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1. Introduction

The need for new green fuels is well established, driven by efforts for 
mitigating climate change and building energy security [1,2]. Among 
green fuels, hydrogen, especially low and zero carbon hydrogen, appears 
prominent [3]. The UK plans to meet an estimated 20–35 % of its energy 
needs through hydrogen [3]. Hydrogen as a fuel, however, is not 
without challenges. Hydrogen adoption faces policy challenges, 
including creating balanced demand and supply across industries and 
homes, along with effective pricing. Additionally, there are technolog
ical issues with its storage and transportation.

Apart from hydrogen, ammonia also has a sustained interest in the 
green energy sector. It can be used in fuel cells [4–7], or as a carrier for 
hydrogen [6,8–11] and as a direct replacement of liquid hydrocarbon 
fuels [12–17]. Ammonia molecules contain 17.7 % hydrogen atoms by 
weight, making it an excellent hydrogen carrier [10,11].Interest in 
ammonia as a fuel in combustion systems is driven by advantages such 
as an existing large scale distribution infrastructure and a high octane 
rating of around 120. The major drawbacks of ammonia as a fuel – its 
low flame speed and long ignition time can be addressed when it is 
blended with hydrogen [9]. Numerous experimental and numerical 
studies have therefore been conducted into the flame characteristics, 
particularly the flame speed and NOx emissions from NH3/H2/air 
combustion [18–21]. Notwithstanding these benefits, blending large 
quantities of hydrogen with ammonia presents its own challenges. One 
approach to ammonia-hydrogen fuels is the ‘dual fuel’ approach, where 
hydrogen is introduced as a pilot fuel in the combustion chamber 
alongside ammonia. This approach requires additional hydrogen storage 
modules, increasing complexity especially in vehicular applications, 
alongside modifications to engine combustion chamber. A second 
approach is the direct blend of hydrogen with liquid ammonia, creating 
a ‘monofuel’ for its direct use in combustion engines. Bulk hydrogen 
nanobubbles in liquid ammonia can allow better hydrogen blending. 
Direct dissolution, by contrast, limits blending to trace amounts [22].

Bulk nanobubbles in liquids are an exciting new field of study, with 

questions about their existence persisting until recently [23]. Bulk air 
nanobubbles in water have been observed to last for weeks experi
mentally [23–25], but there is no universal agreement on the reasons 
behind their existence and stability. Several theories attempt to explain 
nanobubble stability. These include free energy changes in the 
bubble-fluid system, fluid supersaturation, and surface charges on 
bubbles [26–29].

The pressure within large and nano-bubbles is governed by the well- 
known Rayleigh-Plesset equation [30], which at steady state simplifies 
to: 

Pgas +Pvap. = Pbulk + Plaplace, (1) 

where Pgas is the gas pressure inside the bubble, Pvap is the pressure of the 
vapour (from the surrounding liquid) inside the bubble, Pbulk is the bulk 
pressure of the surrounding liquid and Plaplace is the Laplace pressure. 
The Laplace pressure is inversely related to the bubble radius. For large 
bubbles, this pressure is miniscule, but for micro (R~10 μ m) and nano- 
sized (R~0.1 μ m) bubbles, this pressure varies from 0.01 MPa to 1 MPa, 
respectively. These high Laplace pressures for nanobubbles led to a 
belief that it would be impossible for them to exist, and this conjecture is 
known as the Laplace pressure catastrophe. Contrary to these classical 
theoretical expectations, bulk nanobubbles have been observed experi
mentally [23,31–33]. In the absence of well accepted theoretical 
frameworks, direct numerical simulation methods, such as molecular 
dynamics (MD) simulations have become a popular tool to complement 
experimental studies on nanobubbles, especially air/nitrogen nano
bubbles in water [34–39]. Fig. 1 demonstrates notable experimental and 
MD works on nanobubbles.

