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A B S T R A C T   

The structural formation of copper molybdate was investigated using a surfactant added during the preparation. 
The calcined materials were confirmed by XRD to be Cu3Mo2O9 and the absorbance band-gap was calculated to 
be ca. 2 eV. The addition of surfactant resulted in a platelet morphology, in contrast to the agglomerated particles 
of the standard preparation. Photocatalytic degradation over the catalysts was investigated with indigo carmine. 
The Cu3Mo2O9 catalysts were able to degrade the dye under irradiated conditions. However, the catalyst pre
pared with surfactant were not as active, although, surface decoration by Cu species was greatly reduced.   

1. Introduction 

Despite our overall limited access to freshwater, the little that we 
have is under constant threat [1]. As population size increases, so does 
the demand for water and issues such as droughts and pollution are the 
two main causes reducing access to fresh water for many people [1,2]. 
An unfortunate result of many industries worldwide, including agri
culture, pharmaceuticals and textiles, is the pollution of water systems 
with chemical waste and run offs from production [1]. The textiles in
dustry in particular, causes many issues as it consumes great amounts of 
freshwater and requires a diverse range of chemicals during processing 
[3]. There have been at least a million coloured chemical substances that 
have been produced in the last century with more than 10,000 being 
commercially available today [4,5]. Around 0.7 million tonnes of dyes 
are being produced worldwide, of that an estimated 10–20% are 
released into freshwater systems, whether purposefully or as an unin
tended consequence this can have damning effects on the life in the 
surrounding areas [1]. 

The structures of these dyes can vary greatly, but many have large 
complicated aromatic systems that make them very stable, and resistant 
against many of the conventional wastewater treatments [6]. The aro
matic groups common in many dyes, such as indigo carmine (IC) are of 
great concern, as many are synthesised using known carcinogens such as 
benzidine [3]. Photocatalysts work to produce a continuous flow of •OH 
and O2

•- radicals to oxidise the waste compounds [7,8]. The oxidising 
power of various compounds are typically compared to the Normal 
Hydrogen Electrode (NHE) [9]. The hydroxyl radical (2.8 V), is second 
only to fluoride (3.0 V) in regards to its oxidising power, as such, 

utilising photocatalysts in order to generate them, makes for a very 
powerful tool to use for wastewater treatments, particularly against 
large, stable, aromatic compounds which can be recalcitrant. 

Surfactants have been used successfully to add morphological di
versity to many metal oxide formulations through a process of soft- 
templating. Examples of commonly used soft-templates or surfactants 
include cetyltrimethylammonium bromide (CTAB) [10], sodium 
dodecyl sulfate (SDS) [11,12] or block co-polymers [13]. The benefits of 
this diversity can be in directing a morphological change and in turn this 
can be advantageous if this increases catalytic active site density. 

Copper molybdate (Cu3Mo2O9), a p-type semiconductor, was re
ported as a visible light-driven photocatalyst [14,15] and has been used 
for versatile applications such as catalysis [16,17] luminescence and 
energy storage [14,18–20]. This material has been reported to have a 
good photocurrent response and the possibility to synthesise various 
morphologies [14,21]. There have been few reports of the photo
catalytic activity of this semiconductor, although it has been shown to 
degrade Congo red [14] and rhodamine B [22]. 

The precursor materials were activated and the resultant catalysts 
characterised to identify the phase, morphology and absorbance band 
gap. The materials were then evaluated as a photodegradation catalyst, 
by degrading the common organic dye, indigo carmine, and exploring 
how the structure of Cu3Mo2O9 can be enhanced. 

2. Experimental 

The material preparation, characterisation and testing methods are 
detailed in the supplemental information. 
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3. Results and discussion 

3.1. Material characterisation 

The light green coloured copper molybdate precursors CuMoO-STD 
and CuMoO-SDS, formed by coprecipitation with and without addition 
of the surfactant SDS, was confirmed to be lindgrenite {Cu3(OH2)2(
MoO4)2} by powder XRD (see the supplemental information Fig. S1a). 
The diffraction patterns of both precursors could be matched to refer
ence file ICDD 01–075-1438. The precursor was then characterised by 
thermal gravimetric analysis (TGA) under flowing air to determine the 
temperature at which the oxide forms (Fig. S1b). The phase transition 
occurs initially at approximately 200 ◦C and the sharp mass loss ends at 
370 ◦C, overall, the mass loss at 500 ◦C was ca. 5% for the two samples 
and this remained relatively stable up to 800 ◦C. Therefore, 500 ◦C was 
chosen as the calcination temperature to ensure formation of the oxide. 

