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SUMMARY

Conversion of carbon dioxide (CO>) to energy rich fuels powered by renewable energy
resources is of significant importance to close the anthropogenic carbon cycle. However,
the current electrochemical CO, conversion systems are still far from being industrially
scalable mainly due to the high cost of electricity supply and low yield of CO2 conversion
reaction. Among various electrocatalysts proposed for conversion of CO: to value added
products, the potential of transition metal dichalcogenides (TMDCs) as an advanced
electrocatalysts for CO> reduction in an ionic liquid based electrolyte has been
demonstrated by our group. However, the electrocatalytic systems based on TMDCs are
still in their early stages.
This thesis is an effort to enahnce the feasibility of the electrocatalytic systems based on
TMDCs. In chapter one, a general overview on the current states of CO, emmisions, its
mitigation methods and the role of MoS: as promising catalyst for CO utilization is
presented.
In chpater two, we investigate whether modifying the electronic structure of MoS,, and
in particular active edge atoms, could tailor the binding strength and desorption rate of
key intermediates during the CO: reduction reaction. An optimal condition can
potentially lead to a Sabatier effect resulting in an increased rate of product formation.
In chpter three, an artificial leaf photosynthesis system has been developed to directly
convert CO> into the synthesis gas (CO and H>) in an acidic electrolyte using the energy

from a sun simulator. By this concept CO2 can be converted to fuel without using external

Xi



electricity source. This finding could potentially resolve the limiting factor for converting

of COz2 to energy-rich chemicals using renewable energy.
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CHAPTER 1: Introduction

1.1. Background and Literature Review

The ever-increasing rate of energy demand during the last few decades have led to a
rapid rise in the use of fossil fuels as the main source of energy to sustain our society.
[1]-[3]It has been estimated that the rate of energy consumption will continue to
increase by 2.5% per year due to the rapid growth of economies and population.[3]
This trend has also increased the rate of CO. emissions and adversely impacted the
environment by undesirable changes such as global warming and ocean acidification.
[4]-[6]

Recently, there has been numerous efforts to mitigate the CO2 emissions by various
methods such as replacing the fossil fuels with renewable resources, CO> capturing and
sequestrations and CO: utilization. Among different methods proposed for CO:
mitigation, CO. utilization has many advantageous over the other alternatives. By this
method not only CO2 molecules can be removed from atmosphere but also can be
converted into value-added chemicals such as methane, methanol, synthesis gas
etc.[5][7]

To effectively use CO> as the main feed stock of a chemical reaction, one must hold a
full picture of the chemistry behind the CO2 based chemical reactions. CO: is the
highest oxidized state of carbon, making it a very stable component with very high

activation energy for any chemical reaction.[8]



There have been different strategies proposed to convert CO. into useful fuels by
overcoming CO> conversion barriers such as electrochemical, photochemical,
thermochemical, biochemical etc.[9], [10] Among these methods, eletrochemical
conversion of CO> holds the highest interest due to a few points.[11][12] First, the
electrochemical reduction reaction can occur under ambient conditions making it a
viable approach for large scale applications. Second, the electricity used in this method
can be supplied from renewable resources such as solar, wind or hydrothermal methods
which add zero COz emission to the atmosphere. [11] Third, final product and its
reaction pathways can be easily modified by controlling the electrochemical applied
potential or catalyst type.[4]-[6] Different electrocatalysts such as carbon based
catalyst (e.g. carbon nanotubes, graphene nanosheets, carbon nanofibers and etc.),
noble metals, transition metal oxides, metal carbides and very recently transition metal
dichalgogenides have been proposed as active catalyst for electrochemical reduction
of carbon dioxide.[13]-[16]

In principle, electrochemical reduction can undergo different pathways based on the
number of electrons being transferred during the reaction. This process may involve
the transfer of two, four, six or eight electrons during the reaction which leads to
different products.[12] The equilibrium voltage for formation of different products are

summarized below:

CO, + 2H* +2e~ - CO + H,0 E®=—-052V (Eq.1)

€O, + 2H* + 2e~ — HCCOH E® = —0.61V (Eq.2)



CO, + 4H* + 4e~ — HCHO + H,0 E®=—-051V (Eq.3)

CO,+ 6H* + 6e~ - CH;0H + H,0  E°=—0.38V (Eq.4)
€O, + 8H* + 8¢~ - CH,0 +2H,0  E°=—024V (Eq.5)
CO, + 12H* +12¢~ - C,H, + 4H,0 E°=—-034V (Eq.6)

However, in reality the CO> reduction reaction takes place in more negative voltages
than the equilibrium one, due to the non-ideality of the system. The aforementioned
reaction pathways in a heterogenous electro catalytic system usually follow the
following steps: (i) adsorption of CO2 molecule on the surface of heterogenous
electrocatalyst (ii) transfer of electrons from the external circuit to the electrode and
adsorbed CO2 molecule and formation of CO>" intermediate which may be followed by
formation of C-H bond between migrated H" and C from CO, molecule (iii) structural
rearrangement on the catalyst surface to desorb the products followed by diffusion of
products into the electrolyte. [12], [17]

Thus, promising electrocatalysts for CO- reduction should possess high CO. reduction
rate as well as low overpotential for initiating the reaction. The design of advanced
electro catalyst which can meet these criteria is the challenging point in the current
states of CO; utilization science.

Based on the Sabatier principle, the rate of electrocatalytic CO> reaction and the type
of the products formed on the heterogenous catalytic surface has a strong dependency
on the Gibbs free energy of each of these three steps.[18], [19] If the CO2> molecule

adsorbs on the catalyst surface strongly it may reduce the rate of desorption step



leadinlg to low vyield of final product. On the other hand, if the CO2 intermediate
adsorbs too weak to the catalyst surface, the electron transfer process may not happen
appropriately and hydrogen evolution may suppress the CO reduction reaction. [20]
Moreover, the strength of binding of intremidiate to the catalytic active site also
determines the type of the final products. For instance, It has been proven by different
groups that noble metals such Ag, Au and Pd mostly reduce CO, to CO since they tend
to bind *COOH intermediate strongly and further reduce it to weakly bonded *CO
intermediate.[21] It has also been shown that the final products on the Sn and Pb
surfaces is mostly formate since the CO" intermediate has a strong binding with the
catalyst surface and can be further reduced to formic acid through the outer-sphere
mechanism. [12] Another well-known electrocatalyst for CO> reduction, Cu has the
ability to bind *CO intermediate strong enough for further reduction to higher value-
added hydrocarbons by forming *CHO or *COH intermediates. [13], [22]

While in a heterogenous electrocatalytic system, the electronic properties of the
catalyst can determine the form and type of the product, the morphology and surface
properties can play as important role. The morphology design and modification design
has been studied as one the most effective approaches to increase the rate and
magnitude of the electrocatalytic reaction in various systems. [23] There have been
numerous efforts to expose the highest possible active sites to the CO; reduction
reaction media by proposing various morphologies such as nanowires, defective

nanosheets, porous films, nanoparticles etc.[24]-[27]



During the last few years, TMDCs have attracted significant attention to be used as
electrocatalyst for different electrochemical reactions due to their very low cost, earth
abundancy and unique electronic and eclectrocatlytic properites[28]-[31] This catalytic
performance is due to some intrinsic properties of TMDCs such as low work function,
high density of d orbitals, and their 2D structure which provides high surface to volume
ratio for catalytic reactions. [17]JAmong different memebrs of the TMDCs family,
MoS; became widely used due as an efficient catalyst for hydrosulphurization,
hydrogen evoloution and oxygen reduction reaction. However, there have been no
studies conudcted on the properties of MoS: for CO. reduction recation unitl last few
years.

Recently, the potential of MoS. to serve as highly efficient electrocatalyst for
conversion of CO> to synthesis gas (H2 + CO) has been demonstrated by our group.
[20], [17] It has been shown that the edge states of TMDCs in contact with ionic liquid
(IL) electrolytes offers a new paradigm for CO> reduction, which takes advantage of
favorable electronic properies of M0S2 and an electrolyte “solvent” that carries CO2
to active sites efficiently.[17] The role of ionic liqgude (EMIMBF4) was shown as an
inevitable part in this system as it highly increases CO. soloubility of electrolyte
compared to other traditional agouse solutions while decreasing the activation energy
for CO2 intremidiate formation.[8] This unique combination of TMDCs and IL
demonstrates remarkable catalytic activity for CO. reduction reaction, far exceeding

the performance of state-of-the-art metal catalysts.



