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The Liquid Ammoniate of Sodium Iodide as an Alternative Electrolyte for 
Sodium Ion Batteries: the Case of Titanium Dioxide Nanotube Electrodes 

 

ABSTRACT 

Efforts for the development of sodium ion batteries (NIB) are focusing on insertion electrode 

materials rather than on novel electrolytes. In a radically new approach, sodium insertion into 

amorphous TiO2 nanotubes, chosen as a typical electrode material for NIBs, is studied for the 

NaI liquid ammoniate (NaI·3.3NH3) and compared with the behavior in typical organic 

electrolytes (for instance 1 M NaClO4 in propylene carbonate, PC). The liquid ammoniate 

leads to significantly larger electrode capacities (between 0.5 and 2.6 V vs. Na+/Na): 145 

mA·h·g-1 in NaI·3.3NH3 versus 105 mA·h·g-1 in NaClO4/PC at 1 mA·cm-2 (14C for the 

ammoniate). This is linked to the outstanding conductivity and sodium concentration of 

NaI·3.3NH3, together with the much smaller charge transfer resistance observed for this 

electrolyte. In more general vein, the prospects for using the NaI·3.3NH3 liquid ammoniate in 

NIBs are finally discussed. 

KEYWORDS: titanium dioxide, amorphous nanotubes, inorganic electrolytes, ammonia 

solvates, sodium ion batteries 

. ABBREVIATIONS:  

NIB: sodium ion battery. 

NT: Nanotube. 

PC: propylene carbonate. 

EIS: electrochemical impedance spectroscopy. 
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1. Introduction 

 

 One of the challenges faced by mankind is finding efficient and cost-effective 

energy storage systems and devices. Among the different ways of storing energy, 

batteries and accumulators offer the advantage of having energy efficiencies unrivaled 

by other technologies [1–4]. The relative scarcity and high cost of lithium, upon which 

the most popular batteries for mobile applications are based [5–7], may hinder a 

further penetration of this technology. One obvious way forward relies on the 

substitution of lithium by sodium [8–11]. During the last years, several efforts have 

been realized to identify novel electrolytes for sodium batteries. Apart from the typical 

organic solutions based on aprotic solvents such as propylene carbonate, some studies 

have considered the use of sodium-based ionic liquids [12–18], which have the 

disadvantage of a relatively low conductivity limiting the development of high power 

density devices. We have recently introduced three different liquid solvates based on 

ammonia for their use in rechargeable Na metal batteries. These electrolytes are 

closely connected with ionic liquids [19]. They are known as liquid ammoniates and 

present a high sodium ion concentration (above 7M) and a high specific conductivity 

(values around 100 mS·cm-1). They allow for an exceedingly reversible behavior for 

the Na+/Na redox couple at and below room temperature. Among ammonia solvates, 

the sodium iodide ammoniate NaI·3.3NH3 has the practical advantage of a relatively 

low volatility. In fact, a few decades ago, this electrolyte was introduced for the 

preparation of sodium metal primary batteries using transition metal oxides (CuO and 

MnO2) as cathodes [20]. 

 In view of the excellent electrochemical behavior of metallic sodium in the 

aforementioned electrolytes, we want to show in this article how liquid ammoniates 
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could also represent a breakthrough for NIBs. An effective way for achieving this goal 

is based on a comparison of the behavior of well-defined electrode materials for 

sodium insertion in the ammoniate and in a typical organic electrolyte. It is worth 

noting that a significant effort is being done in the last years aiming at the 

development of effective and affordable electrode materials for sodium ion batteries. 

In such a context, and among the various materials proposed for sodium ion batteries  

[21–27], one finds different materials based on TiO2. This oxide has been chosen as an 

anode due to the multiple advantages that it possesses [28–35]. Specifically, TiO2 is 

nontoxic, chemically stable and it is a cost-effective material because of its abundance 

in the Earth’s crust (0.62 %). Another important feature is that TiO2 undergoes minor 

changes of volume during the charge-discharge process (< 4%), facilitating the design 

of mechanically stable electrodes. In fact, TiO2 has been widely studied in the context 

of NIBs and the prospects of using it have been discussed for several morphologies, 

including nanoparticles [36–38], nanorods [39–41], nanofibers [42], nanotubes (NT) 

[43,44], etc. Specifically, capacity values between 70 and 250 mA·h·g-1 have been 

reported for TiO2 nanotube electrodes using rates from 10 C to 0.3 C and different 

types of conductive supports and additives. In the context of this study, the use of a 

reproducible electrode constituted only by amorphous TiO2 nanotubes prepared by Ti 

anodization is relevant as it allows for a direct and reliable comparison. 

