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Abstract

:

Even though manganese oxides are attractive materials for batteries, super-capacitors and electro-catalysts for oxygen reduction reactions, in most practical applications MnO2 needs to be hybridized with conductive carbon nano-structures to overcome its inherent poor electrical conductivity. In this manuscript we report microwave-assisted synthesis of MnO2 embedded carbon nanotubes (MnO2@CNT) from Mn-H3BTC (benzene-1,3,5-carboxylic acid) metal organic frameworks (MOF) precursors. Using graphene oxide as microwave susceptible surface, MnO2 nano-particles embedded in three dimensional reduced graphene oxide (rGO) -CNT frameworks (MnO2@CNT-rGO) were synthesized which when applied as electro-catalysts in oxygen reduction reaction (ORR) demonstrated comparable half-wave potential to commercial Pt/C, better stability, and excellent immunity to methanol crossover effect in alkaline media. When carbon fiber (CF) was used as substrate, three-dimensional MnO2@CNT-CF were obtained whose utility as effective adsorbents for arsenic removal from contaminated waters is demonstrated.
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1. Introduction


One of the major obstacles in the commercial development of fuel cells is the sluggish oxygen reduction reaction (ORR) at the cathode. Platinum group metals (PGM) such as ruthenium, palladium, iridium and especially platinum (Pt) are the most current widely used active ORR catalysts, but have serious disadvantages like low methanol tolerance, scarcity (by weight Pt constitutes only 0.003 ppm in the Earth’s crust and mere 172 tonnes of Pt were produced in 2016) and its high cost (24,000 United States Dollars (USD) per kg) prevents it to be a sustainable, economical and long-term electro-catalyst for ORR reaction [1]. Therefore, there have been intensive efforts by researchers to develop low-cost and durable non-PGM electro-catalysts. These efforts resulted in promising ORR catalysts which can be broadly classified into three categories: non-PGM metal catalysts [2], metal-free catalysts especially hetero-atom doped carbons [3] and hybrids of non-PGM catalysts with carbon nano-structures [4]. Amongst these three, the third type of carbon-metal hybrids which consists of nano sized non-PGM metal compounds of iron [5], cobalt [6], manganese [7] etc. embedded/dispersed/anchored on nano scaled carbons such as graphene [8], carbon nanotubes [9] and carbon nanofibers [10] have rapidly evolved as attractive alternatives to PGM based ORR electro-catalysts. Among these, manganese is worth special mention since manganese is the fifth most abundant metal and constitutes 0.1 wt% of the Earth’s crust [11] and manganese compounds like oxides [12,13], nitrides [14], sulfides [15], phosphates [16] etc. have rapidly emerged as suitable materials for energy storage applications like lithium [17], sodium-ion batteries, super-capacitors, dye sensitized solar cell (DSSC) [18], catalyst in ORR reaction [19] etc. Manganese oxides (MnxOy), especially manganese dioxide MnO2, exhibiting various morphologies like nano-particles [20], nanotubes [21], nano-belts [22], nano-fibers [23], nano-rods [24], nano-wires [25], nano-flowers [26], nano-urchins [27], nano-plates [28], nano-disks [29], etc. synthesized by either sol-gel [30], reduction [31], co-precipitation [32], hydrothermal [33] etc. has proven as an excellent material in a wide range of energy storage [34], energy generation [35] and water treatment applications [36]. Due to its low electrical conductivity, MnO2 itself is seldom used in ORR reactions and has to be hybridized with conductive materials especially conductive carbon black [37], graphene [38], carbon nanotubes (CNTs) [39], etc. which is usually done either by in situ or ex situ techniques. In ex situ techniques, pre-synthesized MnO2 nano-particles are mixed with functionalized carbon substrates whereas in in situ techniques, MnO2 nano-particles are synthesized either by sol-gel [40], hydrothermal [41], electrochemical reduction [42] of manganese salts in solutions in which nano-carbons like graphene or CNTs are dispersed. Despite being widely used, the above-mentioned techniques have disadvantages like agglomeration of MnO2 nano-particles due to Ostawald ripening and necessity of covalent functionalization of carbon substrate which reduces its electrical conductivity. In order to overcome these practical difficulties there is a need for one-step synthesis of MnO2 nano-particles dispersed, anchored or hybridized with conductive carbon substrates. Metal organic frameworks (MOF), zeolitic imidazolate frameworks (ZIF) and covalent organic frameworks (COF) are rapidly emerging as attractive precursors for synthesis of meso-porous nanostructures. A wide range of nanostructures such as zero-dimensional quantum dots [43], one dimensional carbon nanotubes [44,45], metal nanorods [46], metal nano-wires [47], carbon nano-fibers [48] and two-dimensional nano-sheets [49] etc. have been synthesized. Herein, we report synthesis of MnO2 nano-particles embedded in carbon nanotubes using Mn-H3BTC (benzene-1,3,5-carboxylic acid) metal organic framework (MOF) as the single source of both CNT and MnO2. Using graphene oxide as microwave susceptible surface, MnO2 nano-particles embedded in carbon nanotubes-reduced graphene oxide three dimensional, mesoporous frameworks (MnO2@CNT-rGO) were obtained which were applied as electro-catalysts for ORR reaction. More ever by using carbon fibers as the microwave absorbers, MnO2 nano-particles embedded in carbon nanotubes anchored on carbon fibers (MnO2@CNT-CF) were obtained and its utility in removal of arsenic from contaminated water is reported.




