

[image: image1]
Investigation of the Charge-Transfer Between Ga-Doped ZnO Nanoparticles and Molecules Using Surface-Enhanced Raman Scattering: Doping Induced Band-Gap Shrinkage









	
	ORIGINAL RESEARCH
published: 19 March 2019
doi: 10.3389/fchem.2019.00144





[image: image2]

Investigation of the Charge-Transfer Between Ga-Doped ZnO Nanoparticles and Molecules Using Surface-Enhanced Raman Scattering: Doping Induced Band-Gap Shrinkage


Peng Li1,2, Xiaolei Wang1,2, Xiaolei Zhang1,2, Lixia Zhang2, Xuwei Yang2 and Bing Zhao1,2*


1State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, Changchun, China

2College of Chemistry, Jilin University, Changchun, China

Edited by:
Ivano Alessandri, Università degli Studi di Brescia, Italy

Reviewed by:
Nicolò Bontempi, Catholic University of Sacred Heart, Italy
 Guo Lin, Beihang University, China

* Correspondence: Bing Zhao, zhaob@jlu.edu.cn

Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry

Received: 16 January 2019
 Accepted: 27 February 2019
 Published: 19 March 2019

Citation: Li P, Wang X, Zhang X, Zhang L, Yang X and Zhao B (2019) Investigation of the Charge-Transfer Between Ga-Doped ZnO Nanoparticles and Molecules Using Surface-Enhanced Raman Scattering: Doping Induced Band-Gap Shrinkage. Front. Chem. 7:144. doi: 10.3389/fchem.2019.00144



Semiconductor nanomaterial is a kind of important enhancement substrate in surface-enhanced Raman scattering (SERS), and the charge-transfer (CT) process contributes dominantly when they are used as the enhancement substrate for SERS. Doping has significant effect on the CT process of semiconductor nanomaterials. Yet till now, none attempts have been made to explore how doping affects the CT process between the semiconductor and probe molecules. For the first time, this paper investigates the effect of gallium (Ga) doping on the CT process between ZnO nanoparticles and 4-mercaptobenzoic acid (4-MBA) monolayer. In this paper, a series of Ga-doped ZnO nanoparticles (NPs) with various ratio of Ga and Zn are synthesized and their SERS performances are studied. The study shows that the doped Ga can cause the band gap shrinkage of ZnO NPs and then affect the CT resonance process form the valence band (VB) of ZnO NPs to the LUMO of 4-MBA molecules. The band gap of Ga-doped ZnO NPs is gradually narrowed with the increasing doping concentration, and a minimum value (3.16 eV) is reached with the Ga and Zn ratio of 3.8%, resulting in the maximum degree of CT. This work investigates the effects of doping induced band gap shrinkage on CT using SERS and provides a new insight on improving the SERS performance of semiconductor NPs.
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INTRODUCTION

The interfacial charge-transfer (CT) process between a substrate and an adsorbed molecule is an interesting phenomenon which has attached extensive research. The CT process has a wide range of applications in interface chemistry (Osako et al., 2018), catalytic chemistry (Thang et al., 2018), electronic devices (Liu et al., 2018), solar cells (Yadav et al., 2018), photoelectrochemistry (Chen et al., 2018), and so on. Therefore, it is vital to conduct an in-depth investigation of the CT process, which may provide us better understanding and thus expand its applications in various fields.

Surface-enhanced Raman scattering (SERS) is a forceful method for studying the CT between adsorbed molecule monolayer and the substrate (Wang et al., 2011; Li et al., 2018; Yu et al., 2018). As is well-known, the emergence of SERS phenomenon is inseparable from enhancement substrates. With the development of relevant researches, SERS active nanomaterials have been extended from noble metals, such as Au, Ag, and so on, to semiconductor nanomaterials (NMs) (Fleischmann et al., 1974; Tian et al., 2002; Biju et al., 2008; Shen et al., 2008; Alessandri and Lombardi, 2016). Many semiconductor NMs such as TiO2 (Yamada and Yamamoto, 1983), ZnO (Wang et al., 2009), NiO (Yamada et al., 1982), InAs/GaAs (Quagliano, 2004), CdS (Wang et al., 2007b), ZnS (Wang et al., 2007a) etc., have been demonstrated to exhibit good SERS activities. In comparison with metal substrates, semiconductor NMs have additional optical and electrical properties, which enable them to display remarkable CT enhancement and catalytic abilities (Lombardi and Birke, 2009; Han et al., 2017). As we all know, for the vast majority of semiconductors, their localized surface plasmon resonance is located in the infrared region. That is to say, when semiconductor NMs was used as enhancement substrate, SERS is mainly generated through the CT enhancement mechanism (Lombardi and Birke, 2007), so the SERS performance of semiconductor NMs is a powerful tool to investigate the CT process between the semiconductor NMs and adsorbed molecules.

The CT process between the adsorbed molecules and the substrate is closely related to the size and morphology of semiconductor NMs (Musumeci et al., 2009; Tang et al., 2012; Lamberti et al., 2015). Moreover, doping is also a very important factor for the CT process when semiconductor NMs are used as the SERS substrate. Our group have reported that the SERS performance of TiO2 nanoparticles (NPs) can be improved by Fe3+, Co2+, Ni2+ doping (Yang et al., 2011, 2014; Xue et al., 2013a), and the improvements were attributed to the formation of abundant doping (defects) levels in the band gap of TiO2 NPs. Dual functional Ta-doped electrospun TiO2 nanofibers with enhanced photocatalysis and SERS activity for detection of organic compounds were synthesized by Singh et al. (2017) The generation of Ti3+ defects from Ta5+ doping, which acted as an intermediate state for TiO2 to methylene blue molecules electron transfer, was used to explain the enhanced SERS activity of their obtained products. Effects of Mn2+, Zn2+, and Mg2+ doping on SERS properties of TiO2 NPs were also studied by our group (Yang et al., 2010; Xue et al., 2012a, 2013b), it was found that an appropriate amount of metal ions dopant enriched the surface states and improved the photo-generated carrier separation efficiency. SERS characteristics of Co2+ doped ZnO (Xue et al., 2012b) and Mn2+ doped CuO (Prakash et al., 2016) were also investigated, the influences of dopant were attributed to the increasing of defects and the ferromagnetic ordering, respectively. To date, most studies about the effect of metal doping semiconductor on SERS (CT process) focused on the change of surface state level or content of defects, however, the impact of doping induced band gap shrinkage on the CT process between semiconductor NPs and molecules have never been reported. For the first time, this paper investigates the effect of doping induced band gap shrinkage on the CT between semiconductor NPs and molecules.

