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A B S T R A C T   

In the past detonation nanodiamonds (DNDs), sized 3–5 nm, have been praised for their colloidal stability in 
aqueous media, thereby attracting vast interest in a wide range of applications including nanomedicine. More 
recent studies have challenged the consensus that DNDs are monodispersed after their fabrication process, with 
their aggregate formation dynamics poorly understood. Here we reveal that DNDs in aqueous solution, regardless 
of their post-synthesis de-agglomeration and purification methods, exhibit hierarchical aggregation structures 
consisting of chain-like and cluster aggregate morphologies. With a novel characterization approach combining 
machine learning with direct cryo-transmission electron microscopy and with X-ray scattering and vibrational 
spectroscopy, we show that their aggregate morphologies of chain and cluster ratios and the corresponding size 
and fractal dimension distributions vary with the post-synthesis treatment methods. In particular DNDs with 
positive ζ-potential form to a hierarchical structure that assembles aggregates into large networks. DNDs purified 
with the gas phase annealing and oxidation tend to have more chain-like aggregates. Our findings provide 
important contribution in understanding the DND interparticle interactions to control the size, polydispersity and 
aggregation of DNDs for their desired applications.   

1. Introduction 

Detonation nanodiamonds (DNDs) have been associated with a wide 
range of applications [1,2], for instance, drug delivery [3–9], gene 
therapy [10–12], as biomarkers in bioimaging [13–15], tissue engi
neering and bone surgery [16–19], photonic [20,21], spintronic [22] 
and as nanocomposites [23–26]. For any of these high-performance 
technologies, it is essential to control DND size, aggregation and poly
dispersity. For instance, in drug delivery, on the one hand, efficient 

compound loading relies on monodispersed particle to maximize the 
available surface area, while on the other hand, drug release can be 
slowed down (which is often desired) via the formation of robust porous 
microstructures [7,27,28]. 

In general, primary DNDs which are usually 3–5 nm in size tend to 
form larger aggregates during the cooling phase of the detonation pro
cess [29]. After detonation the DNDs are further treated with a range of 
post-synthesis techniques (as part of the fabrication process), which 
include processes for de-agglomeration and purification of DNDs for the 

* Corresponding author at: Electron Microscope Unit, Mark Wainwright Analytical Centre, University of New South Wales, Sydney, Australia. 
E-mail address: shery.chang@unsw.edu.au (S.L.Y. Chang).  

Contents lists available at ScienceDirect 

Diamond & Related Materials 

journal homepage: www.elsevier.com/locate/diamond 

https://doi.org/10.1016/j.diamond.2023.110199 
Received 17 September 2022; Received in revised form 4 July 2023; Accepted 11 July 2023   

mailto:shery.chang@unsw.edu.au
www.sciencedirect.com/science/journal/09259635
https://www.elsevier.com/locate/diamond
https://doi.org/10.1016/j.diamond.2023.110199
https://doi.org/10.1016/j.diamond.2023.110199
https://doi.org/10.1016/j.diamond.2023.110199
http://creativecommons.org/licenses/by/4.0/


Diamond & Related Materials 139 (2023) 110199

2

remaining and undesired non-sp3 species in order to produce single-digit 
nanodiamonds. General approaches to tackle the persistent aggregation 
in DNDs are beads-assisted milling [29], oxidation through chemical 
treatment or annealing [2,30,31], and salt-assisted ultrasonic de- 
aggregation [32]. 

After the de-aggregation process DNDs are commonly labelled as 
monodispersed in solution, [33,34] usually confirmed by scattering 
techniques such as dynamic light scattering (DLS) and small angle X-ray 
scattering (SAXS). However, these characterization methods hold 
certain limitations. For instance, DLS only shows reliable size distribu
tions for (quasi)-spherical particles. The size distributions observable in 
SAXS are limited to approximately a couple of 100 nm (depending on the 
scattering length density) by the scattering angle. By combining these 
conventional scattering techniques with additional characterization and 
analysis methods, more recent reports have challenged the assumption 
of monodispersed, de-aggregated DND [1,35–38]. Namely, Kuznetsow 
et al. showed in [36] that DNDs form chains in hydrosols, similar to the 
lacy networks formed by DNDs in water reported by Chang et al. in [37]. 
Kowalczyk et al. [1] found that even dried DND powders exhibit 
branched networks. 

