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Abstract: The continuous increase in scientific reports concerning photocatalysis and in particular

CO2 photoreduction in recent years reveals the high degree of interest around the topic. However,

the adsorption and activation mechanisms of CO2 on TiO2, the most used photocatalyst,

are poorly understood and investigated. Gold nanoparticles were prepared by a modified

deposition-precipitation method using urea and a chemical reductant. Bare P25 was used as reference.

Combined spectroscopic investigations of fresh and spent samples with photoactivity studies reported

in this article provide new insights to the role of CO2 adsorption and carbonate formation on

Au/TiO2 during CO2 photocatalytic reduction. The key intermediates’ and products’ adsorption (CO,

methanol, ethanol) was studied, coupled with X-ray photoelectron microscopy (XPS) and UV-Visible

spectroscopy. The adsorption of CO2 on fresh and spent catalysts changes radically considering the

carbonate formation and the gold surface presence. Methanol and ethanol revealed new adsorbed

species on Au with respect to bare titania. The characterisation of the spent catalysts revealed the

good stability of these samples.

Keywords: CO2 reduction; diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS);

photoreduction; protoreactor; gold; Titania; photocatalysis; high pressure

1. Introduction

In order to contain the emissions of greenhouse gases, CO2 photoconversion is one of the most

intriguing processes from both an applicative and scientific point of view. In recent years, numerous

reports relating to photocatalytic reduction of CO2 under UV and visible light irradiation have been

presented [1–3]. However, the photoreduction mechanism is still a matter of debate, even for TiO2,

which is the most studied photocatalyst. In particular, the CO2 adsorption and activation mechanism

(an important preceding step in CO2 reduction) is not clear. For instance, Liu et al. investigated

engineered oxygen-deficient blue TiO2 nanocrystals for CO2 photoreduction under visible light using

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis, revealing different

activity depending on the exposed facets, but without completely clarifying the adsorption and reaction

mechanisms for the whole material [2]. By contrast Li et al. revealed how the presence of different
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crystalline phases influence the photoreduction process, detecting the presence of unique interfacial

trapping sites and possibly photocatalytic “hot spots” [4].

A comprehensive study of high pressure CO2 photoconversion was carried out in one of our

previous papers in order to shed light on the complex reaction mechanisms that occur both in the liquid

and gas phases [5]. In such cases, a TiO2-P25 photocatalyst was chosen as a reference material and

products’ distribution was compared after different reaction times and pH conditions. Two parallel

reaction pathways were observed: (i) the first one involving the photoreduction of molecular carbon

dioxide to formic acid, formaldehyde, and methanol, which may further evolve to gas phase products

(photoreforming); (ii) the second one implying the reduction of carbonates to give formaldehyde and

possibly methanol, or formic acid/reformate as a further consecutive step.

However, the choice of TiO2 as a photocatalyst for CO2 reduction is difficult, due to the lack

of photoresponse under visible light irradiation and high electron-hole recombination rate. Its light

absorption onset starts at wavelengths shorter than 380 nm as a consequence of the wide band gap [6],

just in the border between the UV and the visible region. Solar light contains only 4% of the energy in

the UV region able to promote photoexcitation of titania, therefore a large proportion of the light is

useless, limiting the efficiency of the process. The extension of the photoresponse towards the visible

region can be achieved by metal doping [6], doping by non-metallic elements with creation of oxygen

vacancies [7] and, more recently, by deposition of noble metal nanoparticles (NPs) with a surface

plasmon band, particularly Au [8], Ag [9], or doping with metal-organic molecules [10].

The addition of a metal or dopant further increases the complexity of adsorption and activation

mechanisms during the process. Tahir et al. investigated how the surface plasmon resonance excitation

influences the reaction pathways using Au/Ag nanoparticles on TiO2 nanowires [3]. The excited

electrons in the Au/Ag are injected into the conductance band of TiO2, making them react easily with

CO2 and H+ radicals, forming CO, CH3OH, and CH4.

