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ABSTRACT 
Pillaring technologies have been considered as an effective way to improve lithium storage performance of Ti3C2Tx MXene. 
Nevertheless, the pillared hybrids suffer from sluggish Li+ diffusion kinetics and electronic transportation due to the compact 
multi-layered MXene structure, thus exhibiting inferior rate performance. Herein, the few-layered Ti3C2 MXene (f-Ti3C2 MXene) 
which is free from restacking can be prepared quickly based on the NH4

+ ions method. Besides, Fe nanocomplex pillared 
few-layered Ti3C2Tx (FPTC) heterostructures are fabricated via the intercalation of Fe ions into the interlayer of f-Ti3C2 MXene. The 
f-Ti3C2 MXene which is immune to restacking can provide a highly conductive substrate for the rapid transport of Li+ ions and 
electrons and possess adequate electrolyte accessible area. Moreover, f-Ti3C2 MXene can efficiently relieve the aggregation, 
prevent the pulverization and buffer the large volume change of Fe nanocomplex during lithiation/delithiation process, leading to 
enhanced charge transfer kinetics and excellent structural stability of FPTC composites. Consequently, the FPTC hybrids exhibit a 
high capacity of 535 mAh·g−1 after 150 cycles at 0.5 A·g−1 and an enhanced rate performance with 310 mAh·g−1 after 850 cycles 
at 5 A·g−1. This strategy is facile, universal and can be extended to fabricate various few-layered MXene-derived hybrids with 
superior rate capability. 
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1 Introduction 
In recent years, the discovery of two-dimensional (2D) layered 
materials, including graphene [1] and dichalcogenides [2], have 
greatly enhanced the performance of energy storage systems 
(ESSs) because of their exceptional electrical conductivity, 
favorable chemical stability and preferable specific surface 
area [3]. Transition metal nitrides and carbides termed MXenes, 
a new member of 2D layered materials, were first synthesized 
by Gogotsi’ group in 2011 [4], which possess a formula of 
Mn+1XnTx (Where M = Ti, Nb, Sc, V, Ta, etc; X=C, N; T = –O, 
–OH, –F; n = 1–3). They were typically fabricated by selective 
etching of the A layers from their parent MAX phase (A = Al, 
Si, Ga, Ge, etc.) [5]. MXenes have aroused broad interests as 
potential electrode materials for lithium-ion batteries (LIBs) [6] 
and other metal-ion batteries (e.g., Na+ [7, 8], K+ [9], Zn2+ [10], 
and Al3+ [11]) on account of their layered structure, high 
metallic conductivity and unique surface chemistry. 

As the most extensively studied MXene, Ti3C2 delivers a 
moderate theoretical capacity of 320 mAh·g−1 based on density 
functional theory [12], which is considerably lower than that 
of Si (4,200 mAh·g−1) [13], Sn (994 mAh·g−1) [14], and Ge 
(1,624 mAh·g−1) [15] etc. Moreover, surface terminated groups 
(such as –F, –O and –OH) greatly limit its electrochemical 
performance, thus leading to a quite low specific capacity 
[12, 16, 17]. Continued efforts have been devoted to tackling this 
obstacle up to now. One feasible solution to substantially improve 
the practical capacity of MXene is to prepare MXene-based 

composites with electrochemically active materials [8, 18–24], 
especially pillared MXene with other active materials [25–27]. 
For instance, V2C@Co electrode demonstrated a superior 
capacity of 1,117.3 mAh·g−1 at 0.1 A·g−1 owing to the augmented 
interlayer distance and strong V–O–Co bonding [25]. 
Sn(IV)@Ti3C2 anode with ultralarge interlayer spacing showed 
a capacity of 506 mAh·g−1 after 250 cycles at 1 A·g−1 [27]. Above- 
mentioned examples have confirmed that pillared structures 
have markedly advanced the progress of MXenes [28]. However, 
the reported pillared MXene-based composites are trapped in 
multi-layered state, thus resulting in mediocre rate performance. 
It is believed that more pillared heterostructures are highly 
required to further enhance the lithium storage performance of 
MXenes, especially for pillared few-layered MXenes. 

High-rate capability is a crucial indicator for future promising 
batteries due to the rapid advance of ESSs and electric vehicles 
market [29]. Nevertheless, batteries possessing outstanding rate 
performance are perplexed by compromised specific capacity. 
Therefore, fabrication of composite electrodes combining 
excellent rate capability and high specific capacity is a top 
priority. It is well-known that rate capability of electrode is 
closely related to Li+ ions diffusion kinetics. According to the 
following equation [30] 

t = L2/2D  (1) 
where t means diffusion time, D denotes the diffusion 
coefficient and L stands for diffusion length. It can be concluded 
that reducing the size dimensions of the electrode can be an 
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efficient method to considerably enhance the rate performance 
[31]. The most pivotal point for superior rate capability lies in 
the fast transport of electrons and Li+ ions to the surface of 2D 
materials, instead of sluggish Li+ diffusion in the solid phase 
[32]. However, MXene-based heterostructures are obsessed 
by inferior rate capability because of compact multi-layered 
structure [25, 27], which do not possess enough surface active 
sites and electrolyte accessible area, thus manifesting mediocre 
rate performance [33, 34]. Besides, the most frustrating thing 
is that the few-layered MXenes suffer from serious restacking 
phenomenon during preparation process [35], which greatly 
hinders their development and potential for fabricating 
heterostructures with other high theoretical capacity materials. 
Therefore, it is of great significance that pillared few-layered 
MXene heterostructures can be prepared facilely. 

