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A B S T R A C T   

Despite the tremendous efforts on developing antibacterial wearable textile materials containing Ti3C2Tx MXene, 
the singular antimicrobial mechanism, poor antibacterial durability, and oxidation susceptibility of MXene limits 
their applications. In this context, flexible multifunctional cellulosic textiles were prepared via layer-by-layer 
assembly of MXene and the in-situ synthesis of zeolitic imidazolate framework-8 (ZIF-8). Specifically, the 
introduction of highly conductive MXene enhanced the interface interactions between the ZIF-8 layer and cel
lulose fibers, endowing the green-based materials with outstanding synergistic photothermal/photodynamic 
therapy (PTT/PDT) activity and adjustable electromagnetic interference (EMI) shielding performance. In-situ 
polymerization formed a MXene/ZIF-8 bilayer structure, promoting the generation of reactive oxygen species 
(ROS) while protecting MXene from oxidation. The as-prepared smart textile exhibited excellent bactericidal 
efficacy of >99.99 % against both Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) after 5 min of NIR 
(300 mW cm− 2) irradiation which is below the maximum permissible exposure (MPE) limit. The sustained 
released Zn2+ from the ZIF-8 layer achieved a bactericidal efficiency of over 99.99 % within 48 h without NIR 
light. Furthermore, this smart textile also demonstrated remarkable EMI shielding efficiency (47.7 dB). Clearly, 
this study provides an elaborate strategy for designing and constructing multifunctional cellulose-based materials 
for a variety of applications.   

1. Introduction 

In recent years, with the increasing popularity of smart wearable 
electronic devices, smart textiles that are lightweight, flexible, 
comfortable, and convenient have attracted enormous research interests 
[1–4]. Numerous materials possessing exceptional properties are 
incorporated into textiles to execute diverse functionalities, including 
energy harvesting and storage, electromagnetic interference (EMI) 
shielding, bio-protection, sensing, and medical treatment [5–7]. 
Commercially available synthetic polymer-based (such as polyester 

fibers, nylon fibers, and acrylic fibers) or bio-based (such as plant cel
lulose fibers, wool, and silk) textiles are considered as suitable substrates 
for manufacturing smart textiles due to their inherent flexibility, com
fortability, and processability. Particularly, cellulose fibers have become 
a research hotspot due to their renewable, biodegradable, and envi
ronmentally friendly characteristics. Generally, the developed smart 
textiles are inevitably in direct or indirect contact with human body in 
the process of use. Certain highly pathogenic bacteria and viruses could 
persist on the surface of textiles for an extended period of time, ranging 
from a few days to several weeks, and these pathogenic bacteria could 
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cause cross-contamination and pose a significant threat to the health of 
individuals [8,9]. To solve this problem, researchers attempted to 
introduce bactericides into textiles, and successfully developed various 
bioprotective textiles with antibacterial and antiviral capabilities 
[10,11]. However, the extensive use of traditional bactericides posed the 
risk of drug resistance. Furthermore, wearable textile materials having 
outstanding electromagnetic interference shielding performance are 
also crucial for effectively addressing the growing threat of electro
magnetic radiation pollution [12]. Therefore, the development of smart 
textiles that combine innovative sterilization strategies and EMI 
shielding performance is essential to effectively address the complex 
challenges of bio-protection in diverse environments. 

At present, novel antibacterial and antiviral strategies based on 
diverse physical or chemical sterilization methods have been extensively 
investigated, including mechanical damage to cell membranes, release 
of bactericidal metal ions, electromagnetic wave and electron beam 
sterilization, photothermal therapy (PTT), and photodynamic therapy 
(PDT) [13–19]. Among the above-mentioned numerous bactericidal 
strategies, synergistic PTT/PDT steadily emerged as a prominent area of 
research due to its numerous advantages, including controllable and 
significant bactericidal effect without any risk of drug resistance 
[20,21]. Specifically, 2D flexible nano-photosensitizer MXene (Ti3C2Tx) 
materials attracted great interest recently due to its localized surface 
plasmon resonance (LSPR) effect, better biocompatibility, hydrophilic
ity, high specific surface area and abundant surface functional groups 
(–F, =O, and -OH) [12,22,23]. These characteristics enable it to 
effectively enhance the functionality of various textile materials. 
Furthermore, MXene also exhibits high electrical conductivity and 
dielectric loss, making it one of the top materials of choice for enhancing 
EMI shielding performance [24,25]. Tang et al. prepared a MXene- 
functionalized nanocellulose membrane using a layer-by-layer self-as
sembly method, which can achieve rapid sterilization under near- 
infrared laser irradiation (808 nm, 1000–2000 mW cm− 2) [26]. Yan 
et al. successfully deposited active MXene nanosheets in situ onto silk 
fibers through a dip-coating method, creating a multifunctional textile 
with rapid PTT antibacterial and UV resistance capabilities [27]. 
Although PTT/PDT materials based on MXene have been developed, 
challenges still remain in the MXene PDT process due to inadequate 
oxygen supply and the rapid recombination rate of photogenerated 
carriers, hindering the generation of reactive oxygen species (ROS) 
during energy transfer [28]. It was reported that PDT operates through 
two mechanisms: type I pathway involves the generation of superoxide 
radicals (⋅O2− ) and hydroxyl radicals (⋅OH) via electron transfer or 
hydrogen atom abstraction, while type II pathway PDT generates singlet 
oxygen (1O2) by energy transfer. The type II PDT pathway is present in 
most PDT photosensitizers and heavily relies on the O2 level in the tissue 
environment, whereas the type I pathway is less dependent on oxygen 
[29]. Improving the oxygen supply environment for the MXene PDT 
process, promoting charge transfer to stabilize the excited state, and 
reducing the energy required for the excited state are crucial for the 
development of MXene-based synergistic PTT/PDT antibacterial mate
rials [30,31]. It is worth mentioning that for most of the developed 
MXene PTT/PDT strategies to function completely, it is required that the 
light intensity of NIR laser (808 nm) irradiation is over 1000 mW cm− 2, 
which is above the maximum permissible exposure (MPE) 
(330 mW cm− 2, 808 nm) to skin and tissue [26,29,32,33]. Additionally, 
the spontaneous oxidation of the MXene surface in the presence of water 
and oxygen could also be a matter of concern, as it may lead to a 
degradation in the performance of MXene [34]. Therefore, it is neces
sary to develop a novel MXene modification strategy to further over
come these limitations. 

