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The number of investigations regarding the application of 2D nanosheets of MXenes in different
technological areas is growing rapidly. Different surface modifications of MXenes have been introduced
to date in order to tailor their properties. As a result, surface-modified MXenes could be released in the
environment from filtration membranes, adsorbents, or photocatalysts. On the other hand, assessment
of their environmental impact is practically unexplored. In the present study, we examined how
modification of the antimicrobial TisC, MXene with ceramic oxide and noble metal nanoparticles affects
its toxic behavior. The expanded 2D sheets of the TizC, MXene phase were modified with Al,Os/Ag,
SiO,/Ag, and SiO,/Pd nanoparticles using the sol-gel method and extensively characterized. The
obtained 2D nanocomposite The
ecotoxicological assays considered green algae (Desmodesmus quadricauda) as well as two higher

structures were characterized by antibacterial properties.
plants: sorghum (Sorghum saccharatum) and charlock (Sinapis alba). Our results revealed that obtained
nanomaterials can cause both stimulating and inhibiting effects towards algae, and the ecotoxicity
depended on the concentration and the type of modification. The study reveals the intriguing property
of pristine TizC, which highly stimulated green algae growth at low concentrations. It also shows that
modification of pristine TisC, MXene with different nanoparticles changes the ecotoxicological effects of
the resulting nanocomposite 2D structures. We have also indicated nanocomposite structures that does
not revealed the toxic effect on tested organisms i.e. the TizC, MXene surface-modified with AlL,O3/Ag
was not phyto- and eco-toxic. This work helps with better understanding of the reactivity of surface-
modified MXenes towards chosen organisms, giving more information concerning the potential impact
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1. Introduction

The number of investigations regarding the application of 2D
nanosheets of MXenes in different technological areas is
growing rapidly. The term 'MXene' reflects the stoichiometry of
the material i.e. M,,.1X,, in which M stands for early transition
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of tested nanocomposites on the ecosystems.

metal, X relates to carbon or nitrogen, while n = 1, 2 or 3.
MXenes are obtained from their parent MAX phases, caused by
expansion in concentrated HF which removes the A atom
a metal from group 13 or 14 of the periodic table. MXenes are
simply chemically expanded structures of MAX phases and are
known as early transition metal carbides and nitrides.> Their
attractive properties have allowed several applications,
including filtration membranes,® adsorbents,* photocatalysts,*
and antimicrobials.” It should be noted, however, that the
potential toxicity of MXenes towards the natural environment
has been practically unexplored. So far, the only publication in
this area is Nasrallah et al.,' who reported the lack of significant
toxicity of the pristine Ti;C, MXene towards zebrafish embryos
especially that Ti;C, possess antimicrobial properties™®
contrary to e.g. Ti,C MXene.”® Many studies have considered
different modifications of MXenes' surfaces, which were carried
out in order to tailor their specific chemical activities. The
surface-modifications with nanoparticles that have been

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra07633b&domain=pdf&date_stamp=2019-01-30
http://orcid.org/0000-0001-8900-1859
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07633b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009008

Open Access Article. Published on 30 January 2019. Downloaded on 1/18/2026 5:57:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

introduced for MXenes include: SnO,,>*° TiO,,"*** Nb,Os,"
Cu,0,"?° Rh,** Ru,?* bimetallic Ru/Ni** or Co/Ni,>* Mnz0,,*
MnO,,?® Sb,03,%” NiO,,* the transition metals Fe, Co, and Ni,*®
and Ni/Al hydroxide.** Additionally, some interesting antimi-
crobial 2D heterostructures based on Ti;C, MXene were also
prepared.** At the same time, some concerns have been raised
about the effects if such nanocomposite 2D systems were
released into the environment. The effective method of over-
coming this problem is to use the surface-modification. It
enables sophisticated managing of the biological activity of 2D
materials. It was previously shown, that modification of the
surface of 2D materials with ceramic/noble metal nanoparticles
has large impact on material properties in terms of biocidal
action.**** Also, changing type of noble metal in e.g. TiO,/M
nanocomposites changes toxicity of the material.>* Additionally,
changing TiO, to Al,O3, SiO, or ZnO, in the Me,0,/Ag can shift
the toxicity from one particular bacteria strain towards another.

In the present study, for the first time, we examine how
modification of the antimicrobial Ti;C, MXene with ceramic
oxide and noble metal nanoparticles affects its ecotoxic
behavior. In our ecotoxicological studies with nanocomposites:
Ti;Cy/3% Al,03/2% Ag, Ti;Cy/3% Si0,/2% Ag, and Ti;C,/3%
Si0,/2% Pd we have chosen the green algae (Desmodesmus
quadricauda) and two species of higher plants: sorghum
(Sorghum saccharatum) and charlock (Sinapis alba). All of them
are representatives of the primary producers - the first level of
the matter circulation and a food chain in the ecosystems. This
study will be suitable for a better understanding of the impact of
surface-modified MXenes in the organisms belonging to the
group playing the essential role in the production of organic
matter in ecosystems and in consequence make it easier to
estimate the potential impact of tested nanocomposites on the
natural environment.

2. Experimental

2.1. Synthesis procedure of the Ti;C, MXene modified with
SiO,, Al, O3, Ag and Pd nanoparticles

The materials examined for ecotoxicity and phytotoxicity were:
Ti;C, MXene (used here as a reference sample) as well as
nanocomposites of TizC,/3% Al,03/2% Ag, TizC,/3% Si0,/2%
Ag, and TizC,/3% Si0,/2% Pd.

