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Chapter 1

– –

the current consumption rates, coal’s availability as a fuel is estimated to be 150 years while gas and 

component of Earth’s atmosphere because it absorbs infrared radiation, responsible for much of the 

– –

5



–

–

–

6



– –

, there’s 

storing energy in molecular bonds, like the ones in hydrogen molecules, doesn’t suffer from self

discharge, meaning that long storage times aren’t accompanied by energy loss.

7



for energetic purposes, doesn’t exist naturally and can’t be extracted like other fuels

–

–

it’s 

and could work in “harsher” condition, like 

doesn’t imply an entire 

8



𝑑𝐻2 𝑔𝑎𝑠 =  0.084 𝑔 · 𝐿−1 𝑑𝐻2𝑙𝑖𝑞𝑢𝑖𝑑 = 70,8 𝑔 · 𝐿−1
most fossil fuels, and as such its volumetric energy density is lower than what’s achievable with fossil 

9



inhalation isn’t harmful because it’s just water vapor.

Hydrogen’s biggest advantage is also its biggest 

it’s

that’s

doesn’t really present any significant 

10



–

The methods used for hydrogen “extraction” from hydrocarbons focus on cleaving bonds 

–

–

11



’

12



13



didn’t gain 

2𝐻+ + 2𝑒− → 𝐻2 2𝑂𝐻− → 12 𝑂2 + 2𝑒−

14



’s not a primary energy source, but an energy carrier

it’s not found as is in nature; it’s 

–

15



– it’s 

O → H  + 

2−

16



as 70 MPa or as a liquid at −253 °C

17



or nitrates, by breaking the triple bond N≡N and substituting it with one between N and O, H or 

→2NH Δ

’

−∼

18



perk of methanol is that it’s already liquid at ambient condition

down temperature of −33.4 °C. With a volumetric energy density of 12.7 MJ L−

− −

: it’s 

−

1.225 kg m−

building block of nearly all biomolecules, and thus it’s essential for organisms to survive and grow. 

As said above, nitrogen is kinetically inert, and most organisms can’t directly metabolize it; 

19



−

−

−
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cracking of fossil fuels and it’s improbable that technologically improved catalyst could 

21



−

averaged energy density at the Earth’s surface falls down to 170 W m−

; it’s

and processes allowing the existence of highly evolved forms of life on the Earth’s surface. The 

nearly three orders of magnitude lower than the amount of solar energy that reaches the Earth’s 

–

22



Especially in the first part of the 20th century, the term “photocatalytic reaction” was often 

used with a more general meaning of “photochemical reaction”

“the presence of a substance— —

chemical transformation of the reaction partners”; furthermore, the photocatalyst must regenerate its 

–

–

23



it’s 

24



’s

–

25



–

semiconductor’s band gap should be narrow enough to 

26



≡

NHE at pH = 0.0) of various typical NRRs via the 

27



UV light. In 1972, the seminal work of Fujishima and Honda − 

–

“ ”

𝐸𝑜𝑥0 𝑂2/𝐻2𝑂𝐸𝑟𝑒𝑑0 𝐻+/𝐻2

structural and chemical properties, it’s 

–

–

didn’t keep the pace with applicative research, mostly for

28



→ 

To answer the question “how to improve the efficiency of the photocatalytic process?”

− called color centers –

29



– Mn, Ru, Rh,… for example), CaTiO

–

CdS (doped with Cu, Zn, Ni…),  ZnInS It’s notable to say that a 

30



1−x

−

Since the breakthrough work by O’Regan and Grätzel in 1991, the dye

𝐻2𝑂

31



–

32



between the gaps is so extreme that they don’t even overlap; therefore, no charge

–
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–

commercialized and it’s widely used in various photocatalytic application. Its efficient charge 

II heterojunctions’ application is limited by various factors: the first, already mentioned 

they’re moving from A to the electron rich CB of B and between the holes when they’re moving from 

–

–

–

–
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–

–

–

– –

–

–

–

–
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–

on a semiconductor, it’s possible to 

36



𝐴 + 𝑒− → 𝐷
𝐷 + ℎ− → 𝐴

is a testament to this heterojunction’s ability of decreasing

–
– – – –

–

37



β

β

38



39



–

40



–

–

41



hasn’t

–

–

“Melon” –

–

mercuric thiocyanate and put forward the concept of “carbonitride” for the 

’s

’s group in 1982, 

, Cohen et al. simulated the structure of β

: α phase, β phase, quasi

42



–

’s

43



Å

Å

atoms: it’s generally believed that g

–

–

through σ bond, while the lone orbitals form a highly delocalized π

through π π interactions, while adjacent layers are held together by weak ∼
44



’s

’s

π π 

photoexcited carriers can’t be easily separated and tend to recombine. Additionally, because of the ∼

45



: these are considered “bottom up” methods, because 

–

– to create the organic framework. “Top down” methods are mostly used for exfoliating the bulk 

’s

46



it’s a simple and

47



is still far away from what’s required for 

48



π

π

49



50



It’s imperative to choose carefully the 

51



–

Both “top down” (thermo ) and “bottom up” 

the material’s photocatalytic performance can be optimized by tuning the nanostructures’

–

52



–

heterostructure is retained, with π π conjugation contributing to the quick in plane transfer of 

sites, enhancing light harvesting and reactants’ adsorption. –

evolution rate (8510 μmol g

53



–

–

–

–
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–

and their band positions have to be suitable to carry on the target redox reaction. It’s 

56



It’s imperative to design a heterojunction that optimizes 

–

57



there’s less

–

58



production of solar fuels, it’s imperative to develop 

in the field increases, it’s clear that researchers’ interest for

59



Aim of the Thesis

been investigated to determine how modifying materials’ 

60



P. O. of the E. Union, “Climate action progress report 2025,” can be found under 

“Water electrolysis: from textbook knowledge to the latest scientific strategies and industrial 
Chemical Society Reviews (RSC Publishing) DOI:10.1039/D0CS01079K,” 

“Quaschning: Understanding renewable energy systems Google Scholar,” can be found under 

61



H. Balat, E. Kırtay, 

“Advances in Hydrogen Energy | Springer Nature Link (formerly SpringerLink),” can be found 

“Explaining the plummeting cost of solar power,” can be found under 

62
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ABSTRACT

Photocatalytic nitrogen fixation (PNF) is a promising route for sustainable ammonia synthesis under 

ambient conditions. We report a simple, scalable synthesis of BiOBr/g-C₃N₄ heterojunctions across 

the full compositional range and evaluate their performance under simulated solar light. The optimal 

composite, containing 10 wt% BiOBr, achieved an ammonia evolution rate of ~20 μmol g⁻¹ h⁻¹—

seven times higher than pristine g-C₃N₄—while maintaining structural and morphological stability 

over multiple cycles. Time-resolved spectroscopy revealed prolonged carrier lifetimes, confirming 

efficient charge separation and DFT calculations identified favorable band alignment and surface 

polaron formation as the origin of the enhanced activity. The results highlight an effective synergistic 

effect between BiOBr and g-C₃N₄ and provide mechanistic insight for designing scalable 

photocatalysts for green ammonia production.
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1. Introduction 

Sustainable ammonia (NH₃) production is a pressing goal for climate and 

[1–3] –

consumes tremendous fossil energy and emits significant CO₂ [4]

[5]

, which uses solar energy to drive the reduction of N₂ to NH₃ under ambient conditions, 

[6–8] By harvesting sunlight to split water and activate N₂, 

Among various photocatalysts explored for N₂ reduction, bismuth oxybromide (BiOBr) has 

structure composed of [Bi₂O₂]²⁺ slabs interleaved with bromide anions. 

– [9–12]

[13]

[14–16]

–

[17]
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[14,15,17]

C₃N₄) into 3D 

[18]

, α

[19–21]

the challenging reaction of N₂ fixation under mild conditions. In 2016, Li et al. first demonstrated that 

of N₂ to NH₃ under illumination

[22]

favorable band structure for this reaction: its conduction band is sufficiently negative to reduce N₂ to 

NH₃ (thermodynamically), while the valence band can oxidize water to supply protons.[22]

N₂ molecules adsorb weakly 

on BiOBr surfaces, leading to inefficient N≡N activation and low NH₃ yields [23]

[6,7,24]

interface engineering of BiOBr to improve N₂ reduction efficiency. Oxygen vacancies and surface 

defect engineering have been employed to strengthen N₂ chemisorption on BiOBr, while cocataly

(such as noble metals or transition metal sites) have been added to activate N₂ at the surface [23]

N₂ conversion [8,25,26]
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scheme BiOBr/Bi₄O₅Br₂ catalyst showed superior NH₃ yields 

[27] –

losses and ensure that enough energetic electrons reach the catalyst surface to activate N₂ molecules. 

C₃N₄, has 

C₃N₄/BiOBr heterojunction that achieved a

C₃N₄ nanotubes [28]

[29]

based heterojunctions for the photocatalytic N₂ 

C₃N₄ (g

Our findings reveal an optimal composition that maximizes ammonia production 

while minimizing BiOBr content, offering new insight into the design principles for efficient and 

sustainable photocatalysts.
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Figure 2. a) XRD patterns of BiOBr/gCN as a function of BiOBr wt%; b) BiOBr XRD pattern against 
calculated pattern; c) g-CN diffraction pattern.
 