Materials with metal-organic frameworks (MOF) are nanocarriers 
composed of metal ion clusters and organic ligands. MOF materials 
possess unique topological structures consisting of regularly shaped 
pores and channels, allowing for the separation or blocking of specific 
molecules [35]. Furthermore, the unique combination of central metal 

ions and organic ligand frameworks in MOFs provides the potential for 
facilitating intermolecular charge transfer [36]. Among the various MOF 
materials, the imidazole acid molecular sieve framework-8 (ZIF-8) 
stands out as a unique antimicrobial MOF material [37–39]. Its topo
logical structure resembles zeolites with pore size approximately 3.4 Å, 
effectively preventing the contact of water molecules and serving as an 
oxygen storage medium in photocatalysis [40,41]. Moreover, the slow 
release of Zn2+ from ZIF-8 could provide a durable antibacterial effect 
[42]. Choi et al. improved the stability of Ti-MXene films by covering 
them with continuous layers of ZIF-8 [34]. Zhang et al. constructed a 
(ZIF-8)-enhanced PTT/PDT antibacterial platform by electrospinning 
MXene/ZIF-8 dispersed in polylactic acid solution, which could promote 
wound healing [28]. Therefore, ZIF-8 has the potential to enhance 
MXene PTT/PDT activity and provide an antioxidative barrier for the 
wearable materials bearing MXene. 

Prior to developing a series of advanced smart textiles, two chal
lenges must be addressed: 1) an appropriate strategy to assemble 
MXene/ZIF-8 functional layers on the surface of cellulose fibers or 
nonwoven fibric while preventing the oxidation of MXene; 2) achieving 
rapid and long-lasting antibacterial effects through multiple antibacte
rial mechanisms. To address these issues specifically, in this work, we 
developed a novel strategy for the fabrication of organic-inorganic 
hybrid materials through interface assembly and in-situ growth pro
cesses, resulting in cellulosic wearable smart textiles with synergistic 
PTT/PDT antibacterial and EMI shielding properties. Initially, a robust 
and stable NIR light-responsive PTT/PDT MXene (Ti3C2Tx) layer was 
established on the surface of cellulose nonwovens (CNWs) through 
hydrogen bonding and electrostatic interactions. Subsequently, the ZIF- 
8 was in-situ grown on the MXene layer to enhance th0e PDT activity of 
the textiles and to provide a durable antibacterial effect (Scheme 1a). 
The prepared smart textiles exhibited excellent breathability and flexi
bility, and the assembled MXene/ZIF-8 bilayer structure could generate 
high heating and ROS based on the PTT/PDT effect. The smart textile 
achieved rapid killing of E. coli and S. aureus under NIR radiation 
(300 mW cm− 2, 808 nm) in 5 min, while NIR intensity remained below 
the MPE limit. The ZIF-8 layer not only gradually released Zn2+ to offer 
persistent antibacterial effects but also acts as a barrier against oxygen 
and water-induced oxidation of the MXene layer. Furthermore, this 
smart textile material surpasses previously reported textile-based 
shielding materials in terms of EMI shielding performance, leading to 
integrated wearable textiles with multi-functions suitable for a variety of 
applications (Scheme 1b). 

2. Experimental section 

2.1. Materials 

Highly breathable and biodegradable cellulose-based nonwovens 
(CNWs) were produced by utilizing bleached softwood pulp and Lyocell 
fibers through wet-laid and hydroentanglement processes [11]. MAX 
(Ti3AlC2, NO: YY201702) powders were purchased from Jilin 11 tech
nology Co., Ltd. Zn(NO3)2⋅6H2O (≥98 %) and hydrochloric acid solution 
(HCl, 36.5 %) were obtained from Nanjing Chemical Co., Ltd. Lithium 
fluoride (LiF, 99 %, NO: L434127) and 2-Methylimidazole (2-MIM, 
≥99 %, NO: M104839) were purchased from Aladdin Biochemical 
Technology Co., Ltd. Luria-Bertani (LB, NO: HB0128) broth medium was 
purchased from Qingdao Hope Bio-Technology Co., Ltd. All the solvents 
used in the test were analytical grade and used without further 
purification. 

2.2. Preparation of MXene (Ti3C2Tx) nanosheets suspension 

The preparation of MXene (Ti3C2Tx) nanosheets was conducted by 
employing a mild hydrofluoric acid-like etching technique (Fig. 1a) re
ported in our previous work [11]. Initially, 40 mL of HCl (9 M) and 2 g of 
LiF were added to the Teflon reactor. Afterwards, 2 g of MAX (Ti3AlC2) 
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powder was slowly put into the reactor and left to stir at 35 ◦C for 24 h. 
To remove by-product hydrofluoric acid (HF) and other impurities, the 
resulting suspension was centrifuged for 10 min (1978 g, rcf) and then 
redispersed with deionized H2O, which was repeated several times until 
the pH of the suspension reached around 6. The ethanol was added to the 
black sludge-like solid, sonicated for 60 min to obtain ethanol- 
intercalated multilayer nanosheets, and collected in tube after centri
fugation at 16300 g (rcf) for 10 mins. Subsequently, deionized (DI) water 

was added into the pellet again, subjected to sonication at 750 W for 10 
mins, followed by centrifugation at 1978 g (rcf) for a duration of 10 min, 
resulting in the production of MXene with a few layers. Furthermore, the 
gravimetric measurement of the concentration of MXene nanosheets 
was conducted following the freeze-drying of a certain quantity of the 
dispersion. 

Scheme 1. Schematic illustrating the fabrication of functionalized CNWs@M/ZIF-8 and its applications. (a) Preparation process of CNWs@MXene/ZIF-8 
(CNWs@M/ZIF-8) wearable materials on cellulosic nonwovens (CNWs). (b) Schematic of multi-protection of CNWs@M/ZIF-8, including highly bactericidal effi
cacy and outstanding EMI shielding. 

Fig. 1. Preparation and characterization of MXene and ZIF-8. (a) Schematic diagram for the fabrication of MXene. (b) SEM image of as-obtained layered MXene 
(Ti3C2) (9.4 mm × 8.0 K). (c) TEM image of MXene sheets (8.0 mm × 20.0 K). (d) Schematic diagram for the fabrication of ZIF-8. (e) SEM image of the crystalline 
structure formed by 2-MIM as an organic ligand and Zn2+(ZIF-8) (8.9 mm × 5.0 K, 4 mm × 20.0 K). (f) XRD spectra of as-synthesized and simulated ZIF-8, wherein, 
the peaks located at 7.3◦, 10.4◦, 12.7◦, and 18.5◦ respectively correspond to the (110) (200) (112) (222) crystal planes. 
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2.3. Fabrication of antibacterial textiles (CNWs@M/ZIF-8) 