Herein, we synthesized the f-Ti3C2 MXene rapidly and 
facilely which is immune to restacking phenomenon via the 
introduction of NH4

+ ions and then fabricated Fe nanocomplex 
pillared few-layered Ti3C2Tx (denoted as FPTC) composites 
through cetyltrimethylammonium bromide (CTAB) pre-pillaring 
and Fe3+ ions pillaring method. Fe3+ ions can easily insert into 
interlayer of f-Ti3C2 MXene based on the pre-intercalation  
of CTAB which expands the interlayer spacing. The f-Ti3C2 
MXene can act as conductive and elastic matrixes to facilitate 
the electronic transfer and ionic diffusion and cushion the large 
volume change of Fe nanocomplex during lithiation/delithiation 
process. Benefiting from not only the synergistic effect between 
f-Ti3C2 MXene and the high theoretical capacity of Fe nano-
complex (Fe2O3), but also the presence of in-situ formed TiO2 
by partial oxidation of f-Ti3C2 MXene which can stabilize the 
electrode structure owing to its mechanical and electrochemical 
stability, the as-prepared FPTC electrode delivers a high 
reversible capacity of 535 mAh·g−1 after 150 cycles at 0.5 A·g−1 
and an outstanding rate performance with 310 mAh·g−1 after 
850 cycles at 5 A·g−1. 

2  Experimental section 

2.1  Materials 

Ti3AlC2 powders (> 98% purity, 500 mesh) were supplied by 
Forsman Co., Ltd. Hydrofluoric acid (HF, 50%) solutions, 
tetramethylammonium hydroxide (TMAOH, 25%), FeCl3·6H2O 
powder and ammonium hydroxide (25%) were purchased 
from Aladdin Reagent. CTAB was provided by Macklin. 

2.2  Synthesis of multi-layered Ti3C2 MXene 

Multi-layered Ti3C2 was synthesized by selective etching of 
Al layers from Ti3AlC2 powder. Firstly, 4 g of the Ti3AlC2 
powder was immersed in 40 mL of HF solutions at ambient 
temperature for 24 h. Then the solution was repetitively 
centrifuged at 8,000 rpm for 5 min and washed with deionized 
water until the pH of supernatant reached 6–7. Finally, the 
multi-layered Ti3C2 powder was obtained by freeze-drying 
for 12 h. 

2.3  Synthesis of f-Ti3C2 MXene 

Ti3C2Tx powder (0.5 g) was introduced in 8 mL of TMAOH 
and the mixture was stirred under room temperature for 10 h 
to disperse Ti3C2Tx flakes. The intermediate product was then 
obtained by high-speed centrifugation at 5,000 rpm for 5 min 
and 50 mL of deionized water was added to the above product. 
The solution was ultrasonicated for 2 h and centrifuged at 
4,000 rpm for 5 min and the supernatant was collected. It is 
necessary that a small quantity of f-Ti3C2 MXene which have 
been ultrasonicated completely should be segregated timely 

from the solution by subsequent centrifugation. Then 10 mL 
of ammonium hydroxide was introduced in the supernatant 
and f-Ti3C2 MXene would precipitate owing to electrostatic 
precipitation. Deionized water was removed and the sediment 
was freeze-dried. Finally, the f-Ti3C2 MXene was obtained by 
annealing at 200 °C for 2 h to entirely remove the ammonium 
hydroxide. 

2.4  Synthesis of FPTC composites 

F-Ti3C2 MXene powder was first immersed in 50 mL of CTAB 
solution (0.4 wt.%) at 40 °C for 24 h. Then 0.15 g of FeCl3·6H2O 
was transferred to the above solution at 40 °C for another 48 h 
and the mixture was collected by freeze-drying. Finally, FPTC 
hybrids was obtained by annealing at 300 °C for 2 h in argon 
atmosphere. 

