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Technical Abstract

The overall objective of this project is to discover the nature of the electrochemically active
sites and to uncover the mechanisms for the electrocatalytic transformation of small organic
molecules to oxygenate products such as methanol, formaldehyde, carbon monoxide and
acetylene. Among the feedstocks of interest in this study are: methane, carbon dioxide, and
acetic acid. Methane is an incredibly attractive potential feedstock because of the recent
discovery of large shale deposits; carbon dioxide is potentially a very available feedstock from
carbon capture technologies; acetic acid (as well as CH4 and CO. and ethanol) has potential as a
bio-derived feedstock. This report summarizes the major results to date regarding the
electrochemical transformation of CH4, CO2 and acetic acid to chemicals and fuels — with a
primary focus on methane. Finer details are available in each of the projects annual reports. In
addition to the primary objective, the work in this project has led to synergistic discoveries that
are advantageous to other fields including: catalyst layer deposition, anion exchange membrane
fuel cells, CO> capture and li-ion batteries. Those are very briefly discussed as well.



A. Motivation

There is no question that the energy landscape in the United States is undergoing a
metamorphosis towards energy carriers and energy conversion processes that possess a reduced
anthropogenic carbon footprint. Because of its increased efficiency compared to internal
combustion, the transportation sector is seeing the gradual electrification of passenger vehicles
which is expected to dramatically grow in the next decade [1-2]. In the electricity sector, coal is
becoming less and less economically attractive and is being replaced largely by natural gas and
an ever-increasing amount by solar and other renewable energy technologies that are becoming
more and more cost competitive every day [3]. On top of this, the threat of global climate
change has brought considerable social, economic and political attention to the need for a
significant reduction in CO2 emissions around the world [4-5]. However, in the industrial sector,
the least efficient sector in our economy after transportation [6], transformative innovations have
lagged. The largest subset of the industrial sector from an energy perspective is the production
of commodity chemicals — accounting for 5.5% of global energy consumption [7-8], which relies
heavily on conventional natural gas and petrochemical processing.

As the main component of natural gas, methane is a well-established and widely available (at
low cost with the recent discoveries of vast amounts of shale gas) feedstock for the production of
chemicals, particularly small chain organics, Figure 1a. Despite being widely deployed, its use
has an intrinsic constraint that makes the process unavoidably expensive and environmentally
concerning: methane is first converted to synthesis gas (“syngas™) through steam reforming,
which is done at very high temperatures (~ 900°C) and is very highly exothermic (AHgooc = 227
kJ/mol). The need for this significant amount of high-quality heat is met through burning of
additional methane, making this process extremely carbon inefficient (~1/2 of all methane
becomes CO2, not a desired product). Therefore, many have called for the low temperature,
direct transformation of methane to chemicals and fuels one of the “Holy Grails in Chemistry”
[9-11] — and advances in catalysis are central to achieving it [12]
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Figure 1. Chemical pathways for the production of fuels and chemicals from: a) conventional highly CO, emitting
methane steam reforming; and b) biological feedstocks and fermentation products (based on preliminary data).

On the petrochemical side, refining provides two primary classes of intermediate chemicals
in addition to syngas: olefins (e.g. ethylene) and aromatics (e.g. benzene), which are converted in
downstream or off-site processes to commodity and specialty chemicals. Both olefins and
aromatics are typically obtained from steam cracking of hydrocarbon feedstocks. Steam
cracking requires a very large energy input — where the latent heat of water needs to be overcome



and the resulting vapor superheated to 850°C; in fact, in a typical petrochemical plant, steam
cracking alone is responsible for more than 1/3 of the consumed energy [13]. The boiler
requirements are met by burning natural gas and gas-phase refining products. Additionally,
separations processes, pumps, compressors, etc. consume additional thermal and electrical
energy. In the end, the combination of losses translates into very poor carbon efficiency for
chemicals produced through petrochemical processing — where as little as 46% [13-14] of the C
atoms that enter the facility may become desired products, and the rest are lost to the atmosphere
as COa.