The CNWs (60 × 60 mm2) were first soaked in ethanol (EtOH, 75 wt 
%)/NaOH (1 wt%) mixed aqueous solution for 1 h, and then dried at 
50 ◦C to constant weight. Subsequently, the formulated MXene sus
pension was applied by spray coating onto CNWs and dried under vac
uum at ambient temperature. To prepare CNWs with different MXene 
loadings (CNWs@M), the spraying and drying process was repeated 
several times [11]. Zn(NO3)2⋅6H2O (12.1 g) and the organic ligand 2- 
MIM (106.7 g) were separately dissolved in 1.0 L of deionized water 
to obtain zinc ions (0.08 mol L− 1) and 2-MIM (1.3 mol L− 1) solutions. 
The prepared CNWs@M fabric was first soaked in 50 mL of 2-MIM 
aqueous solution for 1 h, then different volumes of Zn2+ solution were 
added (with 2-MIM to Zn2+ molar ratios of 4:1, 8:1, 12:1, 16:1, and 32:1 
respectively) and shaken (90 rpm) at 50 ◦C for 2 h to promote the in-situ 
growth of ZIF-8 [34]. The as-obtained CNWs@M/ZIF-8 samples were 
alternately washed three times with DI water and ethanol (95 wt%) to 
remove unreacted precursors and suspended ZIF-8 particles. The 
resulting CNWs@M/ZIF-8 textiles were subjected to overnight vacuum 
drying at a temperature of 25 ◦C. 

2.4. Oxidation test of CNWs@M and CNWs@M/ZIF-8 

The CNWs@M and CNWs@M/ZIF-8 fabrics (50 × 50 mm) were 
exposed to 95 ◦C/95 % RH (relative humidity) for varied periods (1, 7, 
15, and 30 days) in order to conduct a high-temperature oxidation test. 
The textiles were briefly taken out from the chamber to measure their 
EMI shielding performance and returned after measurement. 

2.5. Antibacterial activity assessments 

The antibacterial activity of samples was quantified using a colony 
counting technique. Representative strains of Escherichia coli (E. coli) 
(ATCC 8739) and Staphylococcus aureus (S. aureus) (ATCC 29213) were 
used as harmful microorganisms. Bacteria were grown overnight at 
37 ◦C and 200 rpm in Luria-Bertani broth. The bacterial suspensions 
were diluted to a concentration of 5 × 106 CFU/mL for various anti
bacterial tests. For the colony counting method, The CNWs@M/ZIF-8 
textiles (8 × 10 mm2) and 0.2 mL of the diluted bacterial suspension 
were transferred to a sterilized glass vial containing 1.8 mL of LB broth. 
Subsequently, the mixed system was incubated at 37 ◦C and 200 rpm on 
a shaker for various durations. Ultimately, 0.1 mL of the resulting 
mixture was distributed onto LB agar plates and incubated at 37 ◦C for 
24 h prior to counting. 

Visual assessment of inhibition zones was conducted to evaluate the 
release effect of CNWs@M samples on the growth of E. coli and S. aureus 
strains. Firstly, the strains were revived, and then 100 μL of the revived 
bacterial suspension (5 × 108 CFU/mL) was evenly spread on LB agar 
plates. Subsequently, CNWs@M and CNWs@M/ZIF-8 samples (diam
eter: 9 mm), sterilized by ultraviolet irradiation for 30 min, were placed 
on the agar plates inoculated with bacteria and incubated at 37 ◦C for 
24 h. Finally, the size of inhibition zones was measured to quantify the 
release effect. For the photodynamic/photothermal antibacterial test, 
0.1 mL of the prepared bacterial suspension and 8 × 10 mm2 of the 
CNWs@M/ZIF-8 textile were irradiated in a 6-well plate under NIR 
(808 nm) laser at different light energy densities for different times. 
Subsequently, 1.9 mL of LB broth was added to the mixed system of 
bacterial suspension and samples, and bacterial elution was facilitated 
through agitation and vortexing. 0.1 mL of the suspension was spread 
onto a solid culture medium, followed by culturing at 37 ◦C for 24 h. 
Afterwards, the surviving colonies were counted. The antibacterial ef
ficiency (AE) and the survival rate (SR) were calculated using formulas 
AE = (B-A)/B x 100 % and SR = A/B x 100 % (A: the number of colonies 
in the experimental group, B: the number of colonies in the control 
group). 

To observe the changes in the morphology of the bacterial cell 

membrane, the bacteria were centrifuged at 4075 g (rcf) for 5 min, 
washed with SPSS solution three times, and fixed with 4 % glutaralde
hyde at 4 ◦C for 8 h. A series of ethanol concentrations (20–100 %) were 
used to dehydrate microorganisms, which were then dried overnight at 
room temperature and observed by scanning electron microscopy. 

2.6. Characterization 

The morphologies of MXene, ZIF-8, and CNWs@M/ZIF-8 were 
observed using a scanning electron microscope (SEM, Hitachi Regulus 
8100, Japan). The structural morphology of MXene (Ti3C2TX) was 
observed using a transmission electron microscope (TEM, JEOL Jem 
2100, Japan). X-ray diffraction spectra of the materials were collected 
using an X-ray diffractometer (XRD Ultima IV, K α Rigaku, 5◦ min− 1, 
Japan). The chemical composition and state of all prepared samples 
were analyzed using X-ray photoelectron spectroscope (XPS, AXIS Ultra 
DLD, Shimadzu, UK) and a VERTEX80v spectrometer (FT-IR Bruker 
Optik GmbH, Germany). Photothermal infrared thermal imaging photos 
were collected with an infrared camera (FOTRIC 223 s), and the pre
pared sample size was 8 × 10 mm2. An environmental scanning electron 
microscope (ESEM, Quanta 200, FEI, USA) was used to examine the 
morphology of bacteria. A UV–Vis spectrophotometer (UV-1780, Shi
madzu, Japan) and a microplate reader (Multiskan FC, Thermo Scien
tific, USA) were used to collect the absorbance of the samples. 

The CNWs@M/ZIF-8 sample (8 × 10 mm2) was immersed in DI H2O 
and 100 μL of supernatant was extracted at predetermined time intervals 
(0.5, 1, 2, 3, 4, 6, 8, 10, 12 and 24 h) for Zn2+ detection (ICP-MS, 
JY2000–2, France), and an equal volume of DI H2O was supplemented. 
With the utilization of a high-power NIR laser module (FU808ADX-F34, 
China) and a clean bench as the core, a NIR photodynamic antibacterial 
system with a controllable optical power density was constructed for 
PTT/PDT antibacterial experiments. All PTT/PDT antibacterial tests 
were conducted in a sterile and ultra-clean bench. 

