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Abstract: Converting carbon dioxide (CO,) to multiple energy-rich chemicals by
photocatalysis could validly mitigate the severe issues of climate changes and energy
shortages. Exploring efficient catalysts for enhancing the performance of CO,
photoreduction is still challenging. Herein, a novel three-dimensional hierarchical Co-
Co layered double hydroxide/Ti;C,Tx nanosheets (Co-Co LDH/TNS) nanoarray was
successfully prepared via an in-situ MOF-derived strategy. This wise design rationally
integrates the functional and structural merits of active Co species with conductive
MXene to a hierarchical nanoarray architecture composed of ultrathin nanosheets,
which can remarkably promote separation of photogenerated charge carriers and

accelerate electrons transmission. Benefitting from these features, the hierarchical Co-



Co LDH/TNS composites manifest significant enhancement on the CO,-to-CO
evolving rate (1.25%10* umol h™! g-!) under illumination (>400nm) with a high apparent
quantum efficiency (0.92%) and excellent stability. Our work demonstrates that 3D
hybrid structure composed of MXene species can serve as promising candidates for
CO, photoreduction, providing fundamental guidance to improve photocatalytic
performance by rational engineering of complex hierarchical architecture materials.
Keywords: CO, reduction; photocatalysis; hierarchical structure; Ti;C,Tx
nanosheets; electrons transfer;
1. Introduction

Recently, numerous studies have been focused on the photocatalytic reduction of
CO; into value-added chemicals by inexhaustible solar energy, as is one of the most
prospective ways for mitigating global warming and energy crisis simultaneously [1-
7]. Generally, the main process of photoreduction CO, is that electron-hole pairs are
excited by appropriate photons, from which the extracted electrons transport to the
surface active sites to reduce the adsorbed CO, molecules [8, 9]. Obviously, the
transmission of electrons to the active sites is one of the critical steps during the
photocatalytic CO, reduction process. Transition metal ions (e.g., cobalt, nickel) with
multiple redox states are advantageous ingredients to establish electron transmission
chains for CO, reduction, which could validly avoid the generation of undesired high-
energy intermediates and improve the multi-electrons CO, reduction, especially when
the reaction is combined with protons [9-21]. Despite this, the efficiency of photo

reduction CO; is still far from enough to achieve practical applications due to the rapid



recombination of electron-hole pair during photocatalysis and the insufficient active
sites [22-27]. which significantly diminish the utilization of photoinduced electrons.
Thus, to achieve better photoreduction CO, performance, developing suitable methods
to promote the utilization of photoinduced electrons is urgently needed.

Introducing highly conductive substances into the photocatalytic system is one of
the most powerful ways to solve the dilemma mentioned above [28]. MXenes have
drawn enormous attention as a newly group of two-dimensional transition metal
nitrides/carbides, since it was first found by Gogotsi et al. in 2011 [29]. Generally,
MXenes are prepared by selective etching from the bulk MAX phase, where M
indicates an early transition metal, A stands for group IIIA/IVA elements, and X is C/N
elements [30, 31]. For instance, Ti3C,Tx (Tx represents the surface terminations), as
one of the most investigated MXenes, is usually obtained by removing aluminum atom
layers from TizAlC, with hydrofluoric acid (HF). Benefitting from the merits of large
specific surface area, high conductivity, compositional variability, and good chemical
stability [32, 33]. MXenes have been widely researched and applied in numerous fields,
such as catalysis, supercapacitors, antibacterial films, and batteries [34-38]. The
photocatalytic researches of MXene has also been reported. For example, previous
studies found that photocatalytic H,-generation activity of CdS could be elevated
through combination with Ti;C, owing to its excellent conductivity [39, 40]. On the
basis of these, it is expected that the combination of transition metal compound and
MXene could improve the photocatalytic CO, reduction performance, yet still in its

infancy.



