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A B S T R A C T   

Mn3O4 and Mn2O3 were synthesized by potentiostatic electrodeposition from a de-aerated manganese acetate 
and sodium sulfate electrolytic bath, followed by annealing. The electrodeposition parameters (including applied 
potential, precursor concentration, pH, temperature) and the thermal treatment conditions were investigated to 
obtain the best control over microstructure and stoichiometry of manganese oxides. We found that the applied 
voltage is the key parameter affecting the valence state of initial amorphous manganese while the thermal 
treatment leads to crystallization and tuning of optical properties without substantially changing the 
morphology. The as-electrodeposited manganese oxides are X-rays amorphous, while two different crystalline 
phases, Mn3O4 and Mn2O3, were obtained after the thermal treatment depending on the applied voltage. 
Through the analysis of TEM cross section images, a fiber-like growth was observed for Mn3O4, while Mn2O3 
presented a less porous-more compact microstructure. The optical properties were investigated, resulting in an 
enhancement in the charge separation properties of the thermally treated manganese oxides, reflected by nearly 
a 40 % reduction in the photoluminescence peak intensity. We believe that these finding will be useful in the 
future development of environmental friendly manganese oxide-based photoelectrochemical systems.   

1. Introduction 

Manganese oxides (MnOx) poly-types such as MnO, Mn2O3, MnO2, 
and Mn3O4 show non-toxic behavior, environmental compatibility, high 
specific capacitance and attractive catalytical properties and therefore 
hold great promise for sustainable nanotechnology [1–3]. Manganese 
oxides-based materials can be prepared via a variety of techniques, 
including hydrothermal, chemical bath deposition, sol–gel, electrode
position, solvothermal, and co-precipitation methods [4–8]. Electrode
position was proven to be an effective method to prepare MnOx 
nanostructures since the process requires low initial capital investment 
and provides high production rates with few shape and size limitations 
[9–11]. 

However the electrodeposition of manganese oxide still presents 
numerous challenges concerning the control of the final valence state of 
Mn and the reproducibility of the synthesis process. This is due to the 
multiple stable oxidation states of manganese (Mn(II), Mn(III), Mn(IV)) 
that can be obtained by electro-oxidation of Mn2+ precursors. The 
electrodeposition of MnO2 is based on a well-known mechanism, but the 
synthesis of other stoichiometric variants like Mn3O4 and Mn2O3 is less 

understood [12]. 
For example Chen et al. [13] studied the temperature-dependent 

phase transition of manganite (MnOOH) nanowires. A 3 h thermal 
treatment in nitrogen produced tetragonal Mn3O4 in the whole tem
perature range (400 – 1100 ◦C), while in air atmosphere the phase 
transformation to tetragonal Mn3O4 (400 ◦C), cubic Mn2O3 (600 ◦C) and 
tetragonal Mn3O4 (1100 ◦C) were obtained. Similarly, Deljoo and co
workers [14] investigated the thermally activated structural trans
formations in amorphous manganese oxide nanoparticles under air and 
argon atmospheres. During heat treatment in air, MnO2 nanoparticles 
were reduced to cubic Mn2O3 at 500 ◦C, followed by a transformation to 
tetragonal Mn3O4 at 1010 ◦C, and to cubic Mn3O4 at 1190 ◦C. The 
samples heat-treated in argon firstly crystallized to a mixture of mono
clinic Mn2O3 and tetragonal Mn3O4 at 475 ◦C, followed by complete 
transformation to tetragonal Mn3O4 at 820 ◦C, and then to mostly cubic 
MnO at 1145 ◦C. 

Therefore, most of the stable manganese oxides can be obtained from 
MnO2 by annealing under appropriate conditions. However, the corre
lation between the synthesis parameters and the final composition and 
crystal structure of the electrodeposited manganese oxides is still 
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partially unknown. Up to now research was mainly focused on varying 
the electrodeposition parameters to obtain manganese oxides with the 
best capacitive properties [15–23]. Mathur et al. [24] studied the elec
trochemical and photoelectrochemical energy conversion properties of 
(α + δ)-MnO2 composite, revealing a beneficial synergistic effect be
tween the two crystallographic phases, tunnel structure α-MnO2 and 
layered δ-MnO2. Smith and coworkers [25] investigated the catalytic 
activity for water oxidation of MnOOH, β-, γ-, δ-MnO2 and Mn2O3. Their 
results showed that corner-sharing Mn3+ is more catalytically active 
compared with edge-sharing Mn3+ or Mn4+ in any coordination envi
ronment. Many other examples of comparison between the (photo)cat
alytic properties of different MnO2 polymorphs and stoichiometric 
variants can be found in literature [26–30]. In this paper we present the 
synthesized Mn2O3 and Mn3O4 in a two-step process: (i) electrodeposi
tion from a deaerated Mn2+ electrolytic bath; (ii) thermal treatment at 
450 ◦C for 1 h in air atmosphere. The effect of the electrodeposition 
parameters and the subsequent thermal treatment on the final surface 
morphology, microstructure, crystallinity, oxidation state and optical 
properties of the MnOx nanostructures has been investigated. As a result, 
this work provides a clear and innovative method to obtain different 
manganese oxides by tuning the applied potential. 

