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Abstract: 2-dimensional (2D) materials with outstanding electronic transport properties, are rigid

against bending due to strong in-plane covalent bonding, and intrinsically flexible due to lack of

out-of-plane constrain, thus have been considered promising for flexible thermoelectrics. As a typical

2D material, MXene, however exhibited restricted thermoelectric performance, because the

termination groups and guest molecules in MXene nanosheets introduced by acid etching and

reassembly deteriorate intra/inter-flake conduction. This work realized increase in both carrier

concentration as well as intra/inter-flake mobility by construction of the MXene nanosheet/organic

superlattice and composition engineering, attributing to the electron injection, intercoupling

strengthening, as well as defect reduction at nanosheet-edges. An electrical conductivity increased by

5 times, to 2.7×105 S m–1, led the power factor up to ~33 μW m–1 K–2, which is above the state of the

art for similar materials, almost by a factor of ten. A thermoelectric module comprising four

superlattice film legs could yield 58.6 nW power at a temperature gradient of 50 K. Additionally,

both the annealed film and the corresponding module exhibited excellent reproducibility and stability.

Our results provide a strategy to tailor the thermoelectric performance of 2D-material films through

superlattice construction and composition engineering.

Keywords: MXene, nano sheet, intercalation, superlattice, thermoelectric, flexibility
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1. Introduction

By converting skin heat into electricity based on the Seebeck effect, flexible thermoelectrics

(TEs) have the potential to provide long-lasting and reliable power for wearable electronics, such as

smart watches, fitness trackers, and medical sensors, etc. Compared with traditional lithium-based

batteries, flexible TEs are free of safety concerns, because they are maintenance free and need no

on-grid recharging. Therefore, they have been attracting intensive research interests.1-3 The

conversion efficiency of TE devices is determined by the TE figure of merit,4 zT = S2σT/κ, where, S

is Seebeck coefficient, σ is electrical conductivity, T is the absolute temperature and κ is the thermal

conductivity; the comprehensive electronic transport indicator is termed as power factor, PF = S2σ.

Besides owning good TE performance, TE materials are required to be lightweight, non-toxic as well

as flexible for wearable applications.

Although the ductile inorganic materials, typically, Ag(Cu)-S(Se/Te) system, revealed excellent

flexibility and TE performance,5-7 most conventional bulk or 3-dimensional (3D) inorganic materials,

such as Bi2Te3, CoSb3, PbTe, SiGe, etc. are usually rigid and brittle due to covalent/ionic bonding.

However, they can become flexible, when made thin enough. Typically, crystalline silicon based

microelectronics can become flexible at a thickness of ~0.1 mm.8 Therefore, depositing a thin layer

of inorganic materials onto flexible substrates or into porous structures can achieve a certain degree

of flexibility as well as good TE performance. Recently, Shi et al.9 synthesized Bi2Te3/nickel foam

composite film by depositing nano-sized Bi2Te3 into the nickel foam by hydrothermal method, which

revealed good flexibility and an increased PF. Loureiro et al.10 deposited the low-cost,

earth-abundant and environmentally-friendly material－ Aluminum Zinc Oxide (AZO) by radio

frequency and pulsed direct current magnetron sputtering. An improved PF of ~400 μW m−1 K−2 was
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achieved, which may be applied in low power consumption electronic devices. Organic materials,

typically conductive polymers, though being flexible due to their chain-structures, are strongly

restricted in electronic transport properties, ascribing to the hopping conducting nature. Developing

composite materials, specifically nanocomposites based on organic/inorganic compositing has been

proven to be an effective strategy to achieve the best of both worlds, namely good electrical transport

properties of inorganics and excellent flexibility/low thermal conductivities of organics. For example,

Figueira et al.11 fabricated a flexible, scalable, and efficient TE touch detector based on

PDMS/graphite flakes composite.

