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Difficulties associated with MXene fabrication typified by an environmentally hazardous fluorine-based etching
process followed by delamination and fluorine reduction steps create obstacles against the expansion of this
outstanding material and its application in air purification. Herein, we demonstrate a one-step hydrothermal

282 TiaCo-OH hybrid process that involves alkali (NaOH)-assisted aluminum etching in the presence of a delaminating agent (hy-
208 v drazine) for synthesis of delaminated, OH-terminated MXene (Ti3Ca-OH). The process does not require the use of
Photocatalysis

fluorine-containing compounds and produces TizCy-OH sheets without the need for post-synthesis treatment.
Ti3Ce-OH shows a strong synergistic effect as a co-catalyst when coupled with TiOy during photocatalytic
oxidation of NOy. Excellent NOy storage selectivity (91 %) and a positive DeNOy index (+ 0.30) were achieved at
NO conversion of 54 %. The photocatalytic activity of the hybrid shows high sensitivity to the surface chemistry
of the co-catalyst as Ti3Ca-OH outperforms delaminated, F-terminated TisCp (fabricated via the traditional
process), which shows low NOy storage selectivity (65 %) and a negative DeNOy index (—0.05) at NO conversion
of 47 %. We envision that these findings will benefit ongoing efforts aimed at developing effective alternative
methods for MXene synthesis and provide a pathway for rational design of efficient NOy abatement
photocatalysts.

NOy oxidation

sheets, it requires high production cost and is environmentally harm-
ful when fluorine-containing compounds are involved [1-3]. Therefore,

1. Introduction

MXenes, first fabricated at Drexel University by selective elimination
of an A (typically group IIIA or IVA of the periodic table) element from
MAX phase, are 2D layered ternary materials with the general formula of
M 1Xn (M = transition metal; X = carbon or nitrogen; andn =1, 2, or 3)
[1,2]. Elimination of the A element in MAX phase results in a
multi-layered structure that is terminated by functional groups (such as
=0, -OH and/or -F) and stabilized via van der Waals or hydrogen
bonding interactions, which is then delaminated into thin flakes by
chemical intercalation with large-size organic molecules [3]. Generally,
single- or few-layer MXene sheets offer an appealing combination of
high ionic mobility, electrical conductivity, and chemical stability, as
well as tunable structure and surface chemistry that are desired in many
important applications [4,5]. Even though the two-step etch-
ing-delamination process produces single- or few-layer 2D-MXene
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a one-step etching-delamination approach that is free of fluorine is
needed.

Recent studies have highlighted the impact of functional groups
attached to the planar TizCy surfaces on their physical properties and
performance in environmental applications. For instance, the adsorption
of NO3 is favored on Ti3Cy, particularly on OH-terminated Ti3Cs in the
form of nitrites — a phenomenon that has been utilized to design
effective NO; sensors [6-8]. Also, theoretical studies [9,10] revealed the
Fermi level of TizCy strongly relies on its surface terminal groups. In
particular, OH-terminated Ti3Cy has been shown to have an ultralow
work function (1.6-2.8 eV), which can serve as a hole reservoir when
coupled with TiO, facilitating electron-hole separation and subsequent
photocatalytic activity [11-13]. Therefore, the surface chemistry of
TigCy can be tuned to suit the desired application. Nevertheless,
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utilization of TizC, in photocatalytic air purification has been limited
due to the lack of a rational framework for harnessing its properties in
the design of photocatalysts.

Photocatalysis is an attractive approach for practical oxidation of
NOy (one of the criteria air pollutants according to the U.S. Environ-
mental Protection Agency (EPA)) due to its strong ability to oxidize NOx
under ambient conditions and at relatively low concentrations. Photo-
catalytic NOy oxidation can potentially serve as an alternative to tradi-
tional NOy abatement approaches especially for NOy pollution at part-
per-billion (ppb) levels and in the presence of other pollutants (e.g.,
VOCs, SOy, etc.) [14]. In addition, a hybrid approach that combines
photocatalysis and a traditional approach (adsorption, plasma, or
reduction) could lead to efficient removal of high levels of NOy from
industrial waste streams (flue gas). Although TiO, (P25, Degussa) is the
gold standard photocatalyst under UV light, it possesses low selectivity
towards NOy storage in solid state and tends to convert NO to NOg, a
considerably more toxic form of NOy, especially in humid environment
[15]. In other words, TiO5 oxidizes NO to NO, but fails to store the
produced NO; on catalyst surface in the forms of other non-volatile and
less toxic compounds such as HNO3, NO3~ or NO;~. The low NOy stor-
age selectivity has limited the practical application of TiOy in NOy
abatement. To improve the activity of TiO, in NOy oxidation, two broad
strategies classified as photocatalytic and non-photocatalytic have been
explored. Photocatalytic processes involve enhancing electron-hole
separation through coupling TiO, with nanocarbon (i.e. graphene) or
creating defects in TiOg lattice to facilitate the generation of reactive
oxygen species (ROS) and storage of NO; on catalyst surface in the form
of HNOs3 [16,17]. Non-photocatalytic processes involve coupling TiO5
with non-photocatalytic nanostructures that can provide NOy storage
(adsorption) sites to store NO5 on the catalyst surface in the form of
NO3 or NOp~ [18,19]. Thus, due to its high affinity towards NO2
adsorption and its ultralow work function, OH-terminated Ti3Cy appears
to be well suited for coupling with TiOy to reduce charge carrier
recombination and provide non-photocatalytic adsorption sites for NOy
storage, and thereby, effectively removing NOy.

