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ABSTRACT
IBRAHIM, YASSEEN, S., Masters:June:[2021]:, Material Science and Technology

Title: Rational design of MXenes with atomically doped multimetals for efficient

electrochemical and photoelectrochemical conversion of CO> to usable hydrocarbons
Supervisor of Thesis: Ahmed A. Elzatahry.

TisCoTx MXene is a promising catalyst for several applications; however, its
electrochemical conversion of CO- to useable hydrocarbons has been rarely reported
experimentally. Herein, two-dimensional TisC2Tx nanosheets doped at an atomic level
with Pd-M/Ti3C.Tx (M: Cu and Co) were synthesized by etching off the Al atom in
TisAlC, followed by intercalation and exfoliation. Thereafter, Pd-Cu and Pd-Co were
doped in TisC2Tx nanosheets. The fabrication method is based on creating Tx group
upon etching along with highly active Ti vacancies that are ideal sites for anchoring
and stabilizing the doped metal atoms. The electrochemical CO2RR (CO- reduction
reaction) for the fabricated sample Pd-Cu/TisC2Tx and Pd-Co/TizCoTx resulted in
converting COz into a-Glucose and formate (HCOO), respectively. The CO2RR
current density of Pd-Cu/TizC,Tx (0.66 mAcm) was the highest compared to the rest
of the doped samples and more than 3 times that of pristine MXene TisC,Tx (0.18
mAcm?). The as-synthesized Pd-M/TisC>Tx combine between the unique catalytic
merits of two dopants and quick charge transfer and electron density of TizC2Tyx. This
study may pave perspectives on the development of MXenes for CO2RR to valuable

fuels.
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CHAPTER 1: INTRODUCTION

The depleting of fossil energy resources is not only looming but also releasing
notorious CO; that causes global warming and air pollution.[1-5] The electrochemical
CO2RR is an intriguing approach for decarbonization of energy economy,
manufacture of renewable fuels, or valuable chemicals; however, CO2RR selectivity,
cost, and productivity remain daunting challenges.[1-4, 6-11] Various electrocatalysts
such as noble metals (i.e., Pt, Pd, Ag, and Au), transition metals (i.e., Fe, Bi, and Ti),
carbon-based (i.e., carbon nitride and graphene oxide), and hybrid electrocatalysts
were developed for CO2RR to various chemicals [9, 12-15], since the early work is
done for CO2RR using Cu electrode to form CO, CH4, and C2H4.[6, 16] HCOOH is a
highly desired CO2RR product, as its importance in various end-use industries as
pharmaceuticals, hydrogen generation, rubber, and pesticides, so the global market of
HCOOH exceeded 750 $ million in 2019.[17, 18] various transition metals showed
high selectivity towards COOH, such as Hg, In, Sn, Cd, Bi, and TI.[19, 20] Pd-Cu or
Pd-Co together are among the most active CO2RR electrocatalyst due to their inherent
catalytic merits, d-electron availability, low surface CO; adsorption strengths, and
modulated chemisorption strengths of the CO2RR intermediates (COz+and COv)
allowing the reduction of CO2 to HCOOH and other valuable multi-carbon products.
[6, 10, 21-35] Also, Pd-M can easily protonate the adsorbed CO; to form adsorbed
OCHO intermediate, which can easily be transformed into formic or other
hydrocarbons.[36] Pd/M reduces the adsorption strength of intermediates like CO2¢"
anion radical and COe- radical to allow the selective formation of HCOOH.[36] Pd/M
can inhibit the hydrogen evolution reaction (HER) owing to the low activity of Pd
toward the HER; meanwhile, Cu, with its high conductivity, enhance mass transport,

especially at high reaction rates.[37-39]



Using another cocatalyst, especially TisC2Tx MXene with Pd-Cu or Pd-Co, can be an
effective way for further improvement CO2RR fundamentally (i.e., activity and
selectivity) and practically (i.e., mass transport, product rate/yield, and energy
efficiency) due to the two-dimensional, multilayered structure, high conductivity,
beside the unique composition including (C with Ti, and surface terminations Tx),
which can tune the binding configuration and stabilization of intermediates with
different scaling relations. [40-53] Also, TisC>Tx can alternating -C-coordinated
intermediates (e. g., *COOH, *CHO) as fragments and —H-coordinated intermediates
(e. g., *HCOOH, *H2CO) as complete molecules that decouples scaling relations. [53]
The utilization of TisC2Tx in CO2RR was primarily based on theoretical calculations,
although some rare works on CO2RR experimentally.[41-57] For instance, TisC2/g-
C3N4 enhanced the CO2RR to formate and methanol by 10 times higher than g-CsN4
catalyst.[58] The CO2RR to methanol on TisC, quantum dots/Cu.O nanowires was
8.25 and 2.15 times that of Cu20O NWSs/Cu and TisC. sheets/Cu.O, respectively.[59]
TioCTx reduced CO. to HCOOH as the main product with a FE over 56.1 % at -1.8 V,
and Tx groups play an essential role in enhancement CO2RR.[60] Thus, the
combination between Pd dopants and TisC>Tx can enhance CO2RR selectivity to

HCOOH or C, which was not yet reported.

Here, 2D TizC2Tx (Tx = O, OH, and F) nanosheets co-doped atomically with Pd-M,
where M is Cu and Co (denoted as Pd-Cu/TisCoTx and Pd-Co/TisC2Tx) were
synthesized for the sake of enhancement the CO2RR. Unlike previous reports, the as-
synthesized Pd-M/TizC,Tx combine between the unique catalytic merits of two
dopants (i.e., synergistic effect, selectivity, optimal intermediates binding, and inferior
H> production) and intrinsic properties of TisCoTx (i.e., conductivity, defects,

abundantly exposed surface atoms, layered structure which promotes chemisorption
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of reactants and enhancing catalytic performance). Also, TizC2Tx provides abundant
Ti-deficit vacancies with a high reduction ability, which can accommodate the binary
dopants and stabilize them against aggregation. The as-obtained doped Mxene
nanosheets are dispersable as ink in various solvents to be coated onto powder, sheets,
films to form electrodes by simple casting or spin coating or a vacuum drying at room
temperature. The electrochemical CO2RR activity and stability of Pd-M/TisC2Tx were
benchmarked compared to Pd/TizC2Tx, Cu/TizC2Tx, Co/TisC2Ty, and pristine TizC2Tx.
The CO2RR mechanism was investigated by various reaction experiments and

characterization tools.



CHAPTER 2: LITERATURE REVIEW

Ever since the industrial revolution and the emission of greenhouse gasses
such as CO2 have been increasing dramatically due to the rapid growth of industry
and the consumption of fossil fuels (ex: natural gas, petroleum, and coal), resulting in
an environmental and energy dilemma.[61-65] As a result, several researchers have
been published on the photoconversion of CO», specifically reduction into
hydrocarbons such as methane[66], methanol[67], formic acid[67], formaldehyde[68],
as a promising and economical method to solve both the energy insufficiency and
environmental issues. Yet, the developed catalysts still didn’t meet the market
standards as they fall short in charge-carrier separation and transfer, spontaneous
adsorption for CO», active surface sites, and a delay in the recombination of the
excited electrons, such as Cds[69, 70], g-C3N4.[71] One of the effective approaches to
overcome these issues is to use a composite catalyst by introducing a co-catalyst[72],
especially noble metals such as Pt/Cu[73], Pt[74], Au[75], Ag.[76] Even though noble
metals as cocatalysts boost the performance of photocatalysts, the expensive cost and

scarcity limit their usage.

MXene is one of the recently discovered materials.[77] that has been attracting
attention as it has been used in various applications.[78-83] MXenes (Mn+1Xn) are
fabricated by selective chemical etching of A layer from the MAX phase. M is a
transition metal, A is an element from group 3A or 4A, X is either carbon or nitrogen,
and n is an integer number (1-4). the wide use of MXene compounds is owned to their
outstanding electric conductivity, surface-active sites, a photothermal conversion that

improves the catalyst activity and promotes the reaction rate.[84-86]



In the last 10 years, MXenes sparked researchers in different fields ranging
from catalysis to biomedical. The following section highlights the recent advances
made in the controlled fabrication of MXenes for CO reduction supported with
various examples and related results. In this chapter, the photocatalytic reduction of
CO. is studied using MXene as a cocatalyst, exploring the fabrication methods,
characterization, and photocatalytic performance and the MXene role in the process.
Moreover, this study will certainly open the door for new fabrication methods for the

MXene based composites that will greatly influence the photocatalytic performance.

