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A B S T R A C T

The interplay on anatase TiO2 photoactivity between particle morphology and gold 

nanoparticles (NPs) deposition, via either deposition-precipitation (DP) or photodeposition (P), 

is here investigated by evaluating the photoactivity of Au modified anatase (Au/TiO2) 

nanocrystals with either a pseudo-spherical shape or a nanosheet structure, in both reduction 

and oxidation test reactions. The presence of Au NPs on the anatase surface only slightly affects 

its photoactivity in Cr(VI) reduction, which is kinetically limited by the anodic half-reaction, 

whereas a larger exposure of highly oxidant {001} facets is beneficial for overcoming this rate-

determining step. In the photocatalytic oxidation of both formic acid, proceeding through a 

direct mechanism, and Rhodamine B (RhB) on surface fluorinated photocatalysts, occurring 

through a hydroxyl-radical mediated mechanism, the presence of gold NPs produces a 

significant photoactivity increase only with spherically shaped photocatalysts mainly exposing 

{101} facets. These results are rationalized in the light of the preferential migration of 

photogenerated oppositely charged carriers towards different crystal facets. In fact, when the 

Au/TiO2 material mainly exposes the more oxidant {001} facets, where photoproduced holes 

preferentially migrate, recombination between these latter and the electrons captured by Au 

NPs is favored. Instead, Au NPs on {101} facets efficiently capture photopromoted electrons 

preferentially migrating toward such facets, with a consequent improvement of photoproduced 

charge separation. 
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1 INTRODUCTION

Photocatalysis is a promising technology for a sustainable and greener society, which offers 

highly valuable opportunities not only for environmentally friendly and sustainable wastewater 

and air remediation from harmful pollutants,1–3 but also for solar energy into chemical energy 

conversion, as an alternative energy source.4,5 Key challenge in photocatalysis is the 

development of cost-effective and scalable photoactive materials. Among these, TiO2-based 

materials remain particularly attractive for photocatalytic applications due to their versatility, 

low cost, chemical stability, and non-toxicity.6

One strategy proposed to overcome the main shortcomings of all transition metal oxide 

photocatalysts, i.e., the fast recombination of photoproduced charge carriers and the need for 

activation by high energy UV radiation, consists in tailoring the shape of anatase TiO2 towards 

nanosheet-shaped crystallites.7–9 This can be achieved by preferentially stabilizing the 

thermodynamically less stable and in principle more reactive {001} facets (Figure 1).10–12

However, the effects on anatase photoactivity of a higher exposure of {001} facets are still 

under lively debate, anatase nanosheets (Figure 1b) having been recently reported to exhibit 

both higher13–16 and lower17–20 photoefficiency in different reactions compared to truncated 

bipyramidal crystallites with a pseudo-spherical morphology (Figure 1a).

Figure 1. Schematic representation of (a) pseudo-spherically shaped and (b) {001} facet-
enriched nanosheet-shaped TiO2 anatase. 
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Surface modifications may also affect TiO2 photoactivity. In particular, surface fluorination, 

which can be easily attained by a simple ligand substitution reaction, increases the rate of 

photocatalytic reactions proceeding through hydroxyl radical-mediated oxidation paths.21 

Intriguing synergistic effects in such type of reactions were recently evidenced by us upon 

combining surface fluorination and {001}-facets enrichment of anatase TiO2.22 On the other 

hand, we found that the photoactivity of bare TiO2 in Cr(VI) photoreduction is greatly enhanced 

upon increasing the crystallites truncation degree, but is suppressed upon surface fluorination.22

Semiconductor oxides photoactivity can also be increased by noble metal (NM) 

nanoparticles (NPs) surface deposition.23,24 In fact, the equilibration of the Fermi level among 

metal-semiconductor heterojunctions results in the generation of a Schottky barrier, leading to 

electron trapping within the metal NPs, with consequently improved photoproduced charge 

separation. However, the effects on photoactivity of NM NPs deposition over differently 

shaped TiO2 crystals are rather controversial. For instance, a photoefficiency increase was 

reported in H2 photocatalytic production from water containing organic hole scavengers upon 

platinum NPs deposition over the {001}-facets of nanosheet-shaped TiO2 photocatalysts.25 