Herein, delaminated, OH-terminated Ti3Cs (designated as TizCy-OH)
sheets were fabricated in a single step and successfully coupled with
commercial TiOy (P25, Degussa) to form hybrid photocatalysts. Fabri-
cation of TizgCy-OH was achieved using NaOH (etchant) and hydrazine
(delaminating agent) to simultaneously extract Al from Ti3AlC, and
delaminate the sheets. Unique features of the one-step process are that it
utilizes hydrazine-derived intercalants as alternatives to traditional
liquid intercalants in a separate step, and it does not require the use of
fluorine-containing etchants. Coupling TiO, and Ti3Cp-OH results in a
strong synergistic effect that promotes photocatalytic abatement of NOy.

2. Experimental
2.1. One-step etching and delamination of Ti3AlC;

One mmole Ti3AlC, (Carbon, Ukraine; particle size: 40 um) was
dispersed in 120 mL distilled water and 15 mL 70 % hydrazine (Sigma-
Aldrich, USA) was slowly added to it. Then, 0.12 mol NaOH (Sigma-
Aldrich, USA) as the etching agent was also dissolved in the above so-
lution. The solution was transferred to a 200 mL Teflon-lined hydro-
thermal autoclave and placed in an electric oven at 180 °C for 24 h.
After cooling the reactor to room temperature, the sample was collected
by vacuum filtration aided by water and methanol. The collected sample
was dried at room temperature and designated as E-Ti3AlCo.

2.2. Two-step etching and delamination of TisAlC,

One mmole Ti3AICy of size of < 40 ym was dispersed in 135 mL
distilled water. Then, 0.12 mol NaOH as the etching agent was also
dissolved in the above solution. The solution was transferred to a
200 mL Teflon-lined hydrothermal autoclave and placed in an electric
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oven at 180 °C for 24 h. After cooling the reactor to room temperature,
sample was collected by vacuum filtration aided by water and methanol.
A section (130 mg) of produced structure was delaminated in 10 mL
hydrazine under stirring at room temperature for 24 h. The final product
was collected by vacuum filtration aided by water and methanol. The
collected sample was dried at room temperature and designated as E-
TisAlCy-2.

2.3. Etching of Ti3AlC, using LiF/HCI solution

LiF (1 g, Sigma-Aldrich, USA) was added to 10 mL 9 M HCI (Sigma-
Aldrich, USA) and a magnetic stirrer was placed inside. 1 g TigAlCy was
mixed with the solution slowly. After adding TizAlC; powder, the so-
lution was maintained at 40 °C for 36 h and stirred at 300 rpm. A Teflon
lid was gently placed on the Teflon container. The final product was
collected by vacuum filtration aided by water and methanol. The
collected sample was dried at room temperature and designated as LiF-
TisAlC,.

2.4. Synthesis of TiO»-TisC2-OH and TiO»-Ti3Ca-F photocatalysts

E-Ti3AlC, (137 mg) was dispersed in 30 mL distilled water by soni-
cation for 60 min. The dispersion was split into two parts and centri-
fuged at 4000 rpm for 15 min. The supernatant containing TizCy-OH
was dropped slowly into the TiO2 dispersion (2 g P25 in 100 mL distilled
water) under stirring for 4 h. Thereafter, TiO,-TizCo-OH was collected
by centrifugation and dried in air. For TiOy coupled with F-terminated
Ti3Coq, the above procedure was followed, except that LiF-TizAlC, was
used; the resulting hybrid photocatalyst is designated as TiO3-Ti3Ca-F.

