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Herein, we report on nano-sized Mn oxide/carbon nanotube, graphene and graphene oxide as water-

oxidizing compounds in artificial photosynthesis. The composites are synthesized by different and simple 

procedures and characterized by some methods. The water-oxidizing activities of these composites are 10 

also considered in the presence of cerium(IV) ammonium nitrate. Some composited are efficient Mn-

based catalysts with TOF (mmolO2/molMn.s) ~ 2.6. 

 

The finding of an efficient, cheap and environmentally friendly 

water-oxidizing compound is highly desirable for artificial 15 

photosynthetic systems because water oxidation is a bottleneck 

for water splitting into H2 and O2.
1 H2 production by water 

splitting is currently much discussed as a promising route for 

the conversion of sustainable, but intermittent energies.2 

Among different compounds, Mn compounds are very 20 

interesting because they are not only cheap and 

environmentally friendly but also efficiently used by Nature for 

water oxidation.3   The water-oxidizing centre (WOC) of 

Photosystem II (PSII) in plants, algae and cyanobacteria is a 

Mn4CaO5 cluster catalyzing the light-induced water oxidation 25 

(Fig. 1).4a,b The WOC may be considered as a nano-sized Mn 

oxide in a protein matrix.4c 
T. S. Glikman and I. S. Shcheglova (1968) were the first 

scientists that indicated Mn oxides can catalyze water 

oxidation in the presence of cerium(IV) ammonium nitrate 30 

(Ce(IV)) as an oxidant.7a  M. Morita in 1977 showed that 

electrochemical water oxidation is possible with the aid of Mn 

dioxide.7b A. Harriman in 1988 showed that cobalt, iridium, 

and ruthenium oxides are efficient catalysts for water 

oxidation.8 Among Mn oxides, Mn(III) oxide is an efficient 35 

catalyst.7b,8 A. Harriman’s group also reported on water-

oxidizing activity of colloidal Mn oxide prepared by gamma 

radiolysis of aqueous solutions of Mn(ClO4)2 saturated with 

N2O.8 Since these pioneering studies, many groups have 

evaluated different Mn oxides as water-oxidizing catalysts.6,9 40 

Nanostructured Mn oxide clusters supported on mesoporous 

silica were reported by F. Jiao and H. Frei as efficient catalysts 

for water oxidation in aqueous solution under mild 

conditions.10 Layered Mn oxides were reported as efficient 

catalysts for water oxidation. A layered Mn oxide activated by 45 

gold nanoparticles also showed promising activity towards 

water oxidation.11 In 2012, a highly active MnOx/glassy carbon 

catalyst for water oxidation and oxygen reduction by atomic 

layer deposition was reported.12 In 2013, G. C. Dismukes’ 

group prepared very pure β-MnO2, R-MnO2, α-MnO2, δ-MnO2, 50 

λ-MnO2, LiMn2O4, Mn2O3, and Mn3O4 compounds.13 They 

reported that Mn2O3 and Mn3O4 are among most active Mn 

oxides for water oxidation.13  They hypothesized that the 

Mn(III)-O bonds in edge sharing octahedra at the surface are 

more reactive catalytically due to Jahn-Teller effect/weakening 55 

of these bonds. Recently, our group found that many Mn 

oxides in the presence of Ce(IV) or in electrochemical  water 

oxidation, convert to a layered Mn oxide after a few hours.14,15 

A self-healing for Mn oxides under high potentials also 

reported.16 In recent years, Mn oxides were proposed as the 60 

true catalysts in many Mn-based water oxidation reactions in 

the presence of chemical17 and electrochemical oxidants.18  

Interestingly, a few groups reported that treatment of Mn oxide 

with organic compounds does increase the efficiency of Mn 

oxides toward water oxidation.19  65 

Carbon nanotubes (CNT), graphene (G) and graphene oxide 

(GO) have been combined with a variety of inorganic 

compounds, including oxides, nitrides, carbides, 

chalcogenides, and ceramics to form a more useful material. 

Applications of these nano compounds include environmental 70 

chemistry, catalysis, energy conversion, and 

electrochemistry.20 Combination of these compounds with 

nanocarriers improves their response time, efficiency, and 

sensitivity. P. Strasser and M. Behrens reported on incipient 

wetness impregnation and a novel deposition 75 

symproportionation precipitation for the preparation of 
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MnOx/CNT electrocatalysts for efficient water splitting.21 The 

MnOx/CNT sample obtained by conventional impregnation 

was identified as a promising catalytic anode material for water 

electrolysis at neutral pH showing a high activity and 

stability.21 Here, we prepared different nanostructured Mn 5 

oxides/CNT, G or GO by different reactions, and considered 
the water-oxidizing activities of these composites in the 

presence of Ce(IV).  

