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Abstract

Transition metal carbides, especially Ti3C,Tx, display appealing prospects in the field
of energy conversion and storage due to the unique combination of good conductivity
and abundant functional groups. The physical structure as well as surface terminations
of Ti3C,Tx have significant impact on its properties when scaling down from 3D bulk to
2D sheets. However, moving toward 1D nanowire remains a great challenge because of
the absence of anisotropic skeleton in Ti3C2Tx. Herein, we demonstrate a facile strategy
to convert Ti3CoTx nanosheets into crosslinked Ti3C2Tx nanowires in hybrid alkaline
solutions. The experimental results and theoretical calculation reveal that both OH™ and
O play important roles in the controllable cutting of Ti3C>Tx nanosheets into
nanowires. Compared to Ti3C>Tx nanosheets, crosslinked Ti3C>Tx nanowires expose

much higher density of active sites at edges and surfaces, making them ideal catalysts



for oxygen reduction reaction (ORR). Unexpectedly, TizC>Tx nanowires can selectively
reduce oxygen through a 2e” pathway to hydrogen peroxide. The structural modulation
of MXene opens a new avenue toward improved performance in emerging application

fields.
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1. Introduction

MXene is a class of 2D inorganic compounds, which are composed of transition
metal carbides, nitrides, or carbonitrides with several atomic layer thicknesses [1,2].
MXene is usually obtained by selectively etching A layer from My+1AX,, where M is
an early transition metal, A is an element of group Illa or [Va (mainly Al or Si), X is
C and/or N, and n=1, 2 or 3 [3,4]. As a typical MXene, accordion-like Ti3C> can be
obtained by etching TizAlC, with HF or LiF/HCI, and further exfoliated to Ti3C2Tx
nanosheets through intercalation and ultrasonication, where T stands for termination
groups (-H, -F, -O or -OH) and x indicates uncertain amount of surface groups [5,6].
Ti3C2 is a star material in energy conversion and storage devices such as Li-ion
batteries or other metal-ion (e.g., Na, K) batteries, Li-S batteries and supercapacitors
on account of its unique layered structure, high electrical conductivity, high specific
surface area and tunable surface functionalities [7-11]. However, the presence of a
pronounced inclination towards inter-sheet aggregation of MXene nanosheets
through van der Waals forces results in the decrease of catalytic and energy storage

performance [12]. Moreover, the catalytic activity of the active sites on the MXene



surface is relatively lower than that at the edges [13]. Therefore, a fast and effective
method is required to adjust the structure of MXene to meet the special needs such
as the ORR catalytic performance.

Etching 2D nanosheets into 1D nanowires through a chemical tailoring method is
one of the effective ways to solve the stacking problem of 2D nanosheets and expose
more active sites. Recently, some scientists successfully synthesized a 3D porous
framework of TizC,Tx nanoribbons or their derivatives by etching accordion-like
Ti3C2 in KOH solution [14-17]. Benefited from the interconnected pore structure and
large exposed surface area, Ti3C2Tx nanoribbons exhibited superior performance as
the anodes for Na/K-ion batteries or the sulfur host for Li-S batteries [18,19].
Besides, Ti3C2Tx nanoribbons delivered high hydrogen evolution reaction (HER)
activity with a low overpotential of 169 mV [20]. Although Ti3C,Tx nanoribbons
and its derivatives can be obtained through alkali etching, the etching mechanism
and influencing factors have not been revealed, causing inability to the precise
control of the TizC,Tx structure. In addition, the structure-activity relationship
between the exposed edge sites and the improved performance of TizCaTx
nanoribbon has not been well known.

Revealing the formation mechanism of Ti3C2Tx nanoribbons is favorable for a better
understanding of its composition, structure and intrinsic properties, which can guide the
synthesis design as to expand its application areas. Herein, we explore the etching
process of Ti3C,Tx nanosheets in various alkaline solutions such as KOH, NaOH,
NH3-H2O or even in H»>O solution. Moreover, different experimental conditions
including the type and concentration of alkaline solutions, reaction times, the presence