This is of utmost importance considering the control over phase and 
microstructure as the first requirement towards a further comprehension 
and characterization of manganese oxides properties. 

2. Material and methods 

2.1. Synthesis of manganese oxides nanostructures 

Manganese oxides nanostructures were synthetized by potentiostatic 
electrochemical deposition using a standard three-electrode electro
chemical cell at room temperature. A deaerated electrolyte composed of 
manganese acetate, MnAc2 (Sigma Aldrich > 98 %) in variable con
centration (0.5 mM – 50 mM) and 100 mM sodium sulphate, Na2SO4 
(Fluka > 99.0 %) was used. A working electrode of Fluorine-doped Tin 
Oxide (FTO) covered glass (Sigma Aldrich, ~ 7 Ω/sq) was cleaned with 
soapy water and ultrasonicated for 10 min in deionized water, acetone 
and isopropanol prior the electrodeposition. A Pt wire and a Ag/AgCl 3 
M KCl were used as counter and reference electrode, respectively. The 
electrodeposition was performed potentiostatically with an Autolab 
PGSTAT30 at different step potentials in the range 0.6 V – 1.4 V with a 
charge density of 50 mC/cm2. The pH and the temperature of the elec
trolytic bath were maintained at a fixed value during the synthesis. 
Deposition experiments were performed in a pH range from 5.5 to 7.5, 
while the solution temperature was varied between 25 ◦C, 50 ◦C and 
75 ◦C. After the electrodeposition, the FTO glass with manganese oxide 
deposit was immersed in 50 ◦C distilled water and dried in air at room 
temperature. Finally, a thermal treatment at 450 ◦C (5 ◦C/min) for 1 h in 
air atmosphere was performed using a rapid thermal annealing equip
ment (Advanced Riko Mila 5050). 

2.2. Characterization of the manganese oxide nanostructures 

The morphology of manganese oxide nanostructures was character
ized by field-emission scanning electron microscopy (FE-SEM, Hitachi S- 
4800). X-ray diffraction (XRD, Bruker D8 Discovery diffractometer) in 
the Bragg–Brentano configuration, Cu Kα radiation, was used to deter
mine the crystal phases. The X-ray photoemission spectroscopy (XPS) 
measurements were performed using the Al Kα line (1486.6 eV, 350 W) 
of a PHI 5600 Multitechnique, Physical Electronics. To analyze the 
morphology, crystallinity and local chemistry of the deposited films, 
Transmission Electron Microscopy (TEM) was performed using a probe- 
corrected Thermo Fisher Scientific Titan Themis 200 G3 outfitted with a 
SuperX detector. All TEM measurements were performed at 200 keV 
electron energy. HRSTEM image simulations were performed using the 
Prismatic software (C Ophus, A fast image simulation algorithm for 

scanning transmission electron microscopy. Advanced Structural and 
Chemical Imaging 3(1), 13 (2017)). The optical properties were tested 
by UV–Vis spectroscopy (PerkinElmer Lambda 900 UV spectrophotom
eter). Photoluminescence (PL) emission spectra were obtained using a 
Hitachi F7000 fluorescence spectrophotometer with excitation at 315 
nm. 

3. Results and discussion 

3.1. Cyclic voltammetry 

Despite the availability of several Mn(II) precursors, we chose to use 
manganese acetate since it has the higher deposition rate at lower po
tentials with respect to the other precursors [31]. The CVs recorded in 
presence and absence of manganese acetate are reported in Fig. 1 (red 
and black line, respectively). 

