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ABSTRACT: A ternary component composite composed of amino acids/peptide, Ti3C2Tx and TiO2 was 

fabricated by incorporating peptide chains of wool keratin between Ti3C2Tx nanosheets and TiO2 nanoparticles 

based on the low-temperature vibration-assisted grinding process and hydrothermal synthesis method. The as-

obtained amino acid/peptide-Ti3C2Tx-TiO2 (P-T-T) composite was further calcined under nitrogen gas condition. 

The photocatalytic properties of the control Ti3C2Tx-TiO2 (T-T), P-T-T, and calcined P-T-T (CP-T-T) composites 

were evaluated for the photodegradation of C.I. Reactive Blue 194 dye, tetracycline hydrochloride and 

levofloxacin antibiotics. First principles calculations were performed to verify the experimental results. It was 

concluded that in comparison with the T-T and P-T-T composites, the CP-T-T composite had an excellent 

photocatalytic activity for the decomposition of C.I. Reactive Blue 194. This was ascribed to the large BET 

specific surface area, the presence of micropores and mesopores, the narrowed band gap with an internal electric 

field (IEF), and the intimate contacts among peptide, Ti3C2Tx and TiO2, which resulted in the fast transfer and 

separation of charge carriers in the composite. The photodegradation pathways of C.I. Reactive Blue 194 dye by 

the P-T-T and CP-T-T composites were different. The peptide chains of wool keratin led to the redistribution of 

the electron accumulation and depletion on the peptide, Ti3C2Tx and TiO2, which changed the direction of IEF in 

the composite. Interestingly, the adsorption-mediated photocatalytic degradation of C.I. Reactive Blue 194 by 

the P-T-T composite was transformed to the charge transfer-mediated photocatalytic degradation of the same dye 

by the CP-T-T composite. 
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INTRODUCTION 

MXenes are regarded as promising co-catalysts and have unique layered hexagonal structures, elemental 

compositions, and surface termination groups, and thus lead to intriguing mechanical, physical, chemical, and 

electronic characteristics.1 Among them, Ti3C2Tx MXene can not only act as the electron acceptor to promote the 

separation of charge carriers, but also provides abundant active sites.2 Ti3C2Tx-derived photocatalysts, such as 

Ti3C2Tx/In2S3/TiO2,3 black phosphorus/(Ti3C2Tx@TiO2),4 and BiOBr/(001)-TiO2/Ti3C2Tx,5 have been fabricated 

through different processing techniques.6 The role of Ti3C2Tx in composite photocatalysts has been extensively 

explored. The conductive Ti3C2Tx can effectively accelerate the migration and separation of photo-induced charge 

carriers in BiOBr/TiO2/Ti3C2Tx7 and TiO2/Ti3C2Tx/AgI.8 The content of Ti3C2Tx in the binary composite 

photocatalyst Ti3C2Tx/TiO2 has vital effect on its photocatalytic activity.9 The Ti vacancy sites can stabilize the 

defective structure, while the oxygen vacancy sites are helpful for the activation of O2 to recover lattice oxygen.10 

More hydroxyl radicals can be generated from the few-layer Ti3C2Tx nanosheets as compared with the multi-

layer Ti3C2Tx nanosheets, and the high photocatalytic activity is attributed to its higher content of active TiO2 

sites, resulting in more redox reaction sites.11 It is demonstrated that the internal electric field (IEF) of 

heterojunction promotes the transfer of photogenerated electrons to Ti3C2 from TiO2, and the amount of 

heterojunction affects the migration of photogenerated electrons.12,13 The Ti3C2Tx-generated plasmonic electrons 

are transferred into the conduction band of TiO2 over the Schottky barrier, and the strong electronic coupling 

between oxygen-terminated Ti3C2Tx and TiO2 is ascribed to their proximity.14 

Although protein materials have the low chemical resistance and are liable to photodegradation, a good 

compatibility of TiO2 and wool keratin composed by amino acids/peptide has been recognized.15 The S and N 

elements of wool keratin can be doped with TiO2 to improve the visible light induced photocatalytic activity of 
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TiO2-coated wool fibers.16 It has been verified that the type of amino acids affects not only the adsorption and 

photocatalytic oxidation of amino acids adsorbed on TiO2 surface,17 but also the recombination rate of 

photogenerated charge carriers of C, N and S co-doped TiO2.18 For example, the adsorption of serine and histidine 

amino acids on TiO2 surface is helpful for the ligand-to-metal charge transfer between amino acids and TiO2 to 

activate peroxymonosulfate to produce sulfate radicals,19 and the histidine-modified TiO2 can accelerate the 

electron transfer from TiO2 to Zn2+, Pb2+ and Cu2+ ions through the imidazole bridge.20 Similarly, the high activity 

TiO2 can be prepared by using branched amino acids, such as proline, valine, and aspartic acids, for the 

photodegradation of methylene blue and calmagite dyes.21 The charge transfer and subsequent deprotonation are 

existed in the photodegradation process of aromatic amino acids like histidine, tyrosine, and tryptophan.22 

Additionally, the peptide can not only promote the transfer of photoinduced electrons in the Eosin Y/Pt/peptide 

composite film,23 but also enhance the photocatalytic and electrical properties of TiO2.24 

Generally, the photocatalytic reaction process involves three steps. Firstly, the light excites the catalysts to 

produce the photo-generated charge carriers. Secondly, the carriers are isolated and transferred to catalyst surface. 

At last, the carrier induces the redox reactions on catalyst surface.25 The photocatalytic activity of photocatalysts 

depend upon not only the separation and transfer of photogenerated charge carriers,26 but also their adsorption 

capability towards pollutants.27 However, there is hardly any studies on the selective photocatalytic activity of 

composite photocatalysts via either mediating the pollutant adsorption or the charge transfer. In order to clarify 

the effects of both pollutant adsorption enhancement and charge transfer enhancement on the photocatalytic 

activity of Ti3C2Tx-based photocatalysts, we conceptualized a novel wool keratin amino acids/peptide-Ti3C2Tx-

TiO2 (P-T-T) composite photocatalyst to degrade organic reactive dye pollutants. Both P-T-T and calcinated P-

T-T (CP-T-T) composites were developed by using various amounts of amino acids/peptide of wool keratin in 
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relation to the amounts of Ti3C2Tx and TiO2 in the composite. Their photocatalytic properties were evaluated by 

employing reactive dye containing two different active groups as the photocatalytic degradation model of 

pollutants. It was believed that the photoinduced reactive species with varying degrees of activities might attack 

different active groups of dye to produce a range of different intermediate products. The impacts of the peptide 

of wool keratin on the adsorption or electron transfer between Ti3C2Tx and TiO2 in the P-T-T composite were 

investigated. In addition, the first-principles theoretical calculations were employed to validate the effect of 

charge transfer on this photocatalytic property of P-T-T composite. 

