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Anna Zielińska-Jurek a,* 

a Department of Process Engineering and Chemical Technology, Faculty of Chemistry, Gdańsk University of Technology, G. Narutowicza 11/12, 80-233 Gdańsk, Poland 
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A B S T R A C T   

In this study, we report the potential of TiO2/Ti3C2 composite fabricated by oxidation of MXene for degradation 
of persistent organic pollutants. The effect of the synthesis conditions (time, temperature, and reaction envi
ronment) on the morphology, physicochemical properties, and photocatalytic activity was investigated. It was 
found that acetaminophen degradation was positively correlated with TiO2 content in the composite structure. 
Furthermore, the findings confirmed that the synthesis reaction environment strongly influenced the obtained 
materials photocatalytic activity. The TiO2/Ti3C2 composite obtained by solvothermal route in the presence of 
hydrochloric acid and ammonium fluoride exhibited the highest efficiency towards acetaminophen degradation 
than other composite materials, for which ACT removal reached 92 % within 60 min of irradiation under 
simulated solar light. The improved photocatalytic performance can be attributed to the presence of anatase- 
rutile polymorphs exposing highly active { 0 0 1} and { 1 0 1} facets coupled with MXene. Superoxide anion 
radicals and hydroxyl radicals played a major role in ACT degradation. Moreover, 3-hydroxyacetaminophen was 
detected as the first intermediate of ACT degradation, leading quickly to aromatic ring opening and production of 
aliphatic acids. Overall, this work provides an effective strategy for designing novel and efficient MXene-based 
photocatalysts for the degradation of emerging contaminants in water systems.   

1. Introduction 

Nowadays, pharmaceuticals belonging to the group of persistent 
organic pollutants represent a new water quality challenge, with still 
unknown long-term impacts on human health and ecosystems [1]. 
Acetaminophen (N-Acetyl-p-aminophenol), also known as paracetamol, 
is an analgesic and antipyretic drug commonly used worldwide and 
detected in wastewater and surface waters [2]. The annual consumption 
of ACT reaches 4–50 tons per million habitants; thus a high amount of 
this pharmaceutical may be excreted to the environment in the un
changed form or as its active metabolites [3]. Based on the studies 
performed from 1999 to 2018 in Latin America, the range of ACT con
centration in wastewater treatment plants effluents reached 17.1–29, 

200 ng/dm3, while in surface waters 3–25,200 ng/dm3 [4]. 
In this regard, one of the primary challenges that societies will face 

during the 21st century is improving water quality by reducing pollu
tion, minimizing the release of hazardous chemicals, and halving the 
proportion of untreated wastewater using the fundamentals of green 
chemistry and green engineering processes. This speaks for the devel
opment of new advanced treatment technologies such as photocatalysis 
to deal with these kinds of contaminants and improve the quality of 
treated wastewater before being safely discharged into public water 
bodies or for reuse. 

MXenes are a group of materials consisting of transition metal car
bides, nitrides, or carbonitrides, characterized by hydrophilic surface, 
good electrical conductivity, and chemical stability, which were 
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discovered in 2011 [5]. The general formula of MXenes is Mn+1XnTx (n 
= 1–4), where M is a transition metal, X represents carbon or nitrogen, 
and Tx refers to surface terminations (-F,-O,-OH) [6]. A novel and 
promising direction is using MXenes in photocatalysis [7,8]. MXenes 
may act as co-catalysts, enhancing the adsorption of the pollutants on 
the surface, improving the charge carriers separation, photocatalyst 
stability, and increasing the light absorption range [9,10]. The photo
catalytic hydrogen production, CO2 reduction as well as dyes degrada
tion was previously described in the literature [11–13]. However, 
nowadays, only a few studies focus on the application of MXene mate
rials for the photocatalytic degradation of active pharmaceutical in
gredients. Jiang et al. [14] reported the application of MXene-derived 
C-TiO2/Bi4NbO8Cl for the removal of ciprofloxacin. Liu et al. [15] 
investigated the potential of Ti3C2/TiO2/BiOCl for the degradation of 
tetracycline. In the study of Liu et al. [16] the CdS@Ti3C2 @TiO2 was 
used for the removal of sulfachloropyridazine. Yang et al. [17] proposed 
the application of PDI/g-C3N4/TiO2@Ti3C2 for the photocatalytic 
degradation of atrazine. Shahzad et al. [18] and Grzegórska et al. [19] 
reported the potential of TiO2/Ti3C2 and Fe-TiO2/Ti3C2 composites for 
photocatalytic degradation of carbamazepine. 