 

Experimental 10 

Material and methods 

 

  All reagents and solvents were purchased from the 

commercial sources and were used without a further 

purification. We used multi-wall nanotubes (outer diameter: 15 

10-20 nm, length: ~ 30 µm, purity > 0.95).  TEM and SEM 

were carried out with a Philips CM120 and LEO 1430VP 

microscopes, respectively. Mn atomic absorption spectroscopy 

(AAS) was performed on an Atomic Absorption Spectrometer 

Varian Spectr AA 110. Prior to the analysis, the composites 20 

were added to 1 mL of concentrated nitric acid and H2O2, left 

at room temperature for at least 1 h to ensure that the oxides 

were completely dissolved. The solutions were then diluted to 

25.0 mL and analysed by AAS. Cyclic voltammetry was 

performed using an Autolab potentiostat-galvanostat model 25 

PGSTAT30 (Utrecht, The Netherlands). In this case, a 

conventional three electrode set-up was used in which a Pt 

electrode or Pt electrode modified with the catalyst, a 

Ag|AgCl|KClsat electrode and a platinum rod served as the 

working, reference and auxiliary electrodes, respectively. 30 

 

Synthesis 

 

Mn-Ca oxide: The compound was synthesized by a previously 

reported method.15  35 

 

CNT-1: Mn(NO3)2·4H2O (100 mg) was dissolved in 10 mL 

water. To this solution, 100 mg CNT was added and the 

mixture was sonicated for half an hour under argon. The 

mixture was left for two days. Then, a KMnO4 solution (50 mg 40 

KMnO4, 0.5 g KOH) in 5 mL water was added to the solid. 

The solid was left at room temperature in dark for one day and 

then it was dried at 100 oC.  

 

CNT-2: Mn(NO3)2·4H2O (100 mg) was dissolved in 10 mL 45 

water. To this solution CNT (20 mg) was added and the 

mixture was sonicated for 10 minutes. The obtained solid was 

separated, washed by water, and dried at 90 oC. 

 

CNT-3: Mn(OAc)2·4H2O (100 mg) was dissolved in 25 mL 50 

water contains 365 mg KOH. Then, 30 mg CNT was added to 

the mixture and sonicated for 15 minutes. The mixture was left 

for one day. In the next step, the solid was separated, washed 

with water and dried at 90 oC. 

 55 

CNT-4: Mn-Ca oxide and CNT were added to 15 mL water 

and the mixture was sonicated. Then, the mixture was dried at 

80 oC for one day. The obtained solid was separated, washed 

and dried. The amounts of Mn-Ca oxide and CNT were: (30 

mg:70 mg), (50 mg:50 mg) and (70 mg:30 mg). 60 

 

CNT-5: 100 mg CNT was added to 10 ml water and sonicated. 

Subsequently, 30 mg KMnO4 in 30 ml water was added and 

stirred for 4 days. The obtained solid was separated, washed 

carefully to remove KMnO4 and dried at 60 oC.  65 

 

G-1: Mn(NO3)2·4H2O (100 mg) was dissolved in 10 mL water. 

To this solution, G (100 mg) was added and the mixture was 

sonicated for 15 minutes. Then, the mixture was heated for one 

day at 100 oC. The obtained solid was separated, washed and 70 

dried. 

 

G-2: Mn-Ca oxide and G were added to 15 mL water and the 

mixture was sonicated. Then, the mixture was dried at 80 oC 

for one day. The amounts of Mn-Ca oxide and G were: (30 75 

mg:70 mg), (50 mg:50 mg) and (70 mg:30 mg). The obtained 

solid was separated, washed and dried. 

 

G-3: The composite was synthesized by a procedure similar to 

CNT-5 using G instead of CNT. 80 

 

GO-1: Mn-Ca oxide and GO were added to 15 mL water and 

the mixture was sonicated. Then, the mixture was dried at 80 
oC for one day. The used amounts of Mn-Ca oxide and GO 

were: (30 mg:70 mg). 85 

 

GO-2: Mn(NO3)2·4H2O (1.25 g) was dissolved to 10 mL 

water. To this solution GO (100 mg) was added and the 

mixture was stirred for 15 minutes. The solution was heated for 

48 hours at 100 oC. Then, the solid was washed with water and 90 

dried at 100 oC. 
 

