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ABSTRACT OF THE DISSERTATION

Electrodes modified with molecular catalysts for the electrochemical reduction of CO2 to CO

by
Almagul Zhanaidarova
Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2019

Professor Clifford P. Kubiak, Chair

Our current energy needs depend mostly on non-sustainable fuels: coal, oil and natural
gas. Carbon dioxide that comes from fossil fuels accounts for 65% of greenhouse gas emission
that plays a major role in climate change. Therefore, the development of an alternative carbon
cycle that includes production of sustainable fuels should be the priority for the future of our
planet. The electrochemical CO; reduction to CO and further utilization of CO to fuels and
chemicals is a promising pathway from both economic and environmental points of view. The
main challenge to implement this technology at an industrial scale is to find the catalyst that will
be robust, selective and sustain high conversion efficiency. This thesis describes approaches to
solving this problem. One of the most effective electrocatalytic systems for the electrochemical
reduction of CO2 to CO was described in Chapter 2 of this thesis, where Re(tBu-bpy)(CO)3Cl
molecular catalyst was incorporated into the structure of MWCNTSs and new heterogeneous
material was developed. This material obtained all advantages of both homogeneous and
heterogeneous catalysts. This system is considered to be one of the most selective and robust

among other developed CO; electroreduction systems by present day. The developed
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heterogeneous materials can find its application not only on the planet Earth but has a potential
to be used in the future interstellar missions.

The development of Re(tBu-bpy)(CO);CI/MWCNT heterogeneous material was carried
out under the support of NASA/JPL as an alternative for the current technology that is being
tested on a planet Mars, where CO» gas represents 90-95% of the Martian atmosphere. The Mars
Oxygen In-Situ Resource Utilization Experiment is better known as MOXIE reduces CO> to CO
and produces Oxygen gas that is vital for supporting human life during the interstellar missions.
This device utilizes yttria-stabilized zirconia and operates at 700°C. Thus, the development of an
alternative electrochemical device that operates at room temperature is of a great interest and a
serious challenge. Chapter 2 of this thesis describes the main breakthrough in the development of
a key part of such a device - the cathode at which selective CO> reduction to CO occurs. The
development of a complete device that reduces CO; to CO at the cathode and produces O; gas at

the anode stands among future challenges and is a subject of a future research.
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Chapter 1

1.1 Electrochemical reduction of CO;

The electrochemical reduction of carbon dioxide, combined with renewable sources of
energy such as wind or solar, can be a promising pathway to convert CO> to valuable fuels and
chemicals.

The availability of solar-generated electricity in some regions can exceed demand during
daylight hours.! Advanced energy storage technologies are required to bank excess capacity for
use during peak demand periods later in the day. One potential use of excess renewable
electricity is the electrochemical production of fuels and chemicals.? The development of robust
and efficient systems for electrochemical CO; reduction to CO is a promising approach to the
conversion of CO; to valuable products. This is a promising pathway to help mitigate climate
change while contributing to the world’s energy supply. The electrochemical reduction of CO; to
CO with renewable electricity provides a green path to synthesis gas and thereby a wide variety
of chemicals and fuels via the Fisher-Tropsch process.?

Originally developed in early 1920s, Fisher-Tropsch process is a series of chemical
reactions involved the conversion of carbon monoxide and hydrogen into liquid fuels according
to Equation 1.1:

(2n + 1)H2+ nCO — C,Hau+2 + nH20 Eq. 1.1

Where for n=1, the reaction represents production of methane, and for n>1 reaction
represents production of higher hydrocarbons. It is important to choose the optimal conditions
for the production of liquid fuels, as the water-gas-shift reactions may occur, where hydrogen gas

and carbon dioxide are main products, according to Eg. 1.2:



CO +H20 — H2 + CO2 Eq. 1.2
Various hydrocarbons from methane to olefins and paraffin can be obtained through

Fisher-Tropsch reactions, based on the chosen temperature, pressure and catalyst, according to

Figure 1.1:
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Figure 1.1 Schematic representation of synthesis gas conversion.*

The current technological pathway to produce CO, the main feedstock for the Fisher-
Tropsch process, derived from coal and natural gas. Purification of the syngas feedstock
estimates for 60-70 % of the total cost of the end product. Production of pure carbon monoxide is
of a great interest, because it can significantly decrease the overall cost of the Fisher-Tropsch
technology.

Efficient electrochemical CO; reduction to CO will not only contribute to the purity of
the feedstock carbon monoxide but can potentially decrease the overall concentration of the CO»

gas in the atmosphere.



1.2 Thermodynamic considerations

Electrochemical CO; reduction to various products can occur in accordance with their
thermodynamic potentials following Equation 1.3 -1.8 (pH 7 in aqueous solution versus a normal

hydrogen electrode (NHE), 25°C, 1 atm gas pressure)’:

CO, + 2H" + 2¢" — CO + H,0 E°=-0.53V Eq. 1.3
CO, + 2H" + 2¢” — HCO,H E°=-0.61V Eq. 1.4
CO, + 4H" + 4¢- — HCHO + H,0 E°=-048V Eq. 1.5
CO, + 6H" + 6¢" — CH30H + H,0 =038V Eq. 1.6
CO, + 8H" + 8¢” — CHa + 2H,0 E°=-024V Eq. 1.7
CO, +e — CO2*- E=-19V Eq.18

Considerable kinetic challenges should also be taken into account for the production of
products involving multiple electron and proton transfer reactions (PCET), as these reactions
usually associated with high activation energies presenting significant kinetic barriers. Thus,
production of higher hydrocarbons, through electrochemical CO> reduction, such as methanol
and formic acid, have only been reported with relatively low efficiency. On the other hand,
efficient electrochemical reduction of CO2 to CO was achieved with a number of molecular

catalysts.5

1.3 Homogeneous and heterogeneous electrocatalysts:

The two main classes of catalysts are described in this chapter: homogeneous and
heterogeneous and a motivation to combine these two classes of catalysts in one hybrid system.
Homogeneous electrocatalysts are catalysts dissolved in electrolyte solution and are able

to freely diffuse to the surface of the electrode. The substrate tent to be dissolved in solution as



well. The efficiency of the homogeneous electroreduction usually determined by the
thermodynamic potential as well as the diffusion of the catalyst and substrate to the surface of
the electrode. There are various homogeneous electrocatalysts that can efficiently reduce CO- to
CO.>*®

The heterogeneous catalysis describes the system where the active catalyst represents the
bulk solid electrode material, usually metal electrodes or surface modified electrodes. In this case
only the substrate must diffuse to the electrode surface and the efficiency of the reaction will be
determined by the diffusion of the substrate and overall thermodynamic limitations.

The properties of various metal electrodes for the electrochemical reduction of CO> was
previously described by Hori et al., and led to the development of a variety of metallic electrodes
for CO; reduction to CO, methane and even C> — C; organic species.” Metal nanoparticle
electrocatalysts composed of Ag® and Au’ have been reported to operate in aqueous solutions at
low overpotentials.” '° The recent development of nanostructured copper based electrodes led to
the production of C1 - C3 organic species depending on the conditions and active sites of
metallic copper.'!: 12 These nanostructured electrodes can be complicated to prepare, and often
require additional etching steps and expensive equipment. In operation, they can suffer from
oxidation processes, and surface reconstruction that decrease selectivity and longevity.

Modification of electrode surfaces with molecular catalysts is a promising path towards
development of robust, selective and efficient heterogeneous materials for the electrochemical
CO; reduction. Employing catalysts on support materials can also significantly reduce catalyst
loadings and overall cost. Studies of molecular catalysts on a variety of conducting materials

have been reported recently.!*!” Molecular catalysts can combine high selectivity and reactivity



towards CO> reduction, and these can be varied via control of structural and electronic
properties.