For example, a novel 2D/2D heterojunction of ultrathin TisC2/Bi2WOs
nanosheets was designed[54], as shown in Fig. 2.1a. The aluminum was chemically
removed from the MAX phase by hydrofluoric acid, forming a multilayer of MXene.
Subsequently, the etched MXene was intercalated using dimethyl sulfoxide (DMSOQ)
then exfoliated to form TisC> nanosheets. One after the other, Bismuth (I11) nitrate
and Sodium tungstate-CTAB solutions were added to the MXene nanosheets
undergoing a hydrothermal reaction to form the 2D/2D structure of TizC2/Bi2WOQe.
Such a usage of the unique 2D structure of MXene favors the fabrication of a 2D/2D
heterostructure over its counterparts forming 0D/2D and 1D/2D, endowing strong
surface connection between the cocatalyst (MXene) and the photocatalyst (Bi2WOs)
and further assures better stability.[87] The intimate contact formation within the
2D/2D heterojunction further enhances the transfer and separation of induced charge
carriers. Owning to a crucial factor as strong physical and electronic coupling effect
that enhances the photocatalytic efficiency, despite the decrease in surface area due to
the stacking of the nanosheets. Charge transfer dynamics examinations were
performed, such as electrochemical impedance spectra (EIS) and transient

photocurrent response, to set forth the difference in charge transfer capability between
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TBO0 and TB2 (0% and 2% mass ratio of TisC> to Bi;WOe).[54]

EIS plot Fig. 2.1b shows TB2 having a lower charge transfer resistance compared to
TBO, represented as the shorter arc. Whereas the transient photocurrent response, as
demonstrated in Fig. 2.1c, shows a higher current density for TB2 over TBO, as well
as the insignificant photocurrent performance of TisCp, proving that the TisC:
essential part is to accept electrons for subsequent catalytic reactions and the Bi2WO6
in TisC2/Bi2WOs, is the one responsible for the generation of the photo-induced
electrons. The photocatalytic performance for CO> reduction of the prepared samples
were analyzed in a solar irradiation simulated medium. Both methane and methanol
were the major photocatalytic products with a higher selectivity for methane[54], as
shown in Fig2.1 d. The most optimum sample TB2 (2% mass ratio of TizC> to
Bi,WOs) shows a conversion rate of 1.7 umol. g-1.h-1 for CH4 and 0.44 pmol. g-1.h-
1 CHsOH representing four and six folds of methane and methanol, respectively,
compared with pristine Bi2WOe. The boosted photocatalytic behavior of the
TisC2/Bi2WOs hybrid is ascribed to the fast charge transfer from Bi;WOs to the
surface of TisC», the increase in the surface area upon the incorporation of TisC, with

Bi2WOe, and the photothermal effect of TisC», which activates the catalyst.[54]

Surface alkalinized MXene (TisC20H) was coupled with commercial Titania (P25)
via facile mechanical mixing. TisC> powder was dispersed in KOH solution to
substitute -F bond with -OH, taking advantage of the low stability of Ti-F bonds in
basic solution.[88] Such a surface modification for MXenes was previously studied
and demonstrated its potential in hydrogen evolution reaction. The gas evolution rate
was compared for different samples to optimize the MXene content (wt%), catalyst or
photocatalyst terminal surface group (-OH), and finally, compare the optimized result

with other co-catalysts.
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Based on the results (Fig 2.2a), 5 wt% of MXene coupled with P25 (5TC/P25)
showed the highest rate conversion of CO> forming 3-fold (12.6 pmol g-1 h -1) of CO
and 27-fold (1.6 pmol g-1 h -1) of CH4 compared to pristine P25.[88] Increasing the
load % of MXene any further would decrease the conversion rate resulted in blocking
the light irradiation from the photocatalyst P25. Signifying the effectiveness of
MXene as a co-catalyst in photocatalytic reduction upon optimizing its load. Thereby,
the alkalization treatment was performed on the optimized loaded MXene sample to
study the role effect of -OH on the surface of both the MXene and P25. The
alkalinized co-catalyst (5TC-OH/P25) sample showed the highest conversion activity
Fig2.2b, where the evolution rates of CO and CHs were 3-fold (11.74 pmol g-1 h -1)
and 277-fold (16.61 pumol g-1 h -1) of the bare P25, respectively. In contrast with the
non-alkylated hybrids, the rest of the hydroxy-decorated hybrids, and other catalysts
(Fig2.2c), 5TC-OH/P25 showed selectivity for CH4 evolution over CO. Yet, TisCo-
OH didn’t show any photoactivity for the CO2 reduction. This confirms the P25 is the
catalyst accountable for the photoreduction of CO; and that the sole rule of
alkalization of TizCz coupled with P25 is to influence the photocatalytic activity and
the product selectivity in line with other reports.[89, 90] Furthermore, acidic
molecules such as CO; are commonly adsorbed by basic sites.[91] The transient
photocurrent (Fig. 2.2d) illustrates the higher response for 5TC/P25 and 5TC-P25
over the pristine P25, confirming the reinforcement of charge-carrier separation. The
impedance spectroscopy (Fig. 2.2e) unravels the charge transfer enhancement of 5TC-

OH/P25 represented with the smallest resistance.[88]
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Figure 2.2: Gas evolution rates of CO and CH4 for different samples (a-c). d) Photo-

current responses and e) EIS Nyquist plots.[88]

In-Situ Growth of TiO2> NPs grafted on the conductive surface of TisC, was
prepared via a fictile calcination method, allowing for a better intimate contact area
compared to mechanically mixed materials.[43] The mass loading of TiO2, NPs was
tailored by variating the calcination temperature at 0, 350, 450, 550, and 650 °C
forming TT350, TT450, TT550, and TT650 samples, respectively. Confirmed by
XRD (Fig. 2.3a), new diffraction peaks were found after calcination and intensified
upon the increase of the calcination temperature, confirming the formation of TiO..
On the other hand, at a magnified XRD (Fig. 2.3b), diffraction peaks of TisC. located
at 35° and 43° found to be damped with increasing the calcination temperature, owing
to the transformation of TisC> to TiOy, especially for TT650 sample where the peaks
are demolished.[43] More importantly, the uniform size distribution of TiO:

nanoparticles is shown by SEM, forming a unique rice crust-like structure that is
9




owned to the in-situ transformation of TiO, to Ti3C, that can restrain the

agglomeration and maintain this uniformity (Fig. 2.3c).

Additionally, many air voids were found to be excited on TT550 due to the
formation of CO: in the calcination step. However, the size of the air voids was
decreasing upon further increasing the calcination temperature (increasing TiO:
content) since the particle size will be larger, in line with the specific surface area.
Such behavior is attributed to a trade-off relation between crystallinity and particle
size. The TEM shows a sandwich-like of the formed TT550 sample, elucidating the
transformation of TisC> to TiO> is widespread from the surface, deep to the core (Fig.
2.3d). The intimate contact between TiO> NPs and TisC; illustrated in the hetero-
sandwich structure would result in a higher charge transfer.[43] The photocatalytic
reduction of CO> for TiO2/Ti.Cs composite was performed under the light. Among the
three products, CHs was the most dominant product as it has the lowest reduction
potential (-0.24 V) compared to CH3OH (-0.38 V) and CoHsOH (-0.33 V). The
general trend of methane production rate indicates improved performance upon
increasing the calcination temperature till 550 °C. A deteriorated photocatalytic
performance for TT650 owned to the non-attendance of TizCy, causing fast electron-
hole recombination as well as a decrease in the surface area.[43] The best sample
TT550 showed a production rate (0.22 pumol h -1) 3.7 times higher than the
commercial catalyst TiO2 (P25) without explicit change production after 5 cycles

(Fig. 2.3¢,f).

Moreover, the obtained results are comparable with previous reports.[92-99] The
enhanced photocatalytic reduction of CO2, mechanism for TiO2/TisC, composite is
owned to first, the increase in specific surface area enduing abundant active sites that

promote the adsorption of CO,. Second, the photothermal effect is generated by the
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adsorption of light from the inherent black color of TizCz. Third, the in-situ growth of
TiO2 of the surface of TisC> generating a heterogeneous interface that alters the

properties of pristine materials.[43]

A heterostructure was designed from 1D photoactive semiconductor (Cu20
nanowires (NWs)) and OD MXene quantum dot (TisC2 QD) through an electrostatic
self-assembly mechanism to enhance the photocatalytic reduction of CO2.[59] TisC>
QD exhibits featured properties such as bandgap broadening as a result of quantum
confinement, superior tunability in physicochemical properties, more active sites, and
better dispersibility. A typical preparation of TisC, using HF followed by a
hydrothermal cutting for the TisC> sheets forming TizC2 QD as shown in (Fig. 2.4a).
Meanwhile, copper (Cu) mesh went through an anodization and calcination process,
forming porous-Cu20 NWs/Cu. The electrostatic self-assembly of TisC, QDs/Cu20
NWs/Cu heterostructure is formed by tuning the surface charge of each TizC> QDs
and Cu20 NWs/Cu with positive and negative charge using polyethyleneimine (PEI)
and adding poly (sodium 4-styrene sulfonate) (PSS), respectively.[59] A porous
surface structure of Cu2O NWs was confirmed by FE-SEM (Fig. 2.4b). Whereas, Fig.
2.4c,d shows the conjunction rule of TisC2 QD and TisCz sheets covering the porous
surface while maintaining the overall structure of CuO NWs. Three samples were
prepared named TizC2 QDs/Cu,0O NWs/Cu, TizCz sheet/Cu,O NWs/Cu, and Cu20
NWs/Cu to evaluate their performance in a photocatalytic reduction for CO2. The
three Cu>O-based photocatalysts exhibit a selective conversion for methanol
(CH3OH) for 6 hours. Out of the prepared samples, TizC> QDs/Cu,O NWSs/Cu stands
with the highest yield of conversion (153.38 ppm cm2), which is 2.15 and 8.25 times
its counterpart (70.25 ppm cm™2) and pristine (18.82 ppm cm™?) catalyst, respectively