The EMI SE of the samples in the X-band (8.2–12.4 GHz) was 
collected by a vector network analyzer (Keysight N5247A). Among 
them, the calculation formula of the total SE is as follows: 

R = |S11|
2  

T = |S21|
2  

A = 1 − R − T  

SER = − log10(1 − R)

SEA = − log10

(
T

1 − R

)

SET = SEA + SER  

EMI Shielding Efficiency (%) = 100 − 10− SE
10  

where SET, SEA, and SER were total shielding, absorption, and reflection 
effectiveness[dB], respectively. 

3. Results and discussion 

3.1. Preparation and characterization of MXene and ZIF-8 

In accordance with previously reported methods, MXene (Ti3C2TX) 
nanosheets were synthesized using a hydrofluoric acid etching 
approach, as illustrated in Fig. 1a. Briefly, HCl/LiF was employed to etch 
the precursor MAX (Ti3AlC2) powder (Fig. S1), removing the Al layer to 
yield multilayered MXene (Fig. 1b). Subsequently, the obtained multi
layered MXene, featuring accordion-like structures (Fig. 1b), was sub
jected to ultrasonication for exfoliation, resulting in single-layer or few- 
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layers MXene nanosheets. TEM images of the MXene nanosheets 
revealed well-defined edges and intact morphological structures 
(Fig. 1c). The X-ray diffraction (XRD) patterns (Fig. S2) exhibited the 
characteristic peak of Ti3C2TX at 7◦, confirming the successful etching of 
MAX. Furthermore, the colloidal dispersion of MXene nanosheets dis
played the pronounced Tyndall scattering effects in Fig. S3, a distinctive 
feature of uniform colloidal dispersions. Collectively, these results 
validate the successful preparation of single-layer or few-layers MXene 
sheets. 

To achieve a complete zeolitic imidazolate framework (ZIF-8) with 
antimicrobial properties, we improved the conventional preparation 
method as depicted in Fig. 1d. SEM images of ZIF-8 synthesized using 
different 2-MIM/Zn2+ molar ratios are shown in Fig. S4. The results 
indicated that ZIF-8 obtained with a 2-MIM/Zn2+ molar ratio smaller 
than 12:1 exhibited a carambola structure, lacking a distinct zeolitic 
appearance. However, ZIF-8 synthesized with molar ratios of 16:1 and 
32:1 displayed a complete zeolitic structure with uniform particle sizes. 
Moreover, antimicrobial assays (Fig. S5) demonstrated that ZIF-8 syn
thesized with a 32:1 M ratio exhibited antibacterial efficiencies of 
58.71 % and 62.97 % against E. coli and S. aureus, respectively, while 
molar ratios of 16:1 and below achieved antibacterial efficiencies 
exceeding 99.99 %. Therefore, the optimal 2-MIM/Zn2+ molar ratio for 
ZIF-8 synthesis was determined to be 16:1. Fig. 1e illustrates a repre
sentative SEM image of ZIF-8 with an average lateral size of approxi
mately 1.13 ± 0.31 μm (count: 100) (Fig. S6). Furthermore, XRD 
patterns exhibited characteristic crystal diffraction peaks corresponding 
to the (011), (002), (112), and (222) planes at 7.3◦, 10.4◦, 12.7◦, and 
18.5◦, respectively (Fig. 1f), confirming the successful synthesis of ZIF-8 
with intact crystal facets. 

3.2. Surface engineering of cellulose nonwovens 

Exactly, we aimed at creating a straightforward and viable method 
for producing smart textiles [43]. The resulting smart textiles not only 
exhibit excellent PTT/PDT synergistic antibacterial effects when 
exposed to NIR light, but also gradually release antibacterial agents to 
achieve antibacterial objectives, thereby catering to various challenging 
working environments. Although smart textiles were extensively man
ufactured and utilized across various fields, developing textiles with 
controlled release of antibacterial agents and high-performance PTT/ 
PDT synergistic antibacterial properties remains a formidable challenge. 
In this context, we established an efficient surface engineering strategy 
and an in-situ growth process that enables the continuous fabrication of 
layer-by-layer assembled structures with controlled release of antimi
crobial agents and high-performance PTT/PDT synergistic antibacterial 
effects. As illustrated in Fig. 2a, layers of highly conductive and efficient 
NIR-responsive MXene were achieved through the repeated spray as
sembly of MXene dispersion. The typical morphologies of CNWs are 
depicted in SEM images (Fig. 2b-d). Given the abundant -OH groups on 
the surface of cellulose-based fibers of CNWs and MXene sheets, a strong 
connection is formed through hydrogen bonding interactions, as 
depicted in Fig. 2e-g. The cross-sectional SEM image of CNWs@M 
(Fig. 2g) indicated that MXene nanosheets were firmly incorporated 
onto the surface of cellulose fiber, forming a thin layer. The grooves and 
indentations formed by stacking of MXene (Fig. 2e and f) provide a 
larger specific surface and interface area for the in-situ growth of MOF 
layer (ZIF-8). The prepared CNWs@M textile was immersed in 2-MIM 
solution for 1 h, and after the addition of Zn2+, a continuous layer of 
ZIF-8 with a thickness around 500 nm was grown on the surface of 

Fig. 2. Surface engineering and characterization of CNWs@M/ZIF-8. (a) The schematic representation of the synthetic procedure for CNWs@M/ZIF-8, including 
MXene loading and in situ growth of ZIF-8. SEM images of (b-d) CNWs, (e-g) CNWs@M, and (h-j) CNWs@M/ZIF-8 (9.5 mm × 2.0 K, 9.5 mm × 5.0 K) (where d, g and 
j are cross-sectional SEM images of CNWs, CNWs@M, and CNWs@M/ZIF-8 (9.5 mm × 5.0 K)). The inset is a partially enlarged SEM image of ZIF-8 
(9.5 mm × 20.0 K). (k) FTIR spectra of CNWs, CNWs@M and CNWs@M/ZIF-8. (l) Wide scan XPS spectra of CNWs, CNWs@M and CNWs@M/ZIF-8. (m) Zn 2p 
core-level and (n) N 1 s core-level spectra of CNWs@M/ZIF-8. 
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CNWs@M (Fig. 2h-j). The reason for selecting ZIF-8 among various MOF 
materials is its pore size of approximately 3.4 Å, which effectively pre
vents the contact of MXene layers with water molecules, thereby hin
dering the induced oxidation of MXene. As shown in Fig. 2h and i, the in- 
situ grown ZIF-8 on the CNWs@M surface exhibited a continuous and 
intact morphological feature, whereas the in-suit grown ZIF-8 layer on 
CNWs surface without MXene coating (Fig. S7) showed obvious frag
mentation and detachment. This is possibly attributed to effectively 
reducing the rigidity of the ZIF-8 layer and enhancing the binding be
tween the ZIF-8 layer and the fibers by introducing flexible MXene 
layers. Simultaneously, the elemental mapping of CNWs@M/ZIF-8 
(Fig. S8) shows a uniform distribution of C, N, Ti, and Zn elements, 
confirming the successful loading of MXene and ZIF-8. SEM images after 
10 min of ultrasonic cleaning of CNWs@M/ZIF-8 (Fig. S9a) and CNWs/ 
ZIF-8 (Fig. S9b) indicated severe fragmentation and detachment of the 
ZIF-8 layer in CNWs/ZIF-8, while the ZIF-8 layer in CNWs@M/ZIF-8 
retained its integrity. This further confirms that the flexible MXene 
layer enhanced the mechanical strength of the ZIF-8 layer. Additionally, 
the folding and curling optical images of CNWs@M/ZIF-8 demonstrated 
the flexibility of the smart textile (Fig. S10). These advantages provided 
substantial potential for practical applications of the as-developed smart 
textiles in daily life. 