METHODS 

Experimental Section. The detailed information about materials and chemicals used in this work was 

described in Supporting Information S1. Figure 1 shows the schematic for the fabrication of P-T-T composite. 

The wool flakes were prepared by vibration-assisted grinding process at low temperature. The Ti3C2Tx nanosheets 

were prepared through acid etching, ball milling and ultrasonic exfoliation processes. The detailed procedures 

for preparation of wool flakes and few-layered Ti3C2Tx nanosheets were separately described in Supporting 

Information S2 and S3. The P-T-T composite was fabricated by a hydrothermal method. In a typical case, 

according to the optimized mass ratio of wool flakes to Ti3C2Tx 1:4, the wool flakes were first mixed with the 

few-layered Ti3C2Tx nanosheets, and then ground by the ball milling process at −40 °C for 15 min to gain the 

intercalated peptide-Ti3C2Tx hybrid particles. Next, 1.0 mL of TBT was added in 40 mL of absolute alcohol under 

magnetic stirring at room temperature, and 0.1 g of the peptide-Ti3C2Tx particles (or Ti3C2Tx nanosheets) was 

then added. 40 mL of deionized water was subsequently added into the above mixture solution under vigorous 

stirring. The mixed solution with a pH value of 6.8 was immediately transferred to a 100 mL PTFE reaction tank, 

which was sealed in a stainless-steel autoclave. After that, the autoclave was placed in a reactor and run at a speed 
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of 10 revolution per minute. At the same time, the autoclave was heated to 120 °C and then maintained at the 

constant temperature for 3 h. When the autoclave cooled down naturally to ambient temperature, the as-

synthesized precipitates were collected by centrifugation and washed repeatedly with absolute ethanol and 

deionized water till the pH value of the solution was 7. The amino acid compositions of wool keratins could be 

maintained to great extent despite the reaction was carried out in hot water and absolute alcohol at high pressure.28 

Lastly, the as-prepared P-T-T (or T-T as the control) composite particles were dried in the lyophilier. In addition, 

the P-T-T composite was calcined at 400 oC for 2 h in nitrogen atmosphere to carbonize/modify amino acids 

(peptide) of wool keratins. 

 

Figure 1. The schematic illustration for fabrication of P-T-T composite. 

The characterization techniques including field-emission scanning electron microscopy (FESEM), atomic 

force microscope (AFM), X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) adsorption isotherm, 

transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), diffuse reflectance 

spectroscopy (DRS), ultraviolet (UV) photoelectron spectroscopy (UPS), zeta potential, photoluminescence (PL) 

spectroscopy, electrochemical impedance spectra (EIS), photocurrent, electron paramagnetic resonance (EPR) 
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and electron spin resonance (ESR) spectra, amino acid contents, and organic elemental analysis were described 

in Supporting Information S4. 

The photocatalytic activities of the T-T, P-T-T, and CP-T-T composites were evaluated by using the C.I. 

Reactive Blue 194 dye as the photodegradation model exposure to visible light. Prior to usage, the C.I. Reactive 

Blue 194 dye was purified and the detailed procedure was described in Supporting Information S5. A 300 W 

Xenon lamp with a 420-780 nm bandpass filter was used as the visible light source, and the optical power density 

was measured to be 1.30 W/cm2. In a typical experiment, 0.2 g of the specimens were dispersed in a quartz tube 

containing 30 mL of 20 mg/L dye solution under continuous stirring for 40 min to reach the adsorption–

desorption equilibrium in darkness. After that, the mixture solution was irradiated with the Xenon lamp. At the 

specific interval, the lamp was shielded off and about 5 mL of the testing solution was taken from the suspension 

and then centrifugated at 11000 revolution per minute for 10 min. The supernatant was extracted from the dye 

solution and its spectrophotometric analysis was conducted on a T2602 spectrophotometer (Shanghai Youke 

Instrument Co., Ltd, Shanghai, China). Its absorbance was measured at the maximum absorption wavelength of 

602 nm. After the measurement, the dye solution along with the particles was added back to the mixture solution 

which was irradiated with the lamp. The concentration (Ct) of the dye solution was calculated according to the 

standard working equation (At=0.00871+0.02251Ct, R2=0.999). The removal efficiency (EA) (or degradation 

efficiency, ED) was calculated using the equation (1): 

EA(or ED)=(1−Ct/C0)×100                         (1) 

where C0 and Ct were separately the concentrations of dye solution at the initial time and any given time t. 

According to the Langmuir-Hinshelwood model,29 the apparent photodegradation rate constant (k value) of the 

dye solution was calculated using the equation (2): 
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Ln(Ct/C0)= −k×t                               (2) 

The photodegradation products were analyzed using the high-performance liquid chromatography (HPLC) 

system coupled with a mass spectrometer (MS), and the detailed procedure was described in Supporting 

Information S6. Furthermore, the photodegradation behaviors of the tetracycline hydrochloride (TC-HCl) and 

levofloxacin (LFX) aqueous solutions by the as-prepared composites were assessed under visible light based on 

the above-mentioned method. An appropriate number of composite particles (20 mg) was dispersed in 50 mL of 

20 mg/L TC-HC (or 5 mg/L LFX) aqueous solution. The absorbances were measured at the maximum absorption 

wavelengths of 356 nm for TC-HCl and 287 nm for LFX. The corresponding concentrations were calculated 

according to the standard working equations (TC-HCl: At=0.02894+0.02933Ct, R2=0.998 and LFX: 

At=0.016+0.0677Ct, R2=0.999). The average values of EA, ED and k were obtained in triplicates using the 

Equations (1) and (2). 

First Principles Calculations. The detailed first principles calculations for the T-T and P-T-T composites 

were described in Supporting Information S7 according to the density functional theory (DFT). Due to the 

limitation of computing capacity, the two amino acids (methionine and isoleucine) of wool keratins which have 

the highest contents were assumed to form a peptide chain to combine with Ti3C2Tx and TiO2 unit cells. 

RESULTS AND DISCUSSION 

Structural Characterizations of the Resultant Products. All the as-prepared products have the irregular 

shapes dotted with the multi-hierarchy pores and crevices, and their particle sizes are within the micro-meter 

range (Figure S1). The high-magnified FESEM images indicate that they are covered by a layer of sub-micro- 

and nano-scaled particles. The lamellar wool particles are obtained when wool fibers are processed by vibration-

assisted grinding at low temperature (Figure S1a). After HF etching, the bulk Ti3AlC2 particles is transformed 
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into the multi-layered Ti3C2Tx particles with the stratification and accordion-like structure (Figure S1b), implying 

the removal of Al layers from Ti3C2Tx.30 After exfoliation, the height profile and AFM image (Figure S1c) verify 

that the average thickness of the exfoliated Ti3C2Tx nanosheets is 2.8 nm equal to about three layers.31 The 

Ti3C2Tx-TiO2 (T-T) composite exhibits the lamellar feature of Ti3C2Tx (Figure S1d and S1e). Nevertheless, the 

layer-structured Ti3C2Tx is not found in both of the P-T-T (Figure S1f and S1g) and CP-T-T (Figure S1h and S1i) 

mainly due to the blending of wool with Ti3C2Tx and the coating of TiO2. 

