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A B S T R A C T

To evaluate hydrogen diffusion within diamond, a series of molecular dynamics simulations have been carried 
out in which diffusion coefficients and activation energies were determined. Diamond grown via chemical 
vapour deposition (CVD) contains a high hydrogen concentration within grain boundaries, because of this, 
common tilt grain boundaries were recreated from transmission electron microscopy images taken from litera-
ture. Diffusion coefficients of hydrogen placed within the grain boundary were estimated and compared to the 
bulk diffusion. Unlike many crystalline structures, some grain boundaries presented limited diffusion when 
compared to the bulk. Diffusion characteristics of grain boundaries are thought to be a result of channelling 
effects combined with the formation of sp3C-H bonds with sp2 carbon present within some grain boundaries - 
increasing and decreasing diffusion rates respectively. Potential wells were observed across some but not all the 
grain boundaries resulting in hydrogen trapping and anisotropic diffusion.

1. Introduction

Both natural and lab grown diamond are known contain high levels 
of hydrogen impurities. In the case of diamond grown via chemical 
vapour deposition (CVD), hydrogen’s preferential etching of sp2 is 
exploited to help remove graphitic phases forming, allowing the sp3 

diamond to grow. As such, CVD diamond is grown using a hydrogen 
dominant gas mixture (typically ~99 % [1]) resulting in significant 
amounts becoming trapped in the lattice. Many of the applications of 
CVD diamond require an understanding of this impurity. For example, 
hydrogen impurities are known to alter the electrical characteristics of 
semiconductor devices, and for potential applications in the fusion in-
dustry the retention and transport of tritium within materials is a major 
consideration [2].

The vast majority of hydrogen impurities can be found within the 
grain boundaries of polycrystalline (PC) CVD diamond [3]. As a result of 
this, grain boundaries could play a disproportionate role in determining 
hydrogen diffusion, despite the number of carbon atoms in the bulk 
being proportionally much higher. The diffusion characteristics of spe-
cific grain boundaries and the amount of hydrogen within will dictate 
the impact annealing treatments would have on hydrogen content of 
different grain boundaries.

CVD growth conditions will dictate the grain size of the resulting 
diamond. Longer growths typically result in thicker films and larger 

grain sizes, decreasing the proportion of the diamond made up of grain 
boundaries and also changing the type of grain boundaries present. For 
example, in nanocrystalline diamond (NCD), grain boundary carbon 
atoms can make up to 10 % of the total atoms [4] with both tilt and twist 
boundaries present [5]. Due to the columnar growth of CVD diamond, 
thicker films will typically exhibit larger grains - reducing the proportion 
of carbon in the grain boundaries significantly and increasing the pro-
portion of tilt grain boundaries [6].

This work focuses on four grain boundaries common to CVD dia-
mond. Sawada et al. [7] identified atomic structures of four tilt grain 
boundaries (111 Σ3, 221 Σ9, 114 Σ9, and 112 Σ3) from transmission 
electron microscopy (TEM) images of CVD diamond. Using these im-
ages, these grain boundaries have been recreated computationally in 
this work. Other work [6,8–12] has also reported the presence of these 
grain boundaries with the 111 Σ3 appearing most prevalent. Higher 
order Σ27 and Σ81 boundaries have also been reported but these form 
from the meeting of two lower order boundaries and are therefore less 
common.

2. Methodology

Molecular dynamics simulations were performed in LAMMPS (Large- 
scale Atomic/ Molecular Massively Parallel Simulator [13,14] to study 
the energetics and atomic structure of diamond grain boundaries, as well 
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as the diffusion of hydrogen within. For all simulations and energy 
minimisations, the Adaptive Intermolecular Reactive Empirical Bond 
Order (AIREBO [15–17]) potential was used to dictate carbon carbon 
and carbon hydrogen interactions. For systems containing a grain 
boundary, it was orientated perpendicular to x (aligned with the yz 
plane). Periodic boundary conditions were used in all dimensions - 
simulating larger grain boundary planes in y and z, and a second grain 
boundary at the edge of the simulation cell in x. A variable timestep was 
used that ensured a single atom could not change kinetic energy by 
>100 eV or move >0.1 Å in a single timestep. The default timestep was 
1 fs. The temperature was controlled by sampling from an isothermal- 
isobaric (NpT) ensemble with a temperature damping parameter of 1 
ps and no external pressure applied.