of Oz and the thickness of TizC>Tx nanosheets have been explored, combined with



density functional theory (DFT) calculations, to reveal the etching mechanism of
Ti3C,Tx nanosheets. It is found that the surface group of TizCoTx replaced by -OH in the
alkaline solution is an important process to accelerate the fracture of C-Ti bonds. In
addition, the concentration of OH™ ions and the presence of O are two key influencing
factors for the fracture of C-Ti bonds and the formation of TiO. Therefore, by
controlling the concentration of alkaline solution and oxygen content, it is possible to
synthesize porous TizC>Tx nanosheets, crosslinked Ti3C>Tx nanowires, even TizCoTx
quantum dots or TiO; nanoparticles. The ORR performance of crosslinked TizCoTx
nanowires is also studied to investigate the structure-activity relationship of Ti3C2Tx
nanowires. The open 3D porous structure and increased edge sites of Ti3C,Tx nanowires
facilitate the transport and conversion of oxygen. Therefore, the ORR performance of
Ti3CoTx is highly improved after transforming the structure from nanosheet to nanowire.
More importantly, the increased edge sites of TizCoTx nanowires are conducive to
selectively reducing oxygen to hydrogen peroxide through the two-electron ORR
pathway, making it a potential catalyst for hydrogen peroxide production. With the in-
depth study of the intrinsic properties of TizCoTx porous nanosheets and crosslinked

nanowires, the application fields of Ti3C2Tx would be expanded.

2. Experimental Section
2.1 Sample Preparation

Preparation of Ti3C,Tx nanosheets: multi-layered TizCoTx powder was synthesized
according to the literatures [21,22] and then exfoliated to Ti3C,Tx nanosheets (see

Supporting Information for details).



Etching Ti3CoTx in strong alkaline solution: crosslinked TisC,Tx nanowires are
usually synthesized by etching thin Ti3C2Tx nanosheets in KOH or NaOH solution. In a
typical reaction, 0.2 g of TizC>Tx nanosheets was added into 40 mL of 2M KOH
solution, stirring at room temperature for 9 h. To investigate the influence of the
concentration of alkaline solutions and the reaction time, Ti3C>Tx nanosheets were also
etched in 2M KOH solution for 3h, 6h and in 0.1IM or 1M KOH solution for 9 h,
respectively.

Etching TisC,Tx in weak alkaline solution: porous TizCoTx nanosheets can be
controllably synthesized by using weak alkali such as NH3-H>O. In a typical synthesis,
0.2 g of TizC,Tx nanosheets were added into 40 mL of 25-28% NH;3'H20O solution,
stirring at room temperature for 9 h.

Etching TizC;Tx in H2O: solution: if using H2O; as the reaction solution, TiO;
nanoparticles are obtained. In a typical synthesis, 0.2 g Ti3sC,Tx nanosheets were
dispersed in 40 mL of deionized water and then 20 uL of 35% H2O: solution was added
into this suspension, stirring at room temperature for 9 h.

The influence of O on the formation of Ti;C.Tx nanowires: 0.2 g of TizCoTx
nanosheets was added into 40 mL of 2M KOH solution. Subsequently, this solution was
put into a glove box, vacuumed, filled with Ar and sealed. The solution was stirred at
room temperature for 9 h.

The influence of the thickness of Ti3C2Tx nanosheets on the formation of TizC2Tx
nanowires: 0.2 g of multilayered Ti3CoTx nanosheets were added into 40 mL of 2M
KOH with stirring at room temperature for 72 h.

The precipitates of above mentioned Ti3C2Tx nanowires, porous TizC>Tx nanosheets

and TiO; nanoparticles were washed with deionized water until pH of the supernatant



reached 7.0 and collected by centrifugation. The obtained powder specimens were

freeze-dried overnight.

2.2 Sample Characterization and Electrocatalytic Measurements

Sample characterization was performed by using X-ray powder diffraction (XRD), X-
ray photoelectron spectra (XPS), Raman scattering spectroscopy, inductively coupled
plasma (ICP) atomic emission spectroscopy, field emission gun scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), high resolution TEM
(HRTEM), energy dispersive X-ray spectroscopy (EDX), electron energy loss
spectroscopy (EELS), atomic force microscopy (AFM), and gas chromatography, etc.
All electrocatalytic measurements were performed on CHI 760E -electrochemical
workstation (Chenhua, China) in a three-electrode cell at room temperature. The details

of the equipment and experimental conditions were given in the Supporting Information.

2.3 Computational Method
The Ti-C bond length in the structural models of Ti3C,Tx and the free-energy diagrams
of electrochemical O; reduction were calculated by DFT calculations. The ORR is
calculated in two routes, two-electron and four-electron reaction pathway. Two-electron
reaction pathway is a strategy that is frequently used to take the ORR process in alkaline
electrolyte into consideration.