 We present here a comparative study on the electrochemical behavior of a TiO2 

nanotube electrode in a typical organic electrolyte such as 1 M NaClO4/propylene 

carbonate and in NaI·3.3NH3. Based on the results obtained, the potential advantages 

of liquid ammoniates as electrolytes in NIBs are also discussed. 
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2. Materials and methods  

 

2.1. Preparation of TiO2 nanotube electrodes 

TiO2 nanotube electrodes were prepared by anodization of a Ti foil (99.6%, 

Goodfellow) in a two-electrode electrochemical cell using gold foil as a cathode. Unless 

otherwise stated, the anodization was conducted at room temperature with a bias of 40 V for 

1 h in a solution containing 80 % anhydrous ethylene glycol (99.8 %, Sigma Aldrich), 10 % 

dimethyl sulfoxide (99.9 %, Sigma Aldrich), 10 % deionized water and 0.15-0.35 M NH4F 

(98 %, Sigma Aldrich). After anodization, the Ti foil was transferred to a vial containing 

ethanol and it was sonicated in a bath for 10 s. The electrode was dried at least for 4 hours in 

air prior to use. The amorphous NT electrodes were converted into anatase NT ones by 

submitting them to a thermal treatment at 500 °C for 1 hour in air. 

 

2.2. Preparation of the organic electrolyte 

The organic electrolyte was prepared by mixing 1.23 g NaClO4 (98 %, Sigma 

Aldrich) in 10 mL of propylene carbonate anhydrous (99.7 %, Sigma Aldrich). The NaClO4 

was dried in a vacuum over at 120 °C overnight prior to use.  

 

2.3. Preparation of the ammoniate electrolyte  

The liquid ammoniate synthesis was carried out according to a procedure previously 

reported [45]. An excess of ammonia (Air Liquid) was condensed on NaI (Prolabo, dried at 

120 °C in a vacuum oven for 3 days prior to use) at -50 °C. The resulting solution was 

colorless. The purification was performed by using solvated electrons: metallic sodium was 

added to the solution in large excess, immediately appearing the blue color characteristic of 

solvated electrons. These electrons react with impurities such as H2O and O2. Then the 

solution was left to slowly reach room temperature and it was centrifuged. Finally, the 
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electrolyte was stored in a glove box (H2O < 0.5ppm, O2 < 0.5 ppm). The composition was 

NaI·3.3NH3 as found by weighing.  

  

2.4. Materials characterization 

 The morphological characterization of TiO2 nanotube electrodes was carried out by 

field emission scanning electron microscopy (FE-SEM) with a ZEIS Merlin VP Compact 

microscope. Transmission electron microscopy (TEM) was carried out by using a JEM-2010 

(JEOL) microscope. The contact angle was determined by using a KSV CAM 101 optical 

contact angle meter. 

  

2.5. Evaluation of the electrochemical behavior 

Electrochemical characterization was performed by using either a standard three-

electrode electrochemical cell or a two-electrode split cell, both assembled in a N2-filled dry 

glove box (H2O < 0.5 ppm, O2 < 2 ppm) using TiO2 NT on Ti foil as a working electrode and 

metallic sodium pieces as reference and counter electrodes. Either a 1 M NaClO4 in PC 

solution or the ammoniate NaI·3.3NH3 was used as the working electrolyte and two pieces of 

porous 435-µm-thick glass microfiber (Whatman 934-AH) were used as separators in the 

case of the two-electrode split cell. Cyclic voltammograms were recorded using a computer-

controlled AUTOLAB potentiostat-galvanostat (PGSTAT30) in the range 0.5-2.6 V vs. 

Na+/Na at ambient temperature (25 ± 2) ⁰C. The measurements were performed inside the 

glove box at scan rates of 50, 20, 10, 5 and 1 mV·s-1. The charge-discharge cycles were 

carried out in the potential window 0.5-2.6 V vs. Na+/Na, using different C-rates: C/1 (0.1 

mA), 2C (0.2 mA), 6C (0.5 mA) and 14C (1 mA, ~ 3000 mA·g-1). The C-values are 

calculated for the ammonaite. The geometric area of the electrodes was 1 cm2 in all cases. 

The potentiostat was equipped with an FRA module that enabled the obtainment of 

electrochemical impedance spectra (with an amplitude of 5 mV and in the frequency range 
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from 0.01 Hz to 100 kHz), which were acquired with the split cell. The experimental spectra 

were fitted with the software EIS spectrum analyser. It is a standalone program for analysis 

and simulation of impedance spectra.  

 

 

3. Results and discussion 

 

 Fig. 1 shows cross-sectional and top view FE-SEM images of the TiO2 electrodes. 

As observed, the electrodes are constituted by a dense array of nanotubes with 113±2 

and 131±2 nm as average internal and external diameters, respectively, while their 

average height is of 3.5±0.1 µm. It is important to stress that, unless otherwise stated, 

no thermal annealing was applied after anodization.  

 One important source of inaccuracy in the calculation of electrode gravimetric 

capacities comes from uncertainties in the determination of the active material mass 

per electrode geometric area. This is particularly critical in the case of electrode 

materials prepared by anodization. The gravimetric capacity could be determined by 

weighing the NT film once mechanically detached from the substrate, but this may 

entail significant risks of underestimating the TiO2 mass as some uncontrolled 

fragments of the material could remain attached to the substrate. Here the mass of 

active material is assessed through its volume via a detailed morphological analysis 

applied to a series of sample micrographs. A similar geometric approach has been 

considered previously for amorphous TiO2 NT arrays [46]. An average active material 

mass density value of 0.34±0.04 mg·cm-2 can be thus calculated (see the 

Supplementary Material).  

