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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Synthesis HTiNbO5/H-Ti3C2Tx nano-
hybrid via combined exfoliation and co- 
flocculation. 

• Nanohybrids with 3:1 mass ratio exhibit 
optimal electrochemical behavior. 

• Fast lithium storage of 111.5 mAh.•g− 1 

at a current density of 5 A g− 1 (~20.6C) 
• Superior cycling stability with 121.7 

mAh.•g− 1 after 1000 cycles at 2 A g− 1 

(~8.2C)  
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A B S T R A C T   

Mixed titanium-niobium oxides are considered to be promising anode candidates due to the high theoretical 
capacity based on the presence of multiple redox couples (Nb5+/Nb4+, Nb4+/Nb3+ and Ti4+/Ti3+). Among them, 
layered titanoniobates with a two-dimensional (2D) nanosheet structure are expected to expose most surface and 
near-surface active sites and a minimal Li+ diffusion pathway, and thus could exhibit ultrafast pseudocapacitive 
dominated lithium storage performance. This work presents the synthesis of 2D HTiNbO5/H-Ti3C2Tx nanohybrid 
anodes via a combined exfoliation and co-flocculation strategy taking advantage of the ultrathin 2D structure of 
HTiNbO5 nanosheets and the high electronic conductivity of H-Ti3C2Tx nanosheets. This leads to the random 
restacking of these two nanosheets and the formation of plane-to-plane contact, insuring excellent transfer ki-
netics of electrons as well as Li+ ions. Benefitting from such unique 2D lamellar structure, the HTiNbO5/H- 
Ti3C2Tx nanohybrid anode with an optimized (3:1) mass ratio is able to exhibit fast lithium storage process by 
delivering a high capacity of 111.5 mAh•g− 1 at a current density of 5 A g− 1 (~20.6C). Our results demonstrate 
the feasibility of such co-flocculation strategy for designing new high-rate anode material, which outperforms the 
original bulk HTiNbO5 compound, making it a promising candidate for application in ultrafast lithium-ion 
batteries.  
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1. Introduction 

Serving as ubiquitous energy storage devices, rechargeable lithium- 
ion batteries (LIBs) are widely applied in portable electronics and elec-
trical vehicles because of their merits, including high energy density and 
good cycle performance [1–3]. However, current LIBs are based on 
graphite as dominant commercial anode with a theoretical capacity of 
372 mAh•g− 1, although limitations exist for high-rate energy storage. 
During fast charging the low operating voltage of graphite (<0.25 V vs 
lithium) can cause the formation of a passivating solid electrolyte 
interphase (SEI) on the graphite surface, which can give rise to lithium 
electroplating and extended lithium dendrite formation, dramatically 
degrading the battery performance [4–7]. 

In order to resolve the above-mentioned issues, it is urgent to explore 
alternative anode materials with operating voltages above 1 V, among 
which titanates and niobates have emerged as attractive alternatives to 
commercial graphite. Titanium-based oxides, such as Li4Ti5O12 and 
anatase TiO2, exhibit working voltages of respectively 1.55 and 1.8 V [8, 
9], preventing lithium plating and enabling high-rate lithium interca-
lation. For example, mesoporous yolk-shell anatase TiO2/TiO2(B) mi-
crospheres reach capacities of 181 mAh•g− 1 at a rate of 40C [10]. Also 
niobium-based oxides, such as Nb2O5 and Nb18W16O93, have attracted 
attention because of their high-rate performance and working voltages 
in the range 1.7–2.1 V [11,12]. Micro-sized T-Nb2O5 can provide 64 
mAh•g− 1 specific capacity at 60C due to its high ionic diffusivity [11]. 

In recent decades, mixed titanium-niobium oxides have been 
considered as promising candidate materials because of the expected 
higher theoretical capacities due to the multiple redox couples (Nb5+/ 
Nb4+, Nb4+/Nb3+ and Ti4+/Ti3+) above 1.0 V, suppressing the forma-
tion of a SEI layer as well as lithium dendrites [4,13–17]. Among 
titanium-niobium oxides the layered KTiNbO5 phase (n = 2 member of 
the AxM2nO4n+2 family of layered titanoniobates) is seen as the ideal 
host for the intercalation of foreign ions due to the unique lamellar 
crystal structure with a large interlayer spacing along the c-axis [18–20]. 
This two-dimensional (2D) layered crystal structure is build up by anion 
sheets of (Ti/Nb)O6 edge-sharing octahedra separated by K+ ions 
located in the interlayer between them. By exchanging K+ ions with H+

ions during protonation, the obtained layered HTiNbO5 maintains the 
parent (Ti/Nb)O6 octahedra backbone and provides even larger chan-
nels for diffusion of foreign species because of the reduced ionic radius 
of H+ ion [21]. This makes HTiNbO5 an appealing insertion host ma-
terial for energy storage applications [21–24], with a theoretical ca-
pacity of 242 mAh•g− 1 based on two redox couples of Ti4+/Ti3+ and 
Nb5+/Nb4+ [19,23]. 

However, the further application of HTiNbO5 as anode material in 
lithium-ion batteries is still hindered by two bottlenecks: (1) the chan-
nels for lithium diffusion are directed in the ab-plane, while diffusion 
along the c-axis is completely blocked by successive (Ti/Nb)O6 octahe-
dral layers, which significantly limits the lithium transfer kinetics in 
bulk HTiNbO5; (2) the intrinsically low electronic conductivity of 
titanium-niobium oxides exhibiting wide band gaps leads to slow charge 
transfer during cycling [16,25]. 

Previous studies on low-dimensional nanostructures, such as ultra-
thin 2D nanosheets with large specific surface area, have demonstrated 
this to be an effective strategy to improve lithium storage performance 
dominated by pseudocapacitive effects due to the enhanced exposure of 
near-surface redox sites and shortening the pathway of Li ions diffusion 
[26]. In particular, ultrathin HTiNbO5 nanosheets could be facilely 
synthesized through the exfoliation of bulk HTiNbO5 and subsequent 
acid-induced flocculation of the [TiNbO5]- monolayers [27]. The elec-
trochemical performance of such HTiNbO5 nanosheets has not been 
explored yet as high-rate anode material for lithium-ion batteries. 