*+0, + H,0+e  —O0H +OH ™ (1)

OOH ™ +e” —*+ HO, 2)

The widely used method to consider the ORR process in alkaline electrolyte is four-

electron reaction pathway:

*+0,+H,0+e” —O0H" +OH™ (3)



OOH +e¢ — O +0OH" 4)
O +H,0+e —OH +OH" (5)
OH +e —*+OH" (6)

The details were supplied in the Supporting Information.
3. Results and discussion

Fig. 1a shows the etching path for porous TizCoTx nanosheets and crosslinked
Ti3C>Tx nanowires. Ti3CoTx nanosheets with various thicknesses are formed by etching
Ti3AlC; in HCI/LiF solution, followed by ultrasonic treatment, separated by
centrifugation. The thin TizCoTx nanosheets in the upper colloidal solution were
collected to fabricate Ti3C,Tx nanowires by etching in 2M KOH or NaOH solution. At
first, many pores were generated on the nanosheets, and then continue to expand with
the etching process. Finally, the crosslinked TizCoTx nanowires are generated. This
etching process stays in the stage of porous Ti3CoTx nanosheets if selecting concentrated
ammonia as the etching solution [23]. Fig. 1b-d show the SEM images of TizC2Tx
nanosheets (T=F, O or OH) etched in 2M KOH solution for 0, 3 and 9 hours
respectively, which distinctly demonstrate the etching process. For the convenience of
description, they are labeled as Ti3CoTx-0h, Ti3CoTx-3h and Ti3C2Tx-9h, respectively. It
is found that pores with different diameters appear on the surface of Ti3C2Tx nanosheets
after 3h, accompanied with the formation of some nanowires. After 9h, TizCoTx
nanosheets are completely transformed to the crosslinked Ti3C2Tx nanowires. TEM
images (Fig. 1e,f) further confirm this etching process. Ti3C2Tx nanowires are formed at
the edge of Ti3CoTx nanosheets after etching in KOH solution for 3h, while nanopores
are also observed on the surface of Ti3C.Tx nanosheets. After 9h, only TizCoTx
nanowires can be observed. HRTEM image of TizCoTx-9h (Fig. 1g) reveals that some

nanocrystals are formed along nanowires. The lattice fringes with interplanar spacings



of 0.235and 0.154 nm are assigned to the (004) plane of anatase TiO> and the (110)
plane of Ti3C,Ty, respectively [24,25]. The generated TiO» nanocrystals on TizCyTx
nanowires imply the break of Ti-C bonds and the subsequent formation of Ti-O bonds

during the etching process, which would be discussed later.

HCHLIF - -, >IM KOH/NaOH

= Exfoliation

Fig. 1 (a) Illustration of the etching process for the crosslinked Ti3C>Tx nanowires. SEM
images of (b) TizCoTx-0Oh, (¢) TizCoTx-3h and (d) TisCoTx-9h. TEM images of (e)

Ti3C2Tx-3h and (f) Ti3CoTx-%h. (g) HRTEM image of Ti3C2Tx-%h.

It is noted that the thickness of Ti3CoTx nanosheets plays an important role on the
structure of the final product, and thin Ti3C2Tx nanosheets are keen to the synthesis of
pure Ti3C,Tx nanowires, e.g., a typical thickness of ~4 nm shown in Fig. S1. Otherwise,
the composite of Ti3C,Tx nanowires and nanosheets is obtained when thick Ti3C>Tx

nanosheets or unexfoliated multi-layered TizC2Tx powder are used as the precursors



(Fig. S2), as reported in the literature [14-17]. Moreover, the etching time needs to
extend to 72 h in order to obtain Ti3CoTx nanowires. The TizC2Tx nanowires discussed
later are all prepared by using thin Ti3C,Tx nanosheets.

Ti3C,Tx nanowires were further characterized by STEM-EDX. The crosslinked
structure of Ti2C3 nanowires is distinctly observed in the HAADF image of TisC2Tx-%h
(Fig. S3a). The EDX element mapping images (Fig. S3b-f) show the consistent
distribution of Ti, O and C, derived from TizC>Tx nanowires with -O- or -OH surface
groups and TiO; nanoparticles. The amounts of -F functional groups and potassium salts
are limited on TizCoTx nanowires. The typical contents of the nanowires show 50% Ti,
26% C, 24% O, while F, Cl, and K are less than 0.5%.