Subsequently, the composite materials formed during the layer-by- 
layer assembly process of the smart textiles (CNWs@M/ZIF-8) were 
further characterized with FT-IR (Fig. 2k). As can be seen, CNWs showed 
typical peaks of natural cellulose fibers near 3333 cm− 1 (-OH stretching) 
and 2896 cm− 1 (C–H stretching). Comparing to CNWs, the FT-IR 
spectrum of CNWs@M exhibited a characteristic peak of MXene 
around 521 cm− 1 (Ti–O) and the -OH peak at 3333 cm− 1 (CNWs) 
shifted towards around 3260 cm− 1 (CNWs@M), confirming the suc
cessful incorporation of MXene onto the CNWs surface through 
hydrogen bonding [44]. Upon ZIF-8 assembly, the infrared spectrum of 
CNWs@M/ZIF-8 textile exhibited characteristic absorption peaks at 

680, 751, and 1174 cm− 1, attributing to the vibrations of Zn–O, Zn–N, 
and C–OH bonds. Furthermore, the vibrational absorption bands of the 
C–H (1565 cm− 1) and C–N (2932 cm− 1) bonds of the ZIF-8 ligand 2- 
MIM were observed (Fig. 2k) [45]. These findings confirmed the suc
cessful loading of ZIF-8 onto CNWs@M. XPS analysis was employed to 
ascertain the surface chemical changes during the assembly process of 
CNWs@M/ZIF-8 textiles (Fig. 2I). For the CNWs@M textiles (Fig. 2I), 
three new peaks at 458.8 eV, 565.7 eV, and 683.8 eV were attributed to 
Ti 2P3/2, Ti 2P3/2, and F 1S, respectively. Subsequent to the in-situ 
growth of ZIF-8 (Fig. 2I and m), three new peaks were observed at 
1021.5 eV (Zn 2P3/2) and 1044.6 eV (Zn 2P1/2), attributable to Zn 2P, 
along with a peak at 399.6 eV (N 1 s), indicating the presence of ZIF-8. In 
addition, the N 1S core-level spectra of CNWs@M/ZIF-8 could be 
deconvoluted into two characteristic peaks at 399.2 eV (Zn–N) and 
400.1 eV (− NH2) (Fig. 2n). These results further confirmed the suc
cessful incorporation of both MXene and ZIF-8 layers [28,34,45]. 

3.3. Photothermal and photodynamic properties of CNWs@M/ZIF-8 

It is widely acknowledged that MXene possesses exceptional photo
thermal conversion capability and photodynamic activity via NIR radi
ation, which is significant for the advancement of potential applications 
in smart light-driven antibacterial wearable textiles. Therefore, we 
investigated the PTT/PDT activity of the as-prepared CNWs@M/ZIF-8 
textile. Fig. 3a shows the temperature (central maximum) evolution of 
CNs@M/ZIF-8 illuminated with 808 nm NIR perpendicular to smart 
textiles at different power densities. It was evident that the temperature 
of the CNWs@M/ZIF-8 textile quickly reached the saturation tempera
ture and remains stable, indicating that the light-to-heat conversion of 
these cellulose-based smart textiles was sensitive and stable. Further
more, the temperature gradually increased with increasing NIR power, 
exhibiting efficient photothermal conversion behavior. Prolonging 
infrared laser duration at 200 mW cm− 2 optical power density as well as 

Fig. 3. Photothermal/photodynamic performance of the CNWs@M/ZIF-8. (a) Temperature profiles of the CNWs@M/ZIF-8 under a stepwise power density from 80 
to 600 mW cm− 2 (MXene content: 1.46 mg cm− 2, 8 × 10 mm2). (b) photothermal stability of CNWs@M/ZIF-8 under a 200 mW cm− 2 input optical power density for 
2000 s. (c) Infrared thermographic photographs of CNWs@M/ZIF-8 under 808 nm NIR irradiation (200 mW cm− 2) at different time intervals. (d) Temperature-time 
curve of CNWs@M/ZIF-8 under the irradiation of simulated sunlight source for 6 cycles. (e) Time dependent UV–vis spectrum of DPBF with the CNWs@M/ZIF-8 
textile under 808 nm NIR irradiation. (f) Decay curves of the DPBF absorption density at 410 nm with the ROS generation in acetonitrile under 808 nm NIR 
illumination. 
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temperature changes in cyclic heating were tested to evaluate the 
heating stability of smart textiles (Fig. 3b and c). Interestingly, the 
temperature of the CNWs@M/ZIF-8 rapidly increased to 74.6 ◦C within 
20 s and remained stable at this temperature even after continuous 
irradiation for >2000 s, indicating its excellent long-term heating reli
ability. Furthermore, the CNWs@M/ZIF-8 demonstrated good stability 
over 6 heating cycles (Fig. 3d). The infrared irradiation images of 
CNWs@M/ZIF-8 with different MXene loading amounts (Fig. S11) show 
that with the continuous increase of MXene loading amount 
(0.30–2.23 mg cm− 2), the temperature rises from 23.7 to 95.7 ◦C, 
indicating that it is feasible to easily achieve controllable photothermal 
response behavior. 

