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A B S T R A C T

The application of thermally conductive materials as coating on fiber surfaces represents an innovative tech
nology solution for conveying heat dissipation capability to IR-opaque textiles. In this work, a sustainable and 
scalable approach to manufacture a hybrid nanocomposite coating for cotton, formed by Reduced Graphene 
Oxide (RGO) sheets functionalized by histidine (His) and decorated by Ag nanoparticles (NPs), is reported for 
increasing thermal conductivity of cotton fabrics. Tens nm in size Ag NPs were synthesized, in situ, at the 
coordinating sites of the His-RGO modified cotton impregnated by H2O/CH3OH solutions of the AgNO3 pre
cursor, under UV-light exposure, without using chemical reductants. The physical chemical properties of the 
nanocomposite modified fabrics were comprehensively investigated, integrating chemical, structural and 
morphological analysis, with characterizations of their thermal, electrical, oxygen permeability, surface wetta
bility and mechanical properties. Thermal conductivity of cotton was measured by Differential Scanning calo
rimetry (DSC) technique, which was here validated by Transient Plane Source (TPS) method, assessing the 
effectiveness of DSC in measuring thermal conductivity of textiles. The resulting coating exhibits a thermal 
conductivity, which was twice as high as untreated cotton, maintaining its breathability, increasing its flexibility, 
while simultaneously reducing its wettability. This notable enhancement can be attributed to the synergistic 
effect of the conductive Ag nanostructures formed among the His-RGO sheets within the nanocomposite, and it 
matches the thermal conductivity achieved by current state-of-the-art methods, while offering additional ad
vantages of being more eco-friendly, scalable, and sustainable. The reported characterization of the structural 
properties of the achieved coating opens the venue to interesting perspectives towards its application in passive 
conducting cooling textiles for personal thermal comfort management.

1. Introduction

Recently, increasing attention has been devoted to innovative stra
tegies aiming to engineer textiles to fulfill technological demands to 
overcome lack of functionalities of traditional ones and conveying 

additional properties, like hydrophobicity, flame retardancy, self- 
cleaning, antimicrobial, electric and thermal conductivity, anti
wrinkle, antistatic and UV radiation shielding [1–4]. Nanostructured 
materials and nanocomposites, showing high surface to volume ratio, 
along with original chemical and physical properties depending on 
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morphology and chemical composition [5,6], are optimal candidates for 
effectively conveying to fabrics novel functionalities, without detri
mentally affecting their breathability or texture.

In this frame, textiles featuring advanced thermoregulatory charac
teristics have been regarded as original solutions for accomplishing 
human thermal comfort, addressing the need of high-performance tex
tiles in industries such as sports, medical, and aerospace, where thermal 
management is crucial [7,8]. Among these, passive cooling textiles, 
which are designed to enhance human body heat dissipation through the 
fabrics without consuming extra energy [9], manage personal thermal 
comfort by regulating heat exchange between skin and surrounding 
environment, by enhancing transmission of mid infrared radiation, 
decreasing near infrared radiation absorption, and increasing human 
body heat loss by thermal conduction [10].

To the best of our knowledge, few studies have focused on engi
neering textiles and patches for fulling such a challenge, and each one 
offers an innovative solution, exhibiting concomitantly, however, limi
tations as well. Among these, some approaches report on the fabrication 
of textiles with high thermal conductivity, where heat conduction inside 
an IR-opaque textile is the primary heat dissipation pathway; some 
routes consist of coating, by impregnation, natural textiles as cotton, 
which is favored for its softness, wear comfort and breathability, with 
high thermally conductive nanofillers or their formulations with poly
mers. As for example, cotton has been modified by impregnation with 
carbon nanotubes [11], with polymer formulations based on epi
cholorohydrin based resin modified by thermally conductive nano
structures like carbon nanotubes, boron nitride nanosheets (BNNSs), 
and graphene derivatives [12–14], and formulations formed of graphene 
nanoplatelets and BNNSs embedded in polyurethane (PU) [15–17]. 
Although these routes are the simplest and the most scalable ones, 
accomplishing a significant improvement in thermal conductivity, their 
scaling up is challenged, because of the unsafe use of hazardous pre
cursors in the PU synthesis and toxic byproducts from epichlorohydrin- 
based resins [18]. As an alternative to these issues, few approaches have 
used formulations of biocompatible polymers heavily loaded with high 
thermally conductive nanofillers, but are however limited to the fabri
cation of patches and use of fossil-fuel based polymers, and, in some 
cases, also toxic organic solvents. As an example, polymer nano
composites based on BNNSs embedded into polyvinylalcohol (PVA)/ 
dimethyl sulfoxide formulations have been fabricated into fibers 
through a hot-drawn 3D printing process, and the resulting patches have 
a thermal conductivity increased up to 0.078 Wm-1⋅K− 1, which is 2.2 
times higher than cotton and 1.6 times higher than neat PVA fabrics 
[19]. As an alternative, few other works have focused on fabricating 
patches formed of biodegradable polymers heavily loaded with high 
thermally conductive nanostructures. In this regard, patches of cellu
lose/alkaline/urea solutions modified with 60 wt% edge-selective hy
droxylated BNNSs, achieved through wet-spinning and weaving, have 
reached a thermal conductivity increase from 0.86 Wm-1 K− 1 up to 
2.914 Wm-1 K− 1 [20]. Also, silk fibroin patches, loaded with 50 wt% 
exfoliated BNNSs reached 1.77 Wm-1 K− 1 using vacuum filtration, have 
been developed [21]. Despite being eco-friendly, these last methods 
necessitate costly fabrication technologies and a high concentration of 
nanofillers, which exhibit chemical inertness and strong interlayer in
teractions, limiting sustainability and scalability of the approach.

From this picture it therefore emerges that the development of pas
sive cooling textiles by ecofriendly and sustainable approaches is still an 
unsolved challenge. In this work, a thermally conductive coating based 
on modified cotton was prepared by impregnation with a nano
composite formed of histidine functionalized Reduced Graphene Oxide 
(His-RGO) in situ decorated with Ag nanoparticles (NPs). RGO possesses 
the thermal conductivity closest to that of monolayer graphene, which 
ranges from 370 − 600 W m-1K− 1 when supported onto a substrate [22], 
and compared to BNNSs, it has a higher chemical reactivity affording 
superior exfoliation and chemical modification capability, opening the 
venue to technologies that do not solely encompass a good conductivity, 

but exploit also the functionalities of molecular species anchored onto 
its basal plane.