The layered Ti;AlC, MAX phase was synthesized using the
SHS technique with a local ignition system.* Briefly, the SHS
derived TizAl powder, graphite powder (Merck no. 1.04206.9050,
99.8% pure, grain size 99.5% < 50 pm) were reacted in stoi-
chiometric proportions, placed in the reactor and ignited for 60
seconds until end of the SHS process. The cooled product was
immersed in dry isopropanol and grinded with WC balls in
a rotary-vibratory mill for 8 hours. The dried Ti;AlC, powder was
then immersed in 48% hydrofluoric acid for 24 h at room
temperature. About 10 cm® of hydrofluoric acid was used per 1 g
of the starting material. The resulting suspension was washed
four times with deionized water and four times with technical
grade ethanol. The solid product, layered Ti,C, was dried over-
night at room temperature.
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The expanded 2D sheets of Ti;C, MXene phase were modi-
fied with Al,O3, SiO,, Ag, and Pd nanoparticles using the sol-gel
method. The 2D nanocomposite of TizC,/3% Al,03/2% Ag was
prepared as follows: to a stirred suspension of Ti;C, MXene
(1.00 g), 1 cm? of iso-propanol (Avantor, Bytom, Poland), 0.120 g
of Al(O'Pr)s, 0.036 g of silver lactate (as a precursor of Ag,0), and
0.5 cm® of distilled water were added. The reaction mixture was
stirred in an open beaker until the volatiles evaporated (about 2
days).

2D nanocomposites of TizC,/3% SiO,/2% Ag and Ti;C,/3%
Si0,/2% Pd were prepared as follows: to a stirred suspension of
Ti;C, MXene (1.00 g), 1 cm® of iso-propanol, 0.094 g of Si(OEt),,
precursors of Ag,O or PdO nanoparticles (0.036 g of silver
lactate or 0.053 g of palladium acetate, respectively), and 0.5
cm? of distilled water were added. The reaction mixtures were
stirred in open beakers until the volatiles evaporated (about 2
days). All reagents were obtained from Sigma-Aldrich (Poznan,
Poland) and were used as delivered. The composition of the
nanomaterials was determined assuming the purity of the Ti;C,
to be 100%.

2.2. Characterization of the morphology and structure of the
obtained nanocomposite structures

The morphologies of the surface of Ti;C, MXene, Ti;C,/Al,05/
Ag, Ti;C,/Si0,/Ag, and TizC,/SiO,/Pd nanocomposites were
analyzed using scanning electron microscopy (SEM). The
samples were directly deposited onto sticky carbon tape and
coated with a carbon layer using a BAL-TEC SCD 005 sputter
coater. Samples were subjected to morphology analysis with
a LEO 1530 (Zeiss, USA) microscope, at an accelerating voltage
of 2.0 kv.

The elemental composition was analyzed using an energy
dispersive X-ray spectroscopy (EDS) unit coupled with a scan-
ning electron microscope. The analysis gave information on the
presence of specific elements in a chosen region of the sample.

The chemical compositions of the surfaces of Ti;C, MXene,
Ti;C,/Al,05/Ag, Tiz;C,/SiO,/Ag, and TizC,/SiO,/Pd  nano-
composites were characterized using X-ray photoelectron spec-
troscopy  (XPS). Xray photoelectron  spectroscopic
measurements were performed using a PHI 5000 VersaProbe
(ULVAC-PHI) spectrometer with monochromatic Al Ka radia-
tion (hv = 1486.6 eV) from an X-ray source operating at 100 pm
spot size, 25 W, and 15 kV. The high-resolution (HR) XPS spectra
were collected with the hemispherical analyzer at a pass energy
of 117.4 and an energy step size of 0.1 eV. The X-ray beam was
incident at the sample surface at an angle of 45° with respect to
the surface normal, and the analyzer axis was located at 45° with
respect to the surface. Casa XPS software (version 2.3.18) was
used to evaluate the XPS data. Deconvolution of all HR XPS
spectra were performed using a Shirley background and
a Gaussian peak shape with 30% Lorentzian character.

2.3. Analysis of physical properties and porous structure

The physical properties and porous structure of Ti;C, MXene,
Ti;C,/Al,05/Ag, Tiz;C,/Si0,/Ag, and TizC,/SiO,/Pd nano-
composites were analyzed using physical nitrogen sorption
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isotherms. The preparation of samples included degassing
under vacuum at a temperature of 300 °C for 24 hours. Physical
nitrogen sorption isotherms were measured experimentally in
a liquid nitrogen bath (—195.8 °C) using Quadrasorb-SI equip-
ment (Quantachrome Instruments, USA). The specific surface
area, Sgpr, was determined using the Brunauer, Emmett, and
Teller method (BET). The total pore volume, Vyores, and the
surface area occupied by the pores, Spores, Were determined
using the Barrett, Joyner, and Halenda method (BJH). The
distributions of the pore sizes were further used for estimating
the average pore size, Dyp.

2.4. Analysis of antimicrobial properties

The bioactivities of Ti;C, MXene, TizC,/Al,03/Ag, Ti;C,/Si0,/Ag,
and Ti;C,/Si0,/Pd nanocomposites were analyzed qualitatively
by an agar diffusion method using selected strains of both
Gram-negative (Escherichia coli) and Gram-positive bacteria
(Bacillus sp., Staphylococcus aureus, and Sarcina lutea), from the
private collection of the Biology Department, Faculty of
Building Services, Hydro and Environmental Engineering,
Warsaw University of Technology.