The CV recorded in absence of MnAc2 (black line) does not show any 
peak in the selected range of potential, confirming the inertia of the 
supporting electrolyte and the substrate in the electrochemical process. 
When manganese acetate is added in the electrolytic bath, the recorded 
CV displays two oxidation and two reduction peaks. The researchers 
agreed to attribute the two cathodic peaks to the reduction of Mn(IV) 
based on the early work of Rodrigues et al. [32]. To further support this 
assertion, the inset in Fig. 1 shows that the two cathodic peaks are still 
present when the CV is recorded to a lower applied potential, avoiding 
O2 evolution. In the anodic part of the voltammogram the O2 evolution 
due to the water oxidation is represented by the peak at 1.4 V, while the 
peak centered at 0.8 V is assigned to the oxidation of Mn(II) to Mn(IV). 
The majority of the literature distinguishes two different electrodepo
sition pathways based on the pH of the electrolytic bath for the electro- 
oxidation of Mn2+: an ECE (two electrochemical steps separated by a 
chemical step) or a disproportionation (a single electrochemical step 
followed by two chemical steps) process. The first common step is the 
oxidation of Mn2+ to Mn3+. At high pH values the metastable Mn3+ ions 
undergo hydrolyzation to form MnOOH which is then oxidized to MnO2 
(ECE mechanism). In highly acidic conditions, Mn3+ ions are more 
stable and can disproportionate to form Mn2+ and MnO2 (dispropor
tionation mechanism). Even though it should be expected to observe two 
oxidation peaks for the ECE and a single oxidation peak for the dispro
portionation process, however the cyclic voltammetry is unable to 
distinguish between the two of them since both traces show only one 

Fig. 1. Cyclic voltammograms. Solution 0.5 mM MnAc2 and 100 mM Na2SO4 
(red line) measured with a scan rate of 50 mV/s at pH 7.5 and room temper
ature. The black line represents the CV in absence of MnAc2 measured in the 
same bath pH and temperature conditions. Inset: CV recorded to a lower 
applied potential. 
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single oxidation peak [10,11,16,20,32–34]. Besides, presence of dis
solved O2 in the electrolyte does not significantly affect the voltam
mogramm [16]. 

3.2. Effect of the electrodeposition parameters on the surface morphology 
of as-deposited MnOx 

The supersaturation ratio at the electrode/electrolyte interface is the 
main factor that enables to predict and control the kinetics of nucleation 
and growth during the electrodeposition. Considering the expected re
action for the anodic electrodeposition of MnO2 (Eq. (1)): 

Mn2+
(aq) + 4OH− →MnO2(s) + 2H2O+ 2e− (1) 

The supersaturation ratio (S) is defined in Eq. (2) as: 

S =
(αMn2+ )(αOH− )

4

(αMn2+
,e )(αOH− ,e)

4 (2)  

where α is the activity of the ions in the electrolytic bath at actual or 
equilibrium condition. 

The supersaturation ratio can be tuned by changing the electrode
position parameters such as solution concentration, pH and tempera
ture, as well as by applying a higher or lower step potential. To verify the 
influence of those parameters, we performed a systematic study by 
varying only one parameter at time while all the other parameters 
remain unchanged. The fixed parameters were: 1.0 V applied voltage, 
solution 50 mM MnAc2 at pH 7.5 and room temperature. The results are 
reported in the Supporting Information, Figures S1 – S5. In this docu
ment is only reported in Fig. 2 a summary of the different MnOx surface 
morphologies obtained through the control of the electrodeposition 
parameters. 

It is well known that the supersaturation is proportional to the 
deposition rate, therefore higher values of S are correlated to a faster 
deposition process [21,22]. 

At low deposition rate the progressive nucleation is the main ongoing 
process: in this condition, fewer and larger nuclei are formed resulting in 
the development of a rough surface composed of the discrete manganese 
oxide clusters. 

With the increase of the supersaturation, the deposition rate is 
accelerated, and many MnOx nuclei are deposited forming a more 
continuous morphology consisting of interconnected thin sheets forming 
coarser petal-shaped flakes. The nanoflakes are refined as the deposition 
rate further increases, according to the faster nucleation rate with 
respect to the nuclei growth. 

The purpose of this first investigation was to understand the rela
tionship between the electrodeposition parameters and the final surface 
morphology of manganese oxides. Considering that a high specific sur
face area is beneficial for the catalytic properties of MnOx, we estab
lished the optimized working conditions as following: applied voltage 
0.6 V and 1.0 V, 50 mM MnAc2, pH 7.5, 25 ◦C. 

3.3. Surface morphology and microstructure control of annealed MnOx 

In Fig. 3 SEM images of the 0.6 V (a) and 1.0 V (b) manganese oxides 
as well as cross sectional STEM images are reported. 