Moreover, the deposition method of the metal or dopant deeply affects the resulting material

and its performance, e.g., gold nanoparticles supported on oxides [11,12]. Morphology, size, metal

oxidation state, and metal-support interaction deep modify activity and/or the selectivity of the whole

catalyst. Therefore, a lot of attention has been paid to the preparation of gold catalysts in order to assess

as much as possible the relation between preparation method and characteristics of the produced

materials. Dimitratos et al. reported a detailed study concerning the effect of preparation method

(deposition-precipitation versus sol immobilisation method) and reduction method (calcination versus

chemical reduction) on Au/TiO2 catalysts for the liquid phase oxidation of glycerol [12]. The work

demonstrated the crucial role of Au oxidation state and gold particles’ dimensions depending on the

method and conditions adopted. In another work, Villa et al. reported an alternative sol immobilization

route for the deposition of Au on TiO2 [13]. Recently, we investigated an innovative modified

deposition/precipitation method for the preparation of supported gold nanoparticles [14]. This

promising synthetic route involves the use of urea as a basic agent and NaBH4 as a chemical reductant,

in contrast to the traditional high-temperature reduction step. A deep spectroscopic investigation

combined with other traditional characterisation techniques has deepened our understanding of this

modified gold deposition strategy.

In previous works, we applied this technique for the synthesis of Au/TiO2 samples and tested

them for CO2 photoconversion by tuning pressure, temperature, and pH [15,16]. The operating

conditions were then selected to maximise the production of gas phase products, i.e., CH4 + H2, with

respect to liquid phase organic compounds. However, also in these cases, the adsorption and activation

mechanisms remain unclear.

The adsorption process is fundamental for photocatalytic applications, CO2 photo-conversion

included. Delavari et al. explored the gas phase reaction using immobilized TiO2 nanoparticles’

semiconductor on stainless steel mesh [17]. The Langmuir-Hinshelwood model was applied to

the reaction network and revealed that yield rates of products were highly dependent on efficient

adsorption of the reactants and desorption of products over the catalyst surface.
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As mentioned, a robust and already deeply investigated modified deposition-precipitation

method was adopted in this work for photocatalyst preparation, in order to study the CO2 adsorption

pathways and the interaction mechanisms with the common reaction products for different Au loading.

The characterization of TiO2 surface and Au nanoparticles was carried out to interpret reactivity and

deactivation of photocatalysts for the reduction of CO2 in aqueous medium.

2. Results and Discussion

Activity testing of the catalysts revealed a significant productivity for methanol (up to ca.

1.5 mol/h·kgcat, which is a very significant result when compared to the literature) and some

methane formed in the gas phase (ca. 0.3 mmol/h·kgcat) only when using gold-loaded TiO2-P25

samples. The productivity of all species increased while increasing the gold content from 0.1 to

0.2 wt. %, then remaining quite constant for a further increase of the metal. H2 + CO also formed,

thanks to a consecutive reaction step of photoreforming, with the highest H2 amount attesting to ca.

18 mmol/h·kgcat. The comparison with the bare, unpromoted semiconductor revealed that the main

products were HCHO and HCOOH, with only traces of methanol and no CH4 [18]. Therefore, we

undertook an investigation on the role of gold for the activation of CO2 during photoreduction and

methanol for the consecutive photoreforming step. The results are reported in the following sections.

2.1. Morphologic and Electronic Characterization

Morphologic and electronic characterizations have been widely reported elsewhere [14]. Briefly,

high-resolution transmission electron microscopy (HRTEM) and scanning transmission electron

microscopy (STEM) have confirmed that adopting the deposition-precipitation method led to very

narrow gold particle size distribution fitted by a log-normal curve, with a mean diameter between 3.7

and 4.6 nm. In addition, the nature of the gold species was clarified by X-ray photoelectron microscopy

(XPS). The Au4f XPS spectra of Au/TiO2 samples presented the characteristic 4f7/2 and Au 4f5/2

transitions doublet of the two spin–orbit components. Evaluation of the oxidation state of Au, using

the binding energy (BE) of the Au 4f7/2 peak, confirmed the well-dispersed and metallic form of gold

(Au0) (BE = ca. 83 eV) without any detectable Aun+ species (BE = ca. 85.5 eV).

2.2. DR UV-Vis Spectra

For metal nanoparticles of Au0, Ag0, and Cu0, the plasmon absorption arises from the collective

oscillations of the free conduction band electrons that are induced by incident electromagnetic radiation.