In the diffusion method, microorganisms were spread in
a line on the surface of a solid nutritive culture medium
(Nutrient LAB-AGAR™, Biocorp) in Petri dishes. The samples of
nanocomposites were subsequently placed on the surface of the
bacterial inoculation. The prepared bacterial cultures were then
incubated for 48 h at 26 °C (Bacillus sp. and Sarcina lutea) or
37 °C (Escherichia coli and Staphylococcus aureus). After incu-
bation, the cultures were photographed, and the growth inhi-
bition zones around the nanocomposite samples were
measured. The size of the inhibition zone 2 mm and below was
estimated as moderate inhibition (+) and the inhibition
exceeding 2 mm was stated as the effective one (++). Five parallel
measurements were accomplished and the final result was
given as the average.

In order to estimate the antibacterial effect against a poten-
tially pathogenic microorganisms, the additional quantitative
analysis of the nanocomposites' bioactivity was accomplished
with Staphylococcus aureus, using a dilution method. The test
was carried out in nutrient broth medium (Biocorp), diluted
1:1 with the nanocomposite suspension, giving final nano-
component concentrations from 0 mg 1™* (control sample) to
500 mg 1. The cultures were incubated at 37 °C for 24 hours.
After the incubation, the optical density of the culture was
measured in a spectrophotometer at a wavelength of 610 nm.

2.5. Analysis of ecotoxicity towards green algae

The ecotoxicity of Ti;C, MXene, Ti;C,/Al,05/Ag, TizC,/Si0,/Ag,
and Ti;C,/Si0,/Pd nanocomposites was tested using the green
algae Desmodesmus quadricauda, which are organisms
commonly used in ecotoxicological tests. The D. quadricauda
cultures were grown at room temperature under continuous
artificial lighting. The algal cultures were carried out in cameras
recommended for standardized ALGAL TOXKIT test, in the
Jankowski L5 growth medium, containing KNO; - 0.1 g 177,
Ca(NO;), - 0.1 g17*, KH,PO,4 - 0.04 g 17 ', MgSO,-7H,0 - 0.03 g
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177, citric acid - 0.003 g 17*, ferric citrate - 0.003 g 177, distilled
water — 1000 ml, and supplied with 1 ml 17" of a microelements
solution (H;BO; - 2.86 g 17", MnCl,-7H,0 - 1.81 g I ', ZnSO,
-7H,0 - 0.222 g 17*, M0oO; - 0.176 g 1, NH,VO; - 0.23 g I,
CuSO0,4-7H,0 - 0.01 g 1", and Co(NO;),-H,0 - 0.02 g 1" *). The
test was carried out at nanocomposite concentrations from
12.5 mg 17! to 100 mg 1. The nanocomposite suspension was
prepared by sonication. Two parallel series of algal cultures
were grown for each concentration of the nanopowders; the
results were presented as the average values of both experi-
mental series. The number of algal cells was determined by
direct counting under a light microscope, at the beginning of
the experiment and after 7 days. The algal culture without
nanocomposites was used as a control sample.

2.6. Analysis of phytotoxicity

In the present study, the phytotoxicity of Ti;C, MXene, Tiz;C,/
Al,03/Ag, Ti;C,/SiO,/Ag, and Ti;C,/SiO,/Pd nanocomposites
was evaluated using a standardized PHYTOTOXKIT set (Micro-
BioTests, Sterling, VA), allowing to estimate the intensity of
germination and root growth according to the ISO Standard
11269-1.32. The PHYTOTOXKIT also permits a preliminarily
assessment of the condition of the plant seedlings during the
experiments, based on the estimation of the growth of the
sprout and its morphology at an early stage of plant growth. The
test was carried out using the seeds of two species of plants,
sorghum (Sorghum saccharatum) and charlock (Sinapis alba), in
an artificial soil analogous to that recommended by the OECD
for soil toxicity tests. The tests were conducted at two nano-
composite concentrations, 100 and 200 mg kg~ of soil. The
control was the same soil without any nanocomposite. After 3
days of cultivation at 26 °C, the germination intensity, the
length of the sprout and roots, and the intensity of growth of the
root system were determined. The results were documented
photographically and interpreted using Image] software.

3. Results and discussion

The morphologies of Ti;C, MXene, Ti;C,/Al,03/Ag, Ti;C,/Si0,/
Ag, and TizC,/SiO,/Pd nanocomposites were examined using
a scanning electron microscope (SEM) and are presented in
Fig. 1. The typical expanded structure of Ti;C, MXene (Fig. 1a),
i.e. the nano-sized sheets with the slit-shaped pores, can clearly
be seen. The Ti;C, structure was then surface-modified with
composite nanoparticles of Al,03/Ag (Fig. 1b), SiO,/Ag (Fig. 1c),
and SiO,/Pd (Fig. 1d). The SEM observations also indicated that
the sizes of the composite nanoparticles varied and were
generally below 100 nm, which confirmed the formation of
nanocomposite systems.

EDS analyses of the Ti;C,/Al,03/Ag, TizC,/Si0,/Ag, and Ti;C,/
SiO,/Pd nanocomposites are presented in Fig. 2 and show
signals associated with the presence of C, Ti, O, and F that are
similar for all samples. Additionally, the presence of signals
related to Ag confirmed the presence of silver in Ti;C,/Al,05/Ag
(Fig. 2b) and Ti3C,/SiO,/Ag (Fig. 2¢). Also, for the TizC,/SiO,/Pd

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images obtained for the TizC, MXene (a), TizC,/AlLO3z/Ag (b), TizC,/SiO,/Ag (c), and TizC,/SiO,/Pd (d) nanocomposites.

sample, the presence of palladium was confirmed by a Pd-
related signal (Fig. 2d).