2.5. Synthesis of other TiOz-based photocatalysts

Anatase TiO2 (100 nm) was purchased from US Research Nano-
technology, Inc and used without modification. TiO5 nucleation on OH-
terminated Ti3Cy and F-terminated Ti3Cy was achieved by thermal
treatment following the process reported by Li et al. [20] and designated
as TizCp-OH-400 and Ti3Cyp-F-400, respectively. Briefly, 300 mg of
LiF-Ti3AlC, or alkali-treated LiF-Ti3AlCy was placed in a tube furnace
and calcined in air at 400 °C for 4 h. The final products were stored in air
until next use. For TiOp-graphene hybrid, graphene synthesised by a
catalyst-free gas phase hydrocarbon detonation process [21] using Og
and CpHy as precursors was received from Sorensen’s group. The
as-received graphene (137 mg) was dispersed in 30 mL distilled water
by sonication for 1 h. Then, the dispersion was slowly dropped into TiO,
dispersion (2 g P25 in 100 mL distilled water) under stirring and kept
under stirring for 4 h. Thereafter, TiO»-graphene was collected by
centrifugation and dried in air. TiO, impregnated with Ni was fabricated
by a photo-deposition approach using a mixture of NiCl; and ethanol.
Two different solutions were first prepared. Solution A was composed of
2 mg of NiCl, dispersed in 20 mL distilled water while solution B was
composed of 2 g of TiOy (P25) dispersed in 5 mL ethanol. Solution B was
slowly dropped into solution A under stirring and the pH of the mixture
was adjusted to 8 using 0.1 M NaOH aqueous solution. The mixture was
irradiated with UV light for 3 h. The final product (designated as
TiO9-Ni) was collected by centrifugation and dried in air.

2.6. Photocatalyst performance evaluation

2.6.1. Substrate preparation

The prepared photocatalyst was sieved to < 125 um and dispersed in
ethanol at a ratio of 0.15 g/mL via sonication for 15 min. The dispersion
was poured onto a glass slide (50 x 100 mm) and cast with a doctor
blade to 250 um. The slide was then allowed to dry before it was used in
the photocatalytic reaction.
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2.6.2. Reactor configuration

The photocatalytic experiment was conducted at room temperature
in a continuous-flow reactor built in accordance with ISO standards
except that a lower headspace distance (3 mm) was used due to the
insightful results of our previous study where a detailed description of
the reactor is provided [15]. The reactor was connected to two gas
cylinders containing 100 ppm NO in N3 and breathing air as shown in
Fig. S1. Mass flow controllers were used to monitor the flow rate of gases
to the reactor. A SensorPush HT1 humidity sensor was utilized to control
the humidity on the inlet gas mixture. The reaction chamber was con-
structed from steel with a quartz glass window allowing UV light
penetration to the photocatalyst surface; the light intensity and wave-
length were 2 mW/cm and 320 nm, respectively. NO and NOy concen-
trations were measured by Chemiluminescent 42 C Low Source analyzer
(Thermo Fisher Scientific).

2.6.3. Activity measurement

A substrate coated with a photocatalyst was loaded into the reactor
and irradiated with UV light for one hour under continuous airflow to
remove adsorbed contaminants. Then, the light was turned off and NOy
was introduced to the reactor for adequate adsorption of gaseous mol-
ecules on the photocatalyst surface. After 30 min, the light was turned
on and the reaction was continued at 1.0 ppm NOy and a total airflow of
3000 sccm with relative humidity of 50 %. After 2 h of reaction, the light
was turned off and NOy was allowed to re-equilibrate. Average con-
centrations of NO, NO2 and NOx were determined by averaging all data
obtained during the oxidation reaction.

To further examine the photocatalytic activity, DeNOx index, an
objective figure of merit for photocatalytic NOy abatement, was utilized.
The DeNOy index is a measure of photonic efficiency during NOx pho-
tocatalytic oxidation; it was proposed as a parameter to quantify the net
NOy removal by considering NO conversion as well as product selec-
tivity, defined as the percentage of NO completely oxidized to nitrates
versus the total amount of NO oxidized to NO,. To calculate DeNOx
index, the photonic efficiency for NO, NO5 and NOx was first calculated
using Eq. (1) [22].