Therefore, there is a strong desire to replace these fossil fuel dependent processes with
alternatives that have reduced energy consumption — particularly high temperature energy — as
well as higher carbon efficiency and lower CO, emissions. One of the most promising
alternatives, which has been discussed for several years, is biomass [14-16]. It has been
estimated that if properly implemented biomass could account for 60% of all renewable energy
use in only ~15 years [17]. Biomass has the distinct advantage of being able to sequester
expended CO- at the rate it is evolved (unlike geological sources), assuming that it is replaced at
the same rate it is consumed. Additionally, biomass can provide pathways to create complex
organic molecules. Though there are many routes for the conversion of biological sources to
fuels and chemicals (e.g. gasification), biomass fermentation (anaerobic digestion) is likely the
most attractive due to its relatively low energy demand, low temperature operation, and product
selectivity. Though there are many possible products that are possible from naturally-occurring
and genetically modified species, four of the primary products from fermentation are: methane
and CO2 gases, and ethanol and acetic acid liquids. Therefore, it is expected that these four
molecules will be important feedstocks for next-generation processes and provide the building
blocks to produce future fuels and chemicals, as illustrated in Figure 2.

Further supporting the importance of studying these four molecules is: i) the explosion in the
availability of low cost methane through the shale gas boom; ii) the likelihood for large volumes
of CO: that are expected emerge as a feedstock resulting from the extensive global carbon
capture efforts currently underway; and iii) the regional diversity of biomass [18-19] and need to
have standardized ways to process their fermentation products. Hence, if the chemical industry
is to move towards biological feedstocks, and pathways that consume the lowest amount of
energy, the U.S. will likely see a regionalization of processing pathways [19] where the optimal
path to produce methanol in Pennsylvania may be drastically different than North Dakota, which
calls for a modular, distributed approach. However, the infrastructure does not exist and there is
limited fundamental insight to convert these four building block molecules into desired
traditional feedstocks — such as ethylene — and/or direct commodity chemicals — such as
methanol — through low temperature, low energy, low carbon footprint pathways.

Electrochemical schemes are ideal for modular concepts because they scale directly with
surface area and current density (not volume), typically operate at low temperature, and are able
to achieve efficiencies that are not limited by thermochemical cycles. Also, electrochemical
processes provide a unique opportunity to pair with renewable energy sources, such as wind and
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B. Progress with Electrochemical Methane Conversion to Chemicals and Fuels

Methane is one of the most important industrial gases. Not only is it directly used for heat
generation, it is the primary feedstock for several of the most widely produced commodity
chemicals including hydrogen, ammonia, methanol and formaldehyde. Methane is one of the
most widely available resources in the world, with a large amount of it wastefully burned off or
vented into the atmosphere. Anthropogenic sources contribute to an estimated 350 million tonnes
of methane emissions annually [20]. In the atmosphere methane has 25 times the impact of
carbon dioxide on climate change [20]. A primary cause of this waste is difficulty with stable
transportation of methane, as well as the heat-intensive process required for methane conversion.
A streamlined operation that can convert waste methane to a product more suitable for
transportation could turn a pollutant into a revenue generating commodity. Methanol, a primary
product of methane conversion, is a very high value product. With a global production capacity
around 100 million tonnes per year (demand is ~ 2/3 of capacity), methanol is the world’s 5th
largest commodity by volume. At a cost of $1.33 a gallon, the methanol industry generates 36
billion dollars in global economic activity and is responsible for 100,000 jobs. Methanol can be
used to synthesize numerous products, and has been touted as an important energy carrier of the
future. Its high energy density and liquid state in atmospheric conditions make it ideal for stable
transportation and storage that is compatible with existing petroleum infrastructure [21-22].
Methane activation and conversion is typically accomplished though syngas production by
methane steam reforming which requires high pressure (typically above 10 bar) and high
temperature (above 650 °C). The syngas product is an over oxidized product, necessitating