However, more recently an enrichment in {101} facets surface exposure together with NM NPs 

deposition was found to be more beneficial,17,26 while a morphology-dependent photoactivity 

was evidenced only for bare, metal-free TiO2, and not for Pt-modified TiO2.18

Aiming at getting a more in-depth insight into the effects that anatase morphology combined 

with NM NPs co-catalysts has on photoactivity, in the present work we explore the effects that 

different amounts of Au NPs deposited on differently shaped titanium dioxide materials have 

in three photocatalytic reactions proceeding through different paths, i.e., Cr(VI) reduction and 

two oxidation reactions, i.e., formic acid and Rhodamine B (RhB) oxidation, proceeding 

through either a direct, hole mediated mechanism or an indirect, hydroxyl radical-mediated 

mechanism, respectively. To exclude any self-sensitized dye photodegradation path, the latter 
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reaction was investigated on fluorinated TiO2. Au NPs were deposited either by deposition-

precipitation (DP)27 or by photodeposition (P).28 The first method is expected to provide a 

uniform deposition of NM NPs on the whole semiconductor oxide surface, without preferential 

NPs deposition on any region of the TiO2 surface.29 On the other hand, photodeposition is 

expected to trigger the nucleation and growth of metal NPs close to the sites where 

photopromoted electrons preferentially migrate, i.e., in the proximity of electron-trapping 

defective states such as Ti3+ centres,30 or toward anatase {101} facets,31 because of the 

mismatch of band edges in {101}/{001} facets heterojunctions in morphology controlled 

TiO2.32

2 EXPERIMENTAL SECTION

2.1 Photocatalysts preparation

Differently shaped titanium dioxide powders were prepared according to a slightly modified 

version of the well-established hydrothermal process.10,33 All reagents were purchased from 

Sigma-Aldrich and employed as received. Ultrapure water, supplied by a Millipore Direct-Q 3 

UV water purification system, was used throughout.

Briefly, two different amounts of concentrated hydrofluoric acid (see Table S1 in the 

Supporting Information), used as capping agent to preferentially stabilize {001} surfaces, were 

added to a fixed amount (10 cm3) of titanium isopropoxide (97%) in a Teflon liner, which was 

then transferred into a stainless-steel autoclave and heated at 180 °C in an electric oven for 24 

h. The resulting bluish paste was washed several times with water until the fluoride anion 

concentration in the supernatant, detected through ionic chromatography (Metrohm 761 

Compact IC equipped with a Metrosep A Supp 4/6 Guard anion column), was below 5 ppm. 

White powders were then thoroughly washed in 0.1 M NaOH, as already described,22 to 

successfully remove the residual fluorine on the materials’ surface, and finally ground in an 

agate mortar. Prepared samples were labelled as HT_X, with X = 0.1 or 1 representing the F/Ti 
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molar ratio employed during the synthesis, leading to a pseudo round-shaped (HT_0.1) or 

nanosheet-like (HT_1) morphology, respectively (Figure 1).

Different amounts of Au NPs, namely 0.3 wt%, 0.5 wt%, and 1.0 wt%, were then deposited 

on the photocatalyst surface either by a modified version of Haruta’s deposition-precipitation 

(DP) method,27,34 or by photodeposition (P), as detailed in previous works.35,36

Briefly, in the DP method a slurry containing 20 g dm–3 of fine TiO2 powder suspended in 

water via sonication, the HAuCl4 xH2O amount to deposit the desired amount of metallic Au 

and urea (0.42 M), was heated under constant stirring at 80 °C for 4 h. TiO2 powders were then 

separated from the liquid phase via centrifugation, re-suspended in 20 cm3 of water and Au 

was reduced upon NaBH4 addition in slight excess. Au-modified powders (Au/TiO2) were then 

washed with water, until the concentration of chloride ions in the supernatant, detected by ionic 

chromatography, was below 1 ppm, then dried overnight in oven at 70 °C, and finally ground 

in an agate mortar. The so-obtained samples were labeled as Y%_HT_X_DP, with Y% 

indicating the nominal Au weight percent (Y% = 0.3%, 0.5% or 1.0%).

In the photodeposition (P) method, a slurry containing 3 g dm–3 of finely dispersed TiO2 

powder, the HAuCl4 xH2O amount to obtain the desired amount of deposited Au NPs and 

CH3OH (10 vol%), was prepared in a photoreactor consisting of a 250 cm3 Schott DURAN 

glass laboratory bottle jar equipped with a GLS 80® connection system and four GL18 screw 

caps, one of which was holed and connected to a gas resistant PTFE/silicone septum, for gas 

bubbling. The slurry was bubbled with N2 for 15 min and then irradiated for 60 min under 

constant stirring, using the same lamp used for photocatalytic activity tests (see below), which 

was always switched on at least 30 min before starting irradiation. The color of the powder 

changed from white to deep purple within few seconds after starting irradiation, due to Au(III) 

reduction to metallic gold. The powder was recovered by centrifugation, washed several times, 
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dried overnight at 70 °C and finally ground. The so-obtained samples were labeled as 

Y%_HT_X_P, where P indicates that photodeposition was employed to deposit gold NPs.