Due to these findings about the persistence of DND aggregates, 
controversy about the fabrication process of DNDs and their effective
ness in preventing agglomeration emerged. For instance, Knizhnik et al. 
[39] proposed a difference in the structural organization of DNDs with 
different ζ-potentials in water. Their work used cryo-transmission elec
tron microscopy (cryo-TEM) to show that positively charged (hydrogen 
treated) DNDs form chains while negatively charged (oxygen-treated) 
DNDs form clusters. Their work proposes that the formation of chains 
from H-terminated DNDs is caused by charge separation followed by 
linking of DND particles due to electrostatic attraction of diamond facets 
with opposite charges. Further, bead assisted milling has been associ
ated with a high amount of sp2 carbon formation on the surface of DND 
particles, leading to the screening of facet-to-facet electrostatic in
teractions [36,40]. This implies that the higher fractions of sp2 carbon 
present in DND (i.e. more graphitization on the surface) should promote 
the formation of clusters in DNDs [36]. Also, the type of purification 
treatment during DND processing has been speculated to influence ag
gregation [41]. DNDs have usually been treated by either wet or dry 
chemical purification. Even though the former using acid treatment has 
widely been employed, it has several limitations, i.e., it is less cost 
effective and environmentally friendly [30]. Instead of providing DNDs 
with sufficient purity, it may even induce higher chance of aggregation. 
Similarly, some of the dry purification methods, for example catalyst- 
assisted oxidation, oxidation using boric anhydride as an inhibitor of 
diamond oxidation, require either toxic and aggressive substances or 
supplementary catalysts, which also results in additional contamination 
or a significant loss of diamond phase [42]. Interaction of the DND 
surface with the surrounding medium has also been shown to have ef
fects on the aggregation. Petit et al. [43] showed a long-range formation 
of the water hydrogen-bond network associated with hydrogenated 
surface groups in DNDs. Water hydrogen bond network was found to be 
different in aqueous dispersion of hydrogenated DNDs compared to 
DNDs terminated with other surface groups, which could be the conse
quence of an electron accumulation at the hydrogenated diamond–
water interface. 

In addition to characterization and fabrication of DNDs, the driving 
force behind aggregate formation has been a topic of discussion 
[44–46]. First thought to be held together via random van der Waals- 
type inter-particle interactions, this hypothesis was put in question 
when experiments showed that DNDs are not dispersible using soni
cation [45,46]. Barnard et al. [46] attributed their formation to a 
mixture of coherent and incoherent interfacial Coulombic interactions 
(CICI and ICCI, respectively). The former gives rise to the ordered su
perstructure such as chains and loops due to the unisotropic, shape 
dependent surface electrostatic potential distributions and the latter 

gives random cluster aggregates. The coexistence of CICI and ICCI of 
DNDs has been confirmed by Chang et al. [38] using high-resolution 
transmission electron microscopy (HRTEM) on dried DND powder. 
Other studies mentioned the Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory to explain aggregation behavior, when interaction is 
due to van der Waals forces and repulsion by electrostatic interactions. 
However, this theory cannot fully explain the chain formation since it 
only considers simplified isotropic charge distribution (or simplified 
multi-poles). [39,47–49] More recent studies using course-grained mo
lecular dynamics simulations of nanodiamond assembly have shown 
that the mechanism of the coexistence of the larger primary particles 
with dominating positively or negatively charged surface electrostatic 
potential form chain morphologies first and become the backbones of 
ropes and cluster assembly, which are formed by attaching the smaller 
and near-neutral particles to the backbones. The dispersion stabilizes 
eventually due the near-neutral particles coating the surface aggregates, 
preventing further aggregation and flocculation, which explains the 
long-term colloidal stability of DND-aggregates [50–52]. 

Considering the current controversy debates, there is a great need for 
more specialized characterization techniques to analyze the colloidal 
behavior of DNDs. Here we report direct, quantitative and statistical 
analysis of the DND aggregates in water, systematically over six types of 
purified samples obtained from different fabrication processes. Cryo- 
TEM, unlike conventional TEM, holds the advantages of imaging the 
particle suspension including gold, metal oxide, metal hydrite, micells, 
frozen in its native state [53,54], hence providing information about the 
dynamic formation process at high spatial resolution. Cryo-TEM has 
been previously used for DND characterization [36,37,39], however, 
only as supporting evidence, not providing sufficient statistics to be 
directly comparable with the bulk sample analysis such as DLS and 
SAXS. 

Here, we use a newly developed quantitative, machine learning (ML) 
based cryo-TEM image analysis approach [50] to quantitatively and 
statistically analyze the DND aggregate morphology distributions in 
order to gain more understanding and statistics about the ensemble 
behavior of DNDs in solution. To address the debates about aggregation 
depending on differences in DND fabrication, six types of purified DND 
suspensions in water have been analyzed (wet chemistry vs. dry chem
istry purification, beads-assisted milling vs. non-beads-assisted milling 
as de-agglomeration and positive vs. negative ζ-potential). Based on our 
systematic and statistical analysis of the experimental results, we show 
that the DND suspensions in water exhibit strong and robust aggregates 
consisting of ropes and clusters with distributions that are largely in
dependent of their post-synthesis de-agglomeration process. Moreover, 
DNDs purified through gas phase methods tend to have more chain-like 
aggregates. 