The comparison between the different surface morphologies as a 
function of the applied voltage has been already reported in Figure S4 of 
the Supporting Information. Interconnected nanosheets with petal-like 
morphology or nanoflakes are developed when the applied voltage is 
0.6 V or 1.0 V respectively. According to the thermodynamics of the 
electrodeposition reaction, the deposition rate is faster when a higher 
potential is applied (Eq. (2)). This allows an easier charge transfer and 
therefore the formation of a finer surface morphology. To have a com
plete overview of the MnOx microstructure, STEM cross section images 
of the electrodeposited manganese oxides are reported in Fig. 3c and 3d. 
A fibrous growth with an open porosity is present when 0.6 V are 
applied, while a higher applied voltage results in a more compact 
microstructure with a smaller porosity. As a consequence, the deposited 
film is thicker for the 0.6 V sample despite the amount of deposited 
charges was fixed at 50 mC/cm2 during the electrodeposition step for 
both the samples. EDX colors maps reported in Fig. 3e – 3 h confirm the 
presence of Mn and O uniformly distributed along the thickness of the 
deposit for both the samples. 

All the aforementioned considerations emphasize the huge effect of 
the applied potential on the surface morphology and microstructure of 
the final MnOx. Luckily, the electrodeposition technique allows a very 
precise control of the applied potential, therefore enabling the produc
tion of manganese oxides with different properties, as demonstrated in 
the Section 3.5. 

3.4. Phase control of annealed MnOx 

The electrodeposition parameters can affect not only the surface 
morphology but also the crystallinity and the oxidation state of the 
manganese oxide nanostructures. Fig. 4 reproduces the X-ray diffracto
grams of the FTO-glass substrate and the MnOx nanostructures before 
and after the thermal treatment. 

As shown in Fig. 4c, the X-ray diffractograms of all the as- 
electrodeposited MnOx nanostructures is X-rays amorphous indepen
dently on the synthesis parameters. Therefore, the effect of the elec
trodeposition parameters is only limited to favor/prevent the mass 
diffusion of Mn(II) ions at the electrode, affecting the morphology of the 
manganese oxide structures (see Supporting Information Figures S1 – 
S5). This is in accordance with the previously reported studies [35–37]. 
Depending on the applied potential during the electrodeposition pro
cess, the thermally treated manganese oxides develop two different 
crystalline structure, tetragonal Mn3O4 and cubic Mn2O3 for the samples 
synthetized in the range 0.6 V – 0.8 V and 1.0 V – 1.4 V respectively. 
Based on these results we performed a TEM cross-section analysis on the 
manganese oxides synthetized by applying 0.6 V and 1.0 V and subse
quently annealed. Fig. 5a and 5d represent overview bright-field TEM 

Fig. 2. Morphology of the MnOx structures at different supersaturation. a) Low deposition rate [pH 7.5, 1.0 V, 0.5 mM MnAc2, 25 ◦C], b) medium deposition 
rate [pH 7.5, 0.6 V, 50 mM MnAc2, 25 ◦C], c) high deposition rate [pH 7.5, 1.4 V, 50 mM MnAc2, 25 ◦C]. Scale bar: 1 μm. 
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images of both samples, showing the difference in layer thickness and 
morphology. 

The insets in Fig. 5b and 5e show representative selected-area elec
tron diffraction (SAED) patterns obtained from the 0.6 V and 1.0 V 
annealed MnOx. In both cases the diffraction patterns display multiple 
Bragg reflections, suggesting a polycrystalline nature of the samples. The 
radially integrated intensity profiles (Fig. 5b and 5e) are consistent with 
a mixture of Mn3O4 and Mn2O3 for the 0.6 V sample and pure Mn2O3 
phase for the 1.0 V. Those results are in good agreement with the XRD 
even though the Mn2O3 phase in the 0.6 V sample was not detected. This 
could be due to its presence only in traces or because of its nano
crystalline coherent domains. The presence of both phases was 
confirmed by High-resolution STEM (see Fig. 5c & f). In addition, EDX 
linescans showing the quantitative determination of Mn and O atomic 
fraction and HRSTEM image simulations to confirm the crystal struc
tures are reported in the Supporting Information, Figures S6 and S7, 

respectively. 
In accordance with the CV reproduced in Fig. 1, the higher the step 

potential is the higher is the oxidation state of the final MnOx deposit. 
Hence, it is not surprising that applying 0.6 V and 1.0 V resulted in the 
formation of manganese oxides with different stoichiometry. However, 
to the best of our knowledge, this simple but interesting finding has 
never been reported before. The difference between our studies with 
respect to the already reported investigations of the electrodeposition 
parameters effect on manganese oxides lies in the absence of dissolved 
O2 in the Mn2+ electrolytic bath. This results in the formation of a 
mixture of δ-MnO2 and MnOOH instead of pure δ-MnO2 in correspon
dence with the oxidation peak centered at 0.8 V [16]. When the applied 
potential is even lower (0.6 V), the electro-oxidation of Mn2+ described 
in Section 3.1 is sluggish and only MnOOH is formed. Then, the ther
mally induced reduction and crystallization arise in the formation of 
Mn3O4 and Mn2O3 phases. 