2.2 Photocatalysts characterization

X-Ray powder diffraction (XRPD) patterns were acquired using a Panalytical X’Pert Pro 

diffractometer, using Ni-Filtered Cu K  radiation  = 1.54056 Å) at a scan rate of 0.05 degree 

s–1. The relative amount of exposed {001} facets of the full anatase samples was calculated by 

applying a Rietveld-based approach on diffraction data.37 Rietveld analysis was performed 

using the GSAS II software.38

The specific surface area (SSA) was determined from N2 adsorption/desorption isotherms 

at liquid nitrogen temperature, according to the Brunauer-Emmet-Teller (BET) method, 

employing a Micrometrics Tristar II 3020 V1.03 apparatus equipped with a surface area and 

porosity analyzer, after outgassing at 150 °C for 2 h under constant nitrogen flux. 

The UV-Visible absorption spectra of the materials in powder form were acquired in diffuse 

reflectance mode using a Jasco V-670 spectrophotometer equipped with a PIN-757 integrating 

sphere, using barium sulfate as a reference standard. Reflectance (R) spectra in the 200-800 

nm region were converted into absorption (A) spectra using the relation A = 1 – R. 

The Au amount on the photocatalysts surface was determined via ICP-OES analysis, 

employing a PerkinElmer® Optima™ 8000 instrument. NM NPs were dissolved through a 

digestion treatment in aqua regia at 108 °C under constant stirring for 4 h in the dark. 

High-resolution transmission electron microscopy (HR-TEM) images were recorded with a 

JEOL JEM 2010 electron microscope, equipped with a LaB6 electron gun operating at 200 keV 

and a Gatan CCD camera. Specimens for HR-TEM analysis were sonicated in 2-propanol and 

then transferred as a suspension to a copper grid covered with a holey carbon film. 

X-ray photoemission spectra (XPS) were recorded on a M-Probe apparatus, Surface Science 

Instruments, equipped with an Al-K  monochromatic radiation X-Ray source (1,486.6 eV 
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photon energy). Binding energy values were aligned to the Ti 2p3/2 core-level signal peaking at 

459.0 eV.

2.3 Photocatalytic activity tests

Formic acid photocatalytic oxidation runs were carried out following the previously 

reported procedure,36 while photocatalytic Cr(VI) reduction and RhB oxidation tests were 

performed as already described.22,39 The initial concentrations of K2Cr2O7, formic acid and 

RhB in the irradiated aqueous suspension were 3.3  10–5 M, 1.11  10–3 M and 1.0  10–5 M, 

respectively. All suspensions initially contained 0.1 g dm–3 of finely dispersed photocatalyst at 

pH 3.7, adjusted by addition of small amounts of concentrated HClO4, if necessary. In the case 

of RhB oxidation on fluorinated TiO2, the proper amount of NaF to obtain a F/Ti molar ratio 

equal to 2 was added to the suspensions prior to RhB addition. All suspensions were stirred in 

the dark for 15 min to attain the adsorption equilibrium of the substrate on the photocatalyst 

surface, before being transferred to a 70 cm3 quartz glass cylindric reactor, in the case of formic 

acid degradation tests, or to a 100 cm3 spherical glass photoreactor, for Cr(VI) photocatalytic 

reduction and RhB oxidation tests. Irradiation was performed under constant stirring 

employing an Osram Powerball HCI-T 150 W/942 NDL lamp as light source (emission 

spectrum reported in Figure S1),36 mounted on a Twin Beam T 150 R reflector and kept at 10 

cm distance from the reactor. The full emission intensity on the reactor, 120 mW cm–2
, was 

periodically checked using a Thorlabs PM200 Power and Energy Meter Console equipped with 

a S130VC Slim Photodiode Power Sensor. Ambient temperature was maintained by a 

continuous stream of compressed air. Samples (5 cm3) were withdrawn from the reactor at 

regular time intervals and the powders separated from the liquid phase via centrifugation. 

The residual Cr(VI) content in the supernatant was determined colorimetrically, using the 

1,5-diphenylcarbazide method.40 The residual formate concentration was monitored during the 

runs via ionic chromatography (Metrohm 761 Compact IC). The residual RhB concentration 
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was determined via spectrophotometric analysis at 553 nm.22 The intensity of the RhB 

absorption maximum gradually decreased during the runs, without modification of the spectral 

shape, which excludes the formation of large amounts of light absorbing intermediate species 

during the runs (Figure S4). 

While formic acid photodegradation runs proceeded according to a pseudo-zeroth order rate 

law,36 both photocatalytic Cr(VI) reduction and RhB oxidation runs proceeded according to a 

pseudo-first order rate law. Thus, the photocatalytic activity of the materials was compared in 

terms of zero-order rate constants in formic acid degradation and of pseudo-first order rate 

constants in the two other reactions. All kinetic runs were performed up to ca. 70% substrate 

removal and repeated at least twice, to check their reproducibility. Representative kinetic runs 

for each test reaction are reported in Figures S2-S4.