Compared with 3D materials, 2-dimensional (2D) materials, such as atomically thin graphene,

black phosphorus, transition metal dichalcogenide (TMDC), are rigid against the bending due to

strong in-plane covalent bonding, but intrinsically flexible due to lack of out-of-plane constrain12,13

and exhibit excellent electronic transport properties.14 Therefore, they are promising for practical

flexible TE devices. Among them, transition metal carbides or nitrides (MXenes) have been widely

investigated in areas such as energy storage,15-18 catalysts,19-21 electromagnetic shielding,22-24

sensor,25 and among others, since its discovery in 2011,26 due to excellent electrochemical activity,

hydrophilicity, electrical conductivity, etc.27,28 MXenes are conventionally prepared by selective

removing the A atoms from the layered parent ternary carbide compounds (MAX), e.g., Ti3AlC2

(MAX) → Ti3C2Tx (MXene), where T is the surface termination groups, such as -O, -OH, -F and

-Cl.29,30 The general formula of MAX is Mn+1AXn, where M is the transition metal atoms (e.g. Ti, Nb,

Mo, Cr or Ta), A is the atoms belonging to groups 13 and 14 element in periodic table (e.g. Al, Si, S,

P, Sn or Ge), X is C and/or N, and n =1, 2, or 3.31,32 In MAX, each X atomic layer is sandwiched by

two M atomic layers, while the A atomic layer is sandwiched by two Mn+1Xn layers. Wherein, the
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M-A metal bonding is weaker than the M-X covalent bonding.33-35 To date, more than 30 species of

MXenes,36 such as Nb2CTx, Ti3NCTx, etc., have been developed. Among them, Ti3C2Tx is

lightweight, non-toxic, flexible, and thus is the most widely investigated.

One of the important factors that restricting the TE performance of Ti3C2Tx is that the surface

termination groups, interlayer guests in MXene introduced by acid etching and assembly would

increase both intra-flake and inter-flake resistance. Because Ti3C2Tx was synthesized in a strong acid

solution, typically, in HCl/LiF aqueous solution,37 the emergent surface functional groups -T with a

strong electron affinity,38,39 would trap electrons. The Ti3C2Tx film was usually obtained by

subsequent vacuum filtration method, which would form structural defects (vacancies and holes),40,41

physically/chemically bound H2O42 in the interspace and TiO2 at the nanosheet edges.43 The

physically-bound water can get removed by low-temperature heating, whereas the complete

elimination of chemically-bound water demands higher temperatures (≥300 °C).44 The interlayer

H2O was considered to oxidize Ti into TiO2 at the nanosheet edges, where the atomic activity is

higher.45 As the 2D nanosheet edges are important conduction channels for intra-flake electron

transmission, the presence of H2O and generated TiO2 would scatter electrons, and seriously

deteriorate the carrier mobility.46

Organic intercalation into some layered inorganic TE materials has been proven effective in

co-optimization of TE performance and flexibility. One of the vital mechanisms for TE-performance

optimization is the electron injection effect.6,47,48 For example, after intercalation of hexylamine (HA)

molecules into the interspace, the lone pair electrons of N atoms in the -NH2 group of HA would

inject electrons into the inorganic layers,49 thus increasing the carrier concentration. Therefore,

intercalation of ionic organics is expected to enhance the carrier concentration of MXene films by
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similar mechanism. However, organic intercalation would expand the interlayer distance, weakening

the coupling between adjacent layers, thus increasing the inter-flake resistance. It is thus important to

realize co-optimization of carrier concentration as well as mobility.

Herein, we have constructed the Ti3C2Tx nanosheet/organic superlattice (SL) by a facile

exfoliation-self-assembly method, in the hope of increasing carrier concentration by electron

injection effect. After that, we have carried out post-annealing at different temperatures for tuning of

intercalating composition as well as interlayer distance, with the expectation of strengthening

interlayer-coupling, edge-oxide elimination for increasing inter-flake and intra-flake mobility, and

structural stabilization. The synthesis, microstructures, TE properties as well as the underlying

mechanisms have been discussed.

