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Abstract 

The rich crystal chemistry of mullite-type Bi2M4O9 (M=Fe, Al, Ga) offers multiple 

potential applications. In particular, the strong absorption of visible light shown by 

Bi2Fe4O9 has led to an influx of research on its photocatalytic properties. However, most of 

the published studies deal with the decolorization of dyes and take it as proof of its 

photocatalytic activity; furthermore, there are no reports on its conduction and valence band 

edges, and thus the actual redox characteristics of the photogenerated charge carriers have 

not been determined. 

Here we evaluate the photocatalytic activity towards methanol oxidation under 

monochromatic visible light (λ = 450 nm) irradiation of 12 different members of the 

Bi2(Al1-xFex)4O9 (x = 0 – 1) series of compounds. The reaction rate reaches its highest value 

at an iron fraction of x = 0.1, while the compounds with the highest iron fractions present 

negligible activity. Based on an extensive characterization which included the Rietveld 

refinement of the XRD patterns, the measurement of the specific surface areas by the BET 

method, and the determination of the flat-band potentials by the Mott–Schottky method, we 

rationalize the results on the basis of two opposing factors: the incorporation of iron 

narrows the fundamental bandgap and thus improves light capture, but at the same time it 

lowers the conduction band edge, hindering the oxygen reduction half-reaction and thus 

promoting electron–hole recombination. Our work highlights the importance of a proper 

band edge engineering for photocatalytic applications and underlines the inadequacy of dye 

decolorization tests for visible light active materials. 
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1. Introduction 

Since the report by Frank and Bard
1
 on the photocatalytic oxidation of aqueous cyanide in 

1976, a plethora of work has been dedicated to photocatalytic materials as promising 

candidates for environmental remediation.
2
 The main difficulty, i.e., the preparation of low 

cost, low toxicity materials with a significant visible-light response, still remains unsolved.
3
 

Mullite-type
4
 Bi2Fe4O9, a material with interesting crystal-chemical,

5–9
 thermal,

10
 

magnetic,
11

 and stereochemically active lone electron pair behavior,
12

 has been the subject 

of numerous studies regarding its photocatalytic activity under visible light irradiation. The 

material is composed of earth-abundant elements with low toxicity, and shows a very broad 

absorption in the visible region.
13

 It is, thus, a promising material for photocatalytic 

applications. However, in line with an increasing trend from recent years,
14

 most of the 

reports use the decolorization rate of dyes as a measure of its photocatalytic activity, with 

only a few exceptions.
15,16

 

Though the study of dye mineralization may be of interest for the particular goal of 

environmental remediation by their specific removal, the decolorization rate gives little to 

no information on the activity of photocatalysts per se: i) the dye decolorization efficiency 

is usually poorly correlated with the dye mineralization efficiency;
17

 ii) the possibility of a 

sensitization mechanism, where adsorbed dye molecules absorb light and inject electrons 

into the semiconductor, may lead to the degradation of the dye regardless of whether the 

semiconductor is actually photocatalytically active;
18,19

 and iii) the formation of colored 

intermediates can obscure the observed kinetic profiles.
20

 In addition to this problem, the 

valence and conduction band edge positions have not yet been determined for Bi2Fe4O9, 

causing a serious gap in the understanding of its photoactivity, since they define the 

reductive and oxidative power of the photogenerated electrons and holes, respectively.
21

 

Here we study the photocatalytic properties of the Bi2(Al1-xFex)4O9 series of compounds (x 

= 0 – 1), which has earlier been reported to be possible in the whole solution range.
5
 We 

determine the crystalline properties, which play an important role on the physical properties 

of this type of compounds,
22

 by Rietveld refinements of their X-ray diffraction patterns; 

their light absorption properties by diffuse reflectance UV-Vis spectroscopy; their specific 

surface areas by the BET method; and their flat-band potentials by the Mott–Schottky 
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method. Finally, we evaluate their visible-light photocatalytic activity by monitoring the 

formation rate of formaldehyde produced by the visible light oxidation of aqueous 

methanol. 

 

2. Experimental Procedures 

Mullite-type Bi2(Al1-xFex)4O9 solid solutions were prepared by a previously reported polyol 

method.
23

 First, a 5.0 wt% solution of polyvinyl alcohol (Sigma-Aldrich Mowiol® 40-88, 

average molar weight ~205000 g mol
-1

) was prepared by stirring the solid in water at 353 

K. Then Bi(NO3)3·5H2O (Sigma-Aldrich, ≥98%) was added to the solution. The addition of 

a small volume of HNO3 (3 mL) was necessary to promote the dissolution of 

Bi(NO3)3·5H2O. Finally, Fe(NO3)3·9H2O and/or Al(NO3)3·9H2O were added in 

stoichiometric amounts to obtain the desired compositions. The starting solution volume 

was in all cases 38 ml.  A 3:1 hydroxyl groups to metal cations (–OH:M
3+

) ratio was used; 

for clarity, the amounts of reagents used for each composition are detailed in Table S1. The 

mixture was stirred at 353 K until NOx evolution stopped. The obtained foam was 

subsequently dried in an oven at 523 K for 2 hours. This led to a dry foam which was 

ground in a mortar and finally annealed at 873 K for 30 minutes. 

X-ray powder diffraction data were collected in Bragg−Brentano geometry on an X’Pert 

MPD PRO diffractometer (PANalytical GmbH) equipped with Ni-filtered CuKα1,2 radiation 

(λα1,2 = 0.1540598(2) nm, 0.15439(1) nm, 40 kV, 40 mA) and a X’Celerator detector 

system. The scans were performed from 5 to 85° 2θ with a step width of 0.0167° 2θ and a 

measurement time of 175 s per step. The powder data were refined using the Rietveld 

method (TOPAS V4.2, Bruker AXS). For profile fitting, the fundamental parameter 

approach was used. The fundamental parameters were fitted against a LaB6 standard 

material. The XRD patterns are shown in Figure S1. 

