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Abstract

:

As a widely existing mineral types on Earth, semiconductor minerals play an important role in the origin of life and the material geochemical cycle. The first step of peptide formation is amino acid adsorption on the mineral surface, but the role and mechanism of different crystal facets of semiconductor minerals are not well understood. Anatase (TiO2) with exposed (001) facets was synthesized by a hydrothermal method, and then analyzed and compared with the purchased ordinary anatase (TiO2) for the adsorption of glycine, the simplest amino acid. XRD, SEM and TEM results show that the hydrothermally synthesized anatase (TiO2) has a good anatase crystal form, which is micro-nano-scale flake particles and mainly composed of (001) facets. The results of HPLC used in the adsorption experiment showed that under optimal conditions (pH 5 to 6, an adsorption time of 24 h, and an initial concentration of 0.09 mol/L), the adsorption quantity of glycine on anatase (TiO2) with exposed (001) facets may reach 10 mg/m2, which is larger than that for ordinary anatase (TiO2) with exposed (101) facets. Based on a combination of various characterizations and simulation calculations, the results proved that anatase can activate thermodynamically stable γ-glycine to β-glycine. The adsorption of glycine on anatase (TiO2) has two forms, one is the zwitterionic form in which the carboxyl group forms a bridge structure with two Ti atoms connected by surface bridging oxygen, and the dissociated form is in which the amino group forms a bond with the surface Ti atom. Among these, glycine is mainly adsorbed to anatase by dissociative molecules on the anatase (TiO2) with exposed (001) facets and by zwitterion adsorption on the anatase (TiO2) with exposed (101) facets. This research elucidates the conditions and mechanism of amino acid adsorption by semiconductor minerals in weak acidic environment, which is similar to the environmental pH that was beneficial to the formation of life on the early Earth. Therefore, these can provide a reference for the further study of the role of semiconductor minerals in the adsorption and polymerization of small biomolecules in the origin of life.
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1. Introduction


Many biological and biogeochemical processes such as biomedical implant devices, biomineralization, and prebiotic chemistry, as well as the origin and early evolution of life, may be attributed to the interaction between biomolecules and mineral surfaces [1,2]. In 1951, Bernal proposed the hypothesis that life originated from the adsorption of organic molecules on clay, which paved the way for a series of experiments on the adsorption of small biomolecules and polymerization on the surface of clay minerals [3]. All processes of life are inseparable from the participation of proteins, in which the initial step includes the adsorption of amino acids and polymerization into peptides catalyzed by many minerals [4]. Many researchers use the interaction between clay minerals and amino acids to explore the evolution of early biological macromolecules, but the mechanism of action is still unclear. Many clays, such as montmorillonite [5,6,7,8], kaolinite [2,9], and hectorite [10], and some oxide/oxyhydroxide minerals such as γ-Al2O3 [1,11], goethite (α-FeOOH) [12], etc., were measured for the adsorption and polymerization of amino acids. However, most previous studies have focused on the adsorption of amino acids with negatively and positively charged side chains on the hydroxyl surface, such as glutamic acid, aspartic acid, and lysine. Few studies have been carried out on the adsorption of amino acids with neutrally charged side chains or carboxylic acids with only a single carboxyl group, such as glycine [1]. It has been reported that the active groups of amino acids are mainly adsorbed to clay or oxides through electrostatic attraction, hydrophobic interaction, covalent bonding, and hydrogen bonding [13,14]. Tentorio and Canova [15] showed that L-glutamic acid and L-(+)-lysine are adsorbed on amorphous Ti hydrous oxide through hydrogen bonding between deprotonated amino groups and surface hydroxyl groups when electrostatic repulsion prevails.