The homogeneous catalysts of two families will be mainly covered in this thesis: fac-
Re(4,4°-R-2,2"-bipyridine)(CO);X and [Ni(R-cyclam)]**. Attempts to heterogenized these

catalysts will be covered in Chapter 2 and Chapter 3 and Chapter 4.
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Chapter 2

Re(tBu-bpy) supported by MWCNT

2.1 Introduction

This chapter will focus on the modification of a carbon electrodes with Re(tBu-bpy)
electrocatalyst. The incorporation of molecular catalysts into the structure of carbon nanotubes
provides a promising strategy for the development of hybrid molecular/heterogeneous catalyst
materials that retain the desirable properties of molecular catalysts, particularly selectivity.
Multi-walled carbon nanotubes (MWCNT) represent a very interesting electrode material for
catalyst incorporation into a high surface area matrix with excellent electrical conductivity.! A
number of reports describe surface modified carbon nanotubes with molecular catalysts.>> The
recently reported hybrid CoPc/carbon nanotube structures provided high current densities, high
turnover frequency and good selectivity towards CO; reduction to CO (FEco > 95%) in neutral
aqueous media at low overpotential (0.52 V).® Manganese catalysts polymerized at the surface of
MWCNT/CNF (carbon nanofiber) also performed as efficient catalytic systems for
electrochemical reduction of CO» to CO, operating at low potential (-0.39 V vs. RHE) in K2B4O7
+ K»S04 aqueous solution.’

The catalysts of the family fac-Re(4,4’-R-2,2'-bipyridine)(CO);X (where R varies from
electron- withdrawing to electron-donating substituents, and X = CI, Br, CH3CN, CH3CN(Otf),
Py(OTY), etc.) with the Re(R-bpy) motif are well known for their electrochemical and
photosensitized reactivity towards CO> reduction.® Reports of incorporation into higher-order
polymeric systems® ! and surface attachment!! 12 of these catalysts illustrate their versatility.'?

One of the most efficient and durable catalysts of this class is Re(4,4’-tBu-2,2’-bpy)(CO)3Cl,



known for its ability to convert CO; to CO with 100% Faradaic efficiency (FE) in organic
media.'*

Re(4,4’-tBu-2,2’-bpy)(CO);Cl was incorporated into MWCNTs for the first time.
Confined into the bulk structure of MWCNTSs the Re(tBu-bpy) catalyst performs as a superior
catalyst for CO; reduction in every measurable figure of merit, compared to the homogeneous
molecular catalyst: Faradaic efficiency for CO FEco = 99% and less than 1% Ha, low operating
potential (-0.56 V vs. RHE), able to sustain constant CO production for more than 7 h, and it
works in water with 0.5 M KHCO3 supporting electrolyte.

The Re(tBu-bpy)(CO);Cl catalyst has been widely studied as a homogeneous catalyst in
organic solvents Re(tBu-bpy)(CO);Cl. In contrast to organic solvents, the highly selective
electrochemical reduction of CO; to CO in water by a Re(tBu-bpy)(CO);Cl catalyst incorporated
into multi-walled carbon nanotubes (MWCNT) was developed. Current densities of ~ 4 mA/cm?
and selectivities (FEco) of 99% were achieved at -0.56 V vs. RHE in CO; saturated aqueous
KHCO; solutions. Supporting Re(tBu-bpy)(CO);Cl on MWCNTs significantly increases current
densities, decreases overpotential, retains high selectivity for reduction of CO; to CO, and allows
operation in water at pH = 7.3 compared to the molecular catalyst in acetonitrile solution. The
Re/MWCNT electrocatalysts achieve TON > 5600 and TOF > 1.6 s’!. A simple approach is
described below for preparation of selective and robust hybrid electrodes by incorporation of the
Re catalyst into the structure of highly porous heterogeneous materials. These electrodes can
easily be scaled up to desired manufacturing dimensions due to their robust nature and simplicity

of preparation.



2.2 Preparation and characterization of Re(tBu-bpy)/MWCNT electrodes

Re(4,4’-tBu-2,2’-bpy)(CO);Cl was synthesized according to a previously published
procedure.!* The Re(tBu-bpy)/MWCNT electrodes were prepared by drop casting a solution of
Re(tBu-bpy)(CO)3Cl and MWCNT : Carbon Nanofiber (CNF) (5 : 2) onto Tokai glassy carbon
electrode and dried at 150 °C for 1 hour prior to CV experiments. Detailed preparation steps are
described in the Methods section below.

The modified electrodes were characterized with IR, NMR, XPS, TEM, STEM/EDS and
reactivity of these electrodes was studied using cyclic voltammetry and controlled potential
electrolysis. Gas adsorption measurements were performed to determine the nitrogen adsorption
isotherms and pore sizes of MWCNT.

XPS. High-resolution XPS analysis performed before and after 1h Controlled Potential
Electrolyis (CPE) experiments showed Re 4f, N 1s and CI 2p peak (Figure 2.1) consistent with
XPS data for similar systems reported previously.'? The Re 4f spectrum consisted of sharp peaks
Re 4fs2 and 4172 at 44.3 and 41.8 eV respectively, with full widths at half-maximum (fwhm) of
1.09, 1.09 eV respectively, indicating a homogeneous environment around the rhenium center
(Figure la). No peaks were observed at 40.3, 42.7 eV expected for Re® nanoparticles.'” The N 1s
spectra consist of a single sharp peak at 400.29 eV (fwhm 0.98 eV) for the sample before CPE
and slightly shifted N 1s peak at 400.35 eV (fwhm 0.98 eV) for the sample after 1 h CPE (Figure
1b). The Cl 2p peaks were detected at 198.0 eV for Cl 2p12 and 199.7 eV for Cl 2p3/> (Figure 1c)
for the sample before CPE and broader CI 2 p peaks at 198.2 and 199.7 eV after CPE. XPS of
blank Re(tBu-bpy)(CO)3Cl on GCE without MWCNT presence revealed Re 4 f peaks at 44.0
and 41.6 eV. The Cl 2p peaks were detected at 198.7 eV for CI 2p12 and 200.3 eV Cl 2p312). The

N Is spectra consist of a single sharp peak at 400.19 eV (fwhm 0.98 eV). Survey XPS analysis
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Figure 2.1 High-resolution XPS spectra for Re 4f (a), N 1s (b) and Cl 2p (c) of freshly prepared Re-tBuMWCNT
(top) and Re-tBu/MWCNT after 1h CPE experiments (bottom).

supports the structural composition of Re(tBu-bpy)(CO)3Cl for freshly prepared samples and for
samples measured after CPE experiments. For the freshly prepared samples the peak integrations
reveal the atomic surface concentrations of 0.98 %, 1.93 % and 0.90 % for Re, N and Cl
respectively, which integrates to 1 : 1.97: 0.92, consistent with expected Re/N/Cl ratio of 1 : 2 : 1

of Re(tBu-bpy)(CO);Cl.

For samples measured after CPE the atomic surface concentrations are 0.98 %, 1.96 %
and 0.83 % for Re, N and Cl respectively, with Re/N/Cl ratio of 1 : 2 : 0.85, indicating a
diminished Cl concentration, that can be explained by chloride dissociation reported for
analogous systems.'? 16 We note that only ca. 7.6 % of the Cl content of the samples is lost after
CPE. This may indicate that a large fraction of Re(tBu-bpy)(CO);Cl sites are not responding to
electrolysis, since the result of single electron reduction of the catalyst is known to be chloride

dissociation.!*

TH NMR. To analyze the composition of electrodes after CPE samples were soaked in
deuterated acetonitrile and analyzed via '"H NMR spectroscopy. Chemical shifts corresponding to
bipyridine ligand were detected and matched with the spectra of Re(tBu-bpy)(CO);CL* 'H

NMR (400 MHz, CDsCN): § 1.45 (s, 18H, tBu), 7.64 (dd, 2H), 8.41 (d, 2H), 8.88 (d, 2H).
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Figure 2.2 STEM image of Re-tBuUMWCNT material (a) and corresponding EDS maps of Re in yellow (b), of C
in red (c), of Cl in green (d) and N in orange (¢). Because the X-ray energies of C (0.277) and N (0.392) are very
close their signals overlap.

Solution IR. The IR experiments of the electrodes soaked in MeCN showed IR peaks
v(CO) 2023, 1916, 1898 cm™! and matched with the IR spectra of Re(tBu-bpy)(CO);CL

KBr pellet IR. A sample of Re(tBu-bpy)(CO)3ClI of a known mass was pressed into a
pellet with KBr salt and was analyzed using infrared spectroscopy. The IR spectra showed CO

peaks at v(CO) 2017, 1903, 1884 cm™'. These pellets with four known concentrations were used

Figure 2.3 TEM images of Re(tBu-bpy)/MWCNT (electrode 3) at 100 kX (a) at 280 kX (b) and 690 kX
magnification (c)
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as a standard to plot a calibration line for the future measurements. The solid samples of Re(tBu-
bpy)/MWCNT with various Re(tBu-bpy)(CO)3Cl loadings were pressed into KBr pellets to
perform IR experiments of Re(tBu-bpy)(CO);Cl adsorbed on MWCNTs. These samples were
prepared by mixing electrode materials scraped from the electrode surface with a surgical blade
with dry KBr salt. The IR spectra of these samples matched with a standard and showed three
CO stretches at 2019, 1900, 1884 cm'!. Thus, catalyst concentrations for three different Re(tBu-
bpy)/MWCNT samples were calculated.