Formation of heterojunction between TiO2 and MXene compound 
-Ti3C2Tx is a promising approach to improve charge carriers separation 
and thus photocatalytic efficiency. MXene may form a Schottky barrier 
at the MXene-semiconductor heterojunction and act as a reservoir of 
photogenerated electrons [8]. Furthermore, depending on the synthesis 
conditions, different morphologies of TiO2 with exposed crystal facets 
may be produced by in-situ oxidation of the MXene surface [12]. Our 
previous work confirmed that the formation of { 1 0 1} and { 0 0 1} 
facets might be particularly important in efficient photocatalytic 
degradation [20]. Facet-engineered TiO2 with “surface heterojunction” 
which connects reductive { 1 0 1} facets and oxidative { 0 0 1} facets 
may effectively separate the oxidation and reduction centers of TiO2 
[19,21]. Dominant { 0 0 1} facets have a high ability to trap the pho
togenerated holes, while the concentration of the photogenerated elec
trons occurs on the { 1 0 1} facets [22]. This suggests that not only the 
presence of selected facets but also the ratio between them may deter
mine the degradation rate [23]. Therefore, crystal engineering is one of 
the key factors affecting the efficiency of photocatalytic reactions. 

In this regard, the present work represents a comprehensive inves
tigation of the various synthesis conditions of TiO2/Ti3C2 composites: (i) 
hydrothermal in deionized water, (ii) solvothermal in HBF4, (iii) sol
vothermal in NH4F and HCl, and (iv) simple calcination, to improve the 
physicochemical properties and the photocatalytic activity. For the first 
time, the effect of the reaction environment on the preparation of TiO2/ 
Ti3C2 composites exposing different crystal facets and applied for pho
tocatalytic degradation of acetaminophen under simulated solar light 
was studied in detail. The chemometric analyses were employed to 
determine the relationships between synthesis parameters, physico
chemical properties, and photocatalytic activity. Furthermore, for the 
most active sample, the possible reaction mechanism and degradation 
pathway were proposed. 

2. Experimental 

2.1. Photocatalyst preparation 

The Ti3C2Tx was obtained by etching aluminum from Ti3AlC2 using 
48 % HF at room temperature for 24 h. TiO2/Ti3C2 composites were 
prepared by a solvothermal method in the presence of HBF4 (series 
TiO2/Ti3C2_HBF4 samples). In a typical synthesis, 60 cm3 of HBF4 (0.1 
M) was added to 0.4 g of Ti3C2Tx, sonicated for 10 min, and mixed for 30 
min (in a temperature ranging from 140◦ to 220◦C and time from 6 to 24 
h). Furthermore, the TiO2/Ti3C2 composite was also obtained in 
deionized (DI) water during solvothermal synthesis (TiO2/ 
Ti3C2(220,24)_H2O sample) to study the effect of the synthesis envi
ronment on morphology and photocatalytic activity. In this regard, 0.4 g 

of Ti3C2Tx was added to 60 cm3 of DI water and sonicated for 10 min. 
Then the suspension was mixed for 30 min and transferred into a Teflon- 
lined stainless steel reactor. The reaction was performed at 220 ◦C for 24 
h. Another sample of Ti3C2Tx was calcined at 550 ◦C for 2 h with a 
heating rate of 2 ◦C/min (TiO2/Ti3C2(550,2) sample). Finally, the 
Ti3C2Tx sample was also treated during solvothermal synthesis in HCl 
with NH4F solution (TiO2/Ti3C2(220,24)_NH4F_HCl sample). In this re
gard, 60 cm3 of HCl (3 M) was mixed with 0.1 g NH4F, and 0.4 g of 
Ti3C2Tx was added to the above solution and sonicated for 10 min. Then 
the suspension was stirred for 30 min and transferred into a Teflon-lined 
stainless steel reactor. The reaction was performed at 220 ◦C for 24 h. All 
resulting material was rinsed with deionized water and dried in an oven 
at 50 ℃. 

2.2. Materials characterization 

The characterization methods applied in this work can be found in 
subsection 2.3. in Supporting Materials. 