Due to some unmatched properties in photoelectric and magnetism, ZnO is widely used in medicine and health care, food industry, varistor, antivirus, gas sensitive elements, and photocatalysis (Zhang et al., 2009; Cushen et al., 2012; Nohynek and Dufour, 2012; Hassan et al., 2013; Lang et al., 2014; Wang et al., 2014) etc. ZnO is also an important enhancement substrate in SERS study because of its wide band gap. Numerous SERS studies around ZnO NPs have been carried out. The size-dependent effect of ZnO NPs for SERS signal (Sun et al., 2007) and ZnO/PATP(p-aminothiophenol)/Ag assemblies (Sun et al., 2008) was investigated, the SERS enhancement mechanism for ZnO was attributed to the CT enhancement mechanism. The influence of contact variation in ZnO-molecules-metal system (Mao et al., 2012), fabrication of one-dimensional ZnO/4-MPy/Ag assemblies (Hu et al., 2010), contribution of ZnO to CT induced SERS in Au/ZnO/PATP assembly (Yang et al., 2008) and so on have been reported. Above all, the investigation about CT process between ZnO NPs and adsorbed molecules is necessary in view of the wide applications of ZnO NPs. Here we study the effect of doping induced band gap shrinkage on CT process between ZnO NPs and molecules. The band gap of ZnO NPs is altered by doping gallium (Ga) into ZnO NPs, the ionic radius of Ga3+ ions (0.062 nm) is less than the Zn2+ ions (0.074 nm), so the Ga3+ ions are soluble in the ZnO matrix.

In this work, a range of Ga-doped ZnO NPs with various ratio Ga and Zn and 4-MBA@ZnO (Ga-doped ZnO) system are obtained. The actual ratios of Ga and Zn in the Ga-doped ZnO NPs are confirmed by ICP measurement. Then it is determined that the degree of crystallinity and particles size of Ga-doped ZnO NPs can be affected by the ratio of Ga and Zn according to XRD, Raman, and TEM characterizations. Moreover, it is found that the band gap of NPs shrinks as the ratio of Ga and Zn increases. The effect of Ga doping on the CT process between ZnO NPs and 4-MBA monolayer is investigated using SERS. The modest amount of doped Ga can enhance the degree of CT between ZnO and 4-MBA monolayer compared to the pure ZnO NPs. The change of CT is mainly due to the size dependence effect and the band-gap shrinkage effect. The doped Ga causes the band gap shrinkage of ZnO and then affects the CT resonance process from the valence band (VB) of ZnO NPs to the LUMO of 4-MBA molecules. This work conducts an in-depth investigation on the effects of doping induced band gap shrinkage on CT using SERS and provides a new insight on improving the SERS performance of semiconductor NPs.

EXPERIMENTAL SECTION

Chemicals

4-Mercaptobenzoic acid (4-MBA) and Gallium(III) nitrate hydrate were purchased from Sigma-Aldrich and used without further purification. All other chemicals were acquired from Beijing Chemical Reagent Factory and used without further purification. The distilled and deionized water from a Milli-Q-plus system with the resistivity >18.0 MΩ was used in aqueous solution.

Synthesis of ZnO and Ga-Doped ZnO NPs

ZnO and Ga-doped ZnO NPs were synthesized as follows. In short, 40 mL of 0.5 mol/L NaOH solution was slowly added dropwise into 100 mL of 0.1 mol/L Zn(Ac)2 solutions under vigorous stirring in order to produce the Zn(OH)2 precipitate. Subsequently, 1.2 g of NH4HCO3 powder was added. After stirring for 30 min, a semitransparent zinc carbonate hydroxide colloid was obtained. Then the colloid was centrifuged and rinsed three times with purified water and absolute ethyl alcohol in alternation and dried at 80°C. Thus, the precursor of a small crystallite Zn5(CO3)2(OH)6 was formed. Then, the as-prepared precursor was calcined at 550°C for 2 h to obtain the ZnO NPs.

The synthetic methods of Ga-doped ZnO NPs is similar with what we described above. The difference is that there is an opportune amount of Ga(NO3)3 (0.0003, 0.0005, 0.0007, 0.0009, 0.002, 0.004, 0.006, 0.008, and 0.01 mol/L, respectively) was added to the Zn(Ac)2 solutions to obtain Ga-doped ZnO NPs with difference ratio of Ga and Zn.

Adsorption of Probing Molecules

ZnO and Ga-doped ZnO NPs surface-modified by molecules were obtained as follows: 20 mg of ZnO and Ga-doped ZnO nanocrystals were dispersed in 20 mL of 4-MBA (1 × 10−3 M) ethanol solution and the mixture was stirred for 6 h. Then, the precipitate was centrifuged and rinsed with absolute ethyl alcohol twice. ZnO and Ga-doped ZnO nanocrystals modified by 4-MBA were obtained.

Sample Characterization

The crystal structure of ZnO sample was determined by X-ray diffraction (XRD) using a Siemens D5005 X-ray powder diffractometer with a Cu Kα radiation source at 40 kV and 30 mA. X-ray photoelectron spectra (XPS) were obtained by using a Thermo ESCALAB 250 spectrometer with an Mg Ka excitation (1253.6 eV). Elemental analysis was carried out by ICP-AES with an Agilent 725 spectrometer. The UV-Vis DRS spectra were recorded on a Shimadzu UV-3600 spectrophotometer. Transmission electron microscopy (TEM) images were taken using a JEM-2100F high-resolution transmission electron microscopy operating at 200.0 kV. Raman spectra acquired at ambient pressure were obtained by using a Horiba-Jobin Yvon LabRAM ARAMIS system with the resolution of ca. 4 cm−1; The 633 nm radiation from a 20 mW air-cooled HeNe narrow bandwidth laser was used as exciting source. The laser beam was focused onto a spot with a diameter of approximately 1 μm using an objective microscope with a magnification of 50×. The Raman band of the silicon wafer at 520.7 cm−1 was used to calibrate the spectrometer. Data acquisition was the result of two times 30 s accumulations for the 4-MBA molecules absorbed on ZnO (Ga-doped ZnO) NPs.