2. Experimental


2.1. Materials and Methods


Graphite (99.5% pure, ES 350 F5) was procured from Samjung C&G, Gyeongsan, Korea whereas reagent grade sulfuric acid (CAS Number: 7664-93-9; H2SO4), hydrochloric acid (CAS Number: 7647-01-0; HCl), sodium nitrate (CAS Number: 7631-99-4; NaNO3), hydrogen peroxide (CAS Number: 7722-84-1; H2O2), potassium permanganate (CAS Number: 7722-64-7; KMnO4), benzene-1,3,5-carboxylic acid (CAS Number: 554-95-0; H3BTC) and manganese acetate (CAS Number: 638-38-0; (CH3CO2)2Mn) were purchased from Sigma-Aldrich, Seoul, Korea and were used as received. Microwave irradiation was carried out on Daewoo Korea KR-B202WL microwave oven (Daewoo, Seoul, Korea) operating at 700 W power and frequency of 2450 MHz. Morphologies of the ‘uncoated’ samples was tested using a Nova Nano SEM 230 FEI Field-emission scanning electron microscopy (FE-SEM, Seoul, Korea) in both in-lens and secondary electron imaging mode. TALOS F200X high-resolution transmission electron microscopic (HRTEM) (Thermo Fisher Scientific Korea Ltd., Seoul, Korea) operating at 200 kV was used to record high and low resolution images; high-angle annular dark-field (HAADF) images and elemental Energy Dispersive Spectroscopy (EDS) maps. High-resolution XPS (X-ray photoelectron spectroscopy) was used to perform chemical analysis on a Sigma Probe Thermo VG spectrometer (Thermo Fisher Scientific Korea Ltd., Seoul, Korea) using Mg Kα X-ray sources. The freeware XPSPEAK version 4.1 was used to curve fit XPS data. BET surface area was measured by nitrogen adsorption and desorption isotherms at 77 K using a BEL Japan Inc. Belsorp Mini II Surface Area (Microtrac MRB, York, PA, USA).




2.2. Electrochemical Measurements


All the electrochemical measurements were conducted on a CHI 660 electrochemical station (CH Instruments, Inc., Austin, TX, USA) with a conventional three-electrode system as reported in our previous work [43]. In a typical electrochemical measurement, a total of 5 mg of MnO2@CNT-rGO was sonicated for 30 min in 500 mL solution consisting of 480 mL isopropyl alcohol and 20 mL of 5 wt% nafion solution for 30 min. A total of 12 mL of the above well dispersed suspension was dropped onto a 5 mm diameter glassy carbon rotating disk electrode (RDE) or rotating ring-disk electrode (RRDE, 4.93 mm inner diameter and 5.38 mm outer diameter) for two times and air dried naturally, fixed with a total loading mass of about 0.6 mg/cm2. 0.1 M KOH aqueous solution was used as the electrolyte whereas counter electrode was saturated calomel electrode (SCE) and Pt wire served as the reference electrode. Prior to use, the electrolyte was saturated with oxygen which was continuously supplied during the experimental operation. All potential values reported in this study were converted to the reversible hydrogen electrode (RHE) scale, according to the equation: ERHE = ESCE + 0.0591pH + 0.242. For the stability test, the working electrode ran at –0.7 V vs. SCE for 50,000 s in O2-saturated 0.1M KOH with a rotation rate of 1200 rpm. For comparison, commercial Pt/C (Sigma-Aldrich, Seoul, Korea) (20 wt% Pt) powder purchased from was tested under the same conditions, with a loading mass of 0.5 mg cm−2. Linear sweep voltammetry (LSV) was measured by RDE/RRDE technique (CH Instruments, Inc. Austin, TX, USA) the with the scan rate of 10 mV/s at various rotating speeds from 400 to 2400 rpm.