The crystal structure of Ti3C>Tx was also studied by XRD. As shown in Fig. 2a, the
XRD pattern of TizCoTx-0Oh shows several characteristic peaks, which are assigned to
the (002), (004), (006), (103), (105) and (110) planes of the TisC,Tx crystal [26,27].
After etching in the KOH solution for 3 h and 9 h, the (004) and (006) peaks become
indistinguishable, implying the structural transformation of Ti3C2Tx. The periodicity of
Ti3CoTx along the c-axis is partially disrupted when Ti3C2Tx nanosheets are converted to
the porous or nanowire structure. Moreover, the (002) peak which reflects the interlayer
structure of Ti3C2Tx become very weak after etching for 9 h, also indicating the
conversion of TisC,Tx nanosheets to TisC2Tx nanowires. The unique structure of
Ti3C,Tx-0h and Ti3C,Tx-9h was then studied by the N> adsorption-desorption technique.
The type IV isotherm with an obvious hysteresis loop (Fig. 2b) indicates the
mesoporous structure of TizC2Tx-9h. Moreover, the specific surface area of TizC2Tx-%h
is ~116.8 m*> g, which is nine times higher than that of Ti3C2Tx-Oh (~13.5 m?> g}).

Although Ti3C,Tx nanosheets have large specific surface area, they are easy to aggregate,



resulting in the decrease of surface area and loss of surface-active sites. On the contrary,
the crosslinked nanowire structure can keep the large specific surface area and expose a
large number of active sites. In addition, the porous structure of TizCTx-%h is

conducive to the mass transport, such as the transport and adsorption of oxygen.
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Fig. 2 (a) XRD patterns of Ti3CoTx-Oh, Ti3C2Tx-3h and Ti3C,Tx-9h. (b) N> adsorption-
desorption isotherms of Ti3C,Tx-0Oh and T13C2Tx-9h. (c) XPS survey spectra of Ti3C,Tx-
Oh, Ti3C2Tx-3h and Ti3C2Tx-9h. High-resolution Ti 2p and C 1s XPS spectra of (d,g)

Ti3C2Tx-0h, (e,h) Ti3C2TX-3h and (f,l) Ti3C2TX-9h.

XPS measurements were performed to further probe the evolution of composition and

chemical bonding of Ti3C>Tx-0h, Ti3C,Tx-3h and Ti3C,Tx-9h. The XPS survey spectra

of all samples (Fig. 2¢) show four peaks of C 1s, O 1s, Ti 2p and F 1s. The C and Ti
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elements originate from Ti3CoTx, while O and F elements are related to the surface
functional groups of TizCyTx, such as the -O, -OH and -F terminal groups. The Al
element is not observed, indicating the complete conversion of TizAlC> to Ti3CoTx.
Furthermore, with the extension of etching time, the F 1s peak becomes very weak,
while the Ti 2p and O 1s peaks become stronger, indicating that the terminal F is
replaced by the terminal O by forming the Ti-OH group in alkaline media. The
generated TiO2 nanoparticles also contribute to this change. To further investigate the
variation of the surface functional groups of TizCoTx, the high-resolution O 1s XPS
spectra of TizCoTx-0h, Ti3C2Tx-0.5h, Ti3C2Tx-3h and Ti3C2Tx-9h are shown in Fig. S4.
The O 1s peak can be divided into two separate peaks, which are assigned to Ti-O
(530.0 eV) and Ti-OH (531.5 eV) bonds, respectively [28]. The ratio of Ti-OH to total
O increases from 0.47 (Ti3C2Tx-0h) to 0.64 (Ti3C2Tx-0.5h), and then decreases to 0.53
(Ti3CoTx-3h) and 0.49 (Ti3C2Tx-9h). It means that the formation of Ti-OH is very
important for the etching of Ti3CoTx. At the initial stage, the surface group of Ti3CaTx
(e.g., F) is replaced by -OH in the alkaline solution. This process is conducive to the
nucleophilic substitution reaction of OH™, which leads to the fracture of Ti-C bonds and
the formation of Ti-O bonds. Thus, the ratio of Ti-OH to total O increases first and then
decreases during the etching process. Finally, TiO> decorated Ti3C,Tx nanowires are
prepared.

The high-resolution Ti 2p XPS spectra (Fig. 2d-f) show four pairs of peaks,
corresponding to Ti-C (454.8, 460.5 eV), Ti(I)-C (455.5, 461.3 eV), Ti(Ill)-C (456.6,
462.4 eV) and Ti-O (458.5, 464.2 eV), respectively [29,30]. The obvious Ti-C, Ti(II)-C
and Ti(IIT)-C peaks originate from TizCoTx and the Ti-O peak is related to the oxygen