2.5  Materials characterization 

The morphology and structure were carried out by field-emission 
scanning electron microscope (FESEM, SU-80, Hitachi Ltd., 
Japan). The transmission electron microscope (TEM) images, 
high-resolution transmission electron microscope (HRTEM) 
images, selected area electron diffraction (SAED) pattern and 
scanning transmission electron microscopy (STEM) elemental 
mapping images were obtained by a TEM (200 kV, Tecnai G2 
F20 S-TWIN, FEI Ltd). The phase structures were characterized 
by X-ray diffraction (XRD, Bruker, Cu Kα radiation = 0.154 nm, 
a step scan of 0.02°). The surface bonding properties were 
obtained by an X-ray photoelectron spectrometer (XPS) (Axis 
Ultra DLD, USA). The specific surface area and pore structure 
were analyzed by Micromeritics ASAP 2020 Plus HD88. Zeta 
potential was characterized by a Zeta sizer (Nano-ZS) at room 
temperature. The element contents were quantified by Inductively 
coupled plasma-Mass Spectrometry (ICP-MS) (PerkinElmer 
NexION 300X, iCAP6300). 

2.6  Electrochemical measurements 

The electrochemical performance was investigated by using 
CR2032-type coin cells which were assembled with metallic 
lithium sheet as both the reference and counter electrodes 
in an argon-filled glovebox. The electrodes were prepared 
by mixing FPTC powder with carbon black (Super P) and 
carboxymethylcellulose sodium (CMC) binder in deionized 
water with a weight ratio of 8:1:1. The slurry was casted onto 
the copper foil and then dried in a vacuum oven under 70 °C 
for 12 h. The specific capacity is calculated based on all the 
components in the active materials, i.e., the mass of Fe2O3 + TiO2 + 
f-Ti3C2 hybrids. The electrochemical tests were conducted 
with LiPF6 in dimethyl carbonate (EC)/ethylmethyl carbonate 
(EMC) /fluoroethylene carbonate (FEC) electrolyte in a 1:1:1 
volume ratio. The discharge-charge test was conducted on a 
Land (CT2001A) battery test system between 0.01 and 3.0 V at 
30 °C. Cyclic voltammetry (CV) at each scan rates between 
0.01 and 3 V and electrochemical impedance spectroscopy (EIS) 
with the frequency range from 0.01 to 106 Hz were operated on 
an electrochemical workstation (Solartron Analytical, UK). 

3  Results and discussion 
A schematic illustration for fabricating FPTC heterostructures 
is exhibited in Fig. 1. Firstly, the Ti3AlC2 MAX phases were 
etched by 50% HF solution at ambient temperature for 24 h to 
obtain multi-layered Ti3C2 MXene. Then, the f-Ti3C2 MXene was 
prepared via continuous ultrasonication and then precipitated 
through the introduction of NH4

+ based on electrostatic 
precipitation. As followed, the f-Ti3C2 MXene powders were 
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Figure 1  Schematic illustration of the synthesis of FPTC composites. 

immersed into CTAB solution, which can increase interlayer 
spacing of f-Ti3C2 by CTAB pillaring process. Fe ions can then 
insert into the interlayer of f-Ti3C2 MXene or be absorbed at the 
surface of MXene matrix via the introduction of FeCl3·6H2O. 
The related change can also be reflected in the result of zeta 

potential (Table S1 in the Electronic Supplementary Material 
(ESM)). Finally, the FPTC composite was obtained by annealing 
at 300 °C for 2 h in argon atmosphere. 

The XRD patterns of Ti3AlC2 powder, f-Ti3C2 MXene and 
FPTC hybrids are illustrated in Figs. 2(a) and 2(b). For the 
Ti3AlC2 powder (Fig. 2(a)), the main diffraction peaks situated 
at 9.6° and 39.1° corresponded to the (002) and (104) plane [18], 
respectively, which is fitted well with those of Ti3AlC2 (JCPDS 
52-0875). There is a significant loss in crystallinity after HF 
etching. The peak located at 2θ = 39.1° disappeared suggesting 
the effective etching of Al layers [4], and the peak at 2θ = 9.6° 
shifted from 9.6° to 9.06° indicating an expansion of interlayer 
spacing from 9.19 to 9.75 Å (Fig. 2(b)) [36]. After the CTAB 
pre-pillaring process, Fe ions were intercalated into f-Ti3C2 
MXene matrix. The characteristic peak at 2θ = 9.6° shifted  
to 8.86° and partly to 5.72°, corresponding to the interplanar 
spacing of 9.96 Å and 15.43 Å, respectively. The huge shift of 
(002) peak to 5.72° is reasonable when compared with pre-
viously reported works [27, 37–40], which further confirmed 
the pillared structure of FPTC hybrids was successfully prepared 
(Fig. 2(b)). As for the prepared FPTC heterostructures (Fig. 2(a)), 
some peaks located around 2θ = 27.51°, 32.77°, and 41.26° 
belongs to Fe2O3 compound (JCPDS 16-0653). The peaks 
located at 25.3°, 36.06°, 38°, 48°, 54.18°, 56.5° and 68° can be 
indexed to in-situ formed TiO2 due to partial oxidation of 
f-Ti3C2 MXene during the preparation process [35, 41]. In 
fact, the f-Ti3C2 MXene can be oxidized to form TiO2 [42, 43]. 

