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ABSTRACT

Green chemistry is presenting itself to be an important field in the future. In
studying green electrochemical reactions, knowledge and understanding of surface
adsorbed species can be vital in tuning these systems. In-situ surface enhanced
spectroscopic investigations were conducted on several green systems. First, in-situ
surface enhanced spectroscopic and reactivity investigations of the electrochemical
reduction of CO; at low overpotentials (<0.7 V) were conducted on Cu surfaces.
Vibrational bands corresponding to adsorbed hydrogen (Hag) and carbon monoxide
(COag) on Cu have been identified at 2090 cm™ and 2060 cm™, respectively.
Spectroscopic investigations show that Hag is capable of partially displacing COeg;
however, COqq is unable to displace Haa to any detectable level. The preferential
adsorption of H over CO on Cu is consistent with the high selectivity towards the
hydrogen evolution reaction at potentials > -0.8 V vs. RHE. CO. reduction was also
investigated on Sn under similar conditions. COaq is tentatively identified at low
potentials (-0.2 to -0.7 V) at approximately 1925 cm™ Local bulk concentrations of
formate were also identified at higher potentials (0.3 V). Similarly, in-situ spectroscopic
techniques were used to identify and follow surface concentrations of methylfuran in
the reduction of furfural on Au. At low overpotentials (-0.2 V), local concentrations of
2-methylfuran are produced persist to potentials of 1.2 V. This high local concentration
may lead to low performance of furfural reduction on Au. Combined, these studies show

the capabilities of surface enhanced spectroscopic studies.



Chapter 1

INTRODUCTION

1.1 Electrochemistry for Carbon Neutrality
Non-renewable fossil fuels constitute the vast majority of energy sources used

for both transportation and energy production®. This utilization of carbon-based fuels
causes an imbalance in the natural carbon cycle that occurs naturally across the world?.
Prior to these fuels being used, this carbon cycle was largely maintained, changing only
with major events on the Earth surface?. Since fossil fuels have been used, this cycle has
been disrupted, with a great deal more CO> being produced in energy, industrial, and

transportation systems than is used naturally? (Figure 1.1A). This has led to an
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Figure 1.1 Diagram of COz released into the atmosphere (values in Pg) (A)** and how
this inequality of the cycle is leading to increased atmospheric CO-
concentration (B)3.



abundance of CO2, which can easily be seen while following atmospheric CO>
concentrations over the past 50 or so years (Figure 1.1B).2

With the consistent increase atmospheric COz (Figure 1.1A), actions need to be
taken to remove this gaseous product. The most evident route would be to diminish the
amount of CO> that is released into the atmosphere, but predictions show that major
negative effects of global climate change would still occur if even drastic measures are
taken against emissions alone®. In order to reduce the amount of CO- in the atmosphere,
direct sequestration measures must be taken. Systems have been implemented to collect
COz from power plants®, and atmospheric CO, can be sequestered into deep
underground reservoirs that had previously stored fossil fuels’. By utilizing sequestered
CO; for value added products, individuals and corporations would be incentivized
collect and use CO..

One method of CO> utilization is electrochemical reduction. In general, this
method takes dissolved CO: in equilibrium with bicarbonate in solution at mild
temperatures and pressures, and applies a negative current working electrode where the
COz is reduced to value added products®®. Years of research have produced a vast
collection of electrodes and electrolytes that have shown promise in CO; reduction, but
currently fall short in efficiency and selectivity?®.

A dissimilar idea for closing the carbon cycle comes from utilization of biomass
upgrading®®. Biomass derivatives represent a large collection of materials derived from
plant mass. The ideal situation is upgrading of lignocellulosic biomass, which

constitutes non-edible plant mass*!. These derivatives can be subcategorized into three



distinct categories. The first category is lignin, which is comprised of methoxylated
phenylpropane monomers to form a largely unusable, amorphous polymer. This small
portion (10%) can be separated from the biomass, leaving the more valuable fractions
intact. Hemicellulose is the second biomass fraction. Slightly more abundant than lignin
(25-35%), hemicellulose is again an amorphous polymer but the monomers that
comprise hemicellulose are primarily sugars. The sugars contained in hemicellulose are
the easiest to extract of the 3 fractions, and yields are in the range of 90%. Cellulose is
the final biomass fraction. Unlike its amorphous counterparts, cellulose is polymer
comprised of linked glucose monomers. Using cellulose, biological conversion gives
the highest glucose yields, while hydrolysis promotes the production of decompositions
to 5-hydroxymethylfuran, levulinic acid, and low value humins®®. Upgrading of these
three lignocellulose derivatives offers a much lower cost path for creating fuels and fuel
additives, and does not cut into available food supplies. Further, lignocellulose materials
can be more efficiently produced if efficient upgrading is possible, and the cycle of

growth of biomass and burning of biofuels would be carbon neutral*2,

1.2 Surface Enhanced Infrared Spectroscopy
While looking at reduction mechanisms, understanding metal

electrode/electrolyte interaction is vital to developing mechanisms and engineering
solutions to improve production, and surface sensitive spectroscopic techniques can be
employed to study these systems. Subtractively normalized interfacial FTIR

(SNIFTIRS)*¥17 and reflection-adsorption spectroscopy (RAS)¥® use a low IR



interfering window, generally made of CaF», to propagate an incident IR beam through
the electrolyte, reflecting off the electrode surface, and traveling back through the
electrolyte and the window material to be collected and detected. While techniques such
as SNIFTIRS® and RAS have been previously used to study these
spectro/electrochemical systems'®'’, interference from the relatively thick (several
um)*® electrolyte layer causes difficulties in observing adsorbed species on the electrode
surface!®. Transportation complications are also indicated while utilizing a small
electrolyte volume for the reactions studied as the reactant cannot be effectively
transported to the electrode surface, and the electrode surface is slow to react to external
potential changes in the systems!®2L. These reflectance set-ups do allow for enhanced
surface sensitivity, but to alleviate complications therein, surface enhanced IR
adsorption spectroscopy(SEIRAS) is used.