RESULTS AND DISCUSSION

Measurement of XRD

The XRD patterns of Ga-doped ZnO NPs with different ratio of Ga and Zn are shown in Figure 1. All the diffraction peaks of pure and doped ZnO are the characteristic peak of hexagonal wurtzite ZnO (JCPDS36-1451). No characteristic peaks corresponding to Ga or Ga2O3 are observed in the diffraction patterns, which is because the concentration of gallium is too low for those impurities to be detected by the XRD instrument. Figure S1 demonstrates the relationship between full width at half maximum (FWHM) of the peak (101) and the ratio of Ga and Zn : the intensity of the peak decreases and the FWHM is increased with the ratio of Ga and Zn increasing. All these results indicate that the Ga is doped into ZnO successfully and the crystallinity of Ga-doped ZnO NPs is decreased with the increasing doping ratio. The diameter of Ga-doped ZnO NPs (0–10%) are 35.4, 30.1, 27.4, 26.2, 25.0, 22.6, 19.0, 14.4, 13.5, and 12.9 nm, respectively, calculated using Scherrer's formula (Swamy et al., 2006) based XRD data.
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FIGURE 1. XRD spectra of ZnO and Ga-doped ZnO NPs with different ratio of Ga and Zn.



Measurement of XPS and ICP

According to the XPS spectra which is shown in Figure S2A, we can observe that all samples show similar characteristics as the pure ZnO spectra. However, in terms of Figure S2B, the relevant peaks of Ga-dopant (Ga 2p1/2 and Ga 2p3/2 located at 1117.9 and 1144.8 eV, respectively) can be observed when the spectra is magnified in the approximate range of 1110–1150 eV, moreover, the intensities of Ga-dopant-related peaks increases with the Ga concentration increasement. Figure S2C shows the XPS spectra of Zn3/2 and Zn1/2 for pure and doped ZnO NPs, and the two peaks are observed at 1021.7 and 1044.7 eV, respectively, the data is consistent with the binding energy of Zn-O (Sano et al., 2002; Jin et al., 2009).

All the description about the ratio of Ga and Zn used previously is the initial ratio, the ICP test is conducted in order to determine the actual Ga and Zn ratio of doped ZnO NPs. The results (initial ratio 0–10%) are 0, 0.29, 0.39, 0.56, 0.66, 1.4, 2.7, 3.8, 5.0, and 6.1%, respectively. It is clear that the results of quantitative analysis from ICP is similar with the initial ratio in the low doping ratio and a significant discrepancy appears when the initial ratio is higher than 0.9%. The reason for this phenomenon is that the vast majority of Ga is doped into the lattice of ZnO at low doping ratio, and a portion of Ga is not introduced into ZnO when the content of Ga is too high. Above all, the XPS measurement proves that the Ga is doped into ZnO successfully and the actual ratio of Ga and Zn is determined by ICP.

Measurement of TEM Images and UV-vis Spectra

Figure 2 shows the TEM images of pure and doped ZnO NPs, all the NPs are spherical and the diameters decreases with the increased Ga/Zn ratio. The particle sizes of the NPs are determined as approximate 51.4, 44.3, 35.7, 31.4, 28.6, 25.7, 22.9, 15.7, 14.3, and 12.9 nm, which are a little different from the value calculated from XRD. Such difference occurs due to the fact that the calculation results of XRD are based on the assumption that the materials are all signal crystals, and the measured values from TEM represent the size of nanoparticles which consist of one or multiple single crystal. However, the tendency of size change coincided with the result of XRD, evidencing that the particle diameter decreases as the doping concentration increases.
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FIGURE 2. TEM images of Ga-doped ZnO NPs: (A–J) represent the initial ratio of 0, 0.3, 0.5, 0.7, 0.9, 2, 4, 6, 8, and 10% for the Ga-doped ZnO NPs, respectively. The bar is 50 nm, and it is common to all images.



The effect of doped gallium on the optical properties of ZnO is investigated via UV-vis absorption spectroscopy. The optical absorption spectra are shown in Figure 3A. The steep drop of the absorption at about 378 nm is assigned to the CT process between valence band (VB) and conduction band (CB). Besides, all the absorption edge of Ga-doped ZnO NPs have a red shift compared to the pure ZnO and the maximal absorption edge appeared at the initial ratio of 6%. The phenomenon is attributed to the effect of doping on the carrier density. The band gap of ZnO NPs was calculated according to the absorption edge. Due to the fact that ZnO has a direct inter-band transition (Mahdhi et al., 2015) and on the basis of practical fact and theoretical calculation, the band gap of ZnO can be obtained through the Tuac's relation (Tauc, 1968; You and Hua, 2012):
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where A is the absorbance, hν is the energy of the incident photon and Eg is the band gap. The band gap is determined by plotting (Ahν)2 vs. hν and extrapolating the straight-line portion to the energy axis, the plots are shown in Figure 3B and the numerical values of Eg (0–10%) are 3.24, 3.22, 3.21, 3.20, 3.19, 3.18, 3.17, 3.16, 3.20, and 3.21 eV, respectively. According to this figure, with the increasement in doping concentration, the band gap of Ga-doped ZnO is first shrinked and down to the minimum value at the initial ratio of 6%, then increased. It should be noted that all the band gap of Ga-doped ZnO is less than the pure ZnO. Generally, there are two well-known theories about the changes of band gap of semiconductors: Burstein-Moss (BM) effect (Burstein, 1954; Moss, 1954) and band gap renormalization (BGR) effect (Dou et al., 1997; Jeon et al., 2011). The former is always related to the widening of the band gap and the latter is in connection with the shrinking-effect. The BGR effect is dominant in our system, the electron-impurity interactions, exchange interactions, and electron-electron Coulomb within the CB resulted in the shrinkage of the host band gap.
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FIGURE 3. (A) The optical absorption spectra of pure and doped ZnO NPs, (B) Relationship between (Ahν)2 and photon energy (hν) for Ga-doped ZnO NPs.