To further explore the photodynamic activity of the CNWs@M/ZIF-8 
textile, the generation of singlet oxygen (O2) under NIR radiation 
(808 nm, 300 mW cm− 2) was measured by 1,3-diphenylisobenzofuran 
(DPBF). In the presence of 1O2 molecules, the DPBF exhibited a 
decrease in the maximum absorption at 410 nm. As depicted in Fig. 3e, 
upon exposure to NIR 808 nm (300 mW cm− 2), the absorbance at 
410 nm of the DPBF system experienced a significant decrease after 
5 min, and declined by 85 % after 20 min. As shown in Fig. 3f, the 
absorbance of DPBF exposed to CNWs@M and CNWs@M/ZIF-8 both 
significantly decreased at 410 nm, with the latter showing a stronger 
decline than the former. However, CNWs/ZIF-8 did not cause a decrease 
in the absorbance of DPBF at 410 nm. These results indicated that the 
ROS generation of CNWs@M/ZIF-8 assembled with M/ZIF-8 was higher 
than that of CNWs@M and CNWs@ZIF-8. The possible reasons for this 
phenomenon could be analyzed based on two mechanisms of PDT pro
cess. For the Type I PDT pathway, the interface between the assembled 
ZIF-8 and MXene in CNWs@M/ZIF-8 could promote intermolecular 
charge transfer by forming an in-built electric field, reducing the energy 
required for excitation and further stabilizing the excited state [28]. For 
the Type II PDT pathway, the zeolite structure of ZIF-8 can serve as an 
oxygen reservoir, improving the oxygen environment in the Type II 
process, and increasing the effective collision rate between molecular 
oxygen and the excited state, thereby enhancing the ROS production 
[40]. 

3.4. Biocidal performance of CNWs@M/ZIF-8 

Given the sustained and gradual release of Zn2+ from the ZIF-8 layer 
in an aqueous system, the CNWs@M/ZIF-8 textile is expected to have 
excellent antibacterial properties [46–48]. To verify this, the antibac
terial properties of CNWs@M/ZIF-8 was examined using plate counting 
and inhibition zone assays. Representative Gram-negative bacterial 
(E. coli) and Gram-positive bacterial (S. aureus) strains were chosen as 
model microorganisms to assess the antibacterial activity of various 
composite layers fabricated during the process. Fig. S12a and S12b 
illustrate the time-dependent variation in killing efficiency of different 
composite layers against the two bacterial strains. The results indicated 
that within the first 5 mins, the antibacterial efficiency of all tested 
samples against E. coli and S. aureus were both below 24.38 %, sug
gesting that rapid bacterial killing was challenging for the material. 
However, after the sample exposed to bacterial suspension for 2 h, CNWs 
and CNWs@M without assembled ZIF-8 exhibited antibacterial effi
ciencies below 60.67 % for both bacterial strains, whereas CNWs@M/ 
ZIF-8 achieved antibacterial efficiencies of 91.33 % and 94.02 % 
against E. coli and S. aureus, respectively. The inhibition zone test results 
(Fig. S14) indicated that there were no distinct inhibition zones 
observed after 24 h of CNWs@M contact with E. coli and S. aureus, 
whereas notable inhibition zones (total diameter: approximately 
13 mm) emerged upon the introduction of the ZIF-8 layer. Simulta
neously, it was observed that CNWs@M/ZIF-8 can continuously release 
Zn2+ in DI water (Fig. S13), reaching 0.67 ppm within 24 h and stabi
lizing, further demonstrating the significant sustained release charac
teristics of Zn2+. Therefore, The formation of inhibition zones is 
attributed to ZIF-8 releasing Zn2+ due to electrostatic interactions with 

bacterial pathogens, leading to bacterial growth inhibition or death by 
inducing cell deformation, rupture of the cell wall leading to cytoplasm 
leakage, and creation of an alkaline microenvironment [46,49]. To 
further evaluate the enduring antibacterial capacity of CNWs@M/ZIF-8, 
different samples were subjected to 24 and 48 h of treatment with E. coli 
and S. aureus, followed by dilution and plating of bacterial suspensions. 
As shown in Fig. S15a and S15b, the percentage of killed bacteria 
correspondingly increased with the incorporation of the ZIF-8 layer, 
while the original CNWs displayed no antibacterial effects against E. coli 
and S. aureus. In the case of E. coli, CNWs@M/ZIF-8 killed approximately 
7 logs (24 h) and 7 logs (48 h) of bacterial cells, while CNWs/ZIF-8 killed 
<6 logs (24 h) and 6 logs (48 h) of bacterial cells. For S. aureus, 
CNWs@M/ZIF-8 respectively killed about 6 logs (24 h) and 7 logs (48 h) 
of bacterial cells, whereas CNWs/ZIF-8 killed approximately 5 logs 
(24 h) and 6 logs (48 h) of S. aureus. These results emphasized that the 
introduction of the ZIF-8 layer endows CNWs@M/ZIF-8 with excep
tional antibacterial efficacy, allowing for sustained inhibition of bacte
rial proliferation. However, the challenge of effectively killing bacteria 
within a short timeframe remains to be addressed. 