The photoelectrons generated by the catalysis of semiconductor minerals under various conditions played a variety of roles in the evolution of life on Earth, such as synthesizing substances, protecting cells and providing energy [16]. Understanding the interactions of amino acids with mineral surfaces is important for better understanding biocomponent surface interactions and the role of mineral surfaces in the origin of life on Earth [17,18]. Amino acids have the characteristic of adsorbing anions, which have amide or aromatic side chains have weaker interactions with titanium dioxide due to their lack of acidic side chains [19,20]. Roddick and McQuillan [21] used in situ ATR-IR spectroscopy to study the molecular structure of glutamic acid and aspartic acid adsorbed on amorphous titanium dioxide for the first time, and found that small changes in the chemical structure of amino acids can significantly affect the adsorption behavior of titanium dioxide. By establishing and calculating theoretical models, it is helpful to understand the adsorption behavior on the substrate surface [19]. When in a neutral pH environment, water molecules can be adsorbed on the surface of gibbsite through hydrogen bonding [22]. Ferrante et al. [23] calculated by density functional theory that the adsorption capacity of carboxyl groups on the halloysite surface is stronger than that of alcohol groups and halides. The carboxyl groups of organic acids such as formic acid and acetic acid are strongly adsorbed on the surface of rutile by bridge coordination [24]. When using first-principles calculations for the interaction of glycine with anatase (101) surface, the researchers found that the carboxyl group of glycine exhibits a stronger binding energy than formic acid [25].



Natural semiconductor minerals include metal sulfides and metal oxides, in which the metal oxide band gap is often greater than 1.5 eV [16]. Anatase (TiO2) has attracted a lot of attention because of its low cost, non-toxic and good photocatalytic performance, which can be used as a model mineral [26,27]. It is widely used in the degradation of organic pollutants [28], heavy metals [29], dye-sensitized solar cells [26], biomedical fields [27]. However, anatase (TiO2) particles have defects such as low utilization of visible light and easy recombination of photogenerated electrons and holes [30]. With improvements in synthesis technology and further study of the crystal structure of anatase (TiO2), theoretical and experimental studies have shown that anatase (TiO2) with exposed (001) facets has high photocatalytic activity [31]. In general, ordinary anatase is composed of (101) crystal facets with higher surface energy, while (001) crystal facets with higher reactivity are almost non-existent due to their low surface energy. Yang et al. [32] used fluoride compounds as control agents to synthesize anatase (TiO2) with both (001) crystal faces and (101) crystal facets, which opened up a new journey for the synthesis of crystal facets with high reactivity. Since then, much research has been carried out on synthetic anatase (TiO2) with exposed (001) facets, and the crystal facet exposure rate has been continuously improved, which has now reached about 80% now [33]. However, most research has focused on the adsorption of amino acids on TiO2 with (110) single-crystal facets [34,35,36,37]. It was found that the (001) surface is more active than most surfaces and plays a key role in the reactivity of anatase nanoparticles [38]. There are few comparative studies for adsorption of amino acids on minerals with different crystal faces, the roles and mechanisms semiconductor minerals with different crystal facets on adsorption of amino acids are still unclear. In view of the important roles of semiconducting minerals and amino acids in the origin of life, we combined experimental and simulation work to discuss the adsorption mechanism of glycine on anatase (TiO2). The purpose is to explore the interfacial effect of two crystal facets of anatase (TiO2) on adsorption of amino acids, and to provide a reference for exploring the evolution of biological molecules in the process of life origin.



Therefore, studying the adsorption behavior and mechanism of amino acids on semiconductor minerals is very important for clarifying the related reactions between semiconductor minerals and amino acid molecules in the evolution of life. In this research, anatase (TiO2) with exposed (001) facets was synthesized by a hydrothermal method. Through the adsorption of glycine by anatase (TiO2) with two different crystal facets, the synthesis and reaction products were characterized by SEM, TEM, XRD, HPLC, Raman spectroscopy, and XPS. Finally, the adsorption mechanism of anatase (TiO2) was simulated by using Material Studio software to explore the interface effect and mechanism of anatase (TiO2) with two different crystal facets on organic molecules.




2. Materials and Methods


2.1. Sample Preparation


Ordinary anatase (TiO2) samples were purchased from Shijiazhuang Yunpo Chemical Co. Ltd., and the method described by Feng et al. [39] was used to synthesize anatase (TiO2) with exposed (001) facets. Firstly, 2.0 mL of tetrabutyl titanate and 0.5–1.0 g of ammonium hexafluorotitanate (NH4)2TiF6 was added into a 50% hydrochloric acid solution. After the solution had been poured into a stainless steel autoclave, it was reacted for 24 h at 180 °C in muffle furnace. Finally, after centrifugation and drying, the product was placed in a muffle furnace and heated to 400–500 °C for 2 h to remove fluorine atoms.