TEM/STEM-EDS. Transmission electron microscopy (TEM) was conducted to study
the structural morphology of the electrodes. TEM revealed that Re(tBu-bpy)/MWCNT electrodes
consist of hollow tubular nanotubes and conical nanofibers with the average diameter of ~15 nm
for nanotubes and ~35 nm for nanofibers (Figure 2.3). The TEM at magnification of 100 kX
showed MWCNTs aggregated around CNFs which add stability to the electrode material. The
corresponding energy dispersive X-ray spectroscopy (EDS) maps showed that Re
homogeneously distributed throughout the nanotube structures (Figure 2.2). The distribution of C
and N elements match the nanotube structures and overlap due to close X-ray energies of C
(0.277) and N (0.392). The EDS maps of Re and Cl show some response outside of the carbon

nanotubes structures due to the instrumental noise that is typical at this magnification.
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Figure 2.4 N> adsorption isotherms (77 K) of Re-loaded MWCNT/CNF composites in (a) linear and (b) log scale;
(¢) DFT pore size distributions of samples calculated from Nz isotherms (77 K).

Gas adsorption measurements. Materials were characterized by N> physisorption at 77
K (Micromeritics ASAP 2020) after a 12 h activation under vacuum at 423 K (Figure 2.4 A, B).
Brunauer-Emmet-Teller (BET) surface areas were calculated following established consistency
criterion.!” The composite sample without rhenium demonstrates a comparable surface area to
other reported MWCNTs!822, although literature values vary greatly. Increasing loading of the
rhenium complex results in surface area loss in excess of the added non-porous mass, indicating
surface adsorption.

Sample pore size distributions (PSD) were calculated using the Microactive software
package (Micromeritics) as multiwalled nanotubes under the DFT Pore Size model (Figure 2.4
C). The PSD of the blank sample shows a bimodal pore size distribution up to 10 nm—pore
volume beyond this point is poorly defined and likely a result of interparticle condensation rather
than intrinsic material porosity—which is closely mimicked by samples with low (1.4%)
rhenium loading. Intermediate rhenium loadings (12.5%) result in noticeable changes in the
PSD, where new pore distributions appear near 2.5 nm and 7 nm, likely from the disruption of
the larger parent distributions. Moreover, the previously well-defined distribution at 5 nm is
noticeably broadened. Further increasing (>20%) rhenium content continues to disrupt the

pristine PSD, with a pronounced loss of cumulative porosity throughout the distribution. The
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changes in PSD in conjunction with the decreases in BET surface area suggest that the rhenium
complex is located within the pores of the substrate, though it is not possible to rule out the

presence of external complex adsorption.
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Figure 2.5 CV of Re(tBu-bpy)/MWCNT under Nz (blue) and COz (red) in 0.5 M KHCOs taken prior to CPE
experiment. Electrode 4 was used as a working electrode, Ag/AgCl as a reference, Pt as a counter electrode. Scan
rate 100 mV/s.

2.3 Electrochemistry

Cyclic voltammetry. The cyclic voltammetry (CV) experiments were performed using a
three electrodes cell configuration, with platinum as a counter, Ag/AgCl as a reference and
modified Re(tBu-bpy)/MWCNT as the working electrode at 100 mV/s. CV experiments were
performed in 0.5 M KHCOs3 under N> or CO: atmosphere, unless stated otherwise. Electrodes
with various Re(tBu-bpy) loadings were investigated trough CV and CPE experiments and the
results are summarized in Table 2.1. A dramatic increase in current is observed when the applied
potential reached -0.56 V vs. RHE under CO in comparison to N> atmosphere (Figure 2.5).
Current densities of 30 mA/cm? were achieved with electrodes containing 23.08 wt% of catalyst.
The current density was found to decrease with decreasing catalyst loading and was less than 10

mA/cm? for electrode 1. Oversaturation of the carbon nanotube surface was found to occur when
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catalyst loading exceeded the concentration of 25 wt%, and this resulted in diminished current

during CV and CPE experiments (Figure 2.6).

Table 2.1 Summary of electrocatalytic CO2 reduction using Re(tBu-bpy)/MWCNT electrodes.

Electrode Re(tBu Charge [CO] FE FE  TOF TONgx  TOFga I
# -bpy) ©) (umol) (% CO) (% Hy) (b (CV) (CY)(s)  (mA/em?
(wt %) )
1 0.42 3.7 16 83 15 297 2280 0.6 1.0
2 2.50 4.6 21 94 5 124 2703 0.8 13
3 13.9 11.1 57 99 1 38 5161 1.4 3.1
4 23.1 14.4 73 99 1 27 5619 1.6 4.0
5 252 7.6 33 99 1 12 4013 1.1 2.1

CPE experiments. The composition, quantity, and rate of the product formation was
investigated via controlled potential electrolysis (CPE) experiments. CPEs were performed in a
three-neck cell (V = 89 ml) at -0.56 V vs. RHE in 0.5 M KHCOj3 solution (35 - 40 ml) saturated
with CO> gas. Under these conditions in the absence of the catalyst bare MWCNTs on a glassy
carbon electrode produced H> with 100% Faradaic efficiency and very low current densities
(0.18 mA/cm?). When loaded with Re(tBu-bpy), these electrodes displayed high current densities
which were found to be dependent on the catalyst loading. A current density of 1.0 mA/cm? was
achieved with electrode 1 (0.42 wt% Re-tBu), 1.3 mA/cm? was achieved with electrode 2 (2.5
wt% Re-tBu), 3.1 mA/cm? with electrode 3 (13.9 wt% Re-tBu) and reached the maximum of 4.0
mA/cm? for electrode 4 (23.1 wt% Re-tBu) (Figure 2.6). A decline in current density was
observed for electrode 5, when catalyst loadings exceeded 25 wt% suggesting that these
electrodes are susceptible to a blocking effect at higher catalyst loadings. This was somewhat

surprising since a Re catalyst loading of 25 wt% corresponds approximately to one Re atom per
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168 carbon atoms in the hybrid material. The headspace was analyzed via gas chromatography
after 1 h of electrolysis and revealed Faradaic efficiency (FE) of 99% for CO and less than 1 %
H for the electrodes 3, 4 and 5. The selectivity for CO decreased when the catalyst loadings
were decreased and corresponded to FE(CO) of 97 % for electrodes 7 and 8 and reached FE(CO)
of 94 % for electrodes 2 and 6. When the loading of the catalyst was decreased to 0.42 %
(electrode 1) the selectivity for CO decreased to 84 %. We further explored the performance of
electrode 4 and carried out CPE experiments that proceeded for 7 hours at -0.56 V vs. RHE in
0.5 M KHCOs solution saturated with CO> gas. The headspace analysis via gas chromatography
was performed every half an hour and revealed that the Faradaic efficiency of 99% for CO
remained constant throughout the course of the experiment without deactivation of the catalyst
(Figure 2.7). Furthermore, due to rapid CO formation and its low solubility in water, a profusion

of CO bubbles was observed on the surface of the electrodes during CPE experiments.

2.4 Methods

Materials: Chemicals were purchased from Sigma Aldrich and Fisher Scientific and
used without further purifications. Multi-walled carbon nanotubes (MWCNT) (>98% carbon
basis, O.D. x L 6-13 nm x 2.5-20 um) and graphitized carbon nanofiber (CNF) (iron-free,
composed of conical platelets, D x L 100 nm x 20-200 pm) were purchased from Sigma Aldrich.
Glassy carbon plates (SA-3, 100 x 100 x t3 mm) were purchased from Tokai Carbon and pre-cut
to the area of 1 x 2 cm?.

Preparation of glassy carbon electrodes. Tokai glassy carbon plates were polished with
an alumina slurry (0.05 um) with subsequent sonication in water, methanol and acetone.