Fig. 3. Morphological and compositional analysis. SEM top-view images of the 1.0 V (a) and 0.6 V (b) samples. c) & d) STEM images of the cross section of both 
samples showing the difference in layer thickness and density. EDX maps (e-h) show the homogenous distribution of Mn and O throughout the film. 

Fig. 4. X-ray diffractograms. a) Annealed MnOx nanostructures obtained by applying 1.0 V – 1.4 V; b) annealed MnOx nanostructures obtained by applying 0.6 V – 
0.8 V; c) as-electrodeposited MnOx; d) FTO-glass substrate. Reference X-ray diffractograms are illustrated for Mn2O3 (black square) and for Mn3O4 (black circle). 
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The information on the crystallite size and on internal strain of the 
electrodeposited MnOx could be obtained from the full width at half 
maximum (FWHM) of the X-rays diffraction peaks. The FWHM (β) can 
be expressed as a linear combination of the contributions from the 
crystallite size (D) and the internal strain (ε) through the following 
Equation (3) [28]: 

βcosθ
Kλ

=
1
D
+

εsinθ
λ

(3) 

Where, λ is the X-ray wavelength (Cu-Kα = 1.5406 Å), θ the Bragg 
angle and K the shape constant. A plot of βcosθ/Kλ versus sinθ/λ, also 
known as Williamson-Hall (W-H) plot, gives a straight line whose y-axis 
intercept and slope provide information on the crystallite size and the 
internal strain generated within the crystal, respectively. If the internal 
stress ε is not taken in consideration, Eq. (3) converts to the Scherrer 
equation (Eq. (4)): 

D =
Kλ

βcosθ
(4) 

In the following Table 1 the results of the average crystallite size 
directly measured from the TEM images (Fig. 5c and Supporting Infor
mation Figure S8) and obtained by applying Scherrer and Williamson- 
Hall equations to the XRD peaks are reported. 

The values of crystallite size derived from the Scherrer equation are 
in good agreement with the observation of the TEM images for both the 
samples, while the W-H analysis resulted in higher values for the 1.0 V 
sample. An electron diffraction pattern taken from a small area of the 
1.0 V sample in Fig. 6a reveals streak-like diffraction spots from a single 
coherent domain with a high angular spread. The (040) correspondent 

dark-field image (Fig. 6b) shows the spatial extent of a mosaic-like 
domain with a size in the range of a few hundred nanometers. The 
presence of the semi-coherent domains could explain the high value of 
internal stress in the 1.0 V sample as well as the larger crystallite size 
calculated from the W-H plot. 

XPS analysis was performed to complement the XRD and TEM results 
and to investigate the effect of the thermal treatment on the MnOx 
surface composition of the 0.6 V and 1.0 V samples. The valence state of 
Mn can be determined by the deconvolution of the Mn 2p3/2 peak as 
demonstrated by several authors [38–40] . However, this method has to 
deal with differential charging problems caused by the non-conductive 
nature of the sample. For this reason, we based the study of the Mn 
valence state on the deconvolution of the O 1 s spectrum and the mea
surement of the Mn 3 s doublet and Mn2p3/2 – O 1 s peaks separation. 

In Fig. 7 the O 1 s spectrum is deconvoluted into three components, 
related to different oxygen-containing bonds such as oxide (Mn–O–Mn 
bond) at 529.3–530.0 eV, hydroxide (Mn–O–H) at 530.5–531.5 eV and 
water (H–O–H) at 531.8–532.8 eV. Table 2 reports the quantitative 
analysis of the atomic percentage of each component: the thermally 
treated samples present a predominance of the Mn-O-Mn bonds on the 
surface, consistent with a reduction of the average oxidation state of 
MnOx. The reduction of manganese oxide structure due to a thermal 
treatment in air has been reported in other studies [41,42]. 

