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ABSTRACT 

Improved homogeneity of tunnel size in Na-stabilized 2×3 and 2×4 MnO2 structures was achieved by 

identifying and controlling critical synthesis parameters. 2×3 and 2×4 MnO2 tunnel manganese oxide 

nanowires were obtained by hydrothermal treatment of Na-birnessite, a layered manganese oxide that 

undergoes a layer-to-tunnel transition under high pressure and temperature. Herein, the improved ordering 

of [MnO6] octahedra is revealed via a combined analysis of X-ray diffraction patterns and scanning 

transmission electron microscopy images. We show that crystallinity of the Na-birnessite precursor and the 

chemical composition of the system during hydrothermal treatment are crucial for achieving the targeted 

size of the structural tunnels with adequate uniformity.  
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INTRODUCTION 

 Manganese oxides are considered an ideal platform for the development of next-generation energy 

storage solutions, hybrid capacitive water desalination approaches, and electrocatalysts owing to their low 

cost, low toxicity and high redox activity [1-6]. The structure of tunnel manganese oxides (TuMOs) is 

constructed from corner- and edge-sharing [MnO6] octahedra units. These units form one-dimensional (1D) 

channels (or tunnels) with free volume available for ion intercalation [7-9]. There are several TuMO 

polymorphs with tunable tunnel size, which can be achieved by carefully controlling the synthesis 

parameters and the nature of the templating or stabilizing ions partially occupying the tunnel space. The 

tunnel polymorphs are typically distinguished by counting the number of [MnO6] octahedra in the vertical 

and horizontal tunnel walls (e.g. 2×2, 2×3, 2×4 or 3×3 MnO2). Therefore, these materials provide an 

excellent model system to investigate the relationships between tunnel size and ion size in applications that 

involve the reversible intercalation of ions from electrolytes or solutions. However, synthesis of TuMOs 

with uniform tunnel size is challenging, especially as the tunnel size increases [10-12]. 

 Synthesis protocols for TuMOs with different tunnel sizes and stabilizing ions were extensively 

developed in the 1990s-2000s [7-9]. However, due to limited characterization capabilities, the structure of 

most of the synthesized materials was determined using bulk diffraction measurements that are unable to 

reveal local structural features. The most commonly used synthesis method for TuMOs with large tunnel 

sizes is hydrothermal treatment of layered manganese oxide precursors [7-9]. This approach often yields 

high aspect ratio 1D nanostructures, such as nanowires, with the structural tunnels running along the 

nanowire length. Therefore, TuMO nanowires established themselves as ideal model materials to study 

nanoscale mechanical properties [13-15] ion diffusion using in situ transmission electron microscopy 

(TEM) and structural evolution during electrochemical cycling [11, 16-22]. TEM investigations have also 

revealed tunnel size heterogeneity in manganese oxide with todorokite crystal structure (3 x 3 MnO2) [10, 

12]. However, little is known about TuMOs with large tunnel sizes other than todorokite-MnO2. 

 2×3 and 2×4 MnO2 are characterized by 7.2 Å x 9.6 Å and 7.2 Å x 12.6 Å rectangular tunnels, 

respectively, with distances measured between the corresponding Mn atoms in the tunnel walls (Figure S1 

in Supporting Information) [23-25]. In both materials, the tunnel space is partially occupied by Na+ ions, 

making them particularly promising for use as electrodes in Na-ion batteries and hybrid capacitive 

deionization devices for removal of NaCl from water. Indeed, it was previously shown that these diffusion 

processes can be facilitated when intercalation sites in the host electrode material are well-defined through 

chemical pre-intercalation of ions of the same nature as electrochemically cycled ions, leading to improved 

performance [26].  