(Fig. 2.4e).
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The variation in conversion rate between the samples is ascribed to the small
bandgap of TisC> QDs/Cu20 NWs/Cu over the other samples, enhancing UV-vis
absorption and maximizing its utilization, delay electron-hole recombination and

increase the photocatalytic performance, suggesting higher light adsorption.[59]

Additionally, the boost conversion upon the incorporation of TizC> QD with
the easily oxidized Cu,O NWs asserts the protective aspect of TisC> and that the QDs
have more intimate contact with Cu20 than the sheets of TisC,. However, increasing
the concentration of TisC> QD above 0.5 mg/ml would block the catalyst's light
adsorption, resulting in a decrease in the yield and photocurrent density. Similarly, the
electrochemical impedance spectroscopy (EIS) displays the charge transfer resistance
with the smallest semicircle for the TisC. QDs/Cu.O NWs/Cu suggesting a huge
charge transfer enhancement.[59] The CO. conversion into methanol mechanism
under solar light irradiation was proposed to be a 6-electron-transfer process. The
electrons in Cu2O valence band (VB) (1.497 V VS NHE) are photoexcited and
accumulate at the fermi level (Ef)of TisC2 QD (-0.523 V) since Cu20 conduction band
(CB) (-0.703 V VS NHE) has a higher negative value than the Ez of TizC2 QD (Fig.
2.41). The accumulated electrons catalyze the reduction reaction. Despite the chance
of oxidation of TizCy, the oxidized and hydroxylated TizC> would further promote the
CO2 conversion reaction and the interaction with the intermediate carbonated
products. Not to mention the preference of TizCz to chemisorb CO2 over H20, which
eases the reduction process by promoting H* and donating electrons. For the sake of
comparison, the reason behind why TisC2 QDs/Cu.O NWs/Cu exhibits an outstanding
performance over TizC> sheet/Cu20 NWs/Cu would be owed to the positive potential
of Ti3C2 sheets (0.71 V), which is undesirable for the catalyzation conversion

reaction.[59]
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Furthermore, a novel of ultrathin 3D hierarchical Co-Co layered double
hydroxide/MXene nanosheet (Co-Co LDH/Ti3Cz) nanoarrays synthesized through an
in-situ MOF strategy as a co-catalyst for photocatalytic CO2 reduction.[56] 3D Co-Co
LDH/MX was prepared by mixing exfoliated TisC, of different dosages with Co?* and
2-Methylimidazole (2-MIM), then the formed ZIF-67/MX nanosheets went through a
solvothermal process. The proposed fabrication mechanism is as follows, the
hydrolysis of Co(NO3)2.6H,O would produce H+ that slowly etch ZIF-67
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polyhedrons, releasing Co*2. After that, No3- and dissolved O, partially oxidize the
released Co+2 and then co-precipitate with Co2+ and Co+3 forming a 2D LDH
structure. Hence, 2D Co-Co LDH vertical sheets incorporated electrostatically on
MXene nanosheets forming a 3D hierarchical structure as shown in SEM (Fig. 2.5a).
The clear boundary can be observed from TEM and HRTEM (Fig. 2.5b,c) between
the Co-Co LDH and the TisC». Furthermore, EDX mapping shows the uniformity in
the element’s distribution (Fig. 2.5d). The photoreduction performance for CO; for
the prepared samples was conducted in MeCN: H>O: TEOA (3:2:1) solution including

[Ru(bpy)3]Cl2.6H20 as a photosensitizer.[56]

The hybrid samples show a significant enhancement over the pristine Co-Co LDH in
the photocatalytic performance converting CO. to CO and Hz. The optimized sample
Co-Co LDH/MX-15 generates the highest reported conversion rate for CO, which is
2.2 times the pure Co-Co LDH (1.25 x 10* pmol g-1 h -1) and 63.9% selectivity
compared to the other hybrids. Such a result reflects the role that the MXene plays in
the photocatalytic enhancement, which is attributed to the fast and efficient electron
transfer through the interface, allowing abundant CO> reduction at the Co-active sites.
It is noteworthy to point out that the MXene showed almost no photocatalytic activity;
hence, increasing the dosage of MXene will severely decrease the conversion
rate.[56] To further elucidate the catalytic enhancement for the 3D hierarchical
structure for Co-Co LDH/MX-15, a 2D/2D stacked morphology (Co-Co LDH+Mx-
15) was prepared by a physical mixing pure 2D Co-Co LDH with 2D MXene for the
sake of comparison. The 2D/2D structure yields a 4.11 pmol h -1 and 2.44 pmol h -1
conversion rate for CO and H», respectively. Compared with other Co-based
photocatalysts[100-108], Co-Co LDH/MX-15 showed the highest apparent quantum

efficiency (AQE) of 0.92% at 420 nm. Not to mention, the Co-Co LDH/MX-15 co-
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catalyst maintains good stability while holding 90% of its initial conversion after five
cycles. The proposed mechanism for the photoreduction process initiated by the
irradiation of light on [Ru(bpy)s]Cl. forming an excited [Ru(bpy)s]Cl>* then reduced
to [Ru(bpy):]Cl2 by TEOA. Subsequently, electrons transfer from [Ru(bpy)s]Cl. to
the active sites of cobalt in Co-Co LDH/MX reducing CO to CO. At the same time,
the protons in the solution are reduced by the excited electrons forming Hz. The Mott-
Schottky plot displays a value of -1.01 V (vs. NHE) for Co-Co LDH/MX-15, which
falls within the redox potential of E (Ru(bpy)s?**/ Ru(bpy)s*) (-1.09 V) and E
(CO2/CO) (-0.53 V) confirming the applicability of electrons to transfer from

[Ru(bpy)s]Cl2 to Co-Co LDH/MX.[56]

Figure 2.5: Co-Co LDH/MX-15 (a) SEM, (b) TEM, (c) HR-TEM, and (d) EDX

mapping.[56]
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In-situ growth of perovskite nanocrystal CsPbBr3 on two-dimensional MXene
nanosheets constructing CsPbBr2/TisC> nanocomposite was fabricated, confirming its
potential application.[57] The photocatalytic reduction of CO2 was carried out in a
sealed reaction vessel, where the photocatalyst was dispersed in ethyl acetate, and the
vessel was filled with CO> gas under solar light. The ethyl acetate selection as the
solvent was based on the high solubility of CO: in ethyl acetate and that the CsPbBr3
nanocrystal catalyst would remain stable as it has a moderate polarity. As a result of
the photoreduction of COy, a selective linear yield for CO and CH4 was obtained.
CsPbBr3/TizC. was found to exhibit the highest yield of CO (26.32 umol g-1 h -1)
and CHs4 (7.25 pmol g-1 h -1) in comparison to its hybrids, the pristine catalyst
CsPbBrsz (<4.4 pumol g-1 h -1), and other CsPbBrs-based catalyst composites.[109-

114]

In another approach, CeO>/TisC> Schottky junction was fabricated through an
in-situ growth of cube-like CeO> and 2D ultrathin TisC> nanosheets via hydrothermal
treatment.[115] The fabrication method started by adding Cerium nitrate hexahydrate
(Ce(No03)3.6H20) with a cube-like morphology (Fig. 2.6a) to MXene solution with an
ultrathin sheet morphology (Fig. 2.6b) and left stirring for 2h then interjected in
NaOH solution under vigorous stirring for 3h. Finally, the mixture went through a
hydrothermal treatment at 180 C for 24 h to produce several samples of CeO2/Ti3C:
with different TisC. content. The TEM image (Fig. 2.6¢) displays an intimate contact
between the cube-like structure grown on the surface of TizCz sheets of CeO2/TisC»-
5%. HRTEM (Fig. 2.6d) shows the lattice facets (002) of both CeO; (0.27 nm) and
TizC, (0.216 nm) corresponding to the integration of CeO2/TizCz hybrid with a
homogenous elemental distribution of Ce, O, C, and Ti (Fig. 2.6e-i).[115] The

Photocatalytic CO> reduction took place in a pyrex reactor containing the prepared
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sample, NaHCOs, HCI, and 0.6 mL of CO> gas, under the irradiation of light.

The photocatalytic performance of the hybrid samples showed a conversion
rate for CO higher than the pristine catalyst. The highest conversion rate was for
Ce02/Ti3C2-5% (40.2 umol m-2 h-1), which is 1.5 that of the pure CeO,. This result
confirms that the photocatalytic performance of the catalyst was enhanced while
being coupled with TizC». The enhanced photocatalytic CO2 reduction of CeOa/TizCo-
5% is owned by the induced build-in electric field upon the coupling of CeO, of the
bandgap (W1=4.69 eV) with TizC. of bandgap (W2=5.78 eV) (Fig. 2.6j). Before light
illumination, the induced built-in electric field caused the electrons to transfer from
the cocatalyst TisC. to the catalyst CeO., bending the conduction band upwards,

forming a Schottky junction with TisCo.