The study of the morphological properties of the samples has been carried out by scanning 

electron microscopy (SEM) and the results are reported in Figure S1. In particular, we reported the 

images of the systems showing the best performance in the ammonia photogeneration (see later in 

the text), namely those containing 10wt% of BiOBr with respect to g-CN. A peculiar flower-like 

morphology has been observed for the BiOBr (Fgure S1a) while this aspect is less evident in the 

BiOBr/g-CN system. A representative elemental map for BiOBr 10wt% over g-CN is as well reported 

in the SI (Figure S1b and c) demonstrating a homogeneous distribution of the bismuth oxybromide 

over the g-CN.

UV-Vis absorption spectra and the corresponding Tauc plots for BiOBr/g-CN system are 

reported in Figure 3. The indirect band gap of pure BiOBr is around 2.78 eV and that of pure g-CN 

a) b)

c)
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around 2.70 eV, in agreement with previous experimental and computational studies. Composites 

between the two samples show slight variations of the band gap energy with intermediate values 

between the pristine samples. The presence of g-CN tends to extend the absorption in the visible 

region through an extend tail characteristic of samples with low-crystallinity as in the case of the 

amorphous-like structure of g-CN.[14,30,31] 

 

Figure 3. a) Absorption spectra and b) Tauc plots for samples of the BiOBr/g-CN system.

Figure 4 reports the results in terms of ammonia evolution rates, expressed ad µmol g-1h-1, 

obtained by photocatalytic experiments under simulated solar light. Experimental details are provided 

in the SI for both the photocatalytic experiments and the ammonia determination technique which has 

been done making use of an ammonia ion selective electrode (ISE), which guarantees accurate 

detection over colorimetric methods.[25,26,29]

The trend of ammonia evolution rate steeply increases from pure g-CN (about 3 µmol g-1h-1) 

to the composite including BiOBr 10 wt%/g-CN 90 wt% reaching the highest value of about 20 μmol 

g-1 h-1. Such value then progressively reduced by increasing the BiOBr amount up to 75wt% and the 

increases again showing an effective ammonia photogeneration also for pure BiOBr with a rate of 8 

μmol g-1 h-1.

a) b)
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collected on the three samples, while Figure S5 shows the high-resolution spectra. By looking at the 

high-resolution spectra, it can be seen that the nanoexfoliated g-CN sample is characterized by intense 

N 1s and C 1s signals, with main peaks centered at (398.8±0.2) eV and (288.3±0.2) eV, respectively, 

associated with pyridinic N and with the carbons in the N−C=N moieties, in line with reports on 

related systems.[32,33] The BiOBr sample shows intense Bi 4f peaks, with the Bi 4f7/2 component 

centered at (159.4±0.2) eV, as well as Br 3d and O 1s signals, with peaks centered respectively at 

binding energies of (68.5±0.2) eV and (529.9±0.2) eV. The observed positions are in line with 

literature reports on the material.[34] The BiOBr 10 wt%/g-CN 90 wt% sample displays signals of both 

BiOBr and graphitic carbon nitride. While the signals from g-CN do not show significant variations 

with respect to the pure sample, a shift of -0.3 eV was observed on Bi- and Br-related peaks from 

BiOBr, suggesting that the interaction with g-CN might have induced some electronic 

rearrangements, with partial electron transfer to BiOBr. This should have induced a partial positive 

charge on g-CN, which should have resulted in a shift of the XPS signals to higher binding energy. 

The large excess of g-CN in the optimized system might have hidden this phenomenon.

In order to shed light on the different performances of the samples we first of all monitored 

the emission of the two pure materials and the heterojunction with the best performances (BiOBr 10 

wt%/g-CN 90 wt%).
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shades). This negative signal is related to charge carrier promotion after the excitation. At longer time 

(> 1ns) we can notice a clear difference between the two samples. For g-CN sample the signal turn 

to positive due to trapping of carriers within the bandgap from which they likely recombine non 

radiatively. On the other hand, the photoinduced absorption (PIA) signal in the presence of BiOBr 

last up to tens of µs making the carriers available for a longer time for the charge transfer from the 

photocatalyst to the nitrogen molecule.  In the case of pure BiOBr (Figure S6) can notice a really 

broad positive signal due to a high degree of defectivity of this material. It’s worth noting that this 

signal goes to 0 in 20/25 μs, while in the case of CN and the BiOBr/g-CN heterojunction it lasted to 

at least 100 µs. Overall, these results confirm, on one side, the formation of the heterojunction, and, 

more importantly, its effective role in making charge carrier dynamics available for the nitrogen 

reduction reaction.

In order to get further insight into the photoelectrochemical processes at the root of the 

observed NH3 production, we here determine the band alignment for the materials under study, via 

advanced electronic-structure calculations based on piece-wise linear hybrid density functional theory 

(DFT, cf. SI for computational details). The data presented for g-C3N4 are taken from previous studies 

of some of us, Ref. 32,  while we here instead focus on BiOBr: first, we determine the room-

temperature fundamental band gap of the oxyhalide which is found to be 3.07 eV, when including the 

effect of thermal motion at room temperature and spin-orbit coupling (cf. SI for details of the 

calculations).[35] Considering that exciton binding energies up to 0.1 eV have been measured for 

BiOBr, the calculated value is in very good accord with the experiment.[36,37] We also note that the 

band gap reported here is 0.27 eV larger than a previous theoretical estimate, which, however, were 

performed employing a density functional, HSE06, that tends to slightly underestimate band gaps of 

Bi-based semiconductors.[38–40]
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Figure 6. a) Stick&Ball representation of the atomistic models employed to simulate the (010) and the (001) 
surfaces of BiOX materials. O is in red, X=Br, I in purple, and Bi in grey. Electronic density of states (e-DOS) 
calculated for the slab models of the (001) and (010) surfaces (b and c panels, respectively).

To study the alignment of the energy levels for materials under study, we consider two 

different surface terminations for the band alignment of BiOBr: the bulk-like (001) and the (010) 

surfaces [cf. Figure 6a, the former being approx. four times more stable than the latter (cf. SI]. 

Analysis of the electronic density of states (e-DOS), cf. Figure 6b-c and Figure SF1, reveals that 

indeed the (001) surface possess band edges similar to those of the bulk material: the valence band is 

mainly constituted by Br 4p states  with minor but significant contributions from O 2p and Bi 6s 

states, while the conduction band has a strong Bi 6p character. The e-DOS for the (010) surface 

features augmented contributions of Bi states to the band edges due to undercoordinated surface Bi 

atoms, which suggests an increased reactivity for this system. 
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 For the (001) surface, our DFT modelling (cf. SI) places the valence band maximum (VBM) 

and the conduction band minimum (CBM) 8.07 and 5.00 eV below the vacuum level, respectively, 

as illustrated in Figure 7a. This, in conjunction with the corresponding energy levels for g-C3N4 at 

6.00 and 3.00 eV vs. vacuum, correspond to a type II alignment for the composite formed by the two 

semiconductors. This is indeed favorable for charge separation across the interface as holes are 

expected to migrate towards g-C3N4 while electrons are transferred to BiOBr. However, we note that 

the N2/NH3 redox level is found to lie 0.23 eV above the CBM of BiOBr, thus implying a barrier for 

the reduction reaction which is not desirable for a swift completion of N2 fixation. At variance with 

this, when considering the (010) surface of BiOBr, cf. Figure 7b, the band edges of the oxybromide 

are found to be pushed closer to the vacuum level, as we calculate values of VBM and CBM at 6.51 

and 3.44 eV, respectively. Therefore, a suitable band alignment with g-C3N4 is preserved but now 

with a downhill pathway for N2 reduction: considering the inverse exponential dependence of the 

reaction rate on the energy level difference, this alignment is even more favorable than that of bare 

g-C3N4.[41] This result is consistent with the observed better performance of BiOBr with respect to g-

C3N4, when tested individually. Furthermore, the sizably different alignments calculated for the (001) 

and (010) suggests a possible role of the morphology in the composition-dependent performance of 

the g-C3N4/BiOBr heterojunctions. 
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Figure 7. Valence band (VB) and conduction band (CB) edges of g-C3N4 and BiOX aligned with the band 
edges of liquid water and with the N2/NH3 and O2/H2O redox levels through the vacuum level. level. We also 
report the energies referred to a computational standard hydrogen electron developed in Refs. 39 and 40.[42,43]  
Alignment is performed considering the (001) and the (010) surfaces of BiOX semiconductors, see panel a) 
and b) respectively. The (−1/0) charge transition level for the electron at the (010) surface of BiOX. All values 
are given in eV.

We note that in a previous study on g-C3N4/Cs3Bi2Br9 composites, it was suggested that a 

similar trend in the photocatalytic production of H2 could be ascribed to the presence of small electron 

polarons in the layered perovskite.[44] This in turn would be more easily trapped in the bulk region, 
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when larger loads of the materials are employed. However, in the present case, it has been 

demonstrated in Ref. 42  that electron polarons are unstable in bulk BiOBr, thus ruling out an 

analogous explanation of the observed phenomenon.[45] Nevertheless, it has been shown, for different 

photocatalysts, that charge localization at the surface may be key in boosting the conversion efficiency 

within unconventional reaction mechanisms. For this reason, we here verify the occurrence of 

electron polarons at the (001) and (010) surfaces, by calculating the polaronic energy levels (cf. SI). 