The scanning electron microscopy (SEM) measurements of the powders were carried out 

on a JSM-6510 (JEOL GmbH) equipped with an XFlash Detector 410-M (Bruker AXS 

GmbH) at an acceleration voltage of 20 kV. Cross-sectional SEM morphology images of 

the Bi2(Al1-xFex)4O9 films were made in secondary electron contrast employing a JSM-
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6700F (JEOL GmbH) microscope at 2kV. High resolution transmission electron 

microscopy (HRTEM) was done with a Talos F200X microscope operated at 200 keV. 

X-ray photoelectron spectroscopy (XPS) experiments were carried out with a SPECS 

instrument. Spectra were acquired using a monochromatic AlKα (1486.6 eV) operating at 

100 W and 10 keV. The spectrometer is equipped with a SPECS IQE 12/38 Ar
+
 gun, an 

automatic sample charge neutralization FG 15/40 to ensure a uniform sample space charge, 

a dual anode Al/Ag X-ray source, and a hemispherical electron energy analyzer. All bands 

were fitted with Gaussian functions, while the binding energies are referenced to the C 1s 

line at 284.4 eV. 

UV-Vis diffuse reflectance spectra were collected on a Shimadzu UV-Vis 

spectrophotometer UV-2700 equipped with a UV-Vis DiffuseIR cell from Pike 

Technologies. Barium sulfate was used as a reference. The data were collected from 190 to 

850 nm in 1 nm steps with a medium scanning rate.  

Specific surface areas were measured by the single-point Brunauer-Emmett-Teller (BET) 

method using nitrogen as adsorbate in a Flowsorb II 2300 (Micromeritics Instrument 

Company). The samples were degassed at 423 K for 30 minutes before performing the 

measurements. 

Flat-band potentials were determined by means of electrochemical impedance spectroscopy 

using a Zennium Electrochemical Workstation (Zahner-Elektric Company). For these 

measurements, electrodes of the Bi2(Al1-xFex)4O9 samples were prepared by the doctor 

blade technique using fluoride doped tin oxide (FTO) conductive glasses as substrates. The 

paste used for the film preparation consisted of 200 mg of the powder sample ground in a 

mortar along with 100 µl of Triton X-100 (Sigma-Aldrich), 100 mg of polyethylene glycol 

1000 (Merck), and 400 µl of deionized water. For the electrochemical measurements, a 

three-electrode electrochemical cell with a platinum counter electrode and an Ag/AgCl/KCl 

(3 mol L
-1

) reference electrode was used. Impedance measurements were carried out at a 

frequency of 25 Hz in a pH 6.88 buffer solution (0.025 mol L
-1

 KH2PO4 and 0.025 mol L
-1

 

Na2HPO4, Carl Roth) containing 1.0 mmol L
-1

 K4[Fe(CN)6] (Merck), 1.0 mmol L
-1

 

K3[Fe(CN)6] (Merck), and 0.1 mol L
-1

 KCl (Carl Roth) as the electrolyte. Deviations were 

obtained by averaging the determined flat-band potential for three different films per 

sample. 
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An acrylic reactor was used throughout the photocatalytic experiments. Two 3-watts royal 

blue (λ = 450 nm; emission spectrum shown in Figure S7) LEDs were used as the 

excitation source. A light intensity of 80 mW cm
-2

 was estimated within the reactor based 

on UV-LED-meter measurements (Dr. Hönle AG).
 
A volume of 60.0 mL of a 1.0 mol L

-1
 

methanol solution in water was used, together with a 3.33 g L
-1

 concentration of the 

corresponding Bi2(Al1-xFex)4O9 compound. Suspensions were magnetically stirred; the 

resulting pH was between 6.5 and 6.9. The reactor was closed in a loose way to prevent the 

depletion of the oxidizing agent (atmospheric oxygen). Given the small conversion 

fractions its concentration was not expected to deviate significantly from its aqueous 

solubility value of 0.26 mM at 298.15 K.
24

 At regular intervals, 2.0 mL aliquots were taken 

from the reactor and stored in centrifuge tubes. The formation of formaldehyde was 

assessed by a colorimetric reaction:
25

 first the aliquots were centrifuged at 233 Hz, and then 

1.5 mL of the supernatant were mixed with the same volume of Nash’s reagent (2 mol L
-1

 

ammonium acetate, 0.05 mol L
-1

 acetic acid, and 0.02 mol L
-1

 acetylacetone). After a 15 

minutes incubation period at 323 K, the concentration of formaldehyde was assessed by 

UV-visible spectroscopy using an Agilent 8453 spectrophotometer. An absorption 

coefficient of ε412 nm = 7600 mol
-1

 L cm
-1

 was assumed for the resulting colored 

compound.
26

 A single degradation experiment was performed for xFe = 0.9, 0.8, 0.7, 0.5, 

and 0.4; duplicate measurements were performed for xFe = 1.0, 0.3, 0.2, and 0.05; and 

triplicate measurements were performed for xFe = 0.6, 0.1, and 0.0. A blank experiment was 

performed by triplicate in the same way in which degradations were made, excluding the 

presence of the photocatalyst. A control experiment was also performed using a suspension 

containing Bi2Fe4O9 and a 1 M methanol solution with formaldehyde added to reach a 15 

μM concentration. After stirring in the dark overnight we found no significant change in the 

formaldehyde concentration in solution. This means that formaldehyde is not strongly 

adsorbed to the Bi2Fe4O9 surface and thus we rule out that formic acid or carbon dioxide 

may be produced by the oxidation of strongly bound formaldehyde without the latter being 

detectable in solution. Upon irradiation of the system not only formaldehyde is not 

consumed but instead it is newly produced at a rate consistent with the experiments 

performed in the absence of an initial supply of formaldehyde. We therefore conclude, in 
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line with previous findings,
27

 that the oxidation of methanol proceeds only to formaldehyde 

and not further to formic acid or carbon dioxide given a small conversion fraction. 

 

 

3. Results and Discussion 

3.1 Rietveld Refinement of XRD Measurements 

The photocatalytic activity of a given material is influenced by many of its physical 

properties. Consequently, we begin with the characterization of this family of compounds. 