functional groups of Ti3C2Tx. During the etching process, the intensity of the Ti-C peak
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gradually decreases and the intensity of the Ti-O peak gradually increases, also
reflecting the fracture of Ti-C bonds and the formation of Ti-O bonds. It should be
noted that the XPS spectra only reflect the surface composition of the sample, and
cannot be used to evaluate the whole content of TiO2 in Ti3C2Tx-9h. The C 1s peak in
the high-resolution XPS spectra (Fig. 2g-i) can be deconvoluted into four peaks,
corresponding to C-Ti (281.7 eV), C-C (284.7 eV), C-O (286.4 eV), and O-C=0 (288.6
eV) bonds, respectively [31,32]. It is also found that the Ti-C peak becomes weaker
during the etching process, which is consistent with the Ti 2p XPS spectra. Besides, the
peaks for the K element emerge in XPS spectra of Ti3C2Tx-3h and Ti3CoTx-9h, which
may be attributed to the adsorption of potassium salt on the surface of TizC,. The C-C
peak may originate from the impurities adsorbed on the sample. It is also reported that
some Ti atoms could dissolve during the process of etching Al from TizAlC», resulting
in the formation of C-C bonds [33,34].

To further explore the formation mechanism of Ti3C.Tx nanowires, we conducted
several groups of control experiments. The amount of Ti3C2Tx nanosheets used is 0.2 g
in all experiments. First, the effect of the concentration of KOH solution on the etching
of Tiz3C,Tx is studied. As shown in the SEM images (Fig. 3a,b), Ti3C,Tx nanosheets are
not completely converted into Ti3C2Tx nanowires in 1M KOH solution for 9 h, and
some nanosheets are still preserved. When the concentration of KOH solution decreases
to 0.1M, only Ti3C,Tx nanosheets are obtained. TEM image (Fig. S5a) shows that some
pores are etched on the surface of Ti3CoTx nanosheets. This indicates that the etching
reaction only occurs when the concentration of KOH solution (or pH value) reaches a
certain level. The formation of nanowires requires at least 1M concentration of KOH.

Second, the effect of the type of alkaline solution on the etching of TizCoTx is
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investigated. 2M NaOH solution was used as the alkaline solution to etch TizCaTx
nanosheets. The crosslinked Ti3C>Tx nanowires are observed distinctly in the SEM and
TEM images (Fig. 3¢,d), demonstrating that TizCoTx nanowires can be obtained in
either KOH or NaOH solution (strong base) as long as their concentrations are greater
than 2M. When changing KOH solution to concentrated (25-28%) ammonia solution,
only Ti3C,Tx nanosheets with pores are obtained (Fig. 3e, SSb), similar to the result of
0.1M KOH solution. The pH value of concentrated ammonia solution (weak base) is
~11.7, even lower than that of 0.1M KOH solution. Apparently, the concentration of
OH" ions has an important influence on the etching of Ti3C,Tx. Oxygen is another
important factor affecting the etching of TizC,Tx because the formation of TiO2 may
promote the etching process. Therefore, Ti3C2Tx nanosheets were also etched in 2M
KOH solution in oxygen-free environment. SEM image (Fig. 3f) shows that some
nanowires are formed at the edge of Ti3C.Tx nanosheets, indicating that the etching

process is significantly suppressed without Ox.
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' 2.210°2.207
TizC,Ty-01 TizC,Tx-02

Fig. 3 SEM images of Ti3C,Tx nanosheets etched in (a) 1M and (b) 0.1M KOH
solutions for 9h. (¢) SEM and (d) TEM images of TizC,Tx nanosheets etched in 2M
NaOH solution for 9h. SEM images of Ti3C,Tx nanosheets etched in (e) 25-28%
NH;-H2O solution for 9h and (f) 2M KOH solution without O.. (g) The length of the Ti-
C bond in the structural model of Ti3C2Tx: (gl) without surface termination, (g2) with -
OH groups at the fcc sites, (g3) with -OH groups at the hcp sites, (g4) with -O groups at
the fcc sites and (g5) with -O groups at the hcp sites. Color scheme: terminal group -OH