3 RESULTS AND DISCUSSION

3.1 Materials characterization

All diffraction patterns obtained from XRPD analysis of the materials match those of pure 

anatase, without any peak characteristic of other TiO2 crystalline phases, or TiOF2.41,42 

Moreover, the absence of any Au characteristic diffraction peak in Au/TiO2 materials indicates 

that finely dispersed NM NPs were deposited on the photocatalyst surface, with a small average 

size. The diffraction patterns of all prepared materials are characterized by a broadening of 

reflections with (l > h,k) with increasing nominal F/Ti ratio, accompanied by a shrinking of the 

peaks with a strong h component in the 35-50°  range (see Figure S5). This highlights the 

morphological evolution of the synthesized materials, passing from a pseudo-spherical shape 

to a sheet-like morphology.22,35,41

Table 1 reports the crystallite dimensions along specific crystallographic directions, i.e., the 

crystallite thickness t and width w, as well as the relative {001} surface exposure percentage 

in differently shaped materials, which were calculated through the Rietveld-based approach.37 
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With increasing nominal F/Ti ratio adopted in the synthesis an increase in the width of the 

crystallites results, accompanied by a decrease in their thickness, with a consequent drastic 

increase of {001} facets percent exposure, passing from ca. 15% to ca. 65%.

Table 1. Average TiO2 nanoparticle thickness t, width w, percent {001} 
facets exposure and BET specific surface area (SSA) of the synthesized 
pure anatase materials.

The specific surface area (SSA) of the materials, also reported in Table 1, is almost 

morphology independent, which allows a direct comparison of their photoactivity, without 

taking into account any exposed surface discrepancy. Moreover, we also verified that Au NPs 

deposition on the powders does not affect their SSA. The BET adsorption/desorption isotherms 

of all materials (see Figure S6) can be classified as type IV, according to IUPAC 

classification.43 The observed porosity originating hysteresis loops is attributed to crystallites 

packing rather than to an actual porosity of the material, anatase being not inherently porous.25 

However, an increase in the nominal F/Ti ratio employed during the synthesis of the materials 

results in a shift from H2-type pores, associated to “ink bottle” pores, to slit-shaped pores (H3-

type), formed due to packing of plate-like particles.

The absorption spectra of pristine TiO2 materials (Figure S7) are characterized by the typical 

absorption onset at 400 nm.44,45 After the deposition of Au metal NPs on the titanium dioxide 

surface a localized surface plasmon resonance absorption band appeared, centered around 550 

nm,30,46 evidenced by a chromatic shift from brilliant white to deep purple (Figure 2a). This 

band can be better evidenced in the absorption difference spectra, obtained by subtracting the 

absorption spectra of the bare materials from those of the corresponding metal-modified ones. 

Photocatalyst
Thickness 

(t) / nm
Width

(w) / nm
{001}
(%)

SSA
/ m2 g–1

HT_0.1 18 ± 3 17 ± 3 16 ± 2 83 ± 3

HT_1 8 ± 2 38 ± 3 66 ± 3 85 ± 3

t
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As exemplified in Figure 2b and Figure S8, all Au/TiO2 materials containing either 0.3 or 0.5 

wt% of Au NPs display a similar intensity and absorption difference profile, independent of 

the morphology of the anatase particles and of the method adopted to deposit Au NPs on them. 

This points to a similar amount of Au NPs with similar average size and distribution, grown on 

the anatase surface.36,47 The absorption difference spectra of all TiO2 photocatalysts containing 

0.5 wt% Au NPs are slightly more intense than those of the 0.3 wt% Au NPs-containing ones 

(see Figure 2b vs. Figure S8). 

Figure 2. (a) Absorption spectra of HT_0.1 materials modified with different amounts of Au 
NPs by photodeposition. (b) Absorption difference spectra of differently shaped titanium 
dioxide materials with 0.5 wt% Au NPs.

Differently, materials modified by deposition of 1% Au NPs show markedly different 

absorption intensities in the plasmonic region (Figure S9), pointing to a not quantitative 

deposition of metal NPs in Au/TiO2 materials prepared through the DP technique. Indeed, in 

the case of 1%_HT_X_DP materials, the formation of unsupported metal NPs in the aqueous 

phase was evidenced by the color change, from brownish to black, observed upon NaBH4 

addition. Therefore, the 1%_HT_X_DP materials were discarded. Photodeposition allowed 

instead quantitative gold NPs deposition up to 1 wt% nominal loading. 