However, the rate of CO> reduction reaction in the co-catalytic system of MoS2/IL is
much higher than state of the art nobel metals but the scalability of this system is still
hampred by two main parameters. (i) the rate of product formation in this system is
still far from industrialy considerable scales. (ii) the high cost of electricity supply to
drive the conversion reaction of CO- to value added products.[17]

In this thesis paper, two main sterategies have been proposed to address these two
major challenges for electrocatalytic conversion of CO>. In chpater two, we investigate
whether modifying the electronic structure of MoS», and in particular active edge
atoms, could tailor the binding strength and desorption rate of key intermediates during
the CO. reduction reaction. An optimal condition can potentially lead to a Sabatier
effect resulting in an increased rate of product formation. For this purpose, niobium
(Nb) and tantalum (Ta) doped MoS> samples have been synthesized with chemical
vapor deposition method and their electrocatalytic performance has been investigated
by various ex-situ and in-situ techniques to reveal the role of doping on the
electrocatalytic performance of MoS;.

In chpter three, an artificial leaf photosynthesis system has been developed to directly
convert COz into the synthesis gas (CO and H) in an acidic electrolyte using the energy
from a sun simulator. The costume made artificial leaf system is based on the cobalt,
as an oxygen-evolving catalyst and molybdenum disulfide (MoS) catalyst for
CO2 reduction reaction deposited on the illuminating and back-substrate surfaces of a

photovoltaic cell, respectively.



CHAPTER 2: Tailoring the Edge structure of MoS2 toward Electrocatalytic
Conversion of Carbon Dioxide to Syngas

(This chapter is entirely copied from my published paper with the following citation:

P. Abbasi, M. Asadi, C. Liu, S. Sharifi-Asl, B. Sayahpour, A. Behranginia, P. Zapol, R.
Shahbazian-Yassar, L. A. Curtiss, A. Salehi-Khojin, ACS nano 11 (1), 453-460 “Tailoring the
Edge Structure of Molybdenum Disulfide toward Electrocatalytic Reduction of Carbon Dioxide”
ACS Nano., vol. 11, no. 1, pp. 453-460, Jan 2017.

Please refer to the authors’ contributions in page iv in the beginning of this document for details of
my contributions)

2.1. Introduction

Unlike noble metals the rate determining step of CO> reduction reaction for TMDCs/
IL catalytic system is CO" desorption rather than COOH” formation[17] that hinders the
CO formation turnover frequency (TOF). In this study, we investigate whether modifying
the electronic structure of active edge atoms within an ionic liquid environment could tailor
the binding strength and desorption rate of key intermediates during the CO> reduction
reaction. An optimal condition can potentially lead to a Sabatier effect resulting in an

increased TOF.[19], [32], [33]

One promising apprach to tune the electronic properties of edge atoms is to use proper
dopants near the edge structures. In this study, we selected vertically aligned MoS: (VA-
MoS>), acommon member of TMDCs, as a model structure with nanometer level thickness
(20-30 nm) and surface area mainly covered by Mo terminated edge atoms.[23], [34], [35]
Niobium (Nb) and Tantalum (Ta) were selected as dopants since they can form NbS>

(TaSz) covalent bonds within the MoS lattice in the presence of sulfur atoms without



altering its lattice parameters.[28] Substitutional doping is feasible in this structure since
the Mo, Nb and Ta oxidation states in the corresponding sulfate structures are identical.[36]
NbS; and TaSz have lattice parameters that are quite similar to MoS. For instance, the in-
plane lattice constants of NbS; and Ta$S; sheets are only 0.15 A longer than those of the
MoS>.[36], [37] However, their electronic properties are relatively different from those of
MoS: due to the different number of valence electrons for the Mo and Nb (Ta) atoms. Nb
and Ta possess one valence electron fewer compared to Mo which makes valence band of
NDbS: and TaS; half filled.[28], [37] Hence, they exhibit a metallic behavior, as opposed to
the semiconducting behavior of MoS. It is hypothesized that this metallic behavior will

enable NbS; and TaS; doping to enhance the Mo active edge atoms for CO> reduction.

2.2. Synthesis method
To test this hypothesis, VA-Mo0S,, and Ta and Nb-doped MoS: catalysts (M01-xMxSa,

M=Nb and Ta) with different doping levels were synthesized using chemical vapor
deposition (CVD) method.[38]-[40] The schematic of synthesis process is presented in
Figure 1. At first, Glassy carbon cleaned by acetone, methanol and isopropanol solvents
was used as a substrate for the material synthesis. A thin layer of molybdenum (2.5 nm)
was deposited on the substrates by electron beam evaporation (Varian Evaporation
System) using metal targets (purchased from Kurt J. Lesker). Different thicknesses of the
dopant metals Nb and Ta (ranging from 0.5 nm to 5 nm) were also deposited on the top
of the first layer of Mo, followed by another 2.5 nm of Mo on the top of the film in order

to achieve a sandwich-like film. The thickness of the samples was confirmed by atomic



force microscopy (AFM) after each deposition. Next, the metal film substrate was
transferred to the CVD furnace for sulfurization. Metal deposited substrates were loaded
in the center of a three-zone furnace (MTI Corp. model OTF-1200X) with precise
thermometer and gas flow meters. Before the heating process, the chamber was evacuated
to 5 mtorr and then the chamber was purged by argon (Ar) gas. The sulfur precursor
(Sigma-Aldrich) was placed in the first zone of the chamber where the maximum
temperature reaches 200°C. The temperature profile in the three zones of the chamber was
precisely modified to synchronize the rates at which the metal film is activated and the
sulfur vaporizes. The center of the furnace was ramped up to 850 ‘C in 60 minutes and
kept constant for next 15 minutes to activate the metal surface for sulfurization process.
Ar gas was continuously flowing (200 SCCM) during this growth process, as a carrier gas.
Finally, the growth chamber was cooled down to ambient temperature under the protection

of Ar gas flow, and samples were taken out for further experiments.

Figure 1. Schematic of the CVVD growth method.



2.3. Characterization Method
2.3.1 Transmission electron macroscopy

To gain an insight into the crystaline structure of synthesized doped samples, Atomic
resolution imaging and energy dispersive spectroscopy (EDS) analysis was performed
using an aberration corrected JEOL ARM200CF equipped with a cold field emission gun
and 1.2A spatial resolution and an Oxford X-max 100TLE windowless X-ray detector. A
22mrad probe convergence angle was used to perform scanning transmission electron
microcopy (STEM). High angle annular dark field (HAADF) detector with 90 mrad inner-
detector angle was utilized to obtain Z contrast images (Figure 2). Also to identify S atoms,
annular bright field (ABF) detector with 7-14 mrad collection angle was used. Sample
preparation was done by transferring CVD grown doped and undoped samples into IPA
solution. After sonication for 20 min, solution was drop casted onto the lacy carbon TEM
grid. Sample was lamped for another 20 min before loading to JEOL double tilt holder.
Crystal Maker software was also used to generate schematic image of the crystalline
structure. Atomic resolution EDS spectra from Moo.gsNbo.osS2 sample is presented in
(Figure 4) that exhibit distingushable peaks of Mo and Nb. Moreover, The Electron energy
loss spectroscopy (EELS) extracted spectrum in (Figure 5) shows very good separation of
these peaks, and confirms the quality of XEDS true map. The results show the presence of
Nb-M: edge at about 378 eV together with Sulphur L3 edges at 165 eV. Nb-M. edge

corresponds to the inelastic interaction between the electron beam and the electron at the
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3p subshell of Nb. Also, considering the fact that both XEDS and EELS signals are created
as a result of specimen electron excitation, both techniques shall be equally convincing.