GO-3: The composite was synthesized by a procedure similar 

to CNT-5 using GO instead of CNT. 

 95 

Water Oxidation 

    Water oxidation experiments in the presence of Ce(IV) were 

performed using an HQ40d portable dissolved oxygen-meter 

connected to an oxygen monitor with digital readout at 25 oC. 

In a typical run, the instrument readout was calibrated against 100 

air-saturated distilled water stirred continuously with a 

magnetic stirrer in an air-tight reactor. After ensuring a 

constant baseline reading, water in the reactor was replaced 

with a Ce(IV) solution. Without the catalyst, Ce(IV) was stable 

under these conditions and oxygen evolution was not observed. 105 

After deaeration of the Ce(IV) solution with argon,  Mn oxides 

as several small particles were added, and oxygen evolution 

was recorded with the oxygen meter under stirring (Scheme 1). 

The formation of oxygen was followed and the oxygen 

formation rates per Mn site were obtained from linear fits of 110 

the data by the initial rate. Electrochemical water oxidation 

was performed with the use of a setup shown in Scheme S1. 
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Fabrication of a modified electrode 

The Pt electrode was mechanically polished with 1, 0.3 and 

0.05 µm alumina and washed ultrasonically with ethanol and 

distilled water. Then, 30 µL of 1 mg/ml composite suspension 

was dripped on the Pt electrode surface and dried at room 5 

temperature. Eventually, 5µL of 0.5 wt % Nafion solution was 

deposited onto the centre of the modified electrode. A three-

electrode system was applied for investigation of 

electrochemical properties of modified electrodes by cyclic 

voltammetry in 25 ml of 0.1 M (pH 6.3) lithium perchlorate 10 

solution. 

 

Results and discussion 
 

The Mn oxide/CNT, G or GO were synthesized by different 15 

methods and under different conditions. In one of the 

procedures, we used Mn-Ca oxide that is known to be 

amorphous and as an efficient water-oxidizing catalyst (CNT-

4, G-2 and GO-1) (Fig. 3).9   

CNT-1 was prepared by the reaction of Mn2+ and MnO4
- ions 20 

in the presence of CNT. SEM images show that the composite 

(Fig. 2c) is a very good mixing of the Mn oxide and CNT. The 

images show lumps of Mn oxide and CNT. The turnover 

frequency (TOF, mmol O2/mol Mn per second) for the 

composite (0.56) is very similar as for the Mn oxide. The 25 

number for high concentrations of Ce(IV), 0.44 and 0.66 M, is 

nearly constant.  

CNT-2 is based on decomposition of Mn(NO3)2 that produces 

Mn(III) oxides.22a The TOF for the composite is 0.4.  

CNT-3 is based on formation of Mn3O4.
22b  As Mn3O4 oxide is 30 

not efficient water-oxidizing composite, the Mn3O4-CNT is 

also not efficient catalyst toward water oxidation as well (TOF 

~ 0.24).  

For CNT-4, we used a simple method that shows advantages of 

both Mn oxides, such as efficient water-oxidizing activity, and 35 

of nanocarbons. In other words, in the procedure, we can 

synthesize an efficient catalyst and then mix it with CNT, G 

and GO. The TEM image of Mn oxide/CNT shows that the 

mixing in the composite (CNT-4) is good (Fig. 3). The water-

oxidizing activity per mol of Mn per second does not depend 40 

on the ratio of Mn oxide:CNT and the TOF is ~ 0.5 ([Ce(IV)] = 

0.22 M). The TOF for Mn-Ca oxide under these conditions is 

0.5-0.6. For CNT-5, G-3 and GO-3, in the reaction of G, GO or 

CNT suspension and KMnO4 are stirred at room temperature, a 

slow redox reaction between the nanostructured carbon and 45 

KMnO4 could take place and can be described as:23a 

4MnO4
- (aq) + 3C(s) + H2O(l) → 4MnO2(s) + CO3

2−(aq) + 

2HCO3
-(aq)      (Eq. 1) 

The slow redox reaction usually leads to the precipitation of 

MnO2 on the surface of the nanostructured carbon. Such 50 

strategy forms a more efficient catalyst toward water oxidation.   