An X-ray diffractometer (PANalytical, X’pert PRO Netherlands) was used to obtain XRD spectra of the two kinds of anatase (TiO2). An Ultra55 high-resolution cold field emission scanning electron microscope (SEM) from Carl Zeiss NTS GmbH, Germany, and a JEOL-2010 high-resolution transmission electron microscope from JEOL Ltd. were used to observe the morphology and structure of the anatase samples.




2.2. Adsorption Experiment


The factors investigated were the pH, adsorption time, and glycine concentration. Firstly, after mixing glycine with anatase (TiO2) for a period of time, the sample was separated at 6796× g for 10 min. Next, the supernatant was filtered with a 0.45 µm microporous membrane, and the concentration of the solution was measured by HPLC. The pellet after centrifugation was dried and characterized by Raman spectroscopy and XPS.



The HPLC mobile phase was prepared as follows: 0.941 g of sodium hexane sulfonate was dissolved in 500 mL of ultrapure water, and the pH was adjusted to 2.5 with H3PO4. After suction filtration with a 0.45 µm microporous membrane and an ultrasonic exhaust, the solution could be used as a mobile phase. The test conditions were as follows: a flow rate of 0.6 mL/min, a sodium hexanesulfonate/acetonitrile ratio of 95:5, a temperature of 30 °C, an absorption wavelength of 200 nm, and an injection volume of 50 µL. The adsorption capacity of glycine was determined by the external standard single-point method.



The Raman spectra were measured with an INVIA laser Raman spectrometer produced by Renishaw, London, UK, and a Thermo Escalab 250Xi X-ray photoelectron spectrometer produced by Thermoelectricity, Waltham, Massachusetts, US, was used for XPS analysis.




2.3. Simulation Calculation


Material Studio software was used to simulate the adsorption of glycine on the anatase (TiO2) with exposed (001) facets and the anatase (TiO2) with exposed (101) facets. The CASTEP module in the software completes the structure optimization and energy calculation of the whole process. The exchange correlation between electrons was described by the PEB function under the generalized gradient (GGA). The cutoff energy of the plane wave was set as 300 eV, the first Brillouin region was divided into 2 × 2 × 2 grids, and the energy convergence standard was set as 2.0 to 5.0 eV/atom. The adsorption energy calculation formula was [40]:


   E  a d s   =  E   (  s l a b − m o l e c u l e  )    −  (   E  m o l e c u l e   +  E  s l a b    )   



(1)




where Eads is the adsorption energy of a glycine molecule on the surface, E(slab-molecule) is the total energy of the glycine molecule adsorbed on the crystal facets, Emolecule is the total molecular energy of glycine, and Eslab is the total energy of the crystal facets.





3. Results and Discussion


3.1. Synthesis of Anatase (TiO2) with Exposed (001) Facets and Characterization of the Sample


Figure 1 shows the XRD spectra of anatase (TiO2) with two different crystal facets. The dominant planes of anatase (TiO2) are the (101), (001), (010), and (100) planes, of which the (101) facets is the most common [41]. The two kinds of anatase (TiO2) were consistent with the standard PDF cards in the Jade 6.0 search database (JCPDS No. 99-0008); both are standard anatase (TiO2). Compared with the anatase (TiO2) that had been purchased, the intensity of each diffraction peak of the anatase (TiO2) with exposed (001) facets increased significantly, and it had a better and more complete anatase crystal form [42]. In addition to the (101) facets’ diffraction peak, the diffraction peak of the (004) facets also increased significantly, indicating that the synthesized anatase (TiO2) nanoparticles mainly developed along the [001] direction [43]. The diffraction peaks that usually exist in some single crystals or polycrystals disappeared, indicating that these solids are highly oriented, leading to the absence of diffraction peaks of (001) crystal facets in the XRD spectrum [39]. The results are consistent with the patterns of anatase (TiO2) synthesized by various methods [44,45].



Compared with anatase (TiO2) with exposed (001) facets which had a nano-sized spindle-shaped pyramid structure, anatase (TiO2) with exposed (001) facets had micro-nano flaky particles and had a larger exposed surface (Figure 2). The synthesized crystal was thin and uniform in size, and its morphology was consistent with the literature. Because of the influence of the synthesis method, the number of raw materials, the experimental temperature, etc., the synthesized anatase (TiO2) in this study is thinner than that found in the literature [46].