The surface deposition of Au NPs on 0.5 wt% Au-modified TiO2 was confirmed by XPS 

spectra, exhibiting two peaks at binding energy ca. 84.0 and 87.7 eV, attributable to the 

emission of photoelectrons from Au 4f7/2 and Au 4f5/2 core levels (Figure S10). As shown in 
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Table S2, the actual Au loadings determined by ICP-OES analysis are very close to the nominal 

ones.

HR-TEM images (Figure 3) confirm the pseudo-spherical or platelet-like shape of the 

materials, showing TiO2 crystallites with thickness and width comparable to those calculated 

from XRPD analysis (Table 1). TiO2 nanosheets tend to pile up in a face-to-face configuration 

to minimize their surface energy, whereas HT_0.1 materials appear as randomly aggregated 

nanoparticles.22,48,49

Figure 3. HR-TEM images highlighting the morphology of (a) HT_0.1 and (b) HT_1 materials. 
The incident angle between diffraction planes illustrated in panel (b) is perfectly compatible 
with the theoretical value between {001} and {101} planes in anatase (68.7°).

HR-TEM images of Au-modified powders (Figure 4 and Figure S11) evidence the presence 

of gold NPs on the titanium dioxide surface, with an average size following a slightly positively 

skewed lognormal distribution,50 as confirmed by the non-rejection of the null hypothesis for 

the Kolmogorov-Smirnov test  = 0.05). In all cases, the deposited Au NPs have similar 

average size (~ 5-10 nm) and distribution, with mean diameters in the 6-10 nm range, regardless 

of anatase morphology, Au loading or employed deposition technique. These images do not 

allow to ascertain any preferential gold NPs deposition on either {001} or {101} anatase facets 

by the two adopted deposition routes.
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Figure 4. TEM images and Au NPs diameter distributions in (a-d) HT_0.1 and (e-h) HT_1 
materials DP- or P-modified with 0.5 wt% Au NPs. The total Au NPs counts ranged from 100 
to 200.
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3.2 Photocatalytic activity tests

3.2.1 Photocatalytic reduction of Cr(VI)

Cr(VI) photocatalytic reduction, an environmentally relevant test reaction, was chosen as 

photocatalytic reduction test reaction. Prior to all photocatalytic runs, we verified that no 

Cr(VI) conversion occurred under irradiation through a 420 nm cutoff filter, which 

demonstrates that Au NPs plasmonic effects do not contribute to the overall photocatalytic 

efficiency of Au/TiO2.

 Table 2 collects the first-order rate constants kCr obtained with differently shaped titanium 

dioxide materials, either bare, or modified with different amounts of Au NPs. Coherently with 

the results reported, rationalized and in depth discussed in our previous work on morphology-

controlled bare TiO2 materials,22 an increase in the truncation degree of the square bipyramidal 

crystallites (typical of HT_0.1 materials) leads to an almost threefold photoactivity 

improvement. Notably, plate-like shaped TiO2 materials (HT_1) outperform even benchmark 

P25 TiO2, for which kCr = (4.3 ± 0.1)  10–4 s–1 under the same experimental conditions.

Table 2. Pseudo first-order rate constants (kCr  104 / s–1) of photocatalytic Cr(VI) reduction at 
pH 3.7 obtained with differently shaped bare TiO2 and Au/TiO2 materials with 0.3 and 0.5 wt% 
Au NPs deposited by the DP or the P method.

Photocatalyst HT_0.1 HT_1

Bare TiO2 2.11 ± 0.09 5.8 ± 0.2

0.3%_DP 2.7 ± 0.3 5.8 ± 0.3

0.5%_DP 2.26 ± 0.06 7.2 ± 0.1

0.3%_P 2.1 ± 0.2 6.2 ± 0.2

0.5%_P 2.4 ± 0.2 7.1 ± 0.2
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The photocatalytic activity of the materials, however, was either unaffected or only slightly 

improved by gold NPs deposition, with a maximum ~20% increase of the rate constant in the 

case of platelet-like materials modified with 0.5 wt% Au NPs. Instead, upon Au NPs deposition 

spherical-shaped materials mostly retained their intrinsic photoactivity, independently of the 

Au NPs deposition method. 

This is in line with literature results evidencing that the photoactivity of mesoporous titania 

in Cr(VI) photoreduction remains practically unchanged upon Au NPs deposition,51 and also 

upon modification with Pt NPs.52 Moreover, we evidenced that the photoactivity improvements 

on photocatalytic Cr(VI) reduction induced by NM NPs deposition over P25 TiO2 largely 

derive from structure modifications of the titanium dioxide support occurring during NM NPs 

deposition, rather than to the presence of Au NPs themselves.39 On the other hand, the 

photoactivity of Au/TiO2 materials is known to increase in the presence of hole scavengers 

undergoing oxidation more easily than water, without any photoactivity improvement of the 

composite materials with respect to the corresponding bare titanium dioxide.