Tilt grain boundaries from TEM images taken from [7] were recre-
ated by creating new unit cells (UCs) of the desired orientations. These 
UCs maintained flat faces in x, y and z directions and were orientated to 
align the target grain boundary plane with x. For each grain boundary, 
the new UC was replicated out to a size of approximately 28 × 57 × 57 Å 
(equivalent to 8× 16× 16) standard diamond UCs) to make one grain, 
and then again to make a second, mirrored, grain which could be placed 
next to the first to form a twinned grain boundary. Total system size was 
approximately 57 × 57 × 57 Å but did vary between the different 
structures due to the discrete size of the UCs used to produce them. The 
gap between the grains was selected through considering the expected 
sp3C-C bond length (1.54 Å), total system energy post minimisation and 
the displacement of atoms during this minimisation. These methods 

were broadly in agreement, in any case, the difference this gap makes is 
expected to be minimal, as the temperature in the diffusion simulations 
was controlled by sampling from an isothermal-isobaric (NpT) ensemble 
meaning the system volume, and therefore the grain boundary gap, 
could vary. Replicating out orientated UCs ensured periodic boundary 
conditions could be maintained at the boundary. It has been suggested 
that removing random atoms from within the grain boundary can ach-
ieve lower system energies [18,19]. Although, others have reported this 
made minimal difference [20], suggesting any benefit may be grain 
boundary specific. It was not deemed necessary to deploy this method as 
significant potential wells were already observed across the grain 
boundaries and structures were in good agreement with the TEM images 
they are reproducing.

A series of simulations were carried out to map the potential energy 
of hydrogen within the diamond. To do this, hydrogen atoms were 
created in random positions within the simulation box prior to per-
forming an energy minimisation to allow atoms to reach stable posi-
tions. The number of atoms added was varied to correspond to 1 at.%, 
this was to reduce hydrogen hydrogen interactions and distortion of the 
structure whilst minimising the number of simulations required to 
collect sufficient data. This process was repeated 500–800 times, to give 
a total of around 138,000–264,800 hydrogen atoms depending on the 
grain boundary. To give the hydrogen positions and potential energy 
along a certain direction, hydrogen atoms within a 0.5 Å slice were 
counted and the potential energy of these atoms averaged. The bounds 
of this slice moved along x in 0.05 Å increments until the entire cell had 

Fig. 1. Atomic structures of four tilt grain boundaries – 111 Σ3, 221 Σ9, 114 Σ9 and 112 Σ3 (labelled a, b, c and d respectively). All structures pictured contain no 
hydrogen atoms and are orientated with 〈110〉 into the page (y-axis). In the plots below, the red line shows the potential energy along the x-axis of hydrogen placed 
randomly within the structure and minimised. The black line shows the final positions of these hydrogen atoms, this has been normalised by the total hydrogen added 
across the hole structure (not just ±20 Å from the grain boundary as shown here). The same scale has been used on all axes to aid comparison. Transmission electron 
microscopy (TEM) images of the replicated structure are also included (taken from [7]). Rendered in Ovito [21].
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been covered. Heatmaps of the potential energy in two dimensions 
where also produced.

In order to measure diffusion, 25 hydrogen atoms were created in 
both grain boundaries (50 in total) in each simulation box. The grain 
boundary planes were split into a grid with boxes of 2× 2 Å in size. 
Hydrogen atoms were created in random positions within each of these 
boxes to ensure even separation. A similar process was used for evalu-
ating bulk diffusion coefficients with a block of perfect diamond.