The experimental confirmation of the existence of bulk nanobubbles 
raises interesting prospects in their use to enrich both existing [43,49] 
and new fuels. The high Laplace pressure inside the bubble means that 
gases can be stored in the form of nanobubbles at a high pressure 
without the need for pressurized containers. This has obvious advan
tages when applied to hydrogen nanobubbles in ammonia. Compared to 
direct blending, enriching liquid ammonia with hydrogen nanobubbles 
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preserves the high volumetric energy density of ammonia and avoids the 
logistics of multiple fuels.

Hydrogen nanobubbles is an active area of interest for enhancing fuel 
characteristics of current carbon-based fuels – with Dr Oh’s group 
investigating the stability and combustion characteristics of hydrogen 
nanobubble enhanced gasoline [41,43]. They are expected to enhance 
combustion by creating “micro-explosions”, which further atomises the 
fuel [50]. Recently, Zhang et .al [51]. studied the stability and dynamics 
of hydrogen nanobubbles in water using the MD method, confirming the 
high Laplace pressures present within and re-iterating the validity of 
Henry’s law at the nanoscales. Bulk hydrogen nanobubbles in ammonia, 
however, have so far not been observed and studied. It is unknown if 
hydrogen will form stable nanobubbles in ammonia, and if they do, then 
what the potential properties of such a fuel mixture will be. In this study, 
we attempt to establish whether the existing stability theories would be 
applicable to this particular mixture, and then explore what the energy 
and fluid properties of such a mixture could be.

The MD works of Weijs et al. [34], followed by the reports by Hong 
et al. [38] and Gao et al. [47], present a reproducible mechanism of 
nanobubble stability termed ‘diffusive shielding’. This method of sta
bility is observed when dissolved gas concentration around bubbles are 
high enough to be in equilibrium with the confined, high pressure gas 
within the bubbles. Other theories of bubble stability, such as those 
based on zeta potential of bubbles as proposed by Tan et al. [35] are 
difficult to utilise for this work since surface charges on hydrogen 
nanobubbles in ammonia, a critical input for these theories, is unknown. 
Therefore, this work will use the molecular dynamics method alongside 
a numerical approach using a diffusive model to investigate the stability 
and properties of hydrogen nanobubbles. This study aligns with exper
imental work by using parameters like bubble density (bubbles/ml), 
dissolved gas concentration, bubble radii, and pressure. Atomic-scale 
parameters are detailed in the electronic supplemetary information 
(ESI).

2. Methodology

Determining the stability of nanobubbles requires knowledge of the 
temporal behaviour of the nanobubble, specifically its change in size 
with time. Nanobubble dynamics are expected to be in the order of a few 
nanoseconds. They are difficult to be tracked in experimental studies, 
which can largely report more macroscale parameters such as bubble 
concentration (usually in bubble/ml), and the size distribution of bub
bles at a given instance of time. While numerous theories exist about 
bubble stability, it is unclear whether it will be applicable to ammonia- 
hydrogen mixtures, since they are usually framed for air nanobubbles in 
water, or for simple Lennard-Jones fluids. Molecular dynamics (MD) 

method is a useful tool in the study of hydrogen nanobubbles in 
ammonia, specifically to test whether at least one of the theories of 
stability, through diffusive equilibrium with the surrounding fluid, is 
applicable to this particular mixture. For this work, MD simulations 
were carried out using the open-source MD package LAMMPS [52]. 
Ammonia was simulated using the model proposed by Kristóf et al. [53], 
due to its accuracy in predicting both the phase-state and the surface 
tension of ammonia (details in ESI). Hydrogen was modelled using the 
parameters found in Cheng et al. [54], based on its accurate represen
tation of the gas phase of hydrogen and its low computational cost. The 
Lorentz-Berthelot (LB) mixing rules were used to characteries the in
teractions between hydrogen and ammonia molecules. The appropri
ateness of the LB rules was established by evaluating the Henry constant 
using the obtained parameters, which were found to be in good agree
ment with experimental works [22] (details in ESI). The MD simulations 
used to validate the appropriateness of the selected models is provided 
in section 1 of the ESI. The temperature of the system was kept constant 
at 293.15 K using Nóse-Hoover [55] thermostats (i.e., thermal effects on 
bubble dynamics were neglected). The use of thermostat is unlikely to 
affect the diffusive processes central to exploring the diffusive stability 
of the bubble, since the vapour pressures and Henry constant of 
hydrogen and ammonia were verified with the thermostat applied. 
Pressure was maintained at 1.2 MPa using a piston on one side of the 
simulation domain. A piston was used to maintain the pressure to avoid 
a direct rescaling of the entire simulation domain, as would happen with 
the use of a barostat, which would also rescale the bubble size. The 
piston transfers the bulk pressure to the bubble through the liquid, and 
presents the most realistic way of applying bulk pressure to the entire 
system. Pistons have been used in other MD studies to apply pressure to 
both liquid slabs with and without nanobubbles [56–60]. The other, 
non-piston dimensions were kept periodic. The domain was initialised to 
a size of 28 × 28 × 28 nm, which for a single bubble, corresponding to a 
concentration of 4.5 × 1016 bubbles/ml (see Fig. 2). This represents a 
very high bubble concentration, especially in relation to experimental 
works depicted in Fig. 1, but is in-line with most MD works. This high 
concentration also makes the diffusive shielding based stability mech
anism easy to study within MD timescales.

