinic
acid) to production of value-added chemicals, biofuels and electricity on the model
electrocatalysts (Pt/C, Pd/C, Au/C, Pb and Cu bulk electrodes). In addition, ORR that
often couples with the electro-biorefinery process in AEMFCs reactor was also
investigated on non-PGM catalyst (Ag/C and commercial Fe-Cu-N4/C). These studies
have led to cogeneration of electrical energy and fine chemicals in AEM-DAFCs and
electrochemical upgrading biomass feedstock to biofuels while storing renewable
electricity in the continuous flow electrolysis cell reactors. Further understanding of these
potential-regulated electrocatalytic reactions and charge transfer process at the electrified
electrode-electrolyte interface was also achieved by introducing an on-line sample

collection system and combining experimental and DFT studies.
Recommendations for the future work include:

(1) Rational design and engineering of multi-metallic catalysts with optimized nano-scale
structures guided by experimental and theoretical researches shown in Chapters 3-6 is
needed, in order to enhance their electrocatalytic functions to convert chemical energy in
biorenewable fuels to electricity and simultaneously generate high selectivity of valuable

products with high reaction rate.

(2) In Chapter 7, although it has demonstrated the promise of harvesting excess
renewable electrical energy from PV cell or wind power through electrochemical
upgrading biomass-based feedstock into biofuels of higher energy density, it was found
that a higher reaction rate achieved has to be at a sacrifice of the input energy, because
higher overpotentials (> 1.0 V) are needed to produce sufficient atomic hydrogen
adsorbed on the bulk Pb electrode to trigger the ECH reaction, as well as overcome the
activation energy barrier of the electro-hydrogenation reaction. One method to improving
the overall reaction efficiency is to replace the bulk electrode by incorporating the

nanostructured metallic catalysts into the membrane electrode assembly (MEA) to
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improve the ECH activity while suppressing HER. On the other hand, the calculations of
electricity consumption (EC) and energy storage efficiency (ESE) were only accounted
for the cathode reaction in continuous flow electrolysis cells. Preparation of affordable
electrocatalysts that has high activity and durability towards oxygen evolution reaction
(OER) is also needed in the future research. Further translating the performances of OER
obtained in the half cells to the continuous electrocatalytic membrane cells is necessary
for large scale applications. Our preliminary results on NiFe/C for OER have already
demonstrated superior activity and stability in alkaline electrolyte compared with state-
of-art precious metal Ir/C (Qiu Y", Xin L", Li WZ. (‘equal contribution) An Effective
Supported Ni-Fe Electrocatalyst for Water Oxidation, Langmuir 2014 (submitted)).

(3) Another challenge discussed in Chapter 7 is the observed serious catalyst
deactivation issue associated with electrocatalytic oxidation of formic acid + valeric acid
mixture downstream in PEM-DFAFC during integrated electrocatalytic refinery of
levulinic acid and formic acid process. The possible explanation was provided based on a
series of experiments that it is mainly due to the presence of valeric acid — a primary
alkyl-carboxylic acid, which can act as an electron donor occupying the noble metal
catalytic active sites for formic acid oxidation. Therefore, theoretical and experimental
work i1s needed in the future to screen the proper catalysts and rationally design more
efficient catalysts so as to weaken the interaction between the alkyl-carboxylic group and
metal via electronic structure manipulation. This may provide important knowledge for
directly applying electrocatalysis for upgrading crude biomass/biorefinery streams to

biofuels/chemicals.