Raman Spectra of ZnO and Ga-Doped ZnO NPs

The Raman spectra of pure and doped ZnO NPs are shown in Figure 4, all the Raman peaks are the characteristic peaks of hexagonal wurtzite structure. The ZnO NPs with hexagonal wurtzite phase possess C6v4 (P63/mc) space group and are simple single axial crystals. Only the optical phonon in the center of Brillouin zone is related to the first-order Raman scattering for perfect ZnO single crystal. In the point-group theory, the optical phonon modes are classified as Γopt = A1+2B1+E1+2E2, the A1 and E1 are split into transverse optical (TO) and longitudinal optical (LO) on account of they are polar modes. In all the phonon modes, A1 and E1 modes have Raman and infrared active, and that E2 modes only have Raman active, B1 modes are silent. According to the group theory and Figure 4, the peak at 333 cm−1 is the E2(high)-E2(low) mode and this mode is related to the multi-phonon scattering process. The strongest peak located at 438 cm−1 is the E2(high) mode. This is the characteristic peak of the wurtzite phase and its intensity is associated with the crystallinity of ZnO; the weak peak at 583 cm−1 is assigned to the A1(LO)-E1(LO) mode and the E1 vibrational mode is concerned with defects such as oxygen vacancy, zinc interstitial and the complex-defect and so on. The origin of another weak peak at 633 cm−1 is uncertain although it has been reported in ZnO films (Bundesmann et al., 2003; Shinde et al., 2011). Above all, all the peaks together prove the pure and doped ZnO NPs as hexagonal wurtzite phase, moreover, their crystallinity decrease with the ratio of Ga and Zn increasing, judging by the changes of E2(high) modes. All the results are consistent with the results of XRD and TEM.
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FIGURE 4. The Raman spectra of Ga-doped ZnO NPs with various initial ratio of Ga and Zn(from a to j): 0, 0.3, 0.5, 0.7, 0.9, 2, 4, 6, 8, and 10%.



SERS Spectra of 4-MBA Adsorbed on Pure and Ga-Doped ZnO NPs

The SERS spectra of 4-MBA adsorbed on pure and Ga-doped ZnO NPs are obtained as shown in Figure 5A, all the peaks are the characteristic peaks of 4-MBA adsorbed on ZnO NPs and coincides with the reported results from literature (Sun et al., 2007). The strong peaks located at 1,594 cm−1 and 1,078 cm−1 can be attributed to υ8a (a1) and υ12 (a1) aromatic ring characteristic vibrations, respectively. It is worth mentioning that there is an irregular change in the peak position of 1,078 cm−1, the reason for this is attributed to the effect of the vibration mode of ZnO at 1,069 cm−1 (see the Figure S3). Other weak peaks such as 1,148 (υ15,b2) and 1,180 (υ9,a1) cm−1 are corresponded to the C-H deformation modes and agree well with the literature data (Sun et al., 2007; Xue et al., 2012b). The Raman shifts and assignments of the peaks are listed in Table 1. Moreover, it can be certified was that the 4-MBA molecules are bonded to the surface of ZnO (Ga-doped ZnO) by sulfhydryl; comparing the Raman spectrum of bulk 4-MBA with the SERS of 4-MBA adsorbed on ZnO NPs, the peaks at 913 cm−1 of 4-MBA powder disappeared when the molecules are adsorbed on the surface of ZnO. The relational graph between the intensity of the 1,594 cm−1 peak and the actual ratio of Ga and Zn is plotted and shown in Figure 5B, and an interesting phenomenon is observed. With the actual ratio increasing, the intensity increases to a first maximum value when the actual ratio is 0.39%, then the intensity decreases and down to the minimum value when the actual ratio is 0.66%. Interestingly, the intensity increases again and the second maximum value appears at the actual ratio of 3.8%. The reason for this phenomenon will be discussed in the next section. Moreover, to estimate and compare the enhancement ability of Ga-doped ZnO NPs with various ratio of Ga and Zn, the magnitude of the enhancement factor (EF) is calculated (see the Supporting Information). The EF of pure and Ga-doped (6%, initial ratio) ZnO NPs are 3.29 × 103 and 8.13 × 103, respectively, obviously demonstrating that doping Ga into ZnO NPs can significantly improve the enhancement ability of ZnO NPs. In other words, the degree of CT between ZnO NPs and 4-MBA monolayer is improved due to the Ga doping into ZnO NPs. The Ga doping induced band gap shrinkage can enhance the CT process between ZnO NPs and 4-MBA. The EF of Ga-doped ZnO NPs with other ratio is also calculated and is shown in the Table S1.
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FIGURE 5. (A) SERS spectra of 4-MBA adsorbed on Ga-doped ZnO NPs with various initial ratio of Ga and Zn(from a to j): 0, 0.3, 0.5, 0.7, 0.9, 2, 4, 6, 8, and 10%. (B) The relationship between the intensity of the 1,594 cm−1 peak and the actual ratio of Ga and Zn for Ga-doped ZnO NPs.