2. Experimental 

2.1. Detonation nanodiamonds 

The different DND suspensions were supplied by NanoCarbon 
Research Institute Ltd. (sample DND1-pos.), Daicel Corporation (sample 
DND2-pos. and sample DND3-neg.), one produced in-house (sample 
DND4-UD90-SAUD) and two supplied by Adamas Nanotechnologies 
(sample DND5-UD90 and DND6-UD90-pellet). The choice of purified 
DND suspensions covers the comparison of wet chemistry vs. dry 
chemistry as purification method (DND1-pos. vs. DND2-pos.), positive 
vs. negative ζ-potential (DND2-pos. vs. DND3-neg.) and beads-assisted 
milling vs. non beads-assisted milling as de-aggregation method 
(DND4-UD90-SAUD vs. DND5-UD90). DND5-UD90 and DND6-UD90- 
pellet were compared as control, since they are from the same bulk 
sample, however, DND6-UD90-pellet consists of the sediments of DND5- 
UD90 and therefore should contain mostly larger aggregates (see 
Table 1). Detailed fabrication process of these 6 nanodiamond can be 
found in the Supplementary Information. 
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2.2. Characterization methods 

2.2.1. Cryo-TEM 
The DND samples were prepared via freeze-plunging method for 

cryo-TEM imaging. The process of rapid cooling transforms (within 
microseconds) water into vitreous ice, thereby preserving the native 
state of the DND aggregates in solution. Approximately 1 wt% of each 
sample in deionized water were sonicated for ca. 30 min prior to being 
prepared for cryo-TEM. Afterwards, 4.5 μL of sample was deposited as a 
droplet onto the glow-discharged grid (R2/2 Quantifoil copper grids, 
Jena, Germany) using a Leica grid plunger at 15 ◦C, 89 % humidity and a 
blotting time of 3.5 s. Images were acquired using a Talos Artica TEM 
(Thermo Fisher Scientific, Waltham, USA) with an acceleration voltage 
of 200 keV. 

2.2.2. Small angle X-ray scattering 
SAXS data was collected using the TPS 13A BioSAXS beamline of the 

Taiwan Photon Source (TPS) at the National Synchrotron Radiation 
Research Center (NSRRC), Hsinchu [56]. With a 10 keV beam and a 
sample-to-detector distance of 5.32 m, the SAXS data were collected at a 
sample temperature of 318 K using the Eiger X 9M pixel detector in 
vacuum. The measured SAXS patterns were circularly averaged into 1D 
intensity distribution function I(q), with the scattering vector q =

4πλ− 1sin(θ) defined by the scattering angle 2θ and X-ray wavelength λ. 
Data were corrected for transmission, background scattering, and pixel 
sensitivity of the detector, then scaled to the absolute intensity in units 
of cm− 1 via comparing to the scattering intensity of water. 

The DND samples studied here consist of primary particles which 
self-assemble into aggregates that in some cases form larger networks. 
Thus, a hierarchical structure, consisting of several characteristic length 
scales, is created which can be described by the concept of fractals. The 
primary particles can be modeled by spheres with a rough surface, 
represented by the so-called surface fractal dimension ds [57]. The 
Beaucage model proposed a unified Guinier/power-law method which 
has proven to be a very appropriate tool to characterize multilevel 
structures. For an arbitrary number N of structural levels it can be 
written as [58]: 

I =
∑N

i=1

[
Giexp

(
− q2R2

gi

/
3
)
+Biexp

(
− q2R2

gi− 1

/
3
)

q̃Pi
]

(1)  

with q̃ =
(

erf
(

qRgi
/6(1/2)

))3
/q. i = 1 refers to the smallest structural 

level, i.e., Rg1 = rg and Rg2 = Rg are the radius of gyration of the primary 
particles and the aggregates, respectively. Pi refers to the slopes with 

p1 = (6 − ds) and df = p2. Gi is the Guinier prefactor and Bi is a scaling 
prefactor of the i-th level structure. More information on the theory can 
be found in the Supporting Information. 

2.2.3. Vibrational spectroscopy 
Approximately 10 μL of each nanodiamond dispersion was placed on 

a clean diamond ATR crystal and allowed to air dry in a desiccator for at 
least 1 h. Infrared spectroscopy was conducted using a Bruker Vertex80v 
FTIR spectrometer (Billerica, USA), equipped with a diamond ATR 
crystal. A background was taken prior to analysis of the dried disper
sions and the ATR crystal was cleaned with ethanol prior to each anal
ysis. All analyses were conducted under vacuum, with 128 scans 
collected over the region of 4000–400 cm− 1. 