Figure 2 shows the filtered Cs corrected (spherical aberration corrected) high angle annular
dark field (HAADF) image, resolving atomic structure of a VA-MoS; nano-sheet with a
hexagonal structure (P63/mmc) in [100] zone axis. CVD grown VA-MoS; structures are
single crystalline nano sheets (10-20 nm in diameter), aligned perpendicularly with respect
to the substrate. The RGB image (Figure 3B), which is constructed from HAADF and
annular bright field (ABF) images, demonstrates the grown structure’s atomic arrangement
with heavy (Nb/Mo) and light (S) elements. This result is in complete agreement with the
atomic model of hexagonal MoS; extracted from Crystal Maker software. In the RGB

image, the signal from heavy elements (Nb/Mo) is stronger compared to S element. One

|
[100] P63

Figure 2. (A) Low magnification and (B) high magnification TEM images of VA-
M00.95Nbo.05S2.
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should note that atomic resolution HAADF images cannot differentiate Nb and Mo due to

their close atomic number of 41 and 42, respectively.

Therefore, to analyze the distribution of the element Nb in the VA-Mo0o.95Nbo05S2
structure, energy dispersive spectroscopy (EDS) mapping was performed on the same area
to verify the homogenous distribution of Nb in the sample (Figure 3C). Based on atomic
resolution observations and EDS elemental mapping results, CVD grown nanosheets of
VA-Mo0o.95sNbo.0sS2 are highly crystalline and preserve the original hexagonal structure of
MoS: with 0.6 nm interlayer distance. As such, Nb dopants are successfully inserted into

the MoS; crystalline structure without introducing structural modification and/or defect

formation in the structure.

Figure 3. Structural and chemical analyses of VA-Mo0g.gsNbosS2 (M0S2: Nb). (A) Filtered
HRTEM image of the MoS>: Nb with the corresponding FFT in the inset. Scale bar is 5 nm. (B)
RGB added image constructed from (Green+ Blue) HAADF and (Red) inverted ABF image. Scale
bar is 1 nm. (C) EDS maps Mo-K series, Nb-K series, and S-K series measured from the same

region of the MoS,: Nb sample. Scale bars are 5 nm.
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Figure 4. EDS spectrum corresponding to the EDS map of VA-M0g.95sNbg 05S2 which shows a good
resolution for Nb/Mo elemental signal.

Intensity (arbitrary units)

Figure 5. An EELS signal collected from Nb-doped MoS; nano sheets. In this spectrum Nb M-

edge can be clearly observed.

13



2.3.2 Raman Spectroscopy

Raman spectroscopy was also employed to compare the structural properties of the
pristine VA- MoS; and VA-Mo0o.9sNbo.0sS2 samples (Figure 6). The data are obtained with
a HORIBA LabRAM HR Evolution confocal Raman microscope. The instrument was
configured with a 532 nm laser source, 1200 g/mm grating, a Horiba Andor detector, and
a 100x objective. Laser powers at the sample were between 1-15 mW. Accuisition time,
averaging parameters and and ND filters were optimized for the best signal to noise ratio.
The Raman spectrum of Moo .gsNbo.osS2 does not exhibit any major differences from that
of the pristine VA-MoS,. Two identical peaks at 384 and 409 cm™ confirm that the VA-
MoS:; structure is not considerably affected by dopants.[41], [42] However, a closer look
reveals small differences between the pristine and doped structure. A shift in the
characteristic Aig band by ~1 cm™ from the VA- MoS; (409 cm™) reveals a slight effect

of doping on the c-axis vibration mode.[43]
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Figure 6. Raman Spectra of pristine VA-Mo0S; VA-MO0oe7TapsS2, and VA-Mo0g.gsNbg.osS2.
Corresponding Elyq and Aqq Vvibration modes are related to MoS, peaks on 383 and 408 cm™.

2.3.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) has been carried out to provide an exact
stoichiometric ratio and binding energy shift of doped elements in all of the synthesized
samples.

XPS experiments were carried out using Thermo Scientific ESCALAB 250Xi instrument.
The instrument was equipped with an electron flood and scanning ion gun. All spectra
were calibrated to the C1s binding energy at 284.8 eV. The XPS spectra of pristine MoSo,

Mo0o.95sNbo.05S2 and Moo.97Tao.03S2 samples are presented in (Figure 7 and 8). To quantify
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the atomic concenteration of each element all data have been processes by Thermo
Avantage software based on Eq. 7 and 8:

All the parameters and constanatns have been consicely chosen from the Avantage and
National Institute of Standards and Technology (NIST) data base. [44], [45] The
stochiometric ratio for elements of pristine MoS2, M0o.9gsNbo.0sS2 and Moo.g7Tao.03S2 are

presented in Table 1.

Peak Area

A = Eq.7
i = TTXFN x ECF) £47)
(Ai/SF;)
Atomic Concenteration (i) = ———==<  (Eq.8)
2(4Ai/SF)
A; = Normalized Peak Area TXFN = Transmission function
SF = Sensitivity factor ECF = Energy compensation factor

Moreover, the standard deviation values for all the dopant concenteration measurments are
reported in Table 2.

Figure 7 shows the results of Mo 3d and S 2s core levels of VA-Mo0o.95Nbg05S2 and
pristine VA-MoS;. Binding energies (BEs) of all peaks were calibrated on the C—C bond
of C 1S at 284.8 eV. In the case of M0o.osNbo.osS2 structure, we observed a distinguishable
shift towards lower binding energies only in Mo 3d spectra, but not in C1s or O1s spectra.
This shift is a strong evidence of the substitutional doping of Nb atoms into the MoS>
structure as a result of p-type doping. Figure 7 also shows the Nb 3d core levels of

M0o.9sNbo.0sS2.  The peaks on 204.5 and 207.2 in Nb 3d spectra are attributed to the
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reduced Nb atoms in the MoS; structure, and two other peaks on the binding energies of
200.8 and 210.2 correspond to elemental Nb and Nb2Os on the surface that are in

agreement with previous reports on Fullerene-like (IF) NbxMo1-xS2 nanoparticles.[43],

[46]
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Figure 7. X-Ray Photoelectron Spectroscopy (XPS) Characterization of (A-B) Mo 3d and Nb 3d
core levels of VA-Mo0g.9sNbo.0sS2compared to Prisitne VA-MoS; and (C-D) Mo 3d and Ta 4f core
levels of VA-M0o.g7Ta0.03S2 compared to prisitne VA-MoS; . All the peaks are normalized base on
carbon C-C peak on 284.8 eV.
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Table 1. Stoichiometric ratio of different elements in pristine and doped MoS; samples.

Catalyst Element Concentrations
Mo 34.2%
VA-MoS; S o
Mo 33.1%
VA-M0o.95sNbo.05S2 Nb 17%
S 65.2%
Mo 34.2%
Ta 1.05%
VA-MO0o.67Ta0.03S2 S IRET
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Table 2. Standard deviation
(MOl-xMxSZ, M= Nb, Ta)

and average of measured concentration of dopants

Sample X Standard Deviation (%)
(Average)
Moo.97Nbo 03S2 3.23 0.33
Moo.95Nbo.05S2 4.68 0.47
Moo.92Nbo 08S2 7.95 0.49
Mo0o.8sNbo 1252 12.23 0.65
Moo.97 Tao.03S2 2.66 0.37
Mo0o.94Ta0.06S2 6.09 0.51
Moo.91 Tao.00S2 9.07 0.71
Moo.g2Tao.1852 18.14 0.83

2.3.4 Atomic Force Microscopy (AFM)

To obtain an accurate view on the effect of doping on the morphology of VA-MoSy,
Atomic forced microscopy measurements have been performed on all three samples of
VA- MoS2, VA-Mo0o.97Ta0.03S2 and VA-Mo0o.gsNboosS2. Experiments carried out using
Bruker-Nano AFM instrument. Samples were carefully washed by Acetone and IPA before
experiment to remove any impurity. Root mean square roughness (Rq) of the doped and
undoped samples have been measured by Gwyddion software. Figure 9 shows the two and
three dimensional (2-D and 3-D) AFM images of Pristine VA-MoS; (Figure 9, A-B), VA-
Moo.97Tao.03S2 (Figure 9, C-D) and VA-Moo.9sNbo.0sS2 with the (Rq) values of 1.62, 2.23.