 
Figure 2  (a) XRD patterns of Ti3AlC2, f-Ti3C2 and FPTC composites. (b) The magnification of XRD patterns in (a). (c) Nitrogen sorption isotherm plots 
of f-Ti3C2 and FPTC composites. (d) Ti 2p spectrum, (e) O 1s spectrum and (f) Fe 2p spectrum of FPTC samples. 



Nano Res. 2021, 14(4): 1218–1227 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

1221 

Generally, the oxidation of f-Ti3C2 MXene starts from the edges 
and TiO2 grows throughout the entire surface. Additionally, 
single MXene flakes with small lateral size are more easily 
oxidized compared with multi-layered flakes [42]. Fortunately, 
the in-situ generation of TiO2 can prevent the agglomeration 
and pulverization of Fe nanocomplex during electrochemical 
processes owing to excellent mechanical and electrochemical 
stability of TiO2 [44, 45].  

The surface area and pore structure of FPTC hybrids and 
f-Ti3C2 MXene are characterized by nitrogen adsorption analysis. 
There is obvious hysteresis loop for both of them (Fig. 2(c)). 
F-Ti3C2 MXene possesses a specific surface area of 25.6 m2·g−1, 
which far exceeds that of pristine Ti3AlC2 powder (2.0 m2·g−1) 
[46]. For the FPTC hybrids, it exhibits a specific surface area 
of 79.6 m2·g−1 higher than that of f-Ti3C2 MXene, which can be 
assigned to the pillaring of Fe nanocomplex, thus exploiting 
more active sites for adsorption and desorption. As shown 
in Fig. S1(a) in the ESM, both of f-Ti3C2 and FPTC hybrids 
deliver a pore size distribution within the limits of 2–35 nm and 
center at about 4 nm according to Barrett–Joyner–Halenda 
method. The higher specific surface area and porosity of 
FPTC composites can greatly enhance the ionic and electronic 
accessibility owing to the abundant active sites and enlarged 
interface area between electrolyte and electrode, which can 
significantly enhance its rate performance [47–49].  

The valence states of Ti, C, Fe, O elements of f-Ti3C2 MXene 
and FPTC composites conducted by XPS analysis are schemati-
cally illustrated in Figs. 2(d)–2(f) and Figs. S1(b)–S1(d) in the 
ESM. For f-Ti3C2 MXene, the signal of Ti 2p, O 1s, C 1s, F 1s 
can be examined except for Al 2p (Fig. S1(b) in the ESM), 
reconfirming the successful etching of Al layers from Ti3AlC2 
powder. Meanwhile, the Fe 2p signal can be detected for FPTC 
heterostructures. As shown in Figs. 2(d)–2(f), the Fe 2p and 
Ti 2p spectrum can be fitted into 2p1/2 and 2p3/2 doublets because 
of the effect of spin-orbit coupling [25]. Ti 2p spectrum shows 
four main peaks located at 455.1, 458.0, 458.8 and 464.0 eV, 
(Fig. 2(d)) which can be assigned to Ti-C 2p3/2, Ti(IV) 2p3/2, 
Ti-C 2p1/2, Ti(IV) 2p1/2, respectively [50, 51]. For f-Ti3C2 MXene, 
it can also be fitted into six main peaks situated at 455.1, 
455.7, 456.8, 458.8, 461.2, 462.3 eV, corresponding to Ti-C 2p3/2, 
Ti(II) 2p3/2, Ti(III) 2p3/2, Ti-C 2p1/2, Ti(II) 2p1/2 and Ti(III) 2p1/2 
(Fig. S1(c) in the ESM), respectively [50]. The Ti 2p spectrum 