After illumination, the electrons are photoexcited and transferred from CeO2
crossing the Schottky barrier and reaching the surface of TisCz, promoting the
photogenerated charge separation. Meanwhile, the Schottky barrier acts as a barrier to
resist the recombination of the electrons to CeO- and repels the holes from reaching
TisCy, causing the photoexcited electrons to accumulate on the surface of TizC> to
reduce CO; to CO.[115]Graphitic carbon nitride (g-CsNa4) has attracted much
attention recently for the photocatalytic reduction of CO; for its low cost, noble metal-
free, and visible light response.[116-122] Despite its unfavorable separation and
transfer of the photoexcited charges and low performance in adsorption and reduction
of CO2, several attempts have been made while coupling with noble metals[123],
Zn0[124], SnS,[125], ZIF-8[126], and KOH[127, 128] to overcome these drawbacks.
Photocatalytic and photoelectrocatalytic (PEC) reduction of CO> have attracted a lot

of attention converting solar energy to renewable chemical fuel.
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mechanism upon incoporation of Ce with TisC>.[115]

Particularly, Photoelectrocatalytic is more efficient as the externally applied
voltage can fasten the charge carriers transfer while suppressing the recombination of

the photogenerated electron-hole pairs. Hence, Photoelectrocatalytic reduction of CO>
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into chemical fuels in water using TisC2/g-CaN4 heterojunction catalyst deposited with
Pd NPs synthesized by in-situ heat treatment was conducted. [129] The TEM images
of the as-prepared sample display the successful incorporation of TizC2 with g-C3Na,
as well as the NPs of Pd (Fig. 2.7a,b). The photoelectrochemical measurements were
performed using a two-electrode system of Pd-g-CsNs and BiVO4 at -0.85 V. The
catalytic performance of the photocathodes is illustrated in Fig. 2.7c, where Pd-
Ti3C2/g-CaN4 exhibits the highest activity (25.1 mM h-1g-1) among the rest of the Pd-
based samples. This remarkable result can be attributed to the narrow bandgap and
rich Tis+, which are beneficial to the adsorption of solar light and the separation of
electrons and holes.[129] Additionally, the considerable pyri-N species in the

heterojunction has a high adsorption capability for CO2, molecules.

Moreover, the influence of external voltage was also investigated in Fig. 2.7d. The
results reveal that at a more negative voltage, the activity for hydrocarbon evolution is
also increased till -0.85 V. As beyond this limit, the activity decreases because more
Ho is released. Such a result indicates that the applied voltage has an influence on the
activity of the hydrocarbon evolution and the selectivity. Due to a low applied
voltage, the electrons are excited from the valance band of g-CsN4 and TizCz then
trapped on the Pd NPs. While light irradiation, the electrons are excited by photons in
the VB of g-CsN4 to CB. Thereafter, the photoelectrons incorporate with protons to

produce active H atoms that protonate CO; into hydrocarbons.[129]

Most recently, due to its excellent conductivity and good susceptibility, MXene,
namely surface-alkalinized TisC», was simply mixed with g-CsN4 as a co-catalyst for

photocatalytic reduction for CO,.[46]
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TEM images elucidate the morphology and microstructure of the prepared samples,
displaying a 2D nanosheets structure for the MXene after alkalization process
(TCOH) (Fig. 2.8a), 2D pristine g-C3N4 (CN) (Fig. 2.8b). The same morphology was
maintained for the resultant 5% TCOH-CN (as the 5% corresponds to the wt% of
TCOH in the sample) after coupling TCOH with CN (Fig. 2.8¢) along with a uniform
element distribution confirming an intimate contact between TCOH and CN (Fig.
2.8d-i). The photocatalytic reduction was executed in a continuous flow system in a
stainless-steel reactor maintained at constant temperature (30 °C) while applying H20

as a hydrogen source.[46]
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The photocatalytic reduction of CO. performance (Fig. 2.8j) displayed CO as the
main product with 90% selectivity and methane (CHs) with 10% selectivity along
with a negligible trace of hydrocarbons such as CoHs and CHzCHO. All the TCOH-
CN samples with different TCOH content showed a much higher conversion rate for
both CO and CH4 compared to the pristine CN (Fig. 2.8k). The highest conversion
rate reported was for 5% TCOH-CN (11.21 pumol/g), which is approximately 5.9 times
the production rate of pure CN. Upon increasing the TCOH loading, the conversion
rate decreases as the excess TCOH prevents the catalyst CN from absorbing light.
Pure MXene mixed with CN (5%TC-CN) was prepared to study the effect of the
surface-modified MXene.[46] The photocatalytic performance of (5%TC-CN)
resulted in 35% reduction in the CO production rate (7.23 umol/g), yet still of a
higher rate than that of pure CN (1.88 pumol/g), manifesting the efficiency of surface
alkalinized MXene (TCOH) as better cocatalyst than pure MXene in the
photocatalytic reduction of CO2 when coupled with CN. Not to mention that
5%TCOH-CN almost exhibits a stable production rate for 5 cycles, indicating a stable

photocatalytic activity.[46]

Moreover, Core-shell structured Ti2O2/C3N4 composite terminated by TisC> QD on
the surface of CsNs (2D/2D/OD Ti202/C3N4/TisC2) were fabricated for a
photoreduction of CO> into hydrocarbon fuels.[130] The synthesis process of
Ti202/C3N4/TisCy is as shown in Fig. 2.9a, where 2D mesoporous TiO2 was prepared
via hydrothermal-induced solvent-confined monomicelle self-assembly and then
coated by CsN4 through thermal condensation of urea, forming 2D/2D core-shell
Ti202/C3N4 nanosheets. Finally, TisC, QD was prepared from a typical fabrication
route followed by hydrothermal treatment and assembled on the surface of C3Ns via

electrostatic attraction forming 2D/2D/0D Ti202/C3Na4/TizCa.
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Shr.[46]

The SEM analysis displays intertwined sheets for the as-prepared sample Fig.
2.9b. the TEM further confirms the entrapment of TisC> QD in between TiO2/C3Na
core-shell sheets Fig. 2.9c. The photocatalytic performance of the as-prepared

samples is illustrated in Fig. 2.9d. The production rates of CO and CHa4 are minimum
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for the single components, and the rates were more than doubled upon their

combination (Ti202/C3Na).[130]

It is worth noting that the thickness of C3N4 is adjusted by urea since a thin or
thick layer of CsNa4 results in limiting the photocatalytic reduction efficiency. As for
Ti202/C3Na4/TizCy, the rates of CO and CHs were more than three (4.39 umol g—1—1h)
and eight (1.20 pmol g—1-1h) times, respectively, than that of Ti,O2. The
enhancement in performance is own to the accelerated spatial separation of charge
carriers with a relatively strong redox feature within the heterojunction C3N4/Ti3C>
due to a low Fermi level and strong physical and electronic coupling.[130] The
characteristic feature of TisC, QD as an electron reservoir was further enhanced by
C3N4/TisC> than C3N4. Not to mention the surface groups that provide active sites and
increase the surface area, increasing the gathered photoexcited electrons to facilitate
multielectron reduction reaction of CO,. The charge transfer mechanism within
Ti202/C3N4/TizCo heterojunction is represented by S-scheme. As a result of a higher
Fermi level of C3N4 than Ti2O and TisCz, upon contact, a spontaneous tendency for
the electrons was created, migrating electrons from a high Fermi level to a lower one
till equilibrium level is reached.[130] The redistribution of electrons resulted in
bending the CB and VB and creating an internal electric field. Under irradiation, the
electrons in Ti.O and C3N4 were excited to their VB, and due to the internal electric
field, the Ti>O photoexcited electrons recombined with C3zN4 holes. Whereas the C3N4
electrons in VB migrate to the conductive TisC, QD driven by the potential
difference. This mechanism manifests that C3N4 is the source of electrons upon

irradiation and TisC. QD acts as an electron reservoir.[130]
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An ultrathin 2D/2D TisC,/g-C3N4 heterojunction was fabricated by calcination
for TisCz and urea for CO, photocatalytic reduction.[48] Briefly, as shown in Fig.
2.10, TisC, was etched typically and dispersed in a urea solution with high
concentration then sonicated, allowing the urea to intercalate into the interlayers of
Ti3C, sheets. The mixture was then dried and calcinated at high temperatures, where
the urea is polymerized and simultaneously acts as a source of the NHs gas template
to exfoliate TisC> and produce g-CsN4 crafted on the surface of TizCz. This facile
preparation method is much less costly and time-consuming, as it nether involves the
usage of hazardous DMSO for a long time intercalation nor repeated washing. Finally,

it can greatly improve the production yield of TisC> than the conventional preparation
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method. The obtained heterostructure exhibits superior photocatalytic performance in
reducing CO2 to CO and CHas. The optimal sample (10TC) exhibits the highest
conversion rate for CO (5.19 umol g—1h—1) and CHs (0.044 umol g—1-1h),
outperforming previously reported g-C3N4 based catalysts. whereas both TizC2 and g-
C3N4 displayed a weak photocatalytic performance due to the metallic behavior and

the fast recombination of the photoexcited electron-hole pairs, respectively.