The quantitative results on the chemical state of the
elements present on the surface of the Ti;C, MXene, as well as
nanocomposites of Ti;C,/Al,03/Ag, TizC,/SiO,/Ag, and TizC,/
SiO,/Pd, are shown in Tables 1-4.

Our results indicated the presence of Ti—-C species in the
Ti;C,/Al,03/Ag and Ti;C,/SiO,/Ag nanocomposites by a Ti 2p3
signal located at ca. 455 eV which presence is also the charac-
teristic of TizC, MXene (Table 1). The atomic percent of these
bonds were, however, different in the investigated nano-
composites, which corresponded with the ceramic oxide/noble
metal layer on the surface of Ti;C, MXene, ie. 1.9 at% in
Ti3C,/Al,05/Ag (Table 2) and 3.4 at% in Ti;C,/SiO,/Ag (Table 3).
For Ti;C,/SiO,/Pd (Table 4) the signal coming from Ti-C bonds
was not detected due to the large amount of SiO,/Pd nano-
particles covering the Ti;C, surface with a thick layer (see also
Fig. 1d).

XPS investigations also revealed the presence of crystalline
TiO, (by the Ti 2p3 signal located at ca. 458 eV) as well as
a smaller amount of amorphous phase TiO, (Ti 2p3 at ca. 457
eV). The amount of crystalline TiO, phase increased between

This journal is © The Royal Society of Chemistry 2019

the three investigated nanocomposites, Ti;C,/Al,03/Ag, TizC,/
SiO,/Ag, and TizC,/SiO,/Pd, ie. 1.5, 3.6, and 6.3 at%, respec-
tively (Tables 2-5). In contrast, the amount of amorphous TiO,
phase was relatively comparable between the Ti;C,/Al,05/Ag
and Ti;C,/Si0,/Ag nanocomposites, i.e. 1.1 and 1.8, respectively,
and was a little higher for the Ti;C,/SiO,/Pd nanocomposite (3.2
at%).

Our investigations also indicated the presence of different
chemical species containing fluorine. For the Ti;C,/Al,05/Ag
nanocomposite, Al-O (F 1s localized at 75.9 eV), Al-F (F 1s
localized at 686.9 eV) and C-F (F 1s at 688.4 eV) bonds were
detected. For nanocomposites containing silica (i.e. TizC,/SiO,/
Ag and Ti;C,/SiO,/Pd) apart from Si-O connections, the addi-
tional Si-F species (Si 2p at 104 eV) were identified (Tables 3 and
4, respectively) and SiO, (Si 2p signal localized at 103 eV). Also,
for the nanocomposites modified with nanosilver, signals cor-
responding to mainly metallic Ag were detected, i.e. Ag 3d5
signal localized at 368.6 eV for TizC,/Al,03/Ag (Table 2) and
367.8 eV for TizC,/SiO,/Ag (Table 3). For the TizC,/SiO,/Pd
nanocomposite (Table 4), the Pd 3d5 signal appeared in the XPS
spectrum at 335.2 €V and corresponded to mainly metallic Pd at
a level of 0.2 at%. For all the investigated nanocomposites,

RSC Adv., 2019, 9, 4092-4105 | 4095
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Fig. 2 Results of EDS analysis
nanocomposites.

obtained for the TizC, MXene (a)

some oxidized Ag and Pd were also detected, but in amounts of
around 0.1 at%.

We also identified the presence of C=0 groups (O 1s signal
at ca. 533 eV) as well as O=C-OH species (C 1s signal at ca. 289
eV) in all the nanocomposites (Tables 2-4). However, they can
be related to the surface of Ti;C, as well as to the surfaces of
AL, O3 or SiO, (Table 6).

Table 1 Results of XPS analysis combining the chemical state of
elements present on the surface of the TizC, MXene

Peak BE
Name Peak BE At% SF (—0.9 ev) Chemical bonds
Ti2p3  460.3 3.6 522 459.4 Ti-O (TiOy)
Ti2p3 454.8 2.2 5.22 453.9 Ti-C
Ti2p3 455.8 5.3 5.22 454.9 Ti-O
Ti2p3 457.3 4.5 5.22 4564 Ti-O (amorphous TiO,)
C1s 285.0 336 1 284.1 Cc-C
C1s 281.8 9.0 1 280.9 Ti-C
C1s 286.6 64 1 285.7 C-O0
C1s 2889 24 1 288.0 C=0 (0=C-OH)
O 1s 533.8 5.3 293 532.9 C-O0
O 1s 531.9 6.2 293 531.0 Ti-O
O 1s 530.5 4.6 2.93 529.6 C=0
O 1s 535.7 1.1 2.93 534.8 —
F1s 685.4 9.5 4.43 684.5 Al-F (AlF;)
Fl1s  687.3 2.9 443  686.4 Al-F (AIFs)
F1s 689.4 0.7 4.43 688.5 C-F
Al 2p 76.3 1.7 0.537  75.4 Al-F (AIF;)
Al 2p 78.4 0.6 0.537 77.5 Al-F (AIF;)
Al 2p 73.8 0.7 0.537  72.9 Al-O (AL,03)
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as well as: T|3C2/Al203/Ag (b), T|3C2/S|02/Ag (c), T|3C2/S|02/Pd (d)

It should be also noted that the XPS analysis of parent Ti;C,
MXene was previously shown in our previous,” as well as,* the
same MXene material was used. In these studies we indicated
the presence of surface chemistry typical for MXenes as well as
the purity of used material. Our investigations of bioactive