of FPTC hybrids is different from that of pure f-Ti3C2 due to 
the partial oxidation of MXene. The O 1s spectrum of FPTC 
hybrids exhibited in Fig. 2(e) reveals four peaks centered   
at 529.6, 529.9, 530.3 and 530.8 eV, ascribed to Ti-O, Fe-O, 
Ti-O-Fe and Ti-OH, respectively [18, 52–54]. The formation 
of Fe-O-Ti covalent bonding can stabilize the electrode 
structure and contribute to the superior cycling performance 
of FPTC composites [13, 25]. As for f-Ti3C2 MXene, the O 1s 
spectrum can be fitted into three main peaks situated at 529.4, 
530.3 and 531 eV, corresponding to Ti-O, -OH and Ti-OH 
(Fig. S1(d) in the ESM), respectively [52, 54]. As shown in 
Fig. 2(f), the Fe 2p spectrum of FPTC hybrids can be divided 
into four main peaks situated at 710.8, 711.9, 724.7 and 725.2 eV, 
which can be assigned to Fe(III) 2p3/2, Fe(II) 2p3/2, Fe(III) 2p1/2 
and Fe(II) 2p1/2, respectively [18, 55]. The positive shift of 
binding energy of Fe (III) 2p3/2 from 710.7 eV (Fe (III) 2p3/2 of 
Fe2O3) to 710.8 eV further confirms the formation of Fe-O-Ti 
bond in FPTC hybrids [53, 56]. The other peaks located at 715, 
718.2, 720 and 730.5 eV can be attributed to satellite peaks 
[57–60]. The deconvolution result exhibits two valence states 
corresponding to Fe2+ and Fe3+, and the emergence of Fe2+ 
might be ascribed to the reduction of Fe3+ by low valence Ti [61]. 
It can be calculated that the proportion of Fe3+ (23.3 %) to 
Fe2+ (11.7 %) is 1.95:1 based on XPS analysis, which reveals that 
the content of Fe3+ are much higher than that of Fe2+. Besides, 
the amount of Fe ions in FPTC hybrids is 11.61 wt.% confirmed 
by ICP-MS.  

The morphology of Ti3AlC2 MAX and multi-layered Ti3C2 
MXene is illustrated in Fig. S2 in the ESM. It can be seen that 
Ti3AlC2 MAX possesses the classical densely layered structure. 
Layers are separated from each other after HF etching and 
typical accordion-like structure is observed for multi-layered 
Ti3C2 MXene [62]. The SEM images of f-Ti3C2 MXene are 
exhibited in Figs. 3(a) and 3(b) and Figs. S3(a) and S3(b) in 
the ESM. A panoramic image indicates the number of layers of 
MXene decreases dramatically from thousand layers to several 
layers with a lateral size of 2–3 μm. More importantly, f-Ti3C2 
MXene can be distributed uniformly without aggregation 
phenomenon (Fig. 3(a)), which is beneficial to the intercalation 
of CTAB and Fe ions. As shown in Fig. S3(c) in the ESM, it 
can be observed that f-Ti3C2 MXene can precipitate via the 
addition of NH4

+ ions based on electrostatic interaction between 

 
Figure 3  (a) and (b) SEM images of f-Ti3C2 MXene. (c) and (d) SEM images of FPTC composites. (e) TEM image of f-Ti3C2 MXene. (f) HRTEM image 
of f-Ti3C2 MXene. (g) and (h) TEM images of FPTC composites, the inset corresponds to SAED image of FPTC composites. (i)–(l) STEM image of FPTC
composites and corresponding elemental mapping.  



 Nano Res. 2021, 14(4): 1218–1227 

 | www.editorialmanager.com/nare/default.asp 

1222 

the positive-charged NH4
+ ions and negative-charged f-Ti3C2 

MXene, significantly shortening the time to fully freeze-dry 
the f-Ti3C2 MXene, which is similar to other group’s recent 
findings that Fe2+ ions can also lead to fast gelation of Ti3C2 
[63]. However, the greatest advantage of our method is that 
ammonium hydroxide can be removed by annealing. Thus, 
NH4

+ cannot affect the electrochemical performance of electrode. 
More importantly, the yield of f-Ti3C2 MXene is around 56%, 
which is greatly higher than traditional preparation method. 
Above discussion confirms that a certain amount of high- 
quality f-Ti3C2 MXene can be obtained quickly by this facile 
method (Fig. S3(d) in the ESM). The SEM images of FPTC 
hybrids in Figs. 3(c) and 3(d) reveal the Fe nanocomplexes 
(Fe2O3) are anchored on the surface of f-Ti3C2 MXenes or 
intercalated into the interlayers. The microstructures of f-Ti3C2 
MXene and FPTC hybrids are further analyzed by TEM and 
HRTEM, as demonstrated in Fig. 3(e), an ultrathin Ti3C2 

nanosheet with a lateral size of 2–3 μm can be observed, which 
is consistent with SEM results (Fig. 3(b)). The HRTEM image of 
f-Ti3C2 MXene shown in Fig. 3(f) clearly exhibits the layered 

structure. The overall thickness of f-Ti3C2 MXene has been 
dramatically decreased to 1–10 nm and the interlayer distance 
is about 0.98 nm, which reconfirms that the preparation 
method of f-Ti3C2 MXene in this work is indeed feasible. As 
shown in Figs. 3(g) and 3(h), the uniform distribution of Fe 
nanocomplexes on the surface or in the interlayer of f-Ti3C2 
MXene can be observed. More importantly, the size of Fe 
nanocomplex is about 10–20 nm. Thus, it is believed that 
the Li+ ions diffusion kinetics and electronic transfer can be 
considerably accelerated due to the shortened ionic diffusion 
and electronic transport pathway [30]. The SAED pattern of 
FPTC hybrids shown in Fig. S4 in the ESM manifests that 
both of f-Ti3C2 MXene and Fe nanocomplexes possess good 
crystallinity. The element distribution is illustrated in Figs. 3(i)– 
3(l), it reveals that titanium, oxygen and iron elements are 
homogeneously distributed within the FPTC composites. 