SEIRAS is based on an ATR configuration instead of using a P-polarized IR
beam reflected from the metal electrode surface as seen in the SNIFTIR technique'® 22,
In a standard ATR configuration, an incident IR beam penetrates the ATR active prism
(Si, CaF2, ZnSe), totally reflecting internally at the far surface. This produces an
evanescent wave that propagates on the order of 1-2 um beyond the reflecting plane.
SEIRAS combines this with a surface plasmon radiation enhancement?. By using this
enhancement, thin metal films deposited electroslessly, physically, or electrochemically
can interact with IR radiation to produce localized plasmon modes. These plasmon
modes are generated via the polarization of the small islands in the metal films by

incident IR photons'®, and this polarization induces a dipole which enhances the local



EM field?*%. Chemisorption of the metal film improves this enhancement more than
physisorbed films?L. Chemisorption thus plays a role in the enhancing effect, but reasons
for this are currently not well understood. SEIRAS utilizes this enhanced local field to
improve sensitivity of species 5-10 nm from the thin island film’s surface by a factor of
10-10002L. This allows for sensitivity towards adsorbed species without severe transport
limitation, intense electrolyte interference, or delayed surface response to external
potential variation, and generates signal from adsorbates at intensities similar to that
from the electrolyte. With improved sensitivity towards adsorbed surface species, we
can then investigate adsorbate/electrode and electrolyte/electrode interfaces in-situ and

derive a better understanding of reactions and reaction mechanisms.

1.3 Thesis structure
With respect to this work, two different chemical systems are observed. In the

second chapter, adsorption of CO and its further reduction to value-added products as
CO- reduction are observed on Cu electrodes. Similar work is conducted for CO>
reduction on Sn. In the third chapter, the second system observes surface chemistry in
the reduction of furfural into 2-methylfuran on an Au electrode. Both systems use this
enhancing effect to better understand the chemistry occurring at the surface/electrolyte

interface via this surface enhancing technique.



Chapter 2

STUDIES OF CO2 REDUCTION ON PURE METAL SURFACES BY
SURFACE ENHANCED INFRARED ADSORPTION SPECTROSCOPY

2.1 CO:2 Reduction on Cu at Low Overpotentials with Surface Enhanced In-
Situ Spectroscopy

This work has been adapted with permission from Heyes, J.; Dunwell, M.; Xu,
B. CO2 Reduction on Cu at Low Overpotentials with Surface-Enhanced in Situ
Spectroscopy. The Journal of Physical Chemistry C 2016, 120 (31), 17334-17341.).

Copyright 2016 American Chemical Society

2.1.1 Abstract
In-situ surface enhanced spectroscopic and reactivity investigations of the

electrochemical reduction of CO; at low overpotentials (<0.7 V) was conducted on Cu
surfaces. Vibrational bands corresponding to adsorbed hydrogen (Hag) and carbon
monoxide (COaq) on Cu have been identified at 2090 cm™ and 2060 cm™, respectively.
Spectroscopic investigations show that Hag is capable of partially displacing COag;
however, COaq is unable to displace Has to any detectable level. The preferential
adsorption of H over CO on Cu is consistent with the high selectivity towards the

hydrogen evolution reaction at potentials > -0.8 VV vs. RHE.



2.1.2 Introduction
Climate change, caused largely by the anthropogenic COz emissions, has been a

rising concern over the past several decades®®?°. With the atmospheric CO:
concentration surpassing 400 ppm®, efficient and affordable processes need to be put
in place to capture and utilize atmospheric CO2, as emission-cutting programs alone are
unlikely to be sufficient to reduce the atmospheric CO; to the preindustrial level®.
Combining renewable energy sources with efficient electrochemical processes could
provide a viable pathway to not only reduce the amount of atmospheric CO2, but also
utilize COz as a platform in the generation of fuels and chemicals®. Of the monometallic
catalysts tested, only copper has shown appreciable selectivity to short-chain
hydrocarbons and oxygenates®?-3. Overpotentials higher than 1 V are needed to produce
these desired products of CO2 reduction on Cu, and selectivity control remains
challenging®®. Understanding how reactions proceed on the molecular level at the
electrolyte/electrode interface could provide guiding principles for future catalyst
design.

Much research effort has been dedicated to the development of efficient and
selective processes for electrochemical reduction of CO2 on Cu electrodes® 32-°3, These
studies demonstrate the production of methane, ethylene, ethanol, and formate323% 37-4L
44-45,50-52 ‘nowever, direct evidence of surface adsorbed reaction intermediates, and in
turn mechanistic understanding, has been lacking. Of the various mechanisms proposed,
the most agreed upon intermediate is CQO33: 35 37-39, 44, 46-49, 52 \yhjch has been used to

generate similar products to those from CO- reduction®* 46254 Computational studies



have shown that the adsorption energy of CO on Cu is ideal for further reduction, in
contrast to Ptand Ag, which CO binds too strongly®® and too weakly*” °, respectively.
From CO, many further surface intermediates have been proposed 37-° 53  albeit
without direct experimental evidence. In this regard, spectroscopic studies will be
informative in elucidating the reaction mechanism. However, spectroscopic studies>-4
17,56-67 of the surface-mediated electrochemical reduction of CO, are challenging,
primarily due to the difficulty in differentiating the signal originating from the
electrode/electrolyte interface from that of the bulk electrolyte and reactants, whose
spectral features typically overwhelm those of reaction intermediates. Several
spectroscopic techniques have been employed in the investigations of CO>
electrochemical reduction, including attenuated total reflection (ATR)-FTIR
spectroscopy®, sum-frequency generation (SFG)®®, and surface enhanced Raman
spectroscopy (SERS).®’ In particular, SNIFTIRS (subtractively normalized interfacial
FTIR spectroscopy)™®, which achieves surface sensitivity by taking advantage of
differences spectra obtained using p and s polarized light, has been used to identify
adsorbed reaction intermediates, e.g., COaq, On several metal surfaces, i.e., Cu®® 1617,
Ni4 and Ag'®. Reflection-based FTIR techniques, e.g., SNIFTIRS, typically employ a
thin layer electrolyte configuration'®, where the working electrode is pushed flush
against the IR window creating a thin layer of electrolyte (several microns in thickness)
around the electrode. This thin layer configuration could cause mass transport
limitations,?! especially at high reaction rates and for gas evolving reactions such as

HER and CO production from CO- reduction.