Another generic strategy to realize high-rate performance is the 
incorporation of additional conductive materials into hierarchical 
composites to enhance the electrical conductivity of the electrodes to 
enable higher current densities [15,16,28–31]. MXene is an emerging 

family of 2D materials that has received increasing attention due to its 
flexibility, superior structural stability and high electrical conductivity 
[32]. MXenes are derived from the parent MAX phase (donated as 
Mn+1AXn) in HF solution by selectively etching the A-group element, 
which is a IIIA or IVA element (such as Al or Ga), while M refers to a 
transition metal ion (such as Ti) and X refers to C or N [33]. After the 
exfoliation, the general formula of MXene is Mn+1XnTx, where Tx refers 
to a surface functional group, such as -OH or -F, and n = 1,2, or 3 [32]. It 
has been reported that Ti3C2 is the most attractive MXene as anode for 
LIBs due to the superior metallic conductivity (3500–5700 S cm− 1), very 
low Li+ diffusion barrier of 0.07 eV and a high packing density of 4 g 
cm− 3 [34–38]. Previous studies have shown that addition of acid re-
duces the negative surface charge of delaminated Ti3C2Tx nanosheets, 
and subsequently leads to the flocculation of monolayered Ti3C2Tx 
nanosheets colloidal suspension due to the Van der Waals attraction, 
resulting in the formation of crumpled few-layered Ti3C2Tx [39]. 

Given the fact that both HTiNbO5 and Ti3C2Tx nanosheets can be 
obtained through acid-induced flocculation, we explore in this study an 
elaborate co-flocculation strategy to realize 2D HTiNbO5/H-Ti3C2Tx 
nanohybrid composites. Such 2D nanohybrid structures, exhibiting 2D 
plane-to-plane contact areas, will enhance the ionic and electronic 
conductivity of the composite and, therefore, will enhance the high-rate 
performance (capacity of 111.5 mAh•g− 1 at current density of 5 A g− 1, i. 
e., 20.6C) by boosting the pseudocapacitive dominated lithium-ion 
storage process. Consequently, 2D HTiNbO5/H-Ti3C2Tx nanohybrid 
anodes exhibit greatly enhanced lithium storage performance, as 
compared to pure HTiNbO5 nanosheets and bulk HTiNbO5, with supe-
rior cycling stability by providing reversible capacity of 121.7 mAh•g− 1 

at 2 A g− 1 (~8.2C) after 1000 cycles with capacity retention of 86.4%. 

2. Experimental section 

2.1. Materials synthesis 

2.1.1. Preparation of HTiNbO5 nanosheets 
The bulk layered KTiNbO5 was prepared by the traditional solid-state 

reaction. In detail, stoichiometric amounts of K2CO3 (≥99%, Sigma- 
Aldrich), TiO2 (≥99%, Sigma-Aldrich) and Nb2O5 (99.9%, Sigma- 
Aldrich) were mixed by ball milling for 24 h, followed by annealing 
treatment under 1150 ◦C for 10 h. In order to obtain protonated 
HTiNbO5, 1.0 g of bulk KTiNbO5 was dispersed in 120 ml of 2 M HCl 
solution for 5 days. The HCl solution was replaced every 2 days. After 
the protonation, bulk HTiNbO5 was cleaned by dilute (DI) water and was 
then ready for exfoliation. In the specific exfoliation process, 0.4 g bulk 
HTiNbO5 was dispersed in 150 ml DI water, followed by slow addition of 
1.9 ml tetrabutylammonium hydroxide (TBAOH, ~40 wt% in water, 
Sigma-Aldrich) solution and the mixed solution was stirred for 4 days. 
After the exfoliation process, unexfoliated bulk material was separated 
by low-speed centrifugation (2000 rpm for 5 min) and a TBA+[TiNbO5]- 

suspension (~6 mg ml− 1) was obtained. In order to remove the TBA+

and get the HTiNbO5 nanosheets, 1 M HCl solution was added into the 
suspension and flocculation of HTiNbO5 nanosheets occurred immedi-
ately. The restacked HTiNbO5 nanosheets were finally obtained by 
washing with DI water and freeze drying. 

2.1.2. Preparation of H-Ti3C2Tx nanosheets 
Firstly, the etchant solution was prepared by dissolving 3.2 g of LiF 

(98.5%, Sigma-Aldrich) powder in 40 ml of 9 M HCl. Then titanium 
carbide (Ti3C2Tx) MXene was synthesized by etching 2 g of sieved 
Ti3AlC2 powder (400 mesh) in the as-prepared etchant solution for 24 h 
at 35 ◦C. After the reaction, the resultant was washed with DI water 
repeatedly and delaminated manually by hand shaking agitation to 
obtain a Ti3C2Tx MXene suspension (~7 mg ml− 1). The prepared solu-
tion was stored in a nitrogen-sealed vial, and used for the following 
flocculation process. 

To synthesize H-Ti3C2Tx nanosheets, 1 M HCl solution was slowly 
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added to 10 ml of the above MXene ink and the delaminated Ti3C2Tx was 
immediately restacked to form H-Ti3C2Tx. Subsequently, the resultant 
was washed with DI water for 5 times to remove the residual HCl, and 
freeze dried to obtain the H-Ti3C2Tx nanosheets. 