(Cd - Ci)VP

@ART )

E=

where ¢ is the photonic efficiency of a given specie; cq is the species
concentrations in the dark; c; is the species concentrations under illu-
mination; V is the volumetric flow rate; p is the pressure in the system
(1 atm); ¢ is the photon flux at the photocatalyst surface (dependent on
light wavelength and intensity); A is the catalyst irradiated area; R is the
gas constant; and T is the temperature. The calculated photonic effi-
ciencies were then used to calculate the DeNOy index and the selectivity
using Egs. (2) and (3), respectively.
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3. Results and discussion

To extract Al from Ti3AlC, by alkali treatment, an elevated temper-
ature is needed [23,24]. Therefore, TizAlCy was immersed in a hydro-
thermal reactor containing aqueous solution of NaOH and hydrazine,
and the reaction was conducted at 180 °C for 24 h. At this temperature,
phase transition of hydrazine from liquid to gas occurs, and generates
gaseous molecules (N3, Hy, and NH3 [25]); it is probable that NH3 forms
an equilibrium between gas and liquid states under the reaction condi-
tions facilitating simultaneous etching and delamination. In this
one-step process, the surface Al atoms gradually oxidize and the
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compounds formed dissociate in water by OH attack to form Al(OH),
while the generated NH; ions replace Al atoms and prevent Ti-layer
stabilization, producing Ti3C2-OH that can be collected by centrifuga-
tion, as depicted in Fig. 1.

The morphology of Ti3AlC, and E-Ti3AlC, was characterized by
scanning electron microscopy (SEM) equipped with energy dispersive X-
ray spectroscopy (EDS) and transmission electron microscopy (TEM).
The SEM image of TizAlCy (Fig. 2a) shows the typical layered structure
of MAX phase, where the layers are connected. After the hydrothermal
treatment and Al etching, the connected layers were separated and thin
Ti3Cy-OH sheets were generated. The SEM images of E-Ti3AlC, (Figs. 2b
and S2) show the generation of Ti3Cy-OH sheets on the surface of
Ti3AlCy which were then collected by sonication and centrifugation and
subsequently drop cast on a Gilder imaging grid. The SEM image of
collected Ti3C,-OH showed that the sheets are thin and have lateral size
of approximately one micrometer (Fig. 2c). A TEM image of collected
Ti3Cy-OH (Fig. 2d) confirms the generation of thin and transparent
sheets that are either single or few sheets (indicated by yellow arrows);
this observation is further supported by a high-magnification TEM
image (Fig. 2e) and a zoomed-in TEM image (Fig. 2f) that show a two-
layer thick TizCy-OH sheet with a monolayer thickness of ~ 1 nm. Our
TEM analysis also reveals the presence of one-layer thick Ti3Cy-OH
sheets (Fig. S3a and b). Elemental composition data from EDS reveal
that Ti, C and O were homogeneously distributed over the delaminated
Ti3Cy-OH sheets with low Al content (Fig. 2h), indicating the successful
removal of a large fraction of Al.

X-ray diffraction (XRD) patterns of Ti3AlC, and E-Ti3AlC, are pre-
sented in Fig. 3a. Both Ti3AlC; and E-TizAlCy show almost similar XRD
patterns, and the characteristic diffraction peaks corresponding to
crystal planes inherited from the Ti3AlC, are obvious in E-TizAlCy,
consistent with other studies in which alkali was used as etchant to
remove Al atoms [24,26]. The slight reduction in the intensity of the
peak corresponding to (002) plane (clearly shown in the zoomed-in XRD
patterns, Fig. S4) and the disappearance of peaks indicated by green
arrows in Fig. 3a suggest the destruction of the ordered crystal structure
of Ti3AlC, after the etching process is due to the removal of surface Al
atoms [26]. The Raman spectra of Ti3AlC, and E-Ti3AlC, are shown in
Fig. 3b. The characteristic peaks at 116, 145 and 260 cm™ (labeled as 1,
2 and 3, respectively), attributed to the vibration of Ti and Al in Ti3AlCy,
vanished after the one-step process due to structure deterioration as a
result of Al removal [27-29]. The peaks at 399 and 610 cm™? (labeled 4
and 5, respectively), attributed to the vibration of C and Ti in Ti3Cy, are
broadened after the one-step process due to functional group attachment
[29,30]; the broad Raman peaks at 399 and 610 cm’! are attributed to
OH-terminated TizCy [30]. The G- and D-bands of carbon at 1350 and
1580 cm! for E-Ti3AlC; in Fig. S5 are broadened, which indicates the
presence of free carbons in the sample and corroborates the removal of
Al [31,32].