His was selected as a biocompatible exfoliating agent of RGO, 
enabling its dispersion in water [23,24]. His binds RGO by aromatic π-π 
stacking interactions, without introducing additional structural defects, 
detrimental for its thermal and electrical conductivity [25], and grafts 
RGO with –COO- and imidazole nitrogen functionalities, effective in 
coordinating nanostructures [26].

RGO sheets were decorated with NPs of Ag, which is characterized by 
high thermal conductivity (429 W m-1K− 1) [27], as able in principle to 
improve interlayer heat diffusion, bridging adjacent RGO sheets [28]. 
These coatings were achieved through in situ photoreduction via UV- 
light irradiation of His-RGO coated fabrics soaked in AgNO3 aqueous 
methanol solutions [29,30], a method proven successful in decorating 
cotton with Ag NPs for commercial antimicrobial textiles [29,30], 
demonstrating viability in terms of scalability and sustainability. This 
approach circumvents the requirement of using strong and hazardous 
reductants (e.g., NaBH4) or even milder alternatives (e.g., citrate, 
ascorbic acid), which all necessitate time-consuming washing steps to 
optimize thermal conduction.

The thermal conductivity of the cotton fabrics was measured by 
Differential Scanning Colorimetry (DSC). Such a method, that, to the 
best of our knowledge, has been applied for measuring the thermal 
conductivity of insulating materials such as polymers, glasses and ce
ramics [31,32], and has never been reported so far for textiles, was 
applied here to cotton fabrics, with the validation of the Transient Plane 
Source approach (TPS).

2. Materials and methods

2.1. Chemicals and materials

Reduced Graphene Oxide (RGO) was purchased from Graphene Su
permarket (1.6 µm thick flakes), histidine (His) from Alpha Aesar, 
methanol (CH3OH ≥ 99.9 %), acetone (99.9 %) and silver nitrate 
(AgNO3, > 99 %) from Sigma Aldrich. All these chemicals were used as 
received without further purification. Aqueous solutions were prepared 
by using Milli-Q water (18.2 MΩ⋅cm, organic carbon content ≥ 4 μg L-1) 
achieved by a Milli-Q gradient A-10 system.

2.2. Exfoliation and functionalization of RGO by His

100 mg of RGO powder were stirred in 100 mL of His aqueous so
lutions (1.6 mg mL− 1), at room temperature, for allowing its intercala
tion among and functionalization of the sheets [23,24]. Then, the His- 
RGO dispersion was purified from the excess of His by four cycles of 
ultracentrifugation (45000 rpm for 30 min), sonicated in water at pH 11 
in an ice cooled US bath for 5 h, and then purified by two and four cycles 
of ultracentrifugation (45000 rpm for 30 min). Finally, the isolated His- 
RGO powder was dispersed in water at neutral pH, at a concentration of 
4 mg ml− 1 and sonicated for 6 h.

2.3. Pre-treatment of cotton (Cot)

Cot fabrics were washed to remove contaminants from the fibers by 
stirring in acetone for 8 h, followed by three cycles of washing in water 
at 40 ◦C, alternating each one by a drying step onto a hotplate at 50 ◦C 
[33].

2.4. Modification of Cot fabrics with His-RGO (Cot/His-RGO)

Cot fabrics were impregnated with 4 mg ml− 1 His-RGO aqueous 
dispersions at neutral pH, by two dipping steps of 3 h, followed by 
overnight dipping, and finally, by others two dipping steps of 3 h. Each 
dipping step was followed by drying at 50 ◦C onto a hotplate. These 
samples are called Cot/His-RGO (Table 1).
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2.5. Preparation of the Ag NPs coated Cot/His-RGO fabrics (Cot/His- 
RGO/Ag)

The in situ synthesis of the Ag NPs onto the Cot/His-RGO fabrics was 
performed soaking overnight the fabrics in 0.1 g mL− 1 AgNO3 water/ 
methanol mixed solutions, at two different water/methanol volume 
ratio, namely 9:1 v/v and 1:1 v/v, and then, the Ag+ ions were allowed 
to reduce onto the wet Cot/His-RGO fabrics in air and under UV-light 
irradiation [29,30] (λ = 254 nm, 0.2 mW cm− 2) for 30 min. The sam
ples were placed 10 cm orthogonally from the UV-light lamp source. 
These samples were named Cot/His-RGO/Ag_9:1,UV and Cot/His-RGO/ 
Ag_1:1,UV, respectively (Table 1). As a purpose of comparison, Cot/His- 
RGO samples, wet in 9:1 v/v and 1:1 v/v water/methanol mixtures 
and exposed to UV-light irradiation, as well as Cot/His-RGO samples 
impregnated by 0.1 g mL− 1 AgNO3 1:1 v/v water/methanol mixed so
lutions, dried in dark conditions at ambient atmosphere, were investi
gated. These samples are named Cot/His-RGO_9:1,UV, Cot/His-RGO_1:1,UV 
and Cot/His-RGO/Ag_1:1, respectively (Table 1).