Table 1. Raman Shifts and Assignments of 4-MBA molecule adsorbed on ZnO (Ga-doped ZnO) NPs.
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Enhancement Mechanism and the Effect of Doped Ga on CT of ZnO NPs

It is well-known that there are two main mechanisms widely accepted to interpret SERS: EM and CM. The former is related to the surface plasmon resonance (SPR) of the substrate, while the CT process is required for the latter. As we mentioned in the Introduction, the CT enhancement mechanism contributes to our system dominantly. In this system, the CT process occurs between ZnO NPs and the adsorbed 4-MBA molecules. All the possible CT resonance process in our ZnO-molecules system are shown in Figure 6A. The numerical values are referenced from literature data, such as: the highest occupied molecular orbit (HOMO) and the lowest unoccupied molecular orbit (LUMO) level of 4-MBA molecule are −8.48 and −3.85 eV (Yang et al., 2009), respectively; the CB and the VB level of ZnO NPs are −1.9 and −5.2 eV (Xue et al., 2012b), respectively. In addition, the Roman numerals in the figure represent different types of CT resonance: I is the exciton resonance of ZnO (Ga-doped ZnO) NPs; II is the molecule resonance of 4-MBA; III, IV, V, VI are the photon induced CT resonance from matches energy level between ZnO NPs and 4-MBA molecules. The excitation energy required when the process of exciton resonance (I) and molecule resonance (II) takes place is 3.3 and 4.63 eV, respectively. However, the excitation energy provided by 633 nm laser is only 1.96 eV. Therefore, the two processes of CT resonance are ruled out due to the provided energy is far less than the amount of energy needed. Likewise, the photon induced CT resonance between the HOMO level of 4-MBA molecules and the CB of ZnO NPs is impossible to happen owing to the process needs 6.58 eV. According to the literature data, the surface state level of ZnO NPs is located at −3.5 eV (Xue et al., 2012b) approximately, the energy needed for the excited transition of electrons in the VB of ZnO NPs to surface state level (V) and the LUMO orbit of 4-MBA molecules (IV) are 1.7 and 1.35 eV, respectively. The laser excitation energy is enough for the two photon-induced CT resonance process. With respect to the process that the electrons in the surface state level of ZnO injected into LOMO level of molecules (VI), it is occurred by oneself due to the LUMO level of 4-MBA molecules was slightly below the surface state level of ZnO NPs.
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FIGURE 6. (A) All the possible CT resonance process in ZnO-molecules system, (B) The relationship between diameter, band gap and the actual ratio of Ga and Zn for Ga-doped ZnO NPs.



When it comes to the effect of doped Ga on CT of ZnO NPs, there are two changes on the properties of ZnO NPs: particle size and band gap. Correspondingly, there are two main factors that can affect the enhance ability of ZnO NPs for SERS: size dependence effect and band-gap shrinkage effect. Figure 6B shows the relationship between diameter, band gap and the actual ratio of Ga and Zn for Ga-doped ZnO NPs. Combined with Figures 5B, 6B, we think the size dependence effect is predominant when the actual ratio of Ga and Zn is below 0.66% and the strongest SERS signal is obtained when the diameter of Ga-doped ZnO NPs is 27.4 nm. The variation of the intensity of SERS signal on the particle size of ZnO derives from the resonance effect between the level of ionized receptor-exciton complex on the surface and the frequency of incident light. Moreover, the result we obtained is consistent with the conclusion that the maximum SERS signal appeared when the crystal size is 27.7 nm for pure ZnO NPs (Sun et al., 2007). When the actual doping ratio increases over 0.66%, the band-gap shrinkage effect becomes the predominant factor to affect the SERS performance (degree of CT) of ZnO NPs. The maximum shrinkage of bang gap is 0.08 eV in all the doping ratios, so the CT resonance process of I, II, III (described in Figure 6A) are still forbidden. However, the photon induced CT resonance (IV, V, VI) can be influenced by the decrease of band gap, thus promoting the CT process. The gap between VB and the surface state level of ZnO is decreased, and the gap between VB of ZnO and the LUMO level of molecules is also reduced. Therefore, the excited transition of electrons in the VB of ZnO to surface state level (V) or the LUMO level of molecules (IV) are much easier, hence the SERS performance (degree of CT) of ZnO is improved and a stronger SERS signal can be obtained. Besides, due to the decreases of gap between surface state level of ZnO NPs and the LUMO of 4-MBA molecules, the efficiency of electrons in the surface state level of ZnO injected into LUMO level of molecules (VI) is raised. Above all, the improvement of SERS signal (degree of CT) is because the photon induced CT resonance (IV, V, VI) is enhanced due to band-gap shrinkage effect. Moreover, the reliability of the schematic diagram of the possible CT resonance process in our ZnO-molecules system can also be testified by the SERS spectra obtained at excitations of 532 and 785 nm, the data is shown in Figure S5.

CONCLUSIONS

In summary, we synthesized a series of Ga-doped ZnO NPs with various ratio of Ga and Zn by a simple method and obtained the 4-MBA@ZnO system by modifying ZnO used 4-MBA molecules. The XRD and TEM measurements are carried out, the particle size diminishes gradually with the increasing ratio of Ga and Zn. When Ga is introduced into ZnO, the degree of crystallinity is decreased according to the results from XRD and Raman. Moreover, a Ga doping induced band gap shrinkage occurs: the band gap of Ga-doped ZnO narrows with the ratio of Ga and Zn increasing, and the band gap is down to the minimum value (3.16 eV) when the actual ratio of Ga and Zn is 3.8%. The last but not the least, the SERS performance (degree of CT) of Ga-doped ZnO NPs is investigated, and the doped Ga is found to enhance the intensity of SERS signal because it can cause the band gap shrinkage and then affect the CT resonance process. The band gap shrinkage can promote the photon induced CT resonance process, the electrons in the VB of ZnO NPs were excited transition to surface state level of ZnO NPs and then injected into the LUMO level of molecules, or that the electrons in the VB of ZnO NPs were directly excited transition into the LUMO level of molecules. In conclusion, this work is not only beneficial for in-depth understanding of the effect of doping on CT resonance process between adsorbed molecules and semiconductor, but also provides a new insight on improving the SERS performance of semiconductor NMs.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript and/or the supplementary files.

AUTHOR CONTRIBUTIONS

PL performed the experiments and analyzed the date with help from BZ, XY, XW, XZ, and LZ. PL wrote and revised the manuscript with input from all authors. All authors read and approved the manuscript.