The XPS survey scan of E-TigAlCy reveals the presence of C, Ti and O
(Fig. 3c); unlike Ti3AlCy, no peak corresponding to Al is detected with
noticeable increase in O signal. The high-resolution XPS scan in Al 2p
region of E-Ti3AlCy (Fig. 3d) reveals considerable reduction in the in-
tensity of peaks corresponding to Al-Ti (71.5 eV) and Al-O (74 eV) [23].
The peak corresponding to C-Ti in C 1s region of E-Ti3AlCy (Fig. 3e)
shifted to a slightly higher binding energy when compared to that of
Ti3AlCy, which is consistent with a previous study [33] and attributed to
the attachment of functional groups to the Ti3Cy surface. In addition, the
peak at 454 eV in Ti 2p region (Fig. 3f) corresponding to Ti-Al bond
dramatically decreases in intensity for E-Ti3AlCy while the intensity of
peaks corresponding to Ti-O at 458 eV (Ti 2p3,2) and 464 eV (Ti 2p3,2)
increases [20,23]. Peak fitting of high-resolution scans in Ti 2p of
E-Ti3AlC; required multiple components; peak components at 454.4 and
455.8 eV are attributed to Ti-C and C-Ti-OH bonds, respectively (Fig. S6¢
and d) [34,35]. This indicates Al removal and formation of TizCy-OH
and TiO,, after the one-step process. Peak fitting of high-resolution scans
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Fig. 1. Schematic illustration of the one-step synthesis of Ti3C,-OH involving hydrazine decomposition during alkali treatment.

in O 1s region of E-Ti3AlC; also confirms the generation of TizCy-OH
after the one-step process (Fig. S6). Furthermore, XPS quantitative
elemental analysis data (Table S1) show the Al and O atomic percent-
ages decrease and increase in Ti3AlCy and E-Ti3AlC,, respectively, as a
result of Al extraction, functional group attachment, and formation of
TiO5. XRD, Raman and XPS data confirm the successful removal of Al
atoms and subsequent generation of TigCy-OH during the simultaneous
etching and delamination process. It is important to mention that the
formation of TiOs is only detected by XPS as peaks associated with TiO5
are absent in the Raman spectra, indicating that the etched portion of
the sample consisted mainly of T3Cy-OH and the formation of TiOs is
limited to the surface. The mild oxidation of MXene may have occurred
during the etching process or post-etching steps (washing, storage,
characterization, etc.) as observed in other MXene synthesis studies
involving hydrothermal alkali-assisted etching [26,36].

To compare the efficiency of the one-step process to the two-step, we
treated Ti3AlCy with NaOH at 180 °C and then used hydrazine as a
delaminating agent in a second step at room temperature. The resulting
sample is denoted as E-Ti3AlCy-2, from which the delaminated TizCy-OH
was collected by sonication and centrifugation steps similar to those
used for one-step synthesis of TigCy-OH (Fig. 1). XPS and EDS analysis of
E-Ti3AlC,-2 also confirmed Al removal by the two-step process (Figs. S7
and S8). Based on initial evidence from the SEM images (Fig. S9), su-
perior delamination was achieved with the one-step process. In addition,
unlike TEM images in Fig. 2 that show the generation of thin sheets for
TizCy-OH from the one-step process, TEM images (Fig. S10) of TizCo-OH
from the two-step process clearly reveal the generation of thick sheets.

The low-quality sheets from delamination using the two-step process
is attributed to the interlayer interaction between MXene sheets and
subsequent formation of chemical bonds between them. It has been
suggested that after Al removal, MXene sheets are stabilized by the
formation of bonds with high bonding energy, specifically Ti-Ti and Ti-
Al bonds involving residual Al atoms, in addition to hydrogen or van der
Waals bonds [37]. In the traditional post-etching process, typically
conducted at room temperature, the delaminating agent cannot easily
surmount the high energy barrier and intercalate between MXene layers.
This means that in the absence of an additional driving force, such as
elevated temperature, the rate of intercalation is relatively slow. In
contrast, an instantaneous exchange can occur between Al atoms and the
delaminating agent during Al etching in the one-step process in the
presence of hydrazine at elevated temperature. The interactions be-
tween the sheets and subsequent formation of Ti-Ti and Ti-Al bonds are
hindered, resulting in the formation of delaminated MXene sheets in one
step. Our results indicate the one-step process leads to better delami-
nation in comparison to the two-step process, without compromising the
efficiency of Al removal. It is meaningful to point out that the addition of
an antioxidant to MXene solution is an effective route to mitigate its
oxidation during hydrothermal treatment [37]. Because hydrazine is an
antioxidant, its presence in the reaction medium is expected to diminish
the oxidation of MXene, especially at elevated temperature (i.e. 270 °C)
where severe MXene oxidation occurs [23].