Figure 2a shows the XRD patterns of the as-prepared products. The typical diffraction peaks of Ti3C2Tx 

nanosheets at 6.0°, 18.5°, 34.4°, 41.0° and 60.8° are identified, which correspond to the (002), (004), (101), (105) 

and (110) crystal planes of Ti3C2Tx, respectively.32 The strongest diffraction peak at the (002) plane is 

downshifted from about 9° to 6° when the multi-layer Ti3C2Tx particles are successfully exfoliated into the few-

layer Ti3C2Tx nanosheets.33 After being loaded with TiO2 nanoparticles under hydrothermal condition, the 

characteristics peaks of TiO2 at 25.4°, 38.0°, 48.0°, 54°, 55°, 63°, 69°, 70° and 75° are detected on the 

Ti3C2Tx@TiO2 (T-T) composite, which are indexed to the (101), (004), (200), (105), (211), (204), (116), (220) 

and (215) planes of anatase phase TiO2 (JCPDS no.21-1272), respectively.34 Meanwhile, the diffraction peaks of 

Ti3C2Tx nanosheets at the (004), (101), (105) and (110) planes are observed, but their intensifies decrease to some 

degrees because of the presence of TiO2. Moreover, the major diffraction peak at 6.0° is disappeared. On the 

contrary, a weak diffraction peak at around 9.0° is formed, which is probably attributed to the incorporation of 

TiO2 nanoparticles into the inter-layers of Ti3C2Tx, resulting in the stack of Ti3C2Tx nanosheets coated with TiO2 

nanoparticles. For both P-T-T and CP-T-T composites, there are no significant changes in their XRD patterns as 

compared with the control T-T composite. It means that the introduction of wool keratins has no influences on 

the crystal structure of T-T, and the calcination process at 400°C in nitrogen gas does not alter the crystal 
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structures of Ti3C2Tx and TiO2. Figure 2b to 2d show the nitrogen adsorption-desorption isotherms, pore volume 

and pore area distribution curves of the products. According to the international union of pure and applied 

chemistry (IUPAC) standard, the T-T, P-T-T and CP-T-T composites possess the typical IV adsorption behaviors 

along with the H3 hysteresis loop in 0.6<P/P0<1.0 region (Figure 2b), suggesting the coexistence of micropores 

and mesopores.30 The specific surface area of the T-T composite is measured to be 140.4 m2/g based on Brunauer-

Emmett-Teller (BET) method. When the wool flakes are introduced, the BET specific surface area of the P-T-T 

composite decreases to 97.3 m2/g, but increases to 190.9 m2/g after its calcination in nitrogen atmosphere. The 

increased specific surface area of the CP-T-T composite is probably induced by the formation of active carbon 

micropores and mesopores during the calcination of wool keratin in the composite. This is demonstrated by the 

pore volume distribution curves versus the Barrett-Joyner-Halenda (BJH) pore sizes (Figure 2c). Additionally, 

the pore volume and pore area distribution curves indicate that the large pore volume and pore area of the CP-T-

T composite will provide more active sites for the photodegradation or photoreduction reaction of adsorbed 

pollutants (Figure 2d). 
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Figure 2. The (a) XRD patterns, (b) nitrogen adsorption–desorption isotherms, (c) pore volume and (d) pore area 

distribution curves of as-prepared products. 

The P-T-T composite is composed of wool flakes (bright areas) and Ti3C2Tx sheets (dark areas) in the low-

resolution TEM image (Figure 3a). The fishbone-like Ti3C2Tx sheets are separated from each other by wool flakes, 

and the thickness of Ti3C2Tx sheets is in the sub-micrometer scales (Figure 3b). Many nano-scaled particles are 

embedded into the interior of peptide-Ti3C2Tx (P-T) in some areas (Figure 3c). The high-resolution TEM image 

(Figure 3d) confirms the existence of laminar Ti3C2Tx with a single layer thickness of 1.01 nm corresponding to 

the (002) plane of Ti3C2Tx.14 Moreover, a few spherical nanoparticles are tightly connected with Ti3C2Tx 

nanosheets, and its inter-planar distance of 0.346 nm is ascribed to the (101) plane of anatase TiO2.33 For the CP-

T-T composite, it is consisting of layered agglomerates (Figure 3e), which are made up of the multi-layer Ti3C2Tx 

mixed with organic components (Figure 3f). Similarly, a few nanoparticles are incorporated into the interlayer of 

Ti3C2Tx nanosheets (Figure 3g), and the inter-planar distance of the as-synthesized nanoparticles is measured to 

be 0.342 nm, corresponding to the (101) plane of anatase TiO2 (Figure 3h).. Therefore, the intimate contact 

between Ti3C2Tx and TiO2 is formed to facilitate the transfer and separation of charge carriers in the photocatalytic 

reaction process. 
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Figure 3. The TEM images of (a) to (d) P-T-T and (e) to (h) CP-T-T composites. 

Figure S2 and Table S1 show the XPS spectra and analysis data of the products. The T-T composite includes 

the elements of C, F, O and Ti, and the F element is caused by the residual of HF used. When wool flakes are 

introduced, besides the C, F, O and Ti elements, N and S elements are found in the P-T-T composite. After 

calcination, F and S elements disappeared in the CP-T-T composite surface probably because of the high 

temperature annealing effects in nitrogen atmosphere, and the elements of C, N, O and Ti are left. For the T-T 

composite (Figure S2b1 to S2b4), the C1s core-level XPS spectrum can be fitted into five subpeaks of C-F, C-O, 

C-C, Ox-C-Ti, and C-Ti at the binding energies of 288.75, 286.49, 284.78, 283.17, and 281.25 eV, respectively.31 

The F1s XPS spectrum has only the F-C subpeaks at the binding energy of 684.66 eV. The O1s XPS spectrum is 

fitted into four subpeaks of O-H, O-C, O-Ti, and Ox-Ti-C at the binding energies of 533.57, 532.32, 530.43, and 

528.01 eV, respectively.35 The Ti2p XPS spectrum is fitted into six subpeaks of Ox-Ti2p1/2-C, Ox-Ti2p3/2-C, 