For the (001) surface, we do not find any local distortion leading to surface charge localization: the 

electron remains delocalized, as in the bulk material, cf. Figure 8a, a result consistent with the 

passivated nature of the surface.[46]  In stark contrast, we observe small polaron formation at the (010) 

surface, cf. Figure 8b: electron localization is found to occur on an undercoordinated surface Bi upon 

local distortion of Bi-Br and Bi-O bonds. In particular, a single Bi atom is shifted upwards with 

respect to the slab plane, a phenomenon which causes an elongation of its bonds of ~0.15 Å, with 

respect to the neutral system. The polaronic state, found at 0.4 eV below the vacuum level, cf. Figure 

8b and SI, may serve as a hotspot for the reduction reaction, in line with previous results on other 

semiconductors, thus further supporting the reactivity of the (010) surface.[47,48]
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Figure 8. Isodensity representation of  a) the highest occupied molecular orbital for the negatively charged 
(001) slab model and b) the spin density associated with the small polaron for the negatively charged (010) 
slab model. Bi atoms in grey, O atoms in red, Br in bronze.

Finally, since halide substitution/alloying has been suggested to enhance the efficiency of 

metal halide perovskites and related materials, we here also consider, for comparison, the oxyiodide 

with analogous structure, BiOI, for which we calculate a reduced fundamental band gap of 2.06 eV.[49] 

For the (001) surface, the VBM is found at 7.00 eV while the CBM at 4.94 below the vacuum level, 

cf. Figure 7a. Therefore, the main difference with respect to BiOBr is due to the shift of the VBM of 

1.07 eV, while the CBM, which is mainly composed by Bi states, is almost unaffected. The calculated 

alignment again implies a small energy barrier for the electron transfer reactions associated with N2 

fixation. At variance with this, when considering the (010), as depicted in Figure 7b, we retrieve a 

desirable alignment with the N2/NH3 redox level. However, the electron polaron is found to be 
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unstable at the (010) surface of BiO, a consequence of the lower energy level of the CBM for the 

iodide, an instance observed also in other cases, e.g. tin halide perovskites.[50] Furthermore, in this 

case, the alignment with g-C3N4 becomes type I, with both holes and electrons being more stable in 

the oxyhalide, thus limiting the efficiency of such a composite. Overall, while Br/I substitution might 

not be practical in this case, alloying could be a strategy to pursue in order to have at the same a 

suitable band gap and a favorable alignment of energy levels.

In conclusion, the results of computational modelling suggest that the enhanced reactivity of 

the composite is promoted by a suitable alignment of energy levels. Furthermore, the composition-

dependent trend in ammonia production which features optimal values for low loading of BiOBr can 

be interpreted with the varying morphology of the system at different weight%. In fact, we can 

suppose that the relative exposure of the more reactive (010) surface - in virtue of its better band 

alignment and the occurrence of surface polarons - and the bulk-like and more inert (001) surface 

may vary with composition. In particular, as the (001) surface is sensitively more stable than the 

(010), nanoparticles are likely to grow preferentially along the former direction. This in turn may lead 

to large domains of poorly reactive (001) surfaces with systems with a larger percentage of composite. 

We also note that another possible bottleneck for charge mobility is given by hole polaron, which 

have been predicted in the bulk.[50] Their reduced mobility, if compared with free charges, might also 

hinder charge transport across g-C3N4/BiOX interfaces. Nevertheless, further studies are needed 

understand the origin of the promising NH3 production here documented, also in connection with the 

reaction mechanism.
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3. Conclusions

C₃N₄ heterojunctions across the full compositional range, prepared via a 

μmol g⁻¹ h⁻¹

C₃N₄ and more than twice that of pure BiOBr

C₃N₄ for downhill 

electron transfer to N₂, as well as the formation of surface polarons that act as localized electron

sites for N₂ activation. In contrast, the more stable BiOBr (001) surface exhibits an energy 

C₃N₄ and BiOBr, especially at low BiOBr loading, offers a 

C₃N₄ system, the mechanistic framework establi —

—
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Mechanistic Insight into the Nitrogen Photofixation 

Reaction by BiOBr-based Heterojunctions
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Figure S3. a) XRD of the BiOBr 10 wt%/gCN 90 wt% before and after the photocatalysis; b) and c) are 
illustrative images of BiOBr 10 wt%/gCN 90 wt% bedore and after the photocatalytic test.

Figure S4. Comparison of the wide scans collected on the three analysed samples – from top to bottom: g-
C3N4, BiOBr 10 wt%/gCN 90 wt%, and BiOBr. 

a)

b) c)
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Figure S5. Comparison of the high-resolution spectra collected on the three analysed samples – from top to 
bottom: g-C3N4, BiOBr 10 wt%/gCN 90 wt%, and BiOBr. 

Figure S6. 2D map representing the transient absorption measurements taken on BiOBr sample, in a 
wavelength range between 550 and 900 nm and in a time range up to 25 μs
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Experimental Section

Sample synthesis and characterization

g-C3N4 nanosheets have been synthesized starting from the bulk form (bulk g-C3N4). 

Dicyandiamine DCD (NH2C(=NH)NHCN, Aldrich, 99%) is polymerized under N2 flux: the 

alumina boat containing densely packed DCD is positioned in a quartz tube, filled with nitrogen, 

and heated up in a tubular oven (4 °C min-1) to the selected temperature of 550 °C, followed by an 

isothermal step 4 hours long and finally cooled to room temperature (6 °C min-1). 

To produce thermally exfoliated nanosheets, 1 gm of finely ground bulk g-C3N4 was placed in an 

alumina boat (20 mL), spread to cover homogenously the bottom, and heated (5 °C min-1) in a 

tubular oven under air until the desired temperature was reached. The boat was left at the desired 

temperature for 2 h and then cooled (6 °C min-1) until reaching room temperature.

The BiOBr/g-C3N4 nanosheets composites have been synthesized by wet co-precipitation: Bi(NO3)3 

· 5 H2O is dissolved in acetic acid (solution A) and then added to solution B (KBr dissolved in 

distilled, DI, water) in which is dispersed the right stoichiometric amount of g-C3N4 nanosheets for 

achieving the desired ratio. The obtained mixture is then left to stir for a night, and, after that, the 

composite is filtered, washed with DI water and ethanol, and left under the fume-hood to dry 

overnight. The composite series has been realized with the following BiOBr percentages: 100, 90, 

75, 60, 45, 30, 15, 10, 0.   

The crystal structure of the samples has been characterized by room temperature Cu-radiation XRD 

acquired with Bruker D2 diffractometer. DRS spectra were acquired in the wavelength range 300-

800 nm directly on the powders by using a Jasco V-750 spectrophotometer, equipped with an 

integrating sphere (Jasco ISV-922). Microstructural characterization of the samples was made using 

a high-resolution scanning electron microscope (SEM, TESCAN Mira 3) operated at 25 kV.

Nitrogen Photofixation Experiments and Ammonia Determination

N2 photofixation experiments were conducted in tridistilled water containing 10% (v/v)

methanol (Aldrich, ≥99.9%) irradiated in a Pyrex glass container (250 mL capacity, 100 mL

sample). Methanol plays the role of sacrificial agent, whose job is to minimize the recombination of 

electron and holes – by being oxidized faster than water – and maximize electron extraction.  After 

addition of the catalyst (0.5 g L-1), the sample suspension was deoxygenated by

N2 bubbling (45 min) to obtain a saturated solution and then irradiated under magnetic stirring for 3 
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hours maintaining the temperature at 15°C. Irradiation was performed under simulated solar light 

(1500 W Xenon lamp, 300-800 nm) using a Solar Box 1500e (CO.FO.ME.GRA S.r.l.) at 500 W/m2. 

The quantification was performed with ammonia ion selective electrode (ISE), which guarantees 

accurate detection over colorimetric methods (e.g. Nessler method) as previously assessed.[1,2] The 

Thermo Scientific Orion Ammonia Ion Selective Electrode (ISE) was selected as it measures 

ammonia ions in aqueous solutions quickly, simply, economically, and accurately. It uses a 

hydrophobic gas-permeable membrane which separates the sample solution from the electrode filling 

solution. Water does not wet the membrane and does not penetrate the holes, whereas the dissolved 

ammonia in the sample solution diffuses through the membrane until the partial pressure of ammonia 

is the same on both sides of the membrane. In any sample the partial pressure of ammonia is 

proportional to its concentration.

Daily freshly tri-distilled water, free of volatile amines that can positively interfere with the 

measurements, was used for all standards and samples. The pH of all standards and samples was 

adjusted above 11 with a strong base (10 N NaOH, ion strength < 1M), so that dissolved ammonia 

(NH3(aq) and NH4
+) is converted to NH3(aq): ionic species present in the standard and sample 

solutions cannot cross the membrane but can change the solubility of ammonia and/or form metal 

complexes. Basification removes most metals in the form of hydroxide complexes or precipitates.

Figure S7. Mean calibration curve (n=7) for ammonia quantification (0.25 mg 
L-1 ÷ 25 mg L-1 as NH3).

96



All measurements were performed in a beaker with minimized surface area/volume ratio, at a uniform 

and moderate rate, under controlled temperature. Since temperature changes can cause a change of 

the slope and potential, a piece of insulating material, e.g., ceramic or cardboard, was placed between 

the magnetic stirring plate and beaker to prevent measurement errors because of a heat transfer to the 

sample. In details, ISE was immersed in the solution (standard or sample, 1% v/v 10 N NaOH, 10% 

v/v MeOH) until a stable potential value (mV) was obtained. For the quantification, a calibration 

curve was constructed daily plotting the mV value recorded after 2 minutes equilibration time against 

the Log Concentration, to verify the slope (varying in the range - 54 ÷ -60 mV). The ammonia 

concentration in the sample was further assessed by two standard additions. Figure S7 reports an 

example of mean calibration curve (0.25 mg L-1 ÷ 10 mg L-1 as NH3). 