An energy minimisation was then performed, before a run of 
approximately 4 ns at an elevated temperature (ranging between 1500 
and 3125 K). Diffusion coefficients were estimated from hydrogen 
mean-square displacement (MSD) values. Plotting MSD as a function of 
time, t, gives a gradient of six times the diffusion coefficient, D, as 

MSD = 6Dt (1) 

D varies as a function of temperature, T, according to the Arrhenius 
law. 

D(T) = D0e− EA/RT (2) 

Therefore, plotting the log of D as a function of reciprocal tempera-
ture should give a linear gradient from which activation energy, EA, can 
be estimated.

Various methods were used to explore carbon hybridisations present 
within the structures. Coordination numbers (CN) are commonly used 
[22] to distinguish between different carbon hybridisations and were 
calculated using a 1.73 Å cutoff distance. Atoms within this distance 
were classed as nearest neighbours and were used to calculate bond 
lengths and angles. Although bonds were not explicitly modelled, bond 
lengths were taken to be the distance between two nearest neighbours, 
and bond angles the angle between the displacement vectors of two pairs 
of nearest neighbours.

Changes in hybridisation on the addition of hydrogen to the grain 
boundaries were also explored. To do this, 100 hydrogen atoms were 
added randomly between both grain boundaries (up to 5 at.% within the 
grain boundaries) in each simulation box and the system was minimised. 
For the 114 grain boundary (GB), only 50 hydrogen atoms were added in 
an attempt to minimise disorder. Depending on the grain boundary, 
these minimisations were repeated 10–50 times, with hydrogen in 
different positions for each repeat. As coordination number will 

Fig. 2. Raw mean square displacement (MSD) values for hydrogen diffusing in 
different diamond structures at a temperature of 2750 K. Miller indices in the 
legend indicate orientation of faces meeting in the grain boundary (GB) along x. 
The perfect diamond contained no grain boundary. All structures were orien-
tated with 〈110〉 direction aligned with y. Diffusion coefficients were taken as 
the gradient of a linear fit on total MSD divided by 6 (Eq. 1).

Fig. 3. Heatmaps of the potential energy of hydrogen placed in random positions and minimised for four diamond tilt grain boundaries. The top row of plots shows 
the grain boundary as if looking along the z direction, whereas the bottom along y. The same scale has been used on all the heatmaps to ensure they are comparable 
to one another. The z direction corresponds to 〈112〉, 〈114〉, 〈221〉 and 〈111〉 for the 111, 221, 114 and 112 GBs respectively, whereas all y directions were aligned 
with 〈110〉.
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typically increase on the inclusion of additional atoms, changes in bond 
length and angle were also evaluated. For this, the carbon atom closest 
to each hydrogen atom was considered. The carbon carbon bond lengths 
and angles for this atom was compared to the structure without the 
addition of hydrogen.

3. Results and discussion

Fig. 1 shows the atomic structures of the grain boundaries, as well as 
the potential energy and final position of hydrogen placed within the 
simulation box in random positions and minimised. There are clear 
potential wells across grain boundaries in the 112, 114, and 221 GBs, 
resulting in hydrogen trapping within the grain boundary. This is in 
good agreement with physical expectation, as hydrogen within CVD 
diamond is typically concentrated to the grain boundaries [3]. The 
exception to this is the 111 GB, which shows a much less significant 
change across the grain boundary but more variation across the bulk. 
Both of these observations are a result of atomic alignment. (111) is a 
stable surface in diamond with atomic planes parallel to the surface, 
resulting in a coherent grain boundary without any significant deviation 
from the bulk structure. As the atomic planes are aligned with x across 
the grain boundary, collections of hydrogen in between atomic planes 
are observed at set x values, unlike in the other grain boundaries where 
atomic layers do not align with the x and the hydrogen trapped between 

layers is averaged across atomic layers. This can be seen in Fig. 1a where 
the peaks in hydrogen correspond to the gaps between atomic layers. 
The average potential energy of hydrogen within the bulk regions was 
very consistent between the different orientations - all giving values of 
− 1.08 eV to two decimal places with an average across the four struc-
tures of − 1.0819 ± 0.0008 eV. Therefore, the hydrogen potential energy 
within bulk regions is largely independent of orientation as should be 
the case.