On the other hands, the achievement of superior photocatalytic properties also
relies on the delicate designation and fabrication of properly structured catalysts, which
benefits to taking full advantage of separated electrons [41, 42]. Among the various
attainable nanostructures, 2D nanosheets have aroused growing attention in energy and
environmental relevant catalytic fields owing to their large specific surface area and
abundant exposed active sites [43-45]. Particularly, with regard to the photocatalytic
process, the atomic-level thickness can validly shorten the distance for which electrons
diffuse to the catalysts surface, thus enhancing the separation rate of charge carriers
[10, 46]. These virtues of 2D materials are valuable for enhancing photoreduction CO,
performance compared to their corresponding bulk counterparts [47-50]. Particularly,
constructing hierarchical nanoarray structures based on vertical sheets-on-sheets has
demonstrated to be one of the most effective ways to elevate catalytic performance by
the synergistic effects of exposing more catalytically active sites and accelerates the
electrons transport to the active sites [51, 52]. Inspiring by the above benefits, materials
with hierarchical nanoarray architecture composed of 2D structures and conductive
substrates may manifest excellent properties in photocatalytic reaction.

Herein, we delicately synthesized Co-Co LDH/MXene nanoarrays through an in-
situ MOF derived strategy, which converts ZIF-67 MOFs into 2D Co-Co LDH vertical
on exfoliated Ti;C,Tx nanosheets, yielding Co-Co LDH/Ti;C,Tx nanosheets hybrids
(Co-Co LDH/TNS). Subsequently, the obtained Co-Co LDH/TNS composites were
employed as cocatalysts for photocatalytic CO, reduction with Ru-based

photosensitizers. This successfully fabricated hybrids feature a highway for electron



transfer due to the synergistic effects of distinctive hierarchical structures and superior
conductive MXene species. Thus, as compared with pristine Co-Co LDH, the
composites display significant enhancement on photocatalytic CO, reduction
performance, accompanied by the excellent stability and a high value of apparent
quantum efficiency. This work provides a novel avenue for constructing MXenes-based
3D nanoarrays for boosted photocatalytic CO, reduction and could be extended to other
environmental and energetic applications.
2. Experimental section
2.1 Chemicals

All the chemicals in our experiments were used as bought without further
purification, containing cobalt nitrate hexahydrate (Co(NO;),-6H,0, Aladdin, 99%), 2-
Methylimidazole (2-MIM, Aladdin, 98%), anhydrous methanol (>99.5%),
[Ru(bpy);]Cl,-6H,0 (bpy: 2,2-bipyridine, Innochem, 98%,), acetonitrile (MeCN,
Aladdin, >99.5%), triethanolamine (TEOA, Aladdin, >99.0%), hydrofluoric acid (HF,
Aladdin, 40% aqueous solution), tetrapropyl ammonium hydroxide (TPAOH, Macklin,
25wt.% aqueous solution), potassium hydroxide (KOH, Aladdin, 99%), ultra-purity
CO; (99.999%) and ultra-purity Ar (99.9999%), the gas was purchased from Foshan
Ms Messer Gas Co., Ltd. Ti3AlC, was purchased from Forsman Co., Ltd.
2.2 Synthesis of materials

Synthesis of Ti;C,Tx nanosheets: The synthesis experiments were slightly
modified based on the methods described in the previous literature [36]. First, 1 g

Ti3AlC, powders were slowly immersed in 20 mL HF solution (= 40.0%) and then



stirred at 25 °C for 3 d. The suspension was separated by centrifugation and rinsed with
distilled water until the pH > 6. Then, the obtained precipitation was re-dispersed in 50
mL TPAOH with magnetically stirring for 3 d at 25 °C. The mixture was gathered by
centrifugation and rinsed with H,O to remove the residual TPAOH. Afterward, the
obtained sample was dispersed in H,O and treated by ultrasonication under nitrogen
atmosphere for 12 h. Finally, the suspension was centrifuged and freeze-dried to obtain
the Ti3C,Tx nanosheets.