and -O (red), Titanium (light gray) and carbon (dark gray).
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The above experimental results prove that OH™ and O play vital roles in the etching
of Ti3C2Tx. To get more insight into the etching process of TizC>Tx in alkaline solution,
the structure of Ti3CoTx and the change of Ti-C bond length are studied by DFT. First,
we optimize the structure of TizCoTx after binding -OH and -O on the (001) surface of
Ti3C, Ty, since the oxygen-containing groups are the main surface groups of TizCoTx in
alkaline solution (see the XPS results). The four optimized structures of TizCoTx-Ol,
Ti3C,Tx-02, TisCTx-OHI1 and TizsCoTx-OH2 (Fig. S6) are not consistent with the
expected structure (Fig. S7) before optimization. It does not form the bridge sites for
Ti3C,Tx-O1/Ti3CoTx-OH1 and top sites for TizC2Tx-O2/Ti3C2Tx-OH2. On the contrary,
all -O/-OH are located on hollow sites (fcc or hep sites) [35]. It is indicated that the
hollow sites are more stable than the bridge and top sites for -O/-OH occupation.
Subsequently, we calculated the Ti-C bond length in five structures of TizCoTx (Fig. 3g).
The length of the Ti-C bond is 2.044 A for Ti;C,Tx without surface groups. The Ti-C
bond length increases to 2.078 and 2.080 A when -OH occupies the fcc and hep sites of
TizC2Tx, respectively. The Ti-C bond length increases to 2.179 and 2.203 A when -O
occupies the fce and hep sites of TizC, Tk, respectively. The DFT calculations reveal that
the strength of the Ti-C bond on the surface of TizC>Tx is weakened after the formation
of C-Ti-OH or C-Ti-O. In theory, the electron cloud of the C-Ti bond is biased toward
Ti-OH according to the electronegativity of each element (C: 2.55, O: 3.44, Ti: 1.54),
resulting in the decrease of the C-Ti bond strength, which is consistent with the
calculated results.

Based on the above experimental results and DFT calculations, the formation
mechanism of Ti;C,Tx nanowires (Fig. 4a) is deduced as follows: First, the surface

groups of TizCoTx (e.g., -F) are gradually replaced by -O/-OH groups in high
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concentration alkaline solution (e.g., 2M KOH solution), which weakens of the C-Ti
bond strength on the surface of TizCoTx. This process is conducive to the nucleophilic
substitution of OH", leading to the fracture of Ti-C bond and the falling off of Ti(OH)x
species. At the same time, the exfoliated Ti(OH)x is polymerized and oxidized to TiO>
nanoparticles, located at the edge of non-etched Ti3C,Tx. The solution after etching
Ti3CoTx nanosheets for 9 h was analyzed by ICP. The content of titanium ions in the
solution is ~8.7 mg L', indicating that some Ti(OH)x can be formed after breaking the
Ti-C bonds. Moreover, CO, CO2, CH4 and a trace of C2H4 gas were detected by gas
chromatography. This indicates that the negative C exposed after breaking the Ti-C
bonds would be further oxidized to CO and CO; or combined with H' to generate CHg
and C;H,. Consequently, with the fracture of Ti-C bonds, some pores are initially
formed on the surface of TizC,Tx nanosheets. Subsequently, these pores gradually
expand, resulting in the formation of the cross-linked nanowires. This process is related
to the concentration of OH™ and O.. Thus, when the concentration of OH™ and O3 is low,
the etching process can only stay at the stage of porous nanosheets. On the contrary, if
the concentration of OH™ is high, nanowires are obtained. With the consumption of OH™
during the etching process, the etching process ultimately stays at the stage of
nanowires. Besides, the generated TiO; nanoparticles will adhere to the edges of the
nanowires, also preventing the attack of OH™ ions. In fact, when reducing the amount of
initial Ti3C>Tx nanosheets to ensure sufficient OH™ in solution, Ti3C2Tx nanosheets are
completely etched off.

We also attempted to etch TizC,Tx nanosheets in 35% H2O> solution. It is interesting
to note that some pores appear on the surface of Ti3C,Tx nanosheets after only 10 min

(Fig. S8a). Subsequently, Ti3CoTx nanosheets are completely etched off after 30 min,
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leaving only TiO2 nanoparticles in solution (Fig. S8b). This is because H2O: can release
OOH", which has a stronger nucleophilic capability. Furthermore, H>O> is a strong
oxidizing agent and can also decompose to O;. Therefore, compared to alkaline
solution, H>O solution has a stronger etching ability and can completely etch off

Ti3C,Tx to form TiO2 and carbonaceous gases.