reduction back to methanol or other desired oxygenates. Although this process is very
thermodynamically efficient, the C-H bond has a high dissociation energy requiring a large
amount of high quality heat, which comes from burning methane for heat. In fact, over 40% of
the methane fed to a syngas reactor is combusted to CO.. Additionally, the process involves
excessive intermediate reaction steps where the methane is over-oxidized to low energy carbon
monoxide, and then re-reduced to the higher energy state methanol. This process is inelegant and
energetically circuitous, and has potentially unnecessary steps if a high efficiency, direct
methane to methanol process can be found.

Since they allow for control of the catalyst surface free energy, electrochemical methods
have the potential to reduce the thermal and overall energy barrier to convert methane to
oxygenates. However, though noble metal catalysts play a role in the chemical and
electrochemical conversion of many chemicals, methane activation on these surfaces has been
notoriously difficult. Experiments in strongly acidic media have not yielded any promising
candidates to date. We tested an extensive array of transition metal catalysts for the partial
oxidation of methane in strongly alkaline media and have found that in traditional potential
windows, very little activity, sometimes if any, can be observed. A small portion of our data set
using noble metal catalysts in alkaline media for methane activation is shown in Figure 3.
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Figure 3. Low methane activation on a wide array of noble metal catalysts in 0.1M KOH electrolyte

Moving forward, we intend to investigate different means to increase the driving force for the
reaction including higher potentials, increasing pressure beyond atmospheric pressure and
increasing temperature. This is completely unchartered territory and a significant amount of
room exists for innovation in this space.

However, it would be advantageous to perform methane oxidation at low potentials since that
would directly translate into lower conversion energies — or even the ability to perform these
conversions spontaneously at room temperature with an oxygen reduction counter reaction (this
could also enable a low temperature direct methane fuel cell, something that has been of great
interest for many years). To accomplish this, we believed from our previous work [23-26] that



the redox behavior of surface oxygen in metal oxides, more specifically nickel oxide, could play
a role in activating methane. If this were the case, the reaction could proceed by the following
proposed mechanism:

In alkaline media, NiO hydrolyzes to Ni(OH)> and is then oxidized to through an
electrochemical surface redox reaction to NiOOH. The reactant, in this case CH4, approaches
the surface, and the reacts with the surface oxygen, returning Ni(lll) to Ni(Il), Equation 1.

NiOOH +CH, — Ni(ll)OH" +CH,OH +e" Q)
The catalyst surface then reacts with OH" in the electrolyte to form Ni(OH),, Equation 2, then is
re-oxidized to NiOOH electrochemically, Equation 3, where the catalytic cycle begins again.

Ni(I1)OH" +OH~ — Ni(OH), + H,0O (2)
Ni(OH), +OH™ — NiOOH + H,0+e" (3)
Total reaction: CH, + 20H + - CH,OH + H,O + 2e~ (4)

The key intermediate in this proposed mechanism is Ni(I)OH*, which has yet to be
identified experimentally, but we would like to use operando XAS measurements in the future to
explore the Ni surface state during this reaction as well as the surface state of other transition
metal catalysts during methane oxidation. By operating based on such an oxygen insertion
mechanism, these methods have the potential to substantially reduce the operating temperature.
Processing conditions for electrosynthesis can also be tailored to selectively and dynamically
change the reaction selectivity, meaning that the several unit operations that are currently
required for the conversion of methane to methanol or formaldehyde might be reduced to a
single step. This might be achieved by utilization of a hydroxide/oxyhydroxide couple in
hydroxide aqueous media, or by use of a co-catalyst for methane adsorption and oxygen donation
from carbonate.