Table 2 Results of XPS analysis combining the chemical state of

elements present on the surface of the TizCy/Al,Oz/Ag
nanocomposite
Peak BE
Name Peak BE At% SF (—0.9 eV) Chemical bonds
Ti2p3  459.2 1.5 5.22 4583 Ti-O (TiO,)
Ti2p3 4554 1.9 5.22 454.5 Ti-C
Ti2p3 457.0 11 5.22  456.1 Ti-O (amorphous TiO,)
C1s 285.9 29.0 1 285.0 C-C
C1s 287.5 92 1 286.6 C-0
C1s 290.2 44 1 289.3 C=0 (0O=C-OH)
C1s 282.0 25 1 281.1 Ti-C
O 1s 534.6 9.8 2.93 533.7 C=0
O 1s 531.0 3.9 293 530.1 Ti-O
O 1s 533.0 8.0 2.93 532.1 C-O0
O 1s 536.0 2.7 293 535.1 —
F1s 687.8 4.2 443 686.9 Al-F
F1s 685.9 2.6 4.43 685.0 Ag-F
F1s 689.3 1.8 4.43 688.4 C-F
Al 2p 77.2 8.7 0.537 76.3 Al-F
Al 2p 75.9 8.1 0.537 75.0 Al-O
Ag 3d5 368.2 0.3 10.66 367.3 Ag-F
Ag 3d5 369.5 0.2 10.66 368.6 Ag metallic
Ag3ds 3711 0.1 10.66 370.2 Ag-O (Ag,0)

This journal is © The Royal Society of Chemistry 2019
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Table 3 Results of XPS analysis combining the chemical state of elements present on the surface of the TizC,/SiO,/Ag nanocomposite

Name Peak BE At% SF Peak BE (—0.54 eV) Chemical bonds
Ti 2p3 459.7 3.6 5.22 459.1 Ti-O (TiO,)

Ti 2p3 455.8 3.4 5.22 455.2 Ti-C

Ti 2p3 457.5 1.8 5.22 456.9 Ti-O (amorphous TiO,)
Ti 2p3 461.5 0.7 5.22 461.0 Ti-O (TiO,)
C1s 285.5 26.5 1 285.0 C-C

C1s 282.2 4.2 1 281.6 Ti-C

C1s 287.0 9.9 1 286.4 C-0

C1s 289.5 4.4 1 288.9 C=O0 (0O=C-OH)
O 1s 533.7 17.4 2.93 533.1 C-0

O 1s 531.3 8.5 2.93 530.7 Ti-O

O 1s 535.3 9.6 2.93 534.8 C=0

F1s 687.2 1.0 4.43 686.7 Si-F

F1s 689.2 0.9 4.43 688.7 C-F

F1s 691.1 0.3 4.43 690.5 Ag-F

F1s 685.4 1.2 4.43 684.9 Al-F

Si 2p 105.3 3.3 0.817 104.8 Si-F

Si 2p 107.2 0.9 0.817 106.6 —

Si 2p 103.8 2.4 0.817 103.2 Si-0 (Si0,)

Ag 3d5 368.3 0.0 10.66 367.8 Ag metallic

Ag 3d3 374.3 0.0 7.38 373.8 Ag-O (Ag;0)

properties toward model Gram-negative Escherichia coli bacte-
rial strain also showed that antibacterial properties of the Ti;C,
MXene.”

An analysis of physical properties and porous structures of
TizC, MXene and the Tiz;C,/Al,03/Ag, TizC,/Si0,/Ag, and Ti;C,/
SiO,/Pd nanocomposites was carried out, based on the
isotherms of physical nitrogen sorption. The obtained
isotherms are shown in Fig. 3. The obtained results indicated
that the TizC,/SiO,/Pd nanocomposite adsorbed almost twice as
much nitrogen as the other modified samples. As can be seen in
Fig. 1d, the Ti;C, MXene is covered with SiO,/Pd nanoparticles
which are much more dispersed in comparison to SiO,/Ag

(Fig. 1c). This effect has been also observed for TiO,/Pd nano-
composite structures.*® Palladium usually promotes better
dispersion. This effect typically results in higher surface are but
is not strictly connected with toxicity because nanoparticles are
attached to the surface of Ti;C, MXene.

The shape of the obtained isotherms suggested the presence
of not only slit pores, which are also characteristic for graphe-
nes, but also cylindrical ones.*”**

The results of the physical properties of the analyzed
samples are presented in Table 5. As expected, the BET specific
surface area of the pure Ti;C, was significantly larger than the
specific surface area of modified samples. The total volume of

Table 4 Results of XPS analysis combining the chemical state of elements present on the surface of the TizC,/SiO,/Pd nanocomposite

Name Peak BE At% SF Peak BE (—0.56 eV) Chemical bonds
Ti 2p3 459.7 6.3 5.22 459.1 Ti-O (TiO,)

Ti 2p3 461.1 3.2 5.22 460.5 Ti-O (amorphous TiO,)
C1s 285.6 30.9 1 285.0 Cc-C

C1s 287.1 12.8 1 286.5 C-O0

C1s 289.3 5.2 1 288.7 C=0 (0=C-OH)
C1s 290.3 1.7 1 289.8 C-O/C-F

O 1s 531.1 13.7 2.93 530.5 Ti-O

O 1s 532.8 11.4 2.93 532.2 C-O0

O 1s 534.3 7.5 2.93 533.8 C=0

O 1s 535.9 2.3 2.93 535.3 —

F1s 685.3 1.2 4.43 684.8 Al-F

F1s 687.2 0.8 4.43 686.7 Si-F

F1s 689.2 0.5 4.43 688.7 C-F

F1s 691.4 0.2 4.43 690.8 Pd-F

Si 2p 104.9 1.0 0.817 104.3 Si-F

Si 2p 103.3 0.6 0.817 102.8 Si-O (Si0,)