These results indicate that in Cr(VI) photocatalytic reduction the anodic half reaction, i.e., 

water oxidation, represents the kinetic bottleneck limiting the overall photocatalytic process.53 

Instead, the electrons photopromoted to the TiO2 conduction band (and/or trapped in Au NPs 

in Au/TiO2) are very efficiently transferred to Cr(VI) in chromate anions chemisorbed on the 

titanium dioxide surface at the here employed pH.54 Thus, the presence of reduction co-

catalysts, such as gold NPs, improving the rate of photocatalytic reduction paths, has little-to-

no influence on the overall photocatalytic activity of the composite systems in Cr(VI) 

reduction, the overall reaction rate being limited by the oxidation component of the process.52 

3.2.2 Formic acid photocatalytic oxidation

Formic acid photodegradation was chosen as test reaction to check the ability of differently 

shaped Au-modified anatase photocatalysts to directly oxidize substrates by means of the holes 
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photogenerated at their surface.55 Also in this case we verified that none of the materials was 

able to photocatalyze formic acid degradation under irradiation through a 420 nm filter, which 

excludes any plasmonic contribution to this test reaction.

We found that in this reaction the photoactivity of bare, metal-free TiO2 increases upon 

passing from a pseudo-spherical morphology to a nanosheet-like shape, the rate constant of 

formic acid degradation (kFA) attained with HT_0.1 and HT_1 photocatalysts being (1.4 ± 0.2) 

 10–7 M s–1 and (2.1 ± 0.4)  10–7 M s–1, respectively. This can be attributed to the interplay 

between {101} and {001} facets which, due to the slightly different energy location of their 

band edges, would improve the preferential migration of photopromoted electrons toward the 

{101} facets, while photoproduced holes would spontaneously move toward the {001} facets. 

The coexistence of different facets in the most favorable {001}/{101} ratio in platelet-like 

materials may lead to an optimized photocatalytic activity as a consequence of a more efficient 

charge separation.22,56

Surprisingly, we found that in formic acid oxidation the deposition of Au NPs is beneficial 

only for the photoactivity of pseudo-spherically shaped materials, but it produces a 

photoactivity decrease in platelet-like anatase materials. This can be better discussed in terms 

of photocatalytic activity ratio ARFA, calculated as:

ARFA =
Au_FA

FA
(1)

where kAu_FA and kFA are the zeroth-order rate constants obtained for this reaction with the 

metal modified TiO2 materials and the corresponding bare, unmodified titanium dioxide 

photocatalyst. The ARFA values obtained with the investigated Au/TiO2 photocatalysts are 

shown in Figure 5.

Clearly, ARFA is larger than 1 only for round-shaped materials, and it increases with 

increasing Au NPs loading for DP-prepared Au/TiO2 photocatalysts, while it progressively 

decreases in the case of Au/TiO2 photocatalysts prepared by NM NPs photodeposition. 
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Differently, all nanosheet-shaped materials undergo a photoactivity decrease upon Au NPs 

deposition (ARFA < 1), the lowest ARFA values being attained with Au/TiO2 photocatalysts 

obtained by photodeposition (Figure 5). 

Figure 5. Photocatalytic activity ratio kAu_FA/kFA in formic acid oxidation of Au/TiO2 
photocatalysts obtained upon deposition of different percent amounts of Au NPs by the DP or 
the P method on round-shaped (HT_0.1) or platelet-like (HT_1) anatase TiO2.

Thus, in the case of Au/TiO2 photocatalysts, only materials bearing a pseudo-spherical shape 

positively exploit the electron trapping effect offered by the Schottky barrier formed upon Au 

NPs deposition, consistently with the photoactivity improvement obtained in formic acid 

oxidation with TiO2 materials without any morphology control.35,36 The lower photoactivity 

here unveiled for metal modified nanosheet-shaped materials with respect to bare ones is in 

line with very recent results obtained in ethanol photo-steam reforming with nanosheet-like 

anatase TiO2 modified with Au clusters prepared by ball milling.26 This effect should be strictly 

related to morphology-dependent interactions occurring between deposited Au NPs and 

titanium dioxide. Indeed, when NM NPs are mainly present on the most abundant {101} facets, 

as in the case of HT_0.1 materials, they may efficiently capture photoexcited electrons, which 
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preferentially migrate towards such facets as a consequence of the above mentioned slightly 

different location of the conduction and valence band edges of the different crystal TiO2 facets. 