2.3. Arsenic Removal Tests


In order to study the rate of arsenic removal by novel MnO2@CNT-CF adsorbents, batch adsorption tests of As(III) aquous solutions prepared from sodium arsenite (NaAsO2) were carried out. Experiments were carried out in 250 mL flasks with 5 mg of MnO2@CNT-CF adsorbents and 100 mL of arsenic solution at room temperature (25 °C).




2.4. Synthesis of MnO2@CNT-rGO


Manganese based metal-organic framework (Mn-MOF) were prepared by coordination reaction between manganese acetate and 1,3,5-benzenetricarboxylate wherein 0.4 g of manganese acetate (2.5 mmol) was dispersed in ethyl alcohol solution to form solution A, whereas 0.525 g of 1,3,5-benzenetricarboxylate (BTC, equal to 2.5 mmol) was dissolved in ethyl alcohol to form solution B. Subsequently these two solutions A and B were mixed with ethanolic graphene oxide dispersion (0.5 g/L) made by a modified Tour’s method [50] and mixed in an ultrasonic bath for 60 min. Subsequently this solution was dried in an oven to yield Mn-H3BTC (benzene-1,3,5-carboxylic acid) metal organic frameworks (MOF) decorated graphene oxide (representative SEM micrograph shown in Figure 1a and representative XRD in Figure S1 of Supplementary File) which was subsequently transferred to a glass vial and subjected to microwave radiation in a microwave oven, model number: KR-B202WL with output power of 700 W and input power of 1120 W operating at 2450 MHz at 700 W for 300 s to form a fluffy powdery solid. The obtained product was washed alternately with ethanol and De-ionized (DI) water to remove any unreacted BTC and finally dried in an oven at 100 °C for 60 min to yield MnO2 nano-particles embedded in carbon nanotubes anchored on reduced graphene oxide three dimensional frameworks (MnO2@CNT-rGO).





3. Results and Discussion


The morphology and microstructure of the synthesized MnO2@CNT-rGO as studied by in-lens (Figure 1b) SEM micrograph exhibits extensive and very high density growth of micrometer long carbon nanotubes on reduced graphene oxide surface whereas the corresponding secondary electron image (Figure 1c) shows the relatively brighter MnO2 nano-particles well dispersed amongst the dense carbon nanotubes which appear less brighter when compared to the reduced graphene oxide substrate. Representative low resolution TEM micrograph (Figure 1d) confirms the presence of micrometer long, multi-walled carbon nanotubes anchored on the walls and edges of reduced graphene oxide substrate and MnO2 nano-particles are dispersed predominantly amongst the CNT either enclosed inside or anchored along the walls of CNT. Careful observation by HRTEM (Figure 1e) reveals that nanotubes are defect rich with the outer walls more prone to defects whereas the inner walls are well defined, relatively defect free and highly crystalline. The CNTs synthesized from our novel precursor, Mn-H3BTC, have 18–26 layers with the inner walls showing a d-spacing of 0.34 nm nearly identical with that of (002) planes of graphite whereas the d-spacing amongst the outer 6-8 walls is slightly higher at 0.36 nm spacing. The manganese oxide nano-particles are highly crystalline (Figure 1f) and have lattice fringe spacing of ~0.28 nm which is corresponds to (111) of λ-MnO2 [51].