Herein, we report an in-situ, surface-sensitive spectroscopic study of
electrochemical reduction of COz on Cu in the low overpotential range (0.1 — 0.7 V).
The employment of surface-enhanced infrared absorption spectroscopy (SEIRAS) with
an ATR configuration allows for the identification of adsorbed surface intermediates
while sampling directly into the bulk of the electrolyte, without the severe transport
problems encountered using SNIFTIRS. The surface sensitivity of this technique (~10
nm from the electrode surface) originates from the attenuation of the infrared beam due
to the high angle of incidence and the selective amplification of the resultant evanescent
wave near the electrode by plasmon resonance within the thin film electrode.*?* Many
metals, including Cu, have been demonstrated to be SEIRAS active®®, SEIRAS was
employed in a previous study on CO2 reduction on Pt’® in H,SO4 as a side reaction in
the hydrogen fuel cell. In the present study, we have identified adsorbed atomic
hydrogen (Hag) on Cu in the potential range of -0.15 to -0.65 V by a combination of
ATR-SEIRAS and isotopic labeling techniques. Hag appears able to partially displace
adsorbed CO (COaq); however, the reverse displacement does not occur. Correlations

between the spectroscopic and reactivity studies are discussed.

2.1.3 Experimental

2.1.3.1 Insitu SEIRAS and electrochemical reactivity studies
The Au film underlayer is prepared following a variation of reported electroless

Au deposition techniques’ "2, Si ATR prisms are polished with a 0.05 um Al2Os



suspension and cleaned in alternating baths of acetone and double DI water with
sonication. The prisms then are immersed in a bath of room temperature piranha etch
(3:1 volumetric ratio of 95-98% H.SO4 (Sigma-Aldrich) and 30% H:02 (Sigma-
Aldrich)) for 20 min to remove organic surface impurities. After a thorough water rinse
to remove all piranha etch, the reflecting plane of the prism is submerged in 40% NH4F
(Sigma-Aldrich) for 70-90 s to form a hydrogen terminated Si surface’, which is then
immersed in the mixture of the Au plating solution (5.75 mM NaAuCl, - 2H,0 + 0.025
M NH4CI + 0.075 M Na2SOz + 0.025 M NazS20s3 - 5H.0 + 0.026 M NaOH) and a 2
wit% hydrofluoric acid solution (in a 9:2 ratio) at 55 °C for 4 min.

Cu is electrochemically deposited on the Au underlayer. The deposition cell
consists of three electrodes, with the Au underlayer as the working electrode, an
Ag/AgCI reference electrode and a graphite rod counter electrode. The Cu plating
solution is used as the electrolyte (0.1 M H2SO4 (99% Sigma-Aldrich) and 5.75 mM
CuSO04 (99.998% Sigma-Aldrich)). A potential of 0.05 V vs. RHE (all voltages in this
work are referenced to the reversible hydrogen electrode, RHE, unless noted otherwise)
was applied for 3 min to achieve the desired film thickness of ~15 nm, estimated based
on total charge passed. Cu films are used immediately upon deposition.

0.5 M NaHCOs3 solution is prepared by bubbling 0.25 M Na,CO3z (99.998%,
Sigma Aldrich in water) with CO> (99.99%, Keen Gas) for at least 4 h to ensure the
electrolyte is saturated with CO., then purified with iminodiacetate resin (Cheelex®-
100, Bio-Rad Laboratories, Inc.) for at least 1 hour to remove trace metal impurities®.

0.1 M NaClO4 solution is prepared by dissolving solid NaClO4 (99.99%, Sigma-
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Aldrich) in double distilled water or D20 (>99.8%, Acros Organics). Additional
samples are saturated with CO (99.9% Keen Gas) or Ar (99.99% Keen Gas).

The Cu-coated Si ATR crystal is placed in a two-compartment, three-electrode
spectroelectrochemical cell (Figure A.1). The counter electrode (a graphite rod) is
separated from the working and reference electrodes, i.e., the Cu film and a saturated
Ag/AgCI electrode, respectively, with a piece of anion exchange membrane (FAA,
Fumatech). The only stirring effect within the cell is from various gasses bubbled. This
cell is integrated into the Agilent Technologies Cary 660 FTIR spectrometer with a
modified Pike Technology VeeMax Il accessory at a 60° incident angle.
Electrochemical measurements are carried out with a SOLARTRON 1260/1287 system.
All spectroscopic experiments are conducted at a 4 cm™ spectral resolution. Spectra are
presented in absorbance, with positive and negative peaks showing an increase and
decrease in signal, respectively.

Electrochemical reactivity studies are performed on Cu foil (99.998% Sigma-
Aldrich) in an air-tight, two-compartment, three electrode glass electrochemical cell
(Figure A.2). The Cu working electrode and the reference electrode (Ag/AgCl) are
placed in the same, stirred compartment (125 RPM), while the counter electrode (a
graphite rod) is separated by a piece of anion exchange membrane (FAA, Fumatech).
Prior to electrolysis, the Cu foil is cleaned by a ~10 s immersion in aqua regia (3:1
volumetric ratio of 70% HCI (Fischer Scientific) and 70% HNO3z (Sigma Aldrich)) and
thoroughly rinsed with water. Gas phase products are sampled manually with an airtight

syringe and analyzed with an Agilent Technologies 7890B gas chromatograph (GC).
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The GC is equipped with an ShinCarbon ST 100/120 column (Restek), a methanizer, a
flame ionization detector (FID), and a thermal conductance detector (TCD) for the
separation and quantification of products. Ar is used as the carrier gas to enhance the
sensitivity of Hz in the TCD. Quantification of dissolved formate is conducted by ‘H-
NMR (JEOL AVIII600) via calibration from integrated peak area ratios with a
DMSO/D:0 internal standard and known concentrations of formate. A Princeton
Applied Research VersaSTATS3 is used for electrochemical measurements.

Scanning electron microscopic images of the electrochemical deposited Cu films
(JEOL JSM 7400F) show a similar rough morphology to that of the underlying Au film
with an acceleration voltage of 3.0 kV. The composition of deposited metal films is
monitored by the energy dispersive X-ray spectroscopic (EDX) system with an ultra-

thin window Si-Li X-ray detector.

2.1.3.2 Characterization of the electrochemically deposited Cu film
The electrochemically deposited Cu film has a very similar rough morphology

to that of the underlying Au film (Figure 2.1a). Cu films used in this study are prepared
by electrochemically depositing Cu on an Au underlayer, which is chemically deposited
on a Si ATR crystal. EDX confirms that only Cu, Au and Si are present. The roughness
of the metal film is vital to its surface sensitivity in the spectroscopic study!®2!, and
SEM images of both the Au underlayer and the Cu film show a rough morphology

(Figure 2.1Db), with the island size of the Cu film (50-75 nm) slightly larger than that of
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the Au film. The thickness of the Cu film is estimated to be ~15 nm based on the charge
passed in the electrochemical deposition. The Cu film used in the SEIRAS studies show
similar voltammograms to those on bulk polycrystalline Cu (Figure A.3) in absence and

presence of COx.