Optical Spectroscopic characterization

Transient absorption spectroscopy (TAS) measurements were performed in transmission mode on 

powder samples dispersed in DMF with a concentration of 5 mg/ml. A femtosecond laser (Light 

Conversion Pharos) generates pulses of 280 fs centered at 1030 nm. Focusing a part of this 

fundamental beam on a sapphire plate a broadband white light was generated, spanning from 520 to 

900 nm, which was used as probe beam. At short delays (<3 ns), the pump beam was generated from 

the third harmonic of the fundamental providing a wavelength of 343nm. At long delays (>3 ns), we 

used a Q-switched Nd YVO4 laser (Innolas Picolo) to generate a 355nm pump beam electronically 

triggered to control the delay between pump and probe. Photoluminescence (PL) measurements were 

conducted by using the same pump used for fs-TAS measurements (343nm), the emission is then 

collected by a Maya 2000 pro spectrometer from Ocean Optics.

XPS Analysis

X-ray Photoelectron Spectroscopy (XPS) was used to study the surface chemistry of the BiOBr 10 

wt%/gCN 90 wt% optimized system in comparison to that of the composing materials, namely g-

C3N4 and BiOBr. XPS specimens were prepared by pressing a few mg of the powder samples onto 

high-purity indium pellets (99.99% purity). XPS data were acquired using a Kratos Axis UltraDLD 

spectrometer, equipped with a monochromatic Al Kα source operated at 20 mA and 15 kV. Wide scan 

were acquired at a pass energy of 160 eV, energy step of 1 eV, over an analysis area of 300 x 700 μm2. 

High-resolution spectra were then acquired at a pass energy of 20 eV, energy step of 0.1 eV, over the 

same analysis area, with a specific focus on the main signals from the elements composing the 
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materials, namely O 1s, C 1s, N 1s, Bi 4f, and Br 3d. The Kratos charge neutralizer system was used 

on all specimens; spectra have been charge corrected by setting the lowest binding-energy component 

of the carbon 1s spectrum to 284.8 eV. The collected data were then analysed with CasaXPS software 

(version 2.3.24).[3]
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Computational Modelling

We here aim at aligning the electronic energy levels of g-C3N4 and BiOBr with respect to the relevant 

reduction potentials at the semiconductor-water interface. For the former material, we employ the 

results of the alignment detailed in Ref 1.[4] The latter is calculated in this work, as follows. 

First, we recall that the fundamental band gap of a semiconductor at a temperature 𝑇, as calculated 

from first principles, 𝐸gtheory(𝑇), can be defined as: 

𝐸gtheory(𝑇) = 𝐸gtheory(0) + ∆𝐸g(𝑇), 
where 𝐸gtheory(0) is calculated band gap at 0 K, usually estimated employing an electronic-structure 

calculation on the perfectly ordered crystalline system.[5] For materials including heavy atoms, such 

as Bi and I, this calculation needs to include the effect of spin-orbit coupling (SOC), which are known 

to produce a sizable renormalization of the band gap in Bi-based materials, e.g. Ref. 2, ∆𝐸g(SOC), as 

a consequence of the shifts in the position of the valence band maximum (VBM) and conduction band 

minumum (CBM),  ∆𝐸VBM(SOC) and ∆𝐸CBM(SOC), respectively. ∆𝐸g(𝑇) is the thermal band gap 

renormalization ensuing form atomic vibrations at finite temperatures, which has beend found to be 

particularly significant for a plethora of systems, including fully inorganic perovskites, Bi-based 

semiconductors, and organic materials.[5–7] The individual contribution to the total band gap 

renormalization deriving from the valence band maximum (VBM) and conduction band minimum 

(CBM) are similarly defined: 𝐸VBMtheory(𝑇) = 𝐸VBMtheory(0) + ∆𝐸VBM(𝑇)𝐸CBMtheory(𝑇) = 𝐸CBMtheory(0) + ∆𝐸CBM(𝑇)
In the following, we describe the computational protocol employed to calculate band gap at room 

temperature from electronic-structure calculations and how to align the calculated energy levels with 

respect to a physical reference. 

We model BiOBr and, for comparison, the oxyiodide with analogous structure, BiOI, employing a 

supercell approach. In particular, we consider 5 × 5 × 3 tetragonal supercells with 𝑎 = 𝑏 = 19.60 Å, 𝑐 = 24.33 Å for BiOBr and 𝑎 = 𝑏 = 20.05 Å, 𝑐 = 27.42 Å for BiOI, see Figure S8, corresponding 

to the experimental density. Most of the calculations based on density functional theory (DFT) are 

carried out with the freely available CP2K/QUICKSTEP suite of programs.[8] In this code, atomic 

basis sets are combined with an auxiliary plane-wave basis set to re-expand the electron density. In 

particular, we use the MOLOPT double-zeta polarized basis set and a cutoff of 800 Ry for the plane 
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waves.[9] Core electrons are treated with the analytical Goedecker-Teter-Hutter pseudopotentials.[10] 

The Brillouin zone is sampled at the sole Γ point. To properly calculate the band gap and the band 

edges of the materials under study, we employ a piece-wise linear hybrid functional belonging to the 

PBE0 family, PBE(𝛼𝐾), developed in Ref. 10, where fractions 𝛼𝐾 of Fock exchange equal to 23% 

and 24% have been found to satisfy the generalized Koopmans’ condition for BiOBr and BiOI, 

respectively.[11–14] We employ the auxiliary density matrix method to speed up the calculation of exact 

exchange in hybrid functional calculations, as implemented in CP2K, with the cFIT auxiliary basis 

set. Furthermore, we include non-local electron correlation via the self-consistent rVV10 scheme, to 

accurately describe the energetics of layered materials.[15–17]

Figure S8. (a) Stick&Ball representation of the 5 × 5 × 3 tetragonal supercell employed to model BiOX 
materials. O is in red, X=Br, I in purple, and Bi in grey. (b) Electronic density of states (e-DOS) calculated for 
bulk BiOBr.

Since the band edges of BiOX are dominated by the 2p states of the halogen and Bi 6s states (valence 

band) and Bi 6p states (conduction band), see Figure S8 (b) for BiOBr, we need to evaluate the shift 

of the band edges and the subsequent renormalization of the band gap induced by spin-orbit 

coupling.[18] For this reason, we carry out hybrid density functional theory calculations with and 

without the effect within the VASP code.[12,13,14] The calculations are performed on a 6-atom unit cell 

using a Γ-centered 4×4×4 Monkhorst–Pack k-point mesh. The plane-wave cutoff energy is 520 eV. 

SOC-induced band edge shifts is computed as the difference between calculations with and without 

SOC. All calculations are performed at fixed experimental lattice parameters, without structural 
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optimization. From the difference in the absolute position of the band edges calculated with and 

without SOC, we infer the values of ∆𝐸𝑔(SOC), ∆𝐸VBM(SOC), and ∆𝐸CBM(SOC) for both materials, 

as collected in Table S1.

Figure S9. Electronic density of states (e-DOS) near the band edges for BiOBr (a, b) and BiOI (b. c). Black 
solid lines for DOS achieved from MD at 300 K. Red (purple) lines for DOS calculated from the optimized 
structures at 0 K of BiOBr (BiOI). For each material, energy levels are referred to the room-temperature 
valence band maximum, as estimated from linear extrapolation of the wing of the e-DOS. 

Finally, the renormalization due to thermal motions is known to substantially impact the room-

temperature band gap of a variety of semiconductors, including organic materials, halide perovskites, 

and Bi-based semiconductors.[5–7] For this reason, we perform molecular dynamics (MD) simulations 

with CP2K/QUICKSTEP using the same computational set-up described above.  MD runs in the 

canonical NVT ensemble, ensured by the use of the thermostat developed by Nosé and Hoover, are 

carried out for 10 picoseconds, with a time-step of 1 fs.[22,23]  We then employ a linear extrapolation 

of the wings of the electronic density of states (DOS) near the band edges. The difference in the band 
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edges calculated at 0 K and those achieved from the MD simulation at 300 K provides us with the 

estimated values of ∆𝐸g(𝑇), ∆𝐸VBM(𝑇),  ∆𝐸CBM(𝑇) cf. Figure S9 and Table S1. The slightly larger 

value observed for BiOI can be ascribed to the wider thermal fluctuactions of the Bi-I bonds, as 

evidenced by the calculated radial distribution functions in Figure S10.

Table S1. Calculated values of the SOC and thermal corrections to the band edges and to the fundamental band 
gap of the considered BiOX semiconductors. All values are given in eV.

Correction BiOBr BiOI∆𝐸VBM(SOC) +0.02 +0.12∆𝐸CBM(SOC) −0.21 −0.20∆𝐸g(SOC) −0.23 −0.32∆𝐸VBM(𝑇) +0.12 +0.14∆𝐸CBM(𝑇) −0.05 −0.12∆𝐸g(𝑇) −0.17 −0.26

Figure S10. Bi-X radial distribution functions (X=I, Br) as calculated from MD simulations of BiOX materials. 
Bi-Br in violet, Bi-I in red. Vertical dashed line represent the lengths of Bi-X bonds for the respective optimized 
0 K atomistic models.  