2.48 nm, respectively.
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Figure 9. 2-D and 3-D Atomic Force Microscope (AFM) images of (A and B) VA-MoS;, (C-
D) VA-MOo_g7Tao,0382 and (E-F) VA-MOo_gsNbo_ossz surface.

2.4. Experimental Methods

The COz reduction performance of the synthesized catalysts was studied by different
electrochemical experiments.

2.4.1. Three-electrode electrochemical setup

For all electrochemical experiments a two-compartment three-electrode electrochemical
cell was used to perform CO: reduction reaction (Figure 10). The synthesized samples
(e.g., MoS2, Nb doped MoS; and Ta doped MoS;) coated on glassy carbon (GC) substrate,

Platinum (Pt) gauze 52 mesh (Alfa Aesar) and Ag/AgCI (BASI) were used as working,
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counter and reference electrode, respectively. The cathode and anode part of the cell were
separated through ion exchange membrane to eliminate the effect of product oxidation at
the anode surface. A pure CO2 gas (99.99%, Praxair) was bubbled into the 50 vol% ionic
liquid solution (EMIM-BF4 and water) for 30 minutes prior to each experiment. All the
potentials were converted to the Reversible Hydrogen Electrode (RHE) using Eq. 9

considering the pH of the solution.[17]

Potential in RHE = Applied potential vs Ag/AgCI + 0.197 V + 0.0592xpH (Eq. 9)

WE Product stream CE
RE To GC/DEMS
r
3
CO,IN A,
Membrane
=
EMIM-BF,
+H,0

EMIM-BF,+H,0

Figure 10. Schematic diagram of two-compartment three-

electrode electrochemical cell.

The pH of the solution (~3.2) was constantly measured during the experiments to avoid

any degradation of electrolyte. The cell was connected to the potentiostat (CH Instruments)
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for electrolysis characterization. The CV experiments of Ta and Nb doped with different

dopant concentrations is presented in (Figure 11).

Cyclic voltammetry (CV) experiments were performed at the potential range of +1.0
t0-0.8 V vs. reversible hydrogen electrode (RHE, all potentials in this study reported based
on RHE) with 20 mV/s scan rate. All experiments were performed inside a two-
compartment three-electrode electrochemical cell using CO> saturated electrolyte
composed of 50 vol% 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) and 50
vol% of deionized water. (Figure 12A) shows the CO reduction current density as a
function of different Nb and Ta dopant concentrations at the potential of -0.8 V. The
current densities are normalized according to the geometrical surface area.[20], [42], [47]
Results show a volcano effect in the catalytic activity of VA-Mo1.xNbxS>. In particular, the
current density increases from 121 mA/cm? for pristine VA-MoS; to 180 mA/cm? for VA-
Moo.97Nbo.03S2, and then reaches its highest value at 237 mA/cm? for VA-Mo0o.9sNbo 05S2.
After this doping level, increasing the dopant concentration resulted in reduced activity in
which current densities of 137 and 72 mA/cm? were obtained for VA-Moo.g2Nbo 0sS2 and

VA-Mo0o.gsNbo.12S2, respectively.

Ta-doped MoS; catalysts were also studied as another candidate to promote the
catalytic performance of MoS». However, at all doping levels, the catalytic performance of
VA-Mo1.xTaxS2 was lower than that that for pristine VA-MoS,. In particular, current

densities of 98, 82, 71 and 68 mA/cm? were obtained for doped samples of VA-
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Mo0o.97Ta003S2, VA-Mo0oesTao0sS2, VA-MoooeiTao0eS2, and VA-Moog2Tao18S2,

respectively.
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Figure 11. Catalytic performance of TMDCs in 50 vol% EMIM-BF.and 50 vol% water
electrolyte. (A) Nb doped VA-MoS; with different dopant concentrations. (B) Ta doped VA-
MoS; with different dopant concentrations. Carbon dioxide was bubbled into the ionic liquid
solution for 30 minutes prior to the experiment. The polarization curves (i-V) for the
synthesized TMDC catalysts were obtained by sweeping the potential between +1.0 V and -0.8
V vs RHE (Reversible hydrogen electrode) at 20 mVs™.
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Based on the CV results (Fig. 12A), the rest of this study is mainly focused on the
Moo.9sNbo.0sS2 catalyst which exhibits the best electrocatalytic performance for CO>
reduction among all studied catalysts. In Figure 12B, the activity of M0o.gsNbo.05S> catalyst
was compared with pristine VA-MoS2, VA-Moo 97 Tao.03S2, and Ag nanoparticles (Ag NPs)
in the 50 vol% EMIM-BF; ionic liquid. The CV results indicate that at the potential of -
0.8V the current density of Mog.gsNboosS, (237 mA/cm?) is approximately two and 50
times higher than that of VA-MoS; and Ag NPs, respectively. The inset of Figure 12B also
shows the current density of the studied catalysts at lower potentials (0 to -0.2 V vs. RHE).
At -0.2 V, the current density of Moo.esNboosSz is 19 mA/cm?, which is more than 4 and
70 times higher than that of VA-MoS; (4.5 mA/cm?) and Ag NPs (0.26 mA/cm?),

respectively.
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Figure 12. CO, reduction performance of pristine and doped MoS, samples. (A) Current density
as a function of dopant percentage for Nb-doped and Ta-doped MoS, samples. (B) Cyclic
voltammetric (CV) curves for Ag NPs, VA-Mo0S;, VA-M0o.97Ta0.03S2 ,VA-M0g.9sNbg 0sS2 in CO»

environment.
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2.4.2. Product Charactrization

Product characterization was carried out using an SRI18610C GC system equipped with 72
x18 inch S.S molecular sieve-packed column and a thermal conductivity detector (TCD).
Ultra-high purity helium and nitrogen gasses (purchased from Praxair) were used as the
carrier gas for CO and H» detection, respectively. For product characterization,
chronoamperometry measurements have been performed for a desired duration of time
(~15 mins) and 1 mL samples were taken out from the dead volume of the cell using a
lock-in syringe (Hamilton) and injected into the Gas chromatography system under
identical conditions. Faradic efficiency measurements were calculated using Eq.10. CO
and H> mole fractions of injected samples were calculated using calibration curves
presented in reference[17]. The theoretical mole fraction of product was also extracted via
dividing number of coulombs (measured by calculating the curve area of current density
vs time plot) by number of electrons required for CO; reduction reaction (n=2) multiply

by Faradic number (Eq. 10).[17]

moles of product (measured by GC)

0f —
FE% Jj (mA/cm2)xt(s) / nF

100  (Eq. 10)

Faradaic efficiency (F.E.) calculations indicate the formation of CO and H> as the dominant
products for doped and undoped VA-MoSz/ionic liquid co-catalyst system. The overall
F.E. of 90%+5 was also calculated at potential widow of 0 to -0.8 V for our studied
catalysts systems. Therefore, the formation efficiency of other products such as HCOOH,

methanol and other liquid phase products in the system is ~10%.
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The selectivity of Moo.gsNboosS2 was also studied using gas chromatography (GC)
equipped with a thermal conductivity detector. The overall Faradic efficiency (F.E.)
measurements (Figure 13A) indicate that this catalyst produces a tunable mixture of CO
and Ha ranging from 12% to 82% of CO formation at the range of studied potentials -0.16
to -0.8V. Figure 13B shows the CO formation partial current density of the catalysts
defined as CO FE% multiplied by the CO> reduction current density. As seen from Figure
13B, the CO formation current density of Moo.ssNbo.0sS2 has been improved by an order
of magnitude at the low overpotentials of 200mV and 100mV. VA-Mo0o.95sNbg 05S> catalyst
also exhibits approximately two orders of magnitude higher catalytic activity over Ag NPs
at the full range of overpotentials.[48] Our measurements at the potential of -0.8 V indicate
the formation rate of 2.23x10® and 1.98 x 10° (molmin? cm?) for CO and Ha,

respectively.