2.2.4. HRTEM and EELS 
Aberration-corrected TEM imaging was performed using the JEM- 

ARM300F2 (Jeol Ltd., Tokyo, Japan) operated at 60 kV with a spatial 
resolution of 1 Å. Electron energy loss spectroscopy (EELS) was per
formed using Gatan GIF Continuum (Pleasanton, USA) with a dispersion 
of 30 meV per channel. The TEM specimens of all DND suspensions were 
prepared via drop-casting a diluted DND suspension onto holey carbon 
film coated Cu TEM grids and dried in vacuum for 5 min. In the case of 
EELS, samples were dried at 100 ◦C for 8 h. 

2.3. Machine learning based quantitative image analysis of aggregate 
morphologies 

In order to gain quantitative and statistical information of the 
aggregate morphology distribution, as well as their corresponding 
aggregate size and fractal dimension distributions, cryo-TEM images of 
all DND samples were processed and analyzed using our newly devel
oped ML image process approach. Details of this method are described in 
ref. [50]. Briefly, the ML based image analysis method is divided into 
three parts: the first part is image pre-processing to identify the nano
diamond aggregates, by converting the raw cryo-TEM image intensity 
into binary data so that the background is separated from the aggre
gates. The second part is to apply the binary datasets for aggregate 
morphology labelling and categorizing into shape groups. The final part 
is the evaluation of the classified results and obtaining the relevant 
aggregate information including size distribution and fractal dimension. 

In the first part, the image is pre-processed using a combination of 
automated dynamic thresholding, size thresholding, erosion-dilation 
and hole-filling methods to give accurate identification of DND parti
cles and aggregates, and then the pre-processed images were converted 
to binary image datasets. In the second part, the converted image was 
processed by the in-house developed machine learning method that uses 
the hierarchical agglomerative clustering with the average linkage [59] 
for classification of aggregate morphologies, with pre-determined three 
aggregation shape groups. In the third step, the the resultant classified 
aggregate shapes were analyzed to extract the size distributions and 
their corresponding fractal dimensions. In the case of the chain and rope 
aggregates the size refers to their lengths, approximating the width of 
chains by the diameter of one nanodiamond (i.e. 5 nm), and that of ropes 
is taken to be equal to twice the diameter of a nanodiamond. The clusters 
are approximated to be disk shaped so the size is calculated as the 
diameter of the disk. The fractal dimension is determined using the 
Minkowski-Bouligand method [60]. 

For each sample >5 areas and >5 images, with approximately 
>20,000 DND particles, were analyzed. 

3. Results and discussion 

3.1. Cryo-TEM imaging revealing DND aggregate morphologies 

Fig. 1a-f) shows the representative cryo-TEM images of the six 

Table 1 
DND suspensions used for systematic comparison and the details of their fabri
cation methods.  

Sample Crude source Purification 
method 

De- 
aggregation 
method 

ζ-potential 
(mV) 

DND1- 
pos.a 

NanoCarbon 
Research 
Institute Ltd. 

Acid treatment Beads-assisted 
milling 

48.8 ± 4.9 

DND2- 
pos.a 

Daicel Corp. Gas phase 
annealing 

Beads-assisted 
milling 

32.2 ± 1.8 

DND3- 
neg.a 

Daicel Corp. Gas phase 
oxidation 

Beads-assisted 
milling 

− 40.3 ± 3.0 

DND4- 
UD90- 
SAUD 

UD90 Gas phase 
oxidation [6] 

Salt-assisted − 35.0 [32] 

DND5- 
UD90a 

UD90 Liquid phase 
oxidation [55] 

Beads-assisted 
milling 

− 45.7 ± 1.6 

DND6- 
UD90- 
pelleta 

UD90 Liquid phase 
oxidation [55] 

N/A (aggr.) − 26.5 ± 9.4  

a Commercial samples. 
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purified DND samples described in Table 1, acquired under the same 
conditions. Upon visual examination, the images reveal that none of the 
samples is predominantly composed of mono-dispersed single particles. 
In fact, all samples exhibit three aggregate morphologies which we 
termed cluster, rope and chain, as indicated by the blue, green and red 
shapes in the figure. The chain refers to an ordered aggregate formed by 
connecting facets of individual DND particles, and has a nominal width 
of one particle. Ropes are similar to chains but they are wider and may 
have multiple branches. The cluster, shown in Fig. 1g), does not have 
any ordered inter-particle connections, and is composed of randomly 
connected DND particles. 