2. Experimental

2.1 Synthesis

Synthesis of Ti3C2Tx/organics SL film and fabrication of TE module: firstly, as shown in Figure 1, the

etching solution was prepared by adding 1.6 g lithium fluoride (LiF, 99%, Macklin) into 20 mL 9 M

hydrochloric acid (HCl, Yonghua Fine Chemical) under stirring at room temperature. Then, 1 g

Ti3AlC2 powder (200 mesh, 98%, Macklin) was slowly added into the LiF/HCl solution under

stirring. The mixture was kept at 50 ℃ for 24 h. The resulting suspension was washed with

deionized (DI) water by repeated centrifugation at 5000 rpm for 5 min per cycle (TG16-WS

Centrifuge, Cence) until its pH reached 6-7. Then, the precipitate was vacuum dried at 60 ℃ for 12 h

to obtain Ti3C2Tx powder. After that, 1 g Ti3C2Tx powder was dispersed into 10 mL DI water under

ultrasonication in the ice-water bath for 10 min. The mixture was centrifuged at 3500 rpm for 5 min

to obtain the supernant, which was transferred into a Petri dish and vacuum-dried at 120 °C to obtain

Page 6 of 36

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



the Ti3C2Tx film (referred to as MX). Additionally, 0.2 g Ti3C2Tx powder was manually ground with

slowly added 1 mL HA (99%, Energy Chemical) for 30 min in an agate mortar. The mixture was

transferred into 20 mL N-methylformamide (NMF, 99%, Macklin) and ultrasonicated in ice-water

bath for 10 min, followed by centrifugation at 3500 rpm for 5 min. The supernant was then

transferred into a Petri dish and vacuum-dried at 140 °C for 3 h to obtain the flexible

Ti3C2Tx/organics hybrid SL films (referred to as MX SL film). The MX SL films were then annealed

at 300, 400 and 500 ℃ for 1 h, to obtain MX SL-300, MX SL-400 and MX SL-500 films,

respectively. In this work, 3 batches of MX, MX SL, SL-300, SL-400 and SL-500 films were

prepared. For each composition in each batch, 3 samples were cut out from different regions. As

shown in Figure S1, for a specific composition, the fluctuation of σ and S was within 5% and 10%,

respectively, in the same batch; while they increased to be within 10% and 15% from batch to batch,

implying good reproducibility and reliability of the process. Four legs with a dimension of 2 cm

(length) × 0.5 cm (width) × ~8 μm (thickness) were cut out from the MX SL-400 SL film, and placed

thermally in parallel on a piece of tape. They were connected electrically in series with silver paint to

form a simple TE module.

2.2 Characterization

Phases, compositions and microstructures: Phase structures were characterized by X-ray

diffraction (XRD, SmartLab, Rigaku) equipped with CuKα radiation (λ = 0.154 nm) at room

temperature in air. The cross-sectional microstructures of the SL films were investigated by a

scanning electron microscopy (SEM, HITACHI Regulus 8220) equipped with energy dispersive

X-ray spectroscopy (EDS, Oxford), and a transmission electron microscopy (TEM, JEM-2010) at

room temperature in vacuum. Chemical composition and bonding were further analyzed using X-ray
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photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) setup with a monochromated AlKα

X-ray source (hv = 1486.6 eV) at room temperature in vacuum. Binding energies were referenced to

the C 1s peak, which located at 284.6 eV. The XPS data were analyzed using a professional software

(AVANTAGE). Thermal gravity analysis (TG) was carried out on a thermogravimetric analyzer

(NETZSCH STA 449F3) from room temperature to 600 ℃ at a heating rate of 10 ℃ /min in N2with

flow rate of 50 mL/min.

Physical properties: A commercial Hall Effect Measurement System (CH-Magnetoelectricity

Technology, CH-100) with a magnetic field of 500 mT was used to characterize the in-plane carrier

concentration/mobility, and electrical conductivity of the hybrid SL films at room temperature

(Figure S2a). A home-made thin-film Seebeck coefficient test device was utilized to measure the