Diffraction patterns of the calcined materials CuMoO-STD-C and 
CuMoO-SDS-C were obtained and were confirmed as Cu3Mo2O9 
(Fig. 1a). The diffraction peaks were matched to the reference ICDD file 
01–070-2493; the reflections at 12.1, 21.6, 23.1, 25.2, 25.9, 27.0, 29.1 
and 35.0 degrees 2theta correspond to (020), (130), (200), (131), (002), 
(140), (112) and (202) respectively. The reflections in the diffraction 
pattern of CuMoO-SDS-C are broader than those compared to the 
CuMoO-STD-C. Furthermore, the intensity of the reflections was not 
consistent when comparing the samples. In particular, the intensity of 
the (002) reflection at 25.9 degrees 2theta is greater than the neigh
bouring (131) and (140) reflections for CuMoO-SDS-C and suggests a 
morphological change. The space group of this orthorhombic structure 
according to the reference pattern is Pna21 (33), however, there is a 
second polymorph of Cu3Mo2O9 with the same XRD pattern with the 
Pnma space group. Recently, Guo and co-workers [18] concluded that 
only the Pnma phase exists. Our own attempts to resolve this through 
Rietveld refinement with led to similar fitting with both space group 

models, as a result we have used the Pna21 space group in our charac
terisation as per the ICDD file (Fig. S2). The lattice parameters of the 
samples were calculated to be a = 7.68, b = 14.62, c = 6.86 Å with a cell 
volume of 770.56 Å3 for CuMoO-STD-C and a = 7.67, b = 14.62, c =
6.87 Å with a cell volume of 770.36 Å3 for CuMoO-SDS-C, which is close 
to the 01–070-2493 standard of 769.46 Å3 [23]. Present in the CuMoO- 
STD-C sample is a broad peak at 38.8 degrees 2theta that was not 
resolved via Rietveld refinement. We attribute this to a copper oxide 
impurity, matching the most intense (111) reflection for CuO. Although 
the reflection overlaps with one of the Cu3Mo2O9 reflections a less 
intense peak is also seen for CuMoO-SDS-C. The presence of CuO crys
tallites at the surface were confirmed by TEM (Supplementary Fig. S3). 
The crystallite size of the calcined Cu3Mo2O9 samples was estimated 
with the Scherrer equation as 75 nm and 66 nm from the (020) and (131) 
reflections, and 35 nm and 39 nm respectively for the CuMoO-STD-C and 
-SDS-C samples. The specific surface of the calcined materials was 
measured; CuMoO-STD-C was 3 m2 g− 1 and CuMoO-SDS-C was 13 m2 

g− 1. 
SEM images of CuMoO-STD-C, suggest that despite a lack of unifor

mity overall, the agglomerates are made of units with similar di
mensions (Fig. 1b). Elemental mapping with SEM-EDX gives a Cu:Mo 
ratio of ca. 1.3 (Fig. S4) for both materials, which is lower than the 
expected ratio of 1.5 but consistent with a slight copper deficiency due 
to CuO impurity formation localised to the surface of the catalyst. TEM- 
EDX was used to confirm this and a ratio of 1.47 was measured, which 
suggests some heterogeneity in bulk composition. The TEM images 
illustrated in Fig. 1d and e highlight the agglomeration of smaller par
ticles of ca. 200 nm diameter for CuMoO-STD-C and the change in 
morphology resulting in the formation of elongated platelet-type parti
cles for CuMoO-SDS-C. These findings are in contrast to recent work by 
Keerthana et al., where the addition of SDS was shown to reduce the 
particle size of Cu3Mo2O9, prepared under hydrothermal synthesis 
conditions at 160 ◦C for 12 h [24]. Lattice fringe measurements of the 

Fig. 1. (a) Powder X-ray diffraction pattern of Cu3Mo2O9 calcined at 500 ◦C for 6 h, which matches the reference pattern ICDD 01–070-2493, reflections are indexed 
to Pna21 space group. CuO impurity identified with * at 38.8 degrees 2theta. SEM images of b) CuMoO-STD-C agglomerated particles of ca. 200 nm, (c) CuMoO-SDS- 
C platelet type particles of ca. 500 nm in length. Transmission electron microscopy of d) CuMoO-STD-C and e) CuMoO-SDS-C. 
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CuMoO-STD-C catalyst give a spacing of 0.342 nm (Fig. S5) matching 
the principal reflection (002), given as 0.344 nm (ICDD file 01–070- 
2493). 