Synthesis of Co-Co LDH/TNS: Different quality (8 mg, 15 mg, 22 mg, 30 mg)
TNS powder was sonicated in 15 mL methanol for 1 h. Subsequently, 0.546 g
Co(NOs3),-6H,0 was added into the above solution and stirred 2 h. Then, 0.616 g 2-
MIM was dissolved in 15 mL methanol and mixed with the Co(NO3),/TNS solution.
The mixture was treated by ultrasonication for 0.5 h and stirred for 2 h. After ten
minutes of centrifugation, the resultant solids were re-dispersed in 15mL methanol and
mixed with Co(NO;), solution (15 mL methanol including 0.546 g Co(NO;),).
Afterward, the mixture solution was poured into Teflon-lined stainless-steel autoclaves
and held at 120 °C for 1 h. Finally, the dark green products were collected by
centrifugation, washed with methanol several times, and vacuum dried at 65 °C for
further use. To make the text more readable, the names of the Co-Co LDH/Ti;C,Tx
nanosheet mixtures can be abbreviated as Co-Co LDH/TNS-8, Co-Co LDH/TNS-15,
Co-Co LDH/TNS-22, Co-Co LDH/TNS-30, respectively, where the suffix indicates the
amount of TNS powder added during the synthesis. In order to obtain pure Co-Co LDH

for comparison, the procedure was similar to the synthesis process of Co-Co LDH/TNS



composite, without the addition of the TNS powder. In addition, pure Co-Co LDH and
15mg TNS were physically stirred at room temperature for 24 hours in 50ml distilled
water, then the sample was gathered by centrifugation and vacuum dried, and the
resulting two-dimensional composite was named " Co-Co LDH+TNS-15".
2.3 Materials characterization

X-ray diffraction (XRD) patterns were performed to investigate the crystal
structure by Bruker D8 AVANCE X-ray diffractometer equipped with Cu Ka. X-ray
photoelectron spectroscopy (XPS) measurements were conducted by Thermo Fisher
Scientific Escalab 250Xi X-ray photoelectron spectrometer employing Al Ko radiation
to characterize the surface ingredients of the resultant products. The morphologies and
element distribution of the samples were recorded through field emission scanning
electron microscopy (FE-SEM; Carl Zeiss MERLIN), transmission electron
microscopy (TEM, JEM-2100, JEOL Ltd.) with elemental mapping, and high-
resolution TEM (HRTEM). Raman spectra were operated on a Laser Raman
spectrometer (LabRamHR, HORIBA Jobin Yvon. Co., France) at room temperature.
An RX1 PerkinElmer Fourier transform infrared spectroscopy (FT-IR) spectrometer
was used to investigate FT-IR spectrum. The nitrogen adsorption/desorption isotherms
and porous structure information were measured on a Micromeritics ASAP 2020
analyzer accompanied with degassing for 8 h at 413 K before performing the sorption
measurements. Then, we used a Brunauer-Emmett-Teller (BET) formula to calculate
the specific surface area value. The weight percentage of metal elements were

investigated by inductively coupled plasma optical emission spectrometer (ICP-OES,



Agilent 730). The UV-Vis absorption spectra/diffuse reflectance spectra (DRS) were
carried out by a Shimadzu UV-2700 UV-Vis spectrophotometer with BaSO, as the
reflectance standard. A Hitachi F-4600 tool was used to collect the photoluminescence
(PL) spectra at room temperature under laser irradiation (540 nm). The above
measurements were performed in a MeCN/H,O/TEOA solution (3 mL/2 mL/1 mL)
including [Ru(bpy);]Cl,-6H,0 (7.5 mg). Electrochemical measurements were operated
on an electrochemical workstation (CHI 660E). The prepared Ag/AgCl electrode
(reference electrode), material-modified ITO glass (working electrode) and the Pt net
(counter electrode) together form a typical three-electrode system in KOH solution
(1M). Electrochemical impedance spectroscopy (EIS) data were investigated at the
open-circuit voltage of 0 V in the frequency range of 1 Hz to 100 KHz, similarly, the
tests were conducted in the acetonitrile/water/triethanolamine (3 mL/2 mL/1 mL)
mixture solution. Mott—Schottky measurements were carried out at a constant
frequency of 5 KHz, 10 KHz and 15 KHz between -0.8 V and 0.8 V. A zeta potential
analyzer (NanoBrook Omni, American) was employed to measure the zeta potentials
of TNS. The dosage of the sample was 1 mg-ml-'.
2.4 Photocatalytic CO; reduction