Delaminated, Ti3Co-OH was obtained from E-Ti3AlC, via sonication
and centrifugation as described earlier and coupled with commercial

TiO4 via a facile hydration and dehydration approach to produce a
hybrid photocatalyst (TiO»-Ti3C2-OH). Based on the XRD data, no peaks
corresponding to TizCy-OH were detected in TiO2-TizCp-OH due to its
low content in the hybrid structure (Fig. S11), consistent with other
studies [38,39]. The diffraction peaks were indexed to several crystal
planes of anatase TiOy (JCPDS No. 21-1272) and facets of rutile TiO,
(JCPDS No. 21-1276) [39]. The TEM image of TiO,-Ti3Cy-OH
(Fig. S12a) indicates the TiO; particles are supported on Ti3Cy-OH. The
high-resolution TEM image (Fig. S12b) shows the intimate interfacial
contact between TiO; and TizCp-OH, which is crucial for improved
charge carrier mobility in TiO»-TigCo-OH [40]. As expected, no peak
corresponding to Al in TiO»-Ti3C2-OH was detected by XPS as shown in
the survey scan (Fig. S13a) . The high-resolution XPS spectra in Ti 2p
region of TiO, and TiO,-TizCy-OH demonstrate the Ti 2p doublets of
Ti** ions (Fig. S14a). The O 1s XPS spectra (Fig. S14b) revealed the
presence of lattice oxygen (529.3 eV) and —OH surface group (531.2 eV).
Since Ti and O coexist in TiO, and Ti3Co-OH, the characteristic peaks of
Ti and O in TiO5-Ti3Cy-OH are expected to overlap. Because the amount
of Ti3Ce-OH is significantly lower than that of TiOy in TiO,-TizCy-OH,
the dominant peaks associated with Ti and O in the XPS analysis of
TiO5-Ti3Coe-OH are mainly attributed to TiOs. Note that a small amount
of C is typically detected in TiO, due to the presence of
oxygen-containing carbonaceous contaminants (Fig. S13b) [41].
Therefore, C bonds have not been analyzed because it is unclear whether
the detected C is from the TiO5 or Ti3Cy-OH.

Interestingly, the binding energies of Ti 2p and O 1s in TiO»-Ti3Cs-
OH showed noticeable shift to lower values compared to those of TiO5.
The shift is attributed to electron transfer from Ti3Cy-OH with a low
work function to TiO, with a high work function, further confirming the
intimate interaction between the two components and formation of a
metal-semiconductor heterojunction [42,43]. Xu et al. [43] observed
similar shifts in the binding energies of Ti and O when a heterojunction
between TiO5 (high work function component) and CsPbBr3 (low work
function component) was formed via self-assembly coupling. The het-
erojunction formed in TiO2-TigCo-OH is expected to improve
electron-hole separation by allowing the transfer of holes from TiO3 to
Ti3Cy-OH, resulting in improved NOy photocatalytic oxidation.

The photocatalytic activity of TiO3-Ti3Ce-OH was evaluated and
compared to pristine TiO and a hybrid photocatalyst (TiO,-TizCa-F)
fabricated by coupling TiO, with delaminated, F-terminated Ti3Cy (most
widely used MXene). Detailed characterization of the morphology,
composition, and structure of TiO2-Ti3Cy-F is summarized in Figs. S15,
S16 and S17. NO conversion and NOy storage selectivity for the three
photocatalysts at 50 % relative humidity under UV light exposure are
presented in Fig. 4a. The performance of the three photocatalysts in the
oxidation of NOy (1 ppm) is expressed in terms of DeNOy index as shown
in Fig. 4b. Utilizing the DeNOy index in tandem with relative NOy
oxidation provides a better understanding of the photocatalytic perfor-
mance. TiOy exhibits reasonable NO conversion (53 %), but produces
massive amounts of NO, with NOy storage selectivity of 58 % and DeNOy
index of —0.10. Since NO; is considerably more toxic than NO, TiOs is
clearly ineffective as a photocatalyst for NOy removal. TiO,-Ti3Cy-F
shows NOy storage selectivity of 62 % and a DeNOy index of —0.05 at NO
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Fig. 2. SEM images of Ti3AlC; (a) and E-Ti3AlC, (b). (c and d) SEM and TEM images of Ti3Cp-OH after separating the delaminated sheets via sonication and
centrifugation. (e) A high-magnification TEM image of a two-layer thick TizC,-OH and (f) a zoomed-in TEM image of sheets presented in (e). (h) An SEM image of
delaminated TizC,-OH and the corresponding EDS elemental mapping analysis (Ti is red, C is purple, O is green, and Al is turquoise).
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2p region (d), C 1 s region (e), and Ti 2p region (f).

conversion of 47 %, also indicating its ineffectiveness in photocatalytic
NOy abatement. In contrast, TiO,-Ti3Co-OH exhibits outstanding per-
formance in NOy abatement, with excellent NOy storage selectivity (91
%) and a positive DeNOy index of +0.30 without compromising NO
conversion (54 %). When compared to other titania-based photo-
catalysts, tested in the same reactor and under the same conditions,
TiO5-Ti3Ce-OH shows superior performance (Fig. 4c).