Some manganese nano-particles also exhibit core-shell structure consisting of MnO2 nano-particle cores encapsulated in well-defined but defect rich multi-layered graphene shells. The mechanism of formation of carbon nanotubes and core-shell MnO2 nano-particle can be explained in two concurrent steps. In the first step, under microwave radiation, Mn-H3BTC MOFs anchored on graphene oxide start to thermally decompose to manganese nano-particles which get anchored on the point and dislocation defects generated on chemically synthesized graphene oxide. With further increase in microwave radiation, the benzene 1,3,5-carboxylic acid, H3BTC, thermally degrades to hydrocarbons by free radical mechanism by the following three steps: in the first step of degradation, H3BTC, one molecule of COOH is eliminated to form benzoic acid. This benzoic acid is either turned into phenol by elimination of CO or benzaldehyde by elimination of OH. These phenols and aldehydes are can thermally decompose to simpler mono-aromatic ringed compounds like toluene or styrene or complex multi-ringed compounds like 1,1-biphenyl or benzophenone by polymerization of some radicals [52]. This decomposition and formation of hydrocarbons is further catalyzed by the MnO2 nano-particles anchored on the graphene substrates [53]. With further increase in microwave radiation, these hydrocarbon moieties are vaporized and are captured by the manganese nano-particles which catalyze dehydrogenation reactions thus leading to the formation of multi-walled carbon nanotubes.



The variations in compositional and electronic states of graphene oxide (GO) and MnO2@CNT-rGO, detailed X-ray photoelectron spectroscopy (XPS) studies were carried out and the survey scans are plotted in Figure 2a. In case of GO, the survey scan shows two sharp peaks centered at ~284 and ~586 eV corresponding to C1s and O1s moieties, whereas the plot of MnO2@CNT-rGO consists of an additional peak centered at 642 to 651 eV corresponding to Mn 2p3/2 and Mn 2p1/2 of manganese moieties. Another interesting observation is the substantial increase in carbon to oxygen ratio from 0.989 in GO to 1.587 in MnO2@CNT-rGO which gives credence to our contention that under microwave radiation, not only CNTs are grown from H3BTC, but also the graphene oxide substrate is reduced to reduced graphene oxide (rGO). More proof of this can be observed from deconvoluted C1s XPS spectra of GO and MnO2@CNT-rGO plotted in Figure 2b. The C1s of GO plotted in bottom half of figure shows peaks centered at ~285.1 and 287.14 eV corresponding to carbonyl (C-O) and carboxyl (C=O) moieties of graphene oxide whereas the minor peak at 288.8 eV is attributed to carboxylic (O=C-O) groups [54]. However, in MnO2@CNT-rGO a broad peak centered at 284.5 eV corresponding to sp2 carbon (C=C) is dominating with minor peaks at 286.4, 288.8 and 291.5 eV attributed to residual epoxides [55], carboxylic and plasmon resonance of valence electrons of rGO [56]. In order to study the ionic states of manganese moieties in Mn-H3BTC MOF and MnO2@CNT-rGO, high-resolution XPS spectroscopy was carried out and the deconvoluted Mn 2p of the two samples is plotted n Figure 2c. In case of Mn-H3BTC MOF, two distinct peaks at 641.96 and 650.8 eV corresponding to Mn 2p3/2 and Mn 2p1/2 with a peak distance of 8.84 eV is observed whereas in MnO2@CNT-rGO the peaks are centered at 641.66 and 653.4 eV with a substantially higher peak distance of 11.74 eV. Though a suitable explanation for this substantially higher spin orbit splitting ΔE, is elusive but it can be attributed to tunable spin–orbit coupling [57] of MnO2 moieties anchored on three-dimensional graphene–CNT frameworks. The microwave transformation of Mn-H3BTC MOF anchored on graphene oxide to MnO2@CNT-rGO not only results in substantial chemical changes as evident from XPS studies but also results in enhanced physical properties especially increased surface area as reflected in the N2-adsorption isotherm plotted in Figure 2d. In case of Mn-H3BTC MOF anchored on graphene oxide, the surface area very low and is in the range of 80 m2 g−1 whereas the nitrogen adsorption isotherm of MnO2@CNT-rGO shows type I/II characteristic with surface area in the range of 596 m2 g−1. This fivefold increase in surface area is due to “spacer” functionality of vertically anchored carbon nanotubes, which hinders the inter-laminar van der Waals forces of attraction between adjacent graphenic layers. The pore size distributions of Mn-H3BTC MOF anchored on graphene oxide and of MnO2@CNT-rGO are plotted in Figure 2e. In case of Mn-H3BTC MOF anchored on graphene oxide, the maximum pore diameters are centered from 4 to 7 nm whereas in MnO2@CNT-rGO the maximum pore size distribution is predominantly below 4 nm which indicates that the growth of carbon nanotubes on graphene substrate increases the meso-porosity [58].