Polished glassy carbon plates were connected to a copper wire using an alligator clip and were
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covered with an epoxy so that the exposed working area of glassy carbon surface was equal to 1
x 1 cm?.

Preparation and characterization of Re(tBu-bpy)/MWCNT electrodes. A solution of
Re(tBu-bpy)(CO);ClI (2.6 mM, 0.7 ml, 1 mg, 13.9 wt%) in ethanol was added to 5 mg MWCNT
and 2 mg CNF and sonicated for 5 minutes to disperse MWCNTs. DI water (0.3-0.5 ml) was
added to the mixture to promote saturation and faster adsorption of Re(tBu-bpy)(CO);Cl by
carbon nanotubes. The resulting yellow suspension was sonicated for 15 minutes until solution
became colorless, which indicated of a complete adsorption of the catalyst by MWCNTs. This
suspension was drop-casted onto a polished glassy carbon plate (1 x 1 cm?) at 60°C using a hot
plate. Electrodes were dried in the oven for 1 hour at 150°C prior to CV and CPE experiments.
Electrodes made of drop-casted Re(tBu-bpy)-MWCNTs dissolved in a water/ethanol mixture
tend to form more even surfaces without visible precipitate at the edges, these electrodes crack
less frequently in comparison to the electrodes drop-casted from pure ethanol solutions.
Sonication in pure ethanol solution without addition of water resulted only in partial adsorption
of the catalyst by MWCNTs and therefore precipitation of catalyst agglomerates occurred at the

edges of the electrode. When Re(tBu-bpy)(CO);Cl catalyst was directly drop-casted onto
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Figure 2.6 CPE experiments of Re(tBu-bpy)/MWCNT electrodes in CO; saturated 0.5 M KHCOs at -0.56 V vs.
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MWCNTs, yellow agglomerates were seen at the surface of MWCNTs. These electrodes
performed poorly in comparison to the electrodes prepared from sonicated Re(tBu-bpy)-
MWCNTs ethanol/water solutions.

Electrochemistry. All cyclic voltammetry and controlled potential electrolysis (CPE)
experiments were conducted using a Gamry Reference 600 potentiostat. A single compartment
cell was used in all experiments with Re(tBu-bpy)/MWCNT/GCE as the working electrode (area
1 x 1 cm?), A Pt wire spool was used as a counter electrode and Ag/AgCl as a reference
electrode. Electrochemical CO; reduction experiments were performed on a Schlenk line using
N2 or CO; gas. Typically, a 0.5 M KHCOj; solution in DI water was used as the supporting
electrolyte. All experiments were conducted with the compensation for iR drop. CPE
experiments were performed in a single compartment Gamry cell, with modified carbon
electrodes as working, Ag/AgCl as reference and Pt wire spool separated from the working
electrode with a glass frit as the counter electrode. Products were monitored using gas
chromatograph (Hewlett-Packard 7890A) with a molsieve column and helium as carrier gas. Gas
analysis was performed using 1 ml gas-tight syringe with the gas sample taken from the

headspace of the CPE cell. All potentials were measured versus Ag/AgCl electrode and
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Figure 2.7 7 hours CPE experiment of Re(tBu-bpy)/MWCNT electrodes in COz saturated 0.5 M KHCOs3
at-0.56 V vs. RHE.
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converted to RHE according to the Nernst equation. Thus, the optimal operating potential of -

0.56 V vs. RHE was determined as follows from cells employing Ag/AgCl reference electrodes:
Erue = Eagiagcr +0.059 pH + E%Agagci
Erue = (-1.20) + 0.059 x 7.23 + 0.209 =-0.56 V

where Erug is the converted potential vs. RHE, Eag/agci is the experimental potential measured
against Ag/AgCl reference electrode, E?agagci vs. NHE is 209 mV (3 M NaCl) at 25°C.
The Re(tBu-bpy)/MWCNT electrodes displayed excellent activity and selectivity towards the
electrochemical reduction of CO; to CO. These electrodes operated at -0.56 V vs. RHE in 0.5 M
KHCOs3 with 99% selectivity for CO and only trace quantities of Ha.
The XPS survey analysis of Re(tBu-bpy)/MWCNT before and after CPE experiments revealed
the presence of Re/N/Cl peaks consistent with the chemical composition of the Re(tBu-
bpy)(CO)3;Cl1 complex. Samples analyzed before CPE experiments showed an integration ratio
of Re/N/CI peaks equal to 1/1.97/0.92, which is in agreement with the stoichiometry of Re(tBu-
bpy)(CO);Cl. However, the integration of the same peaks in samples after CPE revealed a 7.6 %
decrease in the Cl composition with overall Re/N/Cl ratio of 1/2/0.85. The diminished Cl peak
can be explained by the chloride dissociation as discussed previously.!? The dissociation of
chloride is consistent with the mechanism for the homogeneous electrochemical reduction of
CO; to CO by Re(t-Bu)(CO)3Cl, where the dissociation of chloride is the initiation step in the
catalytic cycle, providing a vacant site for CO, binding.!'% 2323

The observed high CO:H: selectivity of Re(tBu-bpy)/MWCNT electrodes is attributed to
the high loadings of the Re(tBu-bpy) catalyst used in these experiments. At high concentration
and surface coverage selectivity for CO corresponded to almost 100% and remained constant

throughout 7 hours of CPE. High surface coverage by the Re catalyst appears to promote CO»
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reduction over native proton reduction that can occur at exposed carbon sites. When catalyst
loadings were low (electrode 1, 0.7 wt%) hydrogen production was observed to occur with
Faradaic efficiency for H, = 15% and 84% for CO. When catalyst loadings were increased to
13.9 wt%, selectivity for H> decreased to < 1% with FE = 99 % for CO. To obtain maximum CO
selectivity the Re(tBu-bpy) catalyst should be evenly dispersed onto the structure of MWCNTs
to minimize carbon sites exposure that can be crucial for hydrogen suppression. Similar
observations were made previously for Mn-catalystt MWCNT and p-RuCP polymeric catalysts
incorporated into CNTs and carbon cloth.”- 26

Control experiments under a nitrogen atmosphere showed production of H», and no CO
was detected during CPE experiments. Bare MWCNT/GCE without Re(tBu-bpy) showed
exclusive production of hydrogen with FE (Hz) = 100%. Electrodes without MWCNTSs with only
Re(tBu-bpy) directly drop casted on glassy carbon surface showed almost no electrochemical
activity towards CO; reduction at the same conditions. Control CV experiments with CNF only
showed no change in current under CO; in comparison to N2 with very low CPE current and
hydrogen production with 100% Faradaic efficiency.

The TOF frequencies measured during CPE experiments and calculated per total
concentration of catalyst were found to range from 297 to 12 h!, depending on the catalyst
loadings. It is important to note that the TOF values were calculated based on the fotal/ amount of
Re(tBu-bpy) in the bulk material and are therefore the extreme lower limit of the actual catalyst
TOF values that should be calculated based on the amount of electroactive catalyst.?” The
amount of electroactive catalyst can be obtained through integration of the area of a Re(tBu-bpy)
CV. In acetonitrile Re(tBu-bpy)(CO)3Cl displays two one electron reductions that were

1/0

previously assigned to a bipyridine-based reduction followed by a metal based Re’° reduction.?
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We were able to detect a Re(tBu-bpy) redox peak in 0.5 M KHCOs at a scan rate of 25 mV/s at
-0.38 V vs. RHE, prior to the catalytic wave, for freshly prepared electrodes. We tentatively
assign this feature to bipyridine ligand based redox process. Although, we noticed that the CV
peak shifts after second scan and gets smaller after third scan and completely diminishes after 4-
th scan. The fact that the intensity of the peak decreases and completely vanishes with
consecutive scans may indicate strong electronic coupling between MWCNTs under bias and the
Re catalyst. Similar phenomena were described previously for conjugated linkages in graphite-
conjugated catalysts (GCC-Ru) electrodes, where a Faradaic current cannot be detected due to
charge build up at the interface establishing an electric field gradient that changes the Fermi level
of the electrode relative to the donor/acceptor states regardless of the applied potential. This
eliminates the driving force for the outer-sphere electron transfer consistent with the double-layer
theory for a molecule electronically coupled to the electrode.?® The quantity of electroactive
Re(tBu-bpy) for electrode 4 obtained by integration of the first peak area was calculated to be 1.3
x 108 mol. This compares to a value of 1.8 x 10® for CoPc-CN, and 2 x 10? for COF-367-
Co.527 Using our estimated value of electroactive Re in the Re(tBu-bpy)/MWCNT electrodes,
we obtain TONga = 5619 and TOFga = 1.6 s'. The amount of electroactive catalyst was
determined for all electrodes in the manner described here and was found to range from 1 - 8 %
of the total catalyst loaded into the bulk electrode material. The amount of electroactive rhenium
increased with increasing catalyst loadings until it reached a saturation level (electrode 5) which
is attributed to the formation of agglomerates of inactive catalyst and physical blocking of the
electrode surface. Thus, the amount of EA Re for electrode 5 decreased, which was also reflected
in lower current densities for this electrode. The TOFka values for all electrodes are summarized

in Table 2.1. Although high surface coverage resulted in lower amounts of electroactive catalyst,
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the total coverage is necessary to suppress the competing hydrogen evolution reaction that occurs
on the exposed sites of the carbon nanotubes.