Seebeck coefficient. As shown in Figure S3, the voltage gradient (ΔV) and temperature gradient (ΔT)

were measured simultaneously after establishing a temperature gap with two inversely placed Peltier

chips. The Seebeck coefficient was then computed by linear regression of ΔV vs. ΔT with a high

linear correlation coefficient (R2 > 99%). The flexibility of the SL films was measured by fitting the

samples closely onto the outside surfaces of different glass tubes with decreasing radius and

assessing the change rate of resistivity by a Four-Point Probe System (Lriper, LPPS100A). The

in-plane thermal conductivity (κ) was computed by κ=ρCpλ, where Cp is the specific capacity, ρ is the

density, λ is the thermal diffusivity measured on a thermal diffusivity analyzer (ai-phase Mobile M3)

at room temperature. The mean measurement errors of electrical conductivity, Seebeck coefficient

and thermal conductivity were within 3%, 5% and 5%, respectively.
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Figure 1. Schematic diagram of the synthesis of the MXene/organics hybrid SL film by an

intercalation-exfoliation-reassembly method.

3. Results and discussions

3.1 Phase and microstructure

The synthesis route of the MXene/organics hybrid SL film was schematically shown in Figure
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1. Firstly, the Al atomic layers in parent Ti3AlC2 powder were selectively etched by LiF/HCl aqueous

solution according to Equation (1):50

2Ti3AlC2 + 6LiF + 6HCl → 2Ti3C2Tx + Li3AlF6 + AlCl3 + 3LiCl + 3H2 (1)

As shown in Figure 2a, the disappearance of (104) peak (2θ = 39°) in Ti3AlC2 confirmed the

removal of Al atoms. After etching, the MXene layers would be decorated with surface termination

groups, including -OH, -O, -F and -Cl, as well as chemically/physically bound H2O. The interlayer

distance was thereby increased from 9.05 Å to 9.76 Å according to Bragg’s equation (2dsinθ = nλ),

corresponding to the left-shifting (9.76° to 9.04°) of the (002) peak (Figure 2c-d). By grounding

MXene powder in sufficient amount of HA, the HA molecules were intercalated into the interlayer

gaps, generating swelled MXene/HA powder (MX/HA). The interlayer distance was sharply

increased to 24.1 Å, corresponding to much-decreased 2θ (9.04° to 3.66°). Because HA molecule is

of a length of 10.44 Å and a width of 1.78 Å,51 while the expanded distance (14.3 Å) was smaller

than twice of its length, it can be inferred that HA molecules form a paraffin-like bilayer structure

with a 43° inclination (Figure S4a). However, the MXene/HA/NMF film (MX SL film) synthesized

by exfoliating MXene/HA in NMF and subsequent reassembly, exhibited a slightly right-shifting of

(002) peak (3.66° to 6.28°), indicating a narrowed interlayer distance to 14.06 Å, due to substitution

NMF for partial HA. That is, during the exfoliation-reassembly process, some HA molecules were

de-intercalated, whereas some NMF molecules was inserted due to the solvent effect. As the NMF

molecule is of 4.13 Å long and 2.31 Å wide, which is smaller than HA, it can thus be inferred that

HAmolecules aligned with a 24° inclination in the gap (Figure S4b).
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Figure 2. The XRD patterns (a), the (002) peak region (b), the interlayer distance, d vs. 2θ (c) of

Ti3AlC2, MXene, MX/HA, unannealed MX/HA/NMF (MX SL) and MX SL annealed at 300 ℃,

400 ℃ and 500 ℃, which were referred to as MX SL-300, MX SL-400 and MX SL-500,

respectively; (d) schematic diagram of the structural changes from MAX to MXene, MX/HA, MX

SL, MX SL-400 and MX SL-500 films.
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After annealing MX SL film at 300, 400 and 500 °C, the (002) peaks of the corresponding films,

MX SL-300, MX SL-400 and MX SL-500, right-shifted to 6.53°, 6.77° and 8.35°, implying a

gradually narrowed interlayer distances to 13.51 Å, 13.03 Å and 10.57 Å, respectively, which was

attributed to the gradual elimination of intercalated guests. However, the SL films have similar XRD

spectra before and after annealing, manifesting that the post-annealing process did not damage the

SL structure. The vacuum-dried MX SL film peeled off from the bottom of petri dish, exhibited a

smooth surface (Figure S5a), signifying the formation of a dense structured film. The

self-supporting film was intrinsically flexible, as it could be easily bent without binder-additives as

shown in Figure S5b. Figure 3a showed the cross-sectional microstructure of the MX SL film, the

wavily aligned morphology was observed, demonstrating appropriate exfoliation and piling of

Ti3C2Tx nanosheets. The interlayer distance of the MX SL-film was ~1.4 nm according to the

cross-sectional TEM observation (Figure 3b), agreeing well with the theoretical d-spacing based on

Barrage equation. Figure 3c showed the full XPS spectra of MXene powder and MX SL film.