The analysis of the Mn 3 s peaks multiplet splitting is useful to reveal 
a variation in the Mn valence state after the thermal treatment. In 
addition, it is possible to eliminate the errors of the calibration pro
cedure by considering the peak separation instead of an absolute value 
of binding energy. The splitting of the Mn 3 s peaks is caused by the 
exchange interaction between 3 s and 3d electrons during the photo
electron ejection. The peak separation is related to the Mn valence state 
as following: the lower the valence is, the more electrons are present in 
the 3d orbital and the more interaction occurs upon photoelectron 
ejection. As a result, a lower valence state produces a wider splitting 
between the two components of the Mn 3 s multiplet. Data reported in 
Table 2 show that the Mn 3 s splitting increases from 5.3 to 5.4 eV and 
from 5.2 to 5.4 eV when the applied voltage is 0.6 V and 1.0 V respec
tively. Literature reports several estimations of the Mn valence based on 
the ΔEMn 3s value, including 4.5–4.8 eV for MnO2, 5.2–5.4 eV for Mn2O3, 
5.3 – 5.5 eV for Mn3O4 and 5.8 eV for MnO [43–46]. Unfortunately, the 

Fig. 5. Cross-sectional TEM investigation. a) Bright-field TEM image of the 1.0 V sample showing a dense network of MnOx. b) Radially integrated SAED pattern 
(original in the inset) of the 1.0 V sample showing polycrystalline rings fitting to the cubic Mn2O3 phase. c) HRSTEM image of a Mn2O3 crystallite oriented along the 
110 direction (Mn columns highlighted in red). d) BFTEM image of the 0.6 V sample with a fiber-like growth of MnOx. e) Radially integrated SAED pattern (original 
in the inset) of the 0.6 V sample showing polycrystalline rings fitting to a mixture of Mn2O3 and Mn3O4. f) HRSTEM image of a selected Mn3O4 crystallite. 

Table 1 
Average crystallite size of 0.6 V and 1.0 V MnOx calculated by using Scherrer 
equation, Williamson-Hall plot and directly measured from the TEM images.  

Method 0.6 V crystallites size 1.0 V crystallites size 

Scherrer 24 ± 4 nm  23 ± 3 nm  
Williamson-Hall 32 ± 4 nm 

(internal strain = 0.1 %)  
215 ± 3 nm 
(internal strain = 4.1 %)  

TEM images 10 – 50 nm 20–25 nm 
~ 300 nm semi-coherent domains  
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wide range of overlap between the results reported in the literature 
prevents an accurate estimation of the valence state of Mn from the 
ΔEMn 3s values obtained in our analysis. To further support the reduction 

of the MnOx surface composition after the thermal treatment, we re
ported in Table 2 the values of the binding energy separation between 
the Mn 2p3/2 and the Mn-O-Mn peaks. A decrease in the ΔEMn 2p3/2 – O 1s 
is correlated with a reduced valence, in accordance with the work of 
previous authors [43,44]. The Mn 2p spectra and the deconvolution of 
the Mn 3 s region are reported in the Supporting Information, Figure S9 
and S10, respectively. 

3.5. Optical properties 

The performance of a functional material in the photo
electrochemistry field is mainly determined by its optical properties 
such as optical absorption, energy band gap and electron-hole pairs 
recombination. Fig. 8 represents the UV–vis absorption spectra of the 
sample synthetized at 0.6 V and 1.0 V before and after the thermal 
treatment. 

The as-electrodeposited MnOx possess an absorption peak at around 
380 nm, which is tailed to the visible region. Sakai et al. [47] reported 
the same value for their MnO2 structures with nanosheets-like 
morphology. It is interesting to notice the thermal treatment has only 

Fig. 6. Crystallite and domain size of the 1.0 V sample. a) SAED pattern of a crystallite in 001 orientation with a high angular spread. b) dark-field image based on 
a 040 type reflection showing a larger, mosaic-like domain of similar orientation. C) STEM image of a small crystal making contained in a mosaic domain. 

Fig. 7. XPS spectra of the O 1 s region. 0.6 V MnOx a) as-electrodeposited, b) annealed; 1.0 V MnOx c) as-electrodeposited, d) annealed.  

Table 2 
XPS peak analysis of O 1 s, Mn 3 s regions and Mn2p3/2 – O 1 s energy separation 
of the MnOx nanostructures.   