(a) OTi oC ¢0O H
EA}EAQA;@ Achih Lsak ok 3 0 O A A
Sk o Y. L TNy . g A TR P
xux xub > OMO o 4. 0. 0.6 § o o o Om > o 0 O\'
Q O XX '7—\1 (& ] “)):( O " Ox ﬁ>x“®\ x")x e {&~p+ )xlﬁ}k
Y ¥ e L B9~ LA L+ (2! OH- Q. O 0~ THYO o o DO
<. OH- T T Y Y Y Y Yy Yoy Oy
Ti,C,Ty Ti(OH)y ——Ti0, CO/CO:/CH,
0.4 04 02
(b) —N;  TiyC,Ty nanosheets (c) —N;  TiyC,Ty nanowires (d)
—02 — 02 0.14 Ring current
0.2 0.2
- - 0.0
; b <
E oo E o] g o1l
- - =
E 0.2 E 0.2 § 0.2 Disk current
- - H
5 031
04 0.4
-0.4 — TiyC, T, nanosheets
— Ti,C, Ty nanowires
0,6+ ! . ! . : 0.6 +— - - - . - 05 . - . .
00 02 04 06 08 L0 00 02 04 06 08 LD 0.2 0.4 0.6 0.8 Lo
E vs. RHE /V Evs.RHE/V Evs. RHE/V
100 100 100
. sol(e) T 10 ) P e T T 1) )
Sl T T ¥ ] ER ] RS
o &' 404 g4
= 20 — Ti,C,T, nanosheets | =" 20 TiyC,Ty nanowires ---initial = 20 TiyC,T, nanosheets ---initial
0 — Ti,C,Ty nanowires 0 — 5000 cycles 0 — 5000 cycles
4.0 4.0 4.0
35 35 351
= = = -
3.0 \_'/\ 3.0 a0 " i
2.5 2.5 2.5] T et e e -
2.0 2.0 2.0 . T .
0.2 0.3 0.4 0.5 0.6 0.7 0.2 0.3 0.4 0.5 0.6 0.7 0.2 0.3 0.4 05 0.6 0.7
E vs. RHE/V Evs. RHE/V Evs. RHE/V

Fig. 4 (a) Mechanism diagram for the etching of Ti3C.Tx under alkaline conditions. CV
curves of (b) TizC,Tx nanosheets and (¢) Ti3C,Tx nanowires in N> and O»-saturated 0.1
M KOH solutions. (d) LSV curves of TizC2Tx nanosheets and TizC2Tx nanowires with
the corresponding H>O> currents recorded on the ring electrode at 1600 rpm. (e) The
electron transfer number and H>O> yield of TizC2Tx nanosheets and Ti3C2Tx nanowires.
The electron transfer number and H>O; yield of (f) TizCoTx nanowires and (g) TizCoTx

nanosheets after 5000 cycles.
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The performance of TizC,Tx as a potential ORR catalyst was studied. A three-
electrode system was used to investigate the ORR performance of Ti3C,Tx nanosheets
and Ti3C,Tx nanowires. First, cyclic voltammetry tests were performed to evaluate the
ORR activity of samples. CV curves (Fig. 4b,c) show no redox peaks in Nz-saturated
electrolyte, but obvious oxygen reduction peaks in O;-saturated electrolyte. This
indicates that Ti3C,Tx nanosheets and TizCoTx nanowires have ORR activity.
Furthermore, the potential of the reduction peak of Ti3C2Tx nanowires is ~0.73 V, which
is more positive than that of Ti3C,Tx nanosheets (~0.68 V), implying the higher ORR
activity of Ti3C,Tx nanowires. The polarization curves of both samples on the rotating
ring-disk electrode are shown in Fig. 4d. The O reduction current measured at the disc
electrode is represented by the solid line, while the H>O> oxidation current recorded at
the Pt ring electrode is represented by the dash line. The onset potential and disk current
of Ti3C,Tx nanowires are 0.80 V and 0.50 mV respectively, higher than those of
Ti3C2Tx nanosheets (0.75 V and 0.40 mV), also proving that Ti3C2Tx nanowires have
better ORR activity than Ti3CoTx nanosheets. TizC2Tx nanowires also exhibit higher
ring current than Ti3C,Tx nanosheets. It means that TizC2Tx nanowires are not only a
better ORR catalyst, but also a potential catalyst for H>O> generation. The electron
transfer numbers (n) and H>O> yields of samples are calculated and shown in Fig. 4e.
The n values of Ti3C,Tx nanowires and Ti3CoTx nanosheets are 2.37 and 2.61 at 0.4 V
(vs. RHE) respectively, illustrating that the ORR reaction on Ti3C2Tx nanowires tends to
occur through a two-electron transfer pathway (02 + HoO + 2¢ — HO>™ + OH"). The
H>0; yields of Ti3C,Tx nanowires is 81.7% in the potential range of 0.4~0.5 V, much
higher than that of TizCoTx nanosheets (70.5%), suggesting that Ti3C,Tx nanowires

could serve as a good catalyst for producing H>O>. The electrocatalytic stability of
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Ti3C,Tx nanowires and Ti3C>Tx nanosheets was also studied. After 5000 cycles, the n
value of Ti3CoTx nanowires is 2.45 and the H>O> selectivity is kept at 78.9%, which is
decreased by 2.8% (Fig. 4f). In contrast, the n value of TizC,>Tx nanosheets is 2.73 and
the H2O» selectivity (63.1%) is decreased by 7.4% (Fig. 4g), which is higher than
Ti3CoTx nanowires. As a result, Ti3C2Tx nanowires also demonstrate superior durability
for ORR.