Ti2p1/2-O, Ti2p3/2-O, Ti2p1/2-C, and Ti2p3/2-C, corresponding to the binding energies of 465.84, 459.24, 464.76, 

459.09, 463.52, and 458.51 eV, respectively.36 Thus, Ti3C2Tx nanosheets are chemically bonded with TiO2 

nanoparticles through the Ox-Ti-C bond. Regarding the P-T-T composite (Figure S2c1 to S2c6), besides the C-F, 
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C-O, C-C, C-Ti-Ox, and C-Ti subpeaks, a small subpeak of C-N is fitted at the binding energy of 284.97 eV in 

the C1s core-level spectrum. There is no change found in the XPS spectra of both F1s and O1s in comparison 

with that in the T-T composite. However, the N1s spectrum is found to be fitted into three subpeaks of N-H, N-

C, and N-Ti at the binding energies of 401.62, 399.68, and 398.66 eV, respectively.37 Besides the S-S bond of 

wool keratin, the S-Ti2p bond is detected. The S2p spectrum is fitted into four subpeaks of S-S2p1/2, S-S2p3/2, S-

Ti2p1/2, and S-Ti2p3/2 at the binding energies of 164.58, 163.48, 159.31, and 158.21 eV, respectively.38 

Accordingly, the Ti2p XPS spectrum is fitted into eight subpeaks of Ti2p1/2-N/S, Ox-Ti2p1/2-C, Ti2p1/2-O, Ti2p1/2-

C, Ti2p3/2-N/S, Ox-Ti2p3/2-C, Ti2p3/2-O, and Ti2p3/2-C, corresponding to the binding energies of 466.12, 464.61, 

463.50, 461.74, 460.12, 458.51, 458.45, and 456.70 eV, respectively. Hence, it is believed that Ti3C2Tx is 

chemically bonded with TiO2 via the Ox-Ti-C bond, and that TiO2 or Ti3C2Tx is grafted on wool flakes and bonded 

together via both N-Ti and S-Ti bonds. With respect to the CP-T-T composite (Figure S2d1 to S2d4), the C1s 

XPS spectrum is fitted into five subpeaks of C-O, C-N, C-C, C-Ti-Ox, and C-Ti at the binding energies of 288.39, 

285.93, 284.81, 283.48, and 281.38 eV, respectively. The N1s XPS spectrum is fitted into three subpeaks of 

NOx,39 N-C, and N-Ti at the binding energies of 406.48, 400.19, and 395.24 eV, respectively. The O1s XPS 

spectrum is fitted into four subpeaks of O-C, O-Ti, Ox-Ti-C, and NOx at the binding energies of 532.51, 530.69, 

529.82, and 528.59 eV, respectively. The Ti2p XPS spectrum is fitted into eight subpeaks of Ti2p1/2-N, Ox-

Ti2p1/2-C, Ti2p1/2-O, Ti2p1/2-C, Ti2p3/2-N, Ox-Ti2p3/2-C, Ti2p3/2-O, and Ti2p3/2-C, corresponding to the binding 

energies of 466.43, 465.20, 464.15, 463.11, 460.13, 459.24, 458.69, and 457.56 eV, respectively. Thus, it is 

concluded that Ti3C2Tx is chemically bonded with TiO2 via the Ox-Ti-C bond and the N element originally from 

wool keratin is doped into Ti3C2Tx and TiO2 through the N-Ti bond. 

Electronic Energy Band Structures. The DRS spectra in Figure 4a indicate that the P-T-T composite reflects 
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more slightly UV rays and visible lights than the T-T composite in the 200-800 nm range, implying that the 

incorporation of wool flakes can reduce the light absorbing of T-T composite. Conversely, after calcination the 

light absorbing capability of the CP-T-T composite is enhanced to a certain degree probably because of the 

removal of wool keratins on the composite surface. Based on the Tauc’s equation,40 the optical band gaps of the 

T-T, P-T-T, and CP-T-T composites in Figure 4b are calculated to be 2.95, 2.89, and 2.61 eV, respectively. In 

comparison with the T-T composite, the narrowed band gap of the P-T-T composite is mainly ascribed to the co-

doping of N and S elements of wool keratin with Ti3C2Tx and TiO2. The band gap of the CP-T-T composite further 

decreases may be due to the N doping of wool keratin with Ti3C2Tx and TiO2. The valence bands of the three 

composites are obtained from their UPS spectra (Figure 4c).41 By extrapolating the straight segment of UPS 

spectra to intersect with the x-axis at the high binding energy region, the cut-off energy (Ecut-off) edges are 

estimated to be 17.92, 17.45, and 17.57 eV for the T-T, P-T-T, and CP-T-T composites under vacuum condition, 

respectively. Because the Fermi energy (EFermi) is equal to zero under vacuum condition, according to the equation: 

EΦ=21.2−(Ecut-off−EFermi), the work functions (EΦ) of the T-T, P-T-T, and CP-T-T composites are calculated to be 

3.28, 3.75, and 3.63 eV under vacuum condition, respectively. Their corresponding valence band (EVBM) edges 

are estimated to be 1.65, 1.82, and 1.84 eV by extrapolating the straight segment of UPS spectra to intersect with 

the x-axis at the low binding energy region under vacuum condition, respectively. As the EVBM is lower than the 

EΦ under vacuum condition, thus the EVBM edges of the T-T, P-T-T, and CP-T-T composites are calculated to 

be−4.93, −5.57, and −5.47 eV at the vacuum level, respectively. Based on the equation: EVBM (normal hydrogen 

electrode, NHE)=−4.5−EVBM (vacuum level) eV, the EVBM edges are determined to be 0.43, 1.07, and 0.97 eV for 

the T-T, P-T-T, and CP-T-T composites relative to the NHE, respectively. By considering the calculated band 

gaps, according to the equation: ECBM=EVBM−Eg, the conduction band (ECBM) edges of the T-T, P-T-T, and CP-T-
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T composites are calculated to be −2.52, −1.82, and −1.64 eV with respect to the NHE. The schematic of 

electronic energy bands in Figure 4d suggests that the photo-generated holes at valence band (VB) cannot oxidize 

OH− or H2O into ·OH radicals (1.99 eV for ·OH/OH−). However, the excited electrons at conduction band (CB) 

can reduce O2 to ·O2 (0.33 eV for O2/·O2−).42 Therefore, the photo-generated electrons might be the main reactive 

species. As compared with the P-T-T composite, more photogenerated electrons might be produced on the CP-T-

T composite because of its narrowed band gap. 
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Figure 4. The (a) DRS spectra and (b) corresponding plots of (αhv)2 versus hv, the (c) UPS spectra inserted with 

the Fermi energy edges and cut-off edges, and the (d) schematic of electronic energy bands for the T-T, P-T-T 

and CP-T-T composites. 