Further inspection shows that all 6 samples have varying ratios of 
chain, rope and cluster morphologies. Samples DND1-pos. and DND2- 
pos. which both exhibit positive ζ-potential although with different 
purification methods (wet chemistry vs. dry chemistry purification), 
appear to have more interconnected aggregates, forming larger net
works, compared to all others. In contrast, DND3-neg., a sample with 
different ζ-potential but same de-agglomeration method as DND2-pos., 
appears to have more chains and ropes with less clusters. Sample 
DND4-UD90-SAUD and DND5-UD90 prepared from the same source, are 
quite similar, although the former uses salt-assisted and the latter uses 
beads milling de-agglomeration methods. Interestingly, DND6-UD90- 
pellet consisting of the sediments of DND5-UD90, shows mostly clus
ter aggregates as expected, however, the rope morphology is still pre
sent. 

3.2. Quantitative DND aggregate morphology distributions 

In order to statistically assess the differences in the chain, rope and 

cluster ratios, a quantitative image analysis of all six samples (see Fig. 2) 
was performed using our in-house machine learning based image anal
ysis method. To quantitatively compare images of the different samples 
without the influence of the concentration effects, it was ensured that 
the areal concentration of the DNDs (defined as the projected areas of 
DND over the total areas of the image) are the same (approximately 35 
% for each sample). Fig. 2a-f) shows the same selected images as in 
Fig. 1a-f) after the quantitative analysis via ML algorithm. 

Fig. 2g) confirms that all samples indeed exhibit a coexistence of 
chain, rope and cluster morphologies. Moreover, it reveals differences in 
the chain, rope and cluster ratios. All de-agglomerated samples 
(DND1–5) have about 50 % or higher combined ratio of chains and 
ropes, with DND samples purified by the gas phase annealing methods 
(DND2–3) showing higher combined ratios. Among the samples with 
positive ζ-potential but different purification methods, DND1-pos. (acid 
treatment) and DND2-pos. (gas phase annealing), DND1-pos. shows a 
very high number of clusters (55 %) and a lower number of ropes and 
chains (19.5 % and 24.9 %, respectively). In sample DND2-pos., the ratio 
of chains, clusters and ropes is more balanced, ranging between 26 and 
29 %. Out of all six samples, DND3-neg. shows the highest number of 
ropes (39 %). The chain, rope and cluster ratios in DND4-UD90-SAUD 
and DND5-UD90 are very different from DND6-UD90-pellet. DND4- 
UD90-SAUD and DND5-UD90 exhibit almost similar amount of ropes, 
however, DND5-UD90 has a higher ratio of clusters. DND6-UD90-pellet 

Fig. 1. Representative cryo-TEM images of all purified samples. a) Shows 
sample DND1-pos., b) DND2-pos., c) DND3-neg., d) DND4-UD90-SAUD, e) 
DND5-UD90, and f) DND6-UD90-pellet. Cluster is indicated by blue circle, 
ropes by green and chains by red shapes. g) Magnified images showing the 
representative chain, rope and cluster aggregate morphologies and their cor
responding schematic illustrations. 

Fig. 2. Machine learning algorithm applied on cryo-TEM images of all purified 
samples showing classified morphologies indicated as chains (red), ropes 
(green) and clusters (blue). a) Shows sample DND1-pos., b) DND2-pos., c) 
DND3-neg., d) DND4-UD90-SAUD, e) DND5-UD90, and f) DND6-UD90-pellet. 
g) Quantitative analysis the fractions of each morphology. Error bars repre
sent standard deviation of the mean value from analysis of different areas and 
images per sample. 
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contains highest cluster ratio of 83 %, as expected for the sediments of 
DND suspensions. 

Additionally, the ML based analysis method is able to extract the size 
of each aggregate as well as the fractal dimension of individual clusters, 
giving the size and fractal dimension distributions rather than the aver
aged dimension as in SAXS. Fig. 3a-b) shows the size distributions for 
chains and ropes, respectively, and Fig. 3c) shows the scatter plot of the 
cluster diameter vs. the Minkowski-Bouligand fractal dimension. 

It can be seen from Fig. 3a) that chain aggregates for all samples have 
highly skewed size distributions. They mostly range from 10 to 50 nm, 
and peak at around 12 nm. Two DND samples with positive ζ-potential 
(DND1–2) have small fractions of longer chains >150 nm. Similarly, 

rope aggregates also exhibit highly skewed distributions for all samples 
(Fig. 3b)), with most ropes size ranging from 25 to 75 nm, peaking at 25 
nm. For cluster aggregates, it can be seen from Fig. 3c) that most cluster 
diameters range from 20 to 100 nm, concentrated around 20–40 nm. 
Their Minkowski-Bouligand fractal dimension is between 0.95 and 1.2, 
representing dendrite-like structures. Interestingly, DNDs with positive 
ζ-potential (DND1–2) have small fractions of clusters with larger cluster 
diameters and higher fractal dimensions (up to 1.5) which represent 
a”dragon curve” structure, a more interconnected, space filling structure 
compared to a dendrite structure. The DND pellet (DND6) shows a 
widest size range and high values of Minkowski-Bouligand dimension, 
indicating that larger and tighter clusters are present in the pellets. 