The (004) and (200) atomic planes on anatase (TiO2) with exposed (001) with a lattice spacing of 0.24 nm and 0.19 nm as shown in Figure 3. This indicates that the synthesized anatase nanorods were elongated along the [001] direction [46,47]. We observed lattice fringes of about 0.35 nm on the ordinary anatase (TiO2) with exposed (101) facets, indicating that the ordinary anatase (TiO2) was basically composed of (101) crystal facets [48]. Among several crystal facets with relatively better activity of anatase (TiO2), the (101) crystal facets have lower surface energy and better thermal stability, which has a greater advantage in the formation of crystal facets. Therefore, most of the uncontrolled anatase (TiO2) morphologies are basically (101) crystal facets [49]. With the addition of HCl and HF as morphology control agents in the anatase (TiO2) synthesis process, crystal facets with different morphologies can be synthesized under different conditions [50].




3.2. Adsorption of Glycine on Different Anatase Minerals and Influencing Factors


Amino acids are the smallest structural units that make up biological polypeptides and proteins [51]. The main chain contains both acidic carboxyl groups and basic amino groups, which can be in different states depending on the pH value of the aqueous solution. The fitting curves in Figure 4a show that glycine exists as a positive ion when the pH is <2.0, and it exists as a negative ion when the pH is >9.0 [11]. On the other hand, glycine exists as a zwitterion in the aqueous solution.



The amount of glycine absorbed on anatase (TiO2) with exposed (001) facets and anatase (TiO2) with exposed (101) facets under different pH conditions is shown in Figure 4b. It can be concluded that the amount of glycine absorbed on the two anatase (TiO2) surfaces first increases and then decreases with a change in the pH. The adsorption of glycine molecules on the anatase (TiO2) with exposed (001) facets reached a maximum at pH = 5.0 (about 4.00 mg/m2). At pH = 6.0, the adsorption on the anatase (TiO2) with exposed (101) facets reached a maximum (about 1.16 mg/m2). Compared with the anatase (TiO2) with exposed (101) facets, glycine has a better adsorption effect on the anatase (TiO2) with exposed (001) facets under different pH conditions. The negatively charged glycine repelled the negatively charged anatase (TiO2) on the surface when the pH of the solution was too high [52]. In earlier studies on the adsorption of small biological molecules, such as amino acids, on clay minerals also showed the best adsorption effects occurred under weakly acidic conditions [8,53].



The amount of glycine adsorbed on the two kinds of anatase (TiO2) with different adsorption times is shown in Figure 4c. It can be concluded that the adsorption of glycine on the two kinds of anatase (TiO2) reached the maximum and then gradually decreased. In addition, the adsorption of glycine on anatase (TiO2) with exposed (001) facets was significantly higher than that on ordinary anatase (TiO2) at different adsorption times. The fitting curves in Figure 4c (insert) show that the adsorption of glycine on the anatase (TiO2) with exposed (001) facets and (101) facets are in line with pseudo−secon−order kinetics. The adsorption process of glycine was carried out in an aqueous solution. Glycine molecules have the ability to replace water molecules adsorbed on the surface of anatase (TiO2) to positions with lower desorption activation energy. However, during the long-term mixed adsorption process in the solution, competition with water molecules will affect the adsorption of small glycine molecules on the surface of anatase (TiO2) [54]. Therefore, in order to achieve stable adsorption of small glycine molecules on the two anatase (TiO2) surfaces, the subsequent condensation experiment set t = 24 h as the mixing oscillation time.



Figure 4d shows the amount of glycine adsorbed on the two kinds of anatase (TiO2) at different initial concentrations. The adsorption of small glycine molecules on the two kinds of anatase (TiO2) reached the maximum adsorption at about 0.09 mol/L. Compared with the anatase (TiO2) with exposed (101) facets, the anatase (TiO2) with exposed (001) facets exhibited a significant adsorption effect under different initial solution concentrations. The maximum adsorption quantity of glycine on the (001) crystal facets was 10.00 mg/m2, and the maximum adsorption capacity of the ordinary anatase (TiO2) surface was 3.89 mg/m2. When the adsorption coverage of the adsorbed substance on the anatase (TiO2) with exposed (001) facets surface increased, the surface molecules produced repulsion and then the adsorption was weakened [55]. This may be the reason why the amount of glycine molecules adsorbed in this study showed a decreasing trend at concentrations higher than 0.09 mol/L. Through the determination of the amounts adsorbed under the different concentrations described above, an initial glycine concentration of 0.09 mol/L was selected as the initial adsorption concentration in the subsequent experiments.