Compared with MXene powder, the N peak emerged at ~400 eV in the MX SL film, which was due

to the intercalation of HA between adjacent MXene nanosheets. In the Ti 2p curves (Figure 3d and

3e), the peak locating at ~454.8 eV (~456.0 eV) was ascribed to Ti-N bond,52,53 corresponding to the

N-Ti peak (~397.2 eV) in the N 1s region (Figure 3f), implying that an ionic bonding was formed

between HA and the MXene nanosheets. Since MXene has empty Ti 3d orbitals, it can receive

electrons from the nitrogen atoms in the grinding process, thus could get negatively charged.

Meanwhile, the organic cations (HA+) were intercalated into the van der Waals gap of MXene by the

electrostatic force.
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Figure 3. (a) Cross-sectional SEM and (b) high-resolution TEM images of the MX SL film; (c) XPS

survey of the MX SL film and MXene powder; XPS spectrum of Ti 2p region for the (d) MX SL film,

(e) MXene powder, and (f) N 1s region of MX SL film.

Page 13 of 36

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



To investigate the influence of post-annealing on the composition of interlayer guests, the

surface detection technology — XPS was performed on the MX SL films before and after

post-annealing at different temperatures. The main elements of Ti, C, F, O and N were observed in

the survey scan (Figure 4a). The relative peak intensity of the F, O and N elements were decreased

after annealing, agreeing well with the decreased corresponding atomic ratios (Figure 4b), which

was suggested to be due to the breakage of some Ti-F bonds, removal of H2O and intercalated

organics (HA, NMF). As shown in Figure 4c, the spectra of N 1s region was splitted into peaks

assigned to N-H (~401.1eV), N-C (~399.8eV) and N-Ti (~397.2eV), respectively.54 Figure 4d

showed the deconvolution results of the O 1s region, where the O 1s spectra was splitted into peaks

assigned to Ti-O (~530 eV), C-Ti-O (~531 eV), C-Ti-OH (~532 eV), C-O (~532.8 eV), H2O (~533.8

eV) and TiO2 (~530.5 eV),52 respectively. It was also observed that the fraction of N-Ti was reduced

from 13.8% to 2.7% after annealing at 500 ℃ (Figure 4e), which was consistent with the decrease in

the N atomic percentage in Figure 4b. The fraction of H2O and TiO2was reduced after annealing and

the H2O disappeared after annealing at 400 ℃ (Figure 4f), which was also in line with the decrease

in the O atomic percentage in Figure 4b. And the integral peak ratio of C-Ti-O was increased from

34.2% to 65% after annealing at 400 ℃. On the contrary, the integral peak ratio of C-Ti-OH was

decreased from 39.2% to 29.2%.
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Figure 4. XPS survey scan (a); the atomic percentage (b); peak deconvolution of the N 1s (c) and O

1s region (d), fractions of the fitted moieties in N 1s (e) and O 1s region (f) for MX SL, MX SL-300,

MX SL-400 and MX SL-500 films.
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3.2 Thermoelectric properties

The electrical conductivity, σ, Seebeck coefficient, S, carrier concentration, n and mobility, μ of

the films are shown in Figure 5a-c, respectively. The σ of the vacuum-dried MX film was 0.5×105 S

m–1, much lower than the defect-free of MXene single-layer (6.5×105 S m–1),55 because etching was

considered to produce structural defects, such as vacancies/holes inside the MXene nanosheets,56,57

due to the strong acidity of solution medium. Moreover, as the nanosheet edges are more active than

inner regions, Ti atoms nearby the edges were readily oxidized by O from H2O to be TiO2, according

to Equation (2):44

Ti3C2O2 + 4H2O → 3TiO2 + 2C + 4H2 (2)

The formed TiO2 at the nanosheet edge was considered to hinder the carrier transport, as the

nanosheet edges are significant conduction channels. The intra-flake resistance would thereby

increase. After organic intercalation, the σ of the MX SL film was increased to 0.8 × 105 S m–1, due

to elevated n, because Ti in MXene has empty 3d orbitals, which can accept electrons from guests;

and HA molecules could act as electron donors due to the existence of lone pairs of electrons in

nitrogen atoms (Figure 5d). Electrons could thus transfer from the HA molecules to MXene.