Fig. 3. a) Size histogram of chain aggregates; b) size histogram of rope aggregates; and c) scatter plot of Minkowski-Bouligand dimension with respect to cluster 
diameters for clusters. 
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The statistical and quantitative ML based image analysis reveals 
detailed differences among the DNDs with different fabrication and 
purification methods. Overall, we found that DNDs with positive ζ-po
tential tend to have longer chains and more interconnected clusters 
compared to those with negative ζ-potential. DNDs purified with gas 
phase annealing method (DND2–3) tend to have more chains and ropes 
and less clusters. There are no other apparent correlations with the post- 
synthesis de-agglomeration process. 

3.3. DND aggregate size and shape analysis using SAXS 

SAXS is one of the characterization methods used to derive compli
mentary information about the hierarchical structure of the primary 
particles forming aggregates which then assemble into networks. Fig. 4 
shows the SAXS curves of all six purified samples. The intensity curves 
are normalized and multiplied by a constant factor to better visualize 
both differences and similarities. The circle symbols represent the 
experimental data, error bars are smaller than the symbol size and 
therefore omitted for the sake of clarity. In order to extract constitutive 
parameters, the curves were fitted by the unified model of Beaucage (see 
Eq. (1)) represented by the solid lines in Fig. 4. The dashed lines illus
trate how the individual levels contribute to the full model. 

Regardless of their ζ-potential or fabrication process, all curves show 
at least two different size populations (aggregates and primary parti
cles), indicated by the two transitions in the scattering curve (e.g. Rgaggr 
and Rgp), which is consistent with the SAXS data collected in [61]. Most 
of the curves look very similar, however, DND1-pos. and DND2-pos. are 
the only samples showing an upturn at a low q-range, indicating the 
presence of a third population, larger than Rgaggr․, e.g. networks. This is 
consistent with our results from the ML based image analysis that DND1- 
pos. and DND2-pos. have >150 nm longer chains and more inter
connected clusters. Moreover, the curve for the sample DND6-UD90- 
pellet is the only one with a rather flat tail, with the radii of both pop
ulations (Rgaggr․ and Rgp) being very close to each other. 

Table 2 shows the different radii for primary particles and aggregates 

derived from fitting the experimental data using the Beaucage model. 
The primary particle radii for the samples DND1 to DND5 range between 
2.2 (DND4-UD90-SAUD) and 3.6 nm (DND2-pos.). DND6-UD90-pellet 
has a primary particle radius of 15 nm. This is most likely due to high 
amount of larger non-sp3 carbon contaminants. The radii of the aggre
gates for all samples range between 30.9 and 46.2 nm. The size values of 
the primary particles and the aggregates are in good agreement to pre
vious SAXS studies on DNDs, e.g., by Tomchuk et al. [63]. To quanti
tatively compare the SAXS measurement with our ML based image 
analysis, we also included the averaged value of the aggregate size for all 
three aggregate morphologies. This is calculated as the weighted 
average of the chain and rope lengths, and the cluster diameters. The 
weighting coefficient for each aggregate is their aggregate ratio, esti
mated from the ML classification, as shown in Fig. 2g). The error to the 
average aggregate size here indicates the large size distributions of the 
aggregates. In addition, we also include the average Min
kowski–Bouligand fractal dimension calculated from all individual 
clusters. It should be noted here that the Minkowski–Bouligand fractal 
dimension is not the same as the Porod exponent that is typically used in 
the SAXS measurements. The aggregate size averaged through all three 
aggregate morphologies based on our method quantitatively, RML, ap
pears to be smaller than the aggregate size from SAXS measurements. 

Fig. 4. Fitted SAXS curves derived from a unified Beaucage model of purified DND samples. The dashed lines illustrate how the individual levels contribute to the full 
model. Curves have been scaled for the sake of clarity. Blue spectra are samples with positive ζ-potential, black spectra represent samples with negative ζ-potential. 
Red arrows point towards upturn in the spectra indicating network formation. 

Table 2 
DND average size and morphology analysis derived from SAXS and ML/cryo- 
TEM analysis. Rgaggr refers to the radii of the aggregates and Rgp to the radii 
of the primary particles analyzed using Beaucage model; RML refers to the 
weighted average size of clusters, ropes and chains in the sample. FDm refers to 
Minkowski–Bouligand fractal dimensions.  