 2×4 MnO2 is usually prepared through hydrothermal treatment of the layered Na-birnessite powder 

in the presence of excess sodium ions sourced from either NaCl or NaOH solution [24, 27-30]. 
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Cetyltrimethylammonium bromide (CTAB) assisted synthesis was also reported [31, 32]. Fewer reports on 

the synthesis of 2×3 MnO2 exist [23, 33-35], and some of the published findings focus on Ba- and Li-

exchanged phases [34, 35]. The hydrothermal treatment conditions for the preparation of 2×3 MnO2 TuMO 

are believed to require only deionized water in the absence of any additional Na source except for the ions 

residing in the interlayer region of Na-birnessite precursor [23]. Still, the synthesis conditions vary between 

each report, and in many cases, only brief descriptions are given without detailed discussion of the 

parameters. Moreover, the characterization of the produced TuMOs is often limited to X-ray diffraction, 

which only provides information about bulk average material structure. As shown previously for todorokite 

MnO2, the radial nanowire scanning transmission electron microscopy (STEM) images can be misleading 

by showing only one dimension of the tunnel [36], while cross-sectional STEM imaging of the same 

samples clearly demonstrates tunnel size inhomogeneity [10, 11, 37]. Therefore, without local structure 

characterization, it is impossible to reliably develop synthesis approaches for the preparation of TuMO 

phases with the uniform tunnel size. These methods are required in order to understand the fundamental 

structure-property relationships of TuMOs. 

 In this work, we for the first time show cross-sectional STEM images of 2×3 and 2×4 MnO2 

nanowires clearly demonstrating improved ordering of [MnO6] octahedra leading toward more uniform 

tunnel size. Through the detailed synthesis and STEM analysis we established that the homogeneity of 

tunnel sizes can be achieved through improved crystallinity of the layered Na-birnessite precursor material 

via extended aging and delicate control over the pH of the solutions during washing and hydrothermal 

treatment. A high degree of tunnel size homogeneity opens opportunities for establishing relationships 

between tunnel size and electrochemically cycled ions. In turn, we can provide insights into the design and 

synthesis of intercalation hosts for electrochemically-driven applications. The knowledge gained from 

studying TuMOs can be extended to other intercalation compounds and enable new solutions for a 

sustainable future. 
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EXPERIMENTAL METHODS 

 2×3 and 2×4 MnO2 nanowires, stabilized with sodium ions and water molecules (NaxMnO2·nH2O), 

were synthesized via hydrothermal treatment of the layered Na-birnessite precursor, following previously 

reported procedures [23-25]. The Na-birnessite precursor was prepared via dropwise addition of a chilled 

50 mL solution of 0.3 M Mn(Cl)2·4H2O (Acros Organics) to a 50 mL solution of 3.0 M NaOH (Fisher 

Scientific) and 0.79 g of KMnO4 (Acros Organics) in an ice bath over a 15 minute time period. After a dark 

brown precipitate formed, the mixture was removed from the ice bath, statically aged for one week, then 

washed with deionized water and filtered until the filtrate reached a pH of approximately 7. The filtrate was 

dried at 105 °C in air overnight. 

2×3 MnO2 nanowires were prepared by adding 100 mg of dry Na-birnessite powder to 11.5 mL of 

DI water in a 23 mL Teflon-line stainless steel autoclave (Parr Instruments) and hydrothermally treated at 

220 oC for 96 h. 2×4 MnO2 nanowires were synthesized by adding 500 mg of dry Na-birnessite powder to 

11.5 mL of 1 M NaOH solution (Fischer Scientific) in a 23 mL Teflon-lined stainless steel autoclave, and 

hydrothermally treated at 220 oC for 96 h. The resultant nanowires were filtered, washed with deionized 

water until neutral pH of the filtrate was achieved. For comparison, 2×n MnO2 and hybrid-MnO2 nanowires 

were synthesized following the previously reported procedures [37]. 2×n MnO2 phase was obtained by 

aging Na-birnessite for four days. The resulting powder was filtered, washed, and dried at 100 °C for 12 h. 

100 mg of dry Na-birnessite was added to 15 mL of deionized water in a 23 mL Teflon-lined stainless steel 

autoclave and placed in an oven at 220°C for 192 h. The highly disordered hybrid-MnO2 phase was obtained 

by aging Na-birnessite for only 1 h followed by hydrothermal treatment under the same conditions. After 

hydrothermal treatment, all products were filtered, washed, and dried at 100 °C for 12 h. The synthesis 

schematic shown in Figure 1 highlights the parameters that we found to be important for achieving tunnel 

size homogeneity. 

 The XRD patterns of the synthesized materials were obtained using a Rigaku benchtop powder X-

ray diffractometer with Cukα (λ =1.54 Ǻ) radiation with 0.02° step size, and step speed of 0.6 °/min. 