 The TiO2 electrode response was first examined by means of cyclic voltammograms 

obtained with a three-electrode cell with sodium counter and reference electrodes. Fig. 
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2a,b shows the stable voltammetric behavior at several scan rates for TiO2 NT 

electrodes in contact with either 1 M NaClO4/PC or NaI·3.3NH3. Clear signs of 

sodium insertion are given by the specific currents and the shape of the 

voltammograms. This agrees with the first report on Na+ ion insertion in TiO2 NT 

electrodes [32]. Relatively large diameter NTs, as those forming the electrodes 

employed here, were required for sodium insertion.  

 The voltammetric behavior shown in Fig. 2 is more reversible in the case of the 

ammoniate, indicating that no transport limitations in the electrolyte are apparent in 

this case. As observed, in particular for the higher scan rates, the specific currents 

developed in the ammoniate are substantially larger than those in the organic 

electrolyte. Several factors could underlie the advantages of the ammoniate over the 

organic electrolyte. Certainly, the fact that both conductivity and sodium concentration 

are several times higher in the ammoniate avoids both an increase in electrolyte 

resistance and fast sodium depletion near the electrode material. In addition, the room-

temperature ammoniate conductivity values reported in the literature vary from 85 to 

140 mS·cm-1, while that of the 1 M NaClO4/PC solution attains a value of 6.4 mS·cm-1 

[12,20,47,48]. Furthermore, the NaI concentration in the ammoniate is as high as 7.6 

M [19]. Some additional voltammetric experiments were carried out by using as an 

electrolyte 1 M sodium trifluoromethanesulfonate (NaCF3SO3) in dimethoxyethane 

(DME), showing lower performance than the 1 M NaClO4/PC solution (see Fig. S3).   

 The limitation due to sodium depletion may be particularly severe for nanotubes 

with a high aspect ratio, in which the replenishment of sodium ions in the pore volume 

from the bulk solution may be slow, giving rise to transport problems. To further 

check this limitation, TiO2 NT electrodes were prepared using different anodization 

times, leading to different NT lengths (see Fig. S4 in Supplementary data). Fig. 2c 
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shows the anodic charge recorded in positive-going voltammetric scans in the different 

electrolytes versus the NT length. For 1 M NaClO4 in PC, the maximum charge is 

attained for 1 h anodization, while further increasing anodization times, and therefore 

NT lengths, is particularly beneficial for the ammoniate. In any case, the results in Fig. 

2c indicate that the longer the tubes, the larger the benefits of using the ammoniate.  

 Fig. 3a,b shows charge/discharge curves obtained at two different current densities: 

Fig. 3a was acquired at 0.1 mA·cm-2 and Fig 3b at 1 mA·cm-2 for both organic (black 

curves) and inorganic (red curves) electrolytes. As commented above, the difference 

between both electrolytes becomes more profound for high charge/discharge rates. 

However, even in the case of the 0.1 mA·cm-2 both charge and discharge times are 

significantly larger for the ammoniate. The potential hysteresis in a charge/discharge 

curve indicates to what extent a certain electrochemical system will lead to batteries 

with a high energy efficiency, which can be evaluated as the ratio of the average 

voltages during discharge and charge. Such a potential hysteresis is larger in the case 

of the organic electrolyte, especially for the highest charge/discharge rate. This 

behavior results from the larger ohmic drop and transport limitations prevailing in the 

case of the organic electrolyte. Considering the data in Fig. 3b, the ratio of the average 

voltages during discharge and charge (energy efficiency) has values of 0.67 and 0.76 

for the organic electrolyte and the ammoniate, respectively. Thus, a battery based on 

the ammoniate is expected to have a value of energy efficiency significantly larger 

than its organic counterparts.  

 On the other hand, Fig. 3c,d shows results about the effect of the charge/discharge 

rate on the gravimetric capacity of the TiO2 NT electrodes together with information 

on their initial cyclability. For the organic electrolyte (Fig 3c) a stable electrochemical 

behavior is slowly reached, likely due to the formation of a deleterious SEI, which is 
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expected because of the organic carbonate decomposition [49]. In Fig. 3d a relatively 

fast increase in coulombic efficiency is observed for the NaI·3.3NH3 electrolyte in the 

first 5-10 cycles, attaining finally a value close to 100 %. This is probably linked to an 

initial irreversible transformation of TiO2 taking place during the first sodium insertion 

cycles, which is reflected in a permanent darkening of the TiO2 NT electrode 

associated with the irreversible reduction of some Ti(IV) atoms. The permanent 

darkening is accompanied by the expected electrochemical modulation of coloration, 

which is more intense when a potential slightly above zero is applied (maximum 

sodium loading). (See Fig. S5 in the Supplementary data).  