A B
' ' ' ' ' . -lLMosz:NLVA
1007} CcO W [-@=wos,vA
80 w10 Ag NPs
- x
= >
> =
<60y @ 10°
I o
w 40 ©
ool H. G 10%
of 3]
' ' : ' 10t ‘ ‘ ‘ : :
-0.8 -0.6 -0.4 -0.2 0.0 0.1 0.2 03 04 05 0.6 0.7
Potential (V vs RHE) n ()

Figure 13. Product characterization results. (A) CO and H, Faradaic efficiency (FE%) at different applied
potentials for VA-Moo.ssNboosS2. (B) CO formation partial current density for Ag nanoparticles, VA-MoS,
and VA-M0o.ssNbo.0sS: .
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2.4.3. Turn over frequency measurment

To further investigate the catalytic activity of VA-MoS;,Nb doped and Ta doped VA-
MoS.and Ag NPs, a roughness factor (RF) technique was used to determine the number of
active edge sites of each catalyst.[17], [42], [47], [49], [50] The CV experiments were
performed on the samples with the same geometrical surface area under different scan rates
of 20, 60, 100, 140, 180 mV.s ! in the 0.5M H,SO.. Double layer capacitance values were
calculated based on the slope of current densities in a selected potential as a function of
different scan rates.[51] Figure 14 shows the extracted Cq values of 2.74, 4.18 mF/cm? and

3.71 for VA-MoS; and VA-Mo0o.9sNbo.0sS2 and Ag NPs respectively.

Thus, RF values of 46, 71 and 148 were obtained for VA-MoS; and VA-Mo00.95sNbo.05S2,
and Ag NPs, respectively. The calculated number of active sites for each catalyst was

obtained using Eq.11 and are presented in Table 3.
Density of active sites for catalyst (Sites/cm?) =

Density of active sites for standard sample (Sites/cm?)x RF (Eqg. 11)

Turn over frequency (TOF) of active sites for CO> reduction reaction (Figure 15) in the
VA-MoS;, VA-Mo0o.9s5NboosS2 and Ag NPs inside the ionic liquid (EMIM-BF4) was
calculated based on the normalized current densities per each active site at different over-
potentials using Eqg.11 and Eq.12

CO formation TOF(s?) = ip (A.cm™2) x CO formation F.E. /{[active sites

density(sites/cm?)] x [1.602 x107° (C/e") ] x [2e7/CO2]} (Eq. 12)
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Figure 14. Active site measurements of (A-B) VA- MoS;, (C-D) VA-Mo0g.9sNbo.0sS2 and (E-F)
Ag NPs. Cyclic voltammetry (CV) curves of different samples are presented at different scan rates.
The experiments were performed at 0.5 M H,SO;, electrolyte. Current density of CV experiments
at certain potential in a non-faradic region are plotted as a function of scan rates. The slope of this
line shows double layer capacitance value for each catalyst.

Table 3. Number of active sites for Nb-doped MoS;, pristine MoS; and Ag NPs.

Flat standard | Double layer
. . Roughness .
Catalyst capacitor capacitor factor # active sites
(UF.cm2) (mF.cm?)
VA-MoS; 60 2.74 46 5.28x10%°
VA-ND doped 60 418 69 8.06x1019
MoS2
Ag NPs 25 3.71 148 4.44x10Y7
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The CO formation turnover frequency (TOF) of the catalysts was calculated from the
capacitive method[27] in which the activity of the catalysts is normalized based on the
number of active sites. We measured the double layer capacitance (Cqai) and calculated the
roughness factor (RF) to obtain the number of active sites for each catalyst.[51] Our
measurements show a double layer capacitance of 4.18 and 2.76 mF/cm? for VA-
M00.95Nbo.0sS2 and VA-MoS,, respectively, resulting in 7.62 x 10" and 5.04 x 101" number
of active sites. The results indicate a 1.5 fold increase of the number of active sites in the
surface morphology of the pristine MoS; catalyst as a result of Nb doping. This is
consistent with atomic force microscopy (AFM) results in which ~ 2 times more roughness
(RMS) was observed for VA-Mo0o.95sNbo.0sS2 compared with VA- MoS,. Figure 15 shows
the calculated CO formation TOF of these catalysts as well as Ag NPs. Results indicate
that MoS; exhibits approximately one and two orders of magnitude higher CO formation
TOF at low overpotentials (100-300 mV) than pristine VA-MoS; and Ag NPs,
respectively. For instance, at the overpotential of 100 mV, TOF values of 0.36, 0.033 and
0.0012 S* have been calculated for VA-MooesNboosS2, VA-MoS,, and Ag NPs,

respectively.
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Figure 15. Calculated CO Formation turnover frequency (TOF) at
different applied overpotentials for VA-Mog.gsNbosS2, pristine
VA-MoS; and Ag nanoparticles.

2.4.4. Diffrential Electrochemical Mass Spectrometery

The differential electrochemical mass spectroscopy (DEMS) experiment was performed
with quadrupole detector (HPR-40) purchased from (Hiden Analytical Inc). A two-
compartment three electrode cell was designed with the total volume of 20 cc for a better
detection of evolved products. The cell was carefully sealed with rubber septa and sealant
before each experiment. The pure CO2 (99.99%) was continuously bubbled into the ionic-
liquid electrolyte. A magnet bar has been used to stir the electrolyte to avoid the effect of
mass transfer. The head space volume was about 8 mL during the experiment. The cell
was under Ultra-high vacuum pressure (1x10° torr) during the mass-spectroscopy

analysis. The product stream was injected from head space of the cell to the DEMS with a
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flow rate of 0.8-1 mL/min using quartz coated very low flow capillary line. The potential
was swept between +0.6 to -0.8 V vs RHE with the scan rate of 1 mV/s to provide enough
time for measuring pressure fluctuations in the chamber. The variation of CO partial
pressure was then monitored to detect any product formation during the applied potential

(Figure 16A).
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Figure 16. Differential electrochemical mass spectrometry results. CO partial pressure vs
applied potential for VA-Mo0o.95Nbo.0sS2 during (A) the cyclic voltammetry (CV) inside pure ionic
liquid (EMIM-BF,) and (B) chronoamperometry (CA) experiment at the potential of -0.8 V vs
RHE inside 50 vol% EMIM-BF, and 50 vol% water. Insets shows the corresponding CV and CA

results.

The partial pressure variation of CO was also monitored during chronoamperometry (CA)
experiments at the potential of -0.8 V using DEMS. (Figure 16B) shows the corresponding
DEMS results for 30 minutes continuous CA experiments inside 50 vol% EMIM-BF; and

50 vol% of deionized water, confirming the continuous and stable production rate of CO.
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The recorded current density for VA-Mo0o.9sNbo.0sS2 is 202 mA/cm? at the potential of -0.8
V vs RHE (inset of Fig. 4B), which is ~ 14% less than CV results (238 mA/cm?). The

differences are attributed to the capacitance behavior in CV experiments.[17]

2.5. Computational Results

Density functional theory (DFT) calculations were carried out to investigate the effect of

Nb in the Mo1-xMxS2 structure.

The electrocatalytic pathways of CO- reduction to CO were compared on the metallic
edges of pure NbS; and MoS», as well as the Mo1.xNbxS2. Our calculations showed that
the Nb edge of the pure NbS; is catalytically less favorable than the Mo edge of the pure
MoS.. NbS> has an endergonic step to form the first intermediate, COOH*. This would
engender a higher overpotential (estimated from the reaction free energy of the rate-
limiting electrochemical step) than MoS>, in which the formation of COOH* and CO* are
both exergonic. However, MoS; has a stronger binding with the product, CO, which could
slow down CO desorption (CO* — CO + *, Figure 5) and, thus, decrease the turnover. On
the other hand, doping Nb atoms near the Mo edge of MoS> (Figure 5, Mo1.xNbxS
configurations 1 and 2) would decrease the binding strength between the Mo edge and CO,
while keeping the formation of COOH* and CO* exergonic. This suggests that Nb-doped
MoS; could lead to a faster turnover for CO desorption than pure MoS». This result can
explain the lower onset potential of CO formation in Nb-doped MoS, compared to the

pristine structure.
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Figure 17. Density Functional Theory (DFT) results. (A) Schematic of Nb-doped MoS;
structures with different position of dopant. (B) Reaction pathways of CO, — CO on MoS;, NbS;
and Nb doped MoS; edges. Nb doped MoS; was constructed by replacing the second row of Mo
atoms (MoS;-Nb-1) and the third row of Mo atoms (Mo0S,-Nb-2) from the edge with Nb atoms.
The catalytic reaction pathways were calculated on the metal edge of each material, with the
adsorbate coverage of IML. (C) Trends of COOH* formation energies and CO desorption energies

on the bare metal edge of different systems.