The phase composition, degree of crystallinity and crystallographic features (average 

crystallite sizes and lattice parameters) of the mullite-type Bi2(Al1-xFex)4O9 samples were 

determined by Rietveld refinements
28

 of their X-ray diffraction patterns. The results are 

summarized in Table 1 and their dependence on the Fe fraction is shown in Figure 1. In 

most samples we observed, in conjunction with the mullite-type phase, perovskite-type 

BiFeO3, bismuth oxide (β-Bi2O3), and iron oxide (Fe3O4), as shown in Figure 1b. The latter 

was present in all samples with Fe contents higher than xFe = 0.4. The perovskite-type 

BiFeO3 is present for all samples with xFe ≥ 0.3, showing a steep increase in fraction until 

xFe = 0.7. Interestingly, its fraction decreases from 71% to 33% when increasing xFe from 

0.7 to 1.0. β-Bi2O3 was present in all samples, with a maximum fraction of 15% for xFe = 

0.4. The fraction of mullite-type phase has its lowest point of 20% for xFe = 0.7, and 

reaches its maximum of 99% for xFe = 0.0. The degree of crystallinity shows an increase 

with the incorporation of Fe until xFe = 0.4 with a sudden drop at xFe = 0.5 followed by a 

steep increase until xFe = 0.7 (Figure 1a). The drop in crystallinity might be explained by 

the concomitant and competing nucleation of BiFeO3 and Bi2(Al1-xFex)4O9, since the 

subsequent steep increase follows the evolution of phase fraction and crystallite size of the 

perovskite-type phase BiFeO3 (Figure 1a-c). 

The diffraction patterns for samples with Fe contents 0.1 ≤ xFe ≤ 0.3 show a second mullite-

type phase with different lattice parameters. These patterns were fitted assuming the 

presence of two different mullite-type phases, explaining the second set of crystallite sizes 

in Figure 1c in this region. The evolution of the lattice parameters in both of these phases 
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together with literature data
29

 is shown in Figure 1d-f. Since the effective ionic radius of 

Al
3+

 (53.5 pm
30

)
 
is smaller than that of Fe

3+
 (64.5 pm

30
) the lattice parameter is assumed to 

increase linearly with the incorporation of Fe into the Bi2Al4O9 structure according to 

Vegard’s law.
31

 In this study the increase of the lattice parameters is stronger than expected 

with increasing Fe content following a quadratic rather than a linear behavior. This 

observation suggests that Fe
3+

 is preferably incorporated into the structure. The observed 

decrease from 0.5 ≤ xFe ≤ 0.7 can be explained by the increase of the BiFeO3 and Fe3O4 

fractions in this range, reducing the amount of available Fe
3+

 to be incorporated into 

Bi2(Al1-xFex)4O9. Interestingly, the lattice parameters of the second mullite-type phase 

appearing at xFe = 0.1 start with similar values to the initial phase and then follow the 

expected linear trend, similar to the data of Voll et al.
29

 

The number of present phases in the resulting powders increases at higher iron contents. 

This can be rationalized on the basis of the rich phase diagram of the Bi2O3 – Fe2O3 system, 

which shows many complex features and can be strongly affected by the presence of 

impurities.
32

 The use of a relatively mild calcination step (873 K for 30 minutes) may 

contribute to the formation of metastable phases (BiFeO3 is metastable with respect to 

Bi2Fe4O9 in the 720 – 1040 K range
33

) and to an incomplete crystallization. However, 

higher temperatures must be avoided if small crystallites are looked for.
23
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Table 1: X-ray characterization of the Bi2(Al1-xFex)4O9 solid solutions. Deviations are 

shown in brackets. 

Nominal 

composition 

Phase fraction / % (crystalline parts 

only) 
Degree of 

Crystallinity 

/ % 

Average crystallite 

size / nm 

Mullite-

type 

Perovskite-

type 
β-Bi2O3 Fe3O4 

Mullite-

type 

Perovskite-

type 

Bi2Al4O9 99(5) -- 1(5) -- 38(5) 19(1) -- 

Bi2(Al0.95Fe0.05)4O9 98(5) -- 2(5) -- 38(5) 23(1) -- 

Bi2(Al0.9Fe0.1) 4O9 96(5) -- 4(5) -- 44(5) 27(2) -- 

Bi2(Al0.8Fe0.2) 4O9 95(5) -- 5(5) -- 59(5) 19(1) -- 

Bi2(Al0.7Fe0.3) 4O9 90(5) -- 10(5) -- 61(5) 19(1) -- 

Bi2(Al0.6Fe0.4) 4O9 78(5) 7(5) 15(5) -- 66(5) 20(1) -- 

Bi2(Al0.5Fe0.5) 4O9 77(5) 20(5) 3(5) -- 40(5) 17(1) 18(1) 

Bi2(Al0.4Fe0.6) 4O9 52(5) 35(5) 13(5) -- 76(5) 22(1) 31(1) 

Bi2(Al0.3Fe0.7) 4O9 20(5) 71(5) 3(5) 6(5) 97(5) 22(2) 42(1) 

Bi2(Al0.2Fe0.8) 4O9 29(5) 58(5) 5(5) 8(5) 93(5) 25(2) 35(2) 

Bi2(Al0.1Fe0.9) 4O9 56(5) 26(5) 7(5) 11(5) 92(5) 26(1) 36(2) 

Bi2Fe4O9 56(5) 33(5) 6(5) 5(5) 90(5) 21(1) 34(1) 
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Figure 1: Crystallographic characterization from the Rietveld refinement of the X-ray 

patterns of the Bi2(Al1-xFex)4O9 solid solutions. a) Degree of crystallinity. b) Crystalline 

phases fractions. c) Average crystallite size of the main phases. d) – f) a, b and c lattice 

parameters of the two observed mullite-type phases together with literature data from 

reference 
29

. All lines are guides for the eyes. 
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3.2 Electron microscopies and XPS analysis 

As complementary methods to the Rietveld analysis, we performed scanning electron and 

transmission electron microscopy measurements (SEM and HRTEM, respectively) of the 

powdered samples. In Figure S2 we show SEM micrographies of all investigated samples 

at low magnifications (230X). In all cases, the particles composing the powders show rather 

irregular shapes, and are polydisperse in size, ranging from a few up to a hundred microns. 