Raman spectroscopy was used to study the structural changes of graphene oxide and MnO2@CNT-rGO (Figure 2f). In the Raman spectra of graphene oxide plotted only two peaks the D band (attributed to the disorder induced phonon mode vibrations of graphene) and the G band (associated with the first-order E2g mode scattering of sp2 carbon atoms in graphitic domain), respectively, appear at 1349 and 1590 cm−1, respectively. In our H3BTC MOF derived MnO2@CNT-rGO, besides the two carbon related peaks, an intense peak at 651 cm−1 attributed to manganese oxides [59] with minor but visually discernible peaks at 471 and 516 cm−1 corresponding to A1g and Eg vibration modes of manganese oxide moieties [60] can also be observed. More ever, there is a substantial increase in the ID/IG ratio (ratio of intensities of D band to G band) from 1.075 in graphene oxide to 1.376 in MnO2@CNT-rGO which suggests partial healing of the in-plane defects generated on graphene oxide during oxidation by the growth of carbon nanotubes.



The cyclic voltammetry behavior of MnO2@CNT-rGO was conducted between 1.2 and 0.2 V vs. RHE in nitrogen and oxygen saturated 0.1 M KOH electrolytes and the plot is shown in Figure 3a. In nitrogen saturated electrolyte the CV curve was devoid of any redox peaks whereas in oxygen saturated solutions, a cathodic peak (Epeak) at 0.72 V and its onset (Eonset) at 0.89 V associated with electro-catalytic reduction of oxygen by the manganese moeities of MnO2@CNT-rGO is evident which is in line with other reported values in manganese based ORR electrodes as shown in the following Table 1 below:



To further study the electrocatalytic kinetics of MnO2@CNT-rGO in ORR, polarization curves measured with different rotation speed were tested. With the increase of rotation speed, diffusion limiting current density increases due to the shorter O2 diffusion length as evident from Figure 3b. The Koutecky–Levich plots recorded at various potentials in oxygen saturated 0.1 M KOH electrolyte is shown in Figure 3c after subtracting the current background in N2-saturated solution. At all the investigated potential voltages, plots exhibit excellent linearity and almost similar slopes, indicating that first-order reaction kinetics is followed in ORR and the applied potential has no influence on the number of electrons transferred (n) which is almost constant at 3.90 to 3.92. This value close to the ideal value of 4 indicates that the electro-catalytic reaction proceeds in a direct pathway involving direct reduction of oxygen to water. Another important factor that governs the efficiency of ORR electro-catalyst is its methanol tolerance because in most practical fuel cells, the methanol fuel will permeate from anode to cathode through the polymer membrane which causes a drastic reduction in the electro-catalytic performance of the catalyst due to carbon monoxide poisoning. The methanol tolerance of our novel MnO2@CNT-rGO and commercial Pt/C was evaluated in 0.1 mol dm−3 oxygen saturated KOH solution and data plotted in Figure 3d which shows that in case of Pt/C there was more than half (~47.5%) decrease in current within 700 s whereas in MnO2@CNT-rGO this decrease in current is minuscule (less than 0.6%) even after 1600 s. Chrono-amperometric test which is an indicator of durability of an electro-catalyst was performed and compared with commercial Pt/C electrode (Figure 3e) which shows that about 92.1% of initial current was retained even after 50,000 s in MnO2@CNT-rGO whereas in Pt/C this retention rate was 79.4%. These excellent ORR properties of MnO2@CNT-rGO hybrid in our work are believed to result from the synergistic effect of 3D carbon nanotubes-reduced graphene oxide and the deposited MnO2, as well as their intrinsic advantages mentioned above, which could provide more active surface area and accelerate the O2 diffusion and electron transfer.



