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samples goes from 0.8% to 3%. Consequently we denote the samples as GNP-COOH-TiO2-3, GNP-
COOH-TiO2-0.8, GNP-TiO2-3 and GNP-TiO2-0.8.  

 
Figure 2: Normalized weight (%) as a function of the temperature; right y-axis refers to GNP-COOH. 

 
TEM micrographs were recorded for TiO2 NPs and composite materials and are shown in Fig. 3. 

The low magnification images show well dispersed particles in all samples, with shapes that 
include mostly truncated bipyramids or cuboids, and occasional ellipsoids. GNP-TiO2 (Figs. 3C-D) 
and GNP-COOH-TiO2 (Figs 3E-F) hybrids show TiO2 NPs well dispersed on GNP sheets, with 
dimensions (10-15 nm by 7-10 nm) and shapes similar to those observed for TiO2 NPS alone (Figs. 
3A-B). This result implies that the addition of graphene did not strongly influence NP nucleation 
and growth; this is different from what we found in our previous work22, where we showed 
control over NP shape in the presence of GNP-COOH. This difference can be explained by the fact 
that here we have used acetic acid as Ti4+ complexing agent, which implies that the synthesis of all 
materials (TiO2 NPs and hybrids) was carried out at a pH of 2.3-2.4. In our previous work, we had 
attributed the difference in the shape of the NP synthesized on GNP-COOH to differences in local 
pH due to the presence of surface carboxylic groups; here, the already acidic bulk pH does not 
allow the acidic surface functionalities to exert a specific effect on NP morphology.  
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Figure 3. TEM micrographs for pristine TiO2 at low resolution (A) and high resolution (B); GNP-TiO2 at low resolu-

tion (C) and high resolution (D);  and GNP-COOH-TiO2 at low resolution (E) and high resolution (F)  
  

 
3.2 Photocatalytic activity  
We studied the photocatalytic activity of the hybrid materials and of TiO2 NPs using orange II as 

a model compound. At first we evaluated the extent of dye adsorption on all materials by per-
forming experiments in the dark (Fig. 4A). After one hour of contact, the adsorption is negligible 
on TiO2 NPs, while almost 20% of dye was adsorbed on GNP-TiO2-08, and 50% on GNP-TiO2-3. This 
can be attributed to dye adsorption on graphene through Van der Waals forces32. Dye adsorption 
is reduced to 3 and 18%, respectively, on the hybrid materials obtained using functionalized gra-
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Figure 4: Orange II degradation as a function of time in the dark (A) and under UV A light (B). 

 

3.3. HRP-like activity  

After proving that the composite materials are photoactive, we tested them as alternatives to 
HRP to oxidize TMB. We focused on the GNP-COOH-TiO2 samples, since they were the most active 
materials, and recorded the change in color related to TMB oxidation in the presence of the NPs 
and various amounts of H2O2, ranging from no H2O2 to 6 times as much H2O2 as TMB. The 
absorbance values reported are the difference between the overall signals and the signals due to 
self-oxidation of TMB under UV irradiation and to the non-specific binding of the NPs on  the walls 
of the microplates. Results show that the oxidation of TMB is strongly dependent on the amount 
of H2O2 (Fig. 5); this proves the HRP-like activity of the materials30. The largest signals are obtained 
using the highest amount of H2O2 and GNP-COOH-TiO2-08. Conversely in the photocatalytic test 
with orange II the best performing material was GNP-COOH-TiO2-3. This could be attributed to the 
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Figure 6: UA (Absorbance Units) measured at 450 nm indicative of TMB oxidation in the presence of GNP-COOH-

TiO2-08 NPs using a TMB:H2O2 ratio of 1:6 after 1, 4 and 24 h at different pH (A) and NaCl different concentration 
(0M, 0.15M and 0.50M) at pH 7 (B), and in PBS buffer 20 mM at pH=7.4 for up to 12 days (C). All measurements 

were repeated 3 times.  