FUNDING

The research was supported by the National Natural Science Foundation (Grants 21773080 and 21711540292) of P. R. China; and the Development Program of the Science and Technology of Jilin Province (20190701003GH).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2019.00144/full#supplementary-material

REFERENCES

 Alessandri, I., and Lombardi, J. R. (2016). Enhanced Raman scattering with dielectrics. Chem. Rev. 116, 14921–14981. doi: 10.1021/acs.chemrev.6b00365

 Biju, V., Itoh, T., Anas, A., Sujith, A., and Ishikawa, M. (2008). Semiconductor quantum dots and metal nanoparticles: syntheses, optical properties, and biological applications. Anal. Bioanal. Chem. 391, 2469–2495. doi: 10.1007/s00216-008-2185-7

 Bundesmann, C., Ashkenov, N., Schubert, M., Spemann, D., Butz, T., Kaidashev, E., et al. (2003). Raman scattering in ZnO thin films doped with Fe, Sb, Al, Ga, and Li. Appl. Phys. Lett. 83, 1974–1976. doi: 10.1063/1.1609251

 Burstein, E. (1954). Anomalous optical absorption limit in InSb. Phys. Rev. 93:632. doi: 10.1103/PhysRev.93.632

 Chen, X., German, L., Bong, J., Yu, Y., Starr, M., Qin, Y., et al. (2018). Decoupling the charge collecting and screening effects in piezotronics-regulated photoelectrochemical systems by using graphene as the charge collector. Nano Energy 48, 377–382. doi: 10.1016/j.nanoen.2018.03.066

 Cushen, M., Kerry, J., Morris, M., Cruz-Romero, M., and Cummins, E. (2012). Nanotechnologies in the food industry–recent developments, risks and regulation. Trends. Food Sci. Tech. 24, 30–46. doi: 10.1016/j.tifs.2011.10.006

 Dou, Y., Fishlock, T., Egdell, R., Law, D., and Beamson, G. (1997). Band-gap shrinkage in n-type-doped CdO probed by photoemission spectroscopy. Phys. Rev. B 55:R13381. doi: 10.1103/PhysRevB.55.R13381

 Fleischmann, M., Hendra, P. J., and McQuillan, A. J. (1974). Raman spectra of pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 26, 163–166. doi: 10.1016/0009-2614(74)85388-1

 Han, X. X., Ji, W., Zhao, B., and Ozaki, Y. (2017). Semiconductor-enhanced Raman scattering: active nanomaterials and applications. Nanoscale 9, 4847–4861.doi: 10.1039/C6NR08693D

 Hassan, J., Mahdi, M., Chin, C., Abu-Hassan, H., and Hassan, Z. (2013). A high-sensitivity room-temperature hydrogen gas sensor based on oblique and vertical ZnO nanorod arrays. Sensor. Actua. B Chem. 176, 360–367. doi: 10.1016/j.snb.2012.09.081

 Hu, H., Song, W., Ruan, W., Wang, Y., Wang, X., Xu, W., et al. (2010). Fabrication of one-dimensional ZnO/4-Mpy/Ag assemblies and their spectroscopic studies. J. Colloid. Interf. Sci. 344, 251–255. doi: 10.1016/j.jcis.2009.12.061

 Jeon, J.-W., Jeon, D.-W., Sahoo, T., Kim, M., Baek, J.-H., Hoffman, J. L., et al. (2011). Effect of annealing temperature on optical band-gap of amorphous indium zinc oxide film. J. Alloy. Compd. 509, 10062–10065. doi: 10.1016/j.jallcom.2011.08.033

 Jin, Y., Cui, Q., Wen, G., Wang, Q., Hao, J., Wang, S., et al. (2009). XPS and Raman scattering studies of room temperature ferromagnetic ZnO: Cu. J. Phys. D Appl. Phys. 42:215007. doi: 10.1088/0022-3727/42/21/215007

 Lamberti, A., Virga, A., Chiadò, A., Chiodoni, A., Bejtka, K., Rivolo, P., et al. (2015). Ultrasensitive Ag-coated TiO2 nanotube arrays for flexible SERS-based optofluidic devices. J. Mater. Chem. C 3, 6868–6875. doi: 10.1039/C5TC01154J

 Lang, X., Chen, X., and Zhao, J. (2014). Heterogeneous visible light photocatalysis for selective organic transformations. Chem. Soc. Rev. 43, 473–486. doi: 10.1039/C3CS60188A

 Li, P., Wang, X., Li, H., Yang, X., Zhang, X., Zhang, L., et al. (2018). Investigation of charge-transfer between 4-mercaptobenzoic acid monolayer and TiO2 nanoparticles under high pressure using surface-enhanced Raman scattering. Chem. Commun. 54, 6280–6283. doi: 10.1039/C8CC01850B

 Liu, Q., Dong, G., Chen, Q., Guo, J., Xiao, Y., Delplancke-Ogletree, M.-P., et al. (2018). Charge-transfer kinetics and cyclic properties of inorganic all-solid-state electrochromic device with remarkably improved optical memory. Sol. Energ. Mat. Sol. C 174, 545–553. doi: 10.1016/j.solmat.2017.09.012

 Lombardi, J. R., and Birke, R. L. (2007). Time-dependent picture of the charge-transfer contributions to surface enhanced Raman spectroscopy. J. Chem. Phys. 126:244709. doi: 10.1063/1.2748386

 Lombardi, J. R., and Birke, R. L. (2009). A unified view of surface-enhanced Raman scattering. Acc. Chem. Res. 42, 734–742. doi: 10.1021/ar800249y

 Mahdhi, H., Ayadi, Z. B., Gauffier, J., Djessas, K., and Alaya, S. (2015). Effect of sputtering power on the electrical and optical properties of Ca-doped ZnO thin films sputtered from nanopowders compacted target. Opt. Mater. 45, 97–103. doi: 10.1016/j.optmat.2015.03.015

 Mao, Z., Song, W., Xue, X., Ji, W., Li, Z., Chen, L., et al. (2012). Interfacial charge-transfer effects in semiconductor–molecule–metal structures: influence of contact variation. J. Phys. Chem. C 116, 14701–14710. doi: 10.1021/jp304051r