Morphology of the particles was investigated using a Zeiss Supra 50VP scanning electron microscope 

(SEM) equipped with a Schottky field emission gun and Everhart-Thornley in-lens secondary electron 

detector. Images were acquired using a beam accelerating voltage between 3-5 kV, and working distances 

between 4-7 mm. Additionally, samples were sputter coated with a thin 5-10 nm layer of Pt/Pd to prevent 

charging and improve image quality. 

Manganese oxide nanowires were embedded in epoxy and cross-sectioned by diamond-knife 

ultramicrotomy in preparation for analysis by aberration-corrected STEM. High-angle annular dark field 

(HAADF) images were acquired using a JEOL JEM 2200FS TEM/STEM operated at 200 kV and equipped 

with a CEOS probe Cs-corrector.  
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Figure 1. Schematic illustration showing the synthesis process for the preparation of 2×3 MnO2 and 2×4 
MnO2 nanowires with tunnel structures. The parameters found in this work to be critical for improving 
tunnel size homogeneity are outlined in red.  

 

RESULTS AND DISCUSSION 

SEM images of the synthesized tunnel manganese oxides demonstrate 1D morphology (Figure 2), 

in agreement with previous reports [23-25, 37]. We have not thoroughly analyzed the cross-sections of the 

obtained 1D nanostructures; therefore, in this paper we will call them nanowires based on diameter-to-

length ratio. The nanowires form porous networks of flexible 1D nanoparticles. The hybrid-MnO2 

nanowires (Figure 1a) are 10 – 50 nm in diameter and up to several microns long. Figure 2b shows that 

the 2×n MnO2 nanowires are similar in length, but their diameters are as large as 250 nm. The nanowires 

of 2×3 MnO2 material exhibit diameters in the range of 25 - 75 nm and lengths up to ~100 µm (Figure 2c). 

Similarly, the 2×4 MnO2 nanoparticles display the diameters of 10 – 100 nm and lengths up to several tens 

of micrometers. However, the 2×4 MnO2 nanowires appear to be more densely packed compared to 2×3 

MnO2 analogs (Figure 2d).   
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Figure 2. SEM images of (a) hybrid-MnO2, (b) 2×n-MnO2, (c) 2×3-MnO2 and (d) 2×4-MnO2 nanowires.  

 

 Figure 3a shows how the XRD patterns of the nanowires collected as the aging time of the Na-

birnessite precursor increased from 1 h to 1 week and the pH of solutions at different stages of the synthesis 

was more thoroughly controlled. The Na-birnessite was aged for only 1 hour to obtain hybrid-MnO2 

nanowires. The corresponding XRD pattern shows few distinguishable, broad reflections with large full-

width at half-maximum (FWHM), indicating a highly disordered phase with small crystallite sizes. This 

result is in good agreement with the cross-sectional HAADF-STEM image (Figure 4a) demonstrating 

highly aperiodic and disordered tunnel dimensions. There are tunnel sizes ranging from 2×2 to 2×5 among 

regions that appear to be amorphous, all within the single nanowire. The Na-birnessite aging time was 

increased from 1 hour to 4 days to produce 2×n MnO2 material. The XRD pattern of the hydrothermally 

treated product exhibited more reflections with smaller FWHMs compared to that of hybrid-MnO2 

indicating improved crystallinity of the material (Figure 3a). Increasing the aging time further to one week, 

combined with thorough washing of the filtrate to achieve a pH of ~7, resulted in the appearance of new 

Bragg peaks in the XRD pattern of the hydrothermally treated product (Figure 3a). In fact, the XRD pattern 

of this material is in excellent agreement with the previously reported XRD pattern of 2×3 MnO2 phase 

[25].   
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Figure 3. XRD patterns showing (a) the progression of 2×3-MnO2 nanowires synthesis and (b) 2×4-MnO2 
nanowires prepared using synthesis parameters revealed during synthesis of 2×3-MnO2 nanowires. The 
literature patterns are from [25]. 
 