A direct comparison of the activity of TiO-Ti3Ce-OH with other
state-of-the-art photocatalysts in the literature can be misleading due to
the different reaction conditions used. Therefore, in comparing the NOy
abatement efficiency of the photocatalysts (summarized in Table S2),
the initial concentration of NO, catalyst loading, relative humidity, and
emission spectrum of the light source have been considered. Reaction
time is also an important factor because it affects conversion. The longer
the reaction time, the lower the conversion due to photocatalyst deac-
tivation caused by the accumulation of reaction products on the catalyst
surface. Hence, for proper evaluation of the catalyst performance, we
have allowed the photocatalytic reaction to run for a long period
(120 min) and the averages of the data obtained are used to calculate NO
conversion, selectivity and DeNOy index. The data presented in Table S2
show that our photocatalyst (TiO,-Ti3Co-OH) exhibits outstanding ac-
tivity in terms of selectivity and DeNOy with comparable NO conversion
over the longest reaction time.

To rationalize the stark difference in photocatalytic performance of
TiOg, TiO2-TizCy-F, and TiO,-TizCy-OH and gain insight into the supe-
rior performance of TiO,-Ti3Cy-OH, it is necessary to consider the
mechanism for NOy oxidation [18,44]. The first of three steps in the
photocatalytic oxidation of NOy is the generation of charge carriers on
TiO4 surface upon light exposure (Eq. (4)). The second step is the for-
mation of ROS via the reaction between the photogenerated charge
carriers and water/oxygen molecules adsorbed on the TiO5 surface (Egs.
(5)-(6)). The third step is the oxidation of NO adsorbed on the TiO,

surface to NOy and NOg,,, (Egs. (7)-(10)).

TiO; + hv—>TiOy(h™ +¢7) ()]
TiOZ(h+) + H,0,45—>TiO>+ OH 4 4’[‘1+ (5)
TiOs(e7) + 03 4= TiOs + 057, (6)
NOiy 22 HNO, qs ~225 NO, ouy + H20 )
OZ ;Ms
NOuis = NO3 wis + -on ®
H+
05" s
NOuis = HNOj3 445 (C)]
H+
NO; 445+ OHys—HNOs jys—H* + NOJ (10)

In addition to the generation of charge carriers upon light exposure
and subsequent oxidation of NOx by ROS, it is clear from the mechanism
that the adsorption of HO on the catalyst surface is a significant step.
The conversion rate of NO does not depend on H0 adsorption, however,
the conversion of NO, does. In fact, it has been shown that H,O can
displace NO5 from the TiO, surface [44], a phenomenon that can pre-
vent the interaction between the NO; produced and ROS, and conse-
quently, inhibit NOy storage selectivity. In addition, the potential
dissociation of adsorbed water molecules on oxygen vacancies of TiOq
may lead to the formation of bridging OH terminals that trap electrons
and facilitate their recombination with holes, and hence reduce the
concentration of ROS available for NOy oxidation [18]. Note that
reduction in ROS concentration can also occur via direct electron-hole
recombination without the contribution of HyO in TiO5 [45]. The low
amount of ROS initiates the oxidation of NO to NO, (Egs. (7) and (8)),
but is insufficient to store the NO; in the form of NO; ;. on the surface of
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TiO,-Ti3Co-OH with other titania-based photocatalysts. (d) Schematic illustration of NOy abatement by TiO,-Ti3Co-OH; for the sake of simplicity, the oxidation of NO
to HNO3 by photogenerated electrons and the oxidation of NO to NO, by photogenerated holes are not shown in the schematic.

TiO5 (Egs. (9) and (10)) resulting in release of NO, into the atmosphere.
Therefore, the low DeNOy index of TiO, can be correlated to (1)
desorption of NO5 produced from the TiO5 surface by adsorbed H20 and
(2) H,0-assisted/non-Hy0-assisted charge carrier recombination.