The DFT results for Ta doping suggests the doping of Ta into the second Mo row of MoS;
leads to an unfavorable reaction pathway, i.e., the formation of COOH* becomes
endergonic. Although pure TaS> seems to have reasonable reaction pathways, the higher

work function of this material (5.5 eV compared to 5.0 eV of MoS;) would still be a
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drawback for its electron transfer property. Thus, the DFT calculations showed that unlike
Nb doped MoS», Ta doped MoS; is not likely to have a good “trade-off” effect between

the reaction energetics and the work function.
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Figure 18. Density Functional Theory (DFT) results. (A) Schematic of Ta-doped MoS;
structures with different position of dopant. (B) Reaction pathways of CO, — CO on MoS,, TaS;
and Ta doped MoS; edges. Ta doped MoS; was constructed by replacing the second row of Mo
atoms (MoS,-Ta-1) and the third row of Mo atoms (MoS,-Ta-2) from the edge with Ta atoms.
The catalytic reaction pathways were calculated on the metal edge of each material, with the
adsorbate coverage of 1IML. (C) Trends of COOH* formation energies and CO desorption

energies on the bare metal edge of different systems.
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2.6. Conclusion

In summary, using CVD, we synthesized VA-Mo1xMxS2, (M = Nb and Ta) structures
and tested their electrocatalytic performance for CO: reduction reaction. We found a
volcano-like trend for the catalytic performance of VA-Mo1.xNbxS, with the highest CO;
reduction activity for VA-Moo.gsNboosS2. The CO formation TOF of this structure
indicated one order of magnitude higher overall performance compared to pristine VA-
MoS: in the range of 50-150 mV overpotential. The CO formation TOF of this catalyst
was also two orders of magnitude better than Ag NPs catalyst over the entire range of
overpotentials (0-650 mV).[48] Moreover, this structure showed the lowest CO> reduction
reaction onset potential (31 mV) measured by in-situ DEMS. However, our results showed
negative effect of doping on the catalytic performance of all studied Ta-doped VA-Mo:-
x TaxSy structures. This study indicated that the presence of proper dopants in the structure
of MoSy, can significantly improve the catalytic performance of the MoS,. The ability to
embed the dopants into the atomic structure of the catalysts could open a new route to

enhance the catalytic performance of edge atoms by modifying their electronic properties.
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CHAPTER 3: Electrochemical Artificial Leaf for Carbon Dioxide Conversion to
Energy-Rich Chemicals

(This chapter is entirely copied from my submitted paper with the following citation:

K. Kim, M. Asadi, P. Abbasi, V.A. Addepalli, P. Yasaei, B. Sayahpour, A. Salehi-Khojin,
“Electrochemical Artificial Leaf for Carbon Dioxide Conversion to Energy-Rich Chemicals” Adv.
Energy Mater., Submitted. 2017

Please refer to the authors’ contributions in page iv in the beginning of this document for details of
my contributions)

3.1. Introduction

Today, the development of renewable energy sources is crucial as an alternative for
fossil fuels[52]-[58]. Among emerging approaches being studied, solar energy is known
as the largest available and most sustainable type of alternative sources[17], [55], [57],
[59]. In fact, it is the only renewable and carbon-neutral energy source of sufficient scale
to replace fossil fuels and to meet the rising global energy demand. The amount of energy
obtained from sun illumination (1.3x10° TW) is approximately four orders of magnitude
higher than that of today’s global energy demand (1.6x10! TW)[60]. Therefore, a large
scale, cost effective, and reliable energy storage system must be developed to harvest the

unique potential of this energy source[57], [59], [61].

Among a variety of different energy storage methods (e.g., batteries), the best way to
store the sun’s enormous potential is through chemical bonds[17], [55], [62]-[64]. In this
respect, solar-to-fuel conversion systems have been underway for a number of years, with
one of the main objectives being the storage of the intermittent energy from the sun through

the generation of fuel. The concept had successfully been applied for the solar to hydrogen
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system to split the water into oxygen and hydrogen[54], [55], [65]-[67]. In this study, we
present the solar to hydrocarbon energy conversion system using a novel artificial leaf
platform, in which the carbon dioxide (CO) in an acidic electrolyte is reduced into CO
and Hz mixture (synthesis gas) using the energy from a sun simulator. Synthesis gas
(syngas) can be used as a fuel in gas turbines and syngas engines or as an intermediate for
the synthesis of high-energy density fuels (e.g. diesel and naphtha)[33], [48], [68]-[71], [7],
[16], [72].

3.2. Material synthesis methods

MoS: nanoflakes were synthesized using liquid exfoliation method. The nanoflakes were
prepared by sonicating a solution containing a mixture of 300 mg of powder (MoSy)
dispersed in 60 ml isopropanol solution. The sonication was carried out for 30 hours using
a sonication probe (Vibra Cell Sonics 130 W). The obtained dispersions were centrifuged
for 60 minutes at 2000 rpm. Co catalyst was electrodeposited onto the ITO surface of the

solar cell using cobalt (I1) nitrate hexahydrate (Co(NO3)2.6H20, Alfa Aesar).

3.3. Experimental solar cell setup

The photochemical chamber shown in Figure 19 was made up of an acrylic plastic (Total
Plastics Inc.) based transparent chamber that was machined based on the required
dimensions and assembled together using acrylic glue. A -tandem amorphous silica based
triple junction (a-Si/a-SiGe/a-SiGe) photovoltaic (PV) cells was manufactured by Xun-
light Co. Silicon was chosen for the artificial leaf experiment due to its earth abundance

and application across various fields. Cobalt coated ITO (light illuminated side) side of the
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solar cell was used as a photo-anode, and anolyte was Potassium based buffer solution (2.6
x10™* M of K* and pH=7, Sigma-Aldrich)(1). The back stainless substrate of the solar cell
was coated with synthesized MoS; nanoflakes (NFs) using drop casting method. This
MoS: coated stainless steel substrate forms the photocathode and was placed in a 10 mol%
EMIM-BFs4 in water electrolyte solution(2) which is saturated with CO; prior to the
experiment. The nafion membrane (FuelCellEtc) treatment was done using standard

activation treatment in using 5 wt% KOH solutions so as to keep the membrane active in

PV Cell .

Figure 19. Schematic of the Photochemical Chamber. (1) two PV cells in series
connected by a copper tape, (2) Cobalt coated on ITO, (3) Potassium Phosphate buffer
solution,(4) Nafion (117) Membrane, (5) 50 vol% EMIM-BF, solution, (6) MoS; on
Stainless Steel substrate (drop casting), (7) Gas bubbles generated through chemical

reaction.
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the solution. This membrane acts as a barrier in the photo chamber separating the two
electrolytes and permeating H* ions generated through OER to transfer to the other

compartment to participate in the CO> reduction reaction(3).