A certain tendency to form plate-like particles can also be observed. The incorporation of 

iron does not result in any clear tendency regarding the size and shape of the individual 

particles and the aggregates. 

SEM micrographs at higher magnifications (1800X) of all samples are shown in Figure S3. 

The tendency of the aggregates to form plate-like particles is more clearly observed in these 

micrographs, though in all cases more regular shaped (and smaller) particles are abundant. 

Again, the incorporation of iron does not lead to any apparent change in the size 

distribution or shape of the particles. As shown in some cases (for instance xFe=0.5 in 

Figure S3) some porosity can be observed but does not impact in the overall exposed 

surface as it will be discussed in Section 3.4. 

For the electrochemical characterization of the compounds (Section 3.5) it is necessary to 

prepare films over conductive substrates. Since the thickness of the films can affect their 

electronic properties, for meaningful comparisons it is important to achieve a homogeneous 

thickness both within each film and between different samples. In Figure S4 we show the 

cross-sectional SEM micrographs of representative samples xFe = 0.0, 0.1, 0.2, and 1.0. The 

calculated thicknesses and standard deviations, from 10 measurements along each film 

edge, are 33±3, 30±4, 35±3, and 37±2 μm, respectively. Therefore, we can rule out the 

thickness as a factor influencing the comparison of electrochemical properties, since they 

are constant both throughout each film and among the samples. 

The HRTEM micrographs of three representative samples, xFe = 0.0, 0.1, and 1.0, are 

shown in Figure S5. For all three samples the crystallite sections are approximately circular 

in shape, with most of the radii in the 10 to 30 nm range, in very good agreement with the 

Rietveld analysis. With high magnifications it is possible to estimate the lattice spacings, as 

shown at the right-hand side of Figure S5. For xFe = 0.0 (i.e. Bi2Al4O9) large crystalline 
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areas could be observed with a corresponding d-spacing of 0.57 nm. This value corresponds 

to the lattice-plane distance for (001) planes, which is equal to 0.5670 nm and has 

previously been observed in TEM investigations of Bi2Al4O9.
34

 At different crystallites a d-

spacing of 0.33 nm was also observed; this value is in agreement with the corresponding 

lattice-plane distance for (021) planes, 0.3300 nm.
34

 For sample xFe = 0.1 a similar 

arrangement of crystallites to the previous case is observed. While different d-spacings 

could be calculated from many individual crystallites, a recurring value of 0.31 nm was 

visible in large crystalline regions. By using the lattice parameters calculated from the 

Rietveld analysis we can assign this value to the lattice-plane distance for (121) planes, 

equal to 0.3091 nm. The investigated sample with xFe = 1.0 also shows crystallites with 

diameters between 20 and 30 nm. The d-spacings of crystalline regions yielded a value of 

0.33 nm, in good agreement with spacings previously assigned to the lattice-plane distance 

for (201) planes.
13

 For different crystallites we also observed d-spacings of 0.27 and 0.60, 

which are in agreement with the lattice-plane distance for (112)
35

 and (001)
23

 planes, 

respectively.  

The x-ray photoelectron spectroscopy (XPS) analysis of three representative samples (xFe = 

0.0, 0.1, and 1.0) is shown in Figure S6. All three samples show the expected bands for 

their constituting elements; in particular, bismuth 4f and oxygen 1s bands are clearly 

visible, while aluminum 2p and iron 2p2/3 bands have lower intensity due to their lower 

atomic sensitivity factors. We have analyzed each of the mentioned bands by means of a 

fitting procedure in order to find the contributions to each one and their exact position. In 

the case of the Bi 4f5/2/4f7/2 doublet we found average values of 164.0 and 158.8 eV for 

each band, in good agreement with the values of 163.8 and 158.5 eV previously observed 

for Bi2Al4O9.
34

 In our samples, however, each band is split in two components of similar 

intensity. The emergence of such bands has been previously linked to a large number of 

intrinsic defects due to the use of a fast synthetic procedure, similar to the one we use 

here.
34

 In the case of sample xFe = 1.0 the split is larger, which could be related to the 

presence of perovskite-type BiFeO3, detected by the XRD analysis. Samples xFe = 0.0 and 

xFe = 0.1 (compositionally similar) also show comparable patterns for the oxygen 1s band, 

with one major component and a minor one. On the contrary, the O 1s band for sample xFe 

= 1.0 shows three components of similar weight. The presence of significant fractions of 

Page 14 of 38

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



BiFeO3, Fe2O3, and Bi2O3 found in this sample via XRD is a plausible explanation for the 

multiple components. The analysis of the aluminum 2p band in samples containing Al (xFe 

= 0.0 and xFe = 0.1) shows a similar band with two components of similar area, as expected 

for these two samples in which the chemical environment of Al atoms is similar. The iron 

2p band is easily observed in the xFe = 1.0 sample (i.e. Bi2Fe4O9). There are three main 

bands at 713.5, 721.7, and 726.7 eV, which are in agreement with previous assignments to 

Fe 2p3/2, a Fe 2p3/2 satellite, and Fe 2p1/2 in Bi2Fe4O9.
36,37

 The minor bands could also be 

explained in this case by the presence of BiFeO3 and Fe2O3. For the sample with xFe = 0.1 

the Fe 2p bands are rather weak, as expected from the low iron fraction, with two main 

bands located at 723.9 and 736.8 eV. The considerable difference with respect to sample 

with xFe = 1.0 could be explained on the basis of the different chemical environment of iron 

atoms, which are a minority in the lattice in the case of xFe = 0.1. 