To test a NiO catalyst for methane oxidation, we created a thin-film electrode on an
insulated glassy carbon disk. Figure 4a shows cyclic voltammograms for NiO both with and
without methane present. In alkaline media, the NiO is immediately hydrolyzed to Ni(OH)..
The reaction that occurs at 0.5 V — 0.6 V vs SCE represents the Ni?*/Ni** redox couple
(Equation 5) to form the electrochemically active NiOOH species shown in Equation 1. The
reaction present after 0.85 V vs SCE represents the oxygen evolution reaction (OER, Equation
6).

Ni(OH), +OH~ — NiOOH +H, O +¢e~ (5)

40H™ >0, +2H,0+4e” (6)
This pair of reactions is present both in the absence and presence of methane with no dditional
activity under methane saturation. Figure 4c is an EIS IR-corrected Nyquist plot taken at 0.7
V vs SCE, which shows a 37% increase in resistance at the onset of the OER. These
combined results indicate that methanol adsorption is occurring, but no activation of methane
is taking place on the catalyst surface in this potential window. This confirms the flow cell
tests, which showed that the methane formation reactions did not occur until very high
potentials, and with low faradaic efficiency due to interference with the OER.
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Figure 4. NiO vs NiO:ZrO; electrochemical tests in 0.1M Na,COs electrolyte saturated with nitrogen or
methane: Cyclic voltammetry (CV) for NiO (A). CV for NiO:ZrO; (B). Electrochemical impedance spectroscopy
(EIS) IR-corrected Nyquist plots for NiO (C). EIS IR-corrected Nyquist plots for NiO:ZrO; (D).

Zirconia was added to the nickel oxide catalyst for its likely ability to adsorb carbonate ions.
The bi-functional catalyst of NiO:ZrO> was synthesized using a co-precipitation method, and
tested in the same manner as the pure NiO. The CV, shown in Figure 4b, shows a significant
increase in activity in carbonate compared to hydroxide. The EIS IR- corrected Nyquist plot for
the bi-functional catalyst also showed an 87 % the charge- transfer resistance (Figure 4d.).
These tests suggest that the methane is activated on the catalyst using carbonate as an oxygen
donor, aiding by adsorption on the ZrO; catalyst.

We additionally performed chronoamperometric experiments in flow cells at several
voltages for 2 hours each, Figure 5. Figure 5b shows the current draw over the 2 hour period at
each voltage. Figure 5¢ Shows the 1.30 V current vs time data taken on three consecutive days
and demonstrates repeatability in the cell. As expected. the current was higher as the voltage
increased, though the increase from 1.35 V to 1.40 V and 1.40 V to 1.45 V was much larger
than the initial increase from 1.30 V to 1.35 V. Figure 4d shows that this larger increase is
likely due to an increase in oxygen evolution in the cell, demonstrated by the sharp decrease in
the faradaic efficiency, Figure 5d. This would indicate that an oxygen evolution suppressant
may have an impact on the performance of this cell, potentially increasing the faradaic
efficiency and the possible operating voltage range. The detection of methanol was also
recorded by HPLC and GC/MS. This confirmed the formation of methanol in the cell.
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Figure 5. Liquid hydroxide flow cell data: A 2 mV/s linear sweep voltammogram from 0.0 V to 1.5 V (A).
Chronoamperometric plots for 2 hour experiments at several voltages (B). Chronoamperometric plots for 2 hours
experiments at 1.30 V on 3 consecutive days (C). Methanol collected by hexane cold trap during 2 hour

experiments, with faradaic efficiency.