A consequence of this hydrogen trapping is the observation of 
anisotropic diffusion within the grain boundary, where hydrogen within 
grain boundaries preferentially diffuses within the grain boundary plane 
as opposed to drifting into the bulk. This can be seen in Fig. 2. For perfect 
diamond and the 111 GB, x, y and z components are approximately 
equal, suggesting no preferential direction of travel and isotropic 
diffusion. The same cannot be said for the three other grain boundaries, 
which present negligible diffusion in the x direction (across the grain 
boundary). In the 221 GB, the y component dominates. This direction 
aligns with 〈110〉, where clear channels can be seen in the grain 
boundary (see Fig. 1), offering preferential diffusion in comparison to 
the other directions. The isotropic diffusion observed for perfect dia-
mond suggests no preferential diffusion in 〈110〉, meaning the larger 
channels present in the grain boundary are required. Although the 114 
GB does show some displacement in the z direction (also within the 
grain boundary plane) this does not display a steady increase, suggesting 
atoms may have moved in this direction into channels which they then 
diffuse along in y. The 112 GB shows a gradual increase in displacement 
for both y and z directions, suggesting hydrogen is trapped within the 
grain boundary but able to move in both directions within.

Channels were explored further by plotting Fig. 3, which maps out 
the potential energy in two dimensions across the grain boundaries 
using the same data as presented in Fig. 1. It would be expected that 
regions of high contrast (indicating a significant difference in potential 
energy) should result in restricted diffusion. At a distance of ±1 Å from 
the centre of the 221 GB, there are seemingly unobstructed low energy 
regions along the z direction. As very little diffusion was observed in this 
direction, it would suggest the fast diffusion in y is instead a result of 
areas of low energy along the centre of grain boundary. These are 
separated by high potential regions preventing diffusion in z and offer 
very effective channels for hydrogen transport. Similarly, the 114 GB 
also has its lowest energy points along the centre of the grain boundary. 
However, as other channels are present throughout this grain boundary, 
it is hard to determine whether these central channels are dominating. 
The regions of higher energy separating regions of lower energy along z 
result in more dominant diffusion along y. The contrast between these 
regions is less distinct than those in the 221 GB and some movement in y 
was initially observed of hydrogen moving into these channels. The 112 
GB gave almost equal diffusion within the grain boundary. Although 
channels are visible in the y direction, the regions of high energy that 
separate them along z are less distinct than the 221 and 114 GBs, 
allowing some diffusion to occur in this direction. The 111 GB presents 
with a much more homogeneous potential energy with the only varia-
tion corresponding to atomic layers, resulting in the observed isotropic 
diffusion.

Hydrogen trapping within the grain boundary is thought to be a 
result of the increased sp2 nature compared to the bulk. This can be seen 
in Fig. 4 which presents coordination number as a percentage across the 
grain boundaries. Within the 112, 114 and 221 GBs, a clear increase in 
sp2 and decrease in sp3 can be observed. The same cannot be said for the 
coherent 111 GB, in which only sp3 is present throughout - in good 
agreement with physical expectations [9,23]. Hydrogen position peaks 
in Fig. 1 broadly align with peaks in sp2 seen in Fig. 4. The double peak 
in hydrogen position in the 112 GB aligns with the double peak in sp2 

carbon within the grain boundary, the single peak in the 114 GB is 
comparable to its sp2 content and the increase in sp3 at the centre of the 
221 GB gives an increase in potential energy and reduction in hydrogen 
occupation. This could simply be a result of the lower atom density 