3. Results and discussion 

3.1. Physicochemical characteristics of TiO2/Ti3C2 composites prepared 
by a solvothermal method in the presence of HBF4 

In the first step of the study, the composite synthesis was optimized 
to correlate the morphological and physicochemical parameters with 
photocatalytic activity. Firstly, TiO2/Ti3C2 composites were prepared by 
a solvothermal method in the presence of HBF4 at a temperature ranging 
from 140 ◦C to 220 ◦C for 6–24 h, as presented in Table 1 (series A). The 
SEM and TEM analyses confirmed the formation of the accordion-like 
structure of Ti3C2Tx (see Fig. 1a-b). The solvothermal reaction in HBF4 
led to the formation of decahedral anatase particles (DAPs) on the 
Ti3C2Tx layer, as shown in Fig. 1c-f. Analyzing the SEM images of all 
prepared TiO2/Ti3C2 composites, the diversity of sample morphology 
can be noticed. The samples TiO2/Ti3C2(140,24) and TiO2/Ti3C2(180,6) 
presented the initial stage of TiO2 in-situ growing and formation. 
Meanwhile, the sample TiO2/Ti3C2(180,24) showed the most uniform 
DAPs, equally distributed on the MXene layers. Other samples presented 
a size variety, with smaller and larger DAPs. The average length and 
height of DAPs were calculated based on the measurements of 50 par
ticles for each sample from the SEM images and are summarized in 
Table 1. 

The BET surface area increased with the increase in the reaction time 
and temperature, as presented in Table 1. However, this trend was 
observed only to a certain point. Prolonged reaction time and higher 
temperature caused a decrease in specific surface area. The CHN analysis 
of MXene showed that the sample contains about 8.49 % of carbon and 
2.15 % of hydrogen (as shown in Table 1S). The XRD analysis, presented 
in Fig. 1S in Supporting Materials, confirmed the successful etching of 
aluminum from the Ti3AlC2. For the obtained MXene materials, the 
characteristic diffraction peaks at 2θ = 8.8◦, 18.1◦, and 27.4◦ corre
sponding to (002), (004), and (006) planes were noticed. Furthermore, 
the Rietveld analysis of XRD patterns revealed that samples TiO2/ 
Ti3C2(140,6), TiO2/Ti3C2(140,12), TiO2/Ti3C2(160,6) are pure MXene 
or contain a very low content of TiO2 because any signals corresponding 
to TiO2 were not observed. Furthermore, the Rietveld analysis 
confirmed an increase of TiO2 content in the composite with an increase 
in time and temperature. The highest content of TiO2 was noticed for 
sample TiO2/Ti3C2(220,48) with almost 100 % of TiO2 and sample 
TiO2/Ti3C2(220,24) containing 99.8 % of TiO2 and 0.2 % of MXene. 

To confirm the presence of MXene in the sample TiO2/Ti3C2(220,24), 
the additional STEM-EDX-EELS analysis was performed. As presented in 
Fig. 2S in Supporting Materials for sample TiO2/Ti3C2(220,24) two 
different areas may be distinguished. The first one with higher carbon 
content indicates the presence of Ti3C2Tx, and the second with negligible 
carbon content is TiO2. 
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Table 1 
Physicochemical characteristics and photocatalytic activity of TiO2/Ti3C2 composites.  

Sample Synthesis conditions BET 
surface 
area 
(m2/g) 

Anatase (101) crystallite size 
(nm) 

Composition (%) Acetaminophen degradation rate constant 
(min− 1⋅10− 2) 

Temperature 
(℃) 

Time 
(h) 

TiO2 Ti3C2 h 
(nm) 

l 
(nm) 

Ti3C2Tx 25 24  7.5 nd 0 100 nd nd 0.2 ± 0.02 
TiO2/Ti3C2(140,6) 140 6  8.4 nd 0 100 nd nd 0.22 ± 0.01 
TiO2/Ti3C2(140,12) 140 12  9.5 nd 0 100 nd nd 0.24 ± 0.01 
TiO2/Ti3C2(140,24) 140 24  12.9 19 11.5 88.5 nd nd 1.01 ± 0.03 
TiO2/Ti3C2(160,6) 160 6  9.9 nd 0 100 nd nd 0.28 ± 0.01 
TiO2/Ti3C2(160,12) 160 12  16.0 27 18.6 81.4 35 140 1.66 ± 0.04 
TiO2/Ti3C2(160,24) 160 24  24.8 24 45.8 54.2 52 268 1.89 ± 0.02 
TiO2/Ti3C2(180,6) 180 6  16.3 24 13.5 86.5 nd nd 0.99 ± 0.03 
TiO2/Ti3C2(180,12) 180 12  24.0 38 42.4 57.6 45 184 2.04 ± 0.02 
TiO2/Ti3C2(180,24) 180 24  21.5 40 81.7 18.3 71 328 1.22 ± 0.03 
TiO2/Ti3C2(200,6) 200 6  24.2 35 31.6 68.4 44 117 1.14 ± 0.03 
TiO2/Ti3C2(200,12) 200 12  23.0 41 69.8 30.2 64 201 1.24 ± 0.02 
TiO2/Ti3C2(200,24) 200 24  17.2 34 98.8 1.2 76 214 1.03 ± 0.01 
TiO2/Ti3C2(220,6) 220 6  22.4 41 63.9 36.1 96 289 1.37 ± 0.03 
TiO2/Ti3C2(220,12) 220 12  16.5 27 85.9 14.1 121 142 0.99 ± 0.02 
TiO2/Ti3C2(220,24) 220 24  10.0 34 99.8 0.2 88 114 2.86 ± 0.03 
TiO2/Ti3C2(220,48) 220 48  8.5 38 100 0 79 101 2.49 ± 0.02  