Moreover, the photocatalytic performance remained almost constant after five
consecutive cycles. Such a remarkable performance can be attributed to the intimate
contact between g-C3N4 and TisC» that integrates the migration and separation of
photoexcited charge carriers. The proposed mechanism for the heterojunction
composite entails that upon incorporation, the Fermi level for each of TizC; and g-
C3N4 comes to equilibrium at -0.95 V, allowing the photoexcited electrons to migrate
first from the VB to CB of g-CsN.. Subsequently, migrate to the surface of TisC>
owned to the intimate contact interface between the two materials. Hence, the
accumulated electrons on the TisC, surface participate in the CO2 reduction

reaction.[48]

TioCTyx and Mo2CTx were investigated in electrocatalytic CO reduction reaction
owning to Ti and Mo metals weak hydrogen binding behavior.[131] The process was
performed in a two-compartment electrochemical cell (Fig. 2.11a) using a mixture of
80:18:5 mol fraction of acetonitrile: water: BMIMBF;4 as an electrolyte. The selection
of the electrolyte was based on the dominant HER in the aqueous electrolyte
(KHCOg). The solubility of CO is enhanced using acetonitrile compared to the

aqueous electrolyte, likely by forming complexes with CO; at (-0.1 V VS SHE).
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Figure 2.10: Synthesis process of 2D/2D TisC./g-CsN. nanosheets heterojunction.[48]

Through subjecting the samples to chronoamperometric measurement, online
GC and NMR analysis indicated that formic acid and H2 were the major products for
TioCTyx at onset potential (-1.5 V). whereas Mo2CTyx converts CO> to formic acid a
lower potential (-0.9 V). The Faradaic efficiency plot (Fig. 2.11b) displays 56.1% and
20.7% for formic acid at -1.8 V of Ti.CTx (KF-HCL) and Ti.CTx (HF),
respectively.[131] Noting that Ti.CTx (HF) has much —F surface terminations than
Ti2CTx (KF-HCI). Although Faradaic efficiency of Mo2CTx is 32.6% for formic at -
1.3V, its partial current density (Fig. 2.11c) is significantly higher than -2.5 mA.cm™

indicating higher activity to convert CO2 to formic acid compared to TioCTx.

Furthermore, DFT calculations were completed to investigate the influence of varying
the percentage of terminal groups between F and O on the overpotential of the CO>

reduction process.[131] The proposed mechanism follows two hydrogenation steps to
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obtain and desorb formic acid, following the *COOH pathway. The energy diagram
of TioCTx (Fig. 2.11d) clearly illustrates that the first hydrogenation step is the
limiting step, more importantly, the variation of the energy barrier of the limiting step
upon varying the percentage of the terminal group. Fully terminated O on Ti2CTx
surface has the lowest energy barrier (0.85 eV) and as the O content decreases, the
energy barrier increases. On the other hand, the potential limiting step for CO:
reduction on Mo.CTyx is affected by the amount of the terminal group (Fig. 2.11e). At
fully O terminated Mo2CTy, the second hydrogenation step was the limiting step (0.47
eV), and as the F content increased by 11% or more, the energy barrier of the first

hydrogenation step increases and becomes the limiting step.[131]
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Figure 2.11: a) The used electrochemical cell. b) Faradaic efficiency and c) current
density on Ti2CTx and Mo2CTx MXenes. The proposed path way for (d) Ti2CTyx and

() M0.CTy at different functional groups such as —F and —O.[131]
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Further studies were reported on MXenes theoretically with screening several
phases such as; 2D MXenes of group (IV, V, and VI) with formula M3C> have been
hypothesized to function as a catalyst for electrochemical reduction of CO2 to energy-
rich hydrocarbon products on the basis of metal-terminated surfaces and metallic
character that MXenes exhibit.[41] From a mechanism perspective, the conversion
process of CO. undergoes series of electrochemical reductions by a set of pair of
H+/e-. Based on the total even number (up to eight) of H+/e- pair participating in the
reaction, different hydrocarbons can be produced. Hence, the electrochemical
mechanism of CO; reduction using transition metal carbides (M3zCz) was proposed
using the state-of-the-art DFT calculation with dispersion correction. The process of
adsorption occurs through spontaneous chemisorption, in which CO2 forms a bond
with the active terminal transition metal leading to its capture. The calculated Gibbs
free energy using PBE/DFT-D2 and the state-of-the-art PBE/DFT-D3 illustrates that
group IV-VI MsC, exhibits a spontaneous capability -with group IV being the

strongest- to capture CO2.[41]

Nevertheless, group VI (CrsCz and MosCz) showed a less negative value of
Gibbs free energy for chemisorption of H.O over CO.. Explicitly, the proposed
system overcomes major limitations encountered previously, such as the fixation of
CO; at high temperature and pressure to enhance the capture of CO2 and the
competitive reduction reaction of H,O and CO.. The conversion mechanism for CO-
using MXenes follows a path of eight successive hydrogenation steps on C and O
(Fig. 2.12). Starting with spontaneous reduction forming OCHO, followed by
OCH:20, HOCH:0, H2CO with the release of one H.O molecule, and CH3O as the
fifth step. Due to the reactivity behavior of MXenes, the sixth H+/e- pair leads to the

formation and release of CH4 while O is attached to the MXene. Finally, the last two
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hydrogenation steps leading to the formation of OH, then a captured H2O. Noting that
the desorption of water can be either removed by relatively small energy or displaced
thermodynamically by CO,. Out of the eight different MXenes studied, CrsC, and
MosC: are the most selective candidates toward the formation of CH4 with a 1.05 and

1.31 eV input energy, respectively.[41]

0 ™
2\

**HOCH,Oe .

i d S 1 M "0, J TN

Figure 2.12: Reaction pathway for converting CO- into *CHas by M03C>.[41]

First-principles simulations were utilized on 17 different MXene terminated
by a hydroxyl group M2X(OH). in exploring the catalytic effect and mechanism of
COz reduction into CHa4.[40] In an aqueous solution, bare MXenes are unstable and
usually terminated by either oxygen or hydroxyl group or a mixture of both.
According to the experimental results, the hydroxyl group is stable and energetically
favored for most investigated MXenes, especially at a negative potential. The CO-

conversion process into CH4 follows a multistep transfer of 8 H+/e- pair (Fig. 2.13a).
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The proposed alternative reaction pathway with the lowest energy was achieved by
forming more stable intermediates by capturing a hydrogen atom from the surface
termination OH group by some of the intermediates. It was found that some of the
intermediates tend to temporarily capture the H form -OH group donated as (H) and

eventually returned it to the catalyst as the reaction progresses.

On the other hand, specific intermediates (steps 4 and 5) tend to permanently capture
and hold on to the H atom donated as [H].[40] As a result, a hydrogen vacancy is
created (slab-nH) on the surface of the MXene. And with a little energy, the vacancy
is recovered by a donated H from the H+/e- pair to the catalyst in the final step. The
theoretical calculations reveal that MXenes that have the tendency for a high hydroxyl
coverage, such as Sc,C(OH). and Y2C(OH), are the most promising for the CO:

reduction reaction with a limiting potential of -0.53 and -0.61 V, respectively.

The utilization of the simultaneous capture of H atom from the OH group and the
solution enables the transformation of CO2 and CO into *(H)COOH and *(H)CHO in
a single step with low activation energy. Eliminating the requirement of intermediates
such as *COH, *CHO, and *COOH are considered to be a limiting potential for CO>
reduction reaction on transition metal surface. It is worth noting that the bond between
H and O in the OH terminal group plays its role in selecting the potential limiting step
for M2X(OH)2. A very weak bonding would refer to *(H)COOH to *CO as the
limiting step since returning the temporarily captured (H) would be difficult.
However, if the bonding is very strong, CO2 to *(H)COOH would be considered as
the limiting step as it requires capturing H from the terminal group[40] Hence, the
ideal case to achieve the most favorable overall limiting potential is when the two
previously mentioned steps have the same limiting potential. As for the studied

M2X(OH): specifically, *(H)COOH to *CO is the limiting step for most of them with

31



Sc2C(OH)2 and Y2C(OH): at the peak of the volcano curve (Fig. 2.13b), referring to a
relatively strong O-H bonding and the least overall limiting potential making these

two candidates the most promising catalysts among the studied M2X(OH)2.[40]
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Figure 2.13: a) reaction pathway on -OH terminated Mxene Sc.C(OH) to convert

CO2 to CHa. b) Volcano curve of OH-terminated MXenes.[40]

Additionally, O-terminated monolayer MXene TiCO2 with oxygen vacancy has been

identified using DFT as the most promising catalyst for photocatalytic CO2 reduction
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between Ti3sC202 and V.CO2[132]. Despite the high tendency for CO; adsorption,
Ti,CO; also has a high selectivity for formic acid (HCOOH). The proposed reaction
pathway (Fig. 2.14) follows the adsorption of CO2 at the oxygen vacancy for Ti>CO-
(-0.73 eV), then hydrogenated twice to form HCOOH by overcoming the 0.53 eV
barrier, which is much lower than the formation step of CH4, CH3OH, and HCHO.
Further hydrogenation was found to be less favorable than the desorption of
HCOOH.[132] The catalytic reduction of CO, can be attributed to the oxygen
vacancy on TiCO,. Hence introducing more oxygen vacancies on O-terminated
MXene can further enhance the reduction of CO to hydrocarbons. Abundant of
oxygen vacancy can be generated on full O-terminated MXene by CO and H2 based
on the following reaction: CO + H2 + MXene (perfect) = HCOOH+ MXene (Ov), as
the adsorption of CO. on the O-terminated MXene with oxygen vacancy equals to

that of CO on full O-terminated MXene.[132]