Figure 2.1 SEM image of (a) Au film electrolessly deposited on reflecting plane of Si
wafer and (b) a Cu film electrochemically deposited atop the Au
underlayer in our Cu deposition solution at 50mV for 180 s.
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2.1.4 Results and Discussion

2.1.41  Surface Sensitivity of the electrochemically deposited Cu film
The observation of characteristic spectral features of adsorbed H, CO, and

carbonate shows the Cu film is SEIRAS active without exposed Au. To verify that the

electrochemically deposited Cu film completely covers the underlying Au surface, CO
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Figure 2.2 In-situ SEIRAS spectra of CO purged 0.5 M NaHCO3 using the Au underlayer (a)
and the Cu film (b). Spectra were collected from bottom to top with a scan rate
of 5 mVJs.

14



was introduced as a probe molecule’. The vibrational bands for adsorbed CO appear at
different wavenumbers and potential ranges on Au (Figure 2.2a) and Cu (Figure 2.2b).
The band corresponding to linearly adsorbed CO on Au appears at 2136 cm™ at 0.4 V
vs. RHE (all potentials in this work are referenced to the reversible hydrogen electrode
(RHE), unless noted otherwise), and gradually redshifts and weakens to 2110 cm™ as
the potential decreases to 0 V, which is consistent with the literature”™. The
disappearance of adsorbed CO at low potential on Au could be caused by displacement
of COad by electrostatically adsorbed cations’®"" or reaction intermediates in HER. The
shift of peak position with the electrode potential is due to the Stark tuning effect, which
is indicative of adsorbed species’®. In contrast, a 2070 cm™ band corresponding to
linearly bond CO4¢®® on Cu appears at -0.1 V (Figure 2.2b), which redshifts to 2058 cm-
L as the potential decreases to -0.7 V. This is close to the COaq bands observed previously
at similar potentials on Cu with SNIFTIRS!" 3 and SEIRAS®8. The absence of the band
corresponding to CO adsorbed on Au sites on the film indicates that the Au underlayer
is completely covered by electrochemically deposited Cu. A strong vibrational band at
1510 cm™* appears at 0.4 V, which reduces in intensity and redshifts to 1429 cm™ as the
electrode potential decreases to -0.3 V. The peak position and intensity shift reversibly
with potential in cyclic potential scans (only once cycle presented in Figure 2.3), which
is attributed to adsorbed CO3?> (COs%4d) on the Cu surface (Figure 2.1.3b). Similar

potential dependent behavior of adsorbed carbonate has been reported on Au, however,
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the band corresponding to adsorbed carbonate appears on Au at potentials above 0.4

V.79

2.1.4.2 ldentification of Had on Cu
Adsorbed hydrogen, which could be an important reaction intermediate in the

electrochemical reduction of CO; and HER, is identified on the Cu surface using
SEIRAS. A weak but distinct band at 2090 cm™ was observed in the potential range of

-0.15 to -0.65 V on Cu in CO»-saturated 0.5 M NaHCOs during the potential cycle
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Figure 2.3 In-situ SEIRAS spectra on Cu in CO; saturated 0.5 M NaHCOg3 at (a) high and (b)
low wavenumber region. Background spectrum taken at -0.1 V. Spectra were
collected from bottom to top with a scan rate of 5 mV/s. The thick black trace
represents the spectrum taken at -0.7 V.
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(Figure 2.3a). Moreover, the intensity of this band grew over the course of 30 min at -
0.5V (Figure 2.4a). This band is unlikely to be COagq, because the peak position of COaq
on Cu at the same potential was observed at 2070 cm™ (Figure 2.2b), 20 cm™® lower than
the observed peak. Moreover, a similar band appears at 2090 cm™ when the experiment
was carried out on Cu in Ar-purged 0.1 M NaClO4 (Figure 2.4b), in which no carbon-
containing compound exists, excluding the possibility of CO production. Furthermore,
the 2090 cm™ band disappeared when a similar experiment was conducted in 0.1 M
NaClOs in D0, and a band at 1480 cm™ was observed, which is consistent with the
expected isotopic shift from Hag to Dag (Figure 2.4b). This offers further support for the
Hag assignment. Another possible identification for this peak is a Cu-carbonyl species,
which has been previously reported to appear at 2107 cm™ in a phosphate solution,®
but observation of the 2090 cm™ peak without CO,, the isotopic shift and the lack of
phosphate in the electrolyte indicate this alternative identification is unlikely.
Additionally, the amount of a Cu-carbonyl species should increase with increasing
electrode potential, which is opposite of the observed behavior of the 2090 cm™ peak.
All results are consistent with the assignment that the band centered at 2090 cm™
corresponds to Had. The absence of the Hag band in previous reflection absorption FTIR
spectroscopic studies™® 17 % could be due to the lack of sufficient surface sensitivity
and/or sufficient time for Hag to accumulate. Calculations of the Hag band have been
shown to be lower in wavenumber (1013 and 862 cm™)8 for 3-fold sites, but due to the

IR absorption of the Si ATR crytal in this region, we cannot detect these bands®. The
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lack of the Hag band in the anodic scan in Figure 2.3a could be due to the high surface

coverage of electrostatically bound cations at low potentials’® 8284,

( a) 0.5 M NaHCO,, CO, saturated (b Ar saturated — H,0, 0.1 M NaCIO,
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Figure 2.4 (a) Time-resolved SEIRA spectra of Hag Cu in CO; saturated 0.5 M NaHCO™ at -
0.5 V. (b) In-situ, time resolved adsorption of Ar purged solutions of 0.1 M
NaClO4 in H20 and D20 and 0.2 M NaH2PO: in D20 at -0.4 V on Cu, compared
to a reference scan taken at -0.1 V. 4 cm™ resolution, 64 co-added scans.