A timestep of 0.5 fs was used to allow for the accurate integration of 
the light hydrogen molecules. The PPPM [61] method was used to 
calculate long-range electrostatics. Ammonia was equilibrated for 0.1 
ns. Hydrogen nanobubbles were then introduced by replacing ammonia 
molecules in a central spherical region. Hydrogen was added at 5.0 
kg/m3, equating to 6.4 MPa. This hydrogen density was selected for 
through trial and error, and resulted in a bubble which achieved pres
sure equilibrium soon after initialisation. Molecules were classified into 
the gas and liquid phases using Voronoi tessellation [62]. A Voronoi cell 

Fig. 1. Bubble sizes and concentration from select MD simulations and experiments. MD struggles to simulate low concentrations (large simulation domains) and 
large bubble sizes, while experiments struggle to reach high concentrations and low bubble sizes. The literature key refers to Refs. [25,31,33,34,36–48] respectively.
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volume of 0.105 nm3, corresponding to a density of 270 kg/m3 was used 
as the cutoff value between the liquid and gas phases for ammonia, 
while a value of 0.07 nm3, corresponding to 48 kg/m3 was used for 
hydrogen. Bubble radius was calculated with the assumption that the 
bubble occupied a spherical volume, and the bubble volume was 
calculated using Voronoi tessellation. Theoretical predictions of the 
bubble dynamics were generated using the Epstein-Plesset equations as 
given in Epstein et al. [63]. Slight modifications were carried out on the 
original equation to account for changing dissolved gas quantities in the 
liquid, using the mass flux equations outlined by the authors. Further 
details of the modifications are provided in the ESI.

To keep commonality with experimental works, results are provided 
with bubble concentration as a parameter where possible. MD studies 
often use the inter-bubble distance instead of the concentration [34,38], 
however, these two values can be derived from each other with the 
assumption that a single bubble is simulated in a periodic MD cell. The 
inter-bubble distance is then equal to the cell size less the bubble 
diameter, while the concentration is the inverse of the cell volume.

3. Results and discussion

In order to answer the two primary questions - whether a hydrogen 
nanobubble can be stabilised in liquid ammonia, and the resulting fuel 
properties of the mixture, this section is divided into two parts. The first 
part looks into the theoretical underpinnings of the bubble dynamics 
and its congruence with the observed MD simulations. The second part 
looks into the fuel properties, primarily the energy density, of such a 
nanobubble infused fuel.

All simulations and calculations are carried out with the assumption 
that the temperature is kept constant at 293.15 K, and pressure at 1.2 
MPa. These values are chosen such that ammonia and hydrogen can be 
maintained as a liquid and gas respectively at the given conditions.