The study of gold plasmonic bands is an interesting point because their absorption frequency is very

sensitive to changes in the environment and material structure [19,20]. This investigation was carried

out by UV-vis diffuse reflectance absorbance spectroscopy, looking for increased UV absorption

with increasing Au content. UV-vis spectra are exhibited in Figure 1. Visible light absorption of TiO2

photocatalysts remarkably enhance with the increase of the gold percentage, due to the surface plasmon

resonance (SPR) effect of Au-NPs, indicating that the metallic Au exists in the sample, as already

confirmed in XPS analysis and DRIFTS analysis [14]. The visible light absorption of Au-NPs culminates

in a broad response, ranging from 450 to 700 nm, which is possibly due to size distribution of Au-NPs.

The wavelength at the maximum of the SPR band (λmax) is located at 553 cm−1. For Au/TiO2 samples,

the intensity of absorbance band is related to the size and content of the Au particles. The progressive

increase of intensity with metal loading and the equal particle size dimension detected by CO-DRIFTS

and microscopies [14] suggests a very specific metal deposition with no alteration of metal size, charge,

and morphology.
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Computational calculations indicated that electron transfer to CO2 can be mediated by surface defects 
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mechanism details and changing behavior of the surface catalyst atoms [25,26]. Observing the spectra 
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possible attribution was carried out as reported in Table 1. 
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2.3. CO2-DRIFTS

The adsorption of CO2 on TiO2 represents the preceding step of the photoreduction reaction,

however, its study has been scarcely reported. Few articles have been published considering the

nature of CO2 adsorption coupled with advantages and drawbacks from a photocatalytic point of view.

This is also true for some of the most studied photocatalysts, such as TiO2 [21–23]. Computational

calculations indicated that electron transfer to CO2 can be mediated by surface defects and factors

such as phase components (e.g., rutile, anatase) [24].

In this work, DRIFT spectroscopy was applied in the first stage to identify the CO2 adsorption

species and reaction intermediates, investigating how the addition of gold nanoparticle influences

the process. CO2-DRIFTS spectra are reported in Figure 2. Spectroscopic studies help to unravel

mechanism details and changing behavior of the surface catalyst atoms [25,26]. Observing the spectra

of the 4 different samples, by comparing the relative intensities of the bands (rather than their absolute

value, which is not comparable according to the Lambert Beer law for samples different in surface area,

density, amount loaded, etc.), it is possible to obtain significant quantitative data on the amount of the

adsorbed species.

CO2 adsorption gives rise to several IR bands in the range of 1800–1000 cm−1. Three main peaks

at 1312, 1416, and 1577 cm−1 were detected, with a shoulder at higher frequency near 1675 cm−1

for the latter. Moreover, further weaker components are detectable. According to the bibliography,

a possible attribution was carried out as reported in Table 1.

One of the main species involved in the CO2 photoreduction process is the carbon dioxide anion

radical formed during the reaction mechanism:

CO2 + e− → CO2
−
→ Eredox = −1.9 eV (vs. NHE) [8]

The transfer of an electron from the surface to the adsorbate can also occur without irradiation,

simply during the adsorption [27]. Surface Ti3+ centers activate CO2 in this way, forming bands

characterized by small ∆ν and placed around 1670 and 1310 cm−1 [27].
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interaction with gold supported photocatalysts.

Table 1. IR main bands assignment for Au/TiO2 Samples.

Species ν (cm−1) Ref.

CO2 bent species 1312, 1675 [25]

Bicarbonate species HCO3
−

1416,
1500–1600

[26,27]

Bidentate carbonate (b-CO3
2−) 1577–1549 [28–31]

The formation and attribution of bidentate carbonate is in accordance with László et al. and their

studies on photocatalytic CO2 and CH4 conversion over Au- and Rh-doped titanate nanotubes [28].

However, any peak of monodentate formate (HCOO•) cannot be ruled out in our spectra (bands at 1585

and 1384 cm−1). This can be explained considering the reaction mechanism of CO2 photoconversion,

because this species is generated only after the reaction between the CO•−

2 radical anion and hydrogen

ion (Equation (1)), and in dark conditions the anion is not present.