Si 2p 106.6 0.4 0.817 106.1 —

Pd 3d5 335.7 0.2 9.48 335.2 Pd metallic

Pd 3d5 337.4 0.1 9.48 336.9 Pd-O (PdO)

Pd 3d5 338.8 0.1 9.48 338.3 Pd-O (PdO,)

This journal is © The Royal Society of Chemistry 2019
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Table 5 The results of the physical properties of the TizC, MXene and TizC,/Al,O3/Ag, TizC,/SiO,/Ag, and TizC,/SiO,/Pd nanocomposites

SgET Ve sy Stext Se-micr Vimier
TizC, MXene (reference sample) 80.08 0.0868 15.33 54.40 25.68 0.0152
Ti;C,/3% Al,03/2% Ag 14.81 0.02408 14.92 11.95 2.859 0.0007748
Ti3C,/3% Si0,/2% Ag 14.92 0.05043 19.83 14.92 — —
Ti;C,/3% Si0,/2% Pd 56.71 0.05050 25.90 31.67 25.04 0.01596

Table 6 Summary of the antibacterial properties of the TizC, MXene,
TizC,/ALO3/Ag, TizC,/SiO,/Ag, and TizC,/SiO,/Pd nanocomposite

Influence on the particular

Sample name bacteria species

Escherichia coli —
Sarcina lutea —
Staphylococcus aureus +
Bacillus sp. —
Escherichia coli +
Sarcina lutea ++
Staphylococcus aureus +
Bacillus sp. +
Escherichia coli ++
Sarcina lutea ++
Staphylococcus aureus +
Bacillus sp. +
Escherichia coli ++
Sarcina lutea ++
Staphylococcus aureus +
Bacillus sp. +

TizC, MXene (reference sample)

Ti;C,/3% Al,03/2% Ag

Ti;C,/3% Si0,/2% Ag

TisCs/3% Si0,/2% Pd

pores (Vgyu) was larger in the unmodified Ti;C, than in the
modified samples. It was due to the nanoparticles which filled
the open slit-shaped pores of the parent MXene. The same effect
was previously seen for covalent modifications of graphene
oxide with nanoparticles.?”*

The pore size distributions obtained for Ti;C, MXene, Ti;C,/
Al,O3/Ag, Ti;C,/Si0,/Ag, and TizC,/SiO,/Pd are presented in
Fig. 4. The obtained BJH results indicate that, in all of our
materials, there were mainly micropores (in the range of 3-6

70

—— Ti,C, MXene

—— Ti,C,/Al,0,/Ag
Ti,C,/SiO,/Ag

- Ti,C,/SiO,/Pd

Adsorbed nitrogen volume [cm3/g]

0 02 04 06 08 1

Relative pressure P/P,

Fig. 3 Nitrogen sorption isotherms obtained for the TizC, MXene,
TizC,/ALO3/Ag, TizC,/SiO,/Ag, and TizC,/SiO,/Pd nanocomposites.

4098 | RSC Adv., 2019, 9, 4092-4105

nm) present. As can be also observed, mesopores (in the range
of 5-50 nm) were present in small quantities in comparison to
the general amount of micropores.

The investigations of the bioactive properties of the samples,
performed using the classical culture method, revealed that the
modification of Ti;C, MXene with Al,O; + Ag, SiO, + Ag, and
SiO, + Pd resulted in significantly increased antibacterial
properties (Fig. 5); the results of the experiment with Staphylo-
coccus aureus, with an application of the dilution method
revealed that all the tested samples were able to inhibit the
growth of potentially pathogenic bacterial strains (Fig. 6). The
considered mechanism of action for Ti;C, MXene is related to
the direct physical interactions between the edges of the
nanosheets and the surface of bacterial cell wall or membrane.
The Ti;C, MXene nanosheets were previously found to damage
physically the microorganisms’ cells.*® As a result cells lose their
integrity and the internal cytoplasm was released together with
DNA.

Some differences in the optical density of the bacterial
culture (reflecting the differences in the number of bacterial
cells) were observed in low concentrations of nanocomposites.
Ti;C, MXene appeared as the most biocidal particle. However,
in higher nanoparticles concentrations the antimicrobial
properties of tested nanocompounds were similar despite
Ti;C,/Si0,/Ag in concentration 500 mg 1. It can be stated that
the modification of Ti;C, MXene probably does not influence
significantly its antimicrobial properties. When taking into
consideration systems where ceramic nanoparticles are present
or noble metal nanoparticles, different effects should be
considered. It should be noted, that when nanoparticles are

30
.20
% - TiC,
g 15 -=- Ti,C,/ALO,/Ag
s Ti,C,/SIO/Ag
$ 10

% =< Ti,C,/Si0,Pd

0 40 80 120 160 200 240 280 320

Pore diameter [A]