2.6. Characterization techniques

UV–Vis absorption spectra in reflectance mode were collected at 
room temperature by means of a Cary 5000 (Varian) UV/Vis/NIR 
spectrophotometer equipped with an integration sphere to measure the 
Diffuse Reflectance. Raman spectra were recorded by using a LabRAM 
HR Horiba-Jobin Yvon spectrometer with an excitation wavelength of 
532 nm. Measurements were carried out under ambient conditions at 
low laser power (1 mW) to avoid laser-induced damage of the sample. 
The Raman signal from the silicon wafer at 520 cm− 1 was used to 
calibrate the spectrometer and accuracy of the spectral measurement 
was 1 cm− 1. X-Rays Photoelectron Spectroscopy (XPS) analyses were 
carried out with a Scanning XPS Microprobe (PHI 5000 Versa Probe II, 
Physical Electronics) equipped with a monochromatic Al Kα X-ray 
source (1486.6 eV), operating at 15 kV and 24.8 W, with a spot size of 
100 µm. Survey (0–1200 eV) and high-resolution spectra (C1s, O1s, N1s 
and Ag3d) were recorded in FAT (Fixed Analyser Transmission) mode at 
a pass energy of 117.40 eV and 29.35 eV, respectively. All spectra were 
collected at an angle of 45◦ with respect to the sample surface. Charging 
was compensated using a dual beam charge neutralization system with a 
flux of low energy electrons (~1 eV) combined with very low energy 
positive Ar+ ions (10 eV). The hydrocarbon component of C1s spectrum 
was used as internal standard for charging correction and it was fixed at 
285.0 eV. Best-fitting of the high-resolution spectra was carried out with 
MultiPak data processing software (Physical Electronics). Attenuated 
Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy 
was carried out by a 670 FTIR spectrometer (Varian, Palo Alto, CA, USA) 
equipped with a diamond ATR accessory of 2 mm and a deuterated 
tryglicine sulfate (DTGS) detector. Samples were drop-cast on the in
ternal reflection element and solvent was allowed to evaporate. Spectra 
were recorded in the range of 4000–400 cm− 1, acquiring 16 scans with a 
nominal resolution of 1 cm− 1. Transmission Electron Microscopy (TEM) 

analyses were performed by a Jeol Jem-1011 microscope operating at 
100 kV, equipped by a high-contrast objective lens and a W filament as 
electron source, with an ultimate point resolution of 0.34 nm. Images 
were acquired by a Quemesa Olympus CCD 11 Mp Camera. Samples 
were prepared dipping a 300 mesh amorphous carbon-coated Cu grid in 
aqueous dispersions of His-RGO, then leaving the solvent to evaporate at 
room temperature. Field Emission Scanning Electron Microscopy (FE- 
SEM) measurements were performed by a Zeiss Sigma microscope (Carl 
Zeiss Co., Oberkochen, Germany) operating in the range of 0.5–20 KV 
and equipped with an in-lens secondary electron detector and an INCA 
Energy Dispersive Spectroscopy (EDS) detector. Samples were mounted 
onto stainless-steel sample holders by a double-sided conductive carbon 
tape and grounded by silver paste. Size statistical analysis of the Ag 
nanostructures average size was performed by the ImageJ analysis 
software.

2.7. Thermal conductivity measurements

Thermal conductivity (TC) was estimated by Differential Scanning 
Calorimetry (Mettler Toledo TGA/DSC1 Stare System). A sensor mate
rial, i.e. Indium (Tm = 156.6 ◦C) was placed onto the fabrics and heated 
from 20 ◦C to 200 ◦C at 10 ◦C min− 1 in nitrogen atmosphere (N2 flow: 60 
ml min− 1). Averaged values were obtained by at least three measure
ments for each sample. For calculating TC, the Flynn and Levin’s method 
[34] was employed and the thermal resistance of the fabric sample (Rs) 
was defined according to Eq. (1): 

Rs = R′− R                                                                                    (1)

where R′ and R are the thermal resistances determined by the slope of 
the Indium melting peak with and without the fabric sample, 
respectively.

TC was estimated according to Eq. (2): 

TC =
L

A(Rʹ − R)
=

L
ARs

(2) 

where L is the sample thickness and A is the contact area between the 
sample and Indium sensor.

The thermal conductivity was also assessed by using a Hot Disk 
Thermal Constants Analyzer (Hot Disk-TPS 2500S). This equipment 
measures thermal conductivity within the range 0.005–1800 Wm-1K-1, 
with accuracy better than 5 % and reproducibility better than 1 % by 
means of Transient Plane Source method (TPS).

The TPS method is based on the heating of a 2-D electrically con
ducting sensor, that is made in a shape of a spiral, etched out of a thin 
Nickel foil. This spiral pattern is included in between two thin sheets of 
Kapton (an insulating material). To make the measurement, the 2-D 
sensor is fitted between two samples of the same material to be inves
tigated and then an electrical current (with an adjustable intensity) is 
used to increase the temperature of the sensor, and at the same time 
recording the electric resistance (that depends on the temperature) 
increasing as a function of time. In this technique the sensor is used both 
as the heat source and as a dynamic temperature sensor. The working 
parameters used for the Hot Disk-TPS 2500S were: temperature 21.0 ◦C, 
output power 8 mW, measuring time 4 s, Disk Type Kapton 7577, radius 
2.001 mm, TCR 0.004693 K− 1 and Rs 6.879133 Ω.

2.8. Tensile tests

Mechanical properties of the untreated and treated cotton samples 
were characterized by a dynamometer (Lloyd LR5K) equipped with a 
load cell of 100 N, displacement speed of 10 mm min− 1 and jaw length 
40 mm. The fabrics were cut along the texture with size of 120 x 13 x 0.2 
mm. Five replicates were performed for each sample. The achieved 
mean values of tensile strength (σ), strain at break (ε) and tensile 
modulus (E) were measured.

Table 1 
Samples investigated in the work.

Sample UV-light 
exposure

AgNO3 (g 
mL− 1)

H2O 
(mL)

CH3OH 
(mL)

Cot/His-RGO No − – − – − –
Cot/His-RGO_1:1, 

UV

Yes − – 5 5

Cot/His-RGO/ 
Ag_1:1

No 0.1 5 5

Cot/His-RGO/ 
Ag_1:1,UV

Yes 0.1 5 5

Cot/His-RGO_9:1, 

UV

Yes − – 9 1

Cot/His-RGO/ 
Ag_9:1,UV

Yes 0.1 9 1
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2.9. Static water contact angle analysis

Static water contact angle (WCA) measurements of untreated and 
treated cotton fabrics were performed using bi-distilled water (surface 
tension ɣ= 72.1 mN m− 1). The analyses were performed at room tem
perature by means of the sessile drop technique according to NORMAL 
Protocol 33/89 [35]. Five measurements of each specimen were per
formed to achieve average values and standard deviation.

2.10. Surface resistivity measurements

Surface Resistivity of cotton fabric was measured according to the 
American Association of Textile Chemists and Colorists (AATCC) Test 
Method n. 76–2005 [36]. A parallel plate electrodes configuration was 
used. The fabric was placed in contact with the electrodes and covered 
with a corning glass onto which a weight was positioned to apply a 
constant pressure between the fabric and the electrodes. Resistance 
between electrodes was measured in both length and width directions of 
the fabric sample. Surface resistance (Rs) was estimated as: 

Rs =
R × W

D
(3) 

where R is the measured resistance, W is the width of the fabric and D is 
the distance between the electrodes.