This improves the overall charge separation ability of the material. On the opposite side, when 

Au NPs are mainly present on {001} facets, mostly exposed in anatase nanosheets, the 

preferential migration of photogenerated holes toward such facets may lead to their 

recombination with photopromoted electrons captured by the Au NPs present on such facets, 

with a consequent photoefficiency drop. Moreover, as the redox potential of the Au+/Au0 

couple is 1.68 V vs. NHE, the holes photogenerated on the TiO2 surface and preferentially 

migrating towards the {001} facets, instead of directly interacting with the adsorbed formic 

acid molecules, may partially oxidize Au NPs to Au+ species, which, being back reduced by 

photoexcited electrons, may act as charge carriers recombination centers.36 

Among all investigated materials, those containing 0.5 wt% Au guarantee the highest 

kAu_FA/kFA value (Figure 5). Notably, a higher gold content produces detrimental effects on 

photoactivity, independently of the TiO2 morphology, possibly due to Au NPs shielding effects, 

limiting light absorption by TiO2 and thus resulting in lower photoactivity.

3.2.3 Photocatalytic degradation of RhB

The photocatalytic degradation of RhB was tested as environmentally relevant oxidation 

reaction proceeding through a hydroxyl radical mediated path. In this case we employed 

fluorinated TiO2 photocatalysts, for two reasons, i.e., because i) surface TiO2 fluorination 

enhances the rate of this hydroxyl-radical mediated reaction,22 and ii) a self-sensitized 

degradation path of the RhB cationic dye57,58 can be safely excluded when the TiO2 surface is 

fluorinated. In fact, surface fluorination hampers RhB adsorption on the photocatalyst surface22 

which is a pre-requisite for self-sensitization to occur. We also verified that RhB does not 

undergo degradation in the presence of any of the investigated photocatalytic materials under 

irradiation through a 420 nm cut off filter.
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Figure 6 reports the first order RhB photodegradation rate constants obtained with 

fluorinated bare and 0.5 wt% gold NPs-modified photocatalysts, as an example of the 

photoactivity results obtained in this reaction. First of all, in the absence of Au co-catalyst the 

rate of this photocatalytic reaction is higher with platelet-like shaped than with spherically 

shaped anatase photocatalysts, as fully supported by the data discussion reported in our 

previous work.22 The rate enhancement attained in the presence of either DP- or P-deposited 

gold NPs is more remarkable for {101} facets-enriched spherically shaped anatase and is 

maximum upon Au NPs deposition by the DP method. Minor beneficial effects are clearly 

attained in the case of Au-modified platelet-like materials.

Figure 6. Pseudo-first order rate constants of RhB photocatalytic degradation kRhB with 
differently shaped fluorinated bare (blue bars) and Au-modified TiO2 materials obtained by 0.5 
wt% Au NPs deposition through the DP (orange bars) or P technique (green bars).

A general overview of the rate increase in RhB photocatalytic degradation induced by the 

presence of different amounts of Au NPs on differently shaped fluorinated anatase TiO2 is 

provided in Figure 7, in terms of the ARRhB ratio between the rate constants kAu_RhB obtained 

with the metal modified TiO2 materials and the rate constant kRhB obtained with the 
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corresponding bare (no Au NPs) photocatalyst, all runs being performed under fluorinated 

conditions:

ARRhB =
Au_RhB

RhB
 (2)

Figure 7. Photocatalytic activity ratio kAu_RhB/kRhB in RhB degradation obtained upon 
deposition of different percent amounts of gold NPs by the DP or the P method on fluorinated 
round shaped (HT_0.1) or platelet-like (HT_1) anatase TiO2.

Au NPs on TiO2 clearly produce a significant RhB degradation rate increase in the case of 

fluorinated anatase mainly exposing {101} facets, the highest ARRhB being achieved with 

photocatalysts containing 0.5 wt.% DP-deposited Au NPs. Differently, coupling the TiO2 

platelet-like morphology with Au NPs does not produce any substantial increase of the intrinsic 

photoefficiency of fluorinated {001} facet-enriched TiO2. ARRhB values close to 1 are in fact 

obtained with gold-containing fluorinated HT_1 photocatalysts. 

Moreover, no significant ARRhB difference is evidenced upon depositing Au NPs on 

nanosheet-shaped anatase TiO2 by either the DP or the P method. This suggests the inability of 

the here adopted photodeposition route to selectively anchor Au NPs on the relatively less 

exposed, but in theory more prone to accept photoexcited electrons, {101} facets.31
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The effects of Au NPs on the photocatalytic activity in RhB degradation of differently 

shaped fluorinated anatase TiO2 can be rationalized as shown in Figure 8. We recall, first of 

all, that a beneficial synergy between surface fluorination and predominant exposure of anatase 