2.1.3. Preparation of HTiNbO5/H-Ti3C2Tx nanohybrid 
HTiNbO5/H-Ti3C2Tx nanohybrid was synthesized by the following 

acid-induced co-flocculation strategy. In detail, 10 ml of the prepared 
TBA+[TiNbO5]- suspension (~6 mg ml− 1) was mixed with 2.85 ml of the 
Ti3C2Tx ink (~7 mg ml− 1) and the mixed solution was treated by 
ultrasonication for 30 min to get a homogenous hybrid nanosheet sus-
pension. Subsequently, 5 ml of 1 M HCl solution was dropped into the 
prepared hybrid suspension under stirring. The addition of HCl into the 
mixed [TiNbO5]-/Ti3C2Tx colloidal suspension eliminate negative- 
charged surface, and thus lead to repaid randomly restacking between 
HTiNbO5 and H-T3C2Tx. A HTiNbO5/H-Ti3C2Tx nanohybrid with a feed 
mass ratio of ~3:1, denoted as HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid, 
was obtained by repeatedly washing with DI water and freeze-drying. In 
order to investigate the effect of different ratio of titanium carbide on 
the overall performance, HTiNbO5/H-Ti3C2Tx (10:1), (7:1) and (1:2) 
nanohybrids were fabricated by the same method. 

2.2. Materials characterization 

2.2.1. Structural analysis 
Crystallographic information of all samples was collected using X-ray 

diffraction (PANalytical X’Pert PRO diffractometer with Cu Kα radia-
tion, λ = 0.15406 nm). The thickness of the as-prepared [TiNbO5]- and 
delaminated Ti3C2Tx nanosheets were measured using atomic force 
microscopy (Bruker ICON Dimension Microscope). The Zeta potential 
measurement was carried out using a Zetasizer Nano ZS. The surface 
element characteristics of all samples were investigated using X-ray 
photoelectron spectroscopy (Omicron Nanotechnology GmbH surface 
analysis system with a photon energy of 1486.7 eV, Al Kα X-ray source). 
The morphology of all bulk materials and nanosheets were characterized 
using scanning electron microscopy (Zeiss Merlin HRSEM). The layered 
structure of the prepared nanosheets were studied using high resolution 
transmission electron microscopy (Titan Themis TEM with CEOS probe 
and image aberration corrector operated at 200 KeV). 

2.2.2. Electrochemical analysis 
The working electrodes were prepared by mixing the obtained 

HTiNbO5/H-Ti3C2Tx nanohybrid, Super P and polyvinylidene difluoride 
(PVDF, Mw 27,500, Sigma-Aldrich) with a mass ratio of 70:20:10. The 
active materials were ground with Super P in an agate mortar and the 
mixed powder was dispersed in N-methyl pyrrolidone (NMP, ≥99%, 

Sigma-Aldrich) solution that contained PVDF with a concentration of 
0.05 g ml− 1. The mixed slurry was treated by ultrasonication for 30 min 
and cast on Cu foil. The mass loading of the prepared electrodes was 
~1.0 mg cm− 2. The working half-cell was assembled in an argon-filled 
glove box and consisted of HTiNbO5/H-Ti3C2Tx nanohybrid as cath-
ode, lithium metal (99.9%, Sigma-Aldrich) as anode and a glass fibre 
(ECC1-01-0012-B/L) as separator, using an electrolyte composed of 1.0 
M LiPF6 in 1:1 ratio v/v ethylene carbonate/dimethyl carbonate (Sigma- 
Aldrich, battery grade). All electrochemical tests were carried out in a 
galvanostat/potentiostat (VMP-300, BioLogic) with EC-Lab software at 
room temperature using EL-cells (ECC-ref). 

3. Results and discussion 

3.1. Nanohybrid synthesis 

The 2D HTiNbO5/H-Ti3C2Tx nanohybrid material was synthesized 
following a specific sequence of process steps, as illustrated in Fig. 1. 
First, the bulk KTiNbO5 phase was obtained by a traditional solid-state 
reaction between stoichiometric amounts of K2CO3, TiO2 and Nb2O5. 
As depicted in Fig. S1, the bulk KTiNbO5 layered structure is build up by 
successive TiO6/NbO6 octahedral layers and contains channels for 
lithium diffusion in the ab-plane. However, the diffusion of lithium 
along the [001] direction is hindered by the successive TiO6/NbO6 
octahedral layers. Subsequently, the channels for lithium diffusion can 
be widened by proton exchange of KTiNbO5 in a HCl aqueous solution. 
In order to expose more near-surface redox sites, the protonated 
HTiNbO5 is exfoliated in tetrabutylammonium hydroxide (TBAOH) 
aqueous solution. As illustrated in Fig. S2, the OH− groups have reacted 
with the H+ ions while the bulky TBA+ groups have intercalated into the 
interlayer, and expanded the interlayer to cause delamination of the 
bulk HTiNbO5 powder into individual [TiNbO5]- monolayer nanosheets, 
of which the (Ti/Nb)O6 octahedral layered structure is maintained. The 
[TiNbO5]- nanosheet suspension is demonstrated to be stable (see 
Fig. S3a). Served as external 2D conductive phase, delaminated MXene 
Ti3C2Tx nanosheets (Fig. S3b) are introduced into the as-prepared 
[TiNbO5]- nanosheet suspension, followed by an ultrasonication treat-
ment of the mixed suspension to obtain a homogeneous dispersion. 
Finally, the addition of dilute HCl into the mixed [TiNbO5]-/Ti3C2Tx 
suspension leads to the rapid co-flocculation of the nanosheets, thereby 
forming the HTiNbO5/H-Ti3C2Tx nanohybrid (Fig. S3c). For compari-
son, by adding the dilute HCl into the [TiNbO5]- nanosheet suspension, 
without Ti3C2Tx nanosheets, restacking of nanosheets occurs into the 
layered HTiNbO5 phase after the immediate flocculation (Fig. S3d). 
Nanohybrids with mass ratios between 10:1 and 1:2 were prepared. 