2.1.4.3 Coadsorption of Had and COad on Cu
Both COag and Hag are potential surface reaction intermediates in the electrochemical

reduction of CO,% 3739 4153 \whereas Hag is the key intermediate for HER. Thus, the
coadsorption or competitive adsorption of COa and Hag on the catalyst surface could
have significant impact on product distribution. Hag was first accumulated at -0.5 V, at
which potential the Hag band is most intense (Figure 2.3a), on Cu for 30 min before the

potential was increased to -0.4 V (Figure 2.5a(i)). At this potential, both the COa.q4 and
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Hag bands are sufficiently large in magnitude and distinct in wavenumber for further
analysis and peak deconvolution (Figure 2.2b and 2.3a). CO was then introduced to the
Had covered Cu surface by purging the system with gaseous CO. The COaq band (2070
cm™) grew over the course of 30 min (Figure 2.5a(i-vii)). Peak deconvolution (Figures
A.4 and A.5) shows that the integrated area of the Hag band increases by 40% as the
intensity of the COaqg band grows within 30 min, indicating that CO.q does not displace
Hag at the studied potential (Figure 2.5b). No clear sign of COa was observed when
maintaining the Cu electrode at -0.4 or -0.5 V in Ar saturated 0.5 M NaHCOs. Reversing
the sequence in which Hag and COqq were introduced shows that Hag is able to partially
displace COga4. CO was introduced to the Cu surfaceat -0.05 V (where there is no
significant growth of the Haq peak) in a 0.5 M NaHCO3 electrolyte until the COaq band
stopped growing to produce a COaq covered Cu surface without accumulating any Hag
(Figure 2.5c(i)). The potential of the COaq covered Cu surface was then lowered to -0.4
V. The ability of Hag to displace CO4q indicates that the higher bonding energy species
(Haa)® displaces the species with lower bonding energy (COaq)* at the same linearly
bonded adsorption site®*. The integrated area of the COaq band decreases by ~50%
(Figure 2.5d) by the time that the Hag band has ceased changing with time (Figure
2.5¢(v)). Also, the position of COqq shifts from 2057 cm™ in the absence of coadsorbed
Hag to 2067 cm™ with coadsorbed Hag, which is likely caused by the decrease in
coverage. The difference between the final spectra in Figures 2.5a and 2.5b is due in
part to water feature that appears in this spectral region (Figure A.6), which is accounted

for in the spectral deconvolution. A true equilibrium state was not reached during the
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course of the experiment as the final spectra of displacement experiments (~30 min) are
still different. The gradual drift in the water background over a long period of time, e.g.,
over 1 h, makes the comparison of spectra unreliable. It is important to note that the
absolute integrated peak areas cannot be directly used to compare absolute coverages of
multiple species (due to differences in extinction coefficients for different adsorbates),
but can be used to obtain time resolved accumulation or diminishment for a single

adsorbed species.
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Figure 2.5 Time-resolved SEIRA spectra of co-adsorbed of COaq and Hag (a) CO
introduced to Hag covered Cu surface. Had was accumulated on Cu at -
0.5V, and then the potential was increased to -0.4 V before CO was
introduced. (c) Had accumulation on CO adsorbed Cu surface. CO
was introduced to Cu at -0.05 V, then the potential was decreased to -
0.4 V to accumulate Hag on the Cu surface. Both sets of spectra were
collected in 0.5 M NaHCO3 with the reference spectrum collected
0.05 V. (b) and (d) show integrated peak areas of COaq and Hag bands
after peak deconvolution, reported as a percentage of the largest Had
peak, as a function of time for spectra presented in (a) and (b),
respectively. Peak deconvolution spectra and procedures are provided
in appendix A.
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2.1.4.4 Electrochemical reduction of CO2 on Cu at low overpotentials
High faradaic efficiency towards HER observed in experiments on a Cu foil is

consistent with the observed evolution of the Hag band and its ability to displace COad
on Cu surface in the potential range of -0.2 to -0.8 V. Product distribution of
electrochemical reduction of CO on a Cu foil in a three electrode H-cell with CO-
saturated 0.5 M NaHCOs has been determined in the potential range of -0.2 to -0.8 V
(Figure 2.6). Close to 90% charge balance is obtained for experiments over the whole
potential range tested, indicating no significant product is missing. About 60% of charge
is used in the production of formate at -0.2 V. The low selectivity of HER can be
attributed to low Hag coverage at this potential. The lack of a detectable spectral feature
from formate with SEIRAS is due to limited coverage and the low concentration of
formate formed in the bulk. SEIRAS does not show any formate features until the
concentration reactions 5000 PPM (Figure A.8), well above the approximately 20 PPM
concentrations found in reactivity studies. HER dominates at potentials from -0.4 to -
0.8 V, with a Faradaic efficiency of close to 80% and persists high at potentials where
Had is no longer observed (-0.8 V), which is consistent with previous work.*® The
absence of Hag at potential lower than -0.7 V could be attributed to two causes: (1)
increased rate for the associative desorption of Hag that reduces Hag coverage, and (2)
displacement of Hag by non-covalently bonded cations (Na*)"® 8284 The diminishment
of the COaq band at potential below -0.5 V can also be explained by the stronger
adsorption of sodium cations in solution. Only a minor fraction of charge (<5%)

contributes to the production of formate and CO in this potential range. This is
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consistent with the stronger adsorption of Hag than COaq, Which promote selectivity
toward CO over formate. No spectroscopic signature of reaction intermediates leading
to formate production are detected,; this is most likely due to the transient nature of these
species and low surface coverage. Low residence time combined with low surface

coverage make such species difficult to detect using SEIRAS.
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Figure 2.6 Faradaic efficiency for major products in CO; saturated 0.5 M NaHCO3 on
Cu foil from-0.2Vt0-0.8V.

2.1.5 Conclusions
In summary, SEIRAS studies of the electrochemical reduction of CO. on the Cu

surface in the potential range of -0.2 to -0.8 V identified Hag and COag, both of which
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are key reaction intermediates in the electroreduction of CO». Hag is able to partially
displace COaq, While the reverse displacement does not occur, which indicates Had
adsorbed more strongly on Cu than CO4q in the potential range studied. The high
selectivity for HER and low selectivity for CO production are consistent with the
spectroscopic results. Furthermore, the diminishment and disappearance of bands
corresponding to Hag and COagq at low potentials (< -0.5 V) indicate the surface coverage
and residence time of those intermediates are likely to be low at potentials typically
employed for hydrocarbon and oxygenate production from electrochemical reduction of

CO..