The CV curve of FPTC heterostructures at 0.1 mV·s−1 within 
a voltage range from 0.01 to 3 V is shown in Fig. 4(a). It can be 
seen that three peaks positioned at about 1.35, 1.04 and 0.71 V 
are discovered in the first cathodic process. The peak at 1.35 V is  

 
Figure 4  (a) CV curve of FPTC electrodes from 3.0 to 0.01 V vs. Li/Li+ at a scan rate of 0.1 mV·s−1. (b) Discharge-charge curves of FPTC electrodes at 
different current densities. (c) Cycling performance of f-Ti3C2 and FPTC composites at 0.5 A·g−1. (d) Rate performance of f-Ti3C2 and FPTC electrodes. 
(e) Rate performance comparison of different MXene-based anode materials. (f) Nyquist plots before the cycle test and after 20 and 400 cycles. (g) Long 
cycling performance of FPTC hybrids and f-Ti3C2 at 5 A·g−1. 
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attributed to the insertion of lithium ions into TiO2 and the 
peaks at 1.04 and 0.71 V can be ascribed to the conversion 
reaction process of Fe2O3 nanoparticles to Li2O and Fe0 as 
well as the formation of solid electrolyte interface (SEI) [44, 
45]. In subsequent cycles, the peak originally centered at 0.71 
and 1.35 V positively shifts to 0.77 and 1.75 V, respectively, 
which might be due to polarization and formation of SEI film 
during electrochemical processes [47, 64]. A strong peak situated 
at around 2.0 V can be assigned to the oxidation process of Fe0 
to Fe3+ and extraction of Li+ from LixTiO2 in the anodic scan 
[57, 65]. More importantly, CV curves overlap with each other, 
manifesting superior reversibility and stable cycling stability. 

The discharge and charge profiles of FPTC heterostructures 
at various current densities ranging from 50 mAh·g−1 to 8 A·g−1 
are displayed in Fig. 4(b). It exhibits a discharge capacity of 
795 mAh·g−1 and a charge capacity of 470 mAh·g−1 at 50 mA·g−1 
in the first cycle. Thus, the initial coulombic efficiency equals 
to 59.11%, which is mainly due to the formation of SEI layer 
and other irreversible reactions between Li+ and the functional 
groups terminated at MXene surface during the 1st cycle 
[18, 47, 66]. Figure 4(c) shows the cycling performance of f-Ti3C2 
MXene and FPTC composites at 500 mA·g−1. After 150 cycles, 
f-Ti3C2 MXene delivers a specific capacity of 142 mAh·g−1, 
which is far lower than its theoretical capacity and can be 
ascribed to the surface termination groups (e.g., –OH, –F), thus 
impeding the insertion of Li ions into the interlayer (Fig. S5(a) 
in the ESM) [67]. It can be seen that the capacity of FPTC 
hybrids decreases within the very first cycles and then rises 
in the following cycles, which is identical to the discharge 
profiles at 1 A·g−1 (Fig. S5(b) in the ESM). The capacity fading 
might be assigned to the formation of unstable SEI layer and 
deterioration of electrode structure [18], while the capacity 
reactivation can be attributed to expanded interlayer spacing 
of f-Ti3C2 MXene and suppression of pulverization of Fe nano-
complex upon cycling [62]. What cannot be ignored is that 
in-situ formed TiO2 plays multiple roles in electrochemical 
processes, which not only provides a smaller fraction of capacity 
owing to its low theoretical capacity but also enhances the 
structural stability of FPTC composites [52, 68, 69]. The main 
capacity contribution is from Fe2O3 owing to its high theoretical 
capacity [60, 70], together with more storage space caused by 
larger interlayer spacing of MXene, i.e., pillared structure 
[25, 27]. Finally, FPTC hybrids exhibits a high specific capacity 
of 535 mAh·g−1 after 150 cycles at 500 mA·g−1, which exceeds 
previous reports [18, 52].  