Fig. 1. Schematic illustration of the synthesis process sequence of 2D HTiNbO5/H-Ti3C2Tx nanohybrid material.  
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3.2. Structural characterization 

The purity of the synthesized bulk KTiNbO5 was confirmed by X-ray 
Diffraction (XRD) analysis (Fig. S4a), of which all diffraction peaks 
could be matched well with the orthorhombic phase (PDF No. 72-1076). 
The lattice spacing of the dominant (002) plane was calculated to be 
~0.90 nm, indicating the layered structure of KTiNbO5 (Fig. S4b). The 
lamellar structure of bulk KTiNbO5 consisting of multi-layer stacked 
sheets was also confirmed by Scanning Electron Microscopy (SEM) 
analysis (Fig. S4c), in which the SEM showing the large surface area of 
up to several micrometers of bulk KTiNbO5 was inserted. After subse-
quent protonation the obtained HTiNbO5 exhibited a reduction of the 
lattice along the c-axis to ~0.83 nm (Fig. S4b), indicating the successful 
exchange of the K+ ion with the smaller H+ ion. The structural backbone 
of TiO6/NbO6 octahedra layers was demonstrated to remain stable as 
shown by the similar morphology of bulk HTiNbO5 (Fig. S4d). 

After successive exfoliation and flocculation process, the XRD anal-
ysis of the restacked HTiNbO5 nanosheets shows an increase in the 
interlayer distance to ~1.06 nm as compared to ~0.83 nm for the bulk 
HTiNbO5 (Fig. 2a), which indicates an expansion of the intergallery 
width relevant for lithium diffusion. Additionally, the two weak 
diffraction peaks at ~24.2◦ and ~27.7◦ can be attributed to the (011) 
and (200) planes of HTiNbO5 nanosheets, respectively. Furthermore, the 
XRD pattern of the H-Ti3C2Tx nanosheets shows the typical dominant 
(002) peak, which indicates an interlayer distance of ~1.51 nm. After 
mixing the HTiNbO5 nanosheets and the H-Ti3C2Tx nanosheets in a 3:1 
mass ratio by the co-flocculation process in a HCl solution, the dominant 
(002) diffraction peak disappears completely in the XRD pattern of the 
synthesized nanohybrid while the (011) and (200) peaks remain 

present. The absence of the (002) peak is also observed in HTiNbO5/H- 
Ti3C2Tx nanohybrids with a 10:1 mass ratio (Fig. S5) indicating the 
reduction of long-range structural ordering in these nanohybrids. This 
was mainly attributed to the lattice mismatch between the HTiNbO5 and 
H-Ti3C2Tx nanosheets, demonstrating that the successive restacking of 
multilayered HTiNbO5 nanosheets was effectively suppressed by the 
incorporation of conductive H-Ti3C2Tx nanosheets. The detailed 2D 
structure of the HTiNbO5/H-Ti3C2Tx nanohybrid materials is discussed 
below in the AFM, SEM and TEM analyses. 

The surface elemental characteristics of HTiNbO5 nanosheets, H- 
Ti3C2Tx nanosheets and HTiNbO5/H-Ti3C2Tx (3:1) nanohybrids were 
analyzed by X-ray Photoelectron Spectroscopy (XPS). Fig. 2b shows the 
full XPS profile of the HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid, demon-
strating the coexistence of Ti, Nb and C elements. Detailed analysis of 
the Nb 3d XPS spectra for HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid and 
HTiNbO5 nanosheets show the two typical Nb 3d5/2 and 3d3/2 peaks 
situated at respectively 209.8 eV and 207.1 eV (Fig. 2c), which are 
attributed to Nb5+ in HTiNbO5, revealing the stable chemical state after 
the mixing with H-Ti3C2Tx nanosheets. The Ti 2p XPS spectrum of the H- 
Ti3C2Tx nanosheets exhibits two broad peaks located at ~455.5 eV (Ti 
2p3/2) and ~462.0 (Ti 2p1/2) eV (Fig. 2d), both of which can be resolved 
into three pairs of Ti-C (455.0/460.4 eV), C-Ti-OH (455.9/461.3 eV) and 
C-Ti-O (457.0/462.43 eV), respectively [40,41]. Furthermore, two weak 
peaks corresponding to the Ti4+ state located at ~458.7 eV and ~464.4 
eV are also observed, indicating the presence of a small amount of TiO2 
on the H-Ti3C2Tx surface. The functional surface groups of H-Ti3C2Tx 
were further investigate by Raman spectra (Fig. S6a). Two broad peaks 
located at 281 and 361 cm− 1 were attributed to the in-plane (Eg) vi-
brations of surface groups Tx in Ti3C2Tx (Tx = O, OH) [42], which were 

Fig. 2. (a) XRD patterns of H-Ti3C2Tx nanosheets, HTiNbO5 nanosheets and HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid; (b) XPS profile of HTiNbO5/H-Ti3C2Tx (3:1) 
nanohybrid; (c,d) XPS Nb 3d and Ti 2p spectra of H-Ti3C2Tx nanosheets, HTiNbO5 nanosheets and HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid. 
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good agreement with XPS analysis. For the HTiNbO5 nanosheets, the Ti 
2p XPS spectrum displays two peaks located at 458.8 eV and 464.6 eV 
which originate from Ti-O bonds, demonstrating the typical Ti4+ state in 
HTiNbO5 nanosheets. After the co-flocculation process, the Ti 2p spec-
trum of the HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid displays not only two 
distinct peaks centered at 458.9 eV and 464.7 eV, which are attributed to 
Ti4+ in HTiNbO5, but also three pairs of deconvoluted peaks (Ti-C, 
C-Ti-OH and C-Ti-O) which belong to H-Ti3C2Tx. Furthermore, the C 1s 
and O 1s XPS spectra of the HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid 
(Figs. S6b–c) exhibit the C-Ti peak as well as the coexistence of Ti-O peak 
from HTiNbO5, and C-Ti-O and C-Ti-OH peaks from H-Ti3C2Tx. The 
detailed XPS analysis of the synthesized nanohybrid material demon-
strates the successful integration of the conductive H-Ti3C2Tx phase into 
the HTiNbO5 nanosheets, as well as the negligible change in Ti valence 
state in both HTiNbO5 and H-Ti3C2Tx. 