The superior ORR performance of TizC,Tx nanowires is attributed to their high
specific area, cross-linked structure and abundant edge active sites, which not only
facilitate the transport and adsorption of O», but also accelerate the kinetics of ORR.
Moreover, it is interesting to note that Ti3C,Tx nanowires exhibit high activity in
selectively reducing oxygen to H>O».

DFT calculation was used to study the catalytic selectivity of Ti3C,Tx nanowires. The
effects of Ti and O atoms in various environments on ORR performances were
examined. We created four models including surface Ti, surface O, edge Ti, and edge O
(Fig. S9). The 2e” ORR occurs following the two proton—electron transfer reactions.
The Oz molecule is converted to OOH* in the first proton—electron transfer process (see
equation 1 in the Supporting Information), where * designates the catalyst's active site.
HO; " is generated in the second proton-electron transfer reaction (see equation 2 in the
Supporting Information) and is desorbed from the catalyst surface. OOH* is a critical
reaction intermediate for the entire reaction, and the ORR is greatly influenced by the
binding affinity of OOH*. According to the Sabatier principle, too strong or too weak
binding of OOH* can adversely affect the 2e” ORR. The calculated energy diagrams at
0 V following 2e” ORR pathways are presented in Fig. 5a. The energy decreases from

OOH* to H»O>* are very moderate for edge O, surface Ti, and surface O, but
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significantly larger from Oz to OOH*. Thus, the rate-determining step becomes the
reduction of OOH* to H>O>* with an energy drop of 0.5, 0.18 and 0.28 eV,
respectively.

Additionally, the adsorption free energy for OOH* (Goon*), which is an effective
descriptor to evaluate the catalytic activity trend of the 2e” ORR, is 4.2 eV, according to
previous works combining measurements and DFT calculations [36,37]. AGoon* of
edge O (~4.02 eV) is closest to 4.2 eV, indicating that edge O is the optimal reactive
sites, which originates from the oxygen-containing functional groups generated during
the alkali etching process and the formation of nanowire structures exposing more edge
sites, in agreement with the experimental results. In Fig. 5b, the 4¢” mechanisms using
Ti or O as the adsorption site were also presumptively assumed. Edge O, surface Ti, and
surface O show a moderate free-energy change from OOH* to O* (Fig. S10). The
relatively weaker adsorption strength for O* benefits the continuation of the reaction.
Thus, the reduction of OH* to OH™ with an energy drop of 0.49, 0.35, and 0.35 eV,
respectively, becomes the rate-determining step. The overpotential of the two-electron
reaction of edge O is lower than that of the four-electron reaction. Therefore, edge O is
more favorable for 2e” reactions, which explains the occurrence of 2e” ORR in Ti3C2Tx

nanowires.
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Fig. 5 (a) Free energy diagrams of 2e” ORR on edge Ti, edge O, surface Ti and surface
O at U=0V vs RHE. (b) Free energy diagrams of 4e” ORR on edge Ti, edge O, surface

Ti and surface O at U =0 V vs RHE.

4. Conclusions

In summary, we have achieved controllable etching of Ti3C>Tx nanosheets by tunning
the etching conditions of alkaline solution such as alkaline type, alkaline concentration
and oxygen content. The etching mechanism and the influencing factors are also studied.
In the alkaline solution, the surface groups of Ti3C2Tx nanosheets would be replaced by
-O/-OH groups, which is conducive to the nucleophilic substitution of OH". This

process leads to the fracture of Ti-C bonds and generates TiO> nanoparticles and gases
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such as CHjs. Therefore, by controlling the concentration of alkaline solution and
oxygen content, it is possible to controllably synthesize porous Ti3CoTx nanosheets and
cross-linked Ti3CoTx nanowires, even TizCoTx quantum dots or TiO; nanoparticles. It is
found that Ti3C,Tx nanowires exhibit higher ORR activity than TizC;Tx nanosheets.
Moreover, the ORR reaction on TizC,Tx nanowires tends to occur through a two-
electron transfer pathway, suggesting the potential application of Ti3C,Tx nanowires as
a catalyst for producing H>O,. This study indicates that controllable regulation of

Ti3C,Tx structure can effectively expand the application fields of Ti3C,Tx MXene.

Supporting Information

Supplementary data to this article can be found online.
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