CO•−

2 + H+
→ HCOO• (1)

Liu and co-workers reported the strong correlation between the reaction mechanism and the

carbonate species generated during the initial adsorption in dark conditions [29]. This occurs because of

the different behaviors of CO•−

2 depending on the carbonate species formed over the surface. In their

case, the brookite polymorph revealed a carbonate more reactive than anatase, and the comparison

between the dark DRIFTS analysis revealed a stronger presence of HCO3
− and m-CO3

− in the case of

brookite. However, a new discussion point arose, because in our study analysis was performed on

P25, which is a mixture of anatase and rutile (78% and 22% respectively). The nature of the present

carbonate form is related to the crystalline form, however IR spectra of adsorbed probe molecules

supply information mainly from the surface, while XRD gives information mainly from the bulk.

Su et al. revealed the b-CO3
2− symmetric mode peak for anatase but not for rutile with a higher peak

for surface bicarbonate (HCO3
−) regarding the rutile form [30]. Additionally, the band at 1589 cm−1 is

the strongest one when CO2 is adsorbed on anatase, while in the case of rutile, the band at 1416 cm−1 is

the strongest one. This is in accordance with our analysis, which represents exactly our mixed situation

with commercial P25.
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Another key point is the adsorption competiveness between CO2 and H2O. The role of water is

important either in gas and liquid conditions. For instance, Chen et al. detected a stronger increase of

methane yield (~12% CO2 conversion) by increasing the CO2 to water ratio using mixed-phase titania

nanomaterials [31]. Water is the reductant reagent of the photoreaction. A proper experiment under

dry and wet conditions was performed (Figure 3), with the same peak location and band shape of

the spectra in Figure 2. A marked increase of the relative intensity of band 1312 and 1675 cm−1 was

detected (i.e., peak height subtracted by the baseline of the spectra). This result is crucial: it shows that

H2O promotes the formation of the CO2 radical anion, with a synergistic effect for CO2 photoreduction.
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with water (wet CO2) and not (dry CO2).

This analysis also allowed the study of the influence of hydroxyls groups. The identical relative

intensities of typical bands associated with hydroxyls in wet and dry conditions confirm that the

hydroxylation does not change at all compared to the effect of Figure 3.

The band at 1199 cm−1 was present just for the gold samples, as reported in Figure 2. This

aspect is very interesting, because it showssome carbonate formation associated only with gold.

The band was associated with a particular bicarbonate formation detected also for other Au-based

catalysts in accordance with Neatu et al. [32,33]. The corresponding band is located between 1500–1600

cm−1, so not clearly detectable, because of the overlapping. This can be confirmed by observing the

comparison of peak relative intensities (i.e., peak height subtracted by the baseline of the spectra). In

particular, the intensity of the peak at 1549–1579 cm−1 is the highest in the case of bare TiO2, with a

relative decrease of 20–60% for the gold samples. The absolute value of this decrease is comparable

with the peak intensities of the bands at 1199 cm−1 for the gold samples.

The addition of gold provides evidence of a lower formation of bidentate carbonates, favouring

higher concentration of surface bicarbonate species. The intensity of the latter band increases in wet

conditions with respect to dry CO2. This can suggest a possible promoting effect of gold, which plays

a role in the activation of surface OH in CO2 adsorption.

The intensity of the band at 1199 cm−1 increases in wet conditions with respect to dry CO2.

2.4. DRIFTS of Adsorbed Methanol and Ethanol

Another key point is the evaluation of products and reagents during the photoreactions. Methanol

is one of the main products of the process [34,35] and is also the key compound for the subsequent

photoreforming step [5]. With the aim of identifying surface species that were formed during methanol

adsorption and that can be considered for the mechanism assumptions proposed in literature, several
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DRIFTS analyses using methanol as probe molecule were carried out. The spectra are shown in

Figure 4A,B.
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Figure 4. (A) DRIFTS spectra recorded as a TiO2-supported gold sample was treated in flowing

mixtures of methanol and N2 in 3000-1800 cm−1 spectral region. (B) DRIFTS spectra recorded as a

TiO2-supported gold sample was treated in flowing mixtures of methanol and N2 in 1600–1000 cm−1

spectral region (down).