A reasonable comparison was drawn between the performance of homogeneously
catalyzed CO; reduction by Re(tBu-bpy)(CO);Cl in acetonitrile and heterogeneous Re(tBu-
bpy)(CO);CI/MWCNT in water. The TOF for homogeneous CO> reduction by 1 mM Re(tBu-
bpy)(CO)sCl in acetonitrile in the presence of 3 M H,O corresponds to TOF = 5 s'! (average),
with a maximum reported TOF of 16 s for 10 M H>0.?> The maximum effective loading for
heterogeneous Re(tBu-bpy)/MWCNT was 23 wt%, which at the operating conditions
corresponds to 0.1 mM Re(tBu-bpy), loadings 10 times lower than that for homogeneous
catalysis. It is worth noting that these electrodes operate in aqueous media where the solubility of
CO; is almost 5 times lower than in acetonitrile.?®- 3° Furthermore, control CPE experiments in
MeCN : 5% H>O solution with 0.1 mM Re(tBu-bpy)(CO);Cl and bare MWCNT/GCE exhibited
hydrogen production with FE of 87 % and FE of 12 % for CO. This was attributed to the limited
diffusion and mass transport of the catalyst to the highly porous surface of the MWCNT. When
incorporated into the structure of the MWCNT catalyst material we obtain no such limitations
because of the direct contact between the catalyst and the surface of the electrode.

Re(4,4'-tBu-bpy)(CO);Cl is known for its catalytic activity for CO, reduction in organic
solvents with the highest catalytic activity reported in acetonitrile in the presence of 1 M phenol
as a proton source.!> Without addition of Bronsted acids, but in the presence of advantageous
water, the determined overpotential (1) is equal to 0.86 V, considering CO>/CO equilibrium at -
1.344 V vs. Fc'°3! Since in aqueous solutions CO,/CO equilibrium corresponds to -0.11 V vs.
RHE,* the reduction potential of -0.56 V vs. RHE is equal to the overpotential of 0.45 V for CO

evolution, which is 0.41 V lower than n for the homogeneous Re catalyst in acetonitrile.
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Previous studies showed that reactivity and selectivity of Re-bpy in organic solvents depends on
the acid strength (pKa). The acidity of 0.1 M KHCOs solution saturated with CO corresponds to
pH = 6.81, and pH = 7.23 for 0.5 M KHCO3.* However, for the Re(tBu-bpy)/MWCNT system a
trade-off exists between acidity of the solution and mass transport of CO; to the active sites of
the embedded catalyst. Thus, electrodes operated at -0.56 V vs. RHE in 0.1 M KHCO;
performed poorly in comparison to 0.5 M KHCOs3 solution. The same behavior was reported for
the CoPc/MWCNT system at -0.49 V vs. RHE® and was attributed to the decreased mass
transport of CO; to the catalytic sites.>*

It was found that the selectivity of the Re(tBu-bpy)/MWCNT depends on the applied
potential. At -0.62 V vs. RHE the system still produces CO with Faradaic efficiency of 97% vs.
3% for Ha, but at -0.67 V vs. RHE, Faradaic efficiency decreased to 84 % for CO and 15% for
H. Thus the Re(tBu-bpy)(CO);CI/MWCNT electrodes display overpotentials for CO and H»
evolution that favor CO evolution at less negative potentials than H> evolution, the reverse of

normal thermodynamic expectations for these reactions.
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Figure 2.8 Catalytic Tafel plots for Re(tBu-bpy)/MWCNT (electrode 4) and other CO: reduction catalysts on
MWCNTs, GCE or carbon fabric. CoPc-CN = cobalt-2,3,7,8,12,13,17, 18-octacyano-phthalocyanine, CoPc-P4VP
= cobalt phthalocyanine poly-4-vinylpyridine at glassy carbon electrode at pH 4, COF-367-Co = cobalt porphyrin
in piphenyl-4,4’-dicarboxaldehyde covalent organic framework on carbon fabric. Mn-MeCN = Mn(4,4'-di(1H-
pyrrolyl-3-propyl carbonate)- 2,2"-bipyridine)(CO)sMeCN]*(PFs)", Tafel plot for this catalyst was calculated based
on the reported TON and bulk concentration of the catalyst, we assume that TON and TOF should be higher if
calculated per electroactive species.

Developed Re(tBu-bpy)/MWCNT was compared to the best hybrid systems based on

molecular catalysts on solid carbon supports. These data are summarized in Table 2.2. Although

the highest current density, charge and TOF values were achieved with CoPc-CN in a flow

reactor, Re(tBu-bpy)/MWCNT has lower operating potential and highest Faradaic efficiency for

CO in comparison to other catalysts.

Table 2.2 Comparison of existing molecular electrocatalysts on various carbon supports

Catalyst Ecat. Current Density Charge (C) TOF (s) FE (CO)
(V vs. RHE) (mA/cm?)
Re(tBu-bpy) -0.56 4.0 14.4 1.6 99
Mn-pyrrolyl -0.39 24 8.6 0.009 87
CoPc-CN -0.63 15 54 4.1 98
CoPc-P4VP -0.75 2.0 7.2 4.8 90
COF-367-Co -0.67 2.9 10.4 2.6 90
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Catalytic Tafel plots were created to benchmark our catalytic system with the existing molecular
catalysts and they represent the relationship between thermodynamic and kinetic parameters: n
and TOF. Tafel plots were calculated based on log TOF multiplied by FE(CO) and plotted
against the corresponding overpotentials (Figure 2.8). Re(tBu-bpy)/MWCNT displayed the best
optimal characteristics of 1 and TOF in comparison to other catalysts with overpotential of 0.45
and logTOF x FE(CO) =0.2.

The Re(tBu-bpy)/MWCNT electrodes display exceptional electrocatalytic selectivity
towards CO> reduction to CO. Re(tBu-bpy)/MWCNT electrodes are able to provide current
densities of 4 mA/cm?, with TON of 5620 and TOF of 1.6 s at overpotential of 0.45 with
selectivity of 99% for CO in water media. These electrodes require lower catalyst loadings than
homogeneous CO> reduction with the same catalyst, exhibit remarkable selectivity towards CO»
reduction over proton reduction due to high coverage of the electrode surface, and operate at pH
7.3 in aqueous solution. In conclusion, these electrodes operate at low overpotential with almost
100% selectivity for CO in aqueous media with high current densities, and overall performance
far exceeding the molecular catalyst in homogeneous media.

The material for this chapter comes directly from a manuscript in preparation entitled
“Re(tBu-bpy)(CO);Cl supported on multi-walled carbon nanotubes selectively reduces CO; in
water” by Almagul Zhanaidarova, Brian Pimentel, Simon C. Jones and Clifford P. Kubiak,. The

dissertation author is the primary author of this paper.
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Chapter 3

Re(ethynyl-bpy) polymerized at glassy carbon electrodes

3.1 Introduction

This chapter describes earlier attempts to modify electrodes with Re(R-bpy) catalyst. The
catalytic properties of Re(ethynyl-bpy)(CO);Cl and Re(vinyl-bpy)(CO);Cl were studied and
compared with those of the previously reported Re(tBu-bpy))CO)3;Cl. As a molecular catalyst,
Re(ethynyl-bpy)(CO)3;Cl reduces CO2 to CO with lower overpotential (n = 0.525 V), higher
selectivity for CO (FE 96%), and higher reaction rate (I cat /I p = 27) compared to similar
catalysts reported to date. The catalyst undergoes electropolymerization at the surface of a glassy
carbon electrode in dry acetonitrile solution, creating a polymer film that is electroactive under a
CO; atmosphere. In the presence of trifluoroethanol (TFE) (pKa 35.4, MeCN) these films exhibit
high efficiencies for CO (FE CO 97%). On the basis of preliminary studies, these electrodes
show promise as heterogeneous electrocatalysts. Further optimization and understanding of
deactivation pathways will be required to make these systems practical. The ethynyl
functionalized Re(ethynyl-bpy)(CO);Cl catalyst also can be attached to graphitic carbon
electrodes through the “click” reaction. This represents the first example of attachment of a CO»
reduction catalyst to an electrode surface by “click” chemistry.