Fig. S6 illustrates the XPS survey and Cu(2p) and Mo(3d) spectra for 
both calcined materials; the corresponding binding energies and at.% 
concentrations from the high-resolution data are presented in Table S1. 
For both samples, the Mo(3d5/2) value was found ca. 232.2 eV, 
consistent with Mo(VI), whilst the Cu(II) component was found at 934.5 
(±0.2) eV and confirmed by the presence of the prominent satellite 
structure between 940 and 950 eV, in general agreement with that in the 
literature [14,18,25]. The Cu(total):Mo ratio of the CuMoO-STD-C was 
found to be higher than expected at 1.9, however, the Cu2+:Mo ratio was 
closer to 1.5 of Cu3MO2O9 at 1.6. In contrast, the Cu(total):Mo and Cu2+: 
Mo ratios for the CuMoO-SDS-C sample were 1.7 and 1.4 respectively. A 
reduced Cu species with a binding energy of 933.0 (±0.2) eV was also 
identified. The use of SDS has the potential to result in adsorbed S 
species, that could poison the catalyst surface. However, no S was found 
in through XPS analysis. The S(2 s) state overlaps with the Mo(3d) 
photoemission lines and as Fig. S6 shows and there is no evidence of an 
extra peak, the S(2p) region is also devoid of signal (Fig. S6). 

SEM elemental mapping shows an increased Cu/Mo ratio, whilst 
XRD closely matches the impurity to CuO found in the diffraction 
pattern of CuMoO-STD-C (Fig. 1 and Fig. S2). The binding energy of this 
reduced species sits between bulk values for Cu2O (932.2) and CuO 
(933.7) [26] which we ascribe to small islands of Cu2O on the surface of 
the material, however, to address the observation of CuO from XRD, one 
must recall the surface (XPS) vs bulk (XRD) analysis and therefore it is 
possible a small Cu(I)-containing phase is present at the surface of the 
molybdate. Analysis of the Cu Auger lines reveal kinetic energy values of 
917.1 eV and an associated Auger Parameter values of 1851.6 (±0.2) eV 
somewhat higher than those for Cu molybdates reported by Haber et al. 
[25] and supporting a view of mixed Cu phases. 

Solid state UV–Vis spectra of the calcined Cu3Mo2O9 samples were 
obtained (Fig. S7) and used to determine the material band-gap. The 
CuMoO-STD-C sample has absorbance peaks at 253 and 300 nm, with a 
broad shoulder at ca. 450 nm. These peaks are present in the CuMoO- 
SDS-C sample although are more defined, with a strong peak ca. 375 
nm. Subsequently, Tauc-plots (Fig. S7b and d) were used to estimate the 
absorbance band-gap for allowed indirect transitions (r = 2) and was 
calculated to be ca. 2.22 eV (CuMoO-STD-C), which is slightly higher 
than a previously reported value (2.08 eV) [19]. Similarly, for CuMoO- 
SDS-C the absorbance band gap was calculated to be 2.35 eV. The 
increased band gap may facilitate more efficient use of UV radiation to 
complete the transfer of electrons from the valance band. 

3.2. Catalyst testing 

Copper molybdate was tested in the photochemical degradation of IC 
under both UV-light (254 nm) and dark conditions following stirring for 
30 min under dark conditions. Initially, the dye solution was exposed to 
UV (6 h), to compare rates of degradation with and without catalyst 
(Fig. S8). The photodegradation of IC under UV irradiation was greater 
at 86% over 6 h over CuMoO-STD-C despite a decreased specific surface 
area, compared to 68% over CuMoO-SDS-C (Fig. 2). Under non- 
irradiated conditions the initial loss of IC can be ascribed to surface 
absorption, where the absorbance of IC was decreased by ca. 35% (ca. 1 
mg of IC) over both catalysts. 

Notably, under light and dark conditions the IC absorbance peak 
splits into two when catalyst is present, shifting the initial peak bath
ochromatically slightly and producing a second peak at ca. 705 nm. 
Furthermore, when IC was reacted over CuMoO-STD-C under UV irra
diation (Fig. 2a), the initial peak at 610 nm shifts to ca. 598 nm. How
ever, both peaks gradually decrease over the 6 h reaction period in the 
presence of catalyst. The experiment was then run without the UV lamp. 
The peak at 610 nm splits, however, this does not decrease further from 
1 to 3 h reaction time, suggesting the UV light is critical to the catalysts 

ability to degrade the dye. Over the CuMoO-SDS-C catalyst the sec
ondary peak at ca. 705 nm was less pronounced. The concentration of 
surface Cu that can leach is greatly reduced when SDS was used in the 
preparation. Cupric oxide (CuO) is a well-known visible-light photo
catalyst [27,28], however, the absorbance peak splitting observed over 
both catalysts suggests that the surface bound CuO is not stable under 
reaction conditions. We hope to clarify this through subsequent studies 
involving re-use cycles which should better identify the role of the 
adventitious CuO. 