 The gravimetric capacities are consistently higher for the ammoniate than for the 

organic electrolyte: at 0.1 mA·cm-2 by around a 10 % (from 160 mAh·g-1
TiO2 to 175 

mAh·g-1
TiO2) and at 1 mA·cm-2 by around a 40 % (from 105 mAh·g-1

TiO2 to 145 

mAh·g-1
TiO2). Finally, it is worth noting that comparable capacities have been reported 

by other authors for electrodes using conducting carbon and polymeric binder as 

additives, while in the case of the TiO2 NT electrode reported here no such 

components are needed, which potentially makes its fabrication more feasible and 

low-cost. This also means that larger capacities calculated on the basis of the total 

electrode mass can be attained. To allow us to further assess electrode cyclability, Fig. 

4 shows close to 400 charge/discharge cycles at 1 mA·cm-2 for both the organic and 

the ammoniate electrolytes, confirming the tendencies shown in Fig. 3c,d for the initial 

stability of the electrode and interfacial regions. 

 The fact that the difference between both electrolytes is clearer for high 

charge/discharge rates points anew to the importance of the increase in both 

conductivity and, particularly, sodium concentration of the ammoniate with respect to 

the organic electrolyte. A simple calculation is useful to realize to what extent the high 
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sodium concentration may be critical in the case of highly porous electrodes. 

Assuming the nanotube geometric parameters given above and considering that full 

sodium intercalation under the conditions employed here (discharge performed at 

0.1mA·cm-2) leads to a final stoichiometry Na0.57TiO2, a total of 3.07·108 Na+ ions 

would need to intercalate to fully sodiate one nanotube. On the other hand, based on 

the sodium concentration in the ammoniate, the inner pore volume of one NT is 

calculated to accommodate 1.6·108 Na+ ions assuming that the Na+ concentration is 

homogeneous throughout the entire tube length. This means that the electrolyte within 

the nanotube before Na+ intercalation contains 52 % of the Na+ ions needed for full 

intercalation. This is in stark contrast with the situation in 1 M electrolytes, for which 

the above-mentioned percent is only of a 6.8 %. This clearly imposes sodium transport 

limitations particular at high C rates in the case of the organic electrolyte that would be 

absent for the ammoniate. 

 A factor that should also be considered for explaining the gravimetric capacity 

results is the ability of the electrolytes to wet the TiO2 surface, which could be 

problematic in the case of highly concentrated solutions. High wettability should favor 

both maximum interfacial area and full utilization of the active material. In principle, 

the ammoniate electrolyte, despite its very high sodium concentration, should 

efficiently wet the surface of the TiO2 NTs as the ammonia molecules can favorably 

interact with both titanium and oxygen surface atoms via the unpaired electrons and 

through the formation of hydrogen bridge bonds, respectively. Contact angle 

measurements were performed for the ammoniate on TiO2 showing values similar (or 

even smaller) than those corresponding to a NaClO4 saturated solution in PC, even 

when the sodium molar concentration in the latter is barely one third that in the 

ammoniate (see Table S1 in the Supplementary data).  
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 In addition, with the aim to further evaluate the superior electrochemical 

performance of NaI·3.3NH3 over 1 M NaClO4/PC in NIBs, a comparative study was 

carried out using electrodes based on TiO2NT crystallized into anatase or reduced 

graphene oxide (rGO) as anode materials. The TiO2 nanotubes were submitted to a 

thermal treatment at 500 ºC for 1h in air, leading to their transformation into anatase. 

Cyclic voltammograms were acquired for both electrolytes (Fig. 5). In the case of the 

ammoniate, the pseudocapacitive processes associated to sodium insertion are 

observed at lower potentials, closer to the sodium plating potential, which is 

advantageous to obtain higher voltages in NIBs, although it could also lead to 

undesired Na plating. This behavior results from the change in the electronic structure 

of TiO2 triggered by crystallization. In fact, for the insertion of sodium to occur in 

anatase, the potential corresponding to the surface state distribution existing just below 

the conduction band edge must be attained [50]. In the case of the amorphous material, 

this tail of surface and defect states is expected to extend significantly more into the 

band gap of the material. In addition, the density of such defect states would also 

increase. These two factors favor the use of amorphous materials for sodium insertion 

batteries and hybrid supercapacitors. In addition, the higher flexibility of the 

amorphous structure would also allow for a more straightforward accommodation of 

the changes in volume concomitant with insertion. In contrast, when the TiO2NT 

anatase electrode was characterized in the organic medium (1 M NaClO4/PC, Fig 5 

black curve), the sodium insertion process was observed to be less reversible, 

desodiation taking place at more positive potentials. This strengthens the limitations 

associated to the use of organic electrolytes and crystalline structures.  

 Finally, a similar comparative study between inorganic and organic electrolytes was 

also performed using a carbon-based electrode such as reduced graphene oxide (rGO). 
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The electrochemical behavior of the electrode was again observed to be dramatically 

superior in the NaI·3.3NH3, obtaining CVs comparable to those of a related lithium 

system [53] (more details can be found in the SM, Fig. S6). 