The TOF for CNT-5 is very promising and more efficient than 

CNT-4. The TOF in the presence of Ce(IV) (0.11 M) is high 

among Mn oxides. A low amount of Mn oxide on the surface 

of CNT is promising in water oxidation. HRTEM of CNT-5 55 

shows only a few short-range orders among layers (Fig. 3 and 

Fig. S1, ESI†). The effects of different parameters are very 

similar as in case of the pure Mn oxides (Table 1).6,9  Water 

oxidation by the composite is influenced by their temperatures 

of calcination. The best catalysts for water oxidation were the 60 

ones prepared at ∼200-300 °C. 

In higher temperatures, a high amount of crystallized Mn oxide 

with a low surface area is formed indicating that all these 

factors could be substantial in reducing of the water-oxidizing 

activity of the Mn oxides.24 On the other hand, temperature has 65 

effect on oxygen evolution reaction.24 The rate of oxygen 

evolution increases with increase in temperature in the range of 

10-35 oC with activation energies ~ 45-60 kJ/mol similar as for 

Mn oxides.9  However, in high temperatures (35-40 oC) 

decomposition of the catalyst to MnO4
- ions occurs. Thus, the 70 

increase in water oxidation rate is not clear at 35-40 oC (Table 

1). 

To study of the effect of the amount of the catalyst, reactions 

were done with different amounts of oxides keeping all other 

factors constant (Table 1). The increase in the rate of oxygen 75 

evolution with the increase of oxide concentration is linear, and 

thus, TOF is very similar. In contrast to pure Mn oxides,24 for 

CNT-5, the rate of oxygen evolution does not linearly increase 

with increase in the concentration of Ce(IV). We related24 the 

effect to decomposition of particles of the catalyst to MnO4
- at 80 

high concentrations of Ce(IV). In other words, in high 

temperatures both high rate of oxygen evolution and 

decomposition of catalyst can occur, and thus, we observed 

similar TOFs even at high concentrations of Ce(IV). 

TEM images of CNT and layered Mn oxide are shown in Fig. 85 

3. These images for CNT clearly show nanotubes with 

diameters ranging from about 10-20 nm and lengths up to 100 

µm. The images for the layered Mn oxides clearly show a 

layered structure. SEM image show Composites that obtain by 

mixing nanocarbon structures and Mn oxide show particles 90 

with 40-70 nm diameters. 

Table 1 The effects of different parameters for the composites in water 

oxidation. 

 

Composite Temperatur

e 

(oC) of 

Calcination 

  

Temperatur

e (oC)  

 of  O2 

evolution 

[Ce(IV)

] 

Cataly

st (mg)  

TOF 

CNT, G or 

GO 

100 25 0.11-

0.66 

5 trace 

Mn oxide 

without 

CNT/G/GO 

60 25 0.11-

0.66 

5 0.4-

0.6 

CNT-1 100 25 0.11 5 0.56 

CNT-2 90 25 0.11 5 0.4 

CNT-3 90 25 0.11 5 0.24 

CNT-4 80 25 0.22 7 0.5 

CNT-5 60 25 0.11 5 2.22 

CNT-5 150 25 0.11 5 ~3.0 

CNT-5 250 25 0.11 5 ~3.0 

CNT-5 350 25 0.11 5 0.20 

CNT-5 60 10 0.11 5 0.44 

CNT-5 60 25 0.11 5 2.22 

CNT-5 60 35 0.11 5 2.66 

CNT-5 60 25 0.11 5 2.22 

CNT-5 60 25 0.11 10 1.97 

CNT-5 60 25 0.11 15 1.97 

CNT-5 60 25 0.11 5 2.22 

CNT-5 60 25 0.22 5 2.35 

CNT-5 60 25 0.33 5 2.40 
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CNT-5 60 25 0.44 5 2.45 

G-1 100 25 0.22 2 0.4 

G-2 80 25 0.22 7 0.47 

G-3 

GO-1 

60 

80 

25 

25 

0.11 

0.22 

5 

7 

<0.1  

0.4 

GO-2 100 25 0.22 4 <0.1 

GO-3 60 25 0.11 5 1.73 

      

     

 

To answer to the question that why do some composite show 

low activity toward water oxidation, we focus on the phase of 

Mn oxide in each composite. The intensity of patterns at 2θ = 

25.6 and 43.48o correspond to the MWCNT walls. In CNT-1 5 

and CNT-4, only peaks related to layered Mn oxide are 

observed. CNT-2 shows no special Mn oxide but cystaline 

phase of Mn3O4 are clear in CNT-3. CNT-5 contains layered 

Mn oxides with poor patterns in XRD. 