The leached Cu complicates the degradation of the IC compound, and 
whilst the reduction in concentration of these species is beneficial, the 
degradation of IC was decreased. IC is a common dye used to test pho
tocatalysts, although there have been no reports, to our knowledge, that 
include the splitting of the absorbance peak as a part of the degradation 
mechanism over other catalysts [29–31]. Zanoni et al. describe the effect 
of Cu(II) ions in solution on the absorbance of IC [32], and reported that 
the presence of Cu(II) caused a second peak ca. 715 nm to appear. The 
second peak is the result of the Cu(II) complexing to the IC compound 
and it is likely that this occurs, particularly over CuMoO-STD-C as Cu(II) 
ions may have leached from the catalyst [33]. Post-use XPS analysis 
indicated that the at.% of the Cu present increased (Table S1), the Cu2+: 

Fig. 2. UV/Vis absorbance measurements of the IC degradation tests over 
CuMoO-STD-C (a), over CuMoO-SDS-C (b) up to 6 h under light and dark 
conditions. Reaction conditions; catalyst 50 mg; dye concentration 30 mg l− 1, 
100 ml, 600 rpm, reaction time does not include 0.5 h pre-reaction stirring 
under dark conditions. 
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Mo ratio increased from 1.6 to 1.8 for CuMoO-STD-C and from 1.4 to 1.5 
for CuMoO-SDS-C. We consider the greater change of the STD-C sample 
is indicative of an increased surface modification, whereas the use of 
SDS reduced this. 

Thermal gravimetric analysis of the catalysts after the tests under 
light and dark conditions was collected (Fig. S9). The solution contained 
30 mg l− 1 of IC, over CuMoO-STD-C, two minor mass losses were 
observed, of 0.5% and 3% respectively at ≤100 ◦C and ca. 330 ◦C, with 
an overall mass loss of 4.6% (1.95 mg). A similar loss profile was ob
tained for the recovered CuMoO-STD-C post-dark reaction, with an 
overall mass loss of 4.2% (1.63 mg). In contrast, the TGA profiles for the 
light and dark reactions over CuMoO-SDS-C had a respective overall 
mass loss of 2.3% and 1.7%, corresponding to 0.19 mg, centred at ca. 
305 ◦C. This could suggest that the retention of reaction species on the 
surface of the CuMoO-STD-C and -SDS-C are significantly different. It is 
likely that the first mass loss of STD-C is most likely the loss of adsorbed 
water (≤ 100 ◦C), then the decomposition of hydroxyl groups on the 
surface between 300 and 400 ◦C, or the decomposition of the partially 
degraded or whole molecules of the dye. However, the TGA profile is 
comparable to the precursor transformation (Fig. S1b), potentially, this 
could lead to greater availability of hydroxyl surface species under re
action conditions and hence increase catalytic activity. The absence of a 
larger decomposition step with CuMoO-SDS-C, suggests that little of the 
dye adsorbed to its surface and that the surface was not greatly modified 
under reaction conditions. We will explore this stability further with re- 
use experiments in future studies. Suggesting that the photocatalytic 
reaction follows the first Langmuir-Rideal mechanism, i.e. the hydroxyl 
radical adsorbed to the surface of the photocatalyst reacts with the free 
dye molecules in solution. 

4. Conclusions 

Under standard coprecipitation conditions the Cu3Mo2O9 sample 
comprised of agglomerated particles of ca. 200 nm in size, decorated 
with CuO nanoparticles. Using a surfactant during the preparation of the 
precursor resulted in larger, platelet particles and the surface concen
tration of CuO was reduced according to XRD and XPS analysis. These 
materials were applied to the degradation of IC which resulted in 
splitting of an absorbance peak at 610 nm, due to leached Cu(II) com
plexing with IC. However, despite the leaching, Cu3Mo2O9 was able to 
degrade the dye. Furthermore, the surface of the modified catalyst did 
not undergo significant surface changes during use. The greater activity 
of the standard sample can be ascribed to the structural changes 
providing a greater availability and concentration of hydroxyl species. 
The use of surfactant resulted in a material with enhanced stability that 
should have broad appeal to researchers using copper molybdates in a 
variety of fields such as photocatalysis and energy storage. 
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