In the case of TiO,-Ti3C2-OH, NO; can also be displaced by H20 from
the TiO; surface in the same manner as described above for pristine
TiOs; however, the desorbed NO, adsorbs on OH terminals of TizCy
where it accepts an electron and is non-photocatalytically stored in the

form of NO,, [8]. The same OH terminals may also act as sacrificial
sites for HyO adsorption, alleviating the competitive adsorption between
NO; and H20 on TiO3, which in turn mitigates the displacement of NO2
from TiO, and facilitates its subsequent oxidation. Furthermore,
Ti3Cy-OH is a known hole scavenger due to its ultralow work function
[11,12,46]. Therefore, TizCo-OH in TiO5-Ti3C2-OH can accept the holes
and prohibits their consumption via recombination with electrons, evi-
denced by the observed quenching in the photoluminescence (PL)
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intensity and increase in the transient photocurrent density of TiO, after
coupling with Ti3Cy-OH (Fig. S18a and b). Consequently, TiO,-TizCy-OH
is expected to have a higher amount of charge carriers on the surface to
support the generation of more ROS for NOy photooxidation and sub-
sequent formation of NO3,,,. Formation of NO;,,;, can also occur via the
oxidation of NO,, that is non-photocatalytically adsorbed on
TizCy-OH. In contrast to TiOo, a high-resolution XPS scan in N 1s region
of TiO,-Ti3Ce-OH obtained after the photocatalytic reaction (Fig. S19a)
shows the presence of NO3,,, on the surface, confirming the solid-state
storage of NOy on TiO2-Ti3Co-OH. The presence of NO;,, on the sur-
face of the used TiO,-Ti3Cy-OH is also confirmed by FT-IR spectroscopy
(Fig. S19b). After the photocatalytic reaction, the binding energies of Ti
2p and O 1 s spectra for TiO2-Ti3Cy-OH show a slight shift to higher
values compared to those of fresh TiO,-TizCy-OH (Fig. S14a and b). After
the reaction, however, the binding energies of Ti 2p and Ols for
TiO»-Ti3Cy-OH are still lower than those of the fresh TiO5. This obser-
vation suggests the accumulation of electrons on TiO, in the used
TiO5-Ti3Ce-OH and that the photocatalytic process did not impact the
ability of Ti3C-OH to act as a hole reservoir.

Excellent NOy abatement is therefore achieved with TiO,-Ti3Co-OH
due to its ability to facilitate oxidation of NOy via photocatalytic and
non-photocatalytic routes as schematically depicted in Fig. 4d. For TiOg-
Ti3Cy-F, even though Ti3Cy-F can reduce electron-hole recombination as
shown by Ye et al. [38] and confirmed by our PL data (Fig. S20), other
studies [7,8] have also shown that the presence of F terminals on the
surface is unfavorable for NO, adsorption. Hence, it is reasonable to
assume that less NO, molecules were adsorbed on Ti3C,-F in comparison
to TizCy-OH, and consequently, reduced the ability of TizCy-F to store
the NO; produced by the photocatalytic and non-photocatalytic routes,
resulting in poor NOy abatement. It is highlighted that TiO»-Ti3Co-OH
shows stable performance during the photocatalytic reaction, evident by
the almost constant NO; concentration profile (Fig. S21a). However, we
observed that aged TiO,-TizCy-OH (15 days in air) exhibits lower NOy
conversion and less stable performance compared to that of the fresh
TiO5-Ti3Ce-OH (Fig. S21b). This observation may be attributed to the
partial oxidation of TizCy-OH that gradually occurs in air, which results
in the deterioration in NOy removal performance via photocatalytic and
non-photocatalytic pathways. Nevertheless, the aged TiO»-Ti3Ce-OH
shows a higher performance than the fresh TiO, and fresh TiO5-Ti3Cy-F
(Fig. $22).

4. Conclusions

In summary, we have developed a facile, fluorine-free and efficient
approach to fabricate Ti3Cy-OH. The fabrication methodology involves
simultaneous etching of Al from MAX phase and intercalation with hy-
drazine and/or its derivative to produce thin-layered MXene. Coupling
TizCy-OH with TiOy yields a hybrid composite (TiO2-Ti3Ce-OH) that
exhibits outstanding NOy abatement, evidenced by NOy storage selec-
tivity and DeNOy index that are superior to several other state-of-the-art
titania-based photocatalysts, including hybrid photocatalysts synthe-
sized with traditional MXene. The single-step process demonstrated in
this study will not only enhance fabrication of high-quality Ti3Cp-OH,
but also reduce time and effort associated with traditional techniques
that comprise two steps, especially if F-group reduction is required. In
addition, this work demonstrates the pivotal role Ti3C,-OH plays as a co-
catalyst with TiO, and paves a way for potential use of TiOy-MXene
hybrids in practical photocatalytic NOyx removal.
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