The thicknesses of the different nanosheets had been investigated by 
Atomic Force Microscopy (AFM). The exfoliation of bulk HTiNbO5 ma-
terial led to the formation of monolayer [TiNbO5]- nanosheets, which 
could be deposited on silicon wafers by the Langmuir–Blodgett (LB) 
method to enable detailed AFM analysis of individual nanosheets. As 
shown in Fig. 3a, the thickness of exfoliated [TiNbO5]- nanosheets is 
about 1.15–1.19 nm according to the measured height profiles. These 
values are slightly larger than the estimated value (1.05 nm) from the 
ionic radii of [TiNbO5]- [43], which can be attributed to the adsorption 
at the surface of guest species [44,45]. This confirms that bulk HTiNbO5 
can be successfully exfoliated into individual 2D [TiNbO5]- nanosheets. 
Furthermore, the thickness of delaminated Ti3C2Tx nanosheets, also 

deposited on silicon wafers by LB method, was measured to be about 
1.48–1.53 nm (Fig. 3b), indicating the predominant single layered 
character of delaminated Ti3C2Tx [46]. After the co-flocculation process, 
the reduced negatively charged surface of the HTiNbO5/H-Ti3C2Tx 
nanohybrid was confirmed by Zeta potential measurement, which 
showed a zeta potential of ~ -34 mV for the nanohybrid (Fig. 3c), while 
the zeta potentials of [TiNbO5]- and Ti3C2Tx were measured to be ~49 
mV and ~44 mV, respectively. 

The 2D layered morphologies of the restacked HTiNbO5 and H- 
Ti3C2Tx nanosheets as well as the HTiNbO5/H-Ti3C2Tx nanohybrids 
were confirmed by SEM analysis, as shown in Fig. 3d-i. After the acid- 
induced flocculation, both the monolayered [TiNbO5]- nanosheets and 
delaminated Ti3C2Tx were restacked into ultrathin HTiNbO5 (Fig. 3d-e) 
and H-Ti3C2Tx nanosheets (Fig. 3f-g), respectively. It can be observed 
that both HTiNbO5 and H-Ti3C2Tx nanosheets exhibit curled and fluffy 
structures with large 2D specific surfaces, which were formed during the 
freeze-drying process. This morphology was successfully maintained in 
the co-flocculated HTiNbO5/H-Ti3C2Tx nanohybrid (Fig. 3h-i), and was 
expected to provide a large number of surface redox sites and short 
pathways for lithium diffusion. 

More detailed investigation of the 2D layered structures was carried 
out by Transmission Electron Microscopy (TEM). The low magnification 
TEM images of HTiNbO5, H-Ti3C2Tx and HTiNbO5/H-Ti3C2Tx nano-
hybrid (Figs. S7a–c) demonstrate the ultrathin nature of nanosheets with 
lateral sizes up to several micrometers. The restacked structures were 
further analyzed by high resolution TEM by focusing on the edges of the 
restacked nanosheets. In Fig. 4a and b a restacked configuration of 

Fig. 3. Tapping mode AFM surface analysis, including height profiles, of (a) [TiNbO5]- nanosheets and (b) delaminated Ti3C2Tx nanosheets; (c) Zeta potential 
measurements of [TiNbO5]-, delaminated Ti3C2Tx and HTiNbO5/H-Ti3C2Tx nanohybrid at pH ≈ 7; SEM analysis of (d, e) HTiNbO5 nanosheets, (f, g) H-Ti3C2Tx and (h, 
i) HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid. 
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HTiNbO5 nanosheets can be observed containing 10 layers with an 
interlayer distance of ~1 nm, which is consistent with the measured d- 
spacing of the (002) planes concluded from XRD result of HTiNbO5 
nanosheets. As for the restacked H-Ti3C2Tx nanosheets, Fig. 4c and 
d displays an interlayer spacing of ~1.5 nm, which is also in agreement 
with the d-spacing of the (002) planes from XRD analysis of H-Ti3C2Tx 
nanosheets. As the co-flocculation process led to random restacking of 
HTiNbO5 and H-Ti3C2Tx nanosheets, a long-range periodic layer struc-
ture was not expected to form in the HTiNbO5/H-Ti3C2Tx nanohybrid, 
and was not observed in XRD analysis (Fig. 2a) in strong contrast to the 
10 nm thick HTiNbO5 nanosheets (Figs. 2a and 4b). However, local 
restacking of HTiNbO5 nanosheets could be observed with an interlayer 
spacing of ~1 nm for HTiNbO5/H-Ti3C2Tx nanohybrids with a large 
weight ratio of HTiNbO5 nanosheets (Fig. 4e and f). 

3.3. Electrochemical behavior 

To investigate the electrochemical properties of the HTiNbO5/H- 
Ti3C2Tx nanohybrids, as well as the individual HTiNbO5 and H-Ti3C2Tx 
nanosheets, CV curves were recorded at a scan rate of 0.2 mV s− 1 within 
a voltage range of 1.0–3.0 V. Fig. S8a shows the CV curves of HTiNbO5 
nanosheets with evident redox peaks at ~1.42 V/1.70 V, for respectively 
the reduction/oxidation reaction during initial lithiation/delithiation 
process, which corresponds to the Ti4+/Ti3+ and Nb5+/Nb4+ redox 
couples. Furthermore, a broad bump at ~2.1 V in the first cathodic 
sweep can also be observed, which originated from an irreversible phase 
transition upon lithiation [23]. This irreversibility was also confirmed 
by the disappearance of related peaks in the following CV sweep. 
However, the second sweep of CV curve also shows a significant drop in 
peak current for the Ti4+/Ti3+ and Nb5+/Nb4+ redox couple, indicating 
the poor reversibility of an electrode based on pure HTiNbO5 nanosheets 
due to the sluggish charge transfer kinetics. 