(4) In Chapter 4, 6 and 7, the proposed reaction pathways were derived based on the
products quantified in the bulk liquid electrolyte with variation of electrode potentials.
However, understanding of the surface electrochemistry is desired in a way that the state-
of-art electrochemical microscopic and spectroscopic techniques need to be developed in
conjunction with electrochemical tests. The acquired knowledge incorporated with the
quantum mechanical modeling (DFT) will then help elucidate the atomic and electronic

interaction between each component of electrocatalyst and the supporting materials at the
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most fundamental level as well as their functions in the electrocatalytic reactions, thus
leading to the exploitation of novel advanced electrocatalytic materials to fulfill the goals
of effective conversion of biomass into chemicals, biofuels with industrial significance

and electricity.
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Appendix C Copyright permission of Chapter 3

Chapter 3 in this dissertation was initially published in Applied Catalysis B:
Environmental, Elsevier, titled “Supported Pt, Pd and Au nanoparticle anode catalysts for
anion-exchange membrane fuel cells with glycerol and crude glycerol fuels”, Volumes
136-137, 5 June 2013, Pages 29-39. Permission to reproduce the aforementioned
copyrighted materials in both print and electronic formats was kingly granted by Elsevier,
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Appendix D Copyright permission of Chapter 4

Chapter 4 in this dissertation was initially published in Applied Catalysis B:
Environmental, Elsevier and ChemCatChem, John Wiley and Sons, titled “Selective
electro-oxidation of glycerol to tartronate or mesoxaltate on Au nanoparticle catalyst via
electrode potential tuning in anion-exchange membrane electro-catalytic flow reactor”,
Volume 147, 5 April 2014, Pages 871-878, Applied Catalysis B: Environmental;
“Electrocatalytic selective oxidation of glycerol to tartronate on Au/C anode catalysts in
anion exchange membrane fuel cells with electricity cogeneration”, Volumes 154-155,
July-August 2014, Pages 360-368, Applied Catalysis B: Environmental; “Simultaneous
generation of mesoxalic acid and electricity from glycerol on a gold anode catalyst in
anion-exchange membrane fuel cells”, Volume 4, Issue 8, Pages 1105-1114, August 2012,
ChemCatChem. Permissions to reproduce the aforementioned copyrighted materials in
both print and electronic formats were kingly granted by Elsevier and John Wiley and

Sons, and the copies of License Agreement are attached below:
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Appendix E Copyright permission of Chapter 5

Chapter 5 in this dissertation was initially published in Applied Catalysis B:
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Appendix F Copyright permission of Chapter 7

Chapter 7 in this dissertation was initially published in ChemSusChem, John Wiley
and Sons and Green Chemistry, The Royal Society of Chemistry, titled “Electricity
storage in biofuels: selective electrocatalytic reduction of levulinic acid to valeric acid or
y-valerolactone”, Volume 6, Issue 4, Pages 674-686, April 2013, ChemSusChem, and
“Integrated electrocatalytic processing of levulinic acid and formic acid to produce
biofuel intermediate valeric acid”, Volume 16, Issue 3, Pages 1305-1315, 2014, Green
Chemistry. Permissions to reproduce the aforementioned copyrighted materials in both
print and electronic formats were kingly granted by John Wiley and Sons and The Royal
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Appendix G Copyright permission of Chapter 8

Chapter 8 in this dissertation was initially published in frontiers in Chemistry: Green
and Environmental Chemistry, Frontiers Media S.A., titled “Carbon supported Ag
nanoparticles as high performance cathode catalyst for H,/O, anion exchange membrane
fuel cell”, Volume 1, Article 16, September 2013, frontiers in Chemistry. Permissions to
reproduce the aforementioned materials in both print and electronic formats were kingly

granted by Frontiers Media S.A. and in compliance with the Copyright clause attached

below regarding to the reproduction:
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Carbon supported Ag nanoparticles as high
performance cathode catalyst for H,/O, anion
exchange membrane fuel cell

Le Xin, Zhiyong Zhang, Zhichao Wang, Ji Qi and Wenzhen Li*

A solution phase-based nanocapsule method was successfully developed to synthesize no

-platinum
metal catalyst—carbon supported Ag nanoparticles (Ag/C). XRD patterns and TEM image show Ag
(
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oxygen reduction reaction (ORR) on the Ag/C and commercial Pt/C were investigated using rotating
ring disk electrode (RRDE) tests at room temperature. The results confirmed that the 4-electron
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uniformly dispersed on the carbon black Vulcan X!
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power density of 190 mW/cm? at 80°C.
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