Fig. 4. sp3 and sp2 content across four tilt grain boundaries in diamond (111 
Σ3, 221 Σ9, 114 Σ9, 112 Σ3) post energy minimisation. Coordination numbers 
(CN) of 3 and 4 were classed as sp2 and sp3 respectively and taken as a per-
centage of all atoms in that position. Gaps in data are a result of atomic layers 
leaving no carbon atoms in these positions. No sp1 (CN 2) was found in any of 
the grain boundaries.
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offering more positions for the hydrogen to sit and giving lower coor-
dination numbers. However, in contrast to what is typically observed in 
crystalline solids, most grain boundaries presented higher activation 
energies than the bulk (or perfect diamond) as can be.

seen in Fig. 5 and Table 1. This behaviour would not be expected if 
diffusion was solely dictated by atomic density. Lower atomic density in 
grain boundaries would be expected to enhance diffusion compared to 
the bulk as seen in other crystalline solids. The difference is the type of 
bonding present in the covalently bonded carbon. On the inclusion of 
hydrogen into the grain boundary, hydrogen can form sp3C-H bonds 
with the sp2 carbon present [24–26] resulting in restricted diffusion 
compared to the bulk where sp3 carbon dominates and hydrogen oc-
cupies interstitial positions [3]. Formation of these more stable bonds 
will also contribute to the hydrogen trapping. For other diffusing species 
which cannot form covalent bonds with carbon, diamond grain bound-
aries have demonstrated preferential diffusion compared to the bulk 
[27], indicating the type of bonding is playing a role.

Experimental results for PC CVD diamond (taken from [28]) align 
best with 112 and 114 GBs both in terms of activation energy and 
diffusion coefficients at lower temperatures. As the experimental values 
are combination of bulk and grain boundary contributions, these results 
suggest the higher concentration of hydrogen within grain boundaries 

and the restricted diffusion of this hydrogen is dominating, despite bulk 
regions making up a far greater proportion of polycrystalline diamond. 
As observed throughout the results presented here, the lack of a distinct 
grain boundary for the 111 GB resulted in very similar behaviour to 
perfect diamond. Although the 221 GB gave similar diffusion co-
efficients to perfect diamond and the 111 GB, the activation energy was 
still notably higher. As discussed, the diffusion within this grain 
boundary is thought to be dominated by hydrogen moving through low 
energy channels along the centre of the grain boundary. This channel-
ling effect, as well as the presence of sp3 carbon at the centre of this grain 
boundary (see Fig. 4) explains why the 221 GB presents with faster 
diffusion compared to the 114 and 112 GBs.

Bond length and angle distributions presented in Fig. 6 highlights the 
lack of deviation of the 111 GB from the perfect diamond structure, with 
both bond length and angle distributions presenting single values at 
1.545 Å and 109.5◦ respectively. CN 4 carbon in the other grain 
boundaries showed some variation but distributions were centred about 
perfect diamond values. Where CN 3 carbon is present (for 221, 114 and 
112 GBs), bond lengths are mostly shorter than CN 4 values. All three 
grain boundaries gave bond lengths in the 1.49–1.53 Å range, which 
align well with the range given for planar sp3- sp2 bonding in [4] and is 
likely a result of bulk sp3 carbon bonding to sp2 carbon within the grain 
boundary. Bond lengths around 1.40–1.42 Å present for the 114 and 
112 GB could indicate the presence of some pure sp2C-C bonds. The 
extreme high and low values present for the 114 GB are likely to be a 
result of the cut off used when determining coordination number. The 
bond lengths at 1.7 Å are unlikely to be physical, and instead could 
indicate some presence of sp1 carbon as, if a shorter cutoff was used, 
these would not be counted and the carbon atom would be classed as CN 
2/sp1. The presence of sp1 would also explain the bond length values of 
<1.4 Å.