DFT calculations were utilized to explore the electroreduction of CO2 to CHa
on 19 O-terminated MXene phase “M2X0.”, where M: Sc, Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo, and W; and X: C and N.[133] Based on Pourbaix diagram analysis, most of the
studied MXene monolayers are full of O group corresponding to the lowest free
energy, except for Sc MXene. The electroreduction process is based on 8 H+/e- pair
transfer for the hydrogenation of CO». The proposed pathway (Fig. 2.15a,b) follows
an alternating binding between -H and -C coordination for the intermediates on the O-
terminated MXene surface, achieving the lowest energy for the formation of
CHa4.[133] It is noteworthy to point out that out of the 19 studied M2XO; phases, the
lowest energy path was the same except for V2CO,, Ta:CO,, and Cr,CO,. Both

W,CO- and Ti.CO, were the most promising for the CO> reduction reaction with a
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limiting potential of -0.35 V and -0.52 V, respectively. Besides, it was found that the
binding energy of C-bounded intermediates is highly correlated. Similarly, the H-
bounded intermediates indicating a linear scale of bounding energy with respect to

*COOH and *HCOOH, respectively(Fig. 2.15c-¢).[133]
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Figure 2.14: Hydrogenation mechanism of CO2 on the surface of oxygen defective

Ti,C0..[132]

Finally, the first principle calculations were used to study the properties of 9
phases of MXenes “M2C” for efficient adsorption and reduction of CO2.[134] The
adsorption Gibbs free energy plot illustrates (Fig. 2.16a) spontaneous and exothermic
adsorption of all the investigated phases owned to negative free energy. As shown in
the figure's inset, the C-O bond has been elongated and the angle has been decreased
upon adsorption on the surface of Mo2C, indicating CO- activation. Additionally, the
adsorption of H20 was less negative than the adsorption of CO>, indicating a higher
selectivity for CO, capture.[134] After identifying the more energetically preferred
intermediate (OCHO*) and the most favorable route for the CO> reduction process, all

the energy paths for all the proposed M,C phases were calculated.
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reaction on M2>XO: for different intermediates.[133]

Upon comparing the first hydrogenation step, group VI MXenes (Cr2C, Mo.C,
and W>C) with negative free energy were the best candidates (Fig. 2.16b). To further
narrow the competition, the 8th hydrogenation step, which acts as the limiting step for
all the candidates owned to its high energy barrier, was the smallest for Mo.C (1.19

eV). Noting that a higher barrier was reported experimentally on (100) surface bulk
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Mo2C (1.49 eV). This result nominates Mo.C as a promising catalyst for CO>
reduction reaction experimentally, especially that Mo.C with a free surface group has

been obtained experimentally.[135]
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Figure 2.16: a) Gibbs free energies of CO2 and H20 on different phases of M.C

MXenes. b) Pathway for CH4 production for several M2C phases. [134]
Conclusion:

In summary, this overview reports MXene as a recently discovered material and its
role as a catalyst and cocatalyst in the electrocatalytic and photocatalytic reduction of
CO: from both experimental and theoretical perspectives. MXene, as an economical

and efficient material, demonstrated in the experimental work an outstanding
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enhancement for the photocatalytic performance of CO> reduction. This is mainly due
to the increased active surface area and enhanced charge transfer, carrier density, light
absorption, and stability, despite the negligible photocatalytic performance of MXene

alone without the main catalyst.

37



CHAPTER 3: MATERIALS AND METHODOLOGY

3.1 CHEMICALS AND MATERIALS

Titanium aluminum carbide (TizAIC>) purchased from Carbon-Ukraine Ltd. Dimethyl
sulfoxide (C2HeOS) purchased from Fisher Scientific International. Hydrofluoric acid
(HF) bought from VWR Chemicals BDH. Acetone (CH3COCHz, > 99.9 %),
Potassium tetrachloropalladate (11) (ClsK2Pd) (98%), Copper (II) nitrate trihydrate
((Cu (NO3)2.3H20, 99%), and Cobalt (I1) chloride (97%) were purchased from Sigma-

Aldrich Chemie GmbH (Munich, Germany).
3.2 METHODOLOGY
3.2.1 Synthesis of TisC2Tx hanosheets

Two-dimensional TisC>Tx nanosheets were fabricated by selective chemical etching.
Where 1 g of TizAIC, powders were added slowly to an HF aqueous solution (10 ml,
48 Wt. %) while stirring at room temperature for 24h, then washed at 4500 rpm with
deionized water until the pH > 5.5-6. Thereafter, the etched MAX sediment was
further washed with ethanol once, and the remaining wet powder was left in the oven
for overnight to dry. The dry powder was then dispersed in DMSO (15 mL) under
magnetic stirring for 24 hours at room temperature. The resultant solution was
centrifuged at 4500 rpm to remove the unreacted DMSO, and then the remaining
sediment was dispersed in water and sonicated for 5 hours while purging nitrogen.
The final delaminated TisC>Tx product was isolated by centrifugation at 4000 rpm for

1 h to isolate the desired product.
3.2.2 Synthesis of Pd-M/Ti3C,Tx nanosheets

A solution of ClsK2Pd (0.1 mg) and Cu(NO3)2.3H20 (0.1 mg) were dropwise into 25
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mL of the as-prepared TisC>Tx under the magnetic string at room temperature and
kept under agitated stirring for 8 h. Thereafter, 50 mL of acetone was added to the
solution in order to precipitate Pd-Cu/TisC2Tx and kept for 2 h, then centrifuged, and
the supernatant decanted, while the sediment was vacuum dried at 60°C overnight.

Similarly, Pd-Co/TisC2Tx was prepared.

The synthesis of Pd/TisCoTx, Cu/TisCoTx, and Co/TisCoTx was also the same except
that Potassium tetrachloropalladate (I1) (98%) (0.1 mg), Cu (NO3)2.3H20 (0.1 mg),
and Cobalt (I1) chloride (97%) (0.1 mg) are added separately on delaminated TizC,Tx,

in line with previously reported article.[136]
3.3.3 Materials characterization

The Scanning electron microscope ((SEM), Hitachi S-4800, Hitachi, Tokyo, Japan)
and transmission electron microscope (TEM, TecnaiG220, FEI, Hillsboro, OR, USA)
equipped with an energy-dispersive spectrometer (EDS), were used for investigation
shape and composition. The X-ray photoelectron spectroscopy (XPS) spectra were
recorded on a Kratos Axis (Ultra DLD XPS Kratos, Manchester, UK) along with a
monochromatic Al Ka radiation source (1486.6 eV) under a UHV medium. The X-ray
diffraction (XRD) was analyzed on an X-ray diffractometer (X’Pert-Pro MPD,
PANalytical Co., Almelo, Netherlands) using a Cu Ka X-ray source (A = 1.540598

A).
3.3.4 Electrochemical CO2 reduction reaction
Electrochemical measurements:

The electrochemical CO> reduction tests were carried out on Gamry potentiostat
(reference 3000, Gamry Co., USA) in an H-shape cell using a three-electrode system

involving a Pt wire, leak-free Ag/AgCl (KCI, 3 M)), and glassy carbon (GC) as
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counter centrode, reference electrode, working electrode, respectively. The catalyst
ink was prepared by mixing 2 mg of each catalyst with Nafion solution (30 pL, 0.05
Wt %) in 1 mL of deionized H2O/ethanol (3/1 v ratio) under sonication until getting a
homogeneous solution. That was directly and deposited over the polished GCE
electrodes and then left to dry under vacuum at 50 °C. Thereafter, the gas is purged in
the electrolyte, and the electrochemical measurements are carried out such as Cyclic
Voltammograms (CVs), Linear Sweep Voltammogram (LSVs), Chronoamperometry

(CA), and Impedance spectroscopy (EIS).
Photoelectrochemical:

The photoelectrochemical experiment will be performed using a Gamry
electrochemical analyzer (reference 3000, Gamry Co., USA). The cyclic

Voltammograms (CVs) are remeasured again under UV light.
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CHAPTER 4: RESULTS AND DISCUSSION

The fabrication process of Pd-M/TizC2Tx begins with selectively removing the
Al from TizAIC; using HF, then intercalated with DMSO and finally exfoliated under
ultrasonication to produce TizC2Tx nanosheets. During the etching process of Al, the
HF also etched off some of the adjacent Ti atoms owned to the high concentration of
HF.[136] The 2D TisC2Tx encompasses three Ti sublayers connected to carbon atom
via octahedral sites, and the adjacent 2 layers are connected with Al atom. Hence,
resulting in Ti vacancies and Tx surface termination functionalities such as (02", OH",
and F) on Ti sublayers. Thereby, after doping Pd with Cu or Co precursors with
Ti3C,Ty, both Pd-Cu and Pd-Co are evenly distributed atomically and homogenously
inserted inside the lattice structure of TisC2Tx, owned to the ability of the surface
termination group and the Ti-vacancies that can reduce Pd-Cu and Pd-Co precursors
electrostatically, easing the accommodating of Pd-Cu and Pd-Co in the unstable and

reductive Ti vacancies forming Pd-Cu/Ti3C,Tx and Pd-Co/Ti3C2Tx.