Figure 4(d) presents the rate performance of f-Ti3C2 MXene 
and FPTC heterostructures at different current densities from 
50 mA·g−1 to 8 A·g−1. For f-Ti3C2 MXene, a lower specific capacity 
of 392.8, 175.7, 144, 116.8, 95.6, 78.8, 58.1 and 57.2 mAh·g−1 
can be attained at a current density of 0.05, 0.1, 0.2, 0.5, 1, 
2, 5 and 8 A·g−1, respectively. However, for FPTC hybrids, it 
shows an initial discharge capacity of 795 mAh·g−1 at 50 mA·g−1. 
Upon increasing the current densities to 0.1, 0.2, 0.5, 1, 2, 5 
and 8 A·g−1, its specific capacity can be maintained at 434, 399, 
371, 345, 320, 280 and 220 mAh·g−1, respectively. Moreover, 
when the current density is turned back to 0.5 A·g−1, a specific 
capacity of 450 mAh·g−1 after 20 cycles can still be recovered, 
signifying that FPTC hybrids deliver much better rate performance 
and reversibility when compared with various MXene-based 
materials at high current density (Fig. 4(e) and Table S3 in the 
ESM). The few-layered MXenes possess more active sites and 
are more accessible to electrolyte compared with multi-layered 
counterpart, thus facilitating electronic transfer, ionic diffusion. 
and showing one of the best rate capabilities [18, 33]. 

In order to further research the improved rate performance 

of FPTC composites, Fig. 4(f) compares the Nyquist plots of 
FPTC hybrids at initial state, 20th cycle and 400th cycle. It can be 
seen that all of them are composed of a depressed semicircle 
at high to medium frequency and an inclined line at low 
frequency. The diameter of depressed semicircle represents 
the faradic charge transfer resistance (Rct) and the inclined line 
corresponds to the Warburg impedance that reflects the Li+ 
diffusion into the electrode. In addition, the initial intercept at 
the real axis corresponds to the resistance of electrolyte (Re) [71]. 
The simulated equivalent circuit and simulation results are 
shown in Fig. S6 and Table S2 in the ESM. As shown in Fig. S6 
and Table S2 in the ESM, there is no SEI formation at initial 
state (before cycle). RSEI gradually decreases as the cycles go on 
and reaches 2.02 Ω at 400th cycle, revealing the formation of 
stable SEI. FPTC electrode exhibits a relatively high Rct of about 
168 Ω at initial state. However, it shows a smaller semicircle 
as the cycles go on and Rct reaches about 27.5 Ω at 400th cycle, 
which is due to the superior ionic and electronic conductivity of 
f-Ti3C2 MXene and activation process making the electrolyte 
easily penetrate into electrode [72, 73]. At the same time, the 
Li+ ions diffusion kinetics in the FPTC electrode are closely 
connected to the slope line at the low frequency and the Li+ 
ions diffusion coefficient (D) can be figured out by following 
equality [74] 

D = 0.5R2T2/S2n4F4C2σ2             (2) 
Zreal = Rs + Rct + σω−1/2              (3) 

R stands for ideal gas constant, T means the temperature, n 
denotes the number of electrons and σ represents the Warburg 
factor, which is identified by the slope of Zreal vs. ω−1/2 (Eq. (3)), 
and the D can be greatly enlarged with the decline of Warburg 
factor. It can be observed that the slope decreases sharply as 
the cycles go on (Fig. S7 in the ESM), manifesting an increase 
in D, which is mainly attributed to expanded interlayer spacing 
of MXene matrix. Likewise, a steeper slope for f-Ti3C2 MXene 
can be found compared with that of FPTC electrode (Fig. S8 
in the ESM), indicating FPTC electrode ensures fast mobility 
of Li ions during the redox reaction processes.  

The ultralong cycling performance of FPTC electrode and 
f-Ti3C2 MXene at 5 A·g−1 are illustrated in Fig. 4(g). It can be seen 
that FPTC electrodes deliver a high capacity of 310 mAh·g−1 
after 850 cycles at 5 A·g−1, which is higher than that of f-Ti3C2 
(85 mAh·g−1), indicating nanocomplex pillaring can indeed be 
an effective way to improve the capacity of f-Ti3C2 MXene. 
In the same way, the capacity of FPTC hybrids decreases at initial 
several cycles, then increases upon cycling and finally stabilizes. 
The improved lithium capacity and stabilization phenomenon 
can be mainly attributed to following reasons: (1) expanded 
interlayer distance of FPTC electrode which caused by volume 
expansion of Fe nanocomplex during lithiation processes 
can expose more potential storage space and permit more Li 
ions to be inserted into the interlayer [62]. (2) The presence 
of f-Ti3C2 MXene greatly improves the ionic, electronic and 
electrolyte accessibility and accommodate the volume expansion 
of Fe nanocomplexes upon cycling which in turn can impede 
the restacking of f-Ti3C2 MXene as a spacer [73]. (3) Ti-O-Fe 
chemical bonding can considerably maintain the electrode 
structure during Li+ insertion/extraction processes [26]. (4) the 
in-situ formed TiO2 can prevent the aggregation and pulverization 
of Fe nanocomplex owing to its electrochemical and mechanical 
stability [59]. 