3.1. Theoretical framework and bubble dynamics

The growth/collapse dynamics of a gas bubble in a liquid were first 
formulated by Epstein et al. [63]. Applying the mass diffusion equation 
to a bubble, an analytical solution for mass diffusion-driven bubble 

growth/collapse was presented as follows: 
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where ϵ =
R(t)
R0

, the ratio of the bubble radius R at time t to the initial 
radius R0, δ is a constant depending on the surface tension, molecular 
weight of gas, gas density and temperature, f is the saturation ratio f =
ci
cs
, which is the ratio between the initial gas concentration in the fluid 

(assumed constant during bubble evolution) and the saturated gas 
concentration, D is the diffusion coefficient of the gas in the liquid 
(calculations in ESI) and H is the Henry constant, using the same 
convention as Epstein et al. [63].

Equation (2) assumes the concentration of the dissolved gas, as well 
as the bulk pressure, does not change during the bubble growth or 
collapse. This assumption holds when the bubble concentration is very 
low, such that the gas flux from the collapsing or growing bubble does 
not change the concentration in the bulk liquid by much. The effect of 
mass flux into the liquid can be incorporated numerically, by using the 
relation: 

dm
dt

=4πR2ρ∞
dR
dt

{

1+
2δR0

3R

}

, (3) 

where dm/dt is the mass flux and dR/dt is the bubble interface velocity, 
to estimate the mass flux of gas into the liquid. Equation (2) can then be 
used to iteratively solve for the bubble radius with time, with a varying 
saturation ratio. Details of this approach, henceforth referred to as the 
‘modified method’ can be found in the ESI.

While there are other analytical approaches to bubble stability, such 
as one outlined by Weijs et al. [34], these set of equations provided by 
Epstein et al. [63] provide solutions for the temporal evolution of the 
bubble size alongside diffusive stability in parameters easily applicable 
to both experiments and simulations, making them the more appropriate 
choice for our work.

3.2. Bubble collapse and stability

Fig. 3 shows MD simulation results of a small, collapsing hydrogen 
nanobubble alongside the numerical solutions from Equation (2) alone 
and our modified approach.

Fig. 3a demonstrates the evolution of a single 6 nm hydrogen 
nanobubble. The red line denotes the MD result. The dashed blue lines 
denote the results from Equations (2) and (3). This figure demonstrates 
the applicability of Epstein et al.’s [63] equations to hydrogen nano
bubbles, as a good agreement can be found between them and the MD 
simulation. Their original equations consider a fixed value of f , while the 
modifications done in this work (see ESI) incorporates the resulting 
change in f as the bubble size changes. This modified approach (dark 
blue line) is a better fit to the bubble size dynamics than the original 
approach with a fixed f . Fig. 3b further demonstrates the applicability of 
the original equations of Epstein et al. [63]. as it is able to correctly 
predict the time taken for bubbles of a range of sizes to collapse. De
viations of the time taken for the bubble to collapse from the f = 0 
assumption (i.e., no dissolved gases throughout the bubble life) only 
occur when larger (R > 4 nm) bubbles dissolve significant quantities of 
gas to the liquid.

Since Fig. 3 has demonstrated the applicability of Epstein’s original 
equations as well as our modified approach to hydrogen nanobubbles in 
liquid ammonia, we then proceed to examine stability through diffusive 
shielding using these equations and compare them with our MD simu
lations of slightly larger bubbles which appear to show stability through 
such mechanisms. A point to note is that despite the instantaneous non- 
spherical bubble shapes in the MD simulations, the agreement with 
Epstein’s equations demonstrates that the bubble volume scales as if the 

Fig. 2. Setup of MD simulation. Shown here is a R = 6 nm bubble.
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spherical assumption holds true.
The original equation (Equation (2)) does not incorporate a change 

in f , and is unable to demonstrate stability through diffusive shielding 
for arbitrary bubble radii and f values, causing the bubble to either grow 
indefinitely or collapse quickly (red lines in Fig. 4), depending on the f 
value of the surrounding liquid. Limits of when the bubble transitions 
from collapse to indefinite growth is given in the ESI.