3.3. Spectroscopic Analysis of the Adsorption of Glycine on Different Anatase Minerals


3.3.1. Raman Spectroscopy Analysis


Glycine has three different crystal phases, namely α-, β-, and γ-, and the thermodynamic stability is γ > α > β [56]. After the interaction of glycine with the two minerals, the peak disappeared at a wavenumber around 1341 cm−1, which corresponds to the CH2 wagging mode of blank glycine (Figure 5a) [57]. Simultaneously, the peak of blank glycine around 1439 cm−1 corresponds to the CH2 wagging mode, which shifted to higher wavenumbers. The peak around 1584 cm−1 shifted to lower wavenumbers, corresponding to the CH2 wagging mode of blank glycine. Figure 5b also shows the disappearance or movement of peaks at particular wavenumbers. According to Ensieh et al. [58], who reported on the crystalline phase of glycine, it can be concluded that the blank glycine in Figure 5 is thermodynamically stable γ-glycine. These changes also indicate that anatase (TiO2) can effectively induce and activate glycine, and γ-glycine is converted into the thermodynamically unstable β-glycine after reacting with the two kinds of anatase (TiO2).




3.3.2. XPS Analysis


Figure 6a shows the XPS spectra of Ti atoms of the two kinds of anatase (TiO2) before and after the adsorption of glycine. The Ti atom of anatase (TiO2) has two chemical states: Ti(2p3/2) and Ti(2p1/2) [59]. Compared with anatase (TiO2) before glycine adsorption, the binding energies of Ti (2p1/2) and Ti (2p3/2) reduced by about 0.24 eV after the adsorption of glycine. The intensity of the absorption peaks at the two binding energies of Ti 2p showed a uniform attenuation after the two kinds of anatase (TiO2) adsorbed glycine. The results show that both types of anatase (TiO2) may form Ti-O bonds with glycine [34]. The amino acid coverage rate was calculated by Fleming et al. [59] in a study of the adsorption reaction of amino acids on the surface of rutile. Combining those findings with the data of this study, we can conclude that the surface coverage of glycine on the (001) crystal facets is 0.68 and the surface coverage of anatase (TiO2) with exposed (101) facets is 0.56. It is suggested that anatase (TiO2) with exposed (001) crystal facets has a better adsorption effect.



Before adsorption, O 1s is decomposed into three peaks: O1, O2, and O3 (Figure 6b). The signal peaks of O1 and O2 are derived from Ti-O on the anatase (TiO2) substrate and hydroxyl oxygen on the surface of anatase (TiO2) [60]. The O3 signal is derived from the carbon–oxygen double bond or HCO3− [61,62]. After glycine was mixed with and adsorbed by the anatase (TiO2) with (001) facets, the signal peaks generated by the oxygen at each position of the anatase (TiO2) reduced significantly, and the signal peak caused by glycine COO− around 532.13 eV can be clearly observed. This position is similar to the adsorption of a series of amino acids on metals and the adsorption of homocysteine on titanium dioxide films [62,63]. The C 1s spectrum can be decomposed into three different chemical states, C1, C2, and C3, which are (CH2)n, C=O, COO−,or absorption signals caused by dissociated carbonate (Figure 6c) [64]. There are C signals before and after the adsorption of anatase (TiO2), which may be caused by unremoved trace reaction raw materials and other pollutants during sample preparation or processing, which caused slight contamination of the sample [65]. In the N 1s spectrum of glycine after adsorption, the N 1s signal is decomposed into two peaks: N1 is the amino group of the neutral glycine molecule, and N2 comes from the protonated NH3+ group after dissociation in the solution [66]. This shows that during the adsorption process, the adsorption of glycine mainly has two forms: zwitterion and dissociation.