Fig. 4 The distributions of pore diameter obtained using BJH method
for the Ti3C2 MXene, T|3C2/A1203/Ag, T|3C2/S|02/Ag, and T|3C2/S|02/
Pd nanocomposites.
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Fig. 5 Growth of Escherichia coli, Sarcina lutea, Staphylococcus aureus, and Bacillus sp. bacteria strains in the presence of TizC, MXene (a),
TizCo/AlLO3/Ag (b), TizC,/SiO,/Ag (c), and TizC,/SiO,/Pd (d) hanocomposite structures.
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Fig. 6 Antibacterial impact of TizC, MXene, TizC,/Al,O3/Ag, TizC,/SiO,/Ag, and TizC,/SiO,/Pd nanocomposite against Staphylococcus aureus

bacteria. The results are presented in the range of 0-20 mg (! (a), and 0-500 mg |~ (b) of nanomaterial concentration.
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Fig. 7 Stimulation/inhibition of algal growth in the presence of pristine TizC, MXene, TizC,/AlbOz/Ag, TizC,/SiO,/Ag, and TizC,/SiO,/Pd
nanocomposite, at different concentrations, after 14 days of incubation.

present on the surface of Ti;C,, the sharp edges are also covered
with nanoparticles (Fig. 1). Moreover, nanoparticles are strongly
attached to the surface of TizC, such as it was previously
considered for modifications of graphene oxide.**** Accord-
ingly, the antimicrobial effect relates to the presence of bioac-
tive noble metal nanoparticles.** Because they are incorporated
into ceramic Al,O; or SiO, (i.e. immobilized in a porous Al,O; or
SiO, matrix) - the only bioactive agent can be Ag" or Pd" ions.
These ions are mostly active when direct contact occur or when
the basic material (i.e. MXene). Additionally, the possibility of
promoting of bioactive ions release should be considered for
TizC,. It was previously shown, that the presence of graphene
oxide in a core of a core-shell hybrid changes bioactivity of
a system due to changes of zeta potential which can influence
releasing of active ions.*

Nowadays, numerous nanoproducts are introduced into
aquatic environments with wastewater streams.** The estima-
tion of nanomaterial toxicity to algae is essential because algae
serve as the basis of numerous aquatic food chains. Some
toxicity tests of nanoparticles’ influence on the microalgae
Pseudokirchneriella subcapitata have been carried out.** The
impact of ZnO, TiO,, and CuO nanoparticles on the prolonga-
tion of the lag phase of growth of Pseudokirchneriella subcapitata
was observed. The formation of characteristic aggregates
entrapping algal cells was revealed for nano-TiO,.** The exper-
iment carried out by Karwowska et al.*® on Al,O; nanopowders’
influence on green algae Scenedesmus quadricauda revealed that
after 7 days the algal growth was inhibited by 5-54% in nano-
powder concentrations of 500 mg 17!, while in concentrations of
1000 mg 1" it reached 39-69%, depending on the properties of
the individual nanopowder. Marine phytoplankton, including
Thalassiosira pseudonana, Skeletonema marinoi, Dunaliella ter-
tiolecta, and Isochrysis galbana, were also affected by metal oxide
nanoparticles.”” It has been confirmed that a nanoproduct's

4100 | RSC Adv., 2019, 9, 4092-4105

toxicity depends on its concentration, physico-chemical prop-
erties, and the environmental conditions.*®

The results obtained in the present experiment showed that
the impact of individual nanocomposites on tested algae
differed, depending both on the concentration and the type of
nanocomponents (Fig. 7). Pristine Ti;C, MXene at the lowest
concentration significantly stimulated algal growth. With
increasing nanocomponent concentration, the stimulation
effect diminished: for a concentration of 100 mg 17, an inhi-
bition of the bacterial effect was observed. The effect of growth
intensification is also known for Monoraphidium minutum in
presence of cobalt.*® Also arsenic was reported to stimulate the
growth of microalgae Chlorella sp.**** This effect is related to
the effect of dissolution of inorganic ions which support
microalgae growth. The six times growth intensification of
Scenedesmus was observed when vanadium was present. The
vanadium ions were therefore almost entirely consumed by
algae cells.”

It should be mentioned that algae are very sensitive for even
small changes in chemical composition of the tested material
as well as its concentration.®® Indeed, four different analysed
compositions (i.e. TizC,/Al,03/Ag, TizC,/SiO,/Ag and TizCy/
SiO,/Pd) showed different effects on algae and those effects
became more viable when concentration was changed. There
were considered two variants of material composition i.e.: (i)
the same basic composition (TizC, and Ag) and changing the
type of ceramic used i.e. Al,O; or SiO,, and (ii) the same basic
composition (TizC, and SiO,) and changing the type of noble
metal used i.e. Ag or Pd. For both cases, different bio-effects
were observed for green algae i.e. (1) the presence of Al,O; at
the material surface results in lower toxicity than presence of
SiO,; (2) presence of Pd at the material surface results in much
higher toxicity than presence of Ag. Different metallic and
ceramic oxide nanoparticles were reported to exhibit the

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 The influence of tested nanopowders at concentrations of 100 mg kg~ and 200 mg kg~! on the growth of the sprout of Sorghum

saccharatum.

inhibitory activity of algae growth due to Reactive Oxygen
Species (ROS) generation,”** the physical interactions,
releasing of metal ions from the surface of the nano-
material®>*” as well as their sizes.>* The probable mechanism
of action that should be considered for the analyses nano-
composite materials is the presence of different ceramic oxide
and noble metal components is the surface-dissolution of as
well as physical interaction with algae cells.*****® Ti;C,/Al,03/
Ag nanoparticles stimulated algal growth, with an increasing
effect being caused by higher nanoparticle concentrations.
The results obtained for Ti;C,/SiO,/Ag indicated both slight
inhibition/stimulation. Ti;zC,/Si0,/Pd nanocomposite
revealed the strongest ecotoxic impact on Desmodesmus
quadricauda, with the inhibition effectiveness increasing with
a decreasing concentration of the nanopowder. It could be
caused by an aggregating effect in the algal culture medium for
the higher nanocomposite concentrations. It is evident that
further study, covering the analysis of the mechanism of
interaction between pristine Tiz;C, MXene and its derivatives,
is necessary to explain this phenomenon.