Stability through diffusive shielding is demonstrated when the effect 
of mass flux outside the bubble is incorporated through our modified 
approach, depicted as the blue lines in Fig. 4 (details in ESI). To verify 
that this diffusive shielding mechanism is applicable to hydrogen 
nanobubbles in ammonia, results from the original and modified ap
proaches are overlaid with the MD results of a 10 nm bubble in Fig. 5. It 
is apparent that the bubble in the MD simulation follows the dynamics of 
the modified approach, demonstrating stability, as against the collapse 
predicted by Equation (2) in the absence of any dissolved gas. The 
agreement between the modified approach and MD simulations suggests 
the applicability of this stability mechanism to the given gas-liquid 
combination.

The minimum bubble concentration at which a solution with no 
dissolved gases would have enough gas from dissolving bubbles to make 
the bubbles dynamically stable varies from 1016 bubbles/ml for a 10 nm 
bubble, to 1013 bubbles/ml for a 100 nm bubble. These high concen
trations are arrived at when the distance between two bubbles in solu
tion is less than the bubble radius. If bubbles are introduced at a lower 
concentration, they will collapse due to mass diffusion (given no other 
stabilisation mechanisms, such as lipid shells or ionic shells). This is 
consistent with the findings of Weijs et al. [34]. However, subsequent 
bubble injections into the low or unsaturated solution would keep 
increasing f till the bubbles become stable and no longer collapse. The 
absolute dissolved hydrogen concentration needed to stabilise 

nanobubbles in liquid ammonia via diffusive shielding is about the same 
as in water. At 298 K, the Henry’s law constant for hydrogen in water is 
roughly 3 times greater than in ammonia, indicating that ammonia 
dissolves significantly more hydrogen at the same partial pressure. 
However, ammonia’s lower surface tension reduces the Laplace pres
sure, and its high vapour pressure reduces the partial pressure of 
hydrogen inside a nanobubble, outweighing its higher hydrogen solu
bility. Consequently, the dissolved gas concentration required for 
diffusive shielding in ammonia for a 10 nm bubble is theoretically about 
the same as in water, despite the reduced internal bubble pressure. The 
relationship between the Henry constant, surface tension and dissolved 
gas concentration for diffusive stability is described in detail in section 4
of the ESI.

Since stability through diffusive shielding has been demonstrated 
and verified using two independent methods for hydrogen nanobubbles 
in ammonia, we proceed to explore the content and properties of such a 
hypothetical fuel in the next section.

3.3. Fuel properties

This section looks at the fuel properties of the nanobubble mixture, 
including at the hydrogen and total energy content and the fluid prop
erties of the mixture.

3.3.1. Hydrogen content
Fig. 6 demonstrates the density and pressure of hydrogen within the 

stable bubbles initialised at R = 10 nm at various f values, once they 
have achieved equilibrium. The density and pressure within the bubble 
are slightly higher than the expected values given by the Laplace 
equation, but generally follow the trend of the equation, with smaller 
bubbles packing hydrogen more densely. This demonstrates that the 
Laplace equation may be used to predict the hydrogen content of 
nanobubbles in ammonia. For a 10 nm bubble, the internal pressure is 
around 8 MPa. A similar sized bubble in water would have an internal 
pressure of ~30 MPa, following the trend from Zhang et al.

The total amount of hydrogen in the ammonia hydrogen mixture 
depends on the bubble size, the bubble concentration, and the amount of 
dissolved hydrogen. Theoretically, the fraction of hydrogen can be 
maximised by reducing the bubble sizes and increasing the bubble 
concentration. The limit for bubble concentration is when the inter- 
bubble distance reduces to zero, i.e., the bubbles touch each other, 
and no more bubbles can be theoretically accommodated in a given 
volume. Fig. 7a demonstrates the hydrogen weight fraction variation 
with the bubble radius, with the assumption that the liquid is super
saturated and the bubble concentration is at the theoretical maximum. 
The limit of bubble concentration increases with decreasing bubble 
radius.