Photocatalysis Performance. The images of the color changes of the dye solutions at different irradiation 

time durations in Figure 5a and 5b indicate that the color changes of the blue dye solutions are different for the 
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two composites. Amazingly, as the irradiation time duration increases, the colors of the blue dye aqueous 

solutions degraded by the P-T-T composite gradually change from baby blue to light red. Nevertheless, the colors 

of the identical dye solutions degraded by the CP-T-T composite turn to colorless. The maximum absorption band 

at 602 nm is blue shifted for the P-T-T composite, while it is kept for the CP-T-T composite. This implies that 

different intermediate products are produced in the dye photodegradation process, which are probably caused by 

various active species generated from the composites. The UV absorption spectra in Figure S3a and S3b shows 

that the characteristic absorption band at 295 nm, which is assigned to the large aromatic ring system with 

electron-donating groups in the dye molecule,43 decreases substantially and almost disappears with the increase 

of irradiation time duration for the CP-T-T. This suggests either the destruction of chromophore and conjugated 

system or its adsorption to the amino acids of wool keratin peptide. For the P-T-T composite, the absorption band 

at 295 nm is maintained, but at the same time a weak broad band at around 270 nm is observed, indicating some 

new compounds might be formed. The effects of the wool keratin peptides on the photocatalytic performance of 

the P-T-T composite are investigated by examining their EA values and photodegradation curves of C.I. Reactive 

Blue 194 (Figure 5c and Figure S3c). Apparently, the mass ratio of wool flakes to Ti3C2Tx nanosheets has great 

effects on the EA and k values of the resultant composites. When the mass ratio of wool to Ti3C2Tx reaches at 1:4, 

the resultant composite photocatalyst has a strong adsorption capability towards C.I. Reactive Blue 194 dye with 

the first and second EA values of 95.3% and 46.9% as well as the highest k value of 0.053 min-1. Accordingly, 

considering the adsorption capacity and photocatalytic behaviors, the mass ratio of wool to Ti3C2Tx1:4 is selected 

to prepare the P-T-T composite, which is further annealed in nitrogen environment to prepare the CP-T-T 

composite. 

Figure S3d to S3f and Figure 5d to 5f show the photocatalytic behaviors of the T-T, P-T-T, and CP-T-T 
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composites toward C.I. Reactive Blue 194, TC-HCl, and LFX under visible light. The degradation curves of dye 

and antibiotics for all the three composites follow the pseudo-first-order reaction kinetics. Because the adsorption 

capacity and photocatalytic properties of photocatalysts are greatly influenced by its surface area, the k values of 

the three composites are calculated by considering their specific surface areas. Besides a superior quadratic 

adsorption capability towards the dyes, the P-T-T composite exhibits the highest k value of 5.4×10-4 min-1·m-2·g, 

while the ED values for all the three composites are similar and large than 98% (Figure 5d). This might be ascribed 

to various amino acid groups of wool keratins which is specifically affinity to organic dye molecules. With respect 

to TC-HCl, the ED values for all the composites after 100 min of irradiations are beyond 70%, and the P-T-T 

composite behaves slightly better than the other two composites (Figure 5e). In the case of LFX, the adsorption 

and degradation capabilities of the CP-T-T composite are much better than the other two composites (Figure S3f 

and Figure 5f). Previous studies have reported that the peptide-modified TiO2 can selectively and rapidly degrade 

streptavidin, but is greatly inhibited for the photocatalytic degradation of lysozyme.44 The N-(9-

fluorenylmethoxycarbonyl)-protected phenylalanine-phenyl-alanine-aspartic acid tripeptide can control the 

structure and photocatalytic activity of as-synthesized peptide-TiO2 hybrid nanofibers via the calcination 

process.45 In a summary, the P-T-T composite has the selective photocatalytic degradation properties toward 

different organic contaminants induced by calcination. In addition, after five successive measurements in Figure 

S3g to S3i, the ED and EA values toward TC-HCl for all the composites decrease with the increase of the number 

of cycles. The adsorption and photodegradation of TC-HCl follow the orders of T-T > P-T-T > CP-T-T from the 

points of reusability and stability. 
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Figure 5. The time-dependent visible light absorbance spectra of C.I. Reactive Blue 194 dye solution by the (a) 

P-T-T and (b) CP-T-T composites; The (c) comparison of EA values of C.I. Reactive Blue 194 by the P-T-T 

composites with different mass ratios of wool to Ti3C2Tx; The comparison of k and ED (or EA) values for the (d) 

C.I. Reactive Blue 194, (e) TC-HCl, and (f) LFX by the T-T, P-T-T, and CP-T-T composites, respectively. 

Zeta Potentials and Separation Efficiencies of Photoinduced Electron-Hole Pairs. Figure 6a shows the 

zeta potential distribution curves of as-prepared composites in neutral aqueous solution. The mean zeta potential 

of the T-T composite is measured as −1.82 mV, which might be ascribed to the functional groups of OH- and F- 
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of Ti3C2Tx.46 When wool flakes are incorporated with the T-T, the mean zeta potential of the P-T-T composite is 

reduced to −3.29 mV, implying more electro-negative groups are introduced by the wool keratins.47 After 

calcination treatments, the mean zeta potential of the CP-T-T composite decreases further to −4.28 mV, 

suggesting that the carbonized wool keratin does not change its surface electronegativity. Thus, the surface 

potentials of the three composites have relatively little effect on the photocatalytic properties of the composites. 

Figures 6b to 6d show the steady-state PL emission spectra, EIS Nyquist plots, and transient photocurrent curves 

of the composites. It is believed that the smaller the intensity of the PL spectrum, the slower the recombination 

of photogenerated electron-hole pairs, resulting in the higher photocatalytic activity.48 The PL intensity of the T-

T composite is smaller than that of the P-T-T composite, but greater than that of the CP-T-T composite. Hence, 

the incorporation of wool flakes with T-T is thought to inhibit the separation of photogenerated electron-hole 

pairs, and the porous-structured CP-T-T composite is believed to help separation of photogenerated electrons and 

holes. In addition, the maximum PL emission peak is blue shifted because of the Burstein-Moss effect.48 For the 

EIS plots, the arc radius of the T-T composite is smaller than that of the P-T-T, but larger than that of the CP-T-

T. Apparently, the faster migration of photogenerated charges carriers occurs in the CP-T-T composite due to the 

lower charge transfer resistance. The transient photocurrent curves are in consistent with the EIS plots. The CP-

T-T composite possesses the highest photocurrent, which behaves much better than the T-T composite. The P-T-

T composite has the lowest photocurrent. Therefore, the conductive Ti3C2Tx and the calcination process are 

beneficial to the separation and transfer of photogenerated charge carriers in the bulk materials and across their 

interfaces. 
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Figure 6. The (a) zeta potential distribution curves and (b) steady-state PL spectra, (c) EIS Nyquist plots, and (d) 

photocurrent curves for the T-T, P-T-T, and CP-T-T composites. 