To tackle this challenge, the current study incorporates MXene 
(Ti2C3Tx) with exceptional photothermal and photodynamic properties 
into textile substrates [50,51]. The excellent photothermal and photo
dynamic properties provided the possibility to extend the applications of 
the CNWs@M/ZIF-8 to PTT/PDT antibacterial [52]. As shown in Fig. 4a- 
c, E. coli and S. aureus were co-cultured with different loading-MXene 
contents of CNWs@M/ZIF-8 under 808 nm laser irradiation 
(300 mW cm− 2) for 10 min while the control group was left untreated. 
Antibacterial efficiency of the samples was carried out through the 
colony counting method. After exposure to the NIR laser (NIR+), when 
the loading contents of MXene was 1.46 mg cm− 2, the antibacterial ef
ficiency of CNWs@M/ZIF-8 against the E. coli and S. aureus reached 
99.99 %, suggesting that the MXene loading is essential for the effective 
PTT/PDT performance. In the group without NIR (NIR-) irradiation, 
CNWs@M/ZIF-8 showed no significant antibacterial activity. To further 
investigate the PTT/PDT antibacterial properties of the samples, the 
impact of optical power density (Fig. 4d and e) and irradiation duration 
(Fig. S16) on the antibacterial efficiency of the samples was explored. 
The results demonstrated a positive correlation between the bactericidal 
efficiency of CNWs@M and CNWs@M/ZIF-8 against E. coli and S. aureus 
and optical power density as well as irradiation time. Compared to 
CNWs@M, CNWs@M/ZIF-8 exhibited higher bacterial killing efficiency 
when irradiated at light power densities below 300 mW cm− 2 (808 nm) 
for 5 min (Fig. 4d, e, and S16), further confirming the ability of the ZIF-8 
layer to promote thermal therapy and ROS generation. Additionally, at 
light power densities above 300 mW cm− 2 (Fig. 4d and e) and irradiation 
time exceeding 5 min (Fig. S16), CNWs@M/ZIF-8 achieved a bacterial 
killing efficiency above 99.99 % against both E. coli and S. aureus. 
Therefore, NIR laser (808 nm) irradiation with light intensity of 
300 mW cm− 2 was fixed for effective bacterial deactivation in our work, 
which is below the MPE limit to skin and tissue [33]. As depicted in 
Fig. 4f and h, the co-culture of CNWs@M/ZIF-8 and bacteria 
(5 × 106 CFU/mL) was subjected to irradiation at an optical power 
density of 300 mW cm− 2 for 1 to 5 min, followed by survival rate 
calculation using the plate counting method. Not surprisingly, the bac
teria stayed alive on CNWs@M/ZIF-8 in the dark environment (Fig. 4f), 
and their survival rate exceeded 85.7 %. After being exposed to the NIR 
irradiation, the origin CNWs exhibited no evident bactericidal perfor
mance, illustrating that the sole NIR treatment hardly induced an anti
bacterial effect. However, the bacterial colony counts upon contact with 
CNWs@M/ZIF-8 initially decreased with time, reaching near-zero sur
vival rates for both E. coli and S. aureus after an irradiation duration of 
5 min (Fig. 4h). Cycling PTT/PDT antibacterial tests of CNWs@M/ZIF-8 
were conducted to assess their stability and reproducibility in practical 
applications. As shown in (Fig. 4i), the antibacterial efficiency against 
E. coli and S. aureus was both >94.2 % after 5 cycles. These results 
indicated that the reusable of CNWs@M/ZIF-8 textiles materials 
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achieved rapid and efficient bactericidal treatment through synergistic 
PTT/PDT effects. As widely known, the antibacterial strategy of per
sonal protective clothing often requires exposure to ultraviolet (UV) 
light for over 30 min [53], which usually failed to achieve rapid and 
efficient bacterial killing. Notably, the smart textile CNWs@M/ZIF-8 
demonstrates the ability to effectively eliminate pathogens within 
5 min under NIR irradiation with low light energy density. Moreover, 
the smart textile can maintain the sustained inhibition of bacterial 
proliferation through the gradual release of Zn2+ in work environments 
where NIR irradiation is not feasible. This novel smart textile, employing 
a synergistic combination of various antibacterial strategies, is poised to 
become a strong contender for the next generation of diverse bio- 
protective garments. 

To gain further insight into the antibacterial mechanism, the 
morphology of E. coli and S. aureus incubated on CNWs@M/ZIF-8 was 
further revealed during the various treatments (Fig. 4g). In the non- 
irradiated control group, a smooth and intact bacterial surface was 
observed, whereas on the bacteria subjected to infrared irradiation, 
distinct surface wrinkling, pore formation, and rupture became clearly 
visible. The rapid changes on the surface of E. coli and S. aureus were 
mainly caused by the high temperature and ROS induced by CNWs@M/ 
ZIF-8 [28,44]. Fig. 4a illustrates the energy transfer mechanism for 1O2 
generation. When CNWs@M/ZIF-8 was illuminated, its photosensitizer 

M/ZIF-8 absorbed energy and formed an excited singlet state, followed 
by possible fluorescence emission or intersystem crossing, generating 
the excited triplet state (TS) of M/ZIF-8. Ultimately, the excited triplet 
state of M/ZIF-8 may emit phosphorescence or react with triplet oxygen 
(3O2) to generate 1O2 which could damage bacterial cells via peroxi
dation of lipids and carbonylation of proteins [28,54,55]. Furthermore, 
in comparison to E coli, there was a significantly lower occurrence of 
surface wrinkling in S aureus, attributed to the thicker cell wall of 
S. aureus (Gram-positive bacteria), which serves as an impediment 
during the PTT/PDT process [56,57]. 

3.5. Electromagnetic interface shielding performance of CNWs@M/ZIF-8 

With the advent of the 5G era, the issue of electromagnetic wave 
pollution from various smart portable electronic products has become 
increasingly prominent, posing safety hazards to human health and the 
surrounding environment. Considering the wearable electronic products 
are often in direct or indirect contact with human body in their opera
tional scenarios, there is an urgent need to develop wearable protective 
materials with excellent EMI shielding performance. It was noteworthy 
that the introduction of MXene-loaded CNWs imparted remarkable PTT/ 
PDT antibacterial properties to smart textiles which surface and inter
facial areas were also increased. The highly conductive MXene layer 

Fig. 4. Antibacterial capability of CNWs@M/ZIF-8. (a) Schematic illustration of the PTT/PDT antibacterial properties of the CNWs@M/ZIF-8. Bactericidal activity of 
CNWs@M/ZIF-8 with different MXene loadings (0.3–2.98 mg cm− 2) against (b) E. coli and (c) S. aureus under dark and 808 nm NIR laser (300 mW cm− 2) 
(ns>0.9999, ***p < 0.001, ****p < 0.0001, n = 3). Bactericidal activity of CNWs@M and CNWs@M/ZIF-8 against (d) E. coli and (e) S. aureus at the different optical 
power density (808 nm NIR laser) (n = 3). (f) Optical photos of E. coli and S. aureus after cocultured with CNWs@M/ZIF-8 at different times under dark and 808 nm 
NIR laser (300 mW cm− 2) (n = 3). (g) SEM images of E. coli and S. aureus after corresponding treatment for 5 min (n = 3). (h) Corresponding statistical analysis of the 
bacterial viability. (i) PTT/PDT antibacterial efficiency of CNWs@M/ZIF-8 for 5 cycles (ns > 0.9999, ***p < 0.001, ****p < 0.0001, n = 3). 
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reflected a significant portion of incident electromagnetic waves, while 
the remaining incident waves were further absorbed and dispersed after 
multiple reflections within the disordered and intricate multi-porous 
structure and a multi-layer MXene core-shell structure of the 
CNWs@M/ZIF-8 textile material (Fig. 5a) [44,58,59]. The EMI shielding 
performance of the smart textiles could be tailored by varying MXene 
loading amounts, as shown in Fig. 5b, i.e., the EMI shielding properties 
of CNWs@M/ZIF-8 was closely related to MXene loading in the X-band 
frequency range (8.2–12.4 GHz). The EMI SET of the smart textiles 
increased gradually from 9.5 to 47.7 dB in the entire X-band as MXene 
loading increased from 0.3 to 2.98 mg cm− 2. Simultaneously, the EMI 
reflection (SER) and absorption (SEA) values of the smart textiles simi
larly increased with the augmentation of MXene loading, as depicted in 
Fig. S17a and S17b. Encouragingly, the EMI SE of smart textiles 
increased to 47.7 dB when the MXene loading amount reached 
2.98 mg cm− 2 (Fig. 5c), with a high value of the EMI shielding efficiency 
approaching 99.99 % (Fig. S18), proving the outstanding EMI shielding 
effects delivered by the textiles loaded with MXene layers. Based on the 
trend of SE value variations, the EMI shielding performance could be 
easily controlled within the range of 9.5 to 47.7 dB. To broaden the 
controllable range of EMI shielding performance, an EMI shielding 
platform with 1 to 4 layers of CNWs@M/ZIF-8 was established. As 
shown in Fig. 5d, when the number of CNWs@M/ZIF-8 textile layer was 
increased from 1 to 4, the EMI shielding performance increased from 
47.7 to 88.2 dB, effectively expanding the control range to 9.5–88.2 dB. 
Furthermore, a comparison between the smart textiles and reported 
advanced EMI shielding materials is presented in Fig. 5e and Table S1, 
including textiles based on carbon nanotubes, graphene, metals, and 