Similarly, bond angles present consistent distributions around 
109.5◦ for CN 4 carbon, and generally larger angles for CN 3 carbon. 
Here, only the 114 GB presents evidence of pure sp2C-C bonding, with 

Fig. 5. Diffusion coefficients as a function of inverse temperature for various diamond structures. Miller indices in the legend give the direction of the tilt grain 
boundary modelled, data from these simulations have been plotted alongside values for perfect diamond (Perf.) which contained no grain boundary (simulating bulk 
diamond) and experimental values (Exp.) of polycrystalline diamond taken from [28]. The log of the diffusion coefficients have been fitted with a linear fit to give 
activation energies, EA, in Table 1.

Table 1 
Activation energies and preexponential factors as determined in Fig. 5. Experi-
mental values taken from [28].

D0 (m2s− 1) EA (eV)

Experimental 2.6 × 10− 4 2.8 ± 0.2
Perfect (Bulk) 4.3 × 10− 9 0.70 ± 0.06
111 Σ3 3.7 × 10− 9 0.72 ± 0.03
221 Σ9 3.0 × 10− 8 1.1 ± 0.1
114 Σ9 3.0 × 10− 8 1.9 ± 0.1
112 Σ3 2.5 × 10− 7 2.1 ± 0.2
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bond angles around 120◦. Although CN 3 carbon did give some bond 
angles <120◦, generally, bond angles were higher than CN 4 carbon as 
would be expected for carbon with fewer nearest neighbours.

Upon adding hydrogen to the grain boundary many atoms presented 
an increase in coordination number as to be expected. The exception to 
this is when the presence of the hydrogen has pushed a carbon atom 
beyond the cutoff distance, resulting in no increase in coordination 
number. This scenario was more common for CN 4 carbon. It can be 
challenging to conclude whether an increase in coordination number is a 
true indicator of the sp2 going to sp3C-H bonding as suggested in this 
work, as such, changes in bond length and angle were also considered.

Changes in bond length and angle on the inclusion of hydrogen can 
be seen in Fig. 7. Here, only data from the carbon atom closest to each 
hydrogen atom have been considered and only carbon that displayed an 
increase in coordination number from 3 to 4 (sp2 to sp3). As perfect 

diamond and the 111 GB contained no sp2, these structures contained no 
carbon atoms that fulfilled these criteria. For all the grain boundaries 
with sp2, there is a reduction in the short bond lengths associated with 
sp2 and sp1 carbon on the inclusion of hydrogen. The 221 GB gives a 
clear peak at bond lengths that align well with sp3 bonding, offering a 
good indication that sp3C-H may be forming. Similarly, adding hydrogen 
to the 112 GB removed the peak at 1.43 Å and shifted the most pre-
dominant peak to around 1.52 Å. Although this length is 0.025 Å shorter 
than seen for pure sp3, this increase still could indicate the presence of 
sp3C-H. The 114 GB gave a much broader distribution of bond lengths 
once the hydrogen was added, but again there was a general increase in 
bond length with the shortest values being lost. For this grain boundary 
in particularly, the inclusion of hydrogen seems to result in a much more 
significant deviation from the initial structure and a general increase in 
disorder. This is despite the number of hydrogen atoms added being 

Fig. 6. Histograms comparing the bond lengths and angles for carbon bonds within a supercell containing the specified grain boundary post energy minimisation. CN 
3/4 refers to the coordination number of the carbon atom. Perfect diamond effectively gave single values (of 1.545 Å and 109.5◦) as seen for 111 Σ3.

Fig. 7. Change in carbon bond length and angle from the inclusion of hydrogen atoms into the grain boundary post energy minimisation. Data shown only includes 
the carbon atoms closest to each hydrogen atom and only carbon atoms which went from a coordination number of 3 to 4 when the hydrogen was added.
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halved and the number of repeated calculations being increased to try 
and improve the clarity of the data. The 114 GB is the only grain 
boundary with no sp3 at the centre of the grain boundary, and the only 
one whose bond lengths suggested the presence of sp1. This indicates 
more space is present within the grain boundary, allowing movement of 
carbon atoms and an increase in disorder on the inclusion of hydrogen.