In addition to the C–H stretching bands in the region between 2800–3000 cm−1, characteristic

alkoxy surface species –OCH3 were detected in not well-resolved spectral region around

1100 cm−1 [36–38]. An important role of the methoxy species was attributed by Greaves et al. [39],

assuming their direct involvement in the photoreforming mechanism, especially in the presence of gold.

The kinetic mechanism proposed considers the methanol adsorption at free sites on gold nanoparticles

and subsequent formation of a methoxy intermediate, which is stable in the absence of light and

blocks the reaction. In the presence of light, the photo-generation of holes induces the formation of

the high oxidative hydroxyl radical, which reacts with the methoxy species and forms CO2 and H2O.

The adsorption mechanism on Au/TiO2 proceeds accordingly with the following mechanisms [39]:
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(a) CH3OH → CH3OH*

(b) CH3OH + O2−*→ CH3O−* + OH−*

(c) CH3OH* + OH−* → CH3O−* + H2O + Vo
2−

Where * denotes the species adsorbed on the TiO2 surface and Vo
2− anion vacancies. In Figure 4

the presence of the bands at 2930 and 2818 cm−1 indicates that methoxy species are formed according

to steps (b,c) above. The bands at 2930 and 2800 cm−1 correspond to the couple of νsymCH3 modes [38].

Therefore, our results confirmed that the band at 2930 cm−1 is relative to the methoxy species

bonded to Ti4+ sites, while the presence of gold does not influence the nature of the adsorption process.

However, the relative intensity of the peak at 2818 cm−1 is significantly lower in bare P25 compared to

samples with gold, indicating a higher amount of Vo
2− anion vacancies in presence of gold particles.

This aspect can be associated with the other big difference comparing the gold samples with the

bare one (Table 2): the two additional peaks for the bands at 1448 cm−1 and 1271 cm−1. A spectroscopic

investigation by Martinez et al. performed using methanol and TiO2-supported gold materials revealed

the possible influence of metal loading and deposition method of gold [40]. They did not conclude that

there is any influence of gold when comparing the spectra during the methanol adsorption. However,

a very high metal loading was used (5 wt. %) and a deposition method involving NaBH4 was carried

out. By contrast, Calzada et al., studying gold samples prepared by deposition-precipitation method at

low loading, like in our case, reported differences comparing the metal containing sample and the bare

support [41], revealing the critical influence of gold present during methanol adsorption. So, according

to K. Kähler at al., the band at 1271 cm−1, associated with the band at 1448 cm−1, was attributed to a

carbonate formed on Au metal nanoparticles [42].

Table 2. IR main bands assignment for Au/TiO2 Samples.

Surface Species Frequency (cm−1) Ref.

νsymCH3 modes of Methoxy on top on Tin+ 2930–2800 This work, [36–38,43]

Carbonates due to Au 1448, 1271 This work, [42]

A less polar and hydrophilic alcohol, such as ethanol, was used for a comparison with methanol

DRIFT spectra. The results are shown in Figure 5.
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According to Gong et al. [44], the formation of the aldehyde is one of the first steps for ethanol

decomposition. Alkoxy groups form in dark conditions upon ethanol adsorption. The identification of

these alkoxy groups and their evolution on different oxidic surfaces, in our case TiO2 and Au/TiO2, is

a key point.

CH3CH2OH → CH3CH2O-Ti* + OH*

Formal charges are omitted for clarity. As in the case of methanol, a new band associated with

carbonate on Au nanoparticles at 1198 cm−1 was present.

2.5. DRIFTS—OH Region

Surface OH groups can directly influence photoactivity performance. Indeed, OH groups are

efficient carrier traps for the holes generated in the lattice by the absorption of light. The mechanism

proposed is the following [45–47]:

TiIV-OH− + h+
→ TiIV-OH·

TiIV-H2O + h+
→ TiIV-OH· + H+

In addition to the high oxidation potential, these radicals act as adsorption sites for many

molecules, and therefore are fundamental for the initial CO2 photoreduction process (high oxidation

of the hole scavenger) and photoreforming of organic products.