The photocatalysis performance was tested by combining the catalysts (0.5 mg)
and the [Ru(bpy);]Cl,-6H,0 (7.5 mg) in a gas-closed quartz reactor which contains
MeCN/H,0O/TEOA (3 mL/2 mL/1 mL) mixture solution. Before illumination, the whole
reaction device was vacuum degassed for 5 min, then we introduce the CO, gas

(99.999%) into the reactor for about 15 min to replacement the air. Afterwards, we used



a SW LED lamp (Beijing Perfect Light Company, China, 400 nm-1000 nm) as the light
source. After a period of irradiation, a gas chromatography was used to detect the
products (Agilent 7890B, CO was analyzed by flame ionization detectors and H, was
analyzed by thermal conductivity detectors).
2.5 Apparent quantum efficiency values measurement

The apparent quantum efficiency (A.Q.E.) value was obtained under the
monochromic light of 420 nm with a bandpass filter. The testing procedure was same
as the photocatalytic reaction described above. An optical power meter (Ceaulight) was
used to test the light intensity (32.3 mW-cm™at 420 nm). And the illuminated area was
about 3.0 cm?. Based on the Beer-Lambert's law, incident light was supposed to be

completely absorbed. The value of A.Q.E. was determined by the following formula:

2nNhc

AQE. = Pt

*100%

Where n is the CO quantity. N is Avogadro constant. h is Planck constant. ¢ is
light velocity. P is light intensity. A is light wavelength. t is the photoreduction reaction
time.

3. Results and discussion

The synthetic process of the Co-Co LDH/TNS is schematically illustrated in Fig. 1.
At first, the Al layers of the original Ti;AlC, bulk were etched by HF to obtain the
accordion-shape Ti;C,Tx, as showed in the Fig. Sla, b. After that, a TPAOH-
intercalation assisted ultrasonic exfoliation method was conducted to yield the few-
layer Ti;C,Tx nanosheets (Fig. Slc). Also, the elementary mapping images clearly

present that Ti, C, F, and O are uniformly distributed (Fig. S1d). Subsequently, the



resulting TNS played the role of a synthetic substrate to integrate with MOF derivatives.
During the synthesis procedure, when we added TNS into Co(NOj3), solution, Co**
were likely adsorbed on the TNS surface, which is ascribed to the negative potential of
TNS (—24.2 mV, pH = 7, Fig. S2) with numerous terminal functional groups (e.g. —F
or -OH). Afterward, the surface-anchored Co?" could combine with 2-MIM to form
ZIF-67 [53]. Finally, Co—Co LDH/TNS composites were obtained through a
solvothermal process in the presence of Co?". For the probable fabrication mechanism,
H* derived from the hydrolysis of Co(NOj),-6H,O could slowly etch ZIF-67
polyhedrons. The released Co*" ions from the ZIF-67 would be partially oxidized by
NOs- ions and dissolved O,, then co-precipitates with Co*>" and Co3" cations to form
LDH structure [54]. Due to this delicate synthetic method, LDH nanosheets inherited
the 3D architecture of ZIF-67, thus staggered standing on the TNS substrate to form a
3D nanoarray architecture (Fig. 2a), which is conducive to its high performance in CO,
photoreduction. A typical TEM image (Fig. 2b, Fig. S3a, b) of the as-formed material
also presents strongly link for the composite, which is agreement with the SEM picture.
The clear boundary between Co-Co LDH and TNS could be observed in the HRTEM
image (Fig. 2c). Besides, the elementary mapping images explicitly elucidate that Co,
Ti, and C elements are homogeneously distributed (Fig. 2d).  All the above results
strongly indicate the intimate and uniform binding between TNS and Co-Co LDH,
namely, the successful fabrication of Co-Co LDH/TNS composites. Such composites
are characterized with large contact area between each other, thus promoting the

interfacial electron transfer during the photoreduction CO, process. As a comparison,



pure Co-Co LDH sample holds a hollow structure which is directly evolved from ZIF-
67 (Fig. S4a, b). The Co-Co LDH+TNS-15 hybrid obtained by physical stirring has a
2D/2D stack morphology (Fig. S5).