Sample Rgaggr․ (nm) Rgp (nm) RML (nm) *FDm 

DND1  43.1  3.2 23.85 ± 12.45 1.08 ± 0.08 
DND2  38.4  3.6 31.81 ± 15.47 1.06 ± 0.07 
DND3  30.9  2.3 38.29 ± 18.75 1.03 ± 0.04 
DND4  46.1  2.2 27.18 ± 14.48 1.05 ± 0.06 
DND5  46.2  3.0 26.66 ± 20.08 1.07 ± 0.08 
DND6  45.7  15.0 56.37 ± 20.73 1.12 ± 0.12  
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The large standard variations reflect that the DNDs have rather skewed 
size distributions. Therefore an averaged estimate based on the 
ensemble measurement may not be adequate to reveal the complex 
dispersion behavior. Based on these comparisons, it is important to 
highlight that while SAXS is excellent for bulk analysis e.g. averaged 
aggregation behavior, the image based combined ML/cryo-TEM analysis 
method can provide additional complimentary and statistical informa
tion regarding the individual aggregate behavior. This information can 
be critical in understanding more complex and polydisperse systems. 
Overall, the combination of ML and cryo-TEM clearly holds an advan
tage in giving a more detailed description of all samples. 

Using the Beaucage model to fit the data limits information access 
about the shape of the particles’ aggregates, which are clearly visible in 
cryo-TEM. The more simplified Guinier-Porod model was additionally 
applied to the SAXS data (see Fig. S4 in the Supporting Information) to 
gather averaged information about the morphology of the aggregates. 
The extracted dimension variable S (presented in Table 1 in the Sup
porting Information) shows subtle differences between the samples. 
From sample DND1-pos. and DND2-pos. S values close to 2 indicate a 
plate-like morphology which can be interpreted as fractal networks 
[64]. This is again consistent with our ML based image analysis results. 

3.4. Effect of surface chemistry on DND dispersion 

Quantitative cryo-TEM imaging analysis, in agreement with SAXS 
results, suggests that there is no straightforward correlation with the 
aggregation morphology and the post-synthesis de-agglomeration pro
cess of DNDs. However, both characterization methods reveal that 
samples with positive ζ-potential (DND1-pos. and DND2-pos.) show the 
distinct hierarchical structure of primary particles forming aggregates 
which assemble into networks. The ζ-potential is affected by the surface 
chemistry of DNDs which in turn depends on the purification method 
during the fabrication process. In general, identifiable termination 
groups on DND surfaces include carboxyl groups, aldehydes, amines, 
hydroxyl and hydrogen, which are left over from the purification process 
[37,45,65]. 

The differences in the abundance of these groups influence the 
DND’s ζ-potential (shown in Table 1). Fig. 5 displays the FTIR spectra of 
each purified sample. The spectra of the samples DND3 to DND6 are rich 
in carboxylic groups which show in a prominent peak at 1720–1740 

cm− 1. DND1-pos. and DND2-pos. show distinct C–H stretching vibra
tion and O–H stretching at approximately 2867 to 2981 cm− 1 and 3200 
to 3550 cm− 1. Electrostatic interactions between excess electrons at the 
water interface and CHx groups from the DND surface would be expected 
and have been reported by Petit et al. in [43]. These long ranging 
attraction forces DNDs with positive ζ-potential to form networks 
(Table 3). 

3.5. Effect of surface reconstruction/graphitization 

As mentioned previously, bead-assisted milling has been associated 
with sp2 carbon formation on the surface of DND particles, which has 
been hypothesized to screen electrostatic interactions [36,40]. This 
hypothesis has also been applied to explain the formation of nanopores 
in DND aggregates observed in water vapor adsorption measurements, 
[71] implying that the higher fractions of sp2 carbon in DND (i.e. more 
graphitization on the surface) should promote formation of cluster 
morphologies. To establish if there is a correlation between the fraction 
of the sp2 carbon and the DND aggregate morphology distributions, we 
have conducted sp2/sp3 ratio measurements using EELS. HRTEM im
aging was also conducted to aid the interpretation of the origin of the sp2 

carbon, as amorphous, graphitic and DND surface reconstructed carbon 
can all give rise to π* peak in EELS that is associated with sp2 carbon. We 

Fig. 5. FTIR results of purified samples. Blue spectra indicate samples with positive ζ-potential, black spectra indicate samples with negative ζ-potential. All spectra 
have been normalized and scaled for the sake of clarity. * indicates stretching vibrations; † bending vibrations. 

Table 3 
Band assignments for FTIR spectra shown in Fig. 5.  