To further explore the Li+ ions storage mechanism, CV curves 
of FPTC heterostructures at initial state and after 2,000 cycles 
from 0.1 to 10 mV·s−1 are depicted in Fig. 5(a) and Fig. S9 in the 
ESM, respectively. The relationship between sweep rate(v) 
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and peak current (i) observes the following empirical power 
law [66] 

i = avb (4) 
both a and b are variable values. when b equals to 1, it indicates 
that a capacitive-controlled process governs the electrochemical 
reaction. b = 0.5 suggests a diffusion-controlled charge storage 
mechanism [75]. As illustrated in Fig. 5(b), the b values of 
cathodic 1, cathodic 2 and anodic peaks are 0.92, 0.82 and 
0.79 (Fig. S10 in the ESM), respectively, manifesting the Li+ 
ions storage mechanism of FPTC electrodes is dominated by 
capacitive behavior. The contribution of pseudocapacitive 
process can also be quantified by following equation [13] 

i = k1v + k2v1/2  (5) 
where k1v denotes capacitive contribution and k2v1/2 stands for 
diffusion contribution. It can be observed that the contribution 
of pseudocapacitive behavior to the total charge storage is close 
to 87.7% at 0.4 mV·s−1 (Fig. 5(c)). Furthermore, the percentage of 
pseudocapacitive contribution increases when the sweep rate 
increases from 0.2 to 0.5 mV·s−1 and reaches 88.5% at 0.5 mV·s−1 
(Fig. 5(d)). The high proportion of pseudocapacitive contribution 
can be attributed to the ultrafine Fe nanocomplex which greatly 
shortens the ionic and electronic transport pathway [30]. More 
importantly, the f-Ti3C2 MXenes which possess 2D layered 
structure can exploit more surface active sites for the adsorption 
and desorption of Li+ ions upon cycling, thus rendering high 
pseudocapacitive contribution [32, 76]. To sum up, the high 
pseudocapacitive contribution is conducive to the excellent 
charge transfer kinetics, thus leading to superior rate per-
formance [74]. Ex-situ SEM and TEM images of FPTC hybrids 
after 700 cycles are also characterized to further explore changes 
in structure. As exhibited in Figs. 5(e) and 5(f). the structure 
of FPTC electrodes after 700 cycles charged to 3.0 V at 1 A·g−1 
does not change significantly and the coarse surface transforms 
into smooth (Fig. S11 in the ESM), which might result in  
capacity reactivation [18]. It is also observed that the FPTC 

hybrids show an ultralarge interlayer spacing of 3.2 nm after 
700 cycles discharged to 0 V (Fig. 5(f)), which might be caused 
by volume expansion of Fe nanocomplex upon continuous 
cycling [44], thus giving rise to capacity reactivation. 

4  Conclusions  
To sum up, fast preparation of f-Ti3C2 MXene which avoids 
serious restacking have been achieved based on the electrostatic 
attraction between negatively-charged f-Ti3C2 MXene and 
NH4

+ ions. In order to improve electrochemical performance 
of f-Ti3C2 MXene and mediocre rate performance of cation- 
intercalated multi-layered MXene based anode materials, we 
have fabricated FPTC heterostructures by intercalating Fe ions 
into f-Ti3C2 MXene. FPTC electrode delivers a high capacity 
of 535 mAh·g−1 after 150 cycles at 0.5 A·g−1 and 310 mAh·g−1 
after 850 cycles at 5 A·g−1 with no capacity loss, which can be 
ascribed to the stable electrode structure generated by Ti-O-Fe 
covalent bonding, superior Li+ diffusion kinetics and electronic 
transfer from expanded interlayer distances of f-Ti3C2 MXene, 
the mechanical and electrochemical stability of in-situ formed 
TiO2 and pillared few-layered structure. More importantly, 
f-Ti3C2 MXene can prevent the pulverization of Fe nanocomplex 
during lithiation/delithiation processes. The enhanced rate 
performance of FPTC heterostructures demonstrates the 
significance and feasibility of the pillared few-layered MXene 
structures. It is believed that the report will open a window 
for fabricating promising heterostructures with favorable rate 
capability which couples pillared few-layered MXenes with 
various metal compounds. 
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Figure 5 (a) CV curves of FPTC composites at various scan rates and (b) b-value determination of the peaks in CV curves. (c) CV curve with corresponding
capacitive contribution at 0.4 mV·s−1. (d) Capacitive contribution ratios at different sweep rate. (e) SEM image of the FPTC composites after 700 cycles.
(f) HRTEM image of FPTC electrodes after 700 cycles. 
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(XPS spectrum of few-layered Ti3C2 MXene, SEM images of 
Ti3AlC2 MAX, multi-layered Ti3C2 MXene and few-layered 
Ti3C2 MXene, EIS spectra of few-layered Ti3C2 MXene and 
FPTC hybrids, simulated equivalent circuit, electrochemical 
performance of few-layered Ti3C2 MXene and FPTC hybrids, 
summary of electrochemical performance of different MXene- 
based composites at low current density and high current 
density) is available in the online version of this article at 
https://doi.org/10.1007/s12274-020-3221-y. 
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