  To gain further understanding on the factors determining the ammoniate 

superior performance, cells containing both electrolytes were comparatively studied by 

means of EIS. The corresponding Nyquist plots are shown in Fig. 6. For the organic 

electrolyte (Fig. 6a), a semicircle is observed at high frequencies, while at low 

frequencies straight lines with a slope higher than one appear regardless of the 

potential applied. The semicircle can be associated with a resistive-capacitive 

contribution with its diameter corresponding to the value of the charge transfer 

resistance. The linear region points to the existence of diffusion limitation for the 

sodium ion transport in the TiO2. The slope above unity indicates that diffusion within 

a nanotube cannot be considered as occurring in a semi-infinite planar domain as it is 

bounded by the space in the active material [51]. As expected, analogous linear 

regions at low frequencies appear with the ammoniate (Fig. 6b). For both electrolytes, 

such a linear part slightly depends on potential, which can be understood based on 

both the strong dependence on potential of the amount of intercalated sodium and the 

associated changes in the solid structure. Importantly, in the case of the ammoniate, 

the semicircles at high frequencies are barely distinguishable because of their small 

radii.  

  With the aim to do a semi-quantitave comparison between the EIS spectrum 

obtained for both systems (based on organic and inorganic electrolytes), a simplified 

equivalent electric circuit was performed using the software EIS Spectrum Analyser, 

Fig. 7a. The circuit contains four elements: Re, CPE, Rct and W, representing the 

electrolyte resistance, a constant phase element, the charge transfer resistance and a 
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Warburg element, respectively. The value for Re can be estimated from the 

intersection of the spectrum with the real impedance axis in the high frequency limit. 

The CPE is related to the double-layer capacitance of a real system [52–54]. The 

impedance associated with the CPE is given by eq. (1) [55]. 

     ���� = ��(�	)
��    eq. (1) 

where Z0 and n are independent of frequency. If n equals 0, then the CPE is equivalent 

to a resistance with R = Z0. If n is 1, the CPE converts into a capacitor. In general, 

when n > 0.8, the CPE can be considered as a capacitor. On the other hand, Rct can be 

estimated as the radius of the semicircle. Finally, the Warburg element derives in this 

case from the diffusion limitation associated to the transport of sodium ion within the 

TiO2 walls [56]. 

  Fig. 7b contains the Nyquist plot with the EIS experimental points (red symbols) 

obtained for the organic electrolyte at a potential 1.81 V. In addition, the fitted 

simulated spectrum is also shown (black symbols). As observed, the fit is excellent in 

the high frequency region semicircle, while a significant deviation is observed in the 

linear region at low frequency. As commented above, this apparent discrepancy results 

from the fact that sodium diffusion is confined to the TiO2 wall thickness whereas the 

Warburg element corresponds to diffusion limitations in a semi-infinite domain. Fig. 

7c contains the corresponding data for the ammoniate: red symbols refer to 

experimental data and blue symbols refer to simulated spectrum using above-named 

software. As in the organic electrolyte case, there is a discrepancy between the 

experimental and simulated spectra for the low frequency region. In addition, the high 

frequency semicircle in this case is poorly defined.       

Even though there is a deviation between the fitted or simulated curves with respect to 

the experimental curves for both organic and inorganic electrolytes, a semi-
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quantitative comparison can be done between the values of the parameters of the 

electric circuit. Table 1 contains the fitted values for the elements of the circuit for 

both electrolytes. As the simple circuit proposed does not lead to a good fit, the values 

resulting for the element should be considered only at a semi-quantitative level. 

Nevertheless, the values of the parameters of the electric circuit can be also estimated 

from the experimental curve considering the descriptions done in the above paragraph. 

For both electrolytes, the value of n in eq. (1) could be made equal to one, without 

observing a deleterious effect on the fit. As expected, Re is larger in the organic 

electrolyte due to the fact that its specific conductivity is significantly lower than that 

of the inorganic electrolyte. On the other hand, the value obtained for the CPE element 

(capacitance) in the ammoniate is over two orders of magnitude higher than that of the 

organic electrolyte. This can be attributed to the formation of a SEI in the case of the 

organic electrolyte. The SEI capacitance is expected to be inversely proportional to the 

thickness of the solid electrolyte film. In principle, it should be much smaller than a 

chemical capacitance or that associated to the Helmholtz layer. Such a SEI would be 

absent in the case of the ammoniate as, in this case, no evidence for the formation of a 

SEI has been found. This would explain the much larger value of the capacitance in 

the case of the ammoniate. Finally, a critical difference between both electrolytes is 

found in the values of Rct. As observed, the Rct value for the inorganic electrolyte is 

extremely low, which explains that the semicircle in the Nyquist plot representation is 

barely discernible. In contrast, the Rct in the organic electrolyte is 2-3 orders of 

magnitude larger, which derives from the lower sodium concentration together with a 

less favorable interface configuration and speciation in the electrolyte than for the 

ammoniate. In particular, the TiO2/electrolyte would be free of the SEI, thus 

facilitating the charge transfer between solid and solution. 
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4. Conclusions 

 

In summary, the prospects of using the ammoniate of sodium iodide as an electrolyte in 

NIBs have been illustrated by comparing the behavior of amorphous TiO2 NT electrodes with 

conventional sodium electrolytes such as that constituted by 1 M NaClO4 in PC. In general, 

larger gravimetric capacities are obtained in NaI·3.3NH3. Even at a specific current as high as 

3000 mA·g-1, a capacity value of 150 mA·h·g-1 can be obtained for the ammoniate. 