3.3 UV-Vis Spectroscopic Measurements 

The UV-Vis spectra of the Bi2(Al1-xFex)4O9 powders were taken in the diffuse reflectance 

mode. Each reflectance spectrum      ] was transformed according to the Kubelka – 

Munk model
38

 to obtain the function     , related to the absorption and scattering 

coefficients      and     : 

      
         

     
 

    

    
 (1)  

The resulting spectra are shown in Figure 2a. In the investigated range (200 – 850 nm) all 

compounds show two absorption bands: one centered at ~700 nm, and another at shorter 

wavelengths, the position of which is highly dependent on the iron content. The only 

exception is the xFe = 0.0 compound, which does not show the band at ~700 nm. Although 

it is currently the subject of a debate,
39

 an absorption band in this range for Bi2Fe4O9 is 

generally accepted to be caused by Fe
3+

 d-d transitions,
13,15

 likely intensified by a strong 

magnetic coupling between adjacent Fe
3+

 cations
40

 that relaxes the doubly-forbidden nature 

of the transitions. In the present study we observe such band in all samples containing Fe 

but not in Bi2Al4O9, thus supporting the d-d transitions hypothesis. 

The second absorption band can be attributed to the bandgap of each compound. The 

spectra of Figure 2a show that the incorporation of iron into the structure leads to a red-shift 

of this band. Quantum-chemical calculations have shown that the valence band of both 
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Bi2Al4O9 and Bi2Fe4O9 have, predominantly, oxygen 2p character.
39,41,42

 The conduction 

bands, however, show important differences between the compounds: while that of 

Bi2Al4O9 shows contributions from Bi orbitals, the lower part of the conduction band in 

Bi2Fe4O9 is mainly composed of iron 3d orbitals. The availability of low-lying d orbitals 

thus effectively narrows the bandgap in the iron-containing compounds. 

Although the crystallographic analysis (Table 1) shows varying amounts of other phases, 

no others absorption bands due to BiFeO3, Bi2O3 or Fe2O3 could be detected in our 

analysis. 

The calculation of bandgaps from absorption spectra can be performed by means of the 

Tauc relationship,
43,44

 given by: 

   
  

 
    

  

 
      (2) 

Where   is the Planck constant,   the speed of light,   the wavelength of the impinging 

light,    the bandgap energy of the material,   a proportionality constant, and   depends on 

the nature of the transition (     for indirect transitions and     ⁄  for direct 

transitions). This method can thus be used to calculate bandgap energies as long as the 

nature of the transition is known. The recently proposed “derivation of absorption spectrum 

fitting method” (DASF), developed by Souri and Tahan,
45

 provides an alternative way of 

calculating the bandgap width without knowing whether the involved transition is direct or 

indirect. The data are processed according to the following expression: 

 
    [

    

 
] 

      
 

 

 
 

 
 

 

  
 
 (3) 

Where      is the absorbance at a wavelength   and    is the wavelength corresponding to 

the bandgap energy. Since the scattering coefficient      in equation (1) can be reasonably 

assumed to be independent of the wavelength (i.e.       ), the      function can be 

related to the absorption spectrum     : 

           (4) 
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Therefore, by plotting the left-hand side of equation (3) as a function of 
 

 
, a discontinuity 

appears at     ; by fitting the resulting peaks, the Kubelka – Munk transformed 

reflectance data can be used to estimate the wavelength of the transitions. This presents a 

plausible solution to the problem of unknowing   (pointed out by Scaife in 1980
46

 and 

more recently highlighted by Ohtani
19

) as demonstrated by Kirsch et al.
13

 It also overcomes 

the problematic way, as explained by Ohtani,
19

 to determine the type of transition of a 

given material by comparing the direct and indirect Tauc plots, since both usually show 

linear ranges of similar widths.
47

 

We determined the position of the two observed absorption bands at each composition both 

by the Tauc method (considering the possibilities of direct or indirect bandgaps) and the 

DASF method. The results for all samples are shown in Figure 2b. Additionally, as an 

example, the procedure for the bandgap calculations for Bi2Fe4O9 are shown in Figure S8. 

The position of the lower energy band (between 1.5 and 1.7 eV, denoted as “1
st
 band”) is 

relatively independent of the iron content regardless of the method used. Moreover, since 

the results of the DASF method practically overlap with those of the Tauc method for a 

direct transition, it is assumed here that these are indeed direct transitions. 

Consistently with the spectra of Figure 2a, the Tauc and DASF analyses show that the 

second absorption band has a strong dependence on the composition: the incorporation of 

iron leads to a shift to lower energies (i.e. longer wavelengths). Interestingly, the DASF 

method coincides with the Tauc method for indirect transitions in the 0.0 ≤ xFe ≤ 0.2 range, 

and with the Tauc method for direct transitions for 0.3 ≤ xFe ≤ 1.0. Our results are in 

disagreement with those of the theoretical work on Bi2Al4O9
42

, indicating to a direct 

semiconductor (to the best of our knowledge, there are no other experimental results). A 

possible explanation for the observed discrepancy can be explained in terms of the 

relatively low crystallinity shown by our samples. It is possible that low-energy transitions 

related to defects, or to amorphous (e.g. domain wall) fractions, could mask the 

fundamental bandgap of the compounds with low iron contents. 

The literature data on Bi2Fe4O9 show contradictory results. Many works employ the Tauc 

method, arbitrarily choosing the transition type to be either direct
16,48

 or indirect
49

. The 

application of the DASF method to well-crystallized samples determined that the involved 
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transitions are direct;
13

 however, theoretical works
39,50

 indicate the transitions to be indirect. 

Our analysis by the Tauc method shows that the transformed spectra can be properly fitted 

for both cases. However, the match between the DASF method and the Tauc method for 

direct transitions leads us to conclude that the transitions are direct. 
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Figure 2: a) Kubelka-Munk transformed diffuse UV-vis spectra of the Bi2(Al1-xFex)4O9 

solid solutions. b) Bandgap determination using the DASF and Tauc methods.  
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3.4 BET Measurements 

The specific surface areas of the Bi2(Al1-xFex)4O9 solid solutions are summarized in Table 

2. Except for samples with xFe = 0.0 and 0.2, with specific surface areas of 7.8 and 5.8 m
2
 g

-

1
 respectively, all values are below 4.4 m

2
 g

-1
. As Figure 3 shows, the specific surface areas 

do not show any systematic trend with increasing iron fractions. In comparison to the 

widely used photocatalyst Evonik P25, with a specific surface area of 50 m
2
 g

-1
,
51

 all 

samples investigated here display relatively low values. Literature data show similar values 

for Bi2Fe4O9, ranging from 0.53 to 15.52 m
2
 g

-1
 depending on the synthetic 

conditions.
15,16,36,52–55

 In the case of Bi2Al4O9 or intermediate compounds it is not possible 

to perform any comparison since, to the best of our knowledge, these are the first results 

regarding their specific surface area. 

