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Abstract

Over the past few decades, detonation nanodiamonds (NDs) have gained increased
attention due to their unique physicochemical properties. Various methods for preparation of
ND suspensions have been introduced. This paper presents thermally annealed
nanodiamonds dispersed via sonication and separated by centrifugation in deionized water
and dimethylformamide in five weight concentrations ranging from 0.05 to 1 wt%.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
applied to study the thermal behavior of NDs. Crystallographic properties of air-annealed
and dispersed NDs were examined by means of X-ray diffraction (XRD). Nanodiamond
dispersions were analyzed by static light scattering (SLS), dynamic light scattering (DLS),
ultra-small- and small-angle X-ray scattering (USAXS/SAXS) and high-resolution



transmission electron microscopy (HRTEM). SLS and DLS give similar results of ND~
aggregates mean size between ~ 61 and 73 nm, regardless of solvent type and nanoparticle
concentration. For dispersions with increasing concentrations of NDs, neither increased
aggregate size nor different kinetics of separation during sonication and centrifugation were
observed. USAXS/SAXS provided the aggregates size (2R;) in the range from 57 to 65 nm
and size of primary particles from 5.4 to 5.8 nm. HRTEM also showed presence of larger
aggregates with tens of nanometers in size in both water and DMF dispersions, and size of

primary particles ranging from 5.5 to 6 nm in very good agreement with SAXS.
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1. Introduction

Nanodiamond (ND) is a member of a diverse family of nanocarbon allotropes that
includes nanographite, nanotubes, fullerens, graphene and other varied nanostructural
modifications such as carbon onions and semi-crystalline/amorphous carbon [loni etal. 2011;
Agel et al. 2012; Zeiger et al. 2016; Phiri et al. 2017]. ND particles attracted extensive
research interest because of valuable properties such as superior mechanical strength [Shakun
etal. 2014], crystallinity, chemical stability [Mochalin et al. 2012], electric resistivity [Kondo
et al. 2013], antibacterial [Maas 2016] and luminescent properties [Kaur and Badea 2013].
Besides, ND particles possess a highly reactive surface surrounding their diamond core,
containing a wide variety of chemical functional groups. In the case of detonation ND, the
surface of nanoparticles may contain oxygen-containing groups such as carboxylic acids,
esters, ethers, lactones and amines. In addition, the surface of nanodiamonds (NDs) is
partially covered by thin layers of graphitic or graphene-like structures [Krueger 2008].

It was shown that the surface of NDs can be homogenized using oxidative (oxidizing
acids, thermal oxidation) or reductive (hydrogenation, hydrogen plasma treatment, borane
reduction) methods and concurrently selective functional groups can be installed on the

surface of primary particles and/or on the outer side of larger agglomerates [Shenderova et



al. 2002; Krueger et al. 2005]. Many authors have reported a variety of other chemical
reactions for functionalizing ND surfaces, mostly with an intent of covalent/non-covalent
immobilization and subsequent grafting of complex moieties or larger (bio)molecules [Liu
et al. 2004]. For example, fluorination can be performed in a gas phase reaction of F2/H>
mixtures at elevated temperatures or atmospheric pressure plasma [Ray et al. 2007] and
chlorination by photochemical reaction of gaseous chlorine with hydrogenated surface
[Sotowa et al. 2004]. Moreover, a silanization technique wusing (3-
aminopropyl)trimethoxysilane (APS) was applied to obtain the covalent attachment of amino
acids to the diamond surface. This modification allows efficient grafting of larger bioactive
macrostructures such as enzymes or proteins [Krueger et al. 2006].

The versatility of the approaches is also linked to the dispersibility of NDs in different
solvents, their particle size distribution, and type of applications. Water represents the most
common dispersing medium for investigation of different techniques for deagglomeration
and characterization of nanodiamond dispersion. A method for effective de-aggregation was
reported consisting in stirred-media milling and subsequent sonication, where the average
value of particle-size distribution of diluted aqueous suspension (0.2%) reached 5.3 nm, after
sonication for 1 h [Krueger et al. 2005]. Further, Bead Assisted Sonic Disintegration (BASD)
was found to be an efficient technique to achieve primary particles of NDs in diverse
protic/aprotic solvents, including water. Dispersibility of the ND particles in highly polar
alcohols and polar or hydrocarbon solvents exemplified the viability of these nano-
suspensions with particle size ranging from 4 to 100 nm [Ozawa et al. 2007]. The less time-
consuming BASD procedure using silica beads and short pulses of high-power sonication
was applied to disaggregate agglomerates from ~ 1 um to < 100 nm [Pedroso-Santana et al.
2017]. It was reported that the ball-milling technique has been performed with different
milling media: ammonium bicarbonate, sodium chloride and sucrose, followed by dispersion
in ethanol, water and dimethyl sulfoxide [Khan et al. 2016]. Also, bead-milling of oxidized
ND with the addition of surfactants was examined using oleylamine (OLA), octadecylamine
(ODA) and oleic acid (OA). It resulted in similar dispersions, where particle size distribution
of OLA-suspensions and ODA-suspensions showed a median size of 22.8 nm and 45.1 nm,

respectively [Li and Huang 2010].