Importantly, the characteristics of the liquid ammoniate make it suitable for applications in 

the field of batteries and supercapacitors as it possesses a very high concentration of sodium 

ions (1 Na+ ion per 3.3 NH3 molecules), a rather high ionic conductivity (around 100 mS·cm-

1) and ability to wet different types of surfaces. One of the most important properties of the 

ammoniate is that it does not tend to form SEIs, which results in much higher values for the 

electrochemical capacitance and much smaller charge transfer resistances. In fact, the liquid 

ammoniates may be considered as a special type of ionic liquid in which the ionic compound 

would be an ammonia solvate. Apart from the favorable physical characteristics of the 

ammoniates and being characterized by a very low charge transfer resistance for TiO2 NT 

electrodes, its relative environmental benignity, low flammability and cost effectiveness 

make advisable to further explore their applicability in the field of sodium-based batteries. 

Specifically, a crude economic estimate reveals that the cost of the ammoniate can be just one 

third of that for typical organic electrolytes. It is expected that the advantages shown by the 

ammoniate in the case of TiO2 are also kept for other electrode materials as shown here in the 

case of anatase NTs and, in a preliminary way, for electrodes based on reduced graphene 

oxide. Further studies along these lines are under way in our laboratory. Specifically, we are 

focusing on the development of new ammoniates with low volatility, the use of other TiO2 

nanostructures and of new insertion materials.  
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Table 1. Fitted values for the different elements in the circuit shown in Fig. 7a and b for both 

the ammoniate and the organic electrolyte (1 M NaClO4 in propylene carbonate). Electrode 

projected area of 1 cm2. 

 

Element of the equivalent circuit Fitted values 

NaI·3.3NH3 1 M NaClO4/PC 

Re / Ω 3.9 7.6 

CPE / F 7.7·10-5 5.2·10-7 

Rtc / Ω 0.05 19.4 
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Figure captions 

 

Fig. 1.  (a) Top-view FE-SEM image corresponding to a TiO2 nanotube array. The inset 

shows a detail of the nanostructure at a higher magnification. (b) Cross-sectional FE-SEM 

image of a TiO2 array. 

 

Fig. 2. Voltammetric behavior of the TiO2 nanotube electrodes (expressed in terms of 

specific current) for both 1 M NaClO4/PC (a) and NaI·3.3NH3 (b) at different scan rates. (c) 

Charge integrated in the positive-going voltammetric scans (10 mV·s-1 between 0.5 V and 2.6 

V) measured in different electrolytes for amorphous TiO2 NT electrodes as a function of the 

anodization time: Blue squares: NaI·3.3NH3; Black circles; 1 M NaClO4 in PC; Red 

triangles: NaCF3SO3 in DME. 

 

Fig. 3. Charge/discharge curves at (a) 0.1 mA·cm-2 and (b) 1 mA·cm-2 for the TiO2 NT 

electrodes in NaI·3.3NH3 (red line) and 1 M NaClO4/PC (black line). Coulombic 

efficiency and gravimetric capacity as a function of the number of cycles at different 

charge/discharge rates for TiO2 NT electrodes in contact with (c) 1 M NaClO4 in PC 

and (d) NaI·3.3NH3. 

 

Fig. 4. Coulombic efficiency and gravimetric capacity as a function of the number of cycles 

in (a) 1 M NaClO4/PC and (b) NaI·3.3NH3 for TiO2 NT electrode at 1 mA·cm-2 rate. 

 

Fig. 5. Cyclic voltammograms obtained for anatase nanotube electrodes prepared by thermal 

annealing of amorphous TiO2 electrodes synthesized by anodization in contact with either 1 

M NaClO4 in propylene carbonate or NaI·3NH3. Scan rate: 10 mV·s-1. 

 

Fig. 6. Impedance spectra (Nyquist plots) for amorphous TiO2 electrodes for both 1 M 

NaClO4/PC (a) and NaI·3.3NH3 (b) at different applied potentials. The inset in panel b shows 

a detail of the plots. The frequencies of some points are indicated by means of labels. 

 

Fig. 7. (a) Equivalent electric circuit for the interpretation of electrochemical impedance 

spectroscopy for both organic and inorganic system. (b,c) Experimental Nyquist plots (red 

symbols) together with the fitted spectra (black and blue symbols for 1 M NaClO4/PC and 

NaI·3.3NH3, respectively). 
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Data availability 

 

The raw/processed data required to reproduce these findings cannot be shared at this time due 

to technical or time limitations. 
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Estimation of the electrode TiO2 active mass 

 

 The estimation has been performed on the basis of geometric calculations by assimilating 

the shape of a NT to that of a relatively simple 3D geometric element. With such a purpose TEM 

images of complete NTs were collected. Figure S1 corresponds to one representative image. As 

observed, the thickness of the NT wall steadily decreases with the distance to the bottom of the 

tubes. Therefore, a nanotube is considered to be a tube with a pore with a circular cross section of 

variable diameter. It is also relevant that the tubes have a relatively thick base. Scheme S1 shows 

the idealized shape of one nanotube.   