 
Figure 4. Cross-sectional HAADF-STEM images of (a) hybrid-MnO2, (b) 2×n-MnO2, (c) 2×3-MnO2 and 
(d) 2×4-MnO2 nanowires. The colored circles, each representing an MnO6 octahedra, denote different 
tunnel sizes: yellow – 2×2 tunnels, blue – 2×3 tunnels, green – 2×4 tunnels. The orange box in (a) is a 
region with incompletely formed tunnels.  
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 The cross-sectional HAADF-STEM image of 2×n MnO2 nanowire (Figure 4b) reveals the 

presence of 2×2, 2×3 and 2×4 tunnels within a single nanowire. The common 2 [MnO6] octahedra 

dimension corresponds to the (200) lattice plane (d ~6.98 Å) which is in agreement with reflections in the 

XRD pattern of this material (d ~7.1 Å) (Figure 3a). In addition, the variable size of the perpendicular 

tunnel wall introduces disorder reflected by the absence of certain reflections in the XRD data. Most 

prominently, the XRD pattern of the 2×n MnO2 does not have the (001) peak at 9.2° 2θ that corresponds to 

a tunnel side of 3 [MnO6] octahedra (~9.6 Å). The absence of this peak indicates that 2×n MnO2 nanowires 

do not have an ordered occurrence of the tunnel wall of this size, in agreement with the cross-sectional 

HAADF-STEM imaging. In contrast, the (001) peak at 9.2° 2θ in the 2×3 MnO2 material XRD pattern 

(Figure 3a) indicates the regular formation of tunnel walls built by 3 [MnO6] octahedra. The regular array 

of 2×3 tunnels is clearly observed in the cross-sectional HAADF-STEM image of the 2×3 MnO2 nanowire 

shown in Figure 4c. The improved tunnel size homogeneity was achieved by extended aging of Na-

birnessite precursor and thorough washing prior to hydrothermal treatment. Extended aging time could lead 

to the Mn3+/Mn4+ ordering in birnessite layers, which was previously found to have a significant effect on 

the layer-to-tunnel transition kinetics [10]. Moreover, the system used for Na-birnessite synthesis requires 

large amounts of water to neutralize unreacted NaOH in the filtrate. If NaOH is not fully washed, it will be 

transferred into the hydrothermal treatment container, leading to conditions resembling those used for the 

synthesis of 2×4 MnO2 nanowires. This hypothesis is supported by cross-sectional HAADF-STEM 

characterization clearly showing formation of the 2×4 tunnels in the structure of 2×n MnO2 nanowires 

(Figure 4b). 

Successful preparation of the 2×3 MnO2 nanowires revealed important parameters that could also 

be controlled during the synthesis of 2×4 MnO2 phase. The 2×4 MnO2 XRD pattern is shown in Figure 

3b, and it is in excellent agreement with the literature [23]. The characteristic diffraction peaks for 2×4 

tunnels are found at d ~7.2 Å and d ~12.2 Å respectively (i.e. (200) and (002) planes). Cross-sectional 

HAADF-STEM imaging confirms the presence of a large fraction of 2×4 tunnels (Figure 4d). However, a 

single 2×4 MnO2 nanowire exhibits a greater degree of tunnel size inhomogeneity than 2×3 MnO2 phase. 

There is evidence for the presence of of 3×4 and 2×5 tunnels (Figure 4d). More corroboration of the slight 

disparity in structural order is shown in additional cross-sectional HAADF-STEM images (Figure S2 in 

Supporting Information). The 2×4 tunnels are larger than 2×3 tunnels and therefore the higher degree of 

[MnO6] octahedra disorder is in agreement with the investigations of manganese dioxide with todorokite 

(3×3) structure [10-12]. Further improvements in the synthesis of 2×4 MnO2 phase with homogeneous 

tunnel size could be achieved by increasing sodium concentration in solution during hydrothermal treatment 

step [24].  
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CONCLUSIONS 

We demonstrate the synthesis of 2×3 MnO2 and 2×4 MnO2 nanowires with improved tunnel size 

uniformity. The structure and tunnel size homogeneity are confirmed via a combination of XRD and cross-

sectional STEM imaging. Improved ordering of [MnO6] octahedra was achieved by statically aging the 

layered Na-birnessite precursor for one week, leading to increased crystallinity. We also found that the pH 

of the solution during hydrothermal treatment is critical for controlling the size and uniformity of the 

structural tunnels. The Na+ ions that stabilize the tunnels have increased radii in basic solutions that result 

in increased tunnel dimensions. Therefore, the Na-birnessite precursor needs to be thoroughly washed and 

the pH of the filtrate solution needs to be well controlled prior to hydrothermal treatment. Our findings are 

crucial for the establishment of accurate structure-property relationships for tunnel manganese oxides. 
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