2.11. Washing durability

Durability of the Cot/His-RGO/Ag_1:1,UV samples was assessed by 
measuring the TC and the static WCA mean values upon 5, 10 and 20 
washing cycles of the fabrics with tap water, which were performed by 
using a centrifuge at the speed of 2000 rpm for 15 min and drying the 
samples at 60 ◦C for 3 h.

2.12. Air permeability tests

Oxygen permeability of the neat Cot and of the Cot/His-RGO/Ag_1:1, 

UV samples were measured by means of the Multiperm ExtraSolution 
instrument (PermTech Srl). The tests were carried out on samples with a 
2 cm2 surface area at 23◦C and RH 0 %.

2.13. Atomic force Microscopy (AFM) analyses

The surface topography and roughness of the specimens were 
examined using a Bruker Multimode 8 atomic force microscope (AFM) in 
tapping mode under ambient conditions. The images were obtained with 
scan sizes of 5 × 5 µm2, and a scan rate of 0.5 Hz. The cantilever 
employed was a scanasyst-air with a resonance frequency of 70 kHz and 
a spring constant of 0.4 N m− 1. Nanoscope Analysis software version 1.5 
was utilized for data processing.

3. Results and discussion

3.1. His-RGO functionalization of cotton fabrics

Commercial Reduced Graphene Oxide (RGO) was exfoliated and 
functionalized with histidine (His) in water at pH 11 under sonication 
(Fig. 1a). A purification procedure of the His-RGO dispersion was further 
performed by ultracentrifugation cycles to remove His in excess (see 
Materials and methods) [23,24]. The absorption spectra of the super
natants collected after each ultracentrifuge step of the His-RGO disper
sion show that the intensity of the absorption shoulder at 275 nm, which 
is ascribed to the n-π* transition of the His imidazole ring [37] (Fig. S1 of 
Supplementary material), becomes almost negligible after the third ul
tracentrifugation cycle, assessing the nearly complete removal of the 
free His from the His-RGO dispersion.

His is expected to intercalate between the RGO multilayers [26,38]
and binds its basal plane via aromatic π–π stacking interactions with the 
imidazole ring (Fig. 1a) [23,24]. The structures of the His-RGO complex 
achieved after exfoliation appear nearly electron transparent in the TEM 
micrographs, are few µm in lateral size, and present higher image 
contrast features, reasonably due to folded edges and wrinkles (Fig. 1b). 
Also, few layers of His-RGO have been observed in the sample. UV–Vis 

Fig. 1. (a) Sketch of the exfoliation and functionalization of RGO in His solutions at pH 11. (b) TEM micrograph of His-RGO. (c) UV–Vis absorption spectra of 0.04 
mg mL− 1 His-RGO aqueous dispersions. (d) ATR-FTIR spectra of powders of His-RGO and His, respectively from 4 mg mL− 1 aqueous dispersions and solutions at pH 
11. (The sketch is not drawn to scale).
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absorption spectra of the His-RGO aqueous dispersions show an ab
sorption peak at 275 nm, which is ascribed to the characteristic π-π* 
transition of the − C = C- bond of RGO (Fig. 1c), that superimposes that 
of His, which is expected at ca. 263 nm and reasonably ascribed to 
intramolecular π-π* transitions of the His imidazole ring [39], likely 
because of its low concentration in the His-RGO complex. Typical 
UV–Vis absorption features of molecular linkers functionalizing by ar
omatic π-π interactions the basal plane of RGO, as pyrene molecules, 
were observed at RGO:pyrene w/w significantly lower (1:17) [38,40]
than that one used here in the preparation of the His-RGO complex, that 
is 1:1.6. This high w/w was purposely selected to limit the decrease of 
the thermal conductivity of RGO, that is induced by the organic His 
coating layer [41].

The successful functionalization of the RGO basal plane by His is 
provided by the Attenuated Total Reflection Fourier Transform Infrared 
(ATR-FTIR) spectra of powders of the His-RGO complex. Such infrared 
spectra, in fact, evidence, in the high wavenumber region, the stretching 
vibration of –NH2 (ʋNH2) groups at 3394 cm− 1, as well as the symmetric 
and asymmetric stretching modes of –CH2 moieties (ʋs,asCH2) at 2988 
cm− 1 and 2901 cm− 1, respectively, observed also in the neat His 
(Fig. 1d). The His-RGO spectra show also the –COO– (νCOO-) asym
metric stretching at 1564 cm− 1 and a broad band between ca. 1380–695 
cm− 1, originating from the overlapping of the aliphatic –CH bending 
(δCH), imidazole = CN stretching (ʋ=CN), =NH bending (δ=NH) and = CH 
bending (δ=CH), evident in the infrared spectrum of His at 1193 cm− 1, 
1149 cm− 1 and 1086 cm− 1 [42], respectively, definitely assessing the 
modification of RGO with His.

Cotton (Cot) impregnation was performed by dipping in 4 mg ml− 1 

His-RGO aqueous dispersions at neutral pH. In such a condition, imid
azole nitrogen atoms and carboxylate side chain groups in His are ex
pected to favor chemisorption of His-RGO onto Cot, due to their 
hydrogen bond interactions (Fig. 2a) with the hydroxyl groups of the 
textile (Fig. S2). Cot modified by His-RGO (Cot/His-RGO) presents in its 
absorption spectrum the peak of RGO at 275 nm (Fig. S3).

Scanning Electron Microscopy (SEM) micrographs show the barely 
smooth and bright in image contrast surface morphology of the neat Cot 
fabrics (Fig. 2b), that significantly changes, becoming darker in the 
image contrast, rough, and coated by a dense layer of flakes after 
modification with the His-RGO sheets (Fig. 2c).

The Raman spectrum of the sample shows at 1340 cm− 1 and 1591 
cm− 1 the typical D and G peaks, respectively of graphitic materials [43]
(Fig. 2d), that are not visible in the Raman spectrum of neat Cot [44], 
and hence, can be ascribed to the His-RGO coating (Fig. 2d). It is worth 
noticing that the Raman signals of His, expected at 1320 cm− 1 [45], are 
not evident in the Raman spectrum of His-RGO, because superimposed 
by the D mode of RGO. The strong resonant Raman signal of RGO also 
suppresses Raman signatures of neat Cot fabric (Fig. 2d).