DRIFT spectra under N2 atmosphere were performed in order to study of surface hydroxyl groups

of titania and the influence of metal loading. Two characteristic bands at 3693 and 3632 cm−1 were

detected in the OH spectral region between 3400–4000 cm−1. The higher frequency band is ascribed to

terminal hydroxyl groups coordinated to Ti4+ sites, which are responsible for photocatalytic activity,

while the lower is related to the bridged hydroxyl species [45,47].

No band at 3400 cm−1 was detected because of the absence of water in the nitrogen flow (this

band is usually reported and attributed to hydrogen-bonded water in interaction with surface hydroxyl

groups) [47,48]. A slight attenuation of the higher band intensity was observed for the sample with the

highest Au loading. This effect was reported to be more marked by Orlov et al. and was attributed to

the partial elimination of hydroxyl groups [48]. However, their study was performed comparing a

very different metal loading (from 0.42 to 5.58%).

The experimental analysis confirmed the low influence for the surface hydroxylation of such a

percentage in weight of gold on high surface area titania.

2.6. XPS-Fresh Catalyst (O Region, Ti Region)

In order to investigate how the surface hydroxyl species change after gold deposition treatment

and the related photoactivity of the materials, X-ray photoelectron spectroscopy was adopted as

complementary investigation technique. XPS gives information on valence of elements on and near the

surface of photocatalysts. As shown in Table 3, OH/lattice oxygen ratios are quite similar, although a

slight decrease of the value with increasing the gold loading reveals less OH groups.

Table 3. XPS Analysis of the surface composition of fresh samples.

Sample Au 4f O 1s (Lattice) O 1s (OH) Ti 2p OH/Lattice O Ti/O (Lattice) Ratio

0.1% Au/TiO2 0.04 36.49 5.11 18.61 0.14 0.51
0.2% Au/TiO2 0.05 35.22 4.69 17.71 0.13 0.50
0.5% Au/TiO2 0.09 36.87 4.38 18.51 0.12 0.50

The nature of the negative charge on gold is closely related to support [49], in particular regarding

the charge transfer between gold particles and M3+ cations of the support lattice. Many studies have

pointed out that defect sites (e.g., oxygen vacancies) might play an important role in charge transfer

for the formation of negatively charged gold.
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The Au 4f XPS spectra of Au/TiO2 samples are shown in Figure 6, where the characteristic doublet

of the two spin–orbit components are visible (4f7/2 and Au 4f5/2 transitions). The oxidation state of Au

at the surface of the catalyst was evaluated by analysing the values of binding energy (BE), referring to

the Au 4f7/2 peak.
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2.7. Spent Photocatalyst Characterization

Deactivation is a general problem in heterogeneous processes, due to the accumulation of

intermediate products or products on the TiO2 surface [50]. The deactivation can be reversible

or irreversible. Blount et al. investigated the photocatalytic oxidation of toluene in gas phase using

Pt/TiO2-P25 and detected a deactivation, due to the less reactive intermediate produced during the

reaction, such as benzoic acid [51]. Regarding CO2 photoreduction, very few papers can be found

talking about deactivation phenomena. Deactivation from carbonaceous species formed during the

photocatalytic reduction of CO2 with water in gas phase was studied by Uner and co-workers using

Pt/TiO2 photo-catalysts [52]. Unfortunately, the carbon deposition over the photocatalyst surface

was only identified by evaluating the methane formation in dark conditions in presence of hydrogen.

Another critical intermediate or product, depending on the goal of the process, is carbon monoxide,

because its presence can lead to a marked deactivation of the catalyst if the material composition is not

properly tuned [53].

The photoactivity tests for these photocatalysts and the relative discussions were reported

elsewhere [15], because in this work the focus was on bringing a contribution about the mechanisms

and relevance of reagent and product adsorption/interactions with gold-loaded titania. Briefly, tests

were carried out at 6 bar, basic pH (12), 80 ◦C, and a time reaction of 70–90 h [15]. To better clarify the

critical aspects involved in the photoreaction mechanism, post-catalytic measurements were performed

in order to investigate the variation occurred in the catalyst during the photoreaction. For instance,

the formation of the strong reductant radical anion CO2·
− can change the gold oxidation state during

the test, representing a critical aspect because of the changing of the band gap or photoactivity efficiency.