      

 
 
Figure S1. Transmission Electron Microscopy image of a couple of NTs detached from the TiO2 
NT film.  
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Scheme S1. Sketch for one nanotube. 
  
 
A statistical analysis of top view SEM images has been done to obtain average values for the 

different geometric parameters of the nanotubes: external diameter (∅���), internal diameter 

(∅���), length (h), and wall thickness on the top of the nanotubes (p0). The results have been 

presented as (� ± Ɛ) where the average value is � and Ɛ is the corresponding error for a 

confidence interval of 95 %. On the other hand, σ is the standard deviation and		
� is the standard 

error of the average. The following equations apply:  

 

     	
� �


√�
	     Eq. S1  

     	 � 1.96 � 	
�	     Eq. S2 

  

Geometric parameters for the NTs  

 

A total of 261 NT were measured. Scheme S2 shows the distribution of external and internal 

diameters.  
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Figure S2. Distribution of internal and external diameters for the TiO2 nanotubes as determined 
from an analysis of top view SEM images.  
 

The average diameters and their standard deviation have the following values:   

 

∅���
����� � 112.8	nm; 	� � 17.2	nm 

∅���
������ � 130.8nm;� � 18.8	nm 

 

and by employing Equation S1 and S2, the errors can be included as: 

 

∅���
����� �  113 ! 2"	nm 

∅���
������ �  131 ! 2"	nm 

 

By following a procedure similar to that described above for the NT internal and external 

diameters, the following values and corresponding errors were obtained for the length and wall 

thickness of the nanotubes: 

#� �  3.5 ! 0.1"%& 

'(��� �  8.0 ! 0.3")& 

 

TiO2 NT surface density 

Three different top-view SEM images were analyzed by counting the number of tubes per unit 

projected surface area and then the statistical treatment delineated above was applied for 
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obtaining the average surface density of the tubes and its error. A value of (4.26 ± 0.02)·109 cm-2 

was estimated.  

 

TiO2 NT volume and mass 

As mentioned above, the thickness of the TiO2 NT wall is not uniform throughout its length. It 

actually increases from the bottom to the top of the tubes.  In order to make an accurate estimate 

of the tube volume, an average thickness of the NT ('̅) can be determined as:  

 

     '̅ �
+ , -".-
/
0

-12
     Eq. S3 

 

where the meaning of a is specified in scheme S2. 

If the tube is divided into several regions as shown in scheme S2,  '̅ could be calculated as a 

summation of the average thickness of each region multiplied by its length: 

 

    '̅ � 	
,3�435,6�465,7�475,8�485,9�49

43546547548549
	   Eq. S4 

 
 
Scheme S2. Sketch showing the portions in which the NTs are divided for the sake of obtaining 
an average value of the NT wall thickness. 
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By analyzing TEM images of various tubes and by applying eq. S4, an average value of 14.2 nm 

is obtained for the wall thickness, which is equivalent to a value 1.78'(���. 

The calculation of the volume of one nanotube is done by dividing it into two contributions, one 

associated with the walls (V) and the other with the NT bottom (Vext): 

 

     :� � : + :���     Eq. S5 

 

The first contribution can be calculated as: 

 

     : � 	< => − @>"#    Eq. S6 

 

where R and r are respectively the external (∅ABC

>
) and the internal radius (∅DEC

>
). Moreover, as 

� = − '̅ , Eq. S6 can be rewritten as:  

 

   : � 	<F=> −  = − '̅">G# � 	< 2='̅ − '̅>"#   Eq. S7 

 

The second contribution can be calculated by taking into account the TiO2 wall thickness (hext) at 

the bottom of the nanotubes as determined from TEM images: 

 

     :���H2 � 	<=>#���    Eq. S8 

 

If we consider all the average values as determined above, the resulting average volume for one 

NT results to be :� � 2.08 � 101IJcmL. Finally, the mass per unit electrode area (&M) has been 

calculated by considering the number of tubes per cm2, the density of amorphous TiO2 (N � 3.8 !

0.1	g � cm1L) and the volume of one tube: 

 

     &M �	PM � 	N � :�     Eq. S9 

&M � 3.36 � 101Jg � cm1> 

 

On the other hand, the error made in the estimation of the nanotube volume and electrode mass 

density has been calculated according to: 
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where it is implicitly assumed that the main contribution to the volume comes from the term  

2<='#���� and 

     
QW���
XM

�
QY
�

+
QZ
[

+
QRC

SC
	    Eq. S11 

 

The following value is obtained for the mass loading per unit area: 

 

&M �  0.34 ! 0.04"	mg � cm1> 

 

Finally, the gravimetric capacity of the electrodes has been calculated from the current used in 

the galvanostatic experiment (I), the charge or discharge time (t) and the mass of electrode active 

material (m) as: 

 

      ] � 	
^

_`
�
C
a

W���
b

    Eq. S12 

 

With an error estimated as: 

 

	c ≅
	XM
&M

] � 0.12 � ] 

 

that has been employed in the error bars appearing in Fig. 3. 