Table 2: Specific surface areas of the Bi2(Al1-xFex)4O9 solid solutions. Deviations, in 

brackets, were obtained from the average of three successive determinations. 

Nominal composition Specific surface area / m
2

 g
-1

 

Bi2Al4O9 7.8(2) 

Bi2(Al0.95Fe0.05)4O9 2.8(1) 

Bi2(Al0.9Fe0.1)4O9 2.4(2) 

Bi2(Al0.8Fe0.2)4O9 5.8(2) 

Bi2(Al0.7Fe0.3)4O9 3.5(2) 

Bi2(Al0.6Fe0.4)4O9 3.2(1) 

Bi2(Al0.5Fe0.5)4O9 3.2(1) 

Bi2(Al0.4Fe0.6)4O9 3.4(1) 

Bi2(Al0.3Fe0.7)4O9 2.5(2) 

Bi2(Al0.2Fe0.8)4O9 4.2(2) 

Bi2(Al0.1Fe0.9)4O9 4.2(1) 

Bi2Fe4O9 4.4(1) 
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Figure 3: Specific surface areas of the Bi2(Al1-xFex)4O9 solid solutions represented versus 

Fe fractional content, as determined by the Brunauer – Emmett – Teller (BET) method. 

3.5 Flat-band Potential Measurements 

Among the different physicochemical properties of a photocatalytic material, the positions 

of the conduction and valence band edges are of fundamental importance, since they offer 

information on the reductive and oxidative capabilities of the photogenerated electrons and 

holes, respectively. Yet, to the best of our knowledge, there are no published reports of 

experimental measurements for mullite-type compounds. We determined the flat-band 

potential of the Bi2(Al1-xFex)4O9 solid solutions by analyzing the potential ( ) dependence 

of the space charge layer capacitance (    ). The relationship between      and   is given 

by the Mott–Schottky equation:
56
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Where   is the elementary charge,    is the donor density,     is the permittivity of the 

semiconductor,     is the flat-band potential,   is the Boltzmann constant, and   is the 

temperature. 

We determined      by fitting the impedance data collected from -0.15 to 0.55 V vs. RHE 

(Reversible Hydrogen Electrode) to an equivalent Randles circuit (inset of Figure 4a). 

Please note that reduction potentials measured against the RHE can be referred to the 

Normal Hydrogen Electrode (NHE) by subtracting 0.0591 V · pH to their value. Due to the 

linear relationship between the reciprocal square of      and the potential, the flat-band 

potential was determined by extrapolating the Mott–Schottky plot (     
 ⁄  vs.  ) to the 

intercept with the x-axis (Figure 4a). The observed positive slopes indicate that the samples 

show n-type conductivity. In general, oxides tend to be n-type, since the formation of O
2-

 

vacancies is usually favored with respect to the formation of cationic vacancies.
57

 

The flat-band potentials of the Bi2(Al1-xFex)4O9 compounds together with the redox 

potential for the one-electron reduction of oxygen (0.13 V vs RHE
58

) are shown in Figure 

4b. As the iron content of the samples increases, flat-band potentials shift to more positive 

values vs. RHE. As discussed in the spectroscopic characterization, the incorporation of 

iron lowers the conduction band edge by introducing Fe 3d states. The Mott–Schottky 

analysis shows that while decreasing the bandgap of the material, this also results in a lower 

reductive power of the photogenerated electrons. As Figure 4b shows, the electron transfer 

from the conduction band of the semiconductor to dissolved oxygen molecules becomes 

thermodynamically unfavorable as xFe increases. The situation is similar to that of hematite 

(α-Fe2O3),  which shows a small bandgap but is unable to reduce O2
59

 due to its conduction 

band edge being at higher positive potentials (~ 0.4 V vs. RHE as determined by the Mott–

Schottky method
60

).  

Previous works
16,35

 have assumed a conduction band edge of -0.6 V vs. RHE for Bi2Fe4O9, 

based on Density Functional Theory calculations.
15

 However, those calculations were 

performed under three-dimensional periodic boundary conditions, where the computed 

band edge energies are shifted by an unknown value due to the usage of the Ewald 

summation method.
61

 Therefore, meaningful results for the band positions can only be 
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obtained by means of slab (semi-infinite surface) calculations,
62

 and are yet to be found for 

these compounds.  
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Figure 4: a) Mott-Schottky plots of the Bi2(Al1-xFex)4O9 solid solutions with xFe = 0.0, 0.2, 

and 0.7. The inset shows the equivalent Randles circuit used to fit the electrochemical 

impedance data, where Rs is the total series resistance, Rp is the parallel resistance due to 

the charge transfer, and Cscl is the space-charge layer capacitance. b) Flat-band potentials of 

the Bi2(Al1-xFex)4O9 solid solutions represented versus xFe. The red dashed line corresponds 

to the redox potential for the one-electron reduction of oxygen in water,
58

 while the blue 

solid line shows the fitting to an exponential function.  

3.6 Photocatalytic Measurements 

To evaluate the photocatalytic activity of the Bi2(Al1-xFex)4O9 compounds we chose the 

oxidation of aqueous methanol in air as the test reaction. Since methanol is colorless, its 

visible light photo-oxidation can be unambiguously assigned to the action of the 

photocatalyst, contrarily to the widely used dye decolorization tests.
20

 At the same time, 

formaldehyde, the first oxidation product of methanol, can be easily monitored by UV-Vis 

spectroscopy after its derivatization with the Nash reagent.
25

 

The kinetic profiles for the formation of formaldehyde are shown in Figure 5. Another 

positive aspect of the chosen test reaction is evident in this figure since the kinetic profiles 

follow a linear trend (i.e. apparent zero-order kinetics) in all cases. The mechanism of this 

reaction has been well studied over TiO2 photocatalysts.
26,63,64

 In principle, the same 

mechanism might be operative when using Bi2(Al1-xFex)4O9 solid solutions: 

                 

  
→    

     
  (6a) 

    
     

 →                       (6b) 

    
       →           (6c) 

    
    →   

   (6d) 

          →         →           
   (6e) 

    
      →         (6f) 

Upon the generation of an electron-hole pair (reaction (6a)), if recombination (reaction 

(6b)) is avoided, the oxidizing hole is captured by methanol (reaction (6c)), while the 

Page 24 of 38

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



electron on the conduction band reduces    from air (reaction (6d)). The hydroxymethyl 

radical formed in reaction (6c) is highly reductive, and thus in the presence of air it reduces 

   to form         , which rapidly decomposes to generate formaldehyde,     . The 

superoxide radicals   
   formed in reactions (6e) and (6f) can recombine to form hydrogen 

peroxide,     , which may either accumulate or react with newly photogenerated charge 

carriers depending on its concentration. 