More detailed crystal structure and chemical composition analyses for the samples
were performed. Fig. S6a diaplays the XRD patterns of the MXene. Obviously, after
etching by the HF, the characteristic peaks of accordion-shape Ti;C,Tx at 39° is absent
compared that of bulk Ti;AlC,, indicating the successful elimination of the Al layers
[55,56]. Moreover, it could be found that the (002) diffraction peak of TNS moves to a
lower angle after intercalated and exfoliated in comparison with accordion-shape
Ti;C,Tx, which caused by the enlarged interlayer distance of the TNS [57]. The
chemical composition of the bulk Ti;AlC, and the TNS were measured by XPS (Fig.
S6b). Almost no peak of Al 2P could be observed in TNS, which is consistent with the
conclusion pointed out by XRD analyses [36]. In Raman spectra (Fig. S6c¢), some
appeared characteristic bands of Ti;AIC, are attributed to the Raman-active phonon
vibration modes of ®;, ®,, ®3 and 4. However, it is worth noting that peak ®; and ®,
of TNS are vanished, while peak w; and ®, are broadened. Moreover, the w3 Raman
band mode of TNS is downshifted in comparison with Ti3AlC,. Such shift proves the
successful exfoliation of bulk phase to quite thin nanosheets, which is consistent with
the previous research [53, 55]. As for Co-Co LDH/TNS hybrids, the diffraction peaks
at 11.5°,23.2°,34.5°, and 60.0° in XRD patterns (Fig.3a) are correspond to the (003),
(006), (012) and (015) planes of hydrotalcite-like materials, respectively

(CosALL,CO3(OH)4-4H,0, JCPDS No.51-0045) [54]. suggesting the successful



transformation from ZIF-67 to Co-Co LDH. A series of controlled experiments were
conducted with various TNS mass. The diffraction peak of TNS could not be obviously
observed due to its low content relative to the Co-Co LDH, but for the Co-Co
LDH/TNS-30 sample, a characteristic peak belonging to TNS (at ca. 5°) can be
observed clearly. Otherwise, as the TNS quality increases, the peak intensity of the
hybrid becomes weaker. The main reason is that the small particles at the bottom of
LDH would uniformly coat on the TNS surface, which would result in the lower
crystalline peaks intensity with increased amounts of TNS [54]. On the other hand,
since the TNS has an extremely low diffraction peak intensity in the range of 10-70°,
the peak intensity of the hybrids decreases as the relative contents of TNS increases.
The above results signify the successful construction of Co-Co LDH/TNS hybrids. As
presented in Table. S1, the weight percentage of Ti in the hybrid catalysts elevated with
increased amounts of TNS, while Co exhibit opposite trends. XPS characterization was
also conducted to prove the elements composition and valence states information in as-
prepared hybrids and individual Co-Co LDH. As shown in Fig. 3b, all components (Co,
O, Ti, and C) related to the Co-Co LDH/TNS-15 composite could be found in the survey
spectrum. Furthermore, in the high-resolution spectra of Co 2p for Co-Co LDH (Fig.
3c¢), apart from the noticeable satellite peaks (named as “sat.” ), the binding energies
position at approximately 797.4, 782.2, 796.2 and 780.9 eV from the Co*" 2p;/,, Co**
2p3pn, Co’" 2pip and Co**2p;, spectrum, respectively, indicating the successful
construction of Co-Co LDH [10]. Apparently, the core level orbitals locations of Co 2p

peaks for Co-Co LDH/TNS-15 hybrids display 0.3 eV shifts, which exhibits a higher



binding energy than Co-Co LDH. The similar positive shift can be observed in Fig. 3d
for the C 1s spectra. Otherwise, as for Raman spectra (Fig. S7), the peaks of the
composites are also shifted relative to that of the pure Co-Co LDH. These results
disclose strong interface interaction between Co-Co LDH and TNS [8]. Moreover, the
FT-IR measurement (Fig. S8) demonstrated that nitrate anions are the main intercalated
anions in Co-Co LDH.