Figure 6 shows that the anatase (TiO2) with exposed (101) facets also has a good adsorption of glycine. The adsorption of glycine on anatase (TiO2) with exposed (101) facets, it significantly increased to the C3 signal of COO- in the spectrum of C 1s and the signal peaks of O3 and O4 in the spectrum of O 1s. This shows that the adsorption of glycine on the surface of ordinary anatase (TiO2) is mainly in the form of zwitterions, while the adsorption on the anatase (TiO2) with exposed (001) facets is mainly in the form of dissociation [34]. Meanwhile, compared with the anatase (TiO2) with exposed (001) facets, the N1 signal peak (NH3+) in the spectrum of N 1s is enhanced, and the N2 signal peak (NH2) is weakened. This relative intensity change has confirmed this point.





3.4. Analysis of the Adsorption Mechanism Based on a Molecular Simulation


Material Studio software was used to simulate the adsorption of zwitterions, dissociated positive ions, and dissociated negative ions of glycine on the surfaces of the two types of anatase (TiO2). Ordinary anatase (TiO2) is basically composed of (101) facets with higher surface energy. Therefore, in the simulation study of molecular and crystal surface adsorption, the (101) surface was constructed to replace ordinary anatase (TiO2) for the analysis. Figure 7a–c shows the three dissociation states of glycine’s dissociated positive ions, zwitterionic, and dissociated negative ions. Figure 7d,e shows the (001) and (101) facets of the complete anatase (TiO2), which were constructed by using Material Studio software. It is characterized by the presence of fivefold-coordinated Ti ions (Ti5c), twofold-coordinated bridged oxygen O ions (O2c), threefold-coordinated O atoms (O3c), and sixfold-coordinated Ti atoms (Ti6c) [40]. The terminating atoms are twofold-coordinated O ions and fivefold-coordinated Ti ions, which are the most stable of the surface structure. However, there are only fivefold-coordinated Ti ions (Ti5c) and twofold-coordinated bridged oxygen O ions (O2c) on the anatase (TiO2) with exposed (001) facets [67].



Glycine mainly exists in the form of positive dissociated glycine ions (HCOO–CH2–NH3+), negative dissociated glycine ions (NH2–CH–COO-) and glycine zwitterions (–OOC–CH2–NH3+) [68]. Figure 8 shows the adsorption model of the main chain carboxyl and amino groups of glycine in the dissociated state and the zwitterionic state in anatase (TiO2) with exposed (001) facets. Schmidt et al. [65] studied the amino acids on the surface of titanium dioxide in an aqueous solution and showed that the adsorption of amino acids on the surface of titanium dioxide occurs preferentially in acidic solutions and shows specific adsorption with Ti atoms on the surface. The groups involved in the adsorption process mainly include the main chain amino and carboxyl groups shared by all amino acids. Table 1 shows the calculated adsorption energy of glycine groups in each state on the anatase (TiO2) with exposed (001) and (101) facets. Through simulations, we have found that when glycine forms a bridge structure with two Ti atoms on the surface through COO– in the form of zwitterions, as shown in Figure 8a, and the calculated adsorption energy is about 26 kJ/mol. When glycine forms a bridging structure with Ti atoms at the (001) facets, this is coordinated through –COOH group in the form of positive disassociating ions, as shown in Figure 8b, and the calculated adsorption energy is 97.34 kJ/mol. Under weakly acidic conditions, the adsorption energy of the amphoteric ion form is much lower than that of the dissociation form of positive ions, indicating that glycine may be mainly adsorbed on anatase (TiO2) with exposed (001) facets in the form of positive dissociated ions. When the positive dissociated glycine ions and the zwitterion carboxyl is adsorbed to the Ti–O group on the surface, the Ti-O (glycine carboxyl oxygen) bond length is about 2.0 Å to 2.2 Å. In addition, –COOH, which is a dissociated positive ion, is dissociated during surface adsorption, –COO– combines with two Ti atoms connected by bridging oxygen, and the dissociated H atom combines with the surface bridging oxygen to form –OH. This adsorption method is consistent with Fleming et al. [59].