To align the calculated band edges with respect to a physical reference, we model BiOX-

vacuum interfaces. In particular, we construct atomistic slabs of BiOBr and BiOI, considering two 

different stoichiometric symmetric systems: the (001) and the (010) surfaces. The bulk-like (001) 

surface is cut in parallel with respect to the BiOX layered planes and it is BiX-terminated with no 

undercoordinated atoms, as illustrated in Figure 6. The slab has 𝑎 = 𝑏 = 15.68 Å,  𝑐 = 70.00 Å for 
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BiOBr and 𝑎 = 𝑏 = 16.04 Å, 𝑐 = 70.00 Å  for BiOI (including, for both BiOBr and BiOI,  ~30 Å of 

vacuum) and consists of 5 BiOX layers. We note that for the (001) surface, we also tested O-

terminated surfaces, which, however, resulted in unstable systems, with disruption of the terminal 

unsaturated layers. The same occurred when considering O-H covered, i.e. hydroxylated, slabs. 

 At variance with this, the stoichiometric (010) slab displays a BiOX-terminated surface perpendicular 

to the direction of the layered planes and features undercoordinated atoms, cf. Figure 6. The 

dimensions of the periodic slabs are 𝑎 = 16.22 Å,  𝑏 = 15.68 Å,  𝑐 = 75.00 Å for BiOBr and 𝑎 =18.22, 𝑏 = 16.04 Å, 𝑐 = 75.00 Å  for BiOI, again with a vacuum layer of ~30 Å, separating the 

periodic replicas along the 𝑧 direction. For each slab, we carry out a full geometry relaxation at the 

PBE(𝛼𝐾)+rVV10 level of theory.

The surface energies of the slabs are calculated according to the following expression:

𝛾 = (𝐸slab − 𝑁 × 𝐸bulk)2𝐴   ,
where 𝐸slab is the total energy of the slab, 𝐸bulk the total energy per atom of the bulk, and 𝐴 is the 

surface area of the slab model. As reported in Table S2, surface energies are found to amount to 0.011 

and 0.048 eV/Å2 for the (001) and the (010) surface models of BiOBr, respectively.  Similar values 

of 0.011 and 0.028 eV/Å2 are estimated for BiOI surfaces, which, however, shows a reduced 

difference between the two surface terminations. 

Table S2. Calculated values of the surface energy 𝛾 from atomistic modelling of the (001) and the (010) 
surfaces for the BiOX semiconductors under consideration. Values are given in eV/Å2.

BiOBr BiOI𝛾001 0.011 0.011𝛾010 0.048 0.028

For each slab, we determine the plane-averaged electrostatic-potential along the 𝑧 direction, to refer 

the calculated band edges with respect to the vacuum level. No residual electrical field is observed in 

the studied slabs, as evidenced by the flat potential across the vacuum region shown in Figure S11. 

Finally, we align the calculated energy levels also with respect to the standard hydrogen electrode 

(SHE), since redox potentials are usually reported on this energy scale. In particular, for internal 

consistence, we employ a computational SHE detailed in Refs. 24 and 25, which is found 4.56 eV 

below the vacuum level, in excellent accord with the experimental estimate proposed by Trasatti (4.44 
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eV).[24–26] The alignment scheme presented in Fig. 7 of the main text is completed including the 

experimental reference values for N2/NH3 and O2/H2O redox levels.

Figure S11. Average electrostatic potential referred to the vacuum level across the semiconductor-vacuum 
interface for BiOBr and BiOI (red and purple lines respectively). Panels (a) and (c) for models of (001) surface 
while panels (b) and (d) illustrate the potential profile for (010) slabs.

In the main text, we also report the energy level associated with surface polarons on the (010) 

surface. The binding energy of the electron polaron is defined as:𝐸𝑏−(pol) = 𝐸slab− (pristine) − 𝐸slab− (pol)
where 𝐸slab− (pol) is the total energy of the charged slab with the polaronic distortion, while 𝐸slab− (pristine) the total energy of the charged pristine slab. A positive value of the quantity 

corresponds to favorable polaronic localization. The redox level (0/−1) associated with the polaron, 𝜇(0/−1), is placed at an energy 𝐸𝑏−(pol) below the position of the conduction band maximum, ϵCBM 

, of the material, i.e.: 𝜇(0/−1)  = ϵCBM − 𝐸𝑏−(pol)
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The co-author Giulia Giovilli, author of the present Ph.D. work, synthesized and characterized 
BiOBr, g-C3N4 and the g-CN/BiOBr heterojunctions series, and carried on the PNF experiments.
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up when the incident photons’ frequency resonates with the typical surface plasmon’s frequency of 
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“Facile Synthesis of Au/g‐C3N4 Nanocomposites: An Inorganic/Organic Hybrid Plasmonic 
Photocatalyst with Enhanced Hydrogen Gas Evolution Under Visible‐Light Irradiation 

Wiley Online Library,” can be found under https://c
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Abstract
Graphitic carbon nitride (g-C3N4) nanosheets, synthesized by thermal exfoliation of bulk g-C3N4, 

and Bi2MO6 (M = Mo, W, Mo1-xWx) compounds, made through a solvothermal synthesis followed 

by heat treatment, were coupled in heterojunctions with varying wt%, W-doping and crystallinity. 

These heterojunctions were then employed in solar-driven nitrogen fixation and hydrogen 

evolution: while the composite show a synergy during photocatalytic nitrogen fixation, pure g-C3N4 

remains the best performing photocatalyst for solar-driven water-splitting. The best performing 

heterojunction for both NH3 and H2 production is amorphous Bi2MoO6 (2.5%)/g-C3N4 (97.5%): it 

produces 3 times the NH3 yield of pure g-C3N4 (9 vs 3 μmol g-1
 h-1) and it reaches a slightly higher 

yield of H2 (145 vs 143 μmol g-1
 h-1). Comparing 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(10%)/g-C3N4(90%) and 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(5%)/g-C3N4(95%) hydrogen production rates, W doping introduces lattice 

distortions that are successful in enhancing PHE: for  𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(10%), every heterojunction 

is better performing than end-members, with x = 0.45 being the best performing (~ 90 μmol g-1
 h-1, 

more than double the H2 production rate of end-members); for 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(5%), the hydrogen 

production decreases with the increase of x, except for x = 0.75, who reaches ~ 130 μmol g-1
 h-1 

(nearly as high as BMO(5%)’s hydrogen production).
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1. Introduction

The most abundant renewable energy source is solar energy: it can be harvested with a carbon 

foot-print as low as 20-50 g CO2e kWh-1 and it can be used in solar fuel technologies to synthesize 

value-added molecules that can be used as renewable fuel, like hydrogen, or as chemical feedstock, 

like ammonia.[1] Implementing these technologies open up an alternative path toward less carbon-

heavy and energy-intensive industrial processes and also remedies the intermittence of renewable 

energy sources by storing it in the form of chemical fuel.

Solar fuel technologies encompass a wide array of reactions and products, that, as of now, 

heavily rely on the use of fossil fuels. An example of this is hydrogen production: hydrogen is one of 

the most important secondary energy sources and has been strongly researched as a possible substitute 

for traditional fossil fuels, because – in addition to its high energy density (120-140 MJ/kg) –  its 

combustion is a carbon-free process and it can also be produced without any carbon emission (green 

hydrogen) through the use of renewable energy sources[2]. Presently, hydrogen is produced almost 

entirely from fossil fuels, with the most employed process being methane-steam reforming, but 

several different approaches to the production of green hydrogen exists and are actively being 

researched right now[3,4]. 

Another example is ammonia production: one of the most invaluable chemical compound on 

the global market (88% of the 180 million ton of ammonia produced yearly are used in the production 

of 60% of nitrogen-rich fertilizers), ammonia is also a good choice as an energy storage medium or 

as high-density liquid fuel because it has high energy density (3 kW h kg-1), high hydrogen content 

(17.7 wt%) and it’s easy to store and transport.[5] Industrially, the most used method of production is 

still the Haber-Bosch process: because of the harsh conditions needed for the reaction to happen (high 

temperature and pressure) and the natural gas used as a hydrogen source, it accounts for 2% of the 

global energy expended annually and releases around 300 million metric tons of CO2. To truly make 
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ammonia a viable solar fuel, it’s imperative to further research and develop green alternatives to the 

Haber-Bosch process.