Determination of Reactive Species. After the scavengers of FA, EDTA, BQ and TBA are separately added 

into the dye solutions, the dye degradations are inhibited and the corresponding k values decrease to some degrees 

(Figure 7a, Figure S4a and S4b). The quench orders of reactive species are superoxide radicals (•O2−) > singlet 

oxygen (1O2) > holes (h+) > hydroxyl radicals (•OH) for the P-T-T composite and •O2− > 1O2 > •OH > h+ for the 

CP-T-T composite. Despite radicals •O2− and non-radicals 1O2 are the dominant reactive species for both two 

composites, the reactive species generated in the two composites play different roles in the photodegradation 

process of C.I. Reactive Blue 194 dye with different colors. Furthermore, it is demonstrated that the main reactive 

species are •O2− and •OH for both TiO2/Ti3C2 heterojunction49 and In2S3/TiO2@Ti3C2Tx hybrid,4 •O2−, e− and h+ 

for the TiO2/Ti3C2Tx heterojunction,24 and •O2−, 1O2 and h+ for the TiO2/Ti3C2Tx/AgI ternary composite.8 
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Consequently, the introduction of wool keratin has a small influence on the reactive species produced by T-T. As 

displayed in Figure 7b, the EPR signal at a g value of 2.003 is attributed to the trapped electrons by oxygen 

vacancy50 in both composites. The intensity of oxygen vacancy for the P-T-T composite is slightly greater than 

that of the CP-T-T composite. This is probably derived from the reaction of holes with surface bridging oxygen 

atoms or lattice oxygen atoms.51 Additionally, the ESR spectra in Figure 7c to 7f validate the existence of •O2− 

and •OH. Thus, the signal intensities of both DMPO-•O2− and DMPO-•OH increase gradually with the increase 

of irradiation time durations on both composites. After 30 min of visible light irradiation, the intensity of the CP-

T-T composite is greater than that of the P-T-T composite (Figure S4c and S4d). Therefore, the active species are 

much more prone to produce in the CP-T-T composite than the P-T-T composite under visible light. 

8.4 8.8
6.8

24

53

10.4

24.7

1.7

13.7

28.4

FA EDTA BQ TBA No scavenger
0

20

40

60

k 
v
al

u
e 

(m
in

-1
)  P-T-T

 CP-T-T

(a)

1.98 1.99 2.00 2.01 2.02

(b)

In
te

n
si

ty
 (

a.
u
.)

 P-T-T

 CP-T-T

g value

g=2.003

 

3460 3480 3500 3520 3540 3560

0 min

5 min

15 min

P-T-T

30 min

In
te

n
si

ty
 (

a.
u
.)

Magnetic field (Gauss)

DMPO •O-
2

(c)

3460 3480 3500 3520 3540 3560

0 min

5 min

15 min

P-T-T

30 min

In
te

n
si

ty
 (

a.
u
.)

Magnetic field (Gauss)

(d)DMPO •OH

 



 

22 

 

3460 3480 3500 3520 3540 3560

0 min

5 min

15 min

(e)CP-T-T

30 min

In
te

n
si

ty
 (

a.
u
.)

Magnetic field (Gauss)

DMPO •O-
2

3460 3480 3500 3520 3540 3560

In
te

n
si

ty
 (

a.
u
.)

Magnetic field (Gauss)

DMPO •OH CP-T-T (f)

30 min

15 min

5 min

0 min

 

Figure 7. The (a) k values for the photodegradation of C.I. Reactive Blue 194 dye with different scavengers, (b) 

EPR spectra at 100 K, and ESR spectra of radical adducts trapped by DMPO for the detection of (c) and (e) •O2- 

in methanol dispersion, (d) and (f) •OH in aqueous dispersion for the P-T-T and CP-T-T composites, respectively. 

Photodegradation Pathways. Figure S5 and Figure 8 show the possible proposed photodegradation 

pathways of C. I. reactive blue 194 by the P-T-T and CP-T-T composites. Figures S6 and S7 show the 

corresponding mass spectra of photodegradation intermediate products identified through MS measurement. The 

investigation is focused on the formation of major intermediate products to determine the probable degradation 

pathway. The deprotonated quasi-molecular ion peak at the mass-to-charge ratio (m/z) of 378.29624 indicates the 

presence of parent dye molecule with absence of three sodium ions C33H22ClN10Na2O19S63-. The dye degradation 

consists of three different pathways for both the composites because of the oxidation of active species. For the 

P-T-T composite (Figure S5), the main intermediates are probably substituted phenols which makes the solution 

light red.52 The first pathway starts with the cleavage of the N=N bond to generate C16H13N4O10S3- at m/z 

516.9979. The subtraction of sulfonate group results in the formation of C16H13N4O8S2- at m/z 453.0180, which 

is oxidized to C16H10N3O8S2- at m/z 435.9915, followed by the detachment of sulfonate group to produce 

C16H10N3O6S- at m/z 372.0296, and then the breakage of the N=N bond to generate C10H5O4 at m/z 203.0219. 

Meanwhile, the N=N bond of C16H13N4O10S3- is probably broken due to the radical attack, followed by the 
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successive subtraction of sulfonate groups to produce C10H10N3O3- at m/z 220.0728. The second pathway involves 

the cleavage of the N=N bond to form C17H14ClN5NaO9S3- at m/z 585.9545, followed by the sulfonation to form 

C17H15ClN5O9S3- at m/z 563.9726. After that, there exists two degradation sub-pathways. The first one is the 

subtraction of sulfonic acid to generate C17H13ClN5O5S2- at m/z 466.0052, and then the breakage of the C-Cl bond 

via the hydroxylation to produce C17H14N5O6S2- at m/z 448.0391. The second one involves the breakdown of the 

N=N bond followed by the hydroxylation to form C17H15ClN5O10S3- at m/z 579.9675, and then to produce 

C17H13ClN5O6S2- at m/z 482.0001, which is oxidized to form C17H13ClN5O7S2- at m/z 497.9950, and sulfonyl 

group is further removed to produce C15H11ClN5O5S- at m/z 408.0175. The third pathway undergoes the cleavage 

of C-N bond linked benzene ring and triazine to form C11H11ClN5O6S2- at m/z 407.9845 which is converted to 

C11H11ClN5O2S+ at m/z 312.0316 or C11H13ClN5O3S+ at m/z 330.0422 via the removal of sulfonyl group. The C-