There are more similarities between the grain boundaries when 
looking at the bond angles. Once hydrogen was added, the bond angle 
distributions reduced to a peak centred about 110◦ - in good agreement 
with what would be expected for the formation of sp3C-H. The 114 GB in 
particular showed a notable reduction in 120◦ bond angles which are 
commonly associated with sp2 carbon.

Overall, in grain boundaries containing sp2 carbon, changes in bond 
length and angle on the inclusion of hydrogen are present which could 
be associated with a transition from sp3- sp2 to sp3C-H. The 221 GB gave 
the clearest evidence of this, whereas the 114 GB had a more general 
increase in disorder. The formation of sp3C-H is thought to contribute to 
restricted diffusion observed in these grain boundaries compared to 
perfect diamond or the 111 GB. Despite the 221 GB showing the clearest 
indication of sp3C-H forming, it gave the fastest diffusion and lowest 
activation energy of the grain boundaries containing sp2 carbon. This is 
thought to be a result of the low energy channels present in this grain 
boundary, as well as the sp3 carbon aligned with these channels. How-
ever, the formation of sp3C-H with sp2 outside of these channels, still 
resulted in a higher activation energy than perfect diamond. The 112 GB 
showed evidence of sp3C-H forming and minimal channelling effects 
were present, resulting in slow overall diffusion. It cannot be said 
definitively that sp3C-H formed in the 114 GB due to the broad bond 
length distribution on the addition of hydrogen, however, some evi-
dence of this was present. There were some channels observed for this 
grain boundary, but the changes in bond length and angle indicate 
notable deviation from the initial structure and such disorder is likely to 
outweigh the impact of these and restrict the overall diffusion rates.

4. Conclusion

Molecular dynamics simulations were performed to explore 
hydrogen diffusion in diamond grain boundaries. Four common grain 
boundaries were replicated from TEM images from [7], and it was found 
that all but the 111 GB had a significant potential well across the grain 
boundary. This resulted in hydrogen trapping, in good agreement with 
expected physical behaviour. Anisotropic diffusion was also observed in 
these grain boundaries with hydrogen preferentially travelling along 
channels in 〈110〉 but only within grain boundaries. The exception to 
this was the 111 GB, which gave isotropic diffusion and generally 
behaved much more similarly to the perfect diamond.

Overall diffusion rates are thought to be influenced by sp2 content 
and channels present within the grain boundaries. When present, sp2 

carbon resulted in restricted diffusion from the formation of sp3C-H 
bonds rather than the interstitial positions occupied in the bulk 
[3,24–26]. In contrast, the presence of channels and sp3 carbon in some 
grain boundaries acted to increase diffusion rates. Evidence of the for-
mation of sp3C-H with sp2 carbon was observed through consideration of 
bond length and angle distributions.

Diffusion characteristics will dictate the impact annealing and other 
similar treatments will have on the hydrogen content of diamond. The 
conclusions that can be drawn regarding this from the results presented 
here are limited without an understanding of the distribution of different 
grain boundaries present. For tilt grain boundaries rotated about 〈110〉, 
these results would suggest hydrogen would remain within grain 
boundaries during heat treatments, whereas hydrogen in bulk regions is 
more likely to be removed or become trapped in grain boundaries. 
Different grain boundaries clearly present different degrees of hydrogen 
trapping and diffusion rates, meaning the hydrogen content is likely to 
vary significantly between grain boundaries especially post heat treat-
ment. Atomic alignment in 〈110〉 results in significant channels within 

the tilt grain boundaries. This may not be the case for 〈100〉 and 〈111〉, 
so more work would be needed to draw conclusions for other diamond 
orientations.
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