The SEM image of bulk TisAIC; illustrated its typical stacked and dense 3D structure
(Fig. 4.1a). After removing the Al atom and exfoliation process, the 3D MAX phase is
transformed to 2D TizCoTx multilayered sheets with terminal groups (Fig. 4.1b). The
size of the formed sheets ranged from 0.2 um to 1 pm, and the sheets are highly
exfoliated with an interlayer distance of 50 nm (Fig. 4.1c). Mixing Pd-Cu and Pd-Co
precursor with TisC2Tx further enhanced the exfoliation of the sheets owning to the
doping effect. The TisC.Tx sheets are thinner, and the interlayer spacing increased
significantly in the case of binary doping Pd-Cu/TisC.Tx (Fig. 4.1d) and Pd-Co/
TisCoTx (Fig. 4.1e). The SEM image of mono dopped Pd/TisCoTx (Fig. 4.1f),
Cul/TisC.Tx (Fig. 4.1g), and Co/TisC,Tx (Fig. 4.1h) also displayed multilayered

delaminated sheets structure with deformed edges.
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Figure 4.1: SEM images for a) MAX phase, b,c) TizC2Tx, d) Pd-Cu/TisC,Ty, €) Pd-

ColTisCaTy, f) PA/TisC,Tx, g) Cu/TisCoTyx, and h) Co/TisCoTx

The bulk compositions of the binary dopped samples Pd-Cu/TisC.Tx and Pd-
Co/Ti3CoTx compared to TisC2Tx were studied using the element mapping and EDX.
The element mapping for binary doped samples demonstrates the co-existence of the

dopped metals along with Ti, C, and O (Fig. 4.2 & Fig. 4.3).
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Furthermore, EDX confirms the existence of the doped metals as shown in (Fig. 4.4)
as additional peaks appeared for the doped metals, which was not found in the EDX
result of the pure TizC2Tx (Fig. 4.4a). It is worth noting that the EDX for the binary
doped samples Pd-Cu/TisC2Tx and Pd-Co/TisC,Tx (Fig. 4.4b,c) displayed higher
metal content than the mono doped samples (Fig. 4.4d-f). The estimated atomic
content of Pd-Cu, Pd-Co, Pd, Cu, and Co are about 1.5, 1.4, 0.65, 0.65, and 0.7,
respectively, further indicating the full insertion of the metals inside the TisC,Tx
lattice. Furthermore, the O content indicates the abundance of surface terminations in
the as-prepared samples. This result is owned to the HF etching process and
intercalation as well as the electrophilic property of the Ti, which can directly bind to

O and OH groups, thereupon proving unigue physiochemical merits.

Figure 4.2: Element mapping for Pd-Cu/TizC,Tx
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The TEM image of pristine MXene TisC2Tx displayed a typical 2D structure. Whereas
the TEM images for Pd-Cu/TisC2Tx, Pd-Co/TisCaTx, Pd/TisCaTx, Cu/TisCaTx, and
Co/Ti3C,Tx display 2D nanosheets with wrinkled edges (Fig. 4.5 b-f), in line with the
SEM images. This is also revealed the absence of Pd, Cu, and Co in the obtained
samples  Pd-Cu/TisC.Tx, Pd-Co/TisC2Tx, Pd-Co/TisC2Tx, Cu/TisC.Tx, and

Co/Ti3CoT«.

Figure 4.3: Element mapping for Pd-Co/TisC,Tx

Fig. 4.6 displays the XRD analysis of TisC>Tx with (002), (004), and (006)
facets.[137] Similarly, metal-doped Pd-Cu/TisC2Tx, Pd-Co/TisCaTx, Pd/TizCoTy,
Cu/TisCoTx, and Co/TisC2Tx displayed the same facets confirming the successful
doping (Fig. 4.7). Such a result further confirms the absence of any diffraction peaks
for Pd, Cu, and Co metals or their oxides in agreement with previous reports[136,
138], owning to their low content. Moreover, no facets were found for TiO-
nanoparticles, indicating that the as-prepared TizC2Tx MXene is uniform.[136, 138]
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Figure 4.4: EDX analysis for a)Ti3C2Tx, b)Pd-Cu/TisC,Tx, ¢)Pd-Co/TizC,Tx

d)Pd/TizC2Tyx, €)Cu/TizC2Ty, and f)Co/TizCoTx.

The XPS analysis was used to get more insights on the surface composition, chemical
and electronic state states of thus formed materials. Fig. 4.8a reveals the XPS surveys
for Pd-Cu/TisC2Tx, Pd-Co/TisC2Tx, Pd/TisC2Tx, Cul/TizCoTx, and Co/TisCaTx
compared to pristine TisC2Tx, which all display the valence band of Ti 2p, C 1s, O 1s,
and F 1s. Meanwhile, Pd 3d and Cu 2p spectra were detected in Pd-Cu/TizC,Tx,

Pd/Ti3C>Tx, and Cu/Ti3C,T«.
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Figure 4.5: TEM images for a)TisC2Tx b)Pd-Cu/TizsC2Tx c)Pd-Co/TisCaTx

d)Pd/TizC2Tx €)Cu/TisCoTx f)Co/TizCoTx.

In the high-resolution XPS spectra Fig. 4.8b for Pd-Cu/TizC,Tx sample, Pd 3d is
deconvoluted into 2 peaks, Pd 3d5/2 and Pd 3d3/2 at 336.5 eV and 341.75 eV
assigned to Pd metal. Similarly, Cu 2p (Fig. 4.8c) is deconvoluted into 2 metal peaks
Cu 2p3/2 (933 eV) and Cu 2pl/2 (952.2 eV). As for Pd 3d and Co 2p in Pd-
ColTi3C,Ty, the Pd 3d spectra showed the same peaks as the Pd 3d in Pd-Cu/Ti3C,Ty,
whereas the Co 2p spectra displayed Co 2p3/2 at 779.2 eV and Co 2p1/2 at 794.2 eV.
The existence of the doped metals Pd, Cu, and Co further confirms the successful
fabrication of doped Pd/M-TisC>Tx. Furthermore, the presence of both Pd-Cu and Pd-
Co in the metallic state arising from their atomic doping inside the lattice of TisC2Tx

enriched with abundant Ti vacancies, which are highly energetic.
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Fitting of Ti 2p spectra in Pd-Cu/TisC.Tx (Fig. 4.8f) were deconvoluted into four
peaks, displaying 2p3/2 (455.3 eV) and 2p1/2 (461.5 eV) assigned to Ti-C. Along
with, TiO 2p3/2 (459 eV) and 2p1/2 (464.8 eV). The noticed the higher intensity of
Ti-C compared to TiO peaks indicates that the majority of Ti in the metallic phase
form in the interior of the TizC,Tx. Meanwhile, the high intensity of TiO peak is
attributed to chemical states of Ti atoms that are surrounded by the oxygen ions in the
TisC,Ty lattice, resulting from the replacement of some C atoms by O2 during the HF
etching. Deconvolution of C 1s spectra in spectra displayed C-Ti, C-C, C-O, and
COOH at 281.1, 28.4, 286.4, and 289.7 eV, respectively, in thus prepared in Pd-
Cu/TisCoTx (Fig. 4.8 g). Likewise, fitting O 1s spectra display, O bonded to Ti (530
eV) and Ti (531.9 eV), indicating the abundance of O group (Fig. 4.8h). Fitting F 1S

spectra displayed Ti-F at 684.6 eV and C-F at 686.8 eV.

Recently, 2D TisC,Tx nanosheets have attracted much great attention for CO2RR;
however, previous reports on the theoretical performance rather than the excremental
application. Unlike the literature, herein the rational design of TisC2Tx doped with
binary and monometallic dopants at the atomic level and emphasized the CO2RR

performance as a function of doping.
Electrochemical CO> reduction:

Inspired by the unique structural and compositional merits of 2D Pd-Cu/TisC,Tx and
Pd-Co/TisC2Tx nanosheets, its CO2RR was benchmarked compared to Pd/TisCaoTy,
Cu/TisC2Tx, ColTisC,Tx, and metal-free TisCoTx. Prior to the measurements, 20
segments of cyclic voltammogram (CVs) were conducted between -1 V and 0.35 V at
200 mV st in 0.1 M NaHCOg3 under N, for activation and removal of any impurities

(Fig. 4.9a).
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Figure 4.8: (a) XPS survey of all the prepared samples. High-resolution XPS spectra
of (b,c) Pd, Cu in Pd-Cu/TizC.Tx, (d,e) Pd, Co in Pd-Co/TizC.Tx, and (f,g,h,i) Ti in

Pd-Cu/TisC2Tx

Then, CVs were measured at 50 mV s? for all catalysts, which all demonstrated
voltammogram features of quasi-rectangular shape indicates due to their pseudo-
capacitance effect. Pd-Cu/TizC2Tx nanosheets showed the highest capacitance current
and hydrogen under-potential adsorption/desorption (H-UPD) at -1V than that of Pd-
ColTi3CaTy, Pd/TisC2Tx, Cu/TisCaTx, Co/TisC2Tx, and metal-free TizCoTy, due to the
great interlayer spacing and accessible sites active sites of Pd-Cu/TisC,Tx. Also, The
CVs displayed the absence of any redox peaks for Pd or Cu or Co, or Ti, and their
oxides implied their stability without any oxidation or leaching during the

electrochemical reaction.
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The CVs curves measured 0.1 M NaHCO3z under CO, atmospheric on the as-
synthesized catalysts displayed CO2RR voltammograms with an obvious cathodic
reduction current in the negative direction potential similar to the typical cathodic
reduction processes (Fig. 4.9 b). There are no resolved redox peaks for Pd, Cu, and Co
implied their atomic distribution inside TisC>Tx. Also, Pd-Cu/TisC2Tx showed a
higher CO2RR current than Pd-Co/TisC2Tx, Pd/TisC2Tx, Cu/TizC2Tx, and TizCaTx,

respectively.
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Figure 4.9: electrochemical measurements of the prepared samples a) Cv under N2 b)