3.2. Preparation of the Cot/His-RGO/Ag fabrics

Cot/His-RGO fabrics were modified with Ag NPs by dipping in 0.1 g 

mL− 1 Ag precursor solutions formed of H2O and CH3OH at two different 
volume ratios, namely 9:1 v/v (9:1v/v) and 1:1 v/v (1:1v/v), and by 
exposing the wet fabrics to UV-light (λ ≥ 254 nm) to induce Ag+

photoreduction [29,30] (Fig. 3). Although methanol is an unsafe sol
vent, it has been used in textile industry for formulating coatings based 
on silicates, plant extracts and essential oils, on cellulose based sub
strates. This includes the production of functional and biocompatible 
cotton fabrics, cotton gauzes and wound dressing for biomedicine ap
plications [46–48]. Such a procedure, in fact, has been reported in 
literature for the manufacture of antimicrobial commercial Cot fabrics, 
specifically using the Ag precursor 9:1v/v solution [29,30].

Fig. 4 reports the SEM-EDS investigation and Raman spectrum of the 
Cot/His-RGO/Ag fabrics manufactured starting from the Ag precursor 
1:1v/v solution, under UV-light irradiation (Cot/His-RGO/Ag_1:1,UV). The 
SEM images collected by secondary electrons evidence fibers densely 
coated by bright microstructures (Fig. 4a, left panel), showing bright 
image contrast also in the same SEM image recorded by back scattered 
electrons (Fig. 4a, right panel). The microstructures can be mostly 
ascribed to Ag, as assessed by the EDS spectrum of the sample that shows 
its 2.984 keV Lα line (Fig. 4f), and the chemical mapping, recorded at the 
same Ag line, evidencing the uniform distribution of the metal onto the 
fabrics (Fig. 4e). Furthermore, the UV–Vis absorption spectrum of the 
manufactured Cot/His-RGO/Ag samples shows the typical Localized 
Surface Plasmon Resonance (LSPR) absorption peak of Ag NPs [49] at 
360 nm (Fig. S3), thus confirming the presence of the metal nano
structures in the experimental conditions investigated. The Raman 
spectrum of Cot/His-RGO/Ag_1:1,UV (Fig. 4b) exhibits the D and G peaks 
of RGO, that maintain the same intensity ratio and positions as in Cot/ 
His-RGO (Fig. 2d), assessing that Raman spectroscopy does not detect 
the addition of structural defects to RGO in the in situ photoreduction of 
Ag+ ions.

Ag NPs and microstructures were observed to form also after dipping 
the Cot/His-RGO fabrics in 0.1 g mL− 1 Ag precursor 1:1v/v solutions, and 
then letting the samples dry in dark conditions, at ambient atmosphere 
(Cot/His-RGO/Ag_1:1). In such experimental conditions, though electron 
transfers from RGO provide galvanic reduction of the Ag+ ions [50], the 
Ag NPs concentration is lower than that achieved under UV-light 
exposure, as indicated by the lower absorption intensity of the spec
trum of Cot/His-RGO/Ag_1:1 with respect to Cot/His-RGO/Ag_1:1,UV 
(Fig. S3).

When the Ag precursor 9:1v/v solution was used for impregnating 
Cot, and the reduction of Ag+ was performed under UV-light irradiation, 
the SEM-EDS investigation of Cot/His-RGO/Ag_9:1,UV shows uniformly 
distributed the bright in contrast micrometer sized structures (Fig. 5a, 
left panel) of Ag, appearing bright also in the SEM image collected with 
the signal of the back-scattered electrons (Fig. 5a, right panel). Besides, 
it evidences also the Lα line of Ag at 2.984 keV in the EDS spectrum 
(Fig. 5f), and presents the Ag, O and C elements distributed as in the 
chemical mapping images recorded at the Lα line of Ag (Fig. 5e), Kα line 
of O and at the Kα line of C (Fig. 5c-d). Also, in this sample the Raman 
investigation does not detect the addition of defects to the graphitic 

Fig. 2. (a) Sketch of the chemisorption of His-RGO onto Cot. (b-c) SEM images and (d) Raman spectra of Cot fabrics as neat (b) and impregnated by dipping into 4 
mgml-1 His-RGO aqueous dispersions (c). (The sketch is not drawn to scale).
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structure of RGO after the in situ photoreduction of the Ag+ ions 
(Fig. 5b).

In Cot/His-RGO/Ag_9:1,UV, the micrometer sized Ag structures 
(Fig. 5a) appear larger and brighter than those obtained in Cot/His- 
RGO/Ag_1:1,UV (Fig. 4a), and Ag NPs featuring a LSPR peak at 372 nm, 
form onto Cot, with a lower concentration with respect to that in the 
Cot/His-RGO/Ag_1:1,UV samples, as assessed by the comparison of their 
absorbance intensities (Fig. S3).

The formation of Ag nano and microstructures can be accounted for 
by absorption and diffusion of Ag+ ions into the Cot/His-RGO fabrics, 
induced by electrostatic and coordinating interactions between Ag+ ions 
and the oxygen and nitrogen based functionalities of His-RGO, respec
tively, followed by heteronucleation and growth (Fig. 3). Under UV-light 
exposure, the reaction is expected to evolve via generation of formal
dehyde from reduction of the Ag+ ions to Ag0 by ⋅CH2OH radicals, 
originated the latter, from reactions between CH3OH and ⋅OH radicals 
that form from the solvent mixture under UV-light, [51] as follow: 

⋅OH + CH3OH → − ⋅CH2(OH) + H                                                  2O

Ag+ + ⋅CH2(OH) → Ag0 + CH2 = O + H+

(Ag0)n + Ag+ + ⋅CH2 (OH) → (Ag0)n+1 + CH2 = O + H+

(Ag0)n + (Ag0)m → (Ag0)n+m                                                               

XPS investigation was performed to study the surface chemistry of 
the Cot/His-RGO/Ag_1:1,UV against the Cot/His-RGO and Cot/His- 
RGO_1:1,UV reference samples (Fig. 6), and the same study was carried 
out for Cot/His-RGO_9:1,UV and Cot/His-RGO/Ag_9:1,UV (Fig. S4).