O 1 s Mn 3 s Mn 2p3/2 – O 1 s  
Bond Area % ΔEMn 3s (eV) ΔEMn 2p3/2 – O 1s (eV) 

0.6 V Mn-O-Mn 
Mn-O-H 
H-O-H 

47.1 
25.6 
27.3  

5.3  112.3 

0.6 V annealed Mn-O-Mn 
Mn-O-H 
H-O-H 

65.4 
15.0 
19.6  

5.4  112.1 

1.0 V Mn-O-Mn 
Mn-O-H 
H-O-H 

33.9 
27.3 
38.8  

5.2  112.6 

1.0 V annealed Mn-O-Mn 
Mn-O-H 
H-O-H 

66.5 
22.9 
10.6  

5.4  111.8  
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a slight effect on the optical absorption of the MnOx synthetized at 0.6 V, 
resulting in a small increase of the absorption in the wavelength range 
400 – 900 nm. On the other hand, the thermal treatment causes a 
notable red-shift, in addition to an increase in the absorption intensity 
for the 1.0 V MnOx. Using the UV–vis absorption spectra, other optical 
constants including the complex refractive index and the complex 
dielectric function have been estimated and reported in the Supporting 
Information (Figure S11 and S12, respectively) [48]. However, only a 
few studies on manganese oxides are reporting the variation of the 
complex refractive index and dielectric function with the wavelength of 
the radiation [49]. Given also the intrinsic limitation of the technique, it 
is difficult to provide a proper comparison based on these parameters. 

The band gap of the MnOx deposits is calculated from the UV–vis 
absorption spectra by using the Tauc’s equation (Eq. (5)): 

(αhν)1/n = A
(
hν − Eg

)
(5) 

Where α is the absorption coefficient, h is the Planck’s constant, ν is 
the photon frequency, A is a proportional constant and Eg is the band 
gap. The exponent n denotes the nature of the electronic transition and it 
assumes the value of n = 1

2 and n = 2 for direct and indirect allowed 
transitions respectively. The Tauc plots for the direct transitions are 
reported in Fig. 9. 

The extrapolated values of the band gap are in agreement with the 
UV–vis results, remarking a general decrease of the energy gap for the 
annealed samples. As for the UV–vis absorption peak, the red shift is 
more significant for the 1.0 V MnOx, which is subjected to a Eg reduction 
from 2.3 eV to 1.8 eV. If we consider that the visible domain extends in 
the energy interval 1.8 – 3.2 eV (which correspond to the wavelength 
range 700–380 nm), a red-shift in the band gap is beneficial for the 
optical absorption properties of the MnOx nanostructures. A smaller 
band gap allows the MnOx to absorb in a wider range of wavelengths, 
thus increasing the absorption intensity in the visible light region, as 
shown in Fig. 9. The values of band gap obtained in our study are in good 
agreement with those reported in Table 3 and in the literature [50–53]. 
The indirect Tauc plots are reported Fig. 10. 

The absence of a horizontal baseline makes the extrapolation of a Fig. 8. UV–vis absorption spectra. 0.6 V MnOx (black line as- 
electrodeposited, red line annealed) and 1.0 V MnOx (blue line as- 
electrodeposited, green line annealed). 

Fig. 9. Direct Tauc plots. 0.6 V MnOx a) as-electrodeposited, b) annealed; 1.0 V MnOx c) as-electrodeposited, d) annealed.  

Table 3 
Comparison between band gap, conduction and valence band edges values.  

Authors Sample Method Eg(eV) EVB(eV) ECB(eV)

This work 0.6 V UV–vis 
absorption 

2.6  2.67  0.07 
0.6 V 
annealed 

2.5  2.20  − 0.3 

1.0 V 2.3  2.52  0.22 
1.0 V 
annealed 

1.8  1.97  0.17 

Sakai et al.  
[47] 

MnO2 Photocurrent 
onset 

2.23  1.85  − 0.35 

Salari et al.  
[58] 

MnO2 UV–vis 
absorption 

1.77  2.34  0.57 

Blaise et al.  
[54] 

Na-MnO2 Open circuit 
potential 

2.1  2.78  0.68 

Photocurrent 
onset  

3.34  1.24 

Mott-Schottky  3.43  1.33  

R. Cestaro et al.                                                                                                                                                                                                                                 



Applied Surface Science 580 (2022) 152289

8

reliable band gap value for the MnOx synthesized at 1.0 V difficult. For 
this reason, we preferred to indicate the Eg value as not applicable (n/a). 
The 0.6 V MnOx have almost the same band gap value (2.1 eV). A lower 
value for the indirect rather than direct band gap has been reported in 
the literature for manganese oxide-based structures [51,53,54]. 