No. Range Assignment Functional class 

1 920-950 C-Oa [66,67] Alcohols, phenols 
1025-1035 
1090-1140 

2 1260–1290 C-O-Ca [68,69] Ethers 
3 1325 C-Hb [43,68] Aldehydes 
4 1440 OHb [43,69] Carboxylic acids 
5 1460–1480 C-Hb [43,70] Alkenes 

1590–1660 
6 1730–1757 C=Oa [43] (H-bonded) Carboxylic acids 

1785–1810 
7 2850–3000 CH3, CH2, CHa [43,68] Alkanes 
8 3200–3550 O-Ha [43] (H-bonded) Alcohols, phenols  

a Stretching vibrations. 
b Bending vibrations. 
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note that XPS is not used here as the carbon contaminants in the DND 
suspensions may cause misinterpretation of the sp2/sp3 ratio. The 
HRTEM images in Fig. 6a-e) are representative for the samples investi
gated in this study and show the typical fullerene-like shell and crys
talline diamond core of purified DNDs after de-aggregation. Such atomic 
structures are consistent with the electronic structure observations using 
EELS, where the C K-edge (Fig. 7b)) shows diamond-like edges with 
pronounced sp3 peaks at ca. 289 eV. The near edge structure shows the 
presence of sp2 and sp2+x bonds characteristic of fullerene-like surface 
structure. EELS sp2/sp3 ratio analysis shows the surface graphitization 
average ranges between 28 and 36 % (DND2-pos. and DND6-UD90- 
pellet, respectively) (see Fig. 7). It appears that there are no signifi
cant differences in the sp2 fraction among all samples. In particular, 
sample DND4-UD90-SAUD, the only sample that does not use bead- 
milling de-agglomeration process, does not show significantly reduced 
sp2/sp3 ratio, suggesting that the surface graphitization is not neces
sarily induced by the bead-assisted milling process. Therefore, we do not 
see a certain trend evolving by observation via EELS and HRTEM that 
explains the differences in the amount of cluster morphologies within 
the samples. It is also worth noting that the 28 and 36 % ratio we 
measured here is consistent with the first principle calculations of 
reconstructed 3–4 nm nanodiamond particles [72], in which the 
outmost surface layer is reconstructed to fullerence-like shell that ac
counts for about 30 % of sp2 bonded carbon. 

4. Conclusions 

Using our newly developed particle aggregate characterization 
method by combining cryo-TEM imaging with machine learning 
approach, we were able to statistically measure the DND aqueous 
dispersion in their native state, giving the unambiguous information 
about the aggregate morphology and size distribution, as well as their 
fractal dimension distributions. Such information allows us to conclu
sively and systematically show that purified DND suspensions in water 
exhibit co-existence of chains, ropes and cluster structures in varying 
ratios, regardless of their fabrication process including wet chemistry vs. 
dry chemistry purification, bead-assisted milling vs. non-bead-assisted 
milling de-agglomeration and positive vs. negative ζ-potential. The 
strong and robust aggregates persist even in the sediments of DND 
suspensions. 

The ratios between the three different morphologies, however, vary 

depending on the post-synthesis fabrication process. Quantitatively, we 
found that the lengths of chains and ropes for all samples mostly peaked 
at 12 and 25 nm. Only the samples with positive ζ-potential have small 
fractions of longer chains >150 nm. The size of cluster aggregates for 
most samples (except the pellet) concentrated around 20–40 nm, and 
their Minkowski-Bouligand fractal dimension is mostly between 0.95 
and 1.2. The two samples with positive ζ-potential have small fractions 
of clusters extend to larger cluster diameters and higher fractal di
mensions (up to 1.5). 

While there are variations in aggregate morphology distributions 
and sizes among samples with different post-synthesis de-agglomeration 
process, two observable trends related to the purification process 
emerge from our comparisons. Firstly, the surface chemistry influences 
aggregate network formation above the size range of aggregates. Com
parisons between the two samples with same deaggregation method but 
different signs of ζ-potential suggests that the DNDs with positive 
ζ-potential subject to a hierarchical structure of primary DNDs forming 
aggregates that assemble then into larger networks. This is confirmed 
through the ML based image analysis where significantly longer chains 
and more interconnected clusters were observed. SAXS measurement is 
also consistent with this image analysis result. Another trend is that 
DNDs purified through the gas phase annealing process tend to have 
more chains and ropes and less clusters. 

Our findings unambiguously and systematically reveal the DND ag
gregation distribution in aqueous media. With the knowledge that the 
DND suspensions are not monodispersed, isolated single particles, but 
aggregates of chains, ropes and clusters, it should bring renewed un
derstanding of their properties and applications. Hence, the results of 
this study provide pathways for controlling aggregate morphologies and 
polydispersity, which are critical for DND applications. The robustness 
of the aggregate formation against fabrication processes provides pos
sibilities and flexibility of controlling aggregate morphologies and dis
tributions tailored towards the needs of the desired applications. 
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