All the C1s spectra of Cot/His-RGO, Cot/His-RGO_1:1,UV and Cot/His- 
RGO/Ag_1:1,UV were fitted with six components (Fig. 6), specifically at 
284.5 eV, 285.6 eV, 286.8 eV, 288.0 eV, 289.4 eV and 291.1 eV, that 
were ascribed to sp2 C, sp3 C, C-OH/R, C = O, C(O)OH/R and to π-π*, 
respectively. The contribute of His to some peaks of the C1s spectrum is 
expected, namely the C-N bond to the peak at 285.6 eV, while the N = C- 
NH group is expected to contribute to the C-OH/R peak and the carboxyl 
group falls underneath the peak at 289.4 eV, respectively.

The C1s spectrum of Cot/His-RGO (Fig. 6a) with its narrow and 
highly asymmetrical shape and the π-π* satellite peak, is typical of 
graphitic materials and confirm the presence of RGO at the surface of the 

Fig. 3. Sketch of the UV-light induced photoreduction of Ag+ ions in Ag NPs onto the Cot/His-RGO fabrics. (The sketch is not drawn to scale).

Fig. 4. (a) SEM images collected by secondary (left panel) and back scattered electrons (right panel), (b) Raman spectrum, (c-e) chemical mapping images collected 
at the (c) O Kα line at 0.525 eV, (d) C Kα line at 0.277 eV, and (e) Ag 2.984 keV Lα line, and (f) EDS spectrum of Cot/His-RGO/Ag_1:1,UV.
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Cot fabrics. Upon impregnation with the solvent mixture (Fig. 6b) and 
with the Ag precursor addition (Fig. 6c), after UV-light exposure, the 
spectra broaden, and the high binding energy shoulder associated with 
oxygenated groups and sp3 carbon increases, thus pointing out to a more 
functionalized RGO surface. This is confirmed by the oxygen concen
tration which increases from 5.5 at.% in the pristine Cot/His-RGO, up to 
13.5 and 18.0 at.%, in the Cot/His-RGO_1:1,UV and Cot/His-RGO/Ag_1:1, 

UV samples, respectively.
The N1s high-resolution spectrum reported in Fig. 6d confirms the 

presence of His at the surface of the Cot fabrics. The N1s spectrum was 
curve-fitted with three peaks, namely at 399.0 eV, at lower binding 
energy, assigned to imidazole nitrogen (N = C-NH), at 400.0 eV ascribed 
to N = C-NH and the last component at 401.1 eV, due to the protonated 
His amine group (NH3

+) [52]. In the N1s spectrum of the Cot/His- 
RGO_1:1,UV sample, these peaks shift to lower binding energies, namely 
398.5 eV, 399.6 eV and 400.9 eV, respectively (Fig. 6e). With the 
addition of AgNO3 and heteronucleation of the Ag NPs, the imidazole 
nitrogen shifts to 398.8 eV (N = C-NH) and 399.2 eV (Fig. 6f), likely due 
to the coordination with the metal NPs and microstructures [53]. Co
ordination is anticipated to occur also at the –COO- functionalities of His 
[53]. However, the complex chemistry of the C1s component, due to 
overlapping signals from RGO and His, prevents distinguishing changes 
in the C(O)OH/R component during Ag structures formation.

The same trend in the C1s and N1s components can be observed in 
the XPS spectra of Cot/His-RGO_9:1,UV and Cot/His-RGO/Ag_9:1,UV 
(Fig. S4).

Moreover, the XPS investigation of the Cot/His-RGO/Ag_1:1,UV and 
Cot/His-RGO/Ag_9:1,UV samples confirms that the Ag precursor 1:1v/v 
solutions lead to a higher atomic concentration (at.%) of Ag+ photo
reduced on the fabrics surface (Fig. 6g), and assesses, on the basis of the 
Ag3d high-resolution spectra, similar line shapes and peak positions of 
the Ag3d5/2 component at 368.4 ± 0.1 eV, indicative of metallic Ag NPs 
(Fig. 6h) in both samples [54], as also confirmed by the UV–Vis spectra 
(Fig. S3).

3.3. Thermal conductivity and surface resistivity measurements of the 
fabrics

Thermal conductivity (TC) of the manufactured fabrics was 

estimated by Differential Scanning Calorimetry (DSC) and by means of 
Hot Disk Thermal Constants Analyzer (TPS 2500 s), as described in 
Materials and methods. Typical DSC curves of neat Cot and Cot/His- 
RGO, which were purified from the excess of His by four ultracentri
fuge washing steps, are reported in Fig. S5, and their TC are 1.1 ± 0.1 W 
m-1K− 1 and 1.7 ± 0.2 W m-1K− 1 (Fig. 7a), respectively. TC of neat Cot 
was also measured by using Transient Plane Source method (TPS 2500 s) 
obtaining a result of 0.996 ± 5 % W m-1K− 1, in agreement with the value 
obtained by DSC.

It is worth noticing that the TC of Cot differs from the values reported 
in literature, which are in between 0.026–0.065 W m-1K− 1 [55,56], due 
to the cleaning pre-treatment performed in acetone and water to remove 
contaminants [31]. Besides, the TC of Cot/His-RGO fabrics, which were 
purified from the excess of His by two ultracentrifuge steps, is lower, 1.3 
± 0.2 W m-1K− 1 (Table S1, Fig. S1), than Cot/His-RGO fabrics purified 
by four ultracentrifuge steps (Fig. 7a), because of the excess of organic 
His residual from the second purification step, that decreases the ther
mal conduction capability of the fabrics [41].

Regarding the TC of the UV-light exposed samples, the TC of neat Cot 
remained constant and equal to 1.1 ± 0.1 W m-1K− 1 after UV-light 
irradiation. In contrast, the TC of Cot/His-RGO_1:1,UV was measured at 
1.6 ± 0.1 W m-1K− 1 (Fig. 7a). This value slightly increases up to 1.7 ±
0.4 W m-1K− 1 in Cot/His-RGO/Ag_1:1 (Fig. 7a), and significantly en
hances up to 2.1 ± 0.2 W m-1K− 1 (Fig. 7a) in the Cot/His-RGO/Ag_1:1,UV 
samples. The DSC curve of Cot/His-RGO/Ag_1:1,UV is shown in Fig. S5.