 Moss, T. (1954). The interpretation of the properties of indium antimonide. Proc. Phys. Soc. B 67, 775–782. doi: 10.1088/0370-1301/67/10/306

 Musumeci, A., Gosztola, D., Schiller, T., Dimitrijevic, N. M., Mujica, V., Martin, D., et al. (2009). SERS of semiconducting nanoparticles (TiO2 hybrid composites). J. Am. Chem. Soc. 131, 6040–6041. doi: 10.1021/ja808277u

 Nohynek, G. J., and Dufour, E. K. (2012). Nano-sized cosmetic formulations or solid nanoparticles in sunscreens: a risk to human health? Arch. Toxicol. 86, 1063–1075. doi: 10.1007/s00204-012-0831-5

 Osako, K., Matsuzaki, K., Susaki, T., Ueda, S., Yin, G., Yamaguchi, A., et al. (2018). Direct observation of interfacial charge transfer between rutile TiO2 and ultrathin CuOx film by visible-light illumination and its application for efficient photocatalysis. ChemCatChem 10, 3666–3670. doi: 10.1002/cctc.201800669

 Prakash, O., Kumar, S., Singh, P., Deckert, V., Chatterjee, S., Ghosh, A., et al. (2016). Surface-enhanced Raman scattering characteristics of CuO: Mn/Ag heterojunction probed by methyl orange: effect of Mn2+ doping. J. Raman Spectrosc. 47, 813–818. doi: 10.1002/jrs.4904

 Quagliano, L. G. (2004). Observation of molecules adsorbed on III-V semiconductor quantum dots by surface-enhanced Raman scattering. J. Am. Chem. Soc. 126, 7393–7398. doi: 10.1021/ja031640f

 Sano, M., Adaniya, T., Fujitani, T., and Nakamura, J. (2002). Oxidation of a Zn-deposited Cu (1 1 1) surface studied by XPS and STM. Surf. Sci. 514, 261–266. doi: 10.1016/S0039-6028(02)01639-4

 Shen, C. M., Hui, C., Yang, T. Z., Xiao, C. W., Tian, J. F., Bao, L. H., et al. (2008). Monodisperse noble-metal nanoparticles and their surface enhanced Raman scattering properties. Chem. Mater. 20, 6939–6944. doi: 10.1021/cm800882n

 Shinde, S., Deshmukh, A., Date, S., Sathe, V., and Adhi, K. (2011). Effect of Ga doping on micro/structural, electrical and optical properties of pulsed laser deposited ZnO thin films. Thin Solid Films 520, 1212–1217. doi: 10.1016/j.tsf.2011.06.094

 Singh, N., Prakash, J., Misra, M., Sharma, A., and Gupta, R. K. (2017). Dual functional Ta-doped electrospun TiO2 nanofibers with enhanced photocatalysis and SERS detection for organic compounds. ACS Appl. Mater. Interfaces 9, 28495–28507. doi: 10.1021/acsami.7b07571

 Sun, Z., Wang, C., Yang, J., Zhao, B., and Lombardi, J. R. (2008). Nanoparticle metal– semiconductor charge transfer in ZnO/PATP/Ag assemblies by surface-enhanced raman spectroscopy. J. Phys. Chem. C 112, 6093–6098. doi: 10.1021/jp711240a

 Sun, Z., Zhao, B., and Lombardi, J. R. (2007). ZnO nanoparticle size-dependent excitation of surface Raman signal from adsorbed molecules: observation of a charge-transfer resonance. Appl. Phys. Lett. 91:221106. doi: 10.1063/1.2817529

 Swamy, V., Muddle, B. C., and Dai, Q. (2006). Size-dependent modifications of the Raman spectrum of rutile TiO2. Appl. Phy. Lett. 89:163118. doi: 10.1063/1.2364123

 Tang, H., Meng, G., Huang, Q., Zhang, Z., Huang, Z., and Zhu, C. (2012). Arrays of cone-shaped ZnO nanorods decorated with Ag nanoparticles as 3D surface-enhanced Raman scattering substrates for rapid detection of trace polychlorinated biphenyls. Adv. Funct. Mater. 22, 218–224. doi: 10.1002/adfm.201102274

 Tauc, J. (1968). Optical properties and electronic structure of amorphous Ge and Si. Mater. Res. Bull. 3, 37–46. doi: 10.1016/0025-5408(68)90023-8

 Thang, H. V., Tosoni, S., and Pacchioni, G. (2018). Evidence of charge transfer to atomic and molecular adsorbates on ZnO/X (111)(X = Cu, Ag, Au) ultrathin films. Relevance for Cu/ZnO Catalysts. ACS Catal. 8, 4110–4119. doi: 10.1021/acscatal.7b03896

 Tian, Z.-Q., Ren, B., and Wu, D.-Y. (2002). Surface-enhanced Raman scattering: from noble to transition metals and from rough surfaces to ordered nanostructures. J. Phys. Chem. B 106, 9463–9483. doi: 10.1021/jp0257449

 Wang, X., She, G., Xu, H., Mu, L., and Shi, W. (2014). The surface-enhanced Raman scattering from ZnO nanorod arrays and its application for chemosensors. Actuat. B Chem. 193, 745–751. doi: 10.1016/j.snb.2013.11.097

 Wang, X., Shi, W., She, G., and Mu, L. (2011). Using Si and Ge nanostructures as substrates for surface-enhanced Raman scattering based on photoinduced charge transfer mechanism. J. Am. Chem. Soc. 133, 16518–16523. doi: 10.1021/ja2057874

 Wang, Y., Ruan, W., Zhang, J., Yang, B., Xu, W., Zhao, B., et al. (2009). Direct observation of surface-enhanced Raman scattering in ZnO nanocrystals. J. Raman Spectrosc. 40, 1072–1077. doi: 10.1002/jrs.2241

 Wang, Y., Sun, Z., Hu, H., Jing, S., Zhao, B., Xu, W., et al. (2007a). Raman scattering study of molecules adsorbed on ZnS nanocrystals. J. Raman Spectrosc. 38, 34–38. doi: 10.1002/jrs.1570