Both green H2 and NH3 can be produced by solar-driven (or visible-light-driven, VLD) 

photocatalysis, through water splitting (or photocatalytic hydrogen evolution, PHE) and 

photocatalytic nitrogen fixation (PNF). Both reactions are carried out in an heterogenous system 

under mild conditions, where the solid photocatalyst is dispersed in water: the photocatalytic material 

is usually a semiconductor with a band gap chosen to maximize the light absorbed and whose energy 

bands align well with the redox potential of the chemical reaction. Absorbed photons excite electrons 

that move from the valence band to the conduction band of the material, leaving holes. After this 

charge separation, charge carriers will migrate toward the surface of the catalyst, resulting in the 

reduction of electron acceptors and the oxidation of electron donors.[1]

  The biggest challenges to these photocatalytic processes are: i) short charge-carriers lifetime, 

ii) reduced light absorption, iii) low number of easy-to-reach sites where reagents can be absorbed 

and activated, iv) limited surface reactivity and, especially for PNF, v) the competing hydrogen 

evolution reaction. Most photocatalytic systems still rely on wide band gap semiconductors like TiO2, 

which absorbs only deep blue and violet photons, that makes up only 5% of visible light. It’s necessary 

to develop photocatalytic materials able to better separate charge-carriers and ease their migration 

toward active sites on the material. They also need to have an energy band structure that enhances 

light absorption and that matches well the desired redox reactions potential, and enough superficial 

sites available for reagent molecules to occupy.[6] 

Using a VLD photocatalyst is a great alternative to enhance light absorption: 𝐵𝑖2𝑀𝑜𝑂6 and 𝐵𝑖2𝑊𝑂6, having attracted the attention of many researchers for their photocatalytic 

applications, are examples of these materials.[7–10] 

Bi2MO6  (with M = W,Mo) are the simplest, most-popular oxides in the complex Aurivillius 

series (Bi2O2)2+ (A𝑛−1B𝑛O3𝑛−1)2−, where A sites are usually occupied by mono-, di- or tri-valent 
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metal ions, and B sites are occupied by penta- or hexa-valent transition metals. The n number in this 

compositional formula indicates the number of perovskite layers comprised of BO6 octahedrons (n = 

1-8).[11] [𝐵𝑖2𝑂2]2+ sheets and [𝑀𝑂4]2− perovskite-type layers are interwoven into a layered structure 

that crystallizes into an orthorhombic systems: strong covalent bonds exist within layers, Mo–O bond 

length (~1.76 Å) in Bi2MoO6 exceeds the W–O bond length (~1.72 Å) in Bi2WO6, while interlayer 

cohesion is governed by weak van der Waals forces. The lower bond-length of W-O depend on the 

higher electronegativity of W (2.36) when compared to Mo (2.16), so W tends to form more covalent 

bonds, leading to a contraction of the crystal structure and a reduced interplanar spacing in Bi2WO6. 

Both Bi2MoO6 (BMO) and Bi2WO6 (BWO) are thermally stable (BMO below 500°C and BWO until 

600-700°C) and chemically stable, thanks to their strong covalent bonds and stable oxidation 

states.[12,13] The layered crystal structure not only provides a large specific surface area (usually 50–

100 m2⋅g−1), which exposes more active sites but also shortens the migration distance of 

photogenerated charge carriers, reducing their recombination rate.[12] 

The surface of Bi2MO6 compounds is rich in defect sites – like oxygen vacancies, caused by 

the high temperature methods mostly employed to synthesize them – that trap electrons, suppress 

charge recombination and enhance adsorption. Surface Bi3+ ions adsorb and activate N2 molecules 

through coordination bonds that weaken N-N triple bond, while surface O2- ions donate electrons in 

the N2 antibonding orbitals, lowering activation barriers.[12]

Among the members of the Aurivillius family, 𝐵𝑖2𝑀𝑜𝑂6, 𝐵𝑖2𝑊𝑂6 and 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 solid 

solutions are Visible-Light-Driven (VLD) n-type semiconductor photocatalyst; the hybridization 

between Bi 6s and O 2p orbitals contribute predominantly to the valence band (VB), while the 

conduction band (CB) is predominantly composed by M nd (n=4, 5) orbitals, resulting in a band gap 

ranging from 2.5 to 2.9 eV.[6,12,14] This band configuration, paired with the stack-layered structure and 

its internal electrical field, is also conducive to photocarriers separation and their migration toward 
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active sites, with holes being mostly localized on Bi and O atoms, while electrons move toward the 

transition metal M. 

Bi2MO6 band-gaps are highly tunable through morphological, structural and chemical 

modifications;  BMO and BWO possess EVB and ECB conducive to carry on both the nitrogen 

reductive reaction (NRR, -0.28 V vs NHE) and the oxygen evolution reaction (OER, +1.23 V vs 

NHE).[6,12,13,15–19] When irradiated with visible light, photogenerated electrons in the CB can quickly 

migrate toward surface sites where they effectively activate the inert N≡N bond in nitrogen molecules, 

while photogenerated holes remaining in the VB are provided with enough oxidizing power for water 

splitting. Because CB’s potential matches well with NRR potential, BMO and BWO show an 

ammonia selectivity over 90%, avoiding to a large extent the competitive hydrogen evolution reaction 

(HER, 0 V vs NHE)[20]; in addition Bi-based matrices tend to be highly hydrophobic, forming instead 

strong interactions with N2 molecules. [13]

In addition to the wide light absorption range and tunable band gap, these materials are non-

toxic (despite Bi being a heavy metal, it’s biocompatible because it gets excreted through urine), 

highly stable, easy to synthesize and precursor materials are pretty cost-effective.[12] Nevertheless, 

pure Bi2MO6’s photocatalytic activity still suffer due to poor visible-light utilization, low specific-

surface area, low carrier mobility, high carrier-recombination rate. [14]

There are many possible methods that can be employed to enhance the photocatalytic activity 

of these semiconductors. In this work, we employed: i) structural modification (crystalline vs 

amorphous compounds), ii) doping (𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 solid solution series) and iii) construction of 

heterojunctions with another semiconductor, graphitic carbon nitride g-C3N4.

g-C3N4 is a unique non-metallic copolymer n-type semiconductor material made of stacked 

2D C-N layers similar to graphene. It absorbs in the visible light range (Eg ~2.7 eV) and the band 

position is suitable for both PHE and PNF reactions. Bulk g-C3N4 synthesis is cheap and easy, and a 

subsequent heat treatment with variable temperature and duration can be used to synthesize g-C3N4 
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nanosheets, with a higher surface area, reduced thickness and thus a reduced migration distance to 

the photocatalyst surface for the photogenerated carriers, and a higher number of surface defects 

(mostly nitrogen vacancies) that adsorb and activate reagent molecules.[15,16,18]

The aim of this work was the synthesis of 𝐵𝑖2𝑀𝑜𝑂6, 𝐵𝑖2𝑊𝑂6 and 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 solid 

solution series in both crystalline and amorphous form. These semiconductors were then used to 

synthesize composite with g-C3N4 nanosheets in various ratio and then their photocatalytic activity 

was studied for both photocatalytic nitrogen fixation and photocatalytic water-splitting to determine 

how much variables like component wt%, value of x (W-doping) in 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 solid solutions 

and type of material affect ammonia and hydrogen production yields.

138





Experimental data were also refined through Rietveld refinement to determine lattice 

parameters a,b and c, and lattice volume. The diffraction patterns of Bi2MoO6 and Bi2WO6 were found 

to be similar to the JCPDS card no. 72-1574, (a = 5.506 Å, b = 16.2260 Å, c = 5.487 Å) and JCPDS 

Card no. 390256, (a = 5.456 Å, b = 16.445 Å, c = 5.444 Å), respectively.[22]  In accordance with 

previous findings, these Aurivillius compounds (Bi2MO6 with M=Mo,W) depart from Vegard’s 

Law[11]: deviations can be seen both in the lattice parameters and in the volume, probably due to 

lattice distortion generated by W-doping induced contraction.[22]

Figure 2. X-Ray Diffraction patterns of the a) amorphous 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 series and b) crystalline 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 series, c) Bi2MoO6 XRD pattern against calculated pattern and d) Bi2WO6 XRD pattern 
against calculated pattern

d)

b)

c)

a)
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In figure 9a, we can see that coupling these Aurivillius-type oxides with g-C3N4 creates a 

synergy: all 16 heterojunctions show a higher ammonia yield than pure crystalline and amorphous 

BMO and BWO (under LOQ) and pristine g-C3N4 (about 3 µmol g-1h-1). We can still recognize the 

same mirrored trends between the amorphous and crystalline form of the same compound: g-C3N4 

(95%) is the best performing wt% for a-BWO/g-C3N4 (6.8 µmol g-1h-1) and c-BMO/g-C3N4 (7.6 µmol 

g-1h-1) heterojunctions, while g-C3N4 (97.5%) is the best performing wt% for the c-BWO/g-C3N4 (8.6 

µmol g-1h-1) and a-BMO/g-C3N4 (9 µmol g-1h-1) heterojunctions, with these last two being the best-

performing ones. 

We can determine that photocatalytic nitrogen fixation is highly dependent on the 

characteristics of Bi2MO6: the same wt% produce different quantities of nitrogen depending on the 

transition metal M (Mo or W) and the crystallinity. Fixing either the crystallinity of the material or 

the transition metal vs g-C3N4 wt% will give the same result: the NH3 yield production trends in such 

a way that a material like amorphous BMO will have opposite results when compared to amorphous 

BWO (fixed crystallinity) or crystalline BMO (fixed transition metal). This happens because, most 

of all for Bi2MO6 wt% under 20%, the ammonia production trends of c-BMO and a-BWO are very 

similar, as are the ones of a-BMO and c-BWO. 

Figure S4 shows the correlation between Eg and NH3 production for heterojunction with the 

same Bi2MO6/g-C3N4 ratio. For higher concentrations of Bi2MO6, heterojunctions perform 

systematically better when they have lower Eg: for Bi2MO6 (20%), the crystallinity has a higher 

impact on ammonia yields than the transition metal, because a-BMO and a-BWO have the same band 

gap (2.70 eV) and the same yield, while the difference between them and their crystalline counterparts 

(2.66 eV for c-BWO and 2.69 eV for c-BMO) is enough to enhance the photocatalytic reaction (figure 

S4a).