The expected global reaction from the mechanism is: 

         

  
→          (7) 

Therefore, under our reaction conditions the expected ratio between produced 

formaldehyde and consumed methanol is 1:1. The formation of H2O2, which also follows a 

1:1 ratio with formaldehyde, has been demonstrated in the methanol/TiO2 system by means 

of the catalase enzyme.
26

 Catalase is able to decompose H2O2, simultaneously yielding a 

second molecule of formaldehyde. Thus for each photogenerated electron-hole pair two 

formaldehyde molecules could be produced. In our case the maximum expected H2O2 

concentration is in the μM range, hence it is reasonable to assume that its production does 

not affect the behavior of the photocatalytic system. Similarly, although formaldehyde 

could in principle be further oxidized to formic acid (     ) or carbon dioxide (   ), we 

employ a concentration of methanol high enough (1.0 mol L
-1

) to avoid a significant 

conversion fraction during the irradiation period, and thus methanol, present in a large 

excess, is preferentially oxidized. For the same reason the kinetic profiles follow pseudo 

zero-order kinetics.
26,65

 The formation of formic acid or carbon dioxide has only been 

observed in systems were a significant fraction of methanol is oxidized, for example by 

Selli et al.
66

 This is because the hole scavenging power of methanol is, although somewhat 

lower, comparable to that of formaldehyde and formic acid.
67

 Therefore, the fact that 

methanol concentration is at least 4 orders of magnitude larger than that of formaldehyde 

during the entire photocatalytic run means that it will be preferentially oxidized due to 

kinetic reasons. 

We note that in some cases the formaldehyde concentration at the beginning of the 

irradiation is slightly displaced from the origin to positive values. This may correspond to a 
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slight decomposition of the starting methanol solution. However, by performing duplicate 

and triplicate measurements we found that the only effect on the kinetic profiles is to alter 

the intercept, but not the slope which is the relevant parameter. This is expected because the 

methanol concentration is in fact unaffected, since in all cases it is more than 5 orders of 

magnitude larger than that of formaldehyde. 

 

 

Figure 5: Kinetic profiles of formaldehyde formation by the visible-light photocatalytic 

oxidation of aqueous methanol using different members of the Bi2(Al1-xFex)4O9 series of 

compounds. The lines show linear fits to the data. 

 

The rate constants calculated by linear fits to the data are shown in Figure 6. As a general 

trend, the methanol oxidation process is significantly hindered by the incorporation of iron 

to the structure, with the xFe = 0.1 compound showing the largest rate constant and a ca. 7-
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fold improvement over xFe = 1.0. For iron fractions larger than 0.3, the activity is 

negligible.  

 

 

Figure 6: Rate constants for the photocatalytic oxidation of aqueous methanol obtained 

using the Bi2(Al1-xFex)4O9 solid solutions. The dashed line represents the degradation rate 

constant for the blank experiment in the absence of photocatalyst. Error bars represent 

standard deviations. 

 

We propose that the observed variation of the rate constant with the iron fraction can be 

satisfactorily explained by two opposing factors. On one hand, the incorporation of iron 

shifts the fundamental bandgap to lower energies. This means that the absorbed light 

fraction at the excitation wavelength (450 nm) increases with increasing xFe values. As an 

estimation of the absorbed light fraction we used 1 – R450 (where R450 is the absolute 

reflectance of the powders at 450 nm), assuming that all light is either reflected or 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.00

0.22

0.44

0.66

0.88

1.10

 

 

R
a

te
 c

o
n

s
ta

n
t 

/ 


M
 h

o
u

r-1

x in Bi
2
(Al

1-x
Fe

x
)

4
O

9

Page 27 of 38

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



absorbed. These values, plotted versus xFe, are shown in Figure 8. The absorbed light 

fractions are close to unity for 0.2 < xFe < 1.0, and abruptly decrease for xFe < 0.2, as 

expected from the reflectance spectra (Figure 2). On the other hand, the incorporation of 

iron shifts the conduction band edge towards more positive values, which could render the 

materials with high xFe unable to reduce O2 (reaction (6d)). Moreover, the reduction of 

molecular oxygen by photogenerated electrons has been noted before to be the rate-

determining step for the photocatalytic oxidation of methanol by TiO2.
68

 

In order to model the expected rate of electron transfer to O2 for the different compounds, 

we employed the Marcus – Gerischer model:
69,70

 

         [ 
         

                

    
] (8) 

Where     is the rate constant for an electron transfer (ET) reaction,   the elementary 

charge,       
   the one-electron reduction potential of O2 under the reaction conditions 

(0.13 V vs. RHE for O2/O2
-
 at pH 7

58
),   the reorganization energy (which can be assumed 

equal to 1.0 eV for the reduction of O2
71

),     the conduction band edge of the 

photocatalyst,   the Boltzmann constant, and   the temperature (assumed to be 298.15 K). 