A
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In order to catch possible (dis)similarities among TiO2/Ti3C2 com
posites, find hidden patterns in data and determine the causal re
lationships between the photocatalytic performance of TiO2/Ti3C2 
composites and the samples morphology, physicochemical properties as 
well as synthesis conditions, the chemometric analyses were carried out. 

The tree-like graph is shown in Fig. 3S in Supporting Materials. Since 
the circular dendrogram for the hierarchical cluster analysis (HCA) does 
not identify the causal relationship between variables, hence to gain an 
overall idea of which MXene morphological features, physicochemical 
properties and/or synthesis conditions are significantly related to the 
enhanced photocatalytic performance of the TiO2/Ti3C2 composites, the 
Principal Component Analysis (PCA) analysis was performed. 

PCA discovers interpretable patterns and trends in the data that 
cannot be captured by a human eye and simultaneously simplifies the 
complexity in high-dimensional data. This is done by finding the 
orthogonal projections that maximize the variance of the data, known as 

the principal components (PCs). Principal components as linear com
binations of the original variables (here: morphological features, phys
icochemical properties and/or synthesis conditions of MXene) are 
extracted in a way that the first principal component (PC1) explains as 
much variance in the original data as possible and each subsequent 
principal component accounts for less and less variance. Following the 
Kaiser criterion that states that meaningful are only those components 
with eigenvalues equal or higher than one, the first two principal 
components (PC1 and PC2) were retained for further analysis. Together, 
the first two PCs contain 84.83 % (62.96 % + 21.87 %) of the infor
mation (variances) contained in the data. The projection of the data onto 
the subspace spanned by PC1 and PC2 is shown in Fig. 2a, known as a 
biplot. To gain mechanistic insights into the efficiency of TiO2/Ti3C2 
composites towards acetaminophen degradation, the analysis of the 
normalized factor loadings was carried out (Fig. 2b). These loadings are, 
by definition, correlations between the original variables and the PCs. 

Fig. 1. The SEM and TEM images for Ti3C2 (a,b), TiO2/Ti3C2 composite synthesized at 180 ◦C (c,d) and 12 h, TiO2/Ti3C2 composites synthesized at 220 ◦C and 24 h 
(e,f). 
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They quantify the extent of the relevance of original variables in 
explaining a given principal component. According to the so-called 
Malinowski rule, the statistically significant ones are only those which 
have absolute values equal to or higher than 0.7. A closer look at Fig. 2b 
reveals that the variables with the greatest influence on the first prin
cipal component (PC1) are the content of TiO2 and the content of Ti3C2, 
followed by synthesis temperature. 

The projection of the samples onto the PCs showed that the samples 
with the lowest photodegradation rate constant (below 0.3 min− 1⋅10− 2) 
are furthest apart from the other composites and are located on the left 
side of the biplot. It is straightforward to see that these nanocomposites 
have low PC1 scores (X-axis), which means they are characterized by 
low values of the positively correlated variables (i.e., TiO2 content and 
temperature), and thereby by high values of the negatively correlated 
variable (i.e., Ti3C2 content). This observation is even more obvious in 
the light of disclosure that these composites are pure MXene without 
TiO2. In addition, these samples are characterized by the lowest surface 
area compared to the other TiO2/Ti3C2 nanocomposites. Examining the 

biplot further, one can see that the samples with the highest content of 
TiO2 and the lowest content of MXene were placed on the right side of 
the biplot. These results suggest that the greatest distances between the 
nanocomposites are along PC1 (X-axis), expressed by the composition 
and corresponding contents of TiO2 and Ti3C2. 