The photoreduction CO, performances of all as-synthesized samples were
investigated through visible light driven photocatalytic experiments conducted in an
H,0/MeCN mixture solution under moderate conditions with [Ru(bpy);]Cl,-6H,0 and
TEOA as the photosensitizer and sacrificial agent, respectively. CO and H, were the
major products, consistent with the results in previous similar systems [10]. Fig. 4a
presents the effects of TNS quality on photocatalytic activity. With increasing TNS
content in the hybrids, photocatalytic CO, reduction activity enhance significantly in
compared that of the pristine Co-Co LDH. Especially, the CO generation rate of the
optimized sample Co-Co LDH/TNS-15 is 6.248 pumol h™!' (1.25x10* umol h™! g'),
which is 2.2 times that over Co-Co LDH. Such performance enhancement could be
attributed to the rapid and efficient transmission of electrons through the interface of
the hybrids [40, 58]. which allows more adsorbed CO, at the cobalt active sites to be
reduced. Noticeably, the individual TNS almost has no catalytic activity, so, excessive
TNS in the hybrids will hinder the cobalt active sites with multiple redox states and
lead to the decreased photocatalytic activity.

Series of comparative reactions were conducted to further explore the fundamental



impact factors determining the activity of the photoreduction catalysts. When the
photoreduction CO, experiment was employed with Co-Co LDH/TNS-15, the
production rate and selectivity of CO are 6.248 umol-h! (1.25x10* umol h™! g'!) and
63.9%, respectively, which are markedly higher than that of the no catalyst system (0.24
umol-h'!, 37.7%) (Fig. 4b, columns 1 and 7). This phenomenon demonstrates that the
catalyst plays a key role in the photocatalytic CO, reduction system. Then, in the dark
condition or the absence of photosensitizer, no gas products are detected (Fig. 4b,
column 2 and 3), revealing that the process of CO, reduction is initialized by
photocatalysis. As presented in Fig. 4b, column 4, when Ar was used instead of CO, to
carry out the reaction under the identical condition, only a negligible amount of H; is
detected (1.41 pmol-h!), and almost no CO is produced. The above conclusion fully
illustrates that the produced CO just stem from our introduced CO,. In addition, a
comparative test was performed with no TEOA added, and no gas products could be
observed (Fig. 4b, column 5), indicating that the photoreduction CO, process was
significantly influenced by the sacrificial agent [59, 60]. As for the Co-Co LDH+TNS-
15 sample, the yields of both CO (4.11 pmol-h'') and H, (2.44 pmol-h'') were
significantly lower than those of the Co-Co LDH/TNS-15 (Fig. 4b, column 6 and 7).
Therefore, the results indicate the superiority of the distinctive nanoarray architecture.

Then, the wavelengths dependent photocatalytic activity was evaluated by five
different incident light. The variation trend of the gas generation rate (Fig. 4c) is
basically matched with the optical absorption spectra of [Ru(bpy);]Cl,-6H,0, rather

than that of the Co-Co LDH/TNS-15 catalysts (Fig. S9). These results further show that



our photoreduction CO, system is driven by the photoexcitation of [Ru(bpy);]Cl,-6H,0,
generating electrons to achieve the reduction process, wherein the Co-Co LDH/TNS-
15 composite serves as a medium to accelerate electrons transmission to reduce CO,
[16]. At the same time, the maximum AQE value is 0.92%, which is calculated at 420
nm. This value is higher than that of many other reported Co-based photocatalytic CO,
reduction systems (Table S2). As presented in Fig. 4d, during the first 5h, the CO/H,
yield is linear with the illumination time. However, the CO/H, generation rate gradually
decreases after a long-term reaction, which could primarily be owing to the exhaustion
of the photosensitizer [ 18, 59]. The cumulative yield of the gas product is approximately
65 pmol after 10 h irradiation. In order to confirm the decrease in activity caused by
photosensitizer consumption, a five-hour set of cycle experiments were performed and
fresh dyes were used each time. As displayed in Fig. 4e, the Co-Co LDH/TNS-15
catalyst holds good stability, the gas yield retains about 90% of its initial value after
five cycles. Meanwhile, the XRD and XPS tests of the used catalysts were also
performed to fully observe and confirm the stability. The measured sample still
maintains the same XRD patterns and Co 2p spectra of the fresh sample (Fig. 4f, Fig.
S10), revealing the superior reusability and stability of the Co-Co LDH/TNS-15 sample.