The experiments performed in the present study, carried out
in the presence of two comparatively high concentrations of
nanocomposites - 100 mg 1™ and 200 mg 177, revealed that
SiO,-containing nanocomponents could influence the growth of
the sprout and root of Sorghum saccharatum compared with the
control sample. The inhibition effect was even stronger at
a concentration of 200 mg kg~ * of the soil. The effect was not
observed for the Al,O;-modified nanocomposite and the pris-
tine TizC, MXene (Fig. 8 and 9).

In the case of charlock (Sinapis alba), all the modifications of
the Ti;C, MXene nanocomposite resulted in a decrease in
phytotoxic properties towards the plant’s sprout, although the
root growth of the plant was not inhibited only in the presence
of the Tiz;C,/Al,03/Ag nanocompound (Fig. 10 and 11). The
strongest inhibition of the seed germination (up to 40%) was
observed for the Ti;C, MXene, while it did not exceed 20% in
the presence of the other tested nanocomposites.

This journal is © The Royal Society of Chemistry 2019

There is evidence that several inorganic nano-oxides may
interact with plant cells. The mechanisms for plant root
adsorption and incorporation into the cell wall or cell
membrane have already been studied, although there is still
a lack of knowledge concerning the nanoparticles' internaliza-
tion.” It has been confirmed that nanoparticles can influence
both the cell structures and physiological mechanisms,
bonding to different intracellular structures, including the
Golgi apparatus and endoplasmic reticulum. One of the recog-
nized mechanisms is the ability to form reactive oxygen
species.® Accordingly, we can now understand better the reac-
tivity of surface-modified MXenes towards chosen organisms,
giving more information concerning the potential impact of
tested nanocomposite structures on the ecosystems. The
further investigations between Tiz;C, MXenes and plant cells
will be undoubtedly a subject of future research for scientific
community working with MXenes.

4. Summary

The number of investigations regarding the application of 2D
nanosheets of MXenes in different technological areas is
growing rapidly. Different surface modifications of MXenes
have been introduced to date in order to tailor their properties.
As a result, surface-modified MXenes could be released in the
environment from filtration membranes, adsorbents, or pho-
tocatalysts. On the other hand, assessment of their environ-
mental impact is practically unexplored. So far, the only
publication in this area is Nasrallah et al.,' who reported the
lack of significant toxicity of pristine Ti;C, MXene towards
zebrafish embryos. In the present study, we made some
preliminary tests allowing to evaluate how modification of the
antimicrobial Ti;C, MXene with ceramic oxide and noble metal
nanoparticles can influence its toxicity. The ecotoxicological
assessment covered the experiments with a application of the
green algae Desmodesmus quadricauda as well as higher plants -
sorghum (Sorghum saccharatum) and charlock (Sinapis alba).

RSC Aadv., 2019, 9, 4092-4105 | 4101
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Fig. 9 The influence of tested nanopowders at concentrations of 100 mg kg™ and 200 mg kg~ on the growth of the root of Sorghum

saccharatum.
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Fig. 10 The influence of tested nanopowders at concentrations of 100 mg kg™t and 200 mg kg~* on the growth of the sprout of Sinapis alba.

It was observed that in the growth tests on solid media all the
modifications of the pristine Ti;C, MXene influenced positively
its antibacterial properties against both Gram-positive and
Gram-negative bacteria, despite a Staphylococcus aureus strain,
in which effect was similar for all the nanocompounds. The last
effect was also confirmed using the dilution method.

Our examinations of the ecotoxicity and phytotoxicity of the
tested nanocomposites have shown that their ecotoxicity
against algae depended not only on their concentration, but
also on the type of modification. Both stimulating and inhib-
iting effects were observed for individual nanocomposites. We
have observed that pristine Ti;C, which highly stimulated green
algae growth at low concentrations. The strongest anti-algal
effect, especially in case of low concentrations, was observed
for TizC,/SiO,/Pd nanocomposite.

The modifications of the pristine Ti;C, MXene influenced
its phytotoxic properties. The addition of SiO,/Ag or SiO,/Pd
made it more phytotoxic, although the effect was not noted for

4102 | RSC Adv., 2019, 9, 4092-4105

TizC,/Al,03/Ag. Germination inhibition was lower in modified
nanocomposites compared with the pristine Tiz;C, MXene.

It is evident that the modification of the pristine Ti;C,
MXene with different nanoparticles can change its ecotoxicity.
Some of modified nanocompounds can be more eco- or phyto-
toxic to organisms playing the essential role of the primary
producers in natural ecosystems. However, we have indicated
nanocomposite structures characterized by significantly
decreased ecotoxic properties: TizC, MXene modified with
Al,O3/Ag. The increase of antibacterial activity resulting from
the modification of the pristine Ti;C, MXene make them useful
as the biocidal agents. On the other hand, the application of
MXenes in different technologies should give rise to special
attention to their toxicity, due to their potential ecotoxic prop-
erties. The results of our work confirm that modification of
MXenes can result in the change of its potential toxic properties.
Ti;C, MXene modified with Al,03/Ag was neither phyto- nor eco-
toxic but still characterized by antimicrobial properties, which

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 The influence of tested nanopowders at concentrations of 100 mg kg’1 and 200 mg kg*1 on the growth of the root of Sinapis alba.

can be important from the point of view of its potential appli-
cation in practice.
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