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Fourier-transform infrared (FTIR) analysis 

GQDs could be loaded on TNAs by the formation of amide linkages. Both carboxyl 

groups in GQDs and amine groups in TNAs are essential in the reaction. To provide 

evidence for the existence of carboxyl groups in GQDs, Fourier-transform infrared 

(FTIR) spectra of GO and GQDs were obtained. Major peaks were assigned in 

Figure S1. For GO, skeletal vibration of graphite domains (ca. 1640 cm
−1

) and C O 

stretching in carboxylic acid moieties (ca. 1730 cm
−1

) can be clearly observed. Similar 

peaks can be observed in the FTIR spectrum of GQDs. Nitrogen-related bonds can 

also be found in the spectrum, revealing the nitrogen-containing nature of GQDs 

prepared by using ammonia [1,2]. 

 

Figure S1: FTIR spectra of GO and GQDs.  
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In Figure S2, amine-functionalized TNAs show characteristic peaks corresponding to 

Si–O–Si and Ti–O–Si bonds [3], thus confirming the functionalization of TNAs. For 

GQDs/TNAs, the new peak at 1240 cm
−1

 can be attributed to C–N stretching 

vibrations from amide groups, indicating the formation of covalent linkages between 

GQDs and TNAs. 

 

Figure S2: (a) FTIR spectra of TNAs, amine-functionalized TNAs (Af-TNAs) and 

GQDs/TNAs. (b) FTIR spectra of Af-TNAs and GQDs/TNAs ranged from 800 cm
−1

 

to 1700 cm
−1

. 

 

Thermogravimetric analysis (TGA) 

TGA measurements were carried out to estimate the quantity of GQDs in the 

composite photocatalyst. From Figure S3, amine-functionalized TNAs and 
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GQDs/TNAs show similar weight loss from 50 to 200 °C, which can be attributed to 

the loss of water adsorbed on the surface of TNAs. Starting from 250 °C, the weight 

loss is mainly due to (i) decomposition of aminosilane conjugated with TNAs, (ii) 

decomposition of nitrogen and oxygen containing groups on GQDs and (iii) 

decomposition of core parts of GQDs. By subtracting the weight losses of the two 

samples, the weight ratio of GQDs in the composite is estimated to be 1.9%. 

 

Figure S3: TGA profiles of (a) amine–functionalized TNAs and (b) GQDs/TNAs. 

 

Spectral changes of methylene blue during photocatalytic degradation 

The photodegradation of methylene blue was carried out for three cycles to 

investigate the stability of GQDs/TNAs. As shown in Figure S4a, there is no 

significant decrease in photodegradation rate during the three reaction cycles, 

indicating the good stability of the photocatalyst. 
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Figure S4: (a) Repeating photodegradation of methylene blue for GQDs/TNAs, (b–d) 

Time-dependent UV–vis absorption spectra of methylene blue under visible light. (b) 

GQDs/TNAs, (c) TNAs, (d) P25. 

 

The amount of graphene was reported as an important factor for the photocatalytic 

activity of graphene-based composites [4,5]. Figure S5 shows the activity of TNAs 
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with different GQDs loading. 0.5 wt % GQDs/TNAs was prepared by reducing the 

duration of coupling reaction from 4 h to 1 h. 

 

 

Figure S5: Photodegradation of methylene blue for TNAs with different weight ratios 

of GQDs under visible light irradiation. 
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