Photoelectrochemical characterizations were employed to clarify the deeply
reasons for the better CO, photoreduction capability of Co-Co LDH/TNS-15 than pure
Co-Co LDH in the viewpoint of charge transfer kinetics. On the one hand, the PL
spectra was investigated to disclose the separation and recombination behavior of the

photogenerated charges in the photocatalytic CO, reduction systems. As displayed in



Fig. 5a, the intensity is significantly decreased under the addition of catalysts in
comparison with the blank system. Moreover, the emission intensity of the Co-Co
LDH/TNS-15 is lower than that of the Co-Co LDH. The apparent PL quenching chiefly
elucidates the outstandingly suppressed electron-hole recombination rate that improves
the utilization of photoexcited electrons, thus boosting the catalytic efficiency [11, 61-
63]. On the other hand, the EIS spectra was studied to further explore the electrons
transport ability for different materials. As presented in Fig. 5b, the Co-Co LDH/TNS-
15 exhibits a clearly smaller semicircle in the Nyquist plot, suggesting a lower electron-
transfer resistance for the Co-Co LDH/TNS-15 hybrids that allows rapid transport and
separation of interface charge, which is conducive for photoreduction CO, [64-66].
These above data together confirm that the introduction of TNS obviously accelerates
the electrons transfer and prolongs the lifetime of charge pairs, which is owing to the
good conductivity of TNS and the fast separation rate of electron-hole pairs in
hierarchical nanoarray architecture. Besides, the BET value of the Co-Co LDH/TNS-
15 composite is slightly lower than the pristine Co-Co LDH (Fig. S11a, b), thereby the
influence of the initial specific surface area of the material on the catalytic performance
could be ruled out.

Accordingly, we put forward a rational mechanism for the photoreduction process.
As shown in the Fig. 6, The photocatalytic reaction is initiated by the excitation of
[Ru(bpy);]Cl, into the excited state ([Ru(bpy);]Cl,") through irradiation, and then the
[Ru(bpy);]Cl," is reductively quenched by the sacrificial electron donor (TEOA) to

form a reduced state ([Ru(bpy);]Cly). Subsequently, the reduced [Ru(bpy);]Cly-



transfers electrons to the Co-Co LDH/TNS composite, in which electrons could be
rapidly transferred to the cobalt catalytically active sites through the complex interface.
Finally, the adsorbed CO, on the active sites surface are activated and reduced to CO.
At the same time, the protons in the solution are inevitably reduced to H, by excited
electrons. Since the reaction starts from the [Ru(bpy);]Cl,, the ability of electrons
transport from [Ru(bpy);]Cl, to Co-Co LDH/TNS is a necessary condition for the
photoreduction of CO,. Hence, the Mott-Schottky test was performed to obtain the
value of flat band potential for Co-Co LDH/TNS-15 composite. As displayed in Fig.
S12a, the flat band potential is measured as ca. -1.01 V (vs. NHE), which is between
the redox potential value of E (Ru(bpy);>"*/Ru(bpy);*)= —1.09 V (vs. NHE) and E
(CO,/CO) = —0.53 V (vs. NHE) [67, 68]. So, the Co-Co LDH/TNS-15 has an
appropriate flat band potential that could receive the excited electrons from the reduced
state [Ru(bpy);]Cly-, thus reducing CO, to CO. Moreover, we investigated the energy
level diagram (Fig. S12b) to completely understand the electrons transfer. The
conduction band minimum (CBM) of Co-Co LDH/TNS-15 was calculated to be 3.33
eV relative to the vacuum level (see details in Fig. S12b). At the same time, the energy
levels of [Ru(bpy);]Cl, with respect to the vacuum level have been confirmed as 3.19¢V
for the lowest unoccupied molecular orbital (LUMO) and 5.68 eV for the highest
occupied molecular orbital (HOMO) in previous researches [10]. According to the
above results, the CBM value of the Co-Co LDH/TNS-15 is lower than the LUMO
value of [Ru(bpy);]Cl,. Therefore, the photoexcited electrons can be easily transferred