Another interesting note is that methane was primarily activated at moderate pH. This is
shown in Figure 6 where data in 0.1 M KOH (Figure 6a) and 0.1 M K>COs (Figure 6b) can be
compared. There was low activity in KOH, but a clear enhancement in carbonate — and several
products were detected including CO, HCOH, and CHsOH (which was the major organic
product). Perhaps even more interesting, the nickel oxide catalyst showed photosensitivity

where in the presence of even
simple room lighting, the redox
activity was enhanced in three
regions (Figure 5c). At the higher
end of the potential window, this is
not too surprising since NiOOH is
a well-known OER photocatalyst.
However, it was surprising that the
definition in the Ni(I1)—Ni(lll)
region (~0.55 V vs. Ag/AgCl) was
increased since the band edges for
Ni(OH). and NIiOOH make it
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Ni(OH)2, also a semiconductor, to
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Figure 6. Partial oxidation of methane on NiO-based catalysts.
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allow for the formation of NIOOH. Therefore, this enhancement in the Ni
hydroxide/oxyhydroxide regime must come from redox activity of NiOOH, requiring addition
NiOOH to be produced, which is supported in the potential region between the transition and the
OER where a more defined and relatively larger current is observed — suggesting even higher
methane activity. Making the picture even more intriguing is that in the presence of co-
precipitated ZrO> (physically mixing does not work) — which slightly increases the band gap of
NiOOH and shifts its band edge — this effect is even further enhanced. This is something that we
intend to study further in the future.

C. Acetic Acid Partial Oxidation

During the course of our project, we did design
an operando electrochemical cell (OEC) that allows
our group to quantitatively investigate reaction
mechanisms in a realistic reacting environment
(Figure 7), while simultaneously allowing for the
real-time collection and analysis of products in
custom-designed GC and GC/MS systems for
differential electrochemical mass spectrometry
(DEMS) for gas-phase products as well as NMR
and FTIR for liquid phase products during
controlled electrochemical experiments.

Over the course of this project, we investigated
several catalysts for the partial oxidation of acetic
acid, mostly noble-metal based, including: Pt, PtRu,
PtNi nanocages, PtNi alloy, PtCu alloy, and PdCu _ - :
alloy. A sampling of some of these materials are gg‘éré,\;'s gﬁsrégiﬂesl?gg\%egggiﬁxg[
pictured in Figure 8a. One of our most interesting identifying reaction mechanisms for methane
observation has been that the acetic acid oxidation ~ @nd acetic acid oxidation, and other reactions.
overpotential is a function of pH. At low (pH~1) and high (pH~13, Figure 8b) pH, acetic acid is
oxidized only above the oxygen evolution reaction (OER) potential. However, at intermediate
pH, acetic acid oxidation occurs at much lower overpotential, before the OER. This is shown for
both Pd-Cu alloy and Pt-Ni nanocages in Figures 4c and 4d, respectively. This atypical behavior
suggests, agreeing with Kapalka et al.[27] and Wieckowski et al. [28], that surface water plays
an important role in the oxidation mechanism, though at the time of those works there was not
widespread access to DFT calculations that are able to quantify the —-H, —OH, and —H-O binding
and dissociation energies readily, nor was there an existing concept that these energies may be
descriptors for catalytic behavior. This is a link that we will aim to make in the next phase of our
work.

The onset of this reaction is accompanied by the emergence of several products including:
methanol, methane, formaldehyde, formic acid, ethane, ethylene, methyl formate, methyl acetate




(forming from the reaction of two
acetic acid molecules), CO and
CO> (Figures 9a and 9b). The
relationship between the potential
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covered more fully with organic intermediates from the increased activity which sterically
hinders water from reaching the catalyst surface — both explanations have merit and need to be
reconciled. All of the observed discharge products, along with other information from our
experiments and the literature have led us to propose an extensive mechanism for the oxidation
pathways for acetic acid, Figure 9c — one that may be able to finally explain the complex reaction
network and all of the observed products.
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Figure 9. Results from the partial oxidation of acetic acid. a) product profiles as a function of potential and
reacting environments; b) example responses from NMR and GC; and c) catalytic pathway proposed by our group.
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D. COz2 Reduction to CO on Preferentially Oriented Ag Electrodes

Of the explored metals for electrochemical reduction of CO2, gold (Au) and silver (Ag) are
reported to have the highest activity and selectivity for CO among the pure transition metals due
to their distinctive CO binding energy. Compared to Au, the relatively low cost and higher
abundance of Ag makes it a more promising candidate for commercial use. However, a large
overpotential is required when using polycrystalline Ag and, though relatively high, the CO
faradic efficiency (FE) is still insufficient [29].