The lithium storage behavior of H-Ti3C2Tx nanosheets were also 

investigated and the CV curves for the first two cycles are shown in 
Fig. S8b. In the first cathodic sweep, the peak located at ~2.10 V can be 
attributed to irreversible Li + intercalation into the MXene structure, 
while the reduction peak at ~1.49 V can be ascribed to the reaction of 
Li+ with titanium in the MXene framework [47,48]. The poor revers-
ibility of such redox reaction was confirmed by the weakened peak at 
~1.90 V in the anodic sweep. However, for subsequent cycles, the CV 
curves of H-Ti3C2Tx show a typical quasi-rectangular shape with two 
small peaks located at ~1.80 V/1.93 V during lithiation/delithiation, 
which demonstrates the reversible redox reaction of Li+ with this 
titanium-based compound. 

For HTiNbO5/H-Ti3C2Tx (3:1) nanohybrids, clear redox peaks are 
observed in the first CV cycle at ~1.32 V/1.64 V corresponding to the 
Ti4+/Ti3+ and Nb5+/Nb4+ redox couples. However, the subsequent 
cathodic sweep shows a weaker reduction peak at 1.43 V, while the 
anodic peak remains stable, which may be attributed to the irreversible 
reaction of Li+ with the MXene structure in the initial lithiation process. 
Furthermore, it is worth noting that the broad bump around 2.1–1.8 V in 
the first cathodic sweep originated from irreversible Li+ intercalation 
into the MXene structure, which is consistent with initial CV curves for 
H-Ti3C2Tx nanosheets. It can be concluded that such broad feature 
should not be attributed to an irreversible phase transition upon the first 
lithiation process according to the negligible shift in diffraction peaks in 
XRD patterns of the HTiNbO5/H-Ti3C2Tx (3:1) electrode at different 
discharge/charge states (Fig. S9). 

The lithium storage properties of HTiNbO5/H-Ti3C2Tx nanohybrids 
were further investigated by galvanostatic charge-discharge cycling. 
The charge/discharge profiles of HTiNbO5/H-Ti3C2Tx (3:1) electrodes at 
a current density of 0.1 A g− 1 are shown in Fig. 5a. The HTiNbO5/H- 
Ti3C2Tx (3:1) electrode delivered a discharge and charge capacity of 601 
and 252.7 mAh⋅g− 1 in the first cycle, respectively, at a working voltage 
of about ~1.5 V, which is consistent with the CV analysis. However, the 
HTiNbO5/H-Ti3C2Tx (3:1) electrode showed a low coulombic efficiency 

Fig. 4. TEM analysis of restacked (a, b) HTiNbO5 and (c, d) H-Ti3C2Tx nanosheets as well as (e, f) HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid.  
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of ~42% for the initial cycle, which may originated from the reduction 
of Li+ with MXene surface functional groups, as well as other irreversible 
processes [48]. The initial coulombic efficiency of electrodes based on 
pure H-Ti3C2Tx nanosheets was ~38% (Fig. S11a), which demonstrates 
the poor irreversible initial lithiation process of H-Ti3C2Tx electrodes. 
For comparison, the initial lithium storage performance of electrodes 
based on pure HTiNbO5 nanosheets shown in Fig. S10 demonstrates a 
discharge and charge capacity of 650 and 245 mAh⋅g− 1 upon the first 
lithiation/delithiation process. Although pure HTiNbO5 electrodes 
exhibited similar initial capacities to HTiNbO5/H-Ti3C2Tx (3:1) nano-
hybrids, the poor electronic conductivity led to increased internal 
resistance and therefore inferior reversibility with a low initial 
coulombic efficiency as well as serious capacity degradation in the 
following cycles. Interestingly, for HTiNbO5/H-Ti3C2Tx (3:1) nano-
hybrids subsequent cycling at 0.1 A g− 1 showed only a limited decrease 
in specific capacity, which could be attributed to some side reaction with 
the liquid electrolyte and a possible repulsion force between H+ and Li+

[21,26]. 
The rate performance of HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid 

based electrodes was investigated by charge-discharge cycling at various 
current densities from 0.1 to 5.0 A g− 1, see Fig. 5b and c. It can be seen 
that an increase in current density from 0.25 to 5.0 A g− 1 had only a 
minimal effect on the shape of the charge-discharge profiles (Fig. 5b). 
Furthermore, in spite of the capacity decay observed in the first 10 cycles 
at 0.1 A g− 1 (Fig. 5c), the HTiNbO5/H-Ti3C2Tx (3:1) electrode exhibited 
stable charge capacities of 199.7, 181.2, 164.1 and 144.5 mAh⋅g− 1 at 
current densities of 0.25, 0.5, 1.0 and 2.0 A g− 1, respectively. For a high 
current density of 5.0 A g− 1 (~20.6C when 1C = 242 mAh⋅g− 1), a 
relatively high and stable reversible capacity of 111.5 mAh⋅g− 1 could 
still be delivered. This high capacity was ~50% of the capacity at a low 
current density of 0.1 A g− 1 (221 mAh⋅g− 1 after the first 10 cycles), 
demonstrating the excellent rate capability of our nanohybrid based 
electrodes. 