However, the μ was reduced slightly, because the entry of organics expanded the interlayer distance,

weakened the inter-flake coupling, thus hindering the inter-flake carrier transport. After organic

intercalation, the S did not change remarkably, while the PF increased from 4.2 μW m–1 K–2 of MX

film to 7.5 μW m–1 K–2 of MX SL film, corresponding well to the trend of σ.

The etching as well as subsequent organic intercalation could introduce surface termination

groups and organics, and increase the interlayer distance, thus weakening the inter-layer coupling

and hindering the inter-flake carrier transmission. In addition, the presence of TiO2 at the nanosheet
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edges could also add to the hindrance of intra-flake carrier transport (Figure 5e). All the above

factors would reduce μ of the MX SL film. Post-annealing can be used to weaken the above negative

factors. The MX SL films were annealed at 300 ℃, 400 ℃, and 500 ℃ in H2 atmospheres, the

obtained films were referred to as MX SL-300, MX SL-400 and MX SL-500, which showed

increased σ to 1.7 , 2.7 and 2.4×105 S m–1, respectively.

Figure 5. (a) Electrical conductivity, σ; (b) Carrier concentration, n and mobility, μ; (c) Seebeck
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coefficient, S; (d) and (e) Schematic diagrams of the mechanisms that how SL construction and

composition engineering affect the flexibility, carrier concentration as well as mobility; (f) Power

factor, PF; (g) Thermal conductivity, к; (h) zT value of MX, MX SL, SL-300, SL-400 and SL-500

films.

As shown in Figure 5c, the n of the MX SL film decreased while the μ increased with

increasing annealing temperature. The decrease in n was due to weakening of the electron injection

effect, as result of the gradual de-intercalation of HA at high temperatures. The increase in μ was due

to the concurrent reduction of inter-flake and intra-flake hindrance. With the increase of annealing

temperature, the H2O, termination groups and organics in MXene interlayer would be gradually

removed from the MXene interlayer, thus decreasing the interlayer distance, strengthening

layer-to-layer coupling, leading to reduction of the carrier transmission barriers. The intra-flake

hindrance was also reduced due to restoration from Ti4+ to Ti3+. As revealed by XPS, TiO2 at the

nanosheet edges was considered to get electrons from H2 and get reduced (Ti4+→Ti3+), according to

Equation (3):58

2Ti4+ + O2– + H2 → 2Ti3+ +Vo+ H2O (3)

where, Vo means O vacancy. As the transport channels were restored, the inter-flake μ was thus

increased.

For metals or heavily doped semiconductors, the S would decrease with increase in n, according

to the Mott equation,59 � = 8�2κ�
2T

3�ℎ2
�∗ �

3�

2 3
, where κB is Boltzmann constant, h is Planck constant,

and m* is the effective mass, e is elementary charge. According to Figure 5b and 5c, the S of the MX

SL films did not change significantly with increased n, because Mott equation was considered not

inapplicable here due to the composite nature of the MX SL films. Hicks and Dresselhaus14 proposed
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that low-dimensionality could lead to enlarged S essentially due to surface state effect. However, in

this work, the SL films were of micro-meters thick, stacked by decorated 2D MXene. Therefore, the

impact of surface state on its TE performance was considered not remarkable. Compared with the

MX film, the PF of the MX SL-400 film was increased by over 8 times and reached the peak value

of ~33 μW m–1 K–2 (Figure 5f and Table 1). The PFs of the MX SL-300 film and MX SL-500 film

were 20.2 and 26.3 μW m–1 K–2, which was in line with the trend of σ.