Intermediate ratios (10 and 5%) show an interesting trend: for both ratios (figure S4b and c), 

the best performing heterojunctions are a-BWO (2.72 eV for both 10% and 5%) and c-BMO (2.62 
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eV for 10% and 2.71 for 5%). Notably, for Bi2MO6 (10%), a-BWO and c-BWO have the same band 

gap, but the amorphous compound performs better (5.7 vs 4.2 μmol g-1
 h-1). 

Finally, the lowest concentration of Bi2MO6 (2.5%) show a totally opposite behaviour (figure 

S4d): a-BMO and c-BWO present the highest Eg (2.74 and 2.76 eV), but also the highest yields of all 

heterojunctions (9 and 8.6 μmol g-1
 h-1). 

If we consider 2.7 eV (the ideal band gap of g-C3N4) our centre value, we can see that 

heterojunctions containing c-BMO and a-BWO heterojunctions perform well when their band gap is 

near 2.7 eV, c-BWO heterojunctions perform well when their band gap is far from 2.7 eV, while the 

band gaps of a-BMO heterojunctions need to fall in an intermediate position for the material to 

perform well.   

The hydrogen production rates seen in figure 9b show the same trends for all the 

heterojunctions, a linear increase with the increase of g-C3N4 wt%, with the best performing material 

being a-Bi2MoO6 (2.5%)/g-C3N4 (97.5%). Compounds containing crystalline and amorphous 

Bi2MoO6 are the best performer in the series: they show similar yields for the lower (2.5%) and 

highest (80%) ratios investigated, but presents differing results when considering the intermediate 

ratios (90 and 95%).  The only outlier is the very low hydrogen yield of c-BMO (10%)-g-C3N4(90%), 

even lower than c-BWO(10%)-g-C3N4(90%). 

It’s clear that hydrogen yields are dependent on g-C3N4 wt%: the higher its quantity, the more 

hydrogen is produced. It’s expected dueto the much higher selectivity of Bi2MO6 materials toward 

ammonia evolution, but different transition metals and crystallinity still affect the photocatalytic 

activity of the heterojunction (figure S5).

For Bi2MO6 (20%), a- and c-BMO are much better performers than a- and c-BWO (figure 

S5a); considering that a-BMO and a-BWO have the same band-gap energy (2.70 eV), we can assert 

that the electronic structure of BMO is a better match for g-C3N4 than BWO.
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In comparison, c-BWO heterojunctions are consistently the worst performers, whatever their 

band-gaps are (from 2.66 to 2.76 eV): only for Bi2MO6(10%), c-BWO(10%) (2.72 eV) shows a 

slightly better yield than c-BMO (10%), who has a much lower band-gap of 2.62 eV (figure S5b). 

It’s probable that the narrowing of c-BMO’s Eg is enough to move the energy levels out of their 

optimal positions; this increases the rate at which charge carriers recombine, decreasing significantly 

the hydrogen produced when compared to the expected yield. The amorphous structure of a-BWO 

(10%) significantly improves hydrogen production when compared with c-BWO (10%), even if they 

share the same Eg (2.72 eV). 

The smaller sizes of a-BWO agglomerates provide a higher surface area and thus a better 

superficial contact between the Aurivillius material and g-C3N4. In addition, its intrinsically 

disordered nature results in a substantial number of "dangling bonds" and structural defects, that 

function as additional active sites and modify electron distribution.[32,33] 

The smaller particle size and the amorphous structure are also the probable reasons why a-

BMO heterojunctions tend to perform well at every ratio, even if Eg values fluctuate from low (2.7 

eV) to high (2.8 eV).  

Considering the lower Bi2MO6 ratios (5% and 2.5%), both amorphous compounds and c-BMO 

show high hydrogen production, very near to pure g-C3N4 hydrogen yield. C-BMO (5%) and c-BMO 

(2.5%) show very similar yields, the slight decrease in production is correlated to the decrease in 

quantity of c-BMO. The hydrogen production of a-BMO and a-BWO, instead, increases with the 

decrease in quantity from 5% to 2.5%. It’s clear that the photocatalytic behaviour is dominated by g-

C3N4’s contribution: a-BMO, a-BWO and c-BMO’s band gaps are all different (ranging from 2.70 to 

2.77 eV), but they produce similar quantities of hydrogen, while c-BWO’s production is 

approximately halved. 
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Hydrogen production yields (figure 12b) are notably different for the two heterojunction 

series. g-C3N4(90%) heterojunctions show a very interesting trend: all solid solutions produce more 

H2 than the pure end-members, with 𝐵𝑖2𝑀𝑜0.55𝑊0.45𝑂6(10%)/g-C3N4(90%) being the best performer 

(~91.2 𝜇𝑚𝑜𝑙/𝑔/ℎ), more than double that of BMO(10%) and BWO(10%). 

While the band gaps of the heterojunctions are very similar to pure g-C3N4, the hydrogen 

yields from samples in the 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(5%)/g-C3N4(95%) tend to decrease linearly with the 

increase of x: the best performing sample remaining 𝐵𝑖2𝑀𝑜𝑂6, but 𝐵𝑖2𝑀𝑜0.25𝑊0.75𝑂6(5%)/g-

C3N4(95%) shows a much higher H2 production than expected. 

If we analyse hydrogen production vs band-gap (figure S6), 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(10%)/g-

C3N4(90%) shows that the best performing heterojunctions presents band-gaps far away in value from 

2.7 eV: 2.60 eV for x=0.15, 2.73 eV for x=0.45, and 2.77 eV for x=0.75. Three sets of samples share 

the same band-gaps (2.60 eV for x=0.15 and 0.30; 2.73 eV for x=0.45 and 0.60; 2.72 eV for x=0.9 

and 1), but it’s always the sample containing a lower quantity of W that performs better: the best 

performing Mo:W ratio (0.45/0.55) show the increased charge transfer efficiency caused by reduced 

planar spacing without the increased charge-carrier recombination due to lattice distortion.[12] 

3. Conclusions

In this work we studied the photocatalytic water-splitting and nitrogen photofixation 

performance under simulated solar light of heterojunctions composed by g-C3N4 and Aurivillius 

oxides: amorphous and crystalline Bi2MoO6, Bi2WO6 and their solid solution series 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 

(with x = 0.15, 0.3, 0.45, 0.6, 0.75, 0.9). 

We evinced from PNF trials that quantifiable amounts of NH3 are produced when Bi2MO6 is 

coupled with another co-catalysts, in this case g-C3N4, and that the different variables we considered 

(crystallinity of the Aurivillius material, transition metal and ratio between Bi2MO6 and g-C3N4) 

interact with each other in complex ways: it’s interesting to note, when crystallinity is the only 
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variable, that the amorphous and crystalline series of the same oxide both show mirrored NH3 yields 

and Eg values. The best performing heterojunctions is a-BMO(2.5%)/g-C3N4(97.5%) with an 

ammonia yield of 9 µmol g-1h-1. Both crystalline and amorphous BMO produce more ammonia when 

they’re in lower quantities, with the best performing ratio of c-BMO (5%) being the worst for a-BMO 

and viceversa (2.5%). C-BWO shows better results for wt% at the far ends of the series (20 and 2.5%, 

with 2.5% being the second best performing composite overall for PNF), while a-BWO’s yield peaks 

when wt% is 5%.  

PHE trials highlight that Bi2MO6 oxides tend to be more selective towards NRR than HER: 

all heterojunctions show an increasing hydrogen yields with the decrease in quantity of Bi2MO6. This 

trend is mostly linear, other than c-BMO(10%)/g-C3N4(90%), whose narrow band gap sharply lower 

the hydrogen yields under the worst performing heterojunction. The best performing sample is a-

BMO(2.5%)/g-C3N4(97.5%), with a hydrogen yield of 145.4 µmol g-1h-1 (slightly higher than pure 

g-C3N4 nanosheets); the same composite turns out to be the best performer overall. 

Further investigation of the photocatalytic water-splitting performance of 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(10%)/g-C3N4(90%) and 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(5%)/g-C3N4(95%) show that introducing 

lattice distortion can actually enhance photocatalytic activity. 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(10%)/g-C3N4(90%) 

hydrogen productions increases and decreases, creating a peak and valley trend: all solid solutions 

produce more hydrogen in comparison with end-members, with 𝐵𝑖2𝑀𝑜0.55𝑊0.45𝑂6(10%)/g-

C3N4(90%) as the best performing. 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6(5%)/g-C3N4(95%)’s H2 production decreases 

with the increase of x (W wt%) pretty linearly, but when x=0.75, hydrogen production increases 

sharply and reaches 130 μmol g-1
 h-1 (nearly reaching Bi2MoO6 (5%) yield and nearly doubling 

Bi2WO6 (5%) yield). 