Re(tBu-bpy)(CO);Cl is one of the most robust and effective homogeneous catalysts, and
it is known for its high electrocatalytic activity to convert CO; to CO in the presence of weak
Bronsted acids.! Functionalization of graphitic carbon electrodes with molecular catalysts of the
Re(bpy)(CO)3Cl class are of great interest because these electrodes would require very low
loadings of catalyst while providing heterogeneous systems, but with the activity and selectivity

of a molecular catalyst. Surface modification of an electrode can proceed through either

31



noncovalent interactions (adsorption) of an electroactive molecule on the surface? ® or through
covalent attachment of the molecule to the surface.! ¢ Numerous strategies for surface
modification of ferrocene on glassy carbon electrodes (GCEs) are available.” Despite this fact,
there are only a few examples of covalent attachment of molecular catalysts to graphitic
surfaces.!® !! Here, we describe on the catalytic properties of Re(ethynyl-bpy)(CO);Cl (complex
1) and Re(vinyl-bpy)(CO);Cl (complex 2) (Figure 3.1), as well as several surface attachment
strategies in attempts to heterogenize complex 1 with the surface of a GCE.

Due to its high catalytic activity toward CO; reduction to CO and available triple bond
Re(ethynyl-bpy) incorporation onto carbon surfaces is very appealing. New catalyst 1 that
functions at lower potential and higher activity than most of its close counterparts was
developed. The first attempts to modify carbon electrodes trough electropolymerization and
“click” chemistry to design heterogeneous catalytic systems containing this catalyst were made.
Further experiments are necessary to understand the effect of acids of various strengths and their
conjugate bases on the product distributions and the stability of the polymer films as well as the
properties of covalently modified electrodes under catalytic conditions. Despite the fact that

Re(5-ethynyl-bpy)(CO); Cl and similar ethynyl-bipyridine compounds were described

Figure 3. 1 Crystal structures of Re(ethynyl-bpy)(CO);Cl (1) and Re(vinyl-bpy)(CO)sCl (2). One of the two C1-C2
orientations is shown for complex 2. Thermal ellipsoids are shown at the 50% probability level.
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previously, these compounds have never been studied for the electrochemical reduction of CO;

to CO.12. 13

3.2 Synthesis and electrochemical properties.

Complexes 1 and 2 were prepared according to modified literature procedures and
crystallographic data for 1 matched previously reported structural data.!? 14
Cyclic voltammetry experiments were carried out in dry MeCN with 0.1 M tetrabutylammonium
hexafluorophosphate TBAPF; as the supporting electrolyte under nitrogen atmosphere. Complex
1 displays (i) a cathodic wave with reversible one-electron reduction at —1.56 V vs Fc*?, (ii)
followed by a quasi-reversible reduction at —1.91 V vs Fc*. These redox events were previously
assigned to (i) a ligand-based reduction, (ii) succeeded by a metal-based reduction.'® There is
also an oxidative feature at +1.02 V vs Fc™°, that is assigned as an oxidation of the ethynyl
substituent attached to the bipyridine ligand. In comparison, the CV of complex 2, the analogs of
which were studied previously by Meyer’s group,'® revealed two one-electron reduction waves at

~1.7 V vs Fc and —2.06 V vs Fc"? . The substantial difference in the reduction potentials of

-
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Figure 3.2 CV of complex 1, complex 2 and Re(tBu-bpy)(CO);Cl under CO2 with 1.5 M TFE in 0.1 M
TBAPFs/MeCN. Scan rate 0.1 V/s. The abbreviations eth = ethynyl and v = vinyl was used in the figure.
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complex 1 can be explained by the difference of the Hammett parameter (c,) of the ethynyl and
vinyl substituent. The ethynyl group is electron-withdrawing with a Hammett parameter of 0.23,
whereas the vinyl substituent is electron-donating with a Hammett parameter of —0.04.!7 As the
result, the electron-withdrawing substituted complex 1 has a reduction potential 140 mV less
negative than complex 2 and 300 mV less negative than Re(tBu-bpy)(CO);Cl (o, = —0.2).! We
then compared the catalytic properties of complex 1 with complex 2 and Re(tBubpy)(CO):Cl
under the same catalytic conditions. The ratio of ica/ip was used as the figure of merit to compare
catalytic current responses, where i cat is the peak current under CO; and i, is the current under
inert conditions. The ratio i /ip is proportional to the catalytic rate constant, k cat.!® CO,
reduction studies of complex 1 (1 mM) were carried out in CO; saturated solution of 0.1 M
TBAPFs /MeCN. The current enhancement was observed under CO> and icat /ip value of 7 was
determined. A large catalytic current increase was observed during the experiments of complex 1
with the addition of 1.5 M TFE as a proton source. The current increase initiates at —1.75 V vs Fc

/0 and reaches a plateau at —2.1 V vs F¢ *°

with ica /ip value of 27. Product composition was
investigated via controlled potential electrolysis (CPE) experiments at this potential and was
monitored by gas chromatography. Analysis of the headspace after 1 h electrolysis revealed
evolution of CO with Faradaic efficiency (FE) of 96% and less than 1 % of H,. The current
enhancement was observed for complex 2 under CO; with ica/ip = 9. The current density
remained unaffected by addition of TFE, and ica /ip = 11 was determined in the presence of TFE.
A value of i /iy = 30 was established for Re(tBu-bpy)(CO);Cl with 1.5 M TFE in 0.1 M
TBAPFs /MeCN and is in agreement with previously published data for this complex.!- ¥

A comparison of the CVs of complex 1, complex 2, and Re(tBu-bpy)(CO)3Cl under CO»

in the presence of 1.5 M TFE are depicted in Figure 3.2. A closer analysis of the CVs of these
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catalysts revealed the differences in the catalytic potential (Ecay2 ), determined from the potential
at half of the catalytic current.?’ The overpotential (n) was determined from the difference Ecay -
E°cozico (CH3CN).!

Determination of a catalytic rate constant k cat for complex 1 and Re(tBu-bpy)(CO);Cl
was carried out under catalytic and inert conditions to identify intrinsic properties of the
catalysts.

The k cat value was determined from the scan rate dependence studies according to
Equation 3.118

et 1 [RT ,

= ——n cat
i 0.446 Fv
» " Eq. 3.1

Here F is Faraday’s constant, R is the universal gas constant, T is the temperature, n is the
number of unique electron transfer processes that occur at the electrode per catalyst (n = 2), n’ is
the catalyst equivalents required per turnover (n’ = 1), v is the scan rate, and k cat is the catalytic
rate constant. TOF max was determined according to Equation 3.2%!