N bond is broken to generate C3H4ClN5 at m/z 145.0155, followed by the cleavage of C-Cl bond to form C3H5N5 

at m/z 127.0794, and then the subtraction of hydroxylation of amino groups leads to the formation of C3H3N3O3 

at m/z 129.0174. In the case of the CP-T-T composite (Figure 8), the reactive radicals preferentially attack the 

azo and amino groups of dye molecule. The first pathway proceeds via the cleavage of N=N bond to yield 

C16H13N4O10S3- at m/z 516.9799, which is oxidized to C10H10N3O7S2- at m/z 347.9965 owing to the breaking of 

N=N bond. This is followed by the elimination of sulfonate group to produce C10H10N3O4S- at m/z 268.0397, and 

subsequent formation of C8H7N2O4- at m/z 195.0411 due to the breaking of naphthalene ring, and the amino group 

is removed to form C8H5O4- at m/z 165.0193. The second pathway involves the cleavage of N=N bond to produce 

C17H16ClN6O9S3- at m/z 578.9835, followed by the oxidation hydroxylation of the resulting intermediates to yield 

C17H15ClN5O10S3- at m/z 579.9675. The third pathway begins with the oxidative cleavage of N=N bond to form 

C17H15ClN5O9S3- at m/z 563.9726, which is transformed to C17H13ClN5O5S2- at m/z 466.0052 because of the 
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elimination of a sulfonic acid, and then converted into C9H6ClN4O4S- at m/z 300.9803 owing to the cleavage of 

C-N bond. Afterword two sub-pathways exist. The first one involves the cleavage of C-N bond to yield 

C6H6NO3S- at m/z 172.0074, which is oxidized to C6H6NO- at m/z 108.0455 and further transformed to C6H5O2- 

at m/z 109.0295. The second one undergoes the breakage of C-N bond to form C3H2ClN4O- at m/z 144.9922, 

which is oxidized to C3H3N4O2- at m/z 127.0261. The resulting C17H15ClN5O9S3- is probably oxidized to 

C11H11ClN5O6S2- at m/z407.9845, and then oxidized to C8H10N6S2- at m/z 279.9955. It is believed that all the 

intermediate products for both composites are degraded into small chain aliphatic acids, such as succinic acid, 

malonic acid, oxalic acid, dihydroxy acetic acid, acetic acid, formic acid, via various radical-initiated ring 

opening transformative and oxidative steps.53 These products of smaller molecule weight are finally mineralized 

to H2O, CO32-, NO3-, Cl-, SO42-, and NH4+. 
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Figure 8. The possible photodegradation pathways of C.I. Reactive Blue 194 dye by the CP-T-T composite under 

visible light. 

Amino Acid Compositions and Organic Elements. Figure S8 and Table S2 show the gas chromatograms 

and the quantitative amino acid composition data of wool fiber, P-T-T and CP-T-T composites, respectively. It is 

known that the wool keratin is composed of seventeen different amino acids, and the top five amino acids in 

content are glutamic acid, proline, arginine, leucine and serine.28 Although the cystine content of wool keratin is 
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affected by hydrochloric acid used for the hydrolysis of wool fibers,54 the contents of other amino acids are in 

accordance with previous studies.28 For the P-T-T composite, seventeen amino acids are remained, but the amount 

of each is significantly reduced in comparison with them in original wool fibers. The top five amino acids in 

content are isoleucine, methionine, arginine, proline and leucine. It means that these amino acids could be 

probably partially disrupted or dissolved under high-temperature and high-pressure condition in the presence of 

chemical agents. Amazingly, after calcination these seventeen amino acids are still maintained, but the amount 

of each amino acid in the CP-T-T composite decreases to different levels. The top five amino acids in content are 

isoleucine, methionine, valine, cystine and leucine probably due to their superior thermal stabilities.54 Another 

important reason is perhaps because the wool flakes are sandwiched between Ti3C2Tx nanosheets to form a 

compacted hybrid, which is covered by a layer of TiO2 nanoparticles. Thus a few of wool keratin inside the 

resultant composite are kept despite most of amino acids of wool keratin are lost. Those exposed wool keratin on 

composite surface should be carbonized to form a N-doped carbon coating. As displayed in Figure S9, the TGA 

curve confirms that the organic components of the P-T-T composite decrease with the increase of heating 

temperature, and a few substances (2%) are remained at 400 oC in nitrogen gas atmosphere. The changes of amino 

acid components suggest that seventeen amino acids are subjected to different breakages in the hydrothermal 

and/or calcination procedures, which might produce a series of polypeptides54 grafted with Ti3C2Tx or TiO2. In 

addition, the organic elements of P-T-T and CP-T-T composites are analyzed, and Table S3 shows the analysis 

results. The contents of C, H, N, S and O elements are reduced from 4.690%, 1.345%, 0.880%, 0.208%, and 

7.586% to 5.255%, 0.647%, 0.300%, 0.114%, and 4.790% when the P-T-T composite is calcined at nitrogen 

atmosphere. The reduction of organic elements in the composite might facilitate the separation of photo-induced 

charge carriers. 
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The First Principles Calculations. Figure 9 shows the atomic structure diagrams and corresponding partial 

density of states, and the charge density differences of the T-T and P-T-T composites. The atomic models in 

Figure 9a indicate that the optimized lattice constants of Ti3C2Tx and TiO2 are calculated to be 3.071 and 3.793 

Å respectively, which are highly consistent with previous studies.55,56 As displayed in Figure 9b, the partial 

density of states (PDOS) suggest the metallic characteristics of both T-T and P-T-T composites with no 

magnetism. There exist several discontinuous states in the energy region between −2.8 and −0.5 eV for the T-T 

composite. When the wool keratins (amino acid peptide chains) are incorporated with Ti3C2Tx and TiO2 complex, 

the PDOS becomes continuous in the energy range from −2.8 and −1.8 eV. Meanwhile, a new state is noticed in 

the energy range of −0.65 to −0.6 eV in the PDOS, which is mainly derived from the S orbital of peptide. The 

charge density differences in Figure 9c imply that the electron accumulation and depletion appear on TiO2 and 

Ti3C2Tx in the T-T composite, individually. Nevertheless, for the P-T-T composite, the introduction of peptide 

chains changes the interaction between TiO2 and Ti3C2Tx, resulting in the redistribution of the electrons 

accumulation and depletion. Moreover, the bond strength between peptide and Ti3C2Tx is relatively greater than 

that between peptide and TiO2. 
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Figure 9. The (a) atomic structure diagrams and (b) corresponding partial density of states and the (c) charge 

density differences of T-T and P-T-T composites, respectively. Note: the electron depletion and accumulation 

regions are separately marked with cyan and yellow colors. 