3.4. Experimental Results

Figure 20a shows the schematic of our integrated artificial leaf system. A transparent
chamber was separated into two compartments by a Nafion membrane and amorphous
silicon tandem PV cells with three junctions (a-Si/a-SiGe/a-SiGe) that are previously used
for wireless hydrogen production[55]. Three different band gaps (e.g. 1.8, 1.6, 1.4 eV) of
the tandem-junction cell help to absorb photons of wider spectra, leading to higher PV
conversion efficiency compared with a single band gap solar cell[76]. The PV cell exhibits
an open-circuit voltage, short-circuit current density, and fill factor of 2.12 V, 6.8 mA/cm?,
and 59%, respectively. It also produces a dry cell PV efficiency of 8.5% as a result of

current density-voltage (j-V) measurement under simulated one sun illumination.
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Figure 20. (a) A schematic of custom made artificial cell set-up. Two PV cells were used in
series in order to produce enough potential (3.0V) for photochemical CO, conversion. (b) SEM
image of the Cobalt catalyst coated on the anode side of the PV cell. Inset: higher magnification
of the cobalt catalyst. (c) Representative EDX spectrum of Cobalt catalyst coated on the anode.
Inset: atomic percentage of the Cobalt catalyst. (d) SEM of the MoS, NFs coated on the cathode
side of the PV cell. Inset: higher magnification of MoS. NFs (e) Representative EDX spectrum
of MoS; NFs coated on the cathode. Inset: atomic percentage of the MoS; catalyst (scale bars

of the images are 2 um and insets are 1 pum.).
The illuminated surface of PV cell was electrodeposited with cobalt (Co'")
oxide/hydroxide[53], [55], [77]. Figure 20b shows the scanning electron microscopy
(SEM) images of the deposited Co on the anode side of the PV cell. The presence of the
Co catalyst is confirmed by energy-dispersive X-ray spectroscopy (EDX) experiment
(Figure 20c). The inset of Figure 20c also shows the atomic percentage of the Co catalyst

that is uniformly coated on the surface of the PV cell. The Co-coated surface of the PV
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cell is used for oxygen evolution reaction (OER) at the anode side where the potassium
phosphate buffer solution (0.071 M KPi, pH=7) is used as the electrolyte. Co is well known
as an earth abundant material having self-healing properties with remarkable OER
performance[53], [55], [78], [79]. The back stainless substrate was coated with
molybdenum disulfide nanoflakes (MoS2 NFs), placed in 50:50 vol% deionized water and
EMIM-BF4 (pH of 3.2). Figure 20d shows the SEM images of the MoS, NFs coated on the
cathode side of the PV cell. The EDX analysis also confirms the presence of the MoS, NFs
on the cathode surface (Figure 20e). Since output voltage yielded from one PV cell is
merely sufficient for driving both water splitting reaction and CO_ conversion (requiring
the minimum thermodynamic potential of 1.34 V), two PV cells were connected in series
using copper tape to develop enough output voltage to drive the reactions. When a PV cell
is exposed to the sunlight, the generated hole and electron move towards the anode and
cathode respectively, where they are consumed to split water at the anode side and reduce

CO:;, at the cathode side.

The performance of the artificial leaf was studied by online analysis of the product
stream (Figure 21) using In-situ differential electrochemical mass spectroscopy
(DEMS)[17], [80], [31], [81] under simulated one sun illumination. Figure 21 shows the
variation of the CO and H> spectra in a light and dark cycle. The immediate rise in the
partial pressure of the CO and H. peak during the sun illumination clearly reveals the
initiation of these reactions[82]. The CO and H formation were also stopped in a dark

cycle (Figure 21). We also calculated the amount of produced CO and H2 using gas
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chromatography (GC) measurement. The results indicate that 1.43x10® and 5.1x107°
mol/s. cm? of the CO and Hz were produced during the CO; reduction in one sun simulated

solar irradiance.

Carbon Monoxide
Carbon dioxide
— Hydrogen

Gas Partial Pressure
(x10” torr)

Time (min)

Figure 21. In-situ differential electrochemical mass spectroscopy (DEMS) spectra of the cathode
side of the artificial leaf during the light-dark cycle. The immediate rise in the partial pressure of
the CO and H; peak during the sun illumination clearly reveals the initiation of these reactions.

The CO and H; formation were also stopped in a dark cycle.

The stand-alone operation of the device was carried out with various simulated solar
irradiances (e.g., 0.5, 1, 1.5, and 2 Sun) using 300 W Xe arc lamp and calibrated by a
photodiode. We developed a barometric concept to determine the concentration of
products during the photo-electrolysis. Initially, a pressure difference was created between
the headspace and outside of the chamber at the cathode side based on the electrolyte height

(Figure 19). The level of electrolyte inside the headspace gradually decreases as gas
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bubbles are evolved on the cathodic surface and accumulated in the headspace. Figure 22
illustrates the pressure variation of the cell with respect to the simulated solar irradiance
(number of illuminated sun during 60 minutes exposure time). Since the higher irradiance
of light leads to the higher gas bubble generation rate, the calculated pressure change based

on the liquid level increases with respect to the input solar irradiance (Figure 22a).
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Figure 22. a) A pressure variation of the artificial leaf as a function of sun irradiance in a wireless
configuration for 60 minutes sun illumination. (b) Pressure change and current density as a
function of external applied potential in a wire configuration. (c) Calculated F.E. and extracted
current density for wireless configuration using barometric pressure variation and applied potential
methods. (d) Solar to fuel efficiency measurement of artificial leaf system using two approaches;
approach 1: wired configuration (equationl), approach 2: wireless configuration (equation 4). The
results also show 2-fold improvement compared to the water splitting system using an identical
PV cell [55].
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We also established a relation between the current density for the reaction and change in
pressure of the headspace as a result of gas generation. The required data (e.g. pressure
change and current density) were measured in a wired configuration using Ag/AgCI
(BASI) as a reference electrode (RE) under the identical experimental conditions of the
wireless experiment e.g., catalyst, electrolytes, surface area, PV cell, etc. In this platform,
instead of applying simulated solar irradiation to the PV cell, the external potential was
supplied through the copper tape to the PV cell. The anode and cathode were connected to
the working and counter electrodes of a potentiostat, respectively. Then, the current and
pressure change (in the headspace) were simultaneously measured with respect to the
externally applied potential for 60 minutes. Figure 22b demonstrates the pressure change
and current density as a function of applied potentials. Based on obtained data, in Figure
3aand b, we can directly estimate the current density associated to a solar irradiance in the
wireless system (Figure 22c, green line). Since the product stream was composed of two
gasses (CO and Hz), which was confirmed by GC and DEMS analyses, the gas fraction
was also determined from the Faradaic efficiency (F.E.) measurements. Figure 3c describes
F.E. for CO and H> formation in the wireless system indicating the overall F.E of 90+5%

for the artificial leaf.

The solar to fuel efficiency (SFE) of the artificial leaf is also calculated using two
independent approaches. At first (approach 1), the SFE of the cell is measured using
equation (1), where j (mA/cm?) is experimentally determined current density (Figure 22c),

1.34 V is the thermodynamic potential of the reaction, and ug (MW/cm?) is the total solar
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irradiance[55]. We also assume that no corrosion reaction takes place at the
photoelectrodes (photoanode and photocathode). This is confirmed by SEM images of the
Co and MoS; catalysts coated on the surface of PV cell before and after experiment

indicating the stability of catalyst on the electrode during experiments.

j(mA/cm?)x1.34V
SF :[ ]Ug (mW/sz) (EQ- 13)

Figure 22d (blue line) shows the SFE of the cell with respect to the number of sun
illuminations using approach 1. The results indicate an average value of 4.5% solar to
synthesis gas efficiency. The SFE can also be expressed by multiplying the maximum solar
to electricity efficiency (PV cell) and electricity to fuel generation efficiency[55]. Given
the fact that the maximum efficiency of PV cell employed in this study is ~6% in liquid
electrolytes , the catalytic conversion efficiency of the leaf was determined to be 75%. The
results also show 2-fold high SFE compared to the previously reported water splitting

system using the identical PV cell [55].

Alternatively, the SFE could be measured from the amount of gas molecules generated
at the cathode side (approach 2). The energy of generated gas over a certain period is
proportional to the catalytic area (i.e. MoS coated on the cathode surface) and energy
conversion efficiency (i.e. SFE) of the integrated system in addition to the intensity of the

incident solar irradiance. Therefore, the molar quantity of generated gas could be
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calculated by dividing the product of aforementioned factors by energy density of the

generated gas as given below:

N

_J‘t =4 u A%atnSF (Eq 14)

where, N, (mol) is the molar quantity of generated gases, E,(MJ/mol) is energy density of

generated gas, Acar (cm?) is active area of catalyst (18 cm?), 7)q is the SFE, and ug

(mW/cm?) is the total solar irradiance (100 mW/m? for one sun illumination). The SFE in
equation (2) can be evaluated using the molar quantity of generated gases directly
measured by GC for a given period of time (At) along with other known parameters using

equation (3):

_ 2 (Ng xEg)
e h A (Eg. 15)

Tse
where Ngi is the number of mole of each product (CO: 0.927 and H: 0.331 mmol),
multiplied by its energy density, Eq (CO: 283.2 MJ/mol and Hz: 140 MJ/kg) during
measurement time (e.g. At= 60 minutes). We note that only CO and H> are generated in
our integrated system based on our GC and DEMS experimental results. The overall SFE
(Figure 3d, red line) calculated in this alternative manner (wireless configuration) is
approximately 4.4 %, which is consistent with the SFE value obtained from approach 1

(using wired configuration). Figure 22d, red line demonstrates the calculated SFE value

with respect to the sun irradiance. The deviation between two results is insignificant.