Cv under CO2 ¢) LSV, and d) EIS

The LSV curves reordered under CO, atmospheric revealed the CO2RR cathodic
current density (lcorr) of -0.66, -0.63, -0.39, -0.27, -0.2, and -0.18 mA cm on Pd-

Cu/Ti3CaTy, Pd-Co/TizCoTy, Pd/TisCoTx, Co/TizCaTy, and TisCoTy, respectively (Fig.
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4.9 c). This indicates the substantial effect of co-doping with Pd and Cu for
enhancement of the CO2RR current by 3.66 times than that of metal-free TizC2Tx. The
onset potential (Ecorr) on Pd-Cu/Ti3C2Tx (-0.17 V) was significantly shifted to a more
positive potential, infers the promote CO2RR kinetics on Pd-Cu/Ti3C2Tx. This is
furthered evidenced in the greater lcorr 0N Pd-Cu/Ti3C,Tx that consume less poetical
to produce higher lcorr under any potential than that on the rest of the doped samples

and by extension, the metal-free sample.
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Figure 4.10: a) IT plot. Produced hydrocarbon products of b) Pd-Cu/TisC,Tx c) Pd-

ColTisCoTx d) Pd-Cu/TisCoTx.

To get more insights into the CO2RR performance of the formed electrolytes, the
electrochemical impedance spectra (EIS) test was tested (Fig. 4.9d). The EIS Nyquist

plots of tested electrocatalysts revealed the semicircle shape.
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The diameter of the semicircle provides co-agent evidence for the charge transfer
resistance; thereby, Pd-Cu/TisCoTx and Pd-Co/TisCoTx revealed a lower value
compared to mono doped Pd/TizCaTx, Cu/TisCoTy, Co/TisCoTy, and TisCoTx. This
implies the superior interfacial electrolyte interface and a better electrochemical

conductivity of Pd-Cu/TizC2Tx and Pd-Co/TisC2Tx. To investigate the durability of
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the synthesized catalysts, the chronoamperometric test (I-T) was tested in CO»-
saturated 0.1 M NaHCOz3 for 10000 s at -1 V. Pd-Cu/TisC,Tx revealed the greatest
stability out of all the samples (Fig. 4.10 a). The liquid products were analyzed using
'H NMR analysis. Pd-Cu/TisC2Tx, Pd-Co/TisC,Tyx, and TisC,Tx demonstrated the

production of glucose, formate, and other C3/C; (Fig. 4.10 b-d).
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Figure 4.12: CV’s for CO- reduction in dark and light for a) Pd-Cu/TisC>Tx b) Pd-

ColTisCaTx C) TisCoTx

Noticeably, Pd-Cu/TisC,Tx is among the most efficient electrocatalysts for CO2RR to
formate in terms of FE, lcorr, and overpotential. Additionally, the obtained lcorr Of
Pd-Cu/TisCoTx was among the highest MXenes reported to date. The SEM after
durability depicted the multilayered 2D sheets structure of Pd-Cu/TisCoTx.
Meanwhile, the EDX revealed the presence of Cu and Pd with very close atomic
connections. This indicates the shape and composition stability of Pd-Cu/TizC2Tx s in

stable shape and composition of Pd-Cu/TisC2Tx during the CO2R.

For further invitation the stability of thus obtained materials, the LSV and CVs were
measured after the I-T testes. However, prior to the measurements, a fresh electrolyte
was used. Also, 50 cycles of CVs cleaning were carried out at (200 mV s*) under N
atmospheric in 0.1 M NaHCOj3 and then was measured at 50 mV s for 3 cycles to
measure the stability. The figure shows the LSVs measured after the I-T test, in which

all materials revealed their initial voltammogram features obtained before the I-T
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testes. There are no detected anodic or cathodic peaks for any of the binary doped Pd-
Cu and Pd-Co or the mono doped Pd, Cu, and Co metals, implying their stabilities
inside TisC,Tx lattice. Furthermore, all the as-prepared samples displayed more than

90% efficiency, including the metal-free TisCTx (Fig.  4.10a-f).
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Figure 4.13: *H NMR analysis for the electrolyte using Pd-Co/TisC2Tx

All tested electrocatalysts showed a slight shift towards positive value in the CO2RR
potential, but metal-doped TizC2Tx showed less shift compared to metal-free TizCoTx.
The shift in the CO2RR potential of Pd-Cu/Ti3C,Tx was lowest, indicating superior
stability compared to the rest of the samples. This is due to the integration of Pd-Cu
inside the stable Ti vacancies of TisC>Tx. Moreover, the photocatalytic behavior f the

binary doped samples Pd-Cu and Pd-Co were investigated in comparison with the
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metal-free sample. While maintaining all the parameters used in the electrochemical

reduction of COy, the cell was irradiated by the light from the solar simulator during

the CV’s of the samples. Both the binary doped and the undoped samples displayed

almost the same increase in the current density (Fig. 4.12). Confirming that the

material maintained its photo behavior which comes from the TizC2Ty, as despite the

difference in the doped metals, the incrementation of the current was almost the same.
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Figure 4.14: 1H NMR analysis for the electrolyte using Ti3C2Tx
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Figure 4.15: *H NMR analysis for the electrolyte using Pd-Cu/TisC2Tx

CO2RR Mechanism:

The adsorption of CO2 molecule and CO2RR pathway and intermediates nearby or on
the catalyst surface is the key factor for the selective formation of HCOOH and other
products. The selective formation of HCOOH on Pd-Co/TisC,Tx (Fig. 4.13), as both
PdCo and TisC.Tx have weak adsorption ability for COOH (Fig. 4.14). Several
studies suggested the formation of HCOOH via the initial generation of CO>™ radical
anion nearby or weakly adsorbed on the surface of the catalyst. Thereby, the CO-

molecule is initially adsorbed on the surface of the catalyst and one electron
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transferred to CO. to form CO2™ radical anion, where C atom is available for
hydrogenation in the presence of H>O through the proton-coupled electron transfer
(PCET) process, which results in the production of OCHO*and then protonation again
to form HCOOH as the main product. The synergism between both Pd-Co and
TisCoTx, as well as their unique catalytic merits, precludes the Hz proton reduction
reaction during CO2RR. However, due to the presence of the COOH* pathway cannot
be circumvented to produce CH3OH or CHa4 due to the presence of a catalyst with
multiple metals (Pd & Co) as well as surface terminations (F, OH, and O) and

dissimilar adsorption ability for the CO2RR intermediates.

On the other hand, the CO: reduction reaction using Pd-Co/TisC,Tx follows the
glyoxal mechanism. First, the CO> gas is adsorbed on the catalyst surface and
activated by gaining an electron to form CO>" radical anion. After that, the radical
anion gained both an electron and a proton to form HCO2, followed by a
hydrogenation step to form formaldehyde. However, unlike the Pd-Co doped sample,
the Pd-Cu have a higher binding to HCOOH, resulting in gaining an electron to form
HCO*. Thereafter two HCO* forms C2H.O.followed by two PCET steps to finally
generate CoH4O> (Fig. 4.14). It is worth noting that the overpotential for the
electrochemical reduction of CO2 to formate and glucose is 0.39 and 0.68 eV VS

SHE.
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CHAPTER 5: CONCLUSION

In brief, two-dimensional TisC>Tx nanosheets (Tx = O, OH, and F) doped
atomically with Pd-Cu and Pd-Co (denoted as Pd-Cu/TisC,Tx and Pd-Co/TizC,Ty)
were synthesized by the selective chemical etching of TisAIC, Max by HF and
delamination by sonication followed by mixing with Cu precursor to allow the in-situ
doping. This led to the formation of Pd-Cu/TisC,Tx and Pd-Co/TisC2Tx in uniform,
exfoliated nanosheets, a high electrochemically active surface area (42 m?g™), and
coherently doped with Pd atoms (1.0 £ 1 Wt. %). The electrochemical CO2 reduction
activity and durability of the binary doped samples were substantially superior to
TisC2Tx. Mainly, the current density of Pd-Cu/TisC2Tx (-0.17 mA cm™?) was 3.86
times higher than that of TisC,Tx (-0.04 mA cm) at the same potential. In addition,
the CO: reduction potential on Pd-Cu/TisC2Tx was substantially lower than that of
TisCoTx by 0.06 V. Pd-Cu/TisC,Tx successfully reduce CO> to form Glucose (47 %)
as indicated by the *H NMR, whereas Pd-Co/Ti3C,Tx successfully reduce CO, to form
formate (55 %). The significant enhancement in the CO> reduction performance is
ascribed to the combination between the inherent catalytic merits of Pd-M dopants
(i.e., great electronic effect, CO* protonation, lower H2 production ability, atomic
dispersion, and stability against aggregation) and intrinsic physicochemical properties
of TisCyTx (i.e., abundant adsorption sites, defects, and rich electron density). The
current study may open new ways for the employment of TizC,Tx doped with various

dopants to control the selectivity of the hydrocarbon products for CO> reduction.
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