Table 1. Key parameters of the structure and TE properties of MX, MX SL, SL-300, SL-400 and

SL-500 films.

Sample
2θ

(°)

d

(Å)

σ

(105S m–1)

S

(μV K–1)

PF

(μW m–1 K–2)

κ

(W m–1K–1)

zT

(10–3)

MX SL film 6.28 14.06 0.83 –9.5 7.5 1.69 1.32

SL-300 film 6.53 13.51 1.67 –11 20.3 1.66 3.63

SL-400 film 6.77 13.03 2.74 –10.9 33.0 1.96 5.02

SL-500 film 8.35 10.57 2.43 –10.4 26.8 1.98 3.97

As shown in Figure 5g, the in-plane thermal conductivity of the MX SL films (~1.6 W m–1K–1)

was reduced compared with that of the MX film (~2.0 W m–1K–1), because the widening of the

acoustic phonon branches after HA intercalation would dampen the acoustic phonon transmission

inside the layers, and organics would severely scatter phonons due to independent vibration.51 The

removal of HA by annealing was considered to weaken the independent vibration scattering, and the

electronic thermal conductivity was increased due to increased electronic conductivity, thus the

thermal conductivity of SL-400 and SL-500 bounced back. As shown in Figure 5h, the maximum
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value of zT was thus calculated to be 5 × 10–3 for the SL-400 film. Future work focus on the

enhancing its Seebeck coefficient.

3.3 Flexibility and stability

To characterize the flexibility of the films before and after annealing, the MX SL film and MX

SL-400 film were bent and kept closed to a series of glass tubes with decreasing radii (Figure 6a),

and their resistivity at bent state (Rs) was measured and compared with that at flat state (R0). As

shown in Figure 6b, the change rate of Rs/R0 for MX SL and MX SL-400 film was within 10% until

a bending radius of 4 mm, indicating excellent flexibility. For MX SL film, after organic intercalation,

the increased interspace could provide free space for bending deformation, and the weakened

interlayer coupling could make it easier to slide by reducing the slippage barrier between adjacent

layers. After post-annealing, the MX SL-400 film still reserved the excellent flexibility, as partial

organics still existed in the interspace. Since all inorganic materials can become flexible, when made

thin enough, such as ceramics, glasses, etc. It is of essence to consider thickness when quantifying

flexibility. Snyder et al.60 has put forward the concept of figure of merit for flexibility (fFOM) for

comparison among thin films with various thickness. The fFOM can be weighed by the yield strain ε,

which is the relative elongation on the outer/inner surface determined by geometry: ɛ = h/2r, where h

is the film thickness and r is the critical bending radius upon failure. As shown in Figure 6c, the fFOM

of the MX SL film was higher than that of a previously reported pure MXene film,61,62 and

comparable to the MXene/organic composites,63,64 owing to the interspace increment as well as the

reduction of slippage barrier.
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Figure 6. (a) Photograph of flexibility test; (b) the resistivity changes of MX SL film and MX

SL-400 film at different bending radius, where R0, Rs represent the resistivity at flat state and bending

state, respectively; (c) the figure of merit for flexibility, fFOM in this work and other reported

MX-based film; (d) TG curve of the MXSL film.

The TG curve (Figure 6d) exhibited that the MX SL film was considerably stable below 60 ℃,

indicating that it would decompose in wearable applications, as the temperature of human skin was

~37 °C. The weight loss process could be divided into four stages. The first-stage weight loss of

2.5% from 30 to 200 ℃ was considered to be due to the evaporation of the physically-bound water

and surface termination -OH.65 The second-stage weigh loss of 1.3% from 200 to 300 ℃ was

attributed to the de-intercalation of NMF and chemically bound H2O.66 The third-stage weigh loss of

4.2% from 300 to 400 ℃ was ascribing to the thermal de-intercalation of HA and remaining

chemically-bound water.66 Since the organic cation HA+ formed ionic bonding with the adjacent
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MXene nanosheets, the practical boiling point was improved, compared with that of isolated ones.