from the LUMO of photosensitizers to the conduction band of Co-Co LDH/TNS-15,



permitting the photocatalytic CO, reduction subsequently. In general, the Co-Co
LDH/TNS hybrids possess two principal roles during the photocatalytic CO, reduction
process: 1) hosting the active sites for the CO, photoreduction; 2) accelerating the
transfer of electrons from the photosensitizer to the surface-active sites for the CO,
reduction.
4. Conclusions

In summary, ultrathin Co-Co LDH nanosheets strongly coupled with exfoliated
Ti;C,Tx MXenes were successfully achieved via the in-situ MOF-derived strategy. The
optimized sample of hierarchical Co-Co LDH/TNS nanoarray is found to own
obviously enhanced activity toward visible light driven CO, reduction, with a 2.2 times
yield of CO (6.248 umol h™!; 1.25x10* umol h™!' g'!) as compared with pristine Co-Co
LDH nanosheets. This improvement may stem from the synergistic influences of highly
conductive MXene species and the distinctive nanoarray architecture, which could lead
to the rapid electron transfer and provide adequate catalytically active sites for the
utilization of separated electrons. Simultaneously, the above Co-Co LDH/TNS hybrids
exhibit a high AQE value (0.92%) and superb stability in the photocatalytic system.
This study demonstrates a novel hierarchical nanoarray composite for efficient
photocatalytic CO, reduction and also discloses that MXene serve as a vital role during
photoreduction CO, process, which could be extended to other functional application.
Furthermore, based on the consideration of real CO, concentration in the atmospheric
environment, directly photoconversion of diluted CO, is the focus of future research.
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Fig. 1. Schematic illustration of the synthetic process of Co-Co LDH/TNS nanosheets.



Fig. 2. (a) SEM image, (b) TEM image, (¢) HRTEM image, and (d) EDX mapping images of Co-

Co LDH/ TNS-15.
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Fig. 3. (a) XRD patterns of Co-Co LDH/TNS hybrids with different TNS content in the samples.

(b) XPS survey spectra, (c¢) high-resolution XPS Co 2p spectra, and (d) high-resolution XPS C 1s

spectra of Co-Co LDH and Co-Co LDH/TNS-15.
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Fig. 4. (a) Photocatalytic activity of Co-Co LDH/TNS hybrids with different TNS content in the

samples. (b) Generation of CO and H, under various reaction conditions. (¢c) Wavelength-dependent

of the CO and H; production. The line is the absorption spectrum of the Ru photosensitizer. The

dots are the A.Q.E. value for each wavelength. (d) Evolution of CO and H, as a function of reaction

time. (e) Generation of CO and H, in stability tests (the time of each cycle is 5 h). (f) XRD patterns

of Co-Co LDH/TNS-15 hybrids before and after CO, photoreduction reaction.
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Fig. 5. (a) PL spectra of the photocatalytic CO, reduction systems with Co-Co LDH, Co-Co

LDH/TNS-15 and without catalysts at room temperature. (b) Nyquist diagram of electrochemical

impedance spectra for Co-Co LDH and Co-Co LDH/TNS-15 modified ITO electrode.
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Fig. 6. Proposed photocatalytic mechanism of Co-Co LDH/TNS composite with [Ru(bpy);]Cl, for

the visible-light-driven photocatalytic CO, reduction reaction.
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Highlight:
The Co-Co LDH/TNS nanoarray was synthesized via an in situ MOF-derived strategy.
The composite remarkably facilitate the migration and separation of charge carriers.

The composite displays an excellent photocatalytic performance for CO, conversion.
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