In order to investigate the effect on the electrochemical performance 

of the incorporation of conductive H-Ti3C2Tx nanosheets into the 
nanohybrids, the rate capabilities of pure H-Ti3C2Tx nanosheets as well 
as HTiNbO5/H-Ti3C2Tx nanohybrids with different mass ratios were 
evaluated. In the case of pure H-Ti3C2Tx nanosheets the charge capac-
ities reached 105.1, 101.6, 95.2, 86.8, 77.2 and 62.2 mAh⋅g− 1 at current 
densities of 0.1, 0.25, 0.5, 1.0, 2.0 and 5.0 A g− 1, respectively (Figs. S11b 
and c). Although the capacities of pure H-Ti3C2Tx nanosheets were 
relatively low due to the limited cut-off voltage range of 1.0–3.0 V, it still 
demonstrates good rate capability benefiting from the excellent intrinsic 
electronic conductivity. As for HTiNbO5/H-Ti3C2Tx nanohybrids, it is 
shown in Fig. S12a that during the initial lithiation process in the first 
cycle at 0.1 A g− 1 the HTiNbO5/H-Ti3C2Tx nanohybrid with a mass ratio 
of 3:1 delivered the highest discharge capacity of 601 mAh⋅g− 1, while 
nanohybrids with mass ratios of 7:1 and 1:2 provided lower discharge 
capacities of 492.5 and 451.1 mAh⋅g− 1, respectively. It can also be 
observed that nanohybrids with a mass ratio of 10:1 did not exhibit a 
discharge working voltage plateau around ~2.0 V, delivering a 
discharge capacity of only 244.5 mAh⋅g− 1. As for the subsequent deli-
thiation process during charging, the variation in mass ratio dependent 
charge capacities of nanohybrid based electrodes shows a similar trend 
as for the lithiation process (Fig. S12b). 

In the rate analysis (Fig. 5c) nanohybrids with a mass ratio of 7:1 
exhibited slightly higher capacities at low current rates (1.0 A g− 1) than 
those of nanohybrids with a mass ratio of 1:2 due to the higher content of 
HTiNbO5 nanosheets. However, nanohybrids with a mass ratio of 1:2 
showed better rate performance at higher current rates (beyond 1.0 A 
g− 1) than nanohybrids with a mass ratio of 7:1 due to the higher content 
of conductive H-Ti3C2Tx nanosheets that ensure rapid charge transfer 
kinetics. When the content of conductive H-Ti3C2Tx nanosheets was 
even further decreased to a mass ratio of 10:1, the electrode showed the 
poorest rate capabilities with relatively low capacities at all current 
rates. Thus, it can be concluded that HTiNbO5/H-Ti3C2Tx nanohybrids 
with a mass ratio of 3:1 exhibited the best rate performance with opti-
mized HTiNbO5: H-Ti3C2Tx ratio. 

Fig. 5. Electrochemical performance of HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid based electrodes. (a) Initial charge/discharge profiles at 0.1 A g− 1; (b) Rate dependent 
charge/discharge profiles at different current densities from 0.1 to 5.0 A g− 1; (c) Rate dependent cycling performance of nanohybrids with various HTiNbO5: H- 
Ti3C2Tx ratios (open and closed symbols indicate discharge and charge capacities, respectively); (d) Comparison of rate capability between our HTiNbO5/H-Ti3C2Tx 
nanohybrids and reported titanium/niobium oxide-based anode materials; (e,f) Charge/discharge profiles and long term cycling performance of HTiNbO5/H-Ti3C2Tx 
(3:1) nanohybrid electrodes at 2 A g− 1. 
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To study the effect of incorporating conductive H-Ti3C2Tx nanosheets 
on the electronic conductivity of the nanohybrids in more detail, EIS 
analysis was performed on nanohybrids with a mass ratio of 3:1 and 1:2 
before and after cycling at a current density of 2.0 A g− 1 for 50 cycles. As 
shown in Fig. S13, all Nyquist plots consist of typical semicircles in the 
high/medium frequency range and a slope in the low frequency range, 
which can be interpreted as charge transfer reaction (donated as R2 and 
CPE1 in the used equivalent circuit) and a Warburg resistance (W1) 
describing lithium diffusion in the electrode in series [49]. For the 
nanohybrid with a mass ratio of 3:1, the calculated R2 values were 95.0 
Ω before cycling and 102.7 Ω after cycling for 50 cycles at 0.2 A g− 1. An 
increase of the content of conductive H-Ti3C2Tx nanosheets in a nano-
hybrid with a mass ratio of 1:2 resulted in a strong reduction of the R2 
values to 61.6 Ω and 35.9 Ω before and after cycling, respectively. These 
results are in good agreement with the previously observed improve-
ment in rate performance and it demonstrates clearly the vital role of 
incorporating conductive H-Ti3C2Tx in boosting the charge transfer ki-
netics in HTiNbO5/H-Ti3C2Tx nanohybrids. Given the fact that a mass 
ratio of 3:1 showed the best rate capabilities among the evaluated 
HTiNbO5/H-Ti3C2Tx nanohybrids, it is necessary to compare its opti-
mized performance in rate capability with previously reported tita-
nium/niobium oxide-based anode materials (Fig. 5d). Although 
TiNb2O7 anodes have a higher theoretical capacity of 388 mAh⋅g− 1, the 
HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid shows competitive rate perfor-
mance as compared to reported TiNb2O7 based anodes [15,50,51]. 
Furthermore, the HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid demonstrates a 
superior rate capability by outperforming TiNbO5-based anodes and 
other related anodes, of which the measurements were only carried out 
at the limited current density of 2 A g− 1 [22,23,49,52,53]. 

The long-term cycling stability of HTiNbO5/H-Ti3C2Tx (3:1) nano-
hybrid electrodes was also evaluated at a current density of 2 A g− 1 after 
initial activation for 5 cycles at 0.1 A g− 1. Fig. 5e shows the charge- 
discharge profiles of different cycles at 2 A g− 1 and the first cycle in-
dicates the initial charge/discharge process after activation at 0.1 A g− 1. 
It can be seen that the charge/discharge profiles of both the 1st and 50th 
almost overlapped, revealing the superior electrochemical stability. 
Although the capacities reduced slightly between the 50th and 1000th 
cycle, the similar shape of the charge/discharge profiles demonstrates 
the stable lithium storage mechanism upon extended cycling. The 
HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid based electrode exhibited an 
outstanding capacity retention of 86.4% with a stable coulombic effi-
ciency of >99% after 1000 cycles under a high current rate of 2 A g− 1 

(Fig. 5f). Furthermore, the structural stability of the HTiNbO5/H- 
Ti3C2Tx nanohybrid was confirmed by SEM analysis showing similar 2D 
nanosheet based morphology of the electrode after 1000 cycles 
(Fig. S14). 