This work furthers investigations on the complexity of interactions between the different 

physiochemical features of a material and how they affect the photocatalytic response of a simple 

binary heterojunction.
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Table S1. Cell parameters obtained through Rietveld refinement of solid solutions Bi2Mo1-xWxO6 

x (wt% of W) a(Å) b(Å) c(Å) Cell volume(Å)

0 5.4974(5) 16.213(1) 5.5176(7) 491.77(8)
0.15 5.4879(5) 16.259(1) 5.5060(5) 491.27(6)
0.3 5.4755(6) 16.286(1) 5.4946(4) 489.98(7)
0.45 5.4487(6) 16.482(2) 5.4835(7) 489.98(7)
0.6 5.4510(5) 16.442(1) 5.4658(3) 489.85(7)
0.75 5.4540(6) 16.450(1) 5.4679(4) 490.56(8)
0.9 5.4512(6) 16.446(1) 5.4655(4) 489.97(6)
1 5.4446(3) 16.4454(7) 5.4650(3) 489.33(5)

Table S2. NH3 production of amorphous and crystalline Bi2MO6/g-C3N4 heterojunctions

NH3 production (μmol g-1
 h-1)

Bi2MO6 (wt%) a-Bi2MoO6 c-Bi2MoO6 a-Bi2WO6 c-Bi2WO6

20 5.6 6.4 5.5 7.3

10 4.7 5.5 5.7 4.2

5 4.3 7.6 6.8 4.9

2.5 9 4.2 6.3 8.6

Table S3. H2 production of amorphous and crystalline Bi2MO6/g-C3N4 heterojunctions

H2 production (μmol g-1
 h-1)

Bi2MO6 (wt%) a-Bi2MoO6 c-Bi2MoO6 a-Bi2WO6 c-Bi2WO6

100 0 0 7.9 0

20 63 65.9 25.9 12.6

10 95.6 40.9 78.8 45

5 124.5 143 107.7 70.6

2.5 145.4 139.7 142.7 85

0 143.2 143.2 143.2 143.2
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Table S4. H2 production of Bi2Mo1-xWxO6(10%)/g-C3N4(90%) and Bi2Mo1-xWxO6(5%)/g-C3N4(95%) 
heterojunctions

H2 production (μmol g-1
 h-1)

x Bi2Mo1-xWxO6 (10%) Bi2Mo1-xWxO6 (5%)

0 40.9 143.0
0.15 73.5 131.8
0.3 63.5 96.5

0.45 91.2 83.2
0.6 68.5 83.2

0.75 78.0 129.1

Experimental Section

Sample synthesis and characterization

Amorphous and crystalline 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6
Amorphous Bi2MoO6, Bi2WO6 and their solid solutions 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 have been synthesized using 

a simple solvothermal method: solution A is made by stirring, at ambient T, 2 mmol of 𝐵𝑖(𝑁𝑂3)3 ∙ 5𝐻2𝑂 in 20 ml of ethylene glycol until it’s clear; solution B is made in the same way but using 1 

mmol of 𝑁𝑎2𝑊𝑂4, 𝑁𝑎2𝑀𝑜𝑂4 or a mix of the two reagents in the stoichiometric quantity needed for 

the desired solution. Solution B is added to solution A and the obtained clear solution is left stirring 

for 30 minutes and then poured into a Teflon-lined stainless-steel autoclave and then left at 120°C for 

24 hours. The obtained solid is filtered, washed and then dried overnight. The amorphous solid 

obtained is then subjected to a thermal treatment: 450°C for 3 hours in a muffle furnace. The solid 

solutions series has been made by changing the percentage of W in 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 with 𝑥 =0.15, 0.30, 0.45, 0.60, 0.75 𝑎𝑛𝑑 0.90. 

gC3N4 bulk and nanosheets

g-C3N4 nanosheets have been synthesized starting from the bulk form (bulk g-C3N4). 

Dicyandiamine DCD (NH2C(=NH)NHCN, Aldrich, 99%) is polymerized under N2 flux: the 

alumina boat containing densely packed DCD is positioned in a quartz tube, filled with nitrogen, 

and heated up in a tubular oven (4 °C min-1) to the selected temperature of 550 °C, followed by an 

isothermal step 4 hours long and finally cooled to room temperature (6 °C min-1). 
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To produce thermally exfoliated nanosheets, 1 gm of finely ground bulk g-C3N4 was placed in an 

alumina boat (20 mL), spread to cover homogenously the bottom, and heated (5 °C min-1) in a 

tubular oven under air until the desired temperature was reached. The boat was left at the desired 

temperature for 2 h and then cooled (6 °C min-1) until reaching room temperature.𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6/nanosheets g-C3N4 composites

The 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6/nanosheets g-C3N4 composites have been synthetized by sonicating both 

powders in ethanol for 2 hours until they’re finely dispersed, then the 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 dispersion is 

added drop-by-drop into the stirring g-C3N4 dispersion. The mixture is stirred overnight at ambient 

temperature. The mixture is then centrifuged, washed, filtered and dried overnight. The different 

series have been realized by changing the percentage of the 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 in the composites 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6/nanosheets g-C3N4: 20, 10, 5, 2.5.   

The crystal structure of the samples has been characterized by a Bruker D2 θ-θ diffractometer 

equipped with a Cu X-ray tube (Cu Kα, λ = 1.5418 Å) and a linear position sensitive detector, 

deposing ∼50 mg of the powders in a Si zero-background sample-holder and acquiring the 

measurements in the 10-70° 2θ range, with steps of 0.01° and a time per step of 2 s.

Literature information were used for assigning space group and unit cell parameters of the 

characterized compounds. Nonetheless, their correctness was verified first by a visual powder pattern 

comparison, then by performing whole powder pattern refinements with the Le Bail approach on the 

XRD data acquired in our lab. UV-Vis Absorption spectra were acquired in the wavelength range 

300-800 nm directly on the powders by using a Jasco V-750 spectrophotometer, equipped with an 

integrating sphere (Jasco ISV-922). Microstructural characterization of the samples was made using 

a high-resolution scanning electron microscope (SEM, TESCAN Mira 3) operated at 25 kV.

Nitrogen Photofixation Experiments and Ammonia Determination

N2 photofixation experiments were conducted in tridistilled water containing 10% (v/v)

methanol (Aldrich, ≥99.9%) irradiated in a Pyrex glass container (250 mL capacity, 100 mL

sample). Methanol plays the role of sacrificial agent, whose job is to minimize the recombination of 

electron and holes – by being oxidized faster than water – and maximize electron extraction.  After 

addition of the catalyst (0.5 g L-1), the sample suspension was deoxygenated by

N2 bubbling (45 min) to obtain a saturated solution and then irradiated under magnetic stirring for 3 

hours maintaining the temperature at 15°C. Irradiation was performed under simulated solar light 

(1500 W Xenon lamp, 300-800 nm) using a Solar Box 1500e (CO.FO.ME.GRA S.r.l.) at 500 W/m2. 
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The quantification was performed with ammonia ion selective electrode (ISE), which guarantees 

accurate detection over colorimetric methods (e.g. Nessler method) as previously assessed.[1,2] The 

Thermo Scientific Orion Ammonia Ion Selective Electrode (ISE) was selected as it measures 

ammonia ions in aqueous solutions quickly, simply, economically, and accurately. It uses a 

hydrophobic gas-permeable membrane which separates the sample solution from the electrode filling 

solution. Water does not wet the membrane and does not penetrate the holes, whereas the dissolved 

ammonia in the sample solution diffuses through the membrane until the partial pressure of ammonia 

is the same on both sides of the membrane. In any sample the partial pressure of ammonia is 

proportional to its concentration.

All measurements were performed in a beaker with minimized surface area/volume ratio, at a uniform 

and moderate rate, under controlled temperature. Since temperature changes can cause a change of 

the slope and potential, a piece of insulating material, e.g., ceramic or cardboard, was placed between 

the magnetic stirring plate and beaker to prevent measurement errors because of a heat transfer to the 

sample. In details, ISE was immersed in the solution (standard or sample, 1% v/v 10 N NaOH, 10% 

v/v MeOH) until a stable potential value (mV) was obtained. For the quantification, a calibration 

curve was constructed daily plotting the mV value recorded after 2 minutes equilibration time against 

the Log Concentration, to verify the slope (varying in the range - 54 ÷ -60 mV). The ammonia 

Figure S7. Mean calibration curve (n=7) for ammonia quantification (0.25 
mg L-1 ÷ 25 mg L-1 as NH3).
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concentration in the sample was further assessed by two standard additions. Figure S7 reports an 

example of mean calibration curve (0.25 mg L-1 ÷ 10 mg L-1 as NH3). 

≥

μL of a 0.0

μ

TCD). 250 μL of gas drawn up from the reactor 

μ

catalyst per hour of irradiation (μmol g
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The first-author Giulia Giovilli, author of the present Ph.D. work, carried out the synthesis and 
characterization of the solid solutions and their heterojunction, and the quantification of 
photocatalytic H2 produced.
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The present work is in preparation for publication
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Chapter 5

– –

–

– of heterojunction’s 

—

Chapter 2, “

” was dedicated to the investigation of the photocatalytic nitrogen fixation activity of 

μ

g⁻¹ h⁻¹ C₃N₄ and more than twice that of pure BiOBr
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C₃N₄ and BiOBr, especially at low 

“

” is centered on the systematic optimization of metallic NPs

C3N4(525°C)/Ag0.1% ~70 μmol g⁻¹ h⁻¹, nearly C3N4/Ag0.1% C3N4/Ag0.1%
C3N4(T)/Ag0.1% C3N4/Ag0.1%
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C3N4/Au0.1%

Chapter 4, “

” investigates g

. They interact in complex ways, but it’s notable that, when 
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𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6
𝐵𝑖2𝑀𝑜0.55𝑊0.45𝑂6𝐵𝑖2𝑀𝑜1−𝑥𝑊𝑥𝑂6 (95%)’s H

μmol/g/h (nearly reaching ’s results ’s

it’
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