2.2 COg2 reduction on Sn at Low Overpotentials with in-situ Surface Enhanced
Spectroscopy

2.2.1 Introduction
From the initial work on Cu, a similar initial study was conducted with Sn. While

not as varied in products®, Sn can provide valuable insight into the class of primarily
formate producing species®. Although unlikely as a catalyst itself, Sn is exceptionally
cost effective, and is one of the least costly materials shown to be functional in CO;
reduction at 1% the cost of Cu® . Compared to many of the products seen from Cu that
can be directly used as fuel, formate is a lower value product, but still a great deal more
valuable than CO..

Direct studies of Sn are limited; it is normally considered as one of many

catalysts® 34 40 63 Spectroscopic tests of Sn are limited, but tin has been shown to
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interact through a thin surface oxide phase on the electrode surface®*. Using a similar
technique to our copper investigation, initial studies of CO> reduction on Tin are

conducted, but nothing of note is detected.

2.2.2 Experimental
The majority of the techniques described in section 2.1.3.1 remain unchanged

here. However, instead of an electrochemical deposition of Cu as that section described,
the Au underlayer is instead immersed in a solution of 0.01 M SnCl; (99.99%, Sigma
Aldrich) and 0.8 M Citric Acid, triammonium (97%, Arcos Organics), based on
previous electrochemical deposition techniques of Sn®’. A potential of -0.1 V is applied
to the surface for 7 min for an approximate 10-20 nm of deposited Sn. The difference
in the film surface from copper can be seen in Figure 2.7, using the same microscope
and conditions as section 2.1.3.1. Small pinholes (50-100 nm across) appear in the
surface, but the majority of the surface >95% keep Sn characteristics. Similar to the Cu
surface (Figure 2.1), the retains the surface roughness of the underlaying Au film. These
films are then placed in the same apparatus, use the same instruments, and utilize the

same electrolyte as described in section 2.1.3.1.
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Figure 2.7 SEM image of Sn film electrochemically deposited atop an Au underlayer
on the reflective surface of a Si wafer in Sn plating solution for 7 min at -
0.1V.

2.2.3 Results and Analysis

Limited species are detected on the Sn surface. Adsorption in the wavenumber
region common to CO adsorption is observed® (Figure 2.8). This could be adsorption
on the Sn surface, or, potentially, CO adsorption on the Au underlayer; the CO reaching
this surface via pinholes. Comparing the potential at which this band is observed to that
of CO adsorption in Figure 2.2, this is unlikely as Au adsorbs CO at wavenumbers more
than 100 cm™ higher than seen on Sn and at a much higher potential (0.3 V). Observing
COad on the Sn surface is unexpected because amount of CO produced should be about
1/10 that of formate®. Further testing would be necessary to confirm this band as CO.
However, indications of Stark Tuning effects give evidence that the Sn film made is

indeed surface sensitive’®.
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Figure 2.8 In-situ SEIRAS spectra of CO purged 0.5 M NaHCOg using Sn film,
focusing on possible COa.q band. Spectra were collected from bottom to
top with a scan rate of 5 mV/s. Potential for each scan is given by the
right axis. Background scan taken at -0.1 V. 4 cm™* wavenumber
resolution and 16 co-added scans.
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Aside from CO, it is important to detect the major product, formate®, while using
a technique such as SEIRAS. Formate is produced, as is evidenced when the film
undergoes a potential cycle (Figure 2.9). When at higher potentials (near 0.3 V), a small
broad band appears at about 1570 cm™, but at lower potentials, this band diminishes.
The wavenumber of this band is comparable to that seen in bulk sodium formate on Si
and Cu (1580 cm™) (Figure A.8). As the band only appears to change in intensity and
not peak location, it is likely that the negatively charged formate species is merely

attracted to the Sn surface at high potentials, but does not adsorb on the Sn surface.
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Figure 2.9 In-situ SEIRAS spectra of CO2 purged 0.5 M NaHCO3 at given potential
on right axis on Sn film. Reference scan taken at -0.1 V. 4 cm-1
resolution and 16 co-added scans.
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2.2.4 Conclusion
While producing a surface sensitive Sn film utilizing a similar technique to

deposition of Cu films on Au is worthwhile, the Sn does not show any new data about
surface reactions occurring during the reduction of CO, on Sn. Some aspects of this
preliminary work could be continued, such as further identifying COaq on the Sn surface
and optimizing the Sn plating solution and technique, but the initial results do not show
any new or promising avenues for further study. Sn presents itself as one of primarily
formate producing species, and gaining understanding into this separate class of CO>
reduction electrodes is valuable. However, it appears as if SEIRAS is unable to provide

any additional details to this specific reduction reaction.
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Chapter 3

ELECTROCHEMICAL REDUCTION OF FURFURAL ON AU WITH IN-
SITU SURFACE ENHANCED INFRARED ADSORPTION SPECTROSCOPY

3.1 Introduction
Processes have been described using full sugar molecules directly for fuel

production. Another pathway for important platform chemicals and fuels is through
furanics®®°, Both furfural and HMF are important intermediates for these value added
products, and are produced from xylose from hemicellulose and glucose from cellulose,
respectively, at relatively high yields. For the purposes of this study, focus will be placed
on the reduction of furfural to 2-methylfuran. Furfural reduces through furfuryl alcohol,
which can be used as a solvent and resin, to 2-methylfuran, which can be used directly
as fuel, or can be converted via ring opening to diesel or jet fuels®. The possibility of
reduction of furfural to 2-methylfuran has been known for many years® with several
studies being conducted®?, but previous studies have primarily focused on its reduction
with Pt and Cu®t %3 9,

Using furfural as a model compound for biomass derived feedstock, surface
enhanced IR spectroscopy (SEIRAS) is used to investigate the reaction in-situ. While
previous reports have looked at a variety of biomass molecules, electrodes, and
electrolyte systems with involved with furfural reduction®%, no work has been
conducted spectroscopically, and surface sensitive work has only been tentatively
related to biomass reduction and computational®’. Using SEIRAS, insight into the

surface of the Au film can be garnered, and used to better understand and optimize this
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reduction. A batch set-up spectro-electrochemical cell is used to examine this reaction

in-situ.