 Wang, Y., Sun, Z., Wang, Y., Hu, H., Zhao, B., Xu, W., et al. (2007b). Surface-enhanced Raman scattering on mercaptopyridine-capped CdS microclusters. Spectrochim. Acta A 66, 1199–1203. doi: 10.1016/j.saa.2006.06.008

 Xue, X., Ji, W., Mao, Z., Li, Z., Ruan, W., Zhao, B., et al. (2012a). Effects of Mn doping on surface enhanced Raman scattering properties of TiO2 nanoparticles. Spectrochim. Acta A 95, 213–217. doi: 10.1016/j.saa.2012.04.101

 Xue, X., Ji, W., Mao, Z., Zhao, C., Zhao, B., and Lombardi, J. R. (2013b). Simultaneous enhancement of phonons modes with molecular vibrations due to Mg doping of a TiO2 substrate. RSC Adv. 3, 20891–20895. doi: 10.1039/c3ra43780a

 Xue, X., Ruan, W., Yang, L., Ji, W., Xie, Y., Chen, L., et al. (2012b). Surface-enhanced Raman scattering of molecules adsorbed on Co-doped ZnO nanoparticles. J. Raman Spectrosc. 43, 61–64. doi: 10.1002/jrs.2988

 Xue, X. X., Ji, W., Mao, Z., Li, Z. S., Guo, Z. N., Zhao, B., et al. (2013a). SERS study of Co-doped TiO2 nanoparticles. Chem. Res. Chin. Univ. 29, 751–754. doi: 10.1007/s40242-013-3051-5

 Yadav, P., Alotaibi, M. H., Arora, N., Dar, M. I., Zakeeruddin, S. M., and Grätzel, M. (2018). Influence of the nature of a cation on dynamics of charge transfer processes in perovskite solar cells. Adv. Funct. Mater. 28:1706073. doi: 10.1002/adfm.201706073

 Yamada, H., and Yamamoto, Y. (1983). Surface enhanced Raman scattering (SERS) of chemisorbed species on various kinds of metals and semiconductors. Surf. Sci. 134, 71–90. doi: 10.1016/0039-6028(83)90312-6

 Yamada, H., Yamamoto, Y., and Tani, N. (1982). Surface-enhanced raman scattering (SERS) of adsorbed molecules on smooth surfaces of metals and a metal oxide. Chem. Phys. Lett. 86, 397–400. doi: 10.1016/0009-2614(82)83531-8

 Yang, L., Jiang, X., Ruan, W., Zhao, B., Xu, W., and Lombardi, J. R. (2009). Adsorption study of 4-MBA on TiO2 nanoparticles by surface-enhanced Raman spectroscopy. J. Raman Spectrosc. 40, 2004–2008. doi: 10.1002/jrs.2358

 Yang, L., Jiang, X., and Yang, M. (2011). Improvement of surface-enhanced Raman scattering performance for broad band gap semiconductor nanomaterial (TiO2): strategy of metal doping. Appl. Phys. Lett. 99:111114. doi: 10.1063/1.3638467

 Yang, L., Qin, X., Gong, M., Jiang, X., Yang, M., Li, X., et al. (2014). Improving surface-enhanced Raman scattering properties of TiO2 nanoparticles by metal Co doping. Spectrochim. Acta A 123, 224–229. doi: 10.1016/j.saa.2013.12.087

 Yang, L., Ruan, W., Jiang, X., Zhao, B., Xu, W., and Lombardi, J. R. (2008). Contribution of ZnO to charge-transfer induced surface-enhanced Raman scattering in Au/ZnO/PATP assembly. J. Phys. Chem. C 113, 117–120. doi: 10.1021/jp8074095

 Yang, L., Zhang, Y., Ruan, W., Zhao, B., Xu, W., and Lombardi, J. R. (2010). Improved surface-enhanced Raman scattering properties of TiO2 nanoparticles by Zn dopant. J. Raman Spectrosc. 41, 721–726. doi: 10.1002/jrs.2511

 You, Z., and Hua, G. (2012). Electrical, optical and microstructural properties of transparent conducting GZO thin films deposited by magnetron sputtering. J. Alloy. Compd. 530, 11–17. doi: 10.1016/j.jallcom.2012.03.078

 Yu, Z., Yu, W., Xing, J., Ganeev, R. A., Xin, W., Cheng, J., et al. (2018). Charge transfer effects on resonance-enhanced raman scattering for molecules adsorbed on single-crystalline perovskite. ACS Photonics 5, 1619–1627. doi: 10.1021/acsphotonics.8b00152

 Zhang, Q., Dandeneau, C. S., Zhou, X., and Cao, G. (2009). ZnO nanostructures for dye-sensitized solar cells. Adv. Mater. 21, 4087–4108. doi: 10.1002/adma.200803827

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Li, Wang, Zhang, Zhang, Yang and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fchem-07-00144-g005.gif





OPS/images/fchem-07-00144-g006.gif
Pt ]
3% % 3






OPS/images/fchem-07-00144-g003.gif
M nermey





OPS/images/fchem-07-00144-g004.gif
Intensity/a.u.

200 300 400 500 600 700 300
Raman shift/cm”





OPS/images/fchem-07-00144-t001.jpg
Raman (bulk) SERS (on ZnO) Assignment

159 1,594 vCC Bafat)
1,461 1,490 vCC+8CH
1,405 1,416 vCOO-
1,182 1,180 vCH,9(at)

1,148 vCH,15(2)
1,008 1,078 vCC, 12(at)
913 3CSH,9b(b2)
813 845 30CO

bend or deformation; v = stretch.






OPS/images/fchem-07-00144-g001.gif





OPS/images/fchem-07-00144-g002.gif





OPS/images/cover.jpg
’ frontiers
in Chemistry

Investigation of the Charge-Transfer
Between Ga-Doped ZnO
Nanoparticles and Molecules Using
Surface-Enhanced Raman
Scattering: Doping Induced
Band-Gap Shrinkage






OPS/images/math_1.gif
A(h) = By ~E )" [o)]








OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