Figure 8c,d shows the adsorption of the –COO– and NH2 groups in the form of negative dissociated ions of glycine on the (001) surface. The bond lengths of the Ti–O bond and the Ti–N bond formed by the interaction of the –COO– group and the NH2 group with the surface Ti atom are about 2.1 Å and 3.0 Å. The adsorption energy of the bridged structure formed by the COO– group of glycine and the Ti atom connected by the bridging oxygen is 124.93 kJ/mol, which is greater than that of the interaction between -COOH with the surface Ti atoms [36]. However, the calculated adsorption energy of the NH2 group is 41.11 kJ/mol, indicating that adsorption between the carboxyl end and the surface may be the main type of adsorption during the adsorption process. In a solution, as the pH increases, the glycine anions will repel the negatively charged α–TiO2 surface [52]. According to this analysis, under the weakly acid conditions in this study, glycine is mainly adsorbed by dissociated molecules on the (001) facets, and zwitterions are auxiliary [69].



Figure 9 shows the adsorption model of glycine zwitterions and the dissociated forms on the anatase (TiO2) with exposed (101) facets. The two Ti atoms which are connected by bridging oxygen on the (101) crystal facets were connected to glycine by bridging from the zwitterion carboxyl end, for which the calculated adsorption energy is 120.52 kJ/mol. The positive and negative dissociated glycine ions are adsorbed to the (101) facets through the bridging adsorption configuration of the carboxyl group, and the adsorption energy is 37.49 kJ/mol and 45.71 kJ/mol, respectively. A comparison of the adsorption energy of various structures suggests that the adsorption of glycine on the anatase (TiO2) with exposed (101) facets in this study may be mainly zwitterionic, which is consistent with the results measured by XPS. Figure 9d shows the adsorption model of glycine anion NH2 and Ti atoms on the anatase (TiO2) with exposed (101) facets, and the adsorption energy is 117.57 kJ/mol According to the research of Ojamäe et al. [24], factors such as the plane wave cutoff energy, the number of structural crystal facets, and the calculation conditions have a certain influence on the final energy result. The cutoff energy of the plane wave in this study was 300 eV, which is enough to make the settlement result achieve a good convergence effect. The reason for the difference from the calculation in this study may be the number of structural atomic layers and the calculation conditions. Bates et al. [70] used the DFT calculation method to study the adsorption mode of formic acid on the surface of TiO2, and found that the adsorption energy of monodentate adsorption of formic acid was 187 kJ/mol.



In summary, the adsorption forms of glycine on the two anatase (TiO2) surfaces in this study are mainly zwitterions and dissociations. There are two configurations of adsorption to the anatase (TiO2) surface. One is by forming a bridge structure between the carboxyl group and two Ti atoms which are connected by the surface bridging oxygen; the other involves the amino group forming a bond with the surface Ti atom [71]. The calculated adsorption energies of glycine on the two types of anatase (TiO2) are different, which resulted in a difference in the adsorption of glycine under the same conditions. On the anatase (TiO2) with exposed (001) facets, the adsorption is mainly in the form of dissociation, and on the ordinary anatase (TiO2), the adsorption is mainly in the form of zwitterions.





4. Conclusions


The anatase (TiO2) which was synthesized by a hydrothermal method was mainly composed of (001) crystal facets. The ordinary anatase (TiO2) was mainly composed of (101) crystal facets. The anatase (TiO2) with exposed (001) facets had micro-nano flaky particles. Compared with the ordinary anatase (TiO2), it had a better anatase crystal form and a more complete crystal structure.



The adsorption of glycine on the surfaces of the two kinds of anatase (TiO2) showed that both anatase (TiO2) has an adsorption effect on glycine, and the adsorption effect of the anatase (TiO2) with (001) facets was better. The initial solution pH, concentration, and adsorption time were the main factors affecting the adsorption of glycine on the surfaces of the two kinds of anatase (TiO2). Under optimal conditions (pH 5 to 6, an adsorption time of 24 h, and an initial concentration of 0.09 mol/L), the amount of glycine adsorbed on anatase (TiO2) with exposed (001) facets may reach 10 mg/m2. The anatase (TiO2) with exposed (001) facets and the ordinary anatase (TiO2) showed better adsorption of glycine under weakly acidic conditions, which is in line with the environmental pH that was beneficial to the formation of life on the early Earth. In the early Earth environment, semiconductor minerals can adsorb and concentrate highly diluted small biological molecules such as clay minerals.