MXene. Clearly, the smart textiles developed in the current work 
exhibited the highest absolute shielding effectiveness per unit thickness 
(EMI SE/thickness) at lower thickness, indicating its superiority over 
those reported elsewhere and positioning it as a potential next- 
generation flexible EMI shielding material. 

To demonstrate the enhanced stability of CNWs@M/ZIF-8 textiles, 
their electromagnetic shielding effectiveness (EMI SE) under harsh 
environmental conditions was investigated, as shown in Fig. 5f. The EMI 
SE performance of CNWs@M textile loaded with 2.98 mg cm− 2 of 
MXene was evaluated in the X-band (8.2–12.4 GHz), a shielding effec
tiveness of 52.6 dB and a shielding efficiency of 99.99 % were achieved 
(Fig. S19a and S19b). Subsequently, CNWs@M textiles were exposed to 
harsh conditions at 95 ◦C and 95 % relative humidity (RH) for up to 
30 days, simulating oxidative degradation. Under such conditions, the 
EMI shielding performance of CNWs@M textiles was significantly 
deteriorated, with reductions in shielding effectiveness to 46.3, 41.0, 
and 26.8 dB after 7, 15, and 30 days, respectively. In contrast, 
CNWs@M/ZIF-8 textiles exhibited an EMI SE of 47.2 dB in the X-band, 
and the values for textiles oxidized for 7, 15, and 30 days were well 
maintained at 43.3, 38.7, and 33.7 dB, respectively (Fig. 5g). Although 
the initial EMI SE of CNWs@M was slightly higher than that of 
CNWs@M/ZIF-8, the EMI SE of CNWs@M/ZIF-8 textiles was higher 
than that of CNWs@M after 30 days of oxidation under harsh conditions 
with the reduction of 28.6 % vs CNWs@M with a decrease of 49.0 % 
(Fig. S20). Evidently, the rate of decrease in EMI SE of CNWs@M was 
higher than that of CNWs@M/ZIF-8 under harsh environmental condi
tions. The results indicated that the in-situ grown ZIF-8 layer effectively 
inhibited the degradation of MXene incorporated in the textiles. 

Fig. 5. EMI shielding performance of CNWs@M/ZIF-8. (a) EMI shielding mechanism of CNWs@M/ZIF-8. (b) SET of CNWs@M/ZIF-8 with different MXene loadings 
(0.3–2.98 mg cm− 2) under frequency of 8.2–12.4 GHz (X-band). (c) Average SER, SEA, and SET of CNWs@M/ZIF-8 with different MXene loadings at 8.2–12.4 GHz 
(n = 3). (d) SET of CNWs@M/ZIF-8 with different layers (1–4 layers). (e) Comparison of EMI SE per unit thickness and coating thickness of CNWs@M/ZIF-8 with 
those of other coatings on EMI shielding fabrics reported in the literature. EMI SET values of (f) CNWs@M and (g) CNWs@M/ZIF-8 textile in X-band range before and 
after treating films at 95 % RH and 95 ◦C for different times (0, 7, 15 and 30 days). (h) XRD patterns of CNWs@M and CNWs@M/ZIF-8 textile after exposure to 
certain environments (95 % RH and 95 ◦C) for 1, 7, 15, and 30 days. 
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Furthermore, to further demonstrate the enhanced stability of 
CNWs@M/ZIF-8 textiles, the XRD changes of CNWs@M and CNWs@M/ 
ZIF-8 structures over different periods of exposure to the environment 
were tracked (only XRD spectra in the range of 5–20◦ are shown for a 
more effective tracking of MXene oxidation) (Fig. 5h). Comparing to 
CNWs@M, the (002) peak of CNWs@M/ZIF-8 shifted to a lower angle, 
indicating that the organic ligand and the central metal ions of ZIF-8 
were spontaneously inserted into the MXene interlayer during the in- 
situ growth process. After 30 days of exposure, the (002) peak of 
CNWs@M completely disappeared, while the (002) peak of CNWs@M/ 
ZIF-8 remained detectable. This suggested that the two-dimensional 
layered structure unprotected by the ZIF-8 layer experienced greater 
oxidation and disruption. This protective mechanism was likely due to 
the dense ZIF-8 protective layer partially obstructing oxygen and water 
from attacking MXene layer, thereby hindering the oxidation of MXene. 
Simultaneously, ZIF-8 precursor intercalates and passivates the defect 
sites and dangling bonds on MXene surface, further enhancing the 
chemical stability of the MXene layer [34]. 

4. Conclusion 

A facile and efficient layer-by-layer assembly method was developed 
in this work to fabricate breathable, flexible and smart wearable anti
bacterial textiles in conjunction with the in-situ growth of ZIF-8 layers 
on MXene-loaded cellulose textiles for outstanding antibacterial and 
EMI shielding effectiveness. The presence of the MXene layer enhanced 
the interface interactions between the ZIF-8 layer and the textile fibers, 
imparting excellent PTT/PDT activity and EMI shielding performance to 
the material. The assembled MXene/ZIF-8 bilayer structure promoted 
ROS generation upon light irradiation and effectively prevented oxygen 
and water-induced oxidation of the MXene layer. The smart textile can 
rapidly eradicate pathogenic bacteria within 5 min of NIR (808 nm) 
irradiation. Simultaneously, under non-infrared light conditions, the 
gradually released Zn2+ from the ZIF-8 layer effectively inhibited bac
terial proliferation within 48 h. Furthermore, EMI shielding efficiency 
(9.5–88.2 dB) of the smart textile can be readily adjusted by modulating 
the loading amount of MXene and the thickness of the smart textile. In 
summary, with the unique advantages of the simple and convenient 
assembly process and multi-functional integration, the smart textiles 
created in this work offer innovative biomedical and bioprotective 
materials for a variety of applications. 
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