In order to test the utility of our newly developed H3BTC precursor to grow CNTs by other catalysts, cobalt and iron were chosen and representative SEM micrographs of the same are exhibited in Figure 4. In case of cobalt catalyst, carbon nanotubes of shorter length and less density are grown on reduced graphene oxide substrate (Figure 4a,b) whereas in case of iron based H3BTC MOF as the CNT precursors, both density and length of carbon nanotubes is substantially higher (Figure 4c,d). This observation can be attributed to the higher rate of dissolution of carbon in iron when compared to cobalt which leads to good growth of CNT.



We also investigated the utility of Mn-H3BTC precursor to grow CNT on other carbonaceous substrates like carbon fiber. The choice of carbon fiber was governed by the fact it is also a microwave susceptible surface and can withstand short-term high-density microwave radiation without undergoing significant structural damage. A similar synthesis procedure as described in Section 2.2 with substitution of graphene oxide dispersion with carbon fiber is used. However, before use the commercially available CFs were washed successively with 10% HCl and DI water to remove any commercial ‘sizing’ materials and dipped in Mn-H3BTC stock solution for 30 min which were subsequently removed and dried in oven at 70 °C to obtain Mn-H3BTC MOF decorated carbon fibers (representative XRD and SEM in Figures S1 and S2 of Supplementary File, respectively) which were subjected to microwave irradiation for 60 s to obtain high density, MnO2 catalyzed CNT grown on carbon fibers (MnO2@CNT-CF). The representative SEM micrographs of the same is exhibited in Figure 5a,b indicates that though the growth of CNTs on carbon fibers is clearly visible, but the density of CNT growth is comparatively low due to the fact that intrinsic curvature of fiber surface is not conducive for anchoring of catalyst particles. High-resolution SEM images in Figure 5c shows that the micrometer long carbon nanotubes are formed but distorted when compared to that of graphene anchoring. This result shows the versatility of our newly discovered H3BTC based MOF precursors as excellent source to grow CNTs on any microwave susceptible substrates. The applicability of MnO2@CNT-CF for the removal of arsenic from contaminated water is investigated. Lead and Arsenic are synonymous with heavy metal pollutants of drinking water and a wide range of adsorbents are investigated for removal of arsenic, amongst which iron-based adsorbents are the most popular and are widely investigated. Manganese can also show equal if not better adsorption capacity for arsenic removal. In this manuscript we report for the first time the utility of manganese oxide-CNT on carbon fibers as possible adsorbent of arsenic. The rate of adsorption at various concentrations by our novel MnO2@CNT-CF adsorbent is plotted in Figure 5d which shows that at all investigated pH values, our MnO2@CNT-CF nanostructures showed comparable adsorption capacity and when compared with our previously reported Fe@CNT-CF [70]. The well dispersed MnO2 nano-particles in open pore hybrid network of carbon nanotubes vertically anchored on carbon fiber substrate increases the active surface area and facilitates for the optimal capture and retention of arsenic moieties. This result proves that a wide range of heavy metal adsorbents can be fabricated using our H3BTC based MOF precursor derived carbon nanotubes.