In G-1, α-Mn2O3 and ε-MnO2 are observed. In G-2, layered 10 

Mn oxide are detectable. In contrast to GO-3 or CNT-5, G-3 

shows high amounts of Mn3O4. In GO-3, layered Mn oxide is 

detectable but in GO-1 no special phase is observed. Thus, the 

reactions of Mn oxides with these carbon nanosreuctures are 

different and different phases from Mn oxides are formed.  15 

Composites with layered or amorphous structures show 

efficient catalytic activity toward water oxidation.  
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Fig. 1   XRD patterns for CNT (a), G (b) and GO (c) -Mn oxide 70 

composites. For details see ESI. 

 

Similar to other Mn oxides, FTIR spectra of Mn oxide/carbon 

nanostructured show a broad band at ~ 3200-3500 cm-1 related 

to antisymmetric and symmetric O-H stretchings. At ~ 1630 75 

cm-1 a peak related to H-O-H bending is observed. The 

intensities of these peaks reduced in higher temperature. The 

absorption bands characteristic for a MnO6 core in the region ~ 

400-600 cm-1 assigned to stretching vibrations of Mn-O bonds 

in Mn oxide was also observed in the FTIR spectra of these 80 

composites (Fig. S2, ESI†).11 CNT shows weak peaks at 600, 

1041, 1384, 1631 and 3437 cm-1. The peaks for G are at 827, 

1424, 1630 and 3434 cm-1. GO indicates peaks at 880, 1062, 

1432, 1630 and 3435 cm-1. Peaks in 1630 and 3430 cm-1 are 

related to water molecules. 85 
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Fig. 2 SEM images of CNT (a), Mn-Ca oxides (b) and Mn oxide-CNT 

(CNT-1) composite (c,d). 
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Fig. 3 TEM images of CNT (a), Mn-Ca oxides (b,c) and Mn oxide-

CNT (CNT-4:Mn-Ca oxide:CNT = 3:7) (d,e). In d and e, orange and 

red arrows show nanolayered Mn oxide and carbon nanotube, 

respectively. TEM (f) and HRTEM (g) image for CNT-5. In g, red 65 

arrow is related to Mn oxide. The observed patterns are similar to ones 

in layered Mn oxides.9   

We also synthesized a very similar composite to CNT-1 but 

with a very low amount of Mn oxide (> 0.3%). SEM-EDX 

images of the material are shown in Fig. 4. The composite 70 

shows a very low water-oxidizing activity (< 0.1) most 

probably because of decomposition of small Mn oxides to 

MnO4
-.24  
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Fig. 4 SEM (a, c), SEM-EDX for low amounts (Mn: > 0.3%) of Mn 

oxide on hydroxylated CNT, prepared by a method similar to the 

synthesis of CNT-1 (C: red; O: blue and Mn: green) (b), the dispersion 20 

of C (d) and Mn (e) in the image of c. 

 

G-1 was synthesized in decomposition of Mn(NO3)2 that 

produces Mn(III) oxides. The TOF in water oxidation process 

catalysed by the composite is 0.4. SEM images show very 25 

small nanoparticles on the layered structure of G (Fig. 5). TEM 

images also show such particles among the layers of G (Fig. 6). 

G-2 was synthesized with a simple method by mixing of Mn 

oxide and G. The TOF for G-1 and G-2 are very similar.   

GO-1 was synthesized by a mixing method as shown for CNT-30 

4 and G-2. TOF in this case is 0.4; very similar as in the case 

of CNT-4 and G-2. The decomposition method for GO-2 

produced a non-efficient catalyst displaying a low TOF (<0.1). 

GO-3 and G-3 were synthesized by a method similar for CNT-

5, but G-3 is not a good water-oxidizing composite. GO-3 is a 35 

good catalyst toward water oxidation with the TOF ~ 1.73. 

Heating, similar to other Mn oxides, improves water oxidation, 

but also decomposes the nanocarbon structure.9 The TOF for 

these Mn oxide/nanocarbons are among the best Mn based 

catalyst toward water oxidation (Table 2). In addition to the 40 

efficiency, these nanocarbons can improve other properties 

such as electron transfer in these composites. 