The TC of Cot/His-RGO/Ag_1:1,UV has been measured by using the 
Transient Plane Source method (TPS 2500 s) as well, to validate the 
experimental value found with DSC. In this case the TC was 1.777 ± 5 % 
W m-1K− 1, confirming the result obtained with DSC.

For the samples prepared with the 9:1v/v solutions, the TC signifi
cantly dropped to 0.9 ± 0.1 W m− 1 K− 1 in Cot/His-RGO_9:1,UV 
(Table S1), and increased up to 1.6 ± 0.4 W m− 1 K− 1 in Cot/His-RGO/ 
Ag_9:1,UV (Table S1).

The increase of TC of the Cot/His-RGO/Ag_1:1,UV fabrics is in line 
with the thermal transport capability reported for patches formed of 
polymer formulations based on toxic solvents, loaded with high nano
fillers concentrations and fabricated by less scalable approaches 
[19,21].

Surface resistivity (Rs) of the modified Cot fabrics was also measured 

Fig. 5. (a) SEM images collected by secondary (left panel) and back scattered electrons (right panel), (b) Raman spectrum, (c-e) chemical mapping images recorded 
at the (c) O Kα line at 0.525 eV, (d) C Kα line at 0.277 eV and (e) Ag 2.984 keV Lα line, and (f) EDS spectrum of Cot/His-RGO/Ag_9:1,UV.
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Fig. 6. XPS (a,b,c) C1s and (d,e,f) N1s high-resolution spectra of (a,d) Cot/His-RGO, (b,e) Cot/His-RGO_1:1,UV (c,f) Cot/His-RGO/Ag_1:1,UV. (g) At.% and (h) XPS Ag3d 
high-resolution spectra of Cot/His-RGO/Ag_1:1,UV and Cot/His-RGO/Ag_9:1,UV.

Fig.7. (a) TC of Cot, Cot/His-RGO, Cot/His-RGO_1:1,UV, Cot/His-RGO/Ag_1:1 and Cot/His-RGO/Ag_1:1,UV. Rs of Cot/His-RGO, Cot/His-RGO_1:1,UV and Cot/His-RGO/ 
Ag_1:1,UV estimated by DSC approach. TC of Cot and Cot/His-RGO/Ag_1:1,UV measured by TPS method. Tensile strength (σ), strain at break (ε) and tensile modulus (E) 
of Cot, Cot/His-RGO and Cot/His-RGO/Ag_1:1,UV. (b) Experimental set-up for the measurement of Rs. (c) Strain-stress curves of Cot, Cot/His-RGO and Cot/His-RGO/ 
Ag_1:1,UV.
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according to the method reported in [36] (Fig. 7b), as described in 
Materials and methods.

Rs of the Cot/His-RGO fabrics is ca. 4.0 × 104 Ω sq-1 and it decreases 
in Cot/His-RGO_1:1,UV and Cot/His-RGO/Ag_1:1,UV down to 1.6 × 104 Ω 
sq-1 and 1.2 × 104 Ω sq-1 (Fig. 7a), respectively. On the contrary, Cot/ 
His-RGO_9:1,UV and Cot/His-RGO/Ag_9:1,UV have a Rs slightly lower, 
namely 1.3 × 104 Ω sq-1 and 1.0 × 104 Ω sq-1, respectively (Table S1).

It is worthwhile considering that, a noticeable increase of thermal 
conductivity was accomplished, although the C/O ratio of the Cot/His- 
RGO/Ag_1:1,UV sample is ca. 2 (Table S2), attesting its low conductivity, 
which is likely due to the high density of oxygen based functionalities of 
the immobilized His molecules necessary [57], however, to process RGO 
from aqueous dispersions for modifying cotton by impregnation.

A plausible explanation for the observed trends in TC and Rs is the 
interplay between i. the formation of ⋅CH2OH species from reaction of 
⋅OH radicals, which generate from water under UV-light irradiation, and 
CH3OH, that lead to the formation of Ag NPs filling the gaps among the 
His-RGO sheets, and hence increasing both TC and reducing Rs [58]
(Fig. 7a), and ii. the reaction of ⋅OH radicals with RGO that grafts − C-OH 
and − C = O groups onto its basal plane, as assessed by XPS analyses 
(Fig. 6b,c, Fig. S4b,c) [58,59], leading to a p-doping effect of His-RGO 
that decreases Rs [59] and concomitantly provides phonon scattering 
phenomena that reduce TC [60]. These hypotheses can reasonably 
explain the evidence that for the Cot/His-RGO/Ag_1:1,UV fabrics, which 
were achieved under UV-light exposure from the Ag precursor 1:1v/v 
solution, in which the photogenerated ⋅OH radicals could be scavenged 
mostly by methanol, instead of reacting with RGO, leading to ⋅CH2OH 
species favoring formation of Ag NPs in a larger concentration (Fig. S3), 
higher TC and Rs were observed (Fig. 7a).

3.4. Atomic force Microscopy (AFM) investigation of the fabrics

In order to go in depth into the factors that lead to the observed 
increase of TC in the Cot/His-RGO/Ag_1:1,UV fabric samples, their surface 
morphology was investigated by AFM and compared to that of neat 
cotton, to achieve information concerning quality and effectiveness of 
the applied coating. The AFM phase imaging, combined with 

topography, is particularly suited for such a purpose, as given that AFM 
phase imaging is capable of sensing variations in stiffness, it is possible 
to distinguish between parts of the surface that are exposed, from those 
that are fully covered with the nanocomposite [61].

Fig. 8 reports the AFM height images of the cotton fibers, before and 
after applying the His-RGO/Ag_1:1,UV coating, as well as the corre
sponding AFM phase images. The topography images of the uncoated 
sample show irregularities of the cotton fibers (Fig. 8a), that are 
confirmed by phase images (Fig. 8b), whereas the absence of cracks in 
both the topography and phase images of the Cot/His-RGO/Ag_1:1,UV 
samples (Fig. 8c-d) is an indication of the uniform surface coverage of 
the textile, thus explaining its good thermal conductivity values. In 
addition, the height profile recorded along lines of the topography 
image of the Cot/His-RGO/Ag_1:1,UV sample (Fig. 8e) shows the forma
tion of Ag NPs having size of tens nm. Finally, surface roughness mea
surements were determined by evaluating the root mean square 
roughness (Rq) values of the investigated areas. The measured Rq values 
are 47.2 nm and 14.2 nm, respectively for the neat Cot and the Cot/His- 
RGO/Ag_1:1,UV fabric samples, confirming the presence of a smooth and 
continuous nanocomposite coating.