TOFmax = kcat Eq' 3'2

The scan rate was increased until the current reached a plateau and k cat = 3100 s —1 was
determined for complex 1. The k cat = 5000 s —1 was determined for the Re(tBu-bpy)(CO);Cl
and is in agreement with the previously reported value.! A catalytic Tafel plot can be used to
benchmark catalyst 1 with other reported catalysts. A Tafel plot illustrates the relationship
between the thermodynamic (1) and kinetic (TOF) parameters of catalysts. The log TOF of
catalyst 1 is comparable with log TOF of Re(tBu-bpy)(CO)3;Cl, but with 140 mV lower
overpotential (n = 0.53). In fact, this overpotential is close to one of the lowest reported for the
molecular electrocatalysts Mn(mes-bpy)(CO);Cl with n = 0.3 — 045 V, which show

comparatively lower 1ogTOFs.?? The surprising relationship between less negative reduction
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potential and more active catalysis in 1 requires further study and theoretical explanation.
However, in view of the remarkable properties of complex 1 as a catalyst, we have initiated an
investigation of its attachment to electrode surfaces. The anchoring of homogeneous catalysts to
solid supports through surface attachment can be a promising path to create robust, highly
selective heterogeneous materials. Attempts to heterogenize Re(ethynyl-bpy)(CO)3Cl were made
by polymerizing complex 1 at the surface of a glassy carbon electrode (GCE) and Tokai carbon
electrode, creating a polymer film in a noncovalent fashion. When operated in saturated CO»
solution with addition of 1.5 M TFE these electrodes exhibit exceptionally high current densities
of 11 mA/cm?. However, during subsequent scans current decrease was observed. CPE
experiments carried at —2 V vs Fc "% showed that in the presence of TFE these electrodes are
able to reduce CO; to CO with 97% FE, however, the deactivation of these films was observed
during the first minutes of electrolysis at these conditions. Electrolysis with acetic acid (pK a
23.5, MeCN) 1 exhibits stable current but with almost exclusive production of H> (FE 90%).
Such an obvious dependence of product distribution and catalyst stability appears to depend on
the strength of the conjugate base of these acids. Weaker Bronsted acids form stronger conjugate
bases. TFE is a very weak acid (pK a 35.4, MeCN) 1 forms a stronger conjugate base that
appears to deactivate the Re(ethynyl-bpy)(CO);Cl film at the surface of the electrode. We have
also attempted to use the pendent ethynyl group of 1 and the “click” reaction? to covalently
attach it to the surface of a GCE. These electrodes show stable current responses in MeCN and in
0.5 M KHCO:s.

The material for this chapter comes directly from a manuscript entitled “Selective
reduction of COz to CO by a molecular Re(ethynyl-bpy)(CO)3;ClI catalyst and attachment to

carbon electrode surfaces” by Almagul Zhanaidarova, Andrew L. Ostericher, Chris J. Miller,
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Simon C. Jones S. and Clifford P. Kubiak, Organometallics, 2019, 38 (6), pp 1204-1207. The

dissertation author is the primary author of this paper.
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Chapter 4

Electrografting of Ni-cyclam

4.1 Introduction

This chapter describes surface modification of glassy carbon electrodes (GCEs) with
molecular electrocatalysts via direct anodic electrografting. Electrografting of [Ni(alkynyl-
cyclam)]?* catalysts to the surface of GCEs in one simple step using inexpensive earth-abundant
chemicals. When modified, these electrodes show reversible electrochemistry in organic solvents
with zero peak-to-peak separations (AE = 0) and non-diffusive I(V) profiles that are typical for
heterogeneous redox materials. The Ni-catalyst/GCEs have the potential for significant scale up
and applications in green energy production of carbon fuels from COa.

Surface modification of glassy carbon electrodes (GCEs) with molecular catalysts
has been one of the most active and promising areas of electrocatalysis in the past decade.
Surface modification of electrode materials through the covalent attachment of molecular
catalysts is an essential step towards creation of new, scalable, robust electrocatalyst
materials with unique structures and properties.! These materials can be used in basic
electrochemical studies, energy conversion and storage, aerospace, biomedical and
semiconductor industries.

Development of surface confined catalytic systems allows combining the most
advantageous properties of homogeneous catalysis such as high reactivity and selectivity
with those of heterogeneous catalysis - simple product separation, low catalyst loadings
and simple catalyst regeneration. In homogeneous electrocatalysis, the diffusion of

reactive species to the electrode surface is an important factor that affects the rate of
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catalysis. Electrodes with surface attached catalysts represent heterogeneous systems and
are capable of increased catalytic rates due to the absence of catalyst diffusion limitations.
There are only a few reports in the literature of surface modification of GCEs with
molecular electrocatalysts, despite the fact that glassy carbon is one of the most common
materials used in electrochemistry.

The successful covalent attachment of macrocyclic [Ni(alkynyl-cyclam)]**
electrocatalysts to the surface of GCE was developed. Despite high interest in its catalytic
properties there are no previous reports in the literature of a covalent attachment of
[Ni(cyclam)]** to the surface of a GCE.

[Ni(cyclam)]** is a low cost homogeneous electrocatalyst widely known for its
high reactivity towards electrochemical reduction of CO> to CO at low potential (-1.2 V
vs. NHE) and its ability to operate in aqueous media with high turnover rates and

123 and glassy carbon electrodes?. Incorporation

selectivity towards CO production at meta
of a [Ni(cyclam)]** catalyst to the electrode surface can significantly increase
electrocatalytic rates and provide all of the benefits of heterogeneous catalysts. The recent
report by Leem et al. describes a self-assembled Ni-cyclam-BTC on ITO glass and its
enhanced electrocatalysis for water oxidation.’ The incorporation of [Ni(cyclam)]** into
an artificial metalloenzyme described by Schneider ef al. improved the selectivity of CO2
reduction over hydrogen production by these enzymes.® In the paper by Neri and co-
workers  [Ni(cyclam-COOH)]*" was immobilized onto FTO surfaces for
photoelectrochemical CO; reduction,” Kashiwagi et al. described polymer encapsulated
[Ni(cyclam)]** at a graphite felt electrode and showed that these modified electrodes can

efficiently reduce various organic substrates.® Even though glassy carbon surface

modification is challenging there are several techniques that allow efficient modification
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of electrode surfaces, including modification of electrodes through Click chemistry®,
hydrogen plasma treatment!?, electrochemical assisted attachment!!, etc. Anodic
electrografting of ferrocenyl derivatives and porphyrins through ethynyl linkages to
glassy carbon and other electrode surfaces was previously described by the Geiger
group.!? According to this method, the key step in the mechanism of anodic
electrografting through terminal alkynes is the formation of alkynyl radicals. One-electron
oxidation increases the acidity of the alkyne causing the loss of a proton and formation of
alkynyl radicals which react with the surface of a GCE. Following this method, we
successfully modified GCEs through the alkynyl radical electrografting procedure with
[Ni(alkynyl-cyclam)]** molecules. Newly modified electrodes were studied using
electrochemical methods such as cyclic voltammetry (CV), scan rate dependence, and
differential pulse voltammetry (DPV). The linear dependence of peak current versus scan

rate confirmed the heterogeneous nature of surface bound redox species.

3 (Boc,0) Boc\m,H + RX Boc\m,R

Boc” U “Boc

NH HN

[NH HNj stepwise: 2 eq + 1 eq [N N\j
U -1500 BOC/ U BOC

- HX

RX: =

1. 90% TFA, DCM, r.t. m R (\l R
2. 2M NaOH, extraction w. CHCl, [NH Nj NiCl, * 6H,0 [NH N]
(Ch)2

Scheme 4.1 Synthesis of [Ni(alkynyl-cyclam)]** complexes.
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4.2 Synthesis of alkynyl-cyclams and electrografting to GCE

The synthesis of new alkynyl-cyclam ligands as well as new nickel complexes [Ni-
propargyl-cyclam]?" (1), [Ni-pentynyl-cyclam]?** (2) and [Ni-hexynyl-cyclam]?** (3) are
described here. The synthetic route for alkynyl-cyclams includes following steps:
selective triBoc-protection of cyclam, N-functionalization using propargyl bromide, 5-
iodo-1-pentyne or 6-iodo-1-hexyne, deprotection in TFA/DCM solution, which resulted
in the formation of a trifluoroacetate salt.'* '* The salt was basified with 2 M NaOH and
the ligand was extracted with chloroform!'®> (Scheme 1). The corresponding nickel
complexes were obtained using the newly synthesized ligands and nickel chloride
hexahydrate (NiCl>-6H>0O). A color change from green to purple was observed upon
ligand coordination in anhydrous ethanol. Purple crystals suitable for the X-ray analysis
were obtained through vapor diffusion in DCM/pentane. Crystal structures for
[Ni(propargyl-cyclam)]** (complex 1), [Ni(pentynyl-cyclam)]** (complex 2) and

Ni(hexynyl-cyclam)]** (complex 3) are shown in Figure 4.1.
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Figure 4.1 X-ray structures of complex 1, 2 and 3.

Homogeneous electrochemical CO> reduction experiments using the [Ni(alkynyl-
cyclam)]?* complexes showed reactivity towards CO; reduction in MeCN/water mixtures
and are good candidates for further development of a heterogeneous system with attached
Ni(alkynyl-cyclam) complexes.