To gain insight into the ultrafast lithium storage mechanism of 
HTiNbO5/H-Ti3C2Tx nanohybrid based electrodes, a kinetics analysis 
was conducted based on CV measurements at various sweep rates. The 
CV curves of HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid electrode at various 
scan rates from 0.2 to 1.0 mV s− 1 are depicted in Fig. 6a. When 
increasing the scan rate, a small shift in the broad cathodic and anodic 
peaks can be observed for the CV curves, indicating the pseudocapaci-
tive nature of the lithiation/delithiation process with a small polariza-
tion in the nanohybrid electrode at higher scan rates. In contrast, the CV 
curves of bulk HTiNbO5 at different scan rates exhibited sharper 
cathodic and anodic peaks with a larger polarization as scan rates in-
crease from 0.2 to 1.0 mV s− 1 (Fig. S15). The pseudocapacitive lithium 

Fig. 6. Lithium storage mechanism of HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid based electrodes. (a) CV analysis at different scan rates from 0.2 to 1.0 mV s− 1; (b) 
Power-law dependence between current and scan rates; (c) Pseudocapacitive contribution to the current at a scan rate of 1.0 mV s− 1; (d) Contributions of diffusion- 
controlled and pseudocapacitive-controlled lithiation mechanisms at various sweep rates. 
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storage behaviour in HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid electrodes 
was further verified by a power-law dependence, which illustrates the 
relationship between current (i) and scan rates (v) [54].  

i = avb                                                                                                 

where a is a scaling constant and the b-value, calculated from the slope 
of the log(i)-log(v) plot, is indicative of the ion storage mechanism. In 
particular, a completely diffusion-dominated mechanism has a b-value 
of 0.5, while a totally capacitive storage mechanism gives rise to a b- 
value of 1.0. As shown in Fig. 6b, the b-values for the HTiNbO5/H- 
Ti3C2Tx (3:1) nanohybrid electrode were determined to be 0.85 and 0.82 
for the cathodic and anodic peaks, respectively. This suggests that the 
capacitive storage mechanism was dominating in HTiNbO5/H-Ti3C2Tx 
nanohybrids while some diffusion process was still present, most likely 
due to local restacking of nanosheets within the nanohybrid. Further-
more, according to Dunn’s model [55], the pseudocapacitive ratio can 
be calculated using the following equation,  

i (V) = k1v + k2v1/2                                                                               

The proportion of the capacitive contribution can be identified by 
dividing the overall response current (i) at specific voltages (V) into a 
capacitive-controlled mechanism (k1v) and a diffusion-controlled 
mechanism (k2v1/2), where k1 and k2 are constants at a specific 
voltage V. Both constants can be determined by rearranging the equa-
tion to  

i (V)/v1/2 = k1 v1/2 + k2                                                                          

and calculating the slope (corresponding to k1) and the y-axis intercept 
(corresponding to k2) of i (V)/v1/2- v1/2 plots. 

The results of this analysis are shown in Fig. 6c which shows that the 
capacitive contribution in HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid elec-
trodes accounted for 72% of the total current at a scan rate of 1.0 mV 
s− 1. It is worth noting that the capacitive contribution increased with 
increasing scan rate from 0.2 to 1.0 mV s− 1 (Fig. 6d). It can be seen that 
the capacitive contribution ranges between 55% and 72% for scan rates 
of 0.2 and 1.0 mV s− 1. In contrast, the capacitive contribution for bulk 
HTiNbO5 electrodes displayed a smaller contribution to the overall 
stored charge, as it varied only between 34% and 58% for scan rates of 
0.2 and 1.0 mV s− 1 (Fig. S15b). For bulk HTiNbO5, the limited exposed 
active surface area, as well as the low electrical conductivity, led to the 
limited pseudocapacitive contribution, and therefore to poor rate per-
formance (Figs. S15c–d). Fortunately, the combination of conductive H- 
Ti3C2Tx nanosheets with HTiNbO5 nanosheets results in a 2D nano-
hybrid structure with enhanced surface area and electrical conductivity, 
which dramatically enhances the pseudocapacitive contribution, thus 
enabling ultrafast energy storage. 

4. Conclusion 

The 2D HTiNbO5/H-Ti3C2Tx nanohybrids with different mass ratios 
were synthesized using a combined exfoliation and acid-induced co- 
flocculation strategy. Among these nanohybrids, a 3:1 HTiNbO5/H- 
Ti3C2Tx mass ratio demonstrated the best rate performance, delivering 
the highest reversible capacity of 111.5 mAh⋅g− 1 at a high current 
density of 5.0 A g− 1 (~20.6C when 1C = 242 mAh⋅g− 1). Apart from that, 
the HTiNbO5/H-Ti3C2Tx (3:1) nanohybrid showed excellent cycling 
stability by delivering a high reversible capacity of 121.7 mAh⋅g− 1 at 2 
A g− 1 (~8.2C) after 1000 cycles with capacity retention of 86.4%. The 
outstanding electrochemical performance of the HTiNbO5/H-Ti3C2Tx 
(3:1) nanohybrid is attributed to the following two factors: (1) the 
exfoliated HTiNbO5 nanosheets with a large interlayer distance in the 
2D layered structure provide more surface or near-surface active sites 
when exposed to the electrolyte, shortening the electron and lithium ion 
diffusion pathway, and thus inducing fast pseudocapacitive storage 
mechanism; (2) the introduction of 2D H-Ti3C2Tx nanosheets during the 

co-flocculation process effectively suppresses the further restacking of 
HTiNbO5 nanosheets, and serves as 2D electrically conductive network. 
As a result, the electronic conductivity of these 2D nanohybrids with 
plane-to-plane contact area are greatly enhanced, which outperforms 
the original bulk HTiNbO5 compound, making it a promising high rate 
anode material for application in ultrafast lithium-ion batteries. 
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