{001}-facets has been observed in this test reaction,22 with a significantly more marked 

photoactivity improvement upon fluorination of {001}-enriched materials compared to 

pseudo-spherically shaped TiO2. This was attributed to an improved charge carriers separation 

induced by the presence of a negative electric field generated by surface fluorine, which 

enhances the intrinsic tendency of holes to migrate toward such facets (Figure 8a).56,59 On the 

other hand, charge recombination more largely occurs on fluorinated spherically-shaped TiO2, 

where negatively charged fluorides adsorbed on the mainly exposed {101} facets tend to repel 

photoexcited electrons, thus favoring their recombination with photogenerated holes (Figure 

8b). Indeed, the RhB degradation rate constant here obtained with the differently shaped bare 

fluorinated materials (see the example shown in Figure 6, blue bars) confirm that fluorinated 

nanosheet-like HT_1 is more photoactive than fluorinated round-shaped HT_0.1 anatase TiO2.

Concerning Au-modified photocatalysts, on the basis of the previously discussed materials’ 

characterization and the pretty similar photoactivity trends attained with either DP- or P-

modified materials in all test reactions, we cannot presume any significant difference in terms 

of Au NPs distribution depending on the adopted deposition technique. The only relevant 

parameter affecting photoactivity is thus the different relative facets exposure of the materials. 

Therefore, we can reasonably assume that Au NPs are predominantly present on {101} or 

{001} facets, in the case of pseudo-spherically or nanosheet-shaped anatase TiO2, respectively.

Interestingly, the co-catalyst trapping action of gold NPs seems to reverse the morphology-

dependent photoactivity scale attained with fluorinated bare TiO2 materials, Au/HT_0.1 

materials performing better than Au/HT_1 photocatalysts (Figures 6 and 7). In particular, in 

the case of platelet-like photocatalysts, the beneficial charge separation induced by {001} 
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facets fluorination may be limited by gold NPs deposited on such prevailing facets, because 

Au NPs may efficiently capture photopromoted electrons on the same crystal facets where 

photoproduced holes preferentially migrate, thus favoring their recombination (Figure 8c).

Figure 8. Schematic representation of the effects induced by the presence of Au NPs on 
fluorinated anatase TiO2 with (a,c) platelet-like or (b,d) pseudo spherical morphology.

Moreover, as in the case of formic acid degradation, Au NPs deposited on {001} facets may 

be oxidized by photogenerated holes migrating there, in competition with water molecules 

oxidation at the semiconductor surface.36 This results not only in a lower •OH radical 

production, due to the competition for photogenerated holes between gold NPs and water 

molecules, but also in the generation of a partial positive charge on Au NPs, which may be 
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restored to their metallic state by photopromoted electrons. Consequently, the combination of 

all these factors produces a relatively limited photoefficiency gain for Au/HT_1 materials.

Differently, in the case of pseudo-spherically shaped Au/TiO2 photocatalysts, Au NPs are 

mainly present on {101} facets and may rapidly and efficiently capture photoexcited electrons 

already tending to migrate toward such crystalline facets (Figure 8d). This beneficial Au NPs-

induced effect, evidenced by a remarkable RhB photodegradation rate increase (Figures 6 and 

7), overtakes the detrimental charge recombination process occurring instead with fluorinated 

bare spherical-shaped TiO2. The deposition of Au NPs on the mainly exposed {101} facets of 

pseudo-spherically shaped titanium dioxide therefore increases charge carriers separation, 

favoring RhB degradation.

4 CONCLUSIONS

This work sheds light on the effects induced by the presence of Au NPs on the photoactivity 

of differently shaped TiO2 anatase. In spite of their intrinsically higher photoefficiency, 

titanium dioxide nanosheets are not the optimal support of gold NPs co-catalysts. Indeed, when 

Au NPs are deposited on intrinsically less reactive pseudo-spherically shaped TiO2, mainly 

exposing {101} facets, a more remarkable photoactivity improvement is obtained. The 

preferential migration of oppositely charged carriers towards different crystal facets clarifies 

why potentially more reactive nanosheet-shaped anatase should not always be preferred to 

pseudo-spherically shaped TiO2 in combination with Au NPs co-catalysts. This provides 

insight on the principles to be taken into account in the design and preparation of noble-metal 

NP-containing nanostructured TiO2 photocatalysts.
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SUPPORTING INFORMATION

HF amount employed for the synthesis of each TiO2 morphology; ICP-OES-determined Au 

content; examples of Cr(VI), formic acid and Rhodamine B kinetic runs; XRPD patterns of 

selected materials; BET isotherms of selected materials; UV-vis absorption spectra of bare 

TiO2; UV-vis absorption difference spectra of materials with 0.3 and 1 wt% Au NPs; Au 4f 

XPS spectra of materials with 0.5 wt% Au NPs; HR-TEM images and Au NPs size distribution 

of materials with 0.3 and 1 wt% Au NPs.
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