Homogeneous CO: reduction by [Ni(hexynyl-cyclam)]** in acetonitrile/water

0 at a glassy carbon

mixture showed catalytic current enhancement at -1.65 V vs. Fc
electrode under CO> atmosphere (Figure S2). Notably, the reduction potential is almost
0.2 V less negative for complex 3 in comparison to a catalyst [Ni-cyclam]** at the same

conditions.!® The same current increase was detected for complex 1 and 2 in the presence

of 20% water under CO> atmosphere.

Table 4.1 Theoretical and experimental surface coverage of glassy carbon electrodes modified with [Ni(alkynyl-
cyclams)]*".

mod- mod- mod-
GCE-1 GCE-2 GCE-3

Diameter (d, A) 8.13 10.36 11.23
Charge (uC) 1.54 1.02 0.88
-10
Theor. (10 2.53 1.62 1.28
mol/cm?)
-10
Exp. (10 225 1.46 1.28
mol/cm?)
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Cyclic voltammetry of complex 1 (0.5 mM) in DCM/TBAPFs solution showed
Ni'™ couple at +0.35 V vs. Fc*’? as well as propargyl oxidation at +1.65 V vs. Fc¢'?
(Figure 4.2A). Multiple scans (up to 10 anodic scans) through the alkynyl group resulted
in the attachment of [Ni(propargyl-cyclam)]*" at the GCE surface, as determined by CV
after thorough rinsing of the modified electrode in DCM and transferring the electrode
into a pure electrolyte solution.

Electrodes modified with complex 1 (mod-GCE-1) were studied using cyclic

voltammetry and differential pulse voltammetry experiments. The reversible Ni'"" redox
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Figure 4.2 CV of [Ni(propagyl-cyclam)]*" in 0.1 M TBAPFs/DCM solution. Scan rate 100 mV/s (A). CV of mod-
GCE-1 in 0.1 M TBAPFs in DCM. Scan rate 100 mV/s (red), 5 mV/s (black) (B). CV of mod-GCE-1 in 0.1 M
TBAPFsin DCM at various scan rates (C).

couple was observed at -0.1 V vs. Fc™° and the peak to peak separation AE» was nearly 0
V which indicates the heterogeneous nature of the surface attached species and the
absence of diffusion limitations (Figure 4.2B). Scan rate dependence studies were
performed on newly prepared electrodes and were taken within the scan rate range of 10 —
70 mV/s (Figure 4.2 C). The peak current of Ni'™! redox couple increased linearly with
increasing scan rate. The linear fit is another confirmation of the heterogeneous nature of
the surface bound [Ni(propargyl-cyclam)]?*. Similar behavior was observed for the GCE
modified with complex 2 (mod-GCE-2) and complex 3 (mod-GCE-3). The CV of a

complex 2 showed a reversible Ni'™ couple at +0.38 V vs. Fc™® and the pentynyl
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oxidation peak at +1.93 V vs. F¢'°. After 10 scans mod-GCE-2 showed a reversible
Ni'I peak at -0.04 V vs. F¢*? and the scan rate studies showed a linear dependence of

peak current vs. scan rate. Cyclic voltammetry of complex 3 in 0.1M TBAPF¢ /DCM

/11 +/0

solution showed Ni""" redox couple at +0.35 V vs. Fc"’ and the hexynyl oxidation at

+1.8 V vs. Fc"°. GCE modified with 3 showed reversible Ni'"" redox couple at -0.03 V

vs. Fc™°

with minimal AE1» in pure TBAPF¢«/DCM solution. The peak current increased
linearly with increasing scan rate similar to the scan rate dependence of mod-GCE-1. The
redox potential difference (AE) between surface attached species and homogeneous
species in solution decreased with the increasing length of a carbon chain linker.
Experimental surface coverages were obtained from the differential pulse
voltammetry (DPV) and are based on the electrochemical charge (Q) passed through the
surface of the electrode. Determination of the surface coverage of modified electrodes

was calculated using Equation 4.1'7:

I = Q/nFA Eq. 4.1
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Figure 4.3 DPV experiment of mod-GCE-3 in 0.1 M TBAPFs/DCM.

where n — number of electrons, F — Faradaic constant, A — the electrode surface arca, I' — the
surface coverage in moles of adsorbed molecules per cm?,

DPV experiments for the electrode modified with [Ni(hexynyl-cyclam)]?** showed
a charge of 0.88 uC that corresponds to the surface coverage of 1.28x107'° mol/cm? and is
in exact agreement with theoretical value of 1.28 x 107! mol/cm? (Figure 4.3). The
monolayer coverage was determined in all three cases. Theoretical and experimental
surface coverages for all modified GC electrodes are summarized in Table 4.1.

Heterogeneous CO: reduction experiments using newly modified GCEs were
carried out in 0.1 M TBAPF¢/MeCN solution with 20% water as a proton source. The CV

shows a current increase at -1.45 V vs. Fc'? under CO> and reached a plateau at -2.3 V

vs. Fc™0,

Modification of GCEs with larger surface areas need to be prepared in order to

carry out controlled potential electrolysis and identify products of CO> reduction by these

electrodes.
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The surface of the GCE was modified with [Ni(alkynyl-cyclam)]** catalysts using direct
anodic electrografting. Electrochemical studies performed on these electrodes showed that
[Ni(alkynyl-cyclam)]** molecules attached to the surface in heterogeneous fashion, eliminating
diffusion limitations that are typical for homogeneous catalysis. CO> studies with [Ni(alkynyl-
cyclam)]*" modified electrodes showed a current increase under CO, atmosphere in comparison
to N». Further development of these catalytic systems at larger electrode surfaces can lead to
efficient, selective and robust materials for the electrochemical reduction of CO> to energy-dense
carbon products.

The material for this chapter comes directly from a manuscript entitled “Covalent
attachment of [Ni(alkynyl-cyclam)]** catalysts to glassy carbon electrodes” by Almagul
Zhanaidarova, Curtis E. Moore, Milan Gembicky and Clifford P. Kubiak, Chem. Commun.,

2018, 54,4116 —4119. The dissertation author is the primary author of this paper.
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Chapter 5

Future outlook.

Energy generated by renewable sources, like solar, wind and hydropower, provide
electricity without giving rise to carbon emissions. Production of liquid fuels and chemicals
using renewable sources of energy at an economically feasible cost should be a major effort of
the future energy research. This includes development of batteries and energy storage sector as
well as further development of the catalytic systems that would efficiently convert CO,.

The current state of already developed oil and gas industries makes it very hard to
compete with for at least next 50 years, when the prices for oil and gas are still relatively low.
Sadly, CO» emissions and rising temperatures will continue to take place. The technologies that
help to reduce CO; concentration in the atmosphere should be developed to help mitigate the

consequences of continuous burning of fossil fuels.

5.1 The future of surface modification using molecular catalyst supported by MWCNTs.

The electrodes modification method that was described in Chapter 2 of this thesis has
high potential to be applied to other molecular catalysts. The main drawback of this method is
that only the small percentage of the bulk catalyst material appear to be electrochemically active.
We now know that when the concentration of the catalyst on the surface of the MWCNTs
exceeds curtain limit, the current efficiency drops down which is attributed to the blocking effect
of the electrode surface. The future developments of this method should be focused on the even
distribution of the catalyst throughout the surface of the carbon nanotubes, which can potentially

increase turnover frequency of the catalyst.!
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With the estimated average concentration of 1 ppb in the Erath’s crust, thenium metal
considered to be one of the rarest elements on the planet with the average price of $1290 per
pound in 2019. Many other molecular systems that contain abundant first row transition metals
such as Mn, Ni, Fe, Co, Cu? can be explored for the electrodes modification using method that

was developed in Chapter 2.

5.2 Building a device for the interstellar missions.

This research was supported by NASA/JPL with the initial idea to build an alternative
device for the Mars Oxygen In-Situ Resource Utilization Experiment better known as MOXIE,
that reduces CO> to CO and O using yttria-stabilized zirconia and operates at 700°C.? The in-
situ resource utilization provides a viable pathway to production of fuels and oxygen by reducing
CO; from Martian atmosphere. The device that operates at room temperatures and less energy
consuming would be an alternative for MOXIE.

The electrodes that were developed and described in Chapter 2 are currently being tested
for an alternative device to MOXIE to reduce CO> to CO at the cathode and to produce O gas at

the anode.
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