Interestingly, the samples with a higher concentration of TiO2 than 
that of Ti3C2 were placed on the right side of the biplot and showed the 
differentiation along PC2 (Fig. 2a). The interpretation of PC2 (Y-axis) 
which reflects the synthesis conditions of nanocomposites, is not so 
intuitive. It is strongly negatively correlated with reaction time. As seen 
in Fig. 2a, composites of low and moderate values of activity of acet
aminophen degradation have both low and high PC2 scores. Although 
PC2 does not clearly distinguish between the samples with the higher 
and the lower activity of acetaminophen degradation, it can be seen that 
the photocatalytic performance of composites slightly increases, moving 
downwards along the Y-axis (PC2). This observation is in line with the 
correlogram analysis (Fig. 4S). The temperature is strongly positively 
correlated with TiO2 content (r = 0.81), which implies that as 

Fig. 2. (a) The PCA biplot of the first two principal components (PC1-PC2) that illustrates the grouping of TiO2/Ti3C2 composites (points) in the space of explanatory 
variables (vectors). The color of each data point represents the value of the acetaminophen degradation rate constant (min− 1⋅10− 2): dark purple means the lowest 
value of the photocatalytic activity, whereas dark brown – the highest photocatalytic activity; (b) The plot of normalized factor loadings utilized for providing a 
physical interpretation of principal components, (c) The plot of experimentally observed versus predicted values of acetaminophen degradation rate constant in the 
presence of TiO2/Ti3C2 composites (min− 1⋅10− 2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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temperature increases, TiO2 content also tends to increase. A correlation 
between BET surface area and Ti3C2 content, on the other hand, in
dicates a weak negative correlation (r = − 0.37), meaning that, although 
an increase in the first variable will likely lead to decrease in the second 
variable, the relationship is not very strong. As seen in Fig. 4S, the 
acetaminophen degradation rate constant shows a positive correlation 
with TiO2 content in the composite, reaction time, synthesis tempera
ture and BET surface area and a negative correlation with Ti3C2 content. 

The highest photocatalytic performance with the acetaminophen 
degradation rate constant equal to 2.86 ± 0.03 (min− 1⋅10− 2) was ob
tained by the TiO2/Ti3C2(220,24) sample located on the right inferior 
half of the biplot (Fig. 2a). This sample is composed of TiO2 (99.8 wt%) 
and Ti3C2 (0.2 wt%). With an increase of Ti3C2 content up to 36.1 wt%, 
the photocatalytic activity of TiO2/Ti3C2 composites decreased sharply 
and was more than 50 % less compared to the photocatalytic perfor
mance of TiO2/Ti3C2(220,24) sample (Table 1). Interestingly, further 
increasing the Ti3C2 content enhanced the photocatalytic performance 
and resulted in higher than expected values of acetaminophen degra
dation rate constants. 

As seen from Fig. 2a, the second, the third and the fourth composites 
with the highest acetaminophen degradation rate constants TiO2/ 
Ti3C2(180,12), TiO2/Ti3C2(160,24), and TiO2/Ti3C2(160,12) were 
placed nearest from the biplot origin. The composition ratio of TiO2 to 
Ti3C2 in these composites was 42.4: 57.6 wt%, 45.8: 54.2 wt% and 18.6: 
81.4 wt%, respectively. Contrary to the TiO2/Ti3C2(220,24) sample, 
these composites were obtained at lower temperatures and, addition
ally, two of them also in a shorter synthesis time. This might suggest that 
the photocatalytic performance of TiO2/Ti3C2 nanocomposites can be 
greatly affected not only by the chemical composition of samples but 
also by other factors, such as synthesis conditions (i.e., temperature, 
reaction time). 

Finally, the computer-aided (so-called in silico) modelling was 
additionally conducted to meet the research objectives of the study. As a 
logical extension of experimental research, in silico modelling identifies 
the essential parameters related to a target activity or molecular prop
erty (e.g., photocatalytic activity) and enables its prediction for untested 
compounds from experimental training data and suitable mathematical 
model. Hence, before model development, the dataset of 15 experi
mentally tested TiO2/Ti3C2 nanocomposites was split into a training set 
of 10 samples and a test (external assessment) set of 5 samples using the 
sorted response-based division algorithm (in ascending order). Consid
ering the limited size of the available dataset, the kernel-weighted local 
polynomial regression (KwLPR) approach [24,25], being a pointwise 
iterative method, was used for in silico model development. Likewise, in 
the case of other similarity-based modelling methods, the KwLPR 
approach seeks to estimate the unknown regression function point by 
point. This means that the KwLPR algorithm approximates the (un
known) posterior molecular property using only a small fraction of the 
training data points that lie in the local neighbourhood of each point of 
estimate. It does this by fitting a polynomial at each point in the dataset 
to a certain (user-defined) number of k nearest neighbours, whose 
explanatory variables values are similar to the point of estimation. The 
polynomial is obtained in the distance weighted least square estimation, 
which allows to allocate more weight to the points near the target point 
being estimated and less weight to the points further away. The weights 
reflecting the relative importance/contribution of each of the k neigh
bours according to their distance to the target point are used then to 
estimate a weighted least squares regression local model. Finally, the 
regression function (i.e., local model) is applied to compute the value of 
a point estimate. 