We must note that the flat-band potential not necessarily coincides with the conduction 

band edge. As discussed by Hankin et al.
72

 the difference primarily depends on the charge 

carrier density and the effective mass of the electrons in the crystal lattice. Both parameters 

are ultimately related to the conductivity of the material,
73,74

 and consequently the 

difference between the flat-band potential and the conduction band edge is negligible for 

doped or highly conductive materials, while significant in the case of low-conductivity 

materials.
21,75

 The conductivity of Bi2Al4O9 has been studied before, and although some 

controversies arose, conclusive evidence was brought forward showing a value of 10
-7

 S 

cm
-1

 at 873 K.
76,77

 As discussed by Matsumoto,
75

 the conduction band of materials with 

such low conductivities can be located at 0.4 V more negative potentials than their flat-

band potential. Additionally, since we have determined the latter by the Mott – Schottky 

procedure, their values show comparatively large uncertainties. Therefore, in order to more 

clearly visualize the trend in the flat-band potentials we have fitted the measured values to 

an exponential function (blue line in Figure 4b). The position of the conduction band edges 
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was then modeled by shifting this function by 0.4 V towards the vacuum level, as explained 

above.  

The exponential factors for the electron transfer rate calculated in this way from equation 

(8) are plotted in Figure 8. The same figure depicts the product of the fraction of absorbed 

light (1 – R) and the right-hand side of equation (8). Although the coincidence is not 

perfect, this product follows a very similar trend to that of the kinetic constants (Figure 6), 

showing that the aforementioned factors can be reasonably taken as the main variables 

affecting the photocatalytic activity of the different members of the solid solutions. The 

inter-sample variation in crystallinity, specific surface area, and presence of different 

phases, together with the simplification introduced when assuming the absorbed light 

fraction equal to 1-R, may explain the differences between Figure 6 and Figure 8. All in all, 

our analysis shows that a proper band-edge engineering is of fundamental importance for 

the design of visible-light responsive photocatalysts, perhaps above their light absorption 

properties. 

In Figure 7 we show the conduction band potentials of the Bi2(Al1-xFex)4O9 solid solutions, 

calculated by subtracting 0.4 V (as discussed above) to the measured flat-band potentials, 

together with the valence band potentials, calculated by adding the conduction band edge 

potentials to the bandgaps measured by means of the DASF method. While the trend of the 

former was already discussed, the latter remains, within the experimental error, constant 

along the different xFe values. This is consistent with the oxygen 2p character assigned to 

the valence band of these compounds. It must be noted that the large uncertainty in the 

difference between the flat-band potential and the conduction band edge does not allow us 

to confidently assign error bars to the calculated values. 
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Figure 7: Conduction and valence band edge potentials of the Bi2(Al1-xFex)4O9 compounds. 

 

There are several examples in the literature where the photocatalytic activity of Bi2Fe4O9 

increases by the addition of hydrogen peroxide.
15,16,36,55

 This enhancement has often been 

attributed to a photo-Fenton like reaction mechanism, though no conclusive evidence of it 

has been published. We note that, contrary to the O2 reduction, the one-electron reduction 

potential of H2O2 (0.87 V vs. RHE at pH 7
78

) is well below the conduction band of 

Bi2Fe4O9, and H2O2 can thus be readily reduced by the photogenerated electrons, as 

suggested by Wang et al.
36

. This may be, at least partially, the reason for the observed 

enhancement. 

We would like to point out that the reaction rate constants (Figure 6) show rather low 

values. Taking into account an estimated light intensity of 80 mW cm
-2

, the maximum 

observed photonic efficiency is around 0.01%. Eventual applications of this family of 

materials will require a significant step-up in its photocatalytic efficiency. In our opinion, 

there are two fundamental aspects that are worth exploring. Firstly, the average crystallite 
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size of Bi2Fe4O9 has been shown to strongly affect its photocatalytic activity,
15,23

 although 

the origin of such dependence is still unknown. A plausible explanation can be found in the 

chemically related hematite (α-Fe2O3), where the short hole diffusion length and long 

optical absorption depth result in the recombination of a large fraction of the 

photogenerated electron and holes.
79

 Therefore, by analogy with hematite,
80,81

 we propose 

that the preparation of colloidal Bi2(Al1-xFex)4O9 nanoparticles, with a high specific surface 

area but more importantly with secondary particle sizes (i.e. aggregate sizes) around 20 

nanometers could result in more efficient materials. 

In second place, we have shown here that the incorporation of iron narrows the bandgap at 

the expense of lowering the reductive power of the photogenerated electrons. However, the 

incorporation of cocatalysts capable of reducing O2 via multielectron transfers, such as Pt, 

may be able to circumvent this problem, thanks to a more positive potential for the 

multielectron reduction of O2.
82
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Figure 8: Representation of the fraction of absorbed light calculated as 1-R (where R is the 

absolute reflectance of the powders at 450 nm irradiation), the exponential factor of the 

Marcus – Gerischer model, and the product of both quantities. 

 

4. Conclusions 

We have synthesized 12 different members of the Bi2(Al1-xFex)4O9 (x = 0 – 1) series of 

compounds following a previously reported procedure. By means of the Rietveld 

refinement of the X-ray diffraction patterns we show that the synthesis yields a mixture of 

mullite-type Bi2(Al1-xFex)4O9 with varying amounts of perovskite-type BiFeO3, β-Bi2O3, 

and Fe3O4. While the crystallinity of the compounds with low iron fractions is rather low, it 

steadily increases for larger iron fractions; the crystallite size remains practically constant 

within the 17–27 nm range. By performing a spectroscopic analysis based on the Derivation 

of Absorption Spectrum Fitting (DASF) and Tauc’s methods we conclude that the 

fundamental bandgap decreases as iron is incorporated to the structure, while the electronic 

transitions switch from indirect for xFe = 0.0 to direct for xFe = 1.0. By means of the Mott–

Schottky method we determined the flat-band potential of each member of the series, and 

observed that the incorporation of iron shifts the conduction band edge to potentials more 

positive vs. RHE than that of the one-electron reduction of O2. We employed the oxidation 

of methanol under visible light irradiation as a reaction test to evaluate the photocatalytic 

activity of the materials, and found an optimal xFe value of 0.1. We explain the 

photocatalytic results on the basis of two opposing factors: while the incorporation of iron 

favors the absorption of visible light, it also lowers the conduction band edge, hindering the 

oxygen reduction half-reaction and thus promoting electron–hole recombination.  
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