4. Conclusions


In summary, we have described microwave synthesis of manganese oxide embedded in carbon nanotubes (MnO2@CNT-rGO) obtained from manganese based metal organic frameworks constructed from benzene 1,3,5-carboxylic acid linkers. Structural analysis by SEM and HRTEM reveals that MnO2@CNT-rGO possesses a well-defined millimeter long, carbon nanotubes with nanometric MnO2 nanoparticles embedded inside the protective shells of tube walls. Due to the synergistic effect of the structural merits and composition, the resulting MnO2@CNT-rGO catalyst exhibits excellent ORR catalytic activity exceeding that of commercial Pt/C catalyst with excellent stability and great durability. The excellent ORR catalytic efficiency of our newly developed electro-catalyst combined with its ease of synthesis from relatively low priced and widely available raw materials opens up new opportunities for their application in fuel cells and metal–air batteries. The utility of MnO2@CNT-CF for effective removal of arsenic from contaminated water at different pH values is also demonstrated.
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Figure 1. In-lens SEM micrographs (a,b) of Mn-H3BTC decorated graphene oxide and MnO2@CNT-rGO synthesized from the same by microwave synthesis and its corresponding secondary electron image (c). High-resolution transmission electron microscopic (HRTEM) image of MnO2@CNT-rGO (d) and high magnification image of defect rich individual carbon nanotubes (e) and MnO2 nanoparticle (f); high-angle annular dark-field (HAADF) image (g) and its corresponding manganese (h) and carbon map (i). Scale bars are 1 µm in (a–c); 500 nm in (d); 50 nm (e); 20 nm (f); and 500 nm in (g–i). 
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Figure 2. XPS survey spectra of MnO2@CNT-rGO and graphene oxide (a); deconvoluted C1 s spectra of MnO2@CNT-rGO and graphene oxide (b); deconvoluted Mn 2s spectra of MnO2@CNT-rGO and Mn-H3BTC MOF (c); nitrogen adsorption isotherms (d) and pore size distribution (e) of MnO2@CNT-rGO and Mn-H3BTC MOF; and Raman spectra of MnO2@CNT-rGO and GO (f). 
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Figure 3. Cyclic voltammograms (CV) of MnO2@CNT-rGO electrodes in 0.1 M KOH saturated with N2 (black) and O2 (red) at a sweep rate of 50 mVs−1 (a); linear sweep voltammetry (LSV) curves of MnO2@CNT-rGO in 0.1 M KOH at rotation speeds ranging from 400 to 2400 rpm (b); corresponding K–L plots of MnO2@CNT-rGO at various potentials (c); Methanol tolerance test of MnO2@CNT-rGO and commercial Pt/C (d); variation in residual current with time in MnO2@CNT-rGO and commercial Pt/C (e) and post-mortem SEM micrograph of (f) of MnO2@CNT-rGO after cycling in 0.1 M KOH (f), scale bar is 1 µm. 
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Figure 4. Representative in-lens and their corresponding secondary electron SEM micrographs of H3BTC derived carbon nanotubes using cobalt (a,b) and iron catalysts (c,d). Scale bar is 1 µm in (a,b) and 3 µm (c,d). 
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Figure 5. Representative SEM micrographs of MnO2@CNT-CF hybrid synthesized by using novel Mn-H3BTC precursors at low (a) and high (b) magnifications; (c) is the high-resolution image of the portion highlighted as rectangle in (b); scale bars are 30 µm (a); 3 µm (b) and 500 nm (c); Adsorption isotherms of arsenic on MnO2@CNT-CF nanostructures at various concentrations (d). 
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Table 1. Comparison of oxygen reduction reaction (ORR) performance our electrode with other MnO2 anchored/hybridized/embedded in other carbon based materials.
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	Serial Number
	Type of Mn Based Catalyst
	Electrolyte
	Eonset (V)
	Epeak (V)
	Electron Transfer Number, n
	Reference





	1
	MnO2 nano-particles anchored on sulphur doped graphene
	0.1 M KOH
	0.91
	0.79
	3.95
	[61]



	2
	MnO2 nanosheets on nitrogen doped carbon
	0.1 M KOH
	0.918
	0.78
	3.9
	[62]



	3
	MnO2 nano-particles anchored on reduced graphene oxide
	0.1 M KOH
	0.847
	0.76
	3.85
	[63]



	4
	MnO2 nano-rods anchored on carbon nitride
	0.1 M KOH
	0.8
	0.74
	3.8
	[64]



	5
	MnO nano-particles on nitrogen doped graphene
	0.1 M KOH
	0.83
	0.72
	3.03
	[65]



	6
	MnO2 nano-films anchored on hollow graphene spheres
	0.1 M KOH
	0.94
	0.73
	3.85
	[66]



	7
	MnxCoyO4 nano-particles anchored on carbon nanotubes
	1 M KOH
	0.81
	0.89
	Not reported
	[67]



	8
	MnO2 nano-rods anchored on sugar derived carbon nanosheets
	0.1 M KOH
	0.914
	Not reported
	3.12
	[68]



	9
	MnO2 nano-particles on nitrogen doped graphene
	0.1 M KOH
	0.91
	0.8
	3.9
	[69]



	10
	MnO2 nano-particles in three-dimensional graphene–CNT hybrids
	0.1 M KOH
	0.89
	0.72
	3.92
	This work
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