Reaction Mechanism Analysis. As a summary of the analysis above, we deduced the reaction mechanism 

diagrams of the T-T, P-T-T, and CP-T-T composites, as displayed in Figure 10. For the T-T heterojunction (Figure 

10a), the photogenerated electrons at the interface of Ti3C2Tx and TiO2 migrate from Ti3C2Tx to TiO2 across the 

Schottky contact, thus an internal electron field is constructed. The direction of the IEF is from Ti3C2Tx to TiO2. 

The photogenerated electrons produced from TiO2 will transfer to Ti3C2Tx driven by the IEF.12 In the P-T-T 

composite, the peptide chains of wool keratins are introduced between Ti3C2Tx and TiO2, the original IEF is 

destroyed and a new IEF is formed at the interface of peptide chains and Ti3C2Tx as demonstrated by DFT 

calculations. The direction of the IEF points towards Ti3C2Tx from peptide chains (Figure 10b). Thus, it is difficult 

for the photogenerated electrons produced by TiO2 to shift to Ti3C2Tx across the peptide chains because of the 

unfavorable IEF, the poor conductivity of wool keratin, and the increased distance between TiO2 and Ti3C2Tx. 
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Nevertheless, the photogenerated holes produced from TiO2 are relatively prone to move to peptide chains, and 

thereby the IEF is probably strengthened. These photogenerated holes could move through the strengthened 

internal electric field and trapped in the composite. The photogenerated electrons accumulated on the surface of 

N and S co-doped TiO2 (as confirmed by XPS) react with the dissolved oxygen to produce •O2− radicals, followed 

by the formation of •OH radicals which can degrade the adsorbed dye molecules. By considering its energy band 

structure, the photo-generated holes react with •O2− radicals to produce 1O2 radicals which degrade dye molecules. 

Additionally, the peptide chains of wool keratins facilitate the selective chemical adsorption of dye molecules 

due to the carboxyl and amino groups of peptides, resulting in the intimate contact of dye molecules with the 

composite. Therefore, the photocatalytic activity of the P-T-T composite is dominated by the chemical adsorption 

enhancement, and thus a highly efficient photocatalytic performance toward organic dyes is obtained despite the 

transfer of photoinduced charge carriers is inhibited to some degree. After calcination in nitrogen environment, 

the exposed peptide chains of wool keratin on/near the surface of the CP-T-T composite are carbonized with the 

loss of F and S elements, resulting in a good electrical conductivity. It has been proved that the hydrophobic 

features can be obtained when the keratin-TiO2 composite is calcined and many meso- and micro-pores are 

formed, exhibiting higher photodegradation efficiency to organic pollutants than the pure calcinated TiO2 because 

of its special porous structure, large water contact angle, and high adsorption energy.57 Moreover, more nanopores 

are produced as confirmed by BET results, which are favorable for the physical absorption toward dye molecules. 

Consequently, the outer component of the composite is mainly composed of the N-doped TiO2 along with active 

N-doped carbon, and the internal component is primarily consisting of Ti3C2Tx nanosheets and peptide chains of 

wool keratin combined with some TiO2 nanoparticles to form the ternary heterojunction based on the preparation 

procedure employed. As verified by the results of amino acid compositions and organic elements, most of wool 
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keratin are lost and a few peptide chains of wool keratin are remained inside the composite, which results in the 

enhanced IEF owing to the reduction of interface distance between TiO2 and Ti3C2Tx (Figure 10c). In this case, 

the photogenerated electrons produced by TiO2 would easily transfer to Ti3C2Tx across the reduced peptide chains 

of wool keratin, meanwhile, the N and S elements of peptide are likely to dope with TiO2 and Ti3C2Tx. Therefore, 

the photocatalytic activity of the CP-T-T composite is predominated by the electron transfer enhancement. It is 

concluded that the degradation pathways of C.I. Reactive Blue 194 dye in the P-T-T composite are dominated by 

the enhancement of selective chemical adsorptions and that in the CP-T-T composite are determined by both the 

physical adsorption of the resultant N-doped TiO2 contaminated with active carbon and the improved electron 

transfer across the decreased peptide chains. The above analysis reveals that the incorporation of the peptide 

chains of wool keratin between Ti3C2Tx and TiO2 leads to the redistribution of the electron accumulation and 

depletion among peptide, Ti3C2Tx and TiO2, which changes the IEF. The calcination at nitrogen atmosphere 

results in two changes in the resultant composite. One is the formation of electrically conductive active carbon 

layer on composite surface, which changes the adsorption capability and electron conduction pathways of the 

composite towards organic dye. Another is the enhanced IEF which is beneficial for the separation and transfer 

of photogenerated electron-electron pairs. So, the calcination leads to the transformation from the adsorption-

mediated photocatalytic degradation of organic dye by the P-T-T composite to the charge transfer-mediated 

photocatalytic degradation of the same dye by the CP-T-T composite. 
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Figure 10. The reaction mechanism diagrams of a unit cell model of the (a) T-T, (b) P-T-T, and CP-T-T 

composites for the photocatalytic degradation of organic dye. 

CONCLUSIONS 

In brief, the structure characterizations indicated that the BET specific surface area of the T-T composite was 

reduced from 140.4 to 97.3 m2/g when the peptide chains of wool keratin was introduced, but increased to 190.9 

m2/g after calcination in nitrogen gas. The micropores and mesopores of the CP-T-T composite provided more 

active sites for the photodegradation of adsorbed organic pollutants. The intimate contacts among peptide, 
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Ti3C2Tx and TiO2 were beneficial for the transfer and separation of charge carriers. Ti3C2Tx and TiO2 were 

chemically grafted with peptide chains of wool keratin through the bonds of Ox-Ti-C, N-Ti and S-Ti. Compared 

with the T-T composite, the band gap of the P-T-T composite was reduced and further decreased after calcination. 

The photocatalytic degradations of C.I. Reactive Blue 194, TC-HCl and LFX validated that the P-T-T composite 

exhibited different photocatalytic activities towards various organic pollutants. The selective photocatalytic 

property of the P-T-T composite was gained via the calcination process. The calcination process in nitrogen 

environment was helpful for the separation and transfer of photogenerated charge carriers in the CP-T-T 

composite. The photodegradation pathways of C.I. Reactive Blue 194 dye were different for the P-T-T and CP-

T-T composites. The first principles calculations demonstrated that the incorporation of peptide chains of wool 

keratin with T-T led to the redistribution of the electron accumulation and depletion on peptide, Ti3C2Tx and TiO2, 

which changed the direction of IEF in the composite. Importantly, the adsorption-mediated photocatalytic 

degradation of C.I. Reactive Blue 194 dye by the P-T-T composite was transformed to the charge transfer-

mediated photocatalytic degradation of the same dye by the CP-T-T composite. 
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