In the 1990s, Hori and coworkers studied the orientation and potential dependence of CO>
electrochemical reduction on Ag single crystal surfaces in order to determine which crystalline
facets are the most active [30]. Their results showed that Ag (110) and Ag (100) possess high
activity for CO; electrochemical reduction to CO. Since then, this has been explained by density
functional theory (DFT) calculations have shown that the adsorbed carboxyl (*COOH) was most
strongly bound to the Ag (110) facet, followed by Ag (100) and Ag (111), with the Ag (111)
surface binding the *COOH the weakest [32]. However, translating their findings to producing
highly active and selective nanoparticles has been elusive to date. Therefore, the overarching
goal of this work was to produce a preferentially-oriented Ag electrocatalyst (PON-Ag) with low
index preferential faceting in order to achieve
the elusive combination of very high catalyst
activity and very high faradaic efficiency.

The PON-Ag catalyst was synthesized by
electro-anodization/reduction cycles with an ; —AD-Ag
Ag foil in 0.5 M KHCOs. The anodization LL
treatment created a layer of Ag.COs (Figure _ ) A
10a) on the electrode surface, which was “
subsequently reduced to Ag nanoparticles
(Figure 10b) and then used for CcO, ° " * ° " " * ”
electrochemical reduction. After reduction, the -~ 55
OD-Ag exhibits a much rougher surface with
uniformly distributed particles (Figure 10c,d)
and average thickness of 2.5 um (Figure 10e).
Bicarbonate electrolyte was used with the
intention of first oxidizing Ag to Ag.CO3
because it was believed that the rapid
destruction of the monoclinic structure (in the
subsequent electro-reduction) and
recombination of Ag would result in more
(100) and (110) surface orientation than the
same process from cubic Ag20O. In addition to
the preferential faceting, the method used in  Figure 10. (@) XRD patterns of Ag.COs, PON-Ag

this study has another advantage over other and polycrystalline Ag-foil; Representative SEM
images of (b) Ag foil surface; (c) (d) (¢) OD-Ag

—PON-Ag
Ag foil

Intensity (.a.u)
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existing approaches in that it does not require different electrolytes to conduct the anodization
treatment and to perform CO2 reduction, which avoids introducing impurities and possible
detachment of the oxidized Ag particles when changing the electrolyte for subsequent CO-
electrolysis. This electrode fabrication method is also simple and scalable, and may even allow
for in-situ catalyst regeneration or self-healing, and which will be probed in future work

The electrochemical reduction of CO> was investigated on PON-Ag [32] and two primary
gas-phase products were found: CO and H.. The PON-Ag showed very high rates and CO
selectivity. Figure 11a presents iR-corrected total reduction current densities (normalized to the
geometric electrode area) as a function of potential, which were measured
chronoamperometrically.
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Figure 11. Electrochemical characterization of polycrystalline Ag foil and PON-Ag electrodes showing: (a) total
reduction current density; (b) CO partial current density as a function of potential (iR-corrected); (c) Tafel plot of
overpotential as a function of CO partial current density; and (d) CO faradaic efficiency as a function of potential
(current densities normalized by geometric surface area).

The PON-Ag showed a much higher total reduction current density than the Ag foil, at least
partly because of the enhanced surface area. From this data, the CO partial current density was
calculated, and the result is plotted in Figure 11b. The PON-Ag showed a higher CO partial
current density than that of the polycrystalline Ag at all operating potentials, ranking the second
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highest among all of the materials reported in the literature to date. One of the most significant
results of this work is that the onset potential for CO> reduction on PON-Ag was high, meaning
low overpotential, where a measureable CO partial current density (> -0.05 mA/cm?) was found
at only 0.3 V vs. RHE (0.19 V overpotential). It should be noted that the polycrystalline Ag had
a much lower cathodic onset potential (higher reaction overpotential), matching well with
previous literature.