According to a combination of various characterizations and simulation calculations, the adsorption of glycine on the surface of anatase (TiO2) with exposed (001) facets and anatase (TiO2) with exposed (101) facets is mainly in the form of dissociation and zwitterions, respectively. The adsorption of glycine to the surface of anatase (TiO2) is through two configurations: one is the Ti atom forming a bridge structure with the carboxyl group on the surface, and the other is the amino group forming a bond with the Ti atom on the surface; however, the former dominates. The calculated adsorption energies of glycine on the two types of anatase (TiO2) are different, resulting in a difference in the adsorption of glycine under the same conditions. On the anatase (TiO2) with exposed (001) facets, the adsorption is mainly in the form of dissociation, and on the anatase (TiO2) with exposed (101) facets, the adsorption is mainly in the form of zwitterions. With the same specific surface area, the anatase (TiO2) with exposed (001) facets has lower glycine adsorption energy than ordinary anatase (TiO2).



The results of this research can provide a reference for the further study of the role of semiconductor minerals in the adsorption and polymerization of small biomolecules in the origin of life.
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Figure 1. XRD diagram of anatase (TiO2) with exposed (001) facets (a) and anatase (TiO2) with exposed (101) facets (b). 
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Figure 2. SEM of anatase (TiO2) with exposed (001) facets (a,b) and anatase (TiO2) with exposed (101) facets (c,d). 
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Figure 3. TEM of anatase (TiO2) with exposed (001) facets (a,b) and anatase (TiO2) with exposed (101) facets (c,d). 
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Figure 4. (a) The states of existence of glycine in different pH aqueous solutions. (b) Amount of glycine adsorbed on two kinds of anatase (TiO2) at different initial pH levels. (c) Amount of glycine adsorbed on two kinds of anatase (TiO2) for different adsorption times (insert: pseudo−secon−order kinetic fitting). (d) Amount of glycine adsorbed on two kinds of anatase (TiO2) at different initial concentrations. 
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Figure 5. The Raman spectra of glycine before and after absorption on two kinds of anatase (TiO2). (a) 1200−1600 cm−1; (b) 2800−3200 cm−1. 1: Glycine adsorbed on anatase (TiO2) with exposed (101) facets; 2: glycine adsorbed on anatase (TiO2) with exposed (001) facets; 3: blank glycine. 
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Figure 6. X-ray photoelectron spectrum curve. (a) XPS spectra of Ti atoms of two kinds of anatase (TiO2) before and after the adsorption of glycine. (b) O 1s spectrum of two kinds of anatase (TiO2) before and after the adsorption of glycine. (c) C 1s spectrum of two kinds of anatase (TiO2) after the adsorption of glycine. (d): N 1s spectrum of two kinds of anatase (TiO2) after the adsorption of glycine. 
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Figure 7. Three dissociation states of glycine and two kinds of anatase TiO2: (a) positive dissociated Gly ions; (b) ZW zwitterions; (c) negative dissociated glycine ions; (d) anatase (TiO2) with exposed (001) facets; (e) anatase (TiO2) with exposed (101) facets. 
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Figure 8. Adsorption model of three dissociated forms of glycine on anatase (TiO2) with exposed (001) facets. (a) zwitterionic COO–; (b) positive dissociated ions of –COOH; (c) negative dissociated ions of –COO–; (d) negative dissociated ions of –NH2. 
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Figure 9. Adsorption model of three dissociated forms of glycine on anatase (TiO2) with (101) facets: (a) zwitterionic –COO–; (b) positive dissociated ions of –COOH; (c) negative dissociated ions of –COO–; (d) negative dissociated ions of –NH2. 
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Table 1. Adsorption energy of different dissociated forms of glycine on the two kinds of anatase (TiO2) (unit: kJ/mol).
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	Adsorption Type
	Energy (001)
	Energy (101)





	Ti–O + –OOC–CH2–NH3+
	25.78
	120.52



	Ti–O + HCOO–CH2–NH3+
	97.34
	37.49



	Ti–O + –OOC–CH2–NH2
	124.93
	45.71



	Ti–O + NH2–CH2–COO–
	41.11
	117.57
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