It is worth noting that the determination of the gravimetric capacity of the electrodes is frequently 

affected by relatively large errors coming from uncertainties in the electrode active mass 

determination. This is particularly important in the cases in which the active material is prepared 

by anodization. Given the low value of the mass loading typical of the electrodes employed for 

research, relative errors over 5-10% should be common.   
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Comparison of the NT behavior for two conventional organic sodium electrolytes  

 
 
Figure S3. Cyclic voltammograms obtained for TiO2 nanotube electrodes prepared by 
anodization (1 h at 40 V in the presence of 0.15 M NH4F) in contact with either 1 M NaClO4 in 
propylene carbonate or 1 M sodium trifluoromethanesulfonate (NaTf) in dimethoxyethane 
(DME). Scan rate: 10 mV·s-1. 
 
 
As observed, the voltammetric response in the NaTf solution is clearly inferior to that found in 

the NaClO4 electrolyte, which is could be linked in part to the lower conductivity of the former. 

More importantly, problems associated with an incomplete wetting of the inner electrode surface 

area probably play a role.    
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TiO2 NT lengths in function of different anodization times 
 

 

Figure S4. Variation of the TiO2NT length in function of the anodization time. As observed from 

the images, the TiO2NT length increases in function of the anodization time. 
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TiO2NT electrodes darkness after sodium insertion 
 

 

 

 
 

Figure S5. (a) Ti foil, (b) TiO2NT obtained after the anodization process, (c) TiO2NT darkened 
after sodium insertion. As observed from the figure, the sodiated electrode (c) shows a darkening 
with respect to the electrode (b) which is stable for weeks even after to exposure to the air. 
 
As it is said in the main manuscript, the permanent darkening in the TiO2NT electrode is 
associated with a irreversible reduction of some Ti(IV) atoms. 
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Comparison in the contact angle between 1 M NaClO4/PC and NaI·3.3NH3 
 
 

Substrate 1 M NaClO4 / PC 

 

 

Saturated NaClO4/ PC  

 

NaI·3.3NH3 

Ti foil 

45 ± 2 64 ± 2 68 ± 2 

TiO2 

15 ± 1  47 ± 2 27 ± 2 

NTs-TiO2 

12 ± 2 20 ± 2 19 ± 2 

 
Table S1.  The table shows pictures as well as the values of contact angles for different solutions 
and substrates. Solutions: 1 M NaClO4 and saturated NaClO4 solutions in propylene carbonate 
(PC) and NaI·3.3NH3. Substrates: Ti foil, TiO2 (Ti foil heated at 450 ⁰C in air for 1h) and, NTs-
TiO2 anodized 1h at 40 V in 0.25 M of NH4F. The experiments were done using a KSV CAM 
101 optical contact angle meter.  
 
 
As observed, there is a significant difference between the contact angles obtained for 1 M 

NaClO4/PC and NaI·3.3NH3. However, the values are much closer when the ammoniate is 

compared to a saturated NaClO4/PC solution. 
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Electrochemical behavior of a carbon-based electrode in NaI·3.3NH3 and 1 M NaClO4/PC. 
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Figure S6. Cyclic voltammograms for a carbon-based electrode at 10 mV·s-1 in NaI·3.3NH3 
(voltammograms drawn in black, it is shown the cycle from 7 to 10, the latter two are consistent) 
and 1 M NaClO4/PC (voltammograms drawn in blue, it is shown the cycle from 7 to 10). The 
working electrode was prepared by the drop casting technique from a slurry in NMP (1-methyl-2-
pirrolidinone) of 70 wt% of rGO, 20 wt% of graphite power and 10 wt% of PVDF, Al covered 
with carbon was employed as substrate. The experiments were performed at room temperature in 
a two-electrode Split cell using a metallic sodium piece as a reference and counter electrode.  
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Working potential window for NaI·3.3NH3 

 

 
 
Figure S7. Positive-going voltammetric scan at 5 mV·s-1 performed for determining the working 
potential window (positive limit) of NaI·3.3NH3. The experiment was performed in a three 
electrode cell using carbon-covered aluminum foil as a working electrode and metallic sodium 
pieces as reference and counter electrodes.  
 

 

As observed, the positive limit can reach 2.8 V vs. Na+/Na. Aluminum covered with carbon was 

chosen as a substrate because it is the most employed in the literature in the context of battery 

and, moreover, it is lightweight and cost-effective.  However, it should be free of pores and 

scratches to avoid direct exposure of Al and its oxidation (see small signal appearing for 

potentials above 2.0 V).   

 

 

 

 

 
 

 