46



To reveal the limiting reaction in the artificial leaf, we separately analyzed the
performance of these two reactions by measuring the generated current by the PV cell in
the three electrode electrochemical experiments. At first, the performance of the MoS; NFs
for the CO; reduction reaction was studied in the three electrode electrochemical cell using
the MoS2 NFs as a working electrode (WE), Ag/AgCl (BASI) as a reference electrode (RE)
and platinum (Pt) gauze 52 mesh (Alfa Aesar) as a counter electrode (CE). The electrodes
were immersed into the 50:50 vol% ionic liquid/deionized water solution (EMIM—
BF4/water) saturated with pure CO gas. The linear sweep voltammetry (LSV) experiment
of the CO> reduction reaction was performed by applying the external potential ranging

from 0to -1.0 V vs RHE.

The performance of the Co catalyst for the OER at the anode side of the cell was also
investigated by sweeping the potential between +1 to +2.5 V vs RHE in the three-electrode
electrochemical cell with a similar configuration using KPi electrolyte. Figure 4a and inset
of Figure 4a, respectively, show the differential electrochemical mass spectroscopy
(DEMS) and LSV of the cathodic side of the PV cell coated with MoS, NFs. The DEMS
experiment was performed at very low scan rate (1 mV/s) to detect the product generation
during the potential sweeping cycle[80]. The immediate rise in the partial pressure of CO
at the potential of -0.171V vs RHE reveals the CO. reduction onset potential for MoS;
NFs/IL catalyst system. The obtained onset potential (61 mV) and high current density

(~180 mA/cm?) at the potential of -1.0 V vs RHE confirm a remarkable performance of
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the MoS> NFs at the cathode side. Figure 23 shows the DEMS and LSV plot of the Co-

coated catalyst at the anode side of the PV cell.
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Figure 23. (a) DEMS analysis of the cathodic side of the PV cell coated with MoS, NFs inside a
50:50 volume ratio of ionic liquid/water electrolyte. The pressure of the CO starts to increase at the
potential of -0.171 V vs RHE that confirms onset potential of 61 mV for CO- reduction at the cathode
side of the cell. LSV plot of the MoS, NFs inside the 50:50 ratio of ionic liquid/water electrolyte is
also shown at inset. (b) DEMS analysis of the Co-coated catalyst at the anode side of the PV cell
inside the potassium buffer solution. The results indicate 1.44 V vs RHE of onset potential and ~10
mA/cm? of current density at the maximum potential of 2.5 V for OER (inset). The scan rate of LSV
experiment in (a) and (b) was 1 mV/s. (c) Chronoamperometry (CA) experiment for cathode side in
the wired configuration at the potential of -0.55 V for CO, reduction reaction. DEMS of product
stream confirms CO and H production. (d) CA experiment for anode side in the wired configuration
at the potential of 2.5 V for OER. DEMS of product stream confirms continuous O, gas formation at
2.5V for OER.
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The results indicate the onset potential of 1.44 V vs RHE and ~10 mA/cm? of current
density at the potential of 2.5 V vs RHE. Additionally, we performed chronoamperometry
(CA) experiments for both CO: reduction reaction and OER. To study the overall
performance of the cell, we selected the potential of -0.55 V for the CO> reduction in which
the CO formation F.E. reaches to its maximum level. Figure 23c shows the current density
of approximately 60 mA/cm?, at the potential of -0.55 V for CO2 reduction reaction. The
current density of 9 mA/cm? was also obtained at the potential of +2.5 V for OER. A small
difference between CA and LSV current densities (9 and 10 mA/cm?, respectively) is
attributed to the charging current (capacitive behavior) in the CV measurements®.. The
inset of Figure 23c-d also confirms the continuous formation of syngas and O for CO>
reduction and OER, respectively. Considering the current density of ~60 mA/cm? for the
CO:2 reduction (Figure 4c), the overall performance of cell (using equation 1) is mostly
limited by the OER with the current density of 9 mA/cm?. However, the trend will be
opposite if we use other common catalysts (e.g. Ag NPs[48] and Cu[68]) exhibiting low
reaction rate (j < 10 mA/cm?) for the CO2 reduction reaction. Au NPs with 15 mA/cm?

current density can show marginal behavior.
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Figure 24. The efficiency loss and F.E. (inset) versus time for the artificial

cell during 300 minutes continuously operation.

We have also tested the stability of the system using GC analysis. Figure 24 illustrates the
stability test of the solar cell during five hours of the continuous process. The results also
indicate that the efficiency of the cell remains almost constant with 3% decay after 300
minutes continuous process (Figure 24). Our F.E. measurements of the cell (inset of Figure
24) also indicate that the integrated device could produce syngas for more than 300 minutes
without noticeable damage or degradation of catalysts. The failure after this time is mainly
attributed to photoanode degradation (ITO layer) which acts as a protection layer to

maintain the cell in the electrolyte.
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Figure 25 a-b shows the SEM images of the anode side of the PV cell coated with Co
catalyst after experiment. Figure 25 c-d also show SEM of MoS; NFs coated on the cathode

side of the PV cell after experiment. The SEM images indicate no corrosion of the PV cell

during the reactions.

R 3

Figure 25. The scanning electron microscopy (SEM) of (a, b) anode side of the PV
cell and (c, d) of the cathode side of the PV cell (scale bars, a and c are 5 um, b and d

are 1 um).

The XPS result of the MoS2 NFs after and before experiment (Figure 26) also confirm the

stability of catalyst on the electrode during experiments.
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Figure 26. X-ray Photoelectron spectroscopy of the MoS; NF (a) before and (b)
after experiment

3.5. Conclusion

In summary, we have developed an artificial leaf photosynthesis system to directly convert
CO:z into the synthesis gas (CO and Hz). Our detailed experimental results indicate that the
catalytic conversion efficiency for solar to synthesis gas production is 75%. Our detailed
electrochemical study revealed that the artificial leaf efficiency could potentially be limited
by OER in our system while an opposite trend is expected for other existing catalysts. This
finding could potentially resolve the limiting factor for converting of CO> to energy-rich

chemicals using solar energy.
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CHAPTER 4: Conclusion and Future Works

This thesis work resulted in several new findings, first we successfully demonstrated that
modifying the electronic properties of MoS; by substitutional doping can enhance its
electrocatalytic activity toward higher CO formation turnover frequencies. We found a
volcano-like trend for the catalytic performance of VA-Mo1.xNbxS, with the highest CO;
reduction activity for VA-Mo0o.9sNbo.0sS2. However, our results showed negative effect of

doping on the catalytic performance of all studied Ta-doped VA-Mo1xTaxS structures.

Secondly, we have developed a stand-alone artificial leaf for conversion of CO> to syngas
without any need to external potential. The developed artificial leaf can convert CO> to
syngas with high catalytic efficiency of 75 % and solar to fuel efficiency of 4.5 % which

is limited by anodic oxygen evolution reaction.

For future works, there are still many practical and theoretical issues that need to be
addressed to make the electrocatalytic conversion of CO> feasible. On the experimental
side, there are lot of rooms for exploring advanced electrocatalysts for CO2 conversion
based on new two-dimensional materials and alloyed and doped structures with desired
electronic properties that can serve as ideal electrocatalyst for CO> reduction. Moreover,
Modifying the size and morphology of explored TMDCs is another field of interest that

can lead to higher rates of reaction with lower catalyst loading.

Development of PV cells with higher solar to electricity efficiency is another bottleneck

of photoelectrochemical conversion of CO». As it has been discussed in chapter three,
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despite of highly efficient electrocatalytic conversion of COg, the solar to fuel efficiency

of the whole system is limited by the efficiency of PV cell.

These ideas, if successful, can pave the path for the development of a highly efficient CO-

utilization system which is of significant importance for the future of this field.
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