In this study, the best estimator’s parameters that control the size 
and the shape of the neighbourhood (i.e., the bandwidth), the local 
weights (i.e., the kernel function) and the flexibility of the regression 
function (i.e., the degree of the local polynomial used for smoothing) 
were obtained through the leave-one-out validation process. To evaluate 
both aleatoric and epistemic uncertainty of a developed in silico model, i. 

e., to verify how well the model does fit to the training dataset and 
predict the activity of unseen data (outside the training set), various 
quality metrics were computed. The goodness-of-fit of a model was 
ascertained by the determination coefficient (R2), and the root means a 
square error of calibration (RMSEC). While the true predictive perfor
mance of the model was examined with external validation coefficients 
(Q2

F1, Q2
F2, Q2

F3), concordance correlation coefficient (CCC), and root 
means a square error of prediction (RMSEP) [26–28]. 

In accordance with our expectations, the chemical composition of 
the composite nanomaterials is not sufficient to reflect variations in the 
acetaminophen degradation rate constant. The overall quality metrics of 
such a model were disappointing (i.e., R2, Q2

F1-F3 < 0.70) and did not 
meet the commonly accepted requirements of in silico model. To 
improve the model performance and shed light on the mechanism 
driving acetaminophen degradation in the presence of TiO2/Ti3C2 
composites, the model was enriched with the synthesis conditions (i.e., 
with either synthesis temperature or synthesis time). Both refined 
models appeared to be more efficient and reliable compared to the 
original model (i.e., R2, Q2

F1-F3 > 0.70). Interestingly, the model linking 
the acetaminophen degradation rate constant with the mass ratio of 
TiO2 to Ti3C2 and synthesis temperature posed a better model’s per
formance than the model using synthesis time as the explanatory vari
able. This can be explained by the slightly greater strength of the 
relationship between acetaminophen degradation rate constant and 
synthesis temperature (r = 0.49) than between acetaminophen degra
dation rate constant and synthesis time (r = 0.46) (Fig. 2b). Detailed 
information on the final model tuning parameters, including the kernel 
function applied, the calculated bandwidth for both explanatory vari
ables, as well as the model’s quality metrics, is provided in Table 2S in 
Supporting Materials. The analysis of the statistical metrics confirmed 
that the model demonstrated excellent fitting ability and external pre
dictive power (i.e., generalization capabilities). This conclusion is 
clearly supported by a visual analysis of the scatter plot between the 
observed and predicted values of the acetaminophen degradation rate 
constant, shown in Fig. 2c. 

As can be seen from the graph, the majority of the data points are 
clustered tightly around the best fit line, indicating high (close to 1) 
values of R2 and Q2. Since the developed KwLPR model fulfilled all 
stringent quality criteria, it has been utilized to predict the photo
catalytic performance for a set of eight new TiO2/Ti3C2 nanocomposites 
for which the experimental data have been unavailable up to now 
(Table 3S). The reliability of the predictions for these new composites 
will be subject to further experimental investigation. 

3.2. The effect of reaction environment on TiO2/Ti3C2 composites 
physicochemical properties and photocatalytic activity 

In order to compare the impact of the reaction environment on the 
photocatalytic activity, the best parameters of the solvothermal syn
thesis in HBF4 (series A, TiO2/Ti3C2(220,24) sample) were applied for 
the preparation of the TiO2/Ti3C2 composites in deionized water (TiO2/ 
Ti3C2(220,24)_H2O sample) and in HCl and NH4F (TiO2/Ti3C2(220,24) 
_NH4F_HCl sample). Furthermore, TiO2/Ti3C2 nanocomposite was also 
obtained during the calcination of Ti3C2 (TiO2/Ti3C2(550,2) sample) in 
airflow at 550 ◦C for 2 h (optimized calcination temperature in the 
range 350–650 ◦C). 