3.5. Mechanical properties, water contact angle analyses, oxygen 
permeability and durability of fabrics

Tensile tests were performed to investigate the effect of the coating of 
Cot with His-RGO and His-RGO/Ag_1:1,UV on its mechanical properties. 
The results show that the mean values estimated for strength (σ) and 
strain at break (ε) do not statistically differ in Cot and Cot/His-RGO 
samples (Fig. 7a), while a slight decreases of the tensile modulus (E) 
with the treatment with His-RGO was noticed (Fig. 7a). After treatment 
with His-RGO/Ag_1:1,UV, the mean value of σ decreases of ca. 20 %, as 
well as E, which decreases of ca. 33 %, while ε increases of 13 % 
(Fig. 7a). These results assess that the nanocomposite coating treatment 
enhances the intrinsic flexibility of Cot, letting to infer an improvement 
in wear comfort [62], moderately reducing its tensile strength, evidence 
that could be likely be due to the local heating of the fabric generated 
under UV-light irradiation [63].

Fig. 8. (a,c) Tapping- and (b,d) phase-mode 2D-view AFM images of the (a,b) Cot and (c,d) Cot/His-RGO/Ag_1:1,UV samples. In (e) cross sectional profile taken along 
the blue line marked in (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Besides, oxygen permeability tests of the Cot/His-RGO/Ag_1:1,UV 
fabric samples showed that the coating does not modify the breathability 
of the textiles (data not shown), likely because it preserves the spaces 
among the yarns of the fabric texture [64], as also assessed by the SEM 
images (Fig. 4a and Fig. 5a).

Cot is characterized by a very fast absorption of water due to capil
lary effects requiring long times and high energy consumption for its 
drying, and hence, additional finishes are often used to convey hydro
phobicity properties [65]. In this regard, water absorption behaviour of 
the fabrics was investigated by contact angle (WCA) measurements, and 
while bare Cot absorbs water, Cot/His-RGO/Ag_1:1,UV presents a lower 
absorption capability with WCA of 100 ± 10, likely due to the increased 
roughness of the coating [66] and to the moisture barrier and hydro
phobic properties of RGO [67].

The washing durability of the His-RGO/Ag_1:1,UV coating was inves
tigated by monitoring the mean values of TC and static WCA after 5, 10 
and 20 laundering cycles (Fig. 9). As it can be noticed, the washing 
durability is low, in fact, the TC of Cot/ His-RGO/Ag_1:1,UV reaches 
almost the same values as the Cot/His-RGO sample, passing from 2.1 ±
0.2 W m− 1 K− 1, to 2.0 ± 0.1 W m− 1 K− 1 after 5 cycles, 1.9 ± 0.1 W m− 1 

K− 1 after 10 cycles and 1.6 ± 0.2 W m− 1 K− 1 after 20 cycles. Concom
itantly, the WCA decreases from 100 ± 10, to 74 ± 2, 64 ± 3 and to 31 
± 2, assessing a reduction of the hydrophobicity of ca. 70 %. Therefore, 
further investigation is necessary to overcome this limitation, for 
instance by means of the use of a self-polymerizable and flexible 
biocompatible polymer coating as polydopamine, a ‘molecular glue’, 
[68] able to sustain the alkaline washing environment of detergents and 
acting as an adhesive of the nanocomposite onto the textile.

4. Conclusions

A new thermally conductive hybrid nanocomposite coating for cot
ton (Cot), formed by histidine functionalized Reduced Graphene Oxide 
(His-RGO), decorated with tens nm in size Ag nanoparticles (NPs) and 
microstructures, was manufactured by an ecofriendly, scalable, and 
sustainable approach. The strategy consisted of impregnating Cot by 
dipping in His-RGO aqueous dispersions, and then, in AgNO3 solutions, 
1:1 v/v in H2O:CH3OH, followed by UV-light irradiation, in air, inducing 
the in situ photoreduction of the Ag NPs onto the textile from AgNO3. His 
was selected because of its biocompatibility, water solubility, and 
capability to bind RGO by aromatic π-π stacking interactions allowing its 
dispersion in water, and concomitantly, coordinate the Ag NPs, also 
favoring chemisorption of the His-RGO coating to Cot by hydrogen in
teractions. Thermal conductivity of the nanocomposite modified Cot 
fabrics was measured by DSC and was validated by TPS method. The 
preliminary results are promising, as thermal conductivity of the coating 
is found twice that of the neat Cot, due to the bare components’ 
contribution to the resulting textile thermal transport capability, and to 
the establishment of more extended heat conduction percolation paths 
among the photogenerated Ag NPs and the His-RGO sheets. The thermal 
transport capability of the manufactured coating is, indeed, in line with 
those reported in literature for patches fabricated by expensive tech
nologies, formed of polymer formulations heavily loaded by high ther
mally conductive nanofillers and that use, in some works, also toxic 
solvents, that, in fact, result in less sustainable and scalable methodol
ogies. Besides, effectiveness of the DSC technique in measuring thermal 
conductivity of fabrics is here assessed. The nanocomposite coating 
preserves oxygen permeability and increases flexibility of Cot, letting to 
infer an improvement in wear comfort, while only moderately reducing 
its strength, and decreases its water absorption capability. The next steps 
should focus on improving the adhesion of the nanocomposite coating to 
cotton, and ensuring its durability through washing, particularly under 
the alkaline conditions of detergents. The reported preliminary study of 
the coating makes it promising for the development of natural IR-opaque 
passive cooling textiles, and further investigation is necessary for 
assessing textile’s radiative heat dissipation capability and thermal 

comfort properties.
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Fig. 9. TC and WCA values of the Cot/His-RGO/Ag_1:1,UV sample, as prepared 
and after 5, 10 and 20 washing cycles. (In the insets) Water droplet image on 
Cot/His-RGO/Ag_1:1,UV before (a) and after 5 (b), 10 (c) and 20 (d) 
washing cycles.
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