The fourth stage weigh loss of 1.7% over 400 ℃ was considered to be attributed to the elemination

of the surface termination -F and remaining HA molecules. The air stability of MXene-based films

was investigated as shown in Figure S7. After being exposed in air (temperature = ~26 ℃ and

relative humidity = ~55%) for 3 months, the decease rates of electrical conductivity for the MX

SL-300, MX SL-400 and MX SL-500 films were within 10%, indicating that a good air stability has

been achieved by annealing treatment, due to effective removal of moisture and the hydrophilic

group -OH.

3.4 Device performance

A simple TE power generation module composed of four single MX SL-400 film legs was

fabricated for powering demonstration. The four TE single n-type legs were cleaved onto a flexible

tape, and arrayed thermally in parallel and connected electrically in series with silver paste. When

one end of the TE module was kept close to the finger skin as the hot side with the other end exposed

in the air as the cold side, an output voltage (U) of 0.19 mV could be established (Figure 7a and

Figure S6), implying great potential to power wearable electronics. By attaching the hot end to a

heating plate with the cold end sat in the air, and tuning the temperature of the heating plate, different

temperature gradients (∆T) between the two ends could be established. When the ∆T was increased

from 10, to 20, 30, 40 and 50 K, the corresponding U was increased from 0.53, to 0.95, 1.33, 1.88

and 2.31 mV, respectively (Figure 7b and Table 2). The output power (P) of the TE module could

be tested by forming a circuit with auxiliary external resistors. The P was thus calculated based on

Equation (2):
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� = �2

(�1−�2)
2

�1
+4�2

(2)

where R1 was the external resistance, and R2 was the internal resistance. Under a fixed ∆T, the P

could reach the peak at R1= R2.As shown in Figure 7c, when ∆T increased from 10 to 20, 30, 40 and

50 K, the corresponding peak P was increased from 2.5 to 10.1, 20.3, 41.0 and 58.6 nW, with

corresponding power densities of 0.02, 0.06, 0.13, 0.26 and 0.37 W m–2, respectively (Figure 7d).

The performance of the TE modules based on SL-400 film legs with the equal dimension from 3

batches was shown in Table S1. The mean standard deviation of the P was within 10%, implying

good reproducibility. For air stability of the TE module, as shown in Figure S8, after being exposed

in air (temperature = ~26 ℃ and relative humidity = ~55%) for 3 months, the P of the module was

almost unchanged with less than 5% decrease, revealing excellent stability. This is due to the

removal and de-intercalation of most of the organic species, chemically/physically bound water and

surface terminated –OH groups during 400 ℃ annealing, which made the device much more stable.

It is expected to drive nano-watt electronic devices, such as sensors, radio communications, signal

amplifiers, etc.

Table 2. Room-temperature internal resistance (R2), maximum output voltage (U), power and power

density of the TE module.

ΔT (K) R2 (Ω) U (mV) Power (nW) Power density (W m–2)

10 27.6 0.53 2.5 0.02

20 25.8 0.95 10.1 0.06

30 22.8 1.33 20.3 0.13

40 21.9 1.88 41.0 0.26

50 20.4 2.31 58.6 0.37
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Figure 7. (a) Demonstration of human skin energy harvesting by holding the TE module and

measuring the output voltage; (b) output voltage vs. current, (c) output power and (d) power density

of the MXSL-400 film based TE module at different temperature differences.

4. Conclusion

In this work, we have constructed the MXene nanosheet/organic superlattice by intercalating

HA and NMF, subsequent exfoliation and self-assembly. The formation of superlattice increased the

carrier concentration of the MX SL film due to the electron injection effect. The composition

engineering by post-annealing increased the carrier mobility by the reduction of both inter-flake and

intra-flake hindrance. Thus, the power factor was enhanced over 8 times, to ~33 μW m–1 K–2. The

4-legged TE module could generate an output power of 58.6 nW with a power density of 0.37 W m–2

at a temperature gradient of 50 K with excellent reproducibility and stability, implying great potential

for powering flexible electronics in industry. This work provides a strategy to tailor the TE
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performance of MXene based flexible films, which has the potential for large-scale applications.
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