3.2 Experimental
Prior to spectroscopic investigations, initial reduction of furfural on an Au foil

was conducted using the standard electrochemical cell depicted in appendix A-2. Prior
to the experiment, both chambers are thoroughly rinsed with double deionized water
before being assembled into the two compartment configuration. A graphite rod counter
electrode in 10 Ml of 0.1 M HCIO4 (70%, Sigma Aldrich) acts as the counter electrode,
with a Nafion 1135 membrane separating it from the working electrode. The working
electrolyte is 0.1 M HCIO4 combined with 0.1 M furfural (99%, Sigma Aldrich) unless
otherwise noted, and the reference electrode is a saturated Ag/AgCl electrode. A gold
foil (99.99%, Alfa-Aesar) is used used for initial selectivity testing and is prepared by a
30 s soak in freshly prepared piranha etch (1:3 Hydrogen peroxide (25%, Sigma
Aldrich) : sulfuric acid (70% Fischer Scientific) to remove any remaining surface
organics. For the spectroscopic experiments, a Solartron 1260/1287 potentiostat system
is used to carry out electrochemical measurements. A JEOL AVI11600 NMR is used to
monitor concentrations in resulting solutions.

Spectroscopic results utilize the Au underlayer film as the working electrode,
details of which are found in section 2.1.3.1. The setup is similar to that found in Figure
A.1, and the counter electrode and membrane remain the same from the selectivity study

in the previous paragraph. A saturated Ag/AgCl reference electrode is placed close to
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the Au films surface. This cell is then loaded into a VeeMax 2 platform, and loaded into

an Agilent Technologies Cary 660 FTIR spectrometer.

3.3 Results and Discussion
Prior to spectral analysis, Au needed to be tested as a catalyst for furfural

reduction. While Au had been used in similar reduction chemistries in the past®, gold’s
use in this reaction has not been previously shown. Using a gold foil, 0.1 M furfural in

0.1 M HCIO4 is reduced at -1.0 V for 1 kC, and samples are taken every 250 C.
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Figure 3.1 NMR results comparing bands from Au foil reducing furfural at -1.0 V at
the given charges passed with predicted 2-methyfuran band structure.

Figure 3.1 shows NMR results each sample taken and scaled samples of furfuryl alcohol
and 2-methylfuran, likely reduction products®®. Over this period of charge, bands arise
that coincide with bands of 2-methylfuran. However, there are no indications of furfuryl

alcohol in these samples. Previous studies have shown stronger indications that furfuryl
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alcohol is an intermediate in the reduction, but the results here do not necessarily agree
with this conclusion®.

Once Au was shown to produce 2-methylfuran, bands related to this reaction
must be identified as SEIRAS can produce bands not seen simply on Si (Figure A.9).
By introducing external sources for the expected species present, one can identify how
the individual species interacts not only in the perchlorate environment, but also how it
interacts with the Au surface. In Figure 3.2, the three main species of interest, furfural,
2-methylfuran, and fufuryl alcohol, are all introduced to an Au film at varying
concentrations mixed with 0.1 M HCIOs. While a number of bands arise compared to
the HCIO4 background scan, the major indicating band for 2-methyfuran here is 1512
cm™ and furfural has independent character at 1666 cm™. Furfuryl alcohol shows a
unique band at 1420 cm™. Many of the other bands seen in these materials shares a
wavenumber region that makes it difficult to independently identify a given species due
to overlap. For purposes in IR identifications, these peaks are used. Band identification
and relative strength can give an order of magnitude estimation of concentrations of
these species near the Au surface; differences in Au films make a direct comparison to

concentrations unreliable.
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Figure 3.2 SEIRAS comparison of 2-methylfuran (red), furfuryl alcohol (blue), and
furfural (black) at given concentrations at Au surface. All solutions are in
a 0.1 M solution of HCIO4. No potential is applied and scans are at a 4
cm* wavenumber resolution. Background scan taken in pure 0.1 M
HCIO4 solution.
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Once the bands that indicate specific species are identified, the potential at which
furfural is first reduced is found (Figure 3.3). As the potential is stepwisely lowered in
an Ar purged 0.1 M HCIO4 and 0.1 M furfural electrolyte on Au, a band begins to appear
at 1508 cm™*. This band, which can be identified as bulk 2-methylfuran (Figures 3.2 and
A.9), starts to appear after several minutes at -0.1 V. This band increases when the
potential is decreased to -0.2 V and grows further at -0.3 V. 2-Methyfuran is thus
produced at relatively high potentials on Au compared to the -1.0 V standard reduction
potential®®. Comparing to the control, the concentration near the Au surface is relatively
high compared to the concentrations seen in the bulk, which are below the detection
limit of *H NMR. This difference in concentration could be attributed to the low
solubility of 2-methylfuran in aqueous solutions such that the methylfuran produced
stays local to the Au surface. It has also been postulated that during the production of
2-methylfuran the product undergoes resinification®, which could prevent activity on
the Au surface and increase local 2-methylfuran concentration. Growth of this band with
time is also important to demonstrate that this change is not simply due to an imposed
current on the Au surface. Here, there is a time resolved set of spectra, and the spectrum
show a temporal dependence of 2-methylfuran production as time passes at -0.2 V
(Figure 3.4). As the Au film electrode is maintained at this potential for a 30-minute
period, the near surface concentration of 2-methylfuran increases. When the potential is
further reduced to -0.25 V, the band indicative of 2-methylfuran, 1508 cm™, increases
at a greater rate. This is not an effect of time on the Au surface; furfural on Au without

an imposed potential is maintained in this timeframe (Figure A.10). The band is thus

35



showing the production of 2-methylfuran and is not an effect of adsorption of a species

with a like band or a reaction that occurs independently in the electrolyte.

0.1 M HCIO, & 0.1 M Furfural, Ar purged — Initial
0.6 Vrefin 0.1 M HCIO, —— 5min
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Figure 3.3 SEIRAS spectra of stepwise potential drop of 0.1 M HCIOsand 0.1 M
furfural solution on Au film, purged in Ar. Scans are initially taken
(purple) and taken again after 5 minutes (red). Reference scan taken in
0.1 M HCIO4 at 0.6 V. Scans are taken at 4 cm™ wavenumber resolution.
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Figure 3.4 Time resolved SEIRAS spectra of furfural reduction on an Au filmina 0.1
M furfural and 0.1 M HCIO4 solution. Purple and green traces represent

potentials of -0.2 and -0.25 respectively. Reference spectrum is taken at
0.6 Vin 0.1 M HCIO4. 64 co-added scans, 4 cm-1 resolution.