Firstly, a comparison of structural and textural properties for the 
obtained TiO2/Ti3C2 composites was performed. The XRD diffracto
grams for TiO2/Ti3C2 samples synthesized at various conditions are 
shown in Fig. 5Sa. The diffraction patterns of TiO2/Ti3C2(220,24)_HBF4 
and TiO2/Ti3C2(550,2) are highly similar and correspond to the anatase 
phase. In the case of sample TiO2/Ti3C2(220,24)_H2O, the peaks at 8.9 ◦
and 18.3 ◦ correspond to the presence of MXene, while a minority of the 
rutile phase can be observed at 27.5◦. For TiO2/Ti3C2(220,24) 
_NH4F_HCl, the characteristic signals at 25.2 ◦ and 27.3 ◦, corresponding 
to the (001) plane of anatase and (110) plane of rutile were 
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distinguished. In contrast to TiO2/Ti3C2(220,24)_H2O, the sample TiO2/ 
Ti3C2(220,24)_NH4F_HCl is a composition of rutile (73.7 %) with a mi
nority of anatase (26.3 %). Similar, Li and Gray [29] observed the for
mation of mixed-phase titanium (IV) oxide in the presence of 
hydrochloric acid when titanium tetra-isopropoxide was used as the ti
tanium precursor. Furthermore, it was observed that halide ions 
enhanced the anatase-to-rutile phase transition [30]. The average size of 
anatase and rutile crystallites for TiO2/Ti3C2 composites are summa
rized in Table 4S, while lattice parameters in Table 5S. 

The DR/UV–vis spectra of the prepared composites are shown in 
Fig. 5Sb. The prepared samples showed absorption characteristics 
typical to anatase, with an absorption edge of about 400 nm extended to 
vis range due to Ti3C2Tx presence. For the sample, TiO2/Ti3C2(220,24) 
_H2O with higher content of Ti3C2Tx, the increased absorption from 
600 nm to 800 nm can be observed. 

Comparing the composite morphology (Fig. 6S) it can be noticed that 
sample TiO2/Ti3C2(220,24)_HBF4 contains various size DAPs with the 
lowest surface area, about 10.0 m2/g. For sample TiO2/Ti3C2(220,24) 
_H2O synthesized in the pure DI water, Ti3C2 sheets were covered by 
densely packed and irregularly shaped TiO2 particles with the highest 
surface area of about 26.4 m2/g among all prepared samples. Mean
while, analyzing the SEM images of TiO2/Ti3C2(550,2) it can be noticed 
that the agglomerated crystals were connected to each other to form a 
net shape. The sample TiO2/Ti3C2(220,24)_NH4F_HCl was a mixture of 
various size decahedral and octahedral TiO2 particles exposing { 1 0 1} 
and { 0 0 1} facets. 

The XPS analyses were performed to study the chemical states of 
photocatalysts surface composition, and the results are shown in Fig. 7S. 
The Ti 2p peak can be deconvoluted in three pairs of the doublet with 
peaks at 455 eV, 457 eV, and 459 eV (Ti 2p 3/2) assigned to Ti-C, 
substoichiometric TiCx (x < 1), or titanium oxycarbides and TiO2, 
respectively. However, for sample TiO2/Ti3C2(550,2), notable differ
ences from other samples can be observed. The main peak instead of 
TiO2 was attributed to Ti3+ (457 eV), which may indicate the formation 
of Ti ions with a reduced charge state (TixOy). Similar phenomena were 
observed by Kong et al. [31] for Ti3C2 calcined at 700 ◦C. For all ma
terials, the C1s spectra consist of five signals at 283 eV, 283.5 eV, 
285 eV, 286.7 eV, and 288.5 eV assigned to Ti-C, C-Ti-O, adventitious 
carbon, C-O, and C-F bonds, respectively. Meanwhile, O1s signal may be 
deconvoluted into four signals at 528.5 eV, 530 eV, 531.5 eV, and 
532.5 eV, corresponding to Ti-O-Ti, Ti-OH, C-O, and C––O. 

Finally, the comparison of photocatalytic activity of the MXene- 
derived TiO2/Ti3C2 composites prepared in different reaction environ
ments is presented in Fig. 3a. The pure Ti3C2 compound showed negli
gible ACT photocatalytic removal. Similar very low photocatalytic 
activity for pure MXene was confirmed in previous studies [11,32,33]. 
However, in the TiO2/Ti3C2 composite, MXene may act as a reservoir of 
photogenereted electrons and thus decrease the electron-hole recombi
nation [34]. The highest rate constant is observed for TiO2/Ti3C2(220, 
24)_NH4F_HCl composite. This indicates that the bi-phase anatase-rutile 
structure of TiO2 exposing highly active { 0 0 1} and { 1 0 1} facets 
greatly improved the photocatalytic degradation of acetaminophen. The 
photocatalytic activity increase can also be attributed to the morpho
logical properties of TiO2 consisting of decahedral and octahedral par
ticles compared to other morphologies observed for samples obtained in 
different conditions. Meanwhile, sample TiO2/Ti3C2(550,2) showed the 
lowest photocatalytic activity towards ACT degradation. This may be 
related to the morphology and highly defective (Ti3+ centers) surface of 
the photocatalyst. Previous studies also proved that excess defects would 
form the recombination center and be adverse to the separation of the 
charge carriers [35]. Furthermore, based on the trapping experiment in 
the presence of scavengers, it was noticed that the major reactive oxygen 
species responsible for ACT degradation are superoxide anion radicals 
and hydroxyl radicals (Fig. 3b). 