Experimental works on nanobubbles have, however, been largely 
limited to bubble concentrations of ∼ 5 × 108 bubbles/ml. Furthermore, 
the liquid is likely to be undersaturated, containing little of the dissolved 

Fig. 3. a) Bubble radius vs time for the 6 nm bubble from MD and theory, the MD trajectory is shifted such that t = 0 and R = 1 after pressure equilibration, b) Bubble 
collapse time from MD and theory. Different saturation ratios do not affect the collapse time of small bubbles. Red dot indicates predicted collapse time of bubble 
with R = 10 nm if f = 10. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Bubble evolution with time at constant and various saturation ratios for 
a 10 nm bubble. Results obtained using equation (2) and the modified 
approach. For variable f, bubble concentration set to 4.5 × 1016 bubbles/ml, 
same as in the MD simulations. finit indicates initial concentration ratio with 
variable f, fconst indicates constant f.
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gases. Using these two assumptions, Fig. 7b shows increasing hydrogen 
content with increasing bubble size, assuming no dissolved gases pre
sent. The hydrogen content at this bubble concentration is, however, 
very low, at less than 10− 8% by weight. To increase the hydrogen con
tent to substantial amounts, the bubble concentration must be increased, 
which can be achieved more easily than decreasing the bubble size. In 

comparison, direct dissolution of hydrogen in liquid ammonia at 1.2 
MPa and 293.15 K produces a weight ratio of hydrogen to ammonia of 
3.2 × 10− 5 or 0.03 g of hydrogen in 1 kg of ammonia. This is two orders 
of magnitude lower than the weight ratio at maximum concentration for 
a 1000 nm bubble of about 2× 10− 3, or 2 g of hydrogen in 1 kg of 
ammonia.

3.3.2. Energy density
Hydrogen has a very high gravimetric energy density, but a low 

volumetric energy density. Liquid ammonia, in contrast, has high 
volumetric energy density but a slightly low value of gravimetric energy 
density, especially when compared to traditional fuels. Infusing 
hydrogen nanobubbles into ammonia is therefore expected to improve 
the gravimetric energy density, at a small expense in terms of the 
volumetric energy density.

The energy density of the nanobubble-ammonia system assumes 
complete combustion of all fuel components. The lower heating values 
(LHV) of ammonia and hydrogen are used for all calculations. This is 
only a theoretical exercise to give some guidance on the expected energy 
density of ammonia-hydrogen fuel mixtures.

Fig. 8a shows the decrease in volumetric energy density with 
increasing bubble radius obtained from the MD simulations. The energy 
density is calculated at the point of bubble initialisation, and where the 
bubbles are stable in pressure (but not in terms of mass flux). As the 
bubble diameter increases from 3 to 10 nm, the energy density decreases 
by 3 %–17 % below that of pure liquid ammonia at 1.2 MPa and 293.15 
K. While these decreases are significant, these results are at a fairly high 

Fig. 5. MD vs theoretical prediction of bubble evolution for an R = 10 nm bubble. For variable f, bubble concentration was set to 4.5 × 1016 bubbles/ml, same as in 
the MD simulation.

Fig. 6. Hydrogen pressure and density inside bubbles. The dashed line in
dicates density predicted by the Laplace equation.

Fig. 7. Variation in hydrogen content with bubble radius at a) maximum concentration and supersaturation b) at fixed concentration.
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bubble concentration of 4.5 × 1016 bubbles/ml. At more practical con
centrations and bubble sizes, Equation S(5) (ESI) is used to calculate the 
amount of dissolved gas, and therefore arrive at the theoretical values of 
energy density shown in Fig. 8b over a much wider range of bubble sizes 
and concentrations. Fig. 8b shows that for most practical nanobubbles 
with 100 nm < R < 1000 nm and concentrations below 1010 bubbles/ 
ml, the decrease in volumetric energy density is less than 5 %. At the 
extremes, where the bubbles occupy the theoretical limit of 52.4 % of 
the total volume, the volumetric energy density drops by a similar 52 %.