Although this aspect was detected for sulfide-based semiconductors during CO2 photoreduction [54],

its presence using TiO2 seems unlikely due to the high resistance of the titania below UV irradiation,

especially in the wavelength range used in this work.

The photocorrosion of the materials was found particularly relevant for reactions carried out

in water and when the metal is deposited on its surface. The critical point is the metal leaching

phenomenon involving the gradual deactivation of the catalyst, which can occur due to its continuous
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metal oxidation/reduction cycles [6]. In addition the accumulation of the photo-generated holes in the

valence band can be a photocorrosion source if a proper amount of hole scavenger is not used [55].

XPS was used to investigate the oxidation state of gold and carbon on the surface of the spent

catalysts (Table 4). This aspect of photocorrosion was studied on the samples used for the longer

kinetic tests (92 h), in order to stress the critical conditions for the photocatalyst.

Table 4. XPS binding energy of Au 4f7/2 region data and C atomic percentage for gold based catalysts

before and after the photoactivity tests.

Sample Au 4f7/2 BE Fresh (eV) Au 4f7/2 BE Spent (eV) C 1s, %at Conc Fresh C 1s, %at Conc Spent

0.1 wt. % Au/TiO2 83.6 83.0 39.59 36.14
0.2 wt. % Au/TiO2 83.6 83.0 42.09 36.38
0.5 wt. % Au/TiO2 83.6 83.0 39.99 41.93

XPS Au band analysis on a spent sample revealed the presence of metallic gold, and the absence

of any charge modification, as proposed by other works on other photocatalytic conditions and

processes [56].

The quantity of the surface carbon detected by XPS was very similar, without denoting any

significant carbon deposition during the photoactivity tests. Therefore, in light of these results, it

would be expected to obtain the same IR spectra after CO adsorption on the fresh and spent samples.

For this reason, the charge and the dispersion of the gold nanoparticles were probed using carbon

monoxide, combined with DRIFT spectroscopy (Figure 7). In a detailed previous article, the surface

of these fresh materials was studied in depth using CO-DRIFTS for the CO oxidation reaction [14].

For all the Au/TiO2 fresh samples, the presence of CO gave rise to one or two IR bands in the CO

carbonyl spectral region (1950–2150 cm−1). The highest frequency IR band (2106 cm−1) was attributed

to linearly adsorbed CO on metallic gold, while the broad and asymmetric band at lower frequencies,

with the maximum located at 2072 cm−1, was deconvoluted on the basis of a Gaussian model and the

several overlapping peaks were attributed to the linear, multisite, and bridged CO on Auδ−.Catalysts 2018, 8, x FOR PEER REVIEW  12 of 16 
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CO2 reduction.

DRIFT analysis without probe molecules was then carried out on the spent samples in order

to check the presence of CO, which is sometimes considered one of the deactivating compounds.

The spectra, after the subtraction of the fresh analogues, revealed the formation of several species

in the carbonate region, as shown in Figure 8. All spent spectra did not reveal CO chemisorbed or
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physisorbed (peaks usually ascribed to the region 2017–1970 cm−1) [37], leading to the conclusion

that in liquid phase this deactivation mechanism is minor with respect the gas phase process. The CO

generation occurs mainly due to the Ti centers of the oxidic support [57], because the other possible

path (direct photolysis of CO2) is very unlikely out of the deep UV irradiation conditions [6]. Another

point supporting this result is the fact that CO is bound much more weakly to the Au surface due to

the low energy of d orbitals in Au with respect other metals such as Pd [39].
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3. Materials and Methods

3.1. Preparation of Au/TiO2

The deposition-precipitation method was used to load Au nanoparticles (NPs) with urea and

a chemical reductant (DP-UC). 1 g of TiO2 (Evonik, Essen, Germany, TiO2 P25, SA 50 m2 g−1) was

suspended in distilled water (100 mL) and added to 5 g of urea (Aldrich, Saint Louis (MO, US, >99%).