Based on the Mott-Schottky analysis (Fig. 8S) it can be concluded 
that TiO2/Ti3C2(220,24)_NH4F_HCl composite showed typical 

characteristics for n-type semiconductor. The potential of flat band edge 
position was recorded at − 0.9 V vs. Ag/AgCl and converted to a value of 
− 0.61 V vs. NHE. According to band gap energy equal 2.8 eV the 
valence band (VB) edge of the composite was determined as approx. 
2.19 eV. vs NHE. The proposed mechanism of acetaminophen degra
dation with TiO2/Ti3C2(220,24)_NH4F_HCl material is presented in the 
Fig. 3c. Photogenerated electrons in TiO2 may be transferred to MXenes 
at the interface due to the higher potential of MXenes and inhibit 
recombination of photogenerated electron–hole pairs. Therefore, Ti3C2 
may enhance the efficiency of charge separation and contribute to 
improved photocatalytic activity. 

The proposed pathway of ACT degradation is presented in Fig. 3d. 
According to the LC-MS analyses, 3-hydroxyacetaminophen was detec
ted as the first main intermediate of ACT decomposition, which suggests 
that hydroxylation of the benzene ring was a primary step of the 
degradation pathway. Moreover, based on the obtained results, 3- 
hydroxyacetaminophen quickly degraded within time and was further 
transformed through benzene ring cleavage to aliphatic acids [36,37]. 

Furthermore, the photocatalytic activity of the most active TiO2/ 
Ti3C2(220,24)_NH4F_HCl composite was compared with the recently 
reported photocatalysts applied for photodegradation of ACT and the 
data are summarized in Table 6S. It was found that the photocatalyst 
prepared in our work has excellent performance compared with other 
materials with high degradation efficiency of ACT degradation within 
60 min under simulated solar light. 

4. Conclusions 

In summary, the prepared TiO2/Ti3C2 composites show good po
tential for photocatalytic water treatment. Based on the chemometric 
analyses, the photocatalytic activity was found to be significantly varied 
from the synthesis conditions. Chemometric analyses revealed that ACT 
degradation shows a positive correlation with TiO2 content in the 
composite, reaction time, synthesis temperature, and BET surface area. 
The highest activity in this series was observed for the sample synthe
sized at 220 ◦C for 24 h. This work also demonstrates the effect of the 
synthesis environment on physicochemical properties and photo
catalytic activity. In particular, the TiO2/Ti3C2(220,24)_NH4F_HCl dis
plays improved photocatalytic efficiency than other composites towards 
ACT degradation under simulated solar light (92 % within 60 min). This 
phenomenon may be attributed to the formation anatase-rutile poly
morphs exposing highly active { 1 0 1} facets and {0 0 1} facets coupled 
with MXene. Additionally, the photocatalytic mechanism was eluci
dated according to the band-gap energy, Mott Schottky plot and the 
trapping experiment. It was revealed that the main reactive oxygen 
species participating in photodegradation process are ⋅O2

− and ⋅OH. 
Furthermore, based on the LC/MS analyses, 3-hydroxyacetaminophen 
was detected as the first intermediate of photocatalytic process, and a 
possible degradation pathway was proposed. 
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Conceptualization, Methodology, Resources, Supervision, Project 
administration,Funding acquisition, Writing – original draft, Writing – 
review & editing. Grzegorz Trykowski: Formal analysis. Karol Sikora: 
Formal analysis. 
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Fig. 3. The acetaminophen degradation for TiO2/Ti3C2 composites (a), acetaminophen degradation with scavengers (b), proposed mechanism of ACT degradation 
(c), and proposed degradation pathway (d) for TiO2/Ti3C2(220,24)_NH4F_HCl. 
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[20] M. Kowalkińska, S. Dudziak, J. Karczewski, J. Ryl, G. Trykowski, A. Zielińska- 
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[37] M. Neamţu, M. Bobu, A. Kettrup, I. Siminiceanu, J. Environ. Sci. Health Toxic. 
Hazard. 48 (2013) 1264–1271, https://doi.org/10.1080/10934529.2013.776898. 
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