In order to gain Kinetic insights into the enhanced catalytic activity of CO2 reduction to CO
on PON-Ag from the electrochemical data, Tafel plots (potential vs. log of the partial current
density) were created and are shown in Figure 11c. The PON-Ag electrode showed a Tafel slope
of 115 mV/decade for CO production, which suggests that the surface formation of a surface
adsorbed *COOH intermediate is the rate-determining step [32].

The selectivity for CO. reduction to CO was also investigated on the PON-Ag and
polycrystalline Ag electrodes and is represented by plotting the CO faradaic efficiency (FEco) as
a function of the operating potential in Figure 11d. Both PON-Ag and Ag foil showed a volcano-
like potential dependence for FEco. The PON-Ag showed enhanced CO selectivity over the
hydrogen evolution reaction at lower reaction overpotential than the polycrystalline Ag
electrode. In addition, the maximum CO faradaic efficiency was 96.7% at an operating potential
of -0.69 V (0.58 V overpotential), which was much higher than that of the polycrystalline Ag foil
(60% at -0.87 V). It is also interesting to note that although the CO faradaic efficiency decreased
from -0.72 to -0.9 V vs. RHE, the CO partial current density continued increasing in this potential
range, indicating that the decrease in CO selectivity was not due to a decrease in the CO
production rate, but a more rapidly increasing production rate for Hz because of its high
exchange current density. Moreover, the CO: electrochemical reduction activity and selectivity
of PON-Ag electrodes prepared in the work were compared with other top-performing silver-
based electrocatalysts — with a very attractive combination of low overpotential, high partial
current density and high faradaic efficiency.

Finally, the stability of the PON-Ag electrodes for CO: electrochemical reduction was
examined continuously over a two 2-hour period (7 injections) at each potential. Even over two
hours of operation, the PON-Ag electrode showed very good stability. For instance, the PON-
Ag was able to achieve a COre of 87% at an operating potential of -0.72 V vs. RHE, which was
very similar to the initial performance data shown in Figure 11d. Also, the measured current and
Tafel slope did not appreciably decline during the test — showing that the PON-Ag catalyst not
only achieved very high performance, but excellent stability as well.

E. Synergistic Advances Realized Through This DOE Funded Project

As discussed in the sections above many new discoveries have been made during the course
of this project related to catalysis generally, and electrocatalysis specifically. However, it is also
worth reporting that this work was not done in a bubble — and our efforts enabled to cross-cutting
advances in other fields. For instance, our methane activation work on NiO led us to question
how NiO would behave in non-aqueous electrolytes. In the past few years, we have made
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advances in understanding how NiO conversion reactions (with Li") store charge; this project led
to one publication where this grant is acknowledged [33] as well as additional papers on NiO
[34-35] and other redox-active metal oxides [36-39] that were the result of funding by Ford
Motor Company based on our initial results related to this project.

Another example where this project has led to interesting results in other fields is that the
attempt to scaleup methanol production from methane in alkaline media led us to explore
multiple pathways to create porous electrodes. Not only did we make new electrode structures
for methane activation, but they were also highly efficient for proton exchange membrane fuel
cells [40-41] and anion exchange membrane fuel cells [42-43]. In fact, in the anion exchange
membrane fuel cell field, our group has set new records in the literature for achievable current
and power. Finally, our work in this project in alkaline media — specifically in the presence of
CO- and carbonates — led to the discovery that anion exchange systems could also be used to
extract CO from effluent streams, and we were able to propose a new electrochemical reactor
for the capture of carbon dioxide from power plants [44]. For full details on each of these
processes, please see the referenced papers.
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