The band edge position of the valence band, EVB, and the conduction 
band, ECB, is determined by the following Eq. (6) and Eq. (7) [55]: 

EVB = X − Ee +
1
2
Eg (6)  

ECB = EVB − Eg (7) 

Where Ee is the energy of free electrons on the hydrogen scale (Ee =

4.44eV [56]) and X the electronegativity of the semiconductor calcu
lated as the geometric mean of the electronegativity of the constituent 
atoms, according to the work of Mulliken [57]. Table 3 reports the band 
edge positions calculated within this study including a comparison with 
data from the literature. 

There is good agreement between our results and the literature 
despite the values of the band edges being affected by many factors such 
as: (i) the limitations of the methods used for the estimation [54], (ii) the 
chemical and microstructural properties of the samples. 

Photoluminescence measurements provide useful information about 
the electron-hole recombination in the semiconducting MnOx nano
structures. A low intensity of the photoluminescence peak indicates a 
low recombination and thus better optical properties. Fig. 11 shows the 
PL spectra of the MnOx synthetized at 0.6 V and 1.0 V before and after 
the thermal treatment. 

The PL intensity of the annealed MnOx nanostructures is lower than 
that of the as-electrodeposited MnOx. The reduction of the PL intensity is 
calculated to be around 30 % and 40 % of the initial value for the 0.6 V 
and 1.0 V MnOx respectively. 

Therefore, the thermal treatment is highly beneficial in enhancing 
the charge separation of the photo-induced electron-hole pairs. The 
dependence of the yield of photogenerated charges on the crystallinity 
of several inorganic materials has been studied in previous works 
[47–49]. 

A well-ordered crystalline structure usually enables a more efficient 

charge separation and an increase in the lifetime of the photogenerated 
charges. Besides, thermally created defects, such as oxygen vacancies, 
could behave as active centers for the adsorption of molecular oxygen 
[59–61]. Molecular oxygen is an electron scavenger, thus, the photo
generated holes experience prolonged lifetimes thanks to a reduction in 
the recombination rate with electrons. 

Finally and yet important to mention, a significant contribution to 
the enhancement of the optical properties is given by the manganese 
oxide phase. We described how the 1.0 V annealed sample, which pre
sent the Mn2O3 stoichiometry, possesses a much favorable absorption of 
visible light as well as reduced electron-hole pairs recombination with 
respect to the 0.6 V sample (mainly composed of Mn3O4). The reason of 
those differences could be due several factors including: (i) the larger 
crystallite size and (ii) the more compact and less porous microstructure 
of Mn2O3 compared with Mn3O4 (see TEM cross section images, Fig. 5a 

Fig. 10. Indirect Tauc plots. 0.6 V MnOx a) as-electrodeposited, b) annealed; 1.0 V MnOx c) as-electrodeposited, d) annealed.  

Fig. 11. Photoluminescence spectra. 0.6 V MnOx (black line as- 
electrodeposited, red line annealed); 1.0 V MnOx (blue line as- 
electrodeposited, green line annealed). 
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& 5d). 

4. Conclusion 

In this work we successfully synthesized two different phases of 
manganese oxide, Mn3O4 and Mn2O3, with a new electrodeposition 
route based on the removal of the dissolved O2 from the electrolytic 
bath. A systematic investigation of the effect of the electrodeposition 
parameters allowed us to optimize the synthesis conditions to have the 
best control over the final surface morphology, microstructure and 
stoichiometry of the deposited MnOx. Discrete clusters, petal-shaped 
interconnected nanosheets and nanoflake-like morphologies are ob
tained by simply favoring/preventing the mass diffusion of Mn2+ ions at 
the electrode during the electrodeposition process. We clarify the role of 
the applied potential on the average manganese oxidation state 
obtaining Mn3O4 or Mn2O3 when 0.6 V or 1.0 V are respectively applied. 
TEM cross section images revealed two distinct microstructures: fiber- 
like growth with open porosity for Mn3O4, more compact and less 
porous microstructure for Mn2O3. The analysis of the UV–vis and pho
toluminescence spectra suggests that the thermally treated manganese 
oxides possess enhanced optical absorption and charge separation 
properties. The development of a crystalline structure together with 
crystallite size and microstructure of the different phases are considered 
the main factors affecting the optical properties. Overall, the results 
herein reported emphasize the importance of the control over stoichi
ometry, crystallinity and microstructure of electrodeposited MnOx for 
the enhancement of the optical properties. This is of extraordinary 
importance for the future applications of manganese oxides in the field 
of catalysis, photovoltaics and water splitting. 
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