Adding hydrogen to ammonia always increases the gravimetric en
ergy density of the resulting mixture because hydrogen gas has high 
energy and low weight. Fig. 9a shows the linear increase in energy 
density with increasing bubble size, and therefore, increasing amounts 
of hydrogen. A 10 nm bubble, at a concentration of 4.5× 1016 bubbles/ 
ml, provides a ~1 % increase in the gravimetric energy density, at the 
expense of a ~17 % reduction in the volumetric energy density. Fig. 9b 
shows the gravimetric energy density using Equation S(5) to calculate 
the dissolved hydrogen concentration. For most practical cases, i.e., 
100 nm < R < 1000 nm and concentrations below 1010 bubbles/ml, the 
increase in the energy density is <1 %. At the theoretical extreme of 
concentration where bubbles occupy 52.4 % of the total volume, the 
gravimetric energy density is increased by ~7 % for a 10 nm bubble, 
with larger bubbles showing a smaller increase.

Fig. 8b and 9b give a sense of the magnitude of changes expected in 
the energy density when adding hydrogen nanobubbles to ammonia. 
Nanobubbles cause a larger drop in the volumetric energy density 
compared to the increase in the gravimetric energy density. The changes 
are bound to a ~52 % reduction in volumetric energy density and a 7 % 
increase in gravimetric energy density at the theoretical upper limit of 
bubble concentration.

3.3.3. Fluid properties
The thermal conductivity, viscosity and surface tension of the stable 

bubbles at various f ratios was calculated (details in ESI). It is to be noted 
that properties such as viscosity and thermal conductivity would depend 
largely on the presence or absence of a bubble within the particular 
section of interest within the mixture where the properties are being 
measured. Values measured through MD simulations therefore do not 
reflect the macroscopic meanings of these values. However, the trends of 
the values can be reasonably expected to reflect even for macroscopic 
values. Fig. 10 shows that for all these properties, no significant differ
ence was observed despite the high volume fractions of hydrogen 
involved. This figure is meant to depict only the direction of change, and 
not the degree of change. For practical cases, the differences would be 
insignificant due to much lower bubble concentration, and therefore, a 
much lower volume fraction. At a concentration of 108 bubbles/ml, a 
typical R = 100 nm nanobubble would occupy a volume fraction of 4.2×

10− 9%, a vanishingly small amount unlikely to influence any fluid 
properties.

4. Conclusion

This work establishes the theoretical possibility of storing hydrogen 
nanobubbles in ammonia. While multiple possible pathways to nano
bubble stability exist, this work shows the feasibility of stable nano
bubbles through the diffusive shielding route for this particular 
combination of liquid and gas. A high dissolved gas concentration, either 
through other bubbles or directly dissolved gases, prevents the bubble 
from either collapsing or growing indefinitely. The hydrogen nano
bubbles have a much higher density inside the nanobubble, behaving as 
a compressed gas without apparent high pressurization of the sur
rounding fluid. The mixture’s energy composition (volumetric and 

Fig. 8. Volumetric energy density a) From MD simulations, at bubble concentration of 4.5 × 1016 bubbles/ml. b) Contour plot of volumetric energy density variation 
with bubble size and concentration. The v/v notation denotes the volume ratio of hydrogen to ammonia.

Fig. 9. Gravimetric energy density a) From MD simulations, at bubble concentration of 4.5 × 1016 bubbles/ml. b) Contour plot of gravimetric energy density 
variation with bubble size and concentration.
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gravimetric density) and fluid properties (thermal conductivity and 
viscosity) show minimal changes, even at high volume fractions in MD 
studies.

Further work needs to be done on increasing the concentration of 
smaller nanobubbles to better realise the benefits of energy storage in 
nanobubbles. This can potentially be achieved by using surfactants or 
lipids to generate nanobubble shells, which can protect small nano
bubbles from merging together at high concentrations.
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Figuress. S1-S3 present the ammonia model, slab simulation setup 
and evolution of the saturation pressure.

Table S1 contrasts ammonia fluid properties to reference values.

Figures. S4-S5 the hydrogen model used and its validation.
Figure S6 demonstrates theoretical limit of saturation ratio for 

bubble stability.
Figure S7 shows bubble radius evolution with time for various initial 

radii.
Figure S8 shows MSD calculations for hydrogen.
Figure S9 shows thermal conductivity of pure ammonia using both 

NEMD and GK methods.
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