 

Table 2 The rate of water oxidation by the various Mn based catalysts 

for water oxidation in the presence of non-oxygen transfer oxidant. 45 
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Fig. 5 SEM images of G (a), G-2 (b), GO (c) and GO-1 (d). 
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Fig. 6 TEM images of G-1 (a,b). The arrows indicate the particles of 

Mn oxide. 

 

The results reported here show that the synthesis of Mn oxide-

nanocarbon composites with efficient water-oxidizing activity 40 

and using a simple method is possible. As discussed by 
Dominik Eder from the University of Cambridge,24 in the cases 

of inorganics/CNT, simple van der Waals interactions are 

sufficient to provide a strong enough adhesion.25 In contrast to 

the effect of nano-sized gold particles on water-oxidizing 45 

activity of Mn oxides,11 the nanocarbons show no special effect 

as we did not observe any changes for CNT-1 or CNT-4. 

However, a dispersion Mn oxide on CNT as we observed for 

CNT-5 does improve water-oxidizing activity of Mn oxides.  

Thermogravimetric measurements for the Mn oxide-carbon 50 

nanostructures are shown in Fig. 7.21 Temperatures below the 

drying temperature of 110 oC are related to the emission of 

weakly-bonded re-absorbed water molecules.21 In higher 

temperatures, removing of the hydroxyl groups is observed. 

The emission of water molecules, located between layers is 55 

observed at 200-300 oC. At higher temperature (500 oC), other 

Mn oxides-phases are formed. G, GO and CNT are stable until 

400, 360 and 560 oC.21 CNT-4 is more stable than CNT-1. 

Most probably Mn oxides strongly attached to CNT assist to 

shift decomposition of CNT at lower temperatures.21 Attaching 60 

Mn oxide to G or GO shows a similar effect (Fig. S3, ESI†). 
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Fig. 7 DTG and TG diagrams for nanostructured carbon - Mn oxide 

composites.  CNT (a), CNT-4 (Mn oxide:CNT  30:70) (b) and CNT-1 90 

(c).  

 

Cyclic voltammograms (CVs) of the Mn oxide/G, GO and 

CNT materials on Pt electrode show that the nanocarbon 

structures have a very low effect on the electrochemical 95 

behavior of Mn oxides (Fig. 8). However, a peak related to 

Mn(III)/Mn(IV) oxidation is observed in layered Mn oxides 

that is not clear in these composites, most probably, because of 
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low concentration of Mn oxides in these composites (Fig. 8).  
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Fig. 8 Cyclovoltamograms of a GO-1 (a), CNT-1 (b) and G-1 (c). 

Results obtained by linear sweep voltammetry (LSV) of Mn oxide/GO 

are shown in (d). For all composites, the second cycles are shown. Red 

arrows show the Mn(III) to Mn(IV) oxidation process.  55 

Conclusions 

Regarding the presented results we concluded that: 

• Synthesis of nano-sized Mn oxide/CNT, G and GO 

as efficient water-oxidizing composites by very 

simple methods, such as mixing, is possible. The 60 

presented methods are promising because in the first 

step efficient catalysts are produced and in the next 

step yields composites with a nanocarbon 

component. The simple van der Waals interactions 

are sufficient to provide strong enough adhesion 65 

between Mn oxides and CNT. 

• The water-oxidizing activities of Mn oxide/CNT, G 

or GO depends on Mn oxides, and nanocarbon 

structures do not decrease the activity of Mn oxides 

toward water oxidation. On the other hand, the 70 

nanocarbons may improve other properties of the Mn 

oxides. For example, MnOx materials suffer from 

low conductivity. These nanocarbons can improve 

electron transfer in the composites. 

• Similar to other Mn oxide-based water-oxidation 75 

reactions by amorphous or layered Mn oxides show 

the highest water- oxidizing activity when combined 

with the carbon.  

• The reaction of MnO4
- with nanocarbons is a 

promising procedure to synthesize of water-oxidizing 80 

composites.  In this case, a composite with the TOF 

(mmolO2/molMn.s) ~ 2.6 can be obtained. 

Composites with other phases such as Mn3O4 shows 

little water-oxidizing activity.  

• Low amount of Mn oxide on GO and CNT is 85 

promising toward water oxidation with a TOF more 

than 2. Dispersion of Mn oxide on the nanocarbon 

component may be a useful method in artificial 

photosynthetic systems.  
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