The 2-methylfuran stays near of the surface without adsorbing or dissipating
with time. When 2-methylfuran is produced, changing the potential has little effect on
the 1508 cm™ band related to 2-methylfuran (Figure 3.5). After the 2-methylfuran is
first generated at -0.3 V, the potential is increased to 0.2 V, and increased by 0.2 V
intervals until a potential of 1.2 V is reached. The 1508 cm™ band only starts to diminish

1.2 V. Changing the potential has no effect on wavenumber of the bands related to both
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2-methylfuran and furfural, which would indicate that the species is adsorbed on the

surface with a Stark Tuning effect’®.

3.4 Conclusion
The bands seen on Au are also similar to those seen in bulk versions of those

species on a bare Si prism (Figure A.9). The strength of these bands and the overall low
concentration indicates that there is high concentration band near the surface of Au that,
for unknown reasons, cannot dissipate into the bulk of the electrolyte. This local high
concentration could be indicative of the low production of 2-methylfuran on Au. This
concentration density could prevent further furfural from reaching the surface, as the
diminishing furfural bands show when 2-methylfuran bands increase. However, Au foil
does continue to produce furfural as charge increases, but at a lower potential (Figure
3.1). Instead of the possible resinification that occurs at the higher potentials
investigated spectroscopically, this low potential (-1.0 V) is most selective to hydrogen
evolution. Increased hydrogen evolution may have some impact on this local

concentration of 2-methylfuran near the electrode surface.
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Figure 3.5 Time resolved SEIRAS scans of 2-methylfuran remaining near the Au
surface as the potential is raised from initial production at -0.3 V. Black
scans indicate the initial scan taken at the given potential; red traces
indicate spectra taken after the potential is maintained for 5 minutes.
Reference scan taken at 0.6 V in 0.1 M HCIOa. 64 co-added scans; 4 cm™
resolution.
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Chapter 4

CONCLUDING REMARKS AND FURTHER RESEARCH

SEIRAS is a powerful technique for some aspects of green chemistry. On Cu,
SEIRAS is able to identify a previously undocumented adsorbed hydrogen species that
could affect the formation of the higher order fuel species produced in CO2 reduction
on that surface. In furfural reduction, SEIRAS is able to identify a local high
concentration of 2-methylfuran while reducing furfural. This local high concentration
could prohibit the overall reduction of furfural under these conditions. However, while
investigating CO2 reduction on Sn, SEIRAS was unable to detect anything that other in-
situ techniques have been able to identify. SEIRAS is a powerful technique, but there
are chemical systems where SEIRAS does not add insightful data.

Regardless, SEIRAS, and techniques of electrochemically depositing various
metals on Au films, can be further tested. In the Sn system, only one deposition
technique was invested for the electrochemical deposition, and alternative systems
which do not have the pinholes could promote further identification on the Sn surface.
The Cu films are only viable at relatively low potentials (>-0.6 V), and alternative
deposition techniques may allow for a more robust film to better analyze CO> reduction
at potentials where more important products are made (<-0.9 V). Furthermore, more
metals could be incorporated to investigate various primary product groups, such as Pd
or Bi for further formate producing species or Zn or Pd for primarily CO/HCOO"
production®.

As for biomass conversion, only the initial studies for one reaction are presented
in this work. Primary work could be conducted on a variety of systems, such as phenol

reduction, HMF reduction, or HMF oxidation. Starting with systems that have
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previously been shown to be functional for electrochemical functionality would be
worthwhile, but once these systems are shown, more information could be derived from

surface studies such as that presented in Chapter 3.
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Appendix A
SUPPORTING INFORMATION

This appendix serves as supporting information for this thesis. The first 8 figures
are adapted with permission from Heyes, J.; Dunwell, M.; Xu, B. CO2 Reduction on Cu
at Low Overpotentials with Surface-Enhanced in Situ Spectroscopy. The Journal of
Physical Chemistry C 2016, 120 (31), 17334-17341.). Copyright 2016 American

Chemical Society. The figures following that have not been previously published.
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Figure A.1 Schematic of the experimental setup used for SEIRAS experiments
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Figure A.2 Schematic of the H-cell used for selectivity studies. Not pictured are two
additional ports for headspace sampling and purging on the same side of
the membrane as the working electrode.
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Figure A.3 Cyclic voltammogram of 0.5 M NaHCO3 on electrochemically deposited
Cu film saturated in Ar, CO2 and CO. The retardation of HER activity in
the CO> saturated electrolyte could be a CO> reductive intermediate
effect. CO similarly retards these reactions by site blocking for HER with
a COgqq species.
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Figure A.4 Peak deconvolution of Figure 2.1.5a(vii). Similar procedure was conducted
for the rest of spectra in Figure 2.1.6a. Figure 2.1.6c¢ are calculated based
on the quantification of these deconvoluted peaks. Peak widths of the
Had and COaq are fixed in the fitting, and similar procedure was
employed in the fitting of Figure A.5.
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Figure A.5 Fitting of spectra in Figure 2.5b at times: 0 min (a), 5 min (b), 15 min (c),
25 min (d). Background fit is attributed to broad water character seen in
Figure A.6. Note that the broad envelope from 2200-1975 cm™ in Figure
2.6 is due to water rather than the Hag or COad band, which is confirmed
by the spectrum of pure water. This broad band was removed in the peak
deconvolution and quantification.
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Figure A.6 Single reflectance ATR-FTIR spectra of H,0 on ZnSe prism, 4 cm™
resolution. Peak centered at approx. 2350 cm™ is ambient CO; present in

apparatus
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Figure A.7 SEIRAS spectral comparison of COqq on Pt, Cu, and Au surfaces at
indicated potentials.
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Figure A.8 SEIRAS spectra (black traces) of 0.5 M NaHCO3 on Cu film with
varying amounts of introduced formic acid at -0.4 V, with reference
taken at-0.1 V in 0.5 M NaHCOs prior to the introduction of formic
acid. Concentrations are indicated by volume. ATR spectra of 0.1 M
HCOONa and HCOOH on a Si crystal (red traces) are included for
comparison.
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Figure A.9 FTIR spectra of furfural and 2-methylfuran diluted with 0.1 M HCIO4 on

Si prism. 0.1 M HCIO4 background, 64 co-added scans, 4 cm™
wavenumber resolution.
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Figure A.10 Time resolved SEIRAS spectra of 0.1 M furfural in 0.1 M HCIO4 at open
circuit potential. Reference taken at 0.6 V in 0.1 M HCIOs. 64 co-added
scans, 4 cm™* wavenumber resolution
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