A solution of NaAuCl4·2H2O (Aldrich, 99.99%) was added and the mixture was stirred for 4 h at

353 K. The catalyst was filtered and repeatedly washed with water. The material was again suspended

in distilled water and added at room temperature with a 0.1 M solution of NaBH4 (Fluka, >96%) so

to have NaBH4/Au = 4 mol/mol [58]. The sample was filtered, washed, and dried at 373 K for 4 h.

Au loading was analysed by Atomic Absorption Spectroscopy (AAS) analysis of the filtrate (Perkin

Elmer, Monza (MB), Italy, mod. 3100), retrieving the nominal composition. Au/TiO2 catalysts with the

following composition were prepared: 0.1 wt. %, 0.2 wt. %, 0.5 wt. % Au/TiO2. Bare P25 was used as

a reference.

3.2. Characterization

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was carried out by means

of a Bruker ( Coventry, CV4 9GH, UK) Tensor 27 spectrometer fitted with a HgCdTe (MCT) detector,

a Harrick Praying Mantis HVC-DRP-4 cell equipped with two ZnSe windows, and operated with

OPUS software. The DRIFTS cell was equipped with gas inlet and outlet and heating and cooling

devices. 40 cm3 min−1 of a 5% CO/N2 gas mixture were fed through mass-flow controllers. Each

spectrum is the average of 64 scans collected with a spectral resolution of 2 cm−1. When CO2 was used

as a probe, a flow of 6 cm3 min−1 of a 30% CO2 in N2 was fed in order to have the best comparable

results. Each spectrum is the average of 64 scans collected with a spectral resolution of 2 cm−1.
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The ZnSe windows used cut off the spectrum below 650 cm−1, therefore this region was not included

in the discussion. The results are reported as absorbance, so in the reported spectra a positive increase

of peak intensity indicates an increase of the amount of that species, whereas a negative one shows

loss of moieties associated with that particular vibrational mode. All samples were ground before the

analysis. The spectra are obtained after subtraction of reference background recorded under N2 flow

after heating the sample at 393 K for 30 min.

Diffuse Reflectance (DR) UV-Vis spectra were obtained by means of a Varian (Palo Alto (CA),

US) Cary 4000 spectrophotometer including a Harrick Praying Mantis HVC-DRP-4 cell. The catalyst

was placed in the cell and spectra were recorded under N2 atmosphere, air, 1% CO/N2 or 1% CO/air

(50 mL min−1).

X-ray photoelectron spectroscopy (XPS) was carried out with a Kratos (Manchester, M17 1GP,

UK) Axis Ultra-DLD instrument with a monochromatic Al Kα X-ray source operating at a power of

144 W (12 mA × 12 kV) power. High resolution and survey scans were performed at pass energies

of 40 and 160 eV, respectively. Spectra were calibrated to the C (1s) signal at 284.8 eV and quantified

using CasaXPS and a modified Wagner sensitivity factors supplied by the manufacturer.

4. Conclusions

The characterization of TiO2 surface and Au nanoparticles was carried out to interpret reactivity

and deactivation of photocatalysts for the reduction of CO2 in aqueous medium. Different modes

of CO2 surface adsorption have been observed upon Au loading. This can promote the activation

of CO2 during the photocatalytic process. Due to the formation of different reduction products

towards methanol, the latter was also tested for surface adsorption. This information is important

for interpreting the consecutive photoreforming step. The deposition of Au nanoparticles induced

a significant plasmon resonance band, whose intensity increased proportionally with metal loading.

CO2 adsorbed in different coexisting forms on catalyst surface, i.e., CO2, bicarbonate and carbonate

species. The formation of the CO2 radical anion was crucially improved by the presence of water.

The presence of gold gave rise to a specific CO2 adsorption feature, which likely is correlated to an

activated state, based on the higher photocatalytic efficiency observed for these samples.

Methanol adsorption mainly occurs over TiO2 sites, forming methoxy-species, which can

be further oxidised in the consecutive photoreforming step. Carbonates over Au particles were

contemporarily detected.

The characterisation of the spent catalysts revealed the good stability of these samples, which did

not undergo any significant change of gold loading or oxidation state, nor important variation of the

amount of C adsorbed on the surface (surface saturation).
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