However, mechanical deagglomeration methods suffer from difficulties such as
contamination of ND colloids with abrasion debris from milling beads (zirconia, alumina,
silica) or ultrasonic treatment (titanium), loss of carbonaceous material during impurity
removal or bi/trimodal particle size distribution. Due to the above-mentioned difficulties of
the mechanical methods, chemical deagglomeration of thermally annealed NDs using the
arylation technique was investigated. Arylation with functionalized aryl diazonium salts
carrying COOH, SOsH, NO: groups led to synthesis of water and/or acetone-based ND
colloids with particle sizes in the range of 25-50 nm [Liang et al. 201 1]. Other authors publish
results where purification and annealing were performed in hydrogen. By annealing
aggregated NDs in hydrogen gas, the aggregates >100 nm are broken. After centrifugation
above 10,000 rpm the particle size distribution shifted to 2-4 nm [Oliver et al. 2010].

Recently, an extreme reduction of size of NDs below 2 nm was presented. This
procedure consists of oxidative annealing at 520°C for 25 min followed by sonication-
centrifugation treatment at 120W and 13,124 g, respectively [Stehlik et al. 2016]. Likewise,
a method for the synthesis of an ultrafine fraction of NDs in deionized water using
ultracentrifugation was introduced. A protocol of 3 h ultracentrifugation with the maximum
gravitational field at the bottom of the tube reaching 215,000 g resulted in a fraction of NDs
with a narrow size distribution ranging from 6 to 9 nm [Koniakhin et al. 2017].

To obtain reliable data conceming structural state, surface area properties and particle
size distribution of NDs in diverse solvents, the materials were characterized by multiple
techniques such as XRD for lattice/phase parameters determination, XPS for dopants and
surface functional groups description [Shenderova et al. 2011], PSD and BET for analysis of
nanoparticles distribution, arrangement and interactions [Singh et al. 2016], SAXS for
identification of structural parameters including shape and size of nanoparticles [Ten et al.
2012], HRTEM for imaging of particles and structural pattem orientation [Turner et al.
2009], DLS for investigation of particle size distribution [Pichot et al. 2013] and many more.
In addition, other studies are aimed at determining the elemental composition on
nanodiamonds and screening for elemental impurities of commercial NDs by emission

spectroscopy, ICP-MS, respectively [Mitev et al. 2014; Volkov et al. 2014].



It has been reported that conventional nanodiamond powder shows a complex
multilevel fractal-like structure exhibiting self-similarity under variation of scale [Vul and
Shenderova 2014]. Besides higher-level agglomerates (> 10 pm), the fractal structure is
assembled of different-level aggregates that are classified as a secondary size (2 — 3 um)
and/or primary size (100 — 200 nm) including primary particles (4 — 5 nm) [Osawa 2008].
Furthermore, it has been stated that lower-level aggregates have the form of agglutinates
(covalently bonded aggregates), so-called strongly bound aggregates, up to a size of 300 nm
[Osawa 2008; Paci et al. 2013].

Here we report a study of thermally annealed nanodiamonds dispersed via sonication
and separated through centrifugation in polar solvents (dispersing media) i.e., deionized
water and dimethylformamide in five weight concentrations ranging from 0.05 to 1 wt%. The
primary goal of the presented work was to examine the influence of the dispersing medium
and ND concentration on the aggregation behavior of NDs (size and internal structure of ND
aggregates) by mean of scattering techniques. Also, the aim of this work is to describe in
detail the influence of various concentrations on aggregate size and formation in two different
solvents. SLS, DLS and SAXS/USAXS were used for this purpose. Also, the size and
structural parameters of primary ND particles were examined using several different
methods. SEM and HRTEM/SAED analyses were performed to obtain visual and structural
characterization of both the aggregates and the primary particles. XRD was applied to
investigate the phase composition. Thermal analysis (TGA, DSC) was applied for a thorough
study of the kinetics of the thermal behavior of NDs. The results of the used methods are

compared with each other and the observed differences are discussed.

2.  Experimental

2.1 Materials and preparation of dispersions

Powder of grade GO1 detonation NDs was purchased from PlasmaChem GmbH (Lot#
YF14101). Bulk density: 0.69 g/cm?, pycnometric density: 3.18 g/cm? and specific surface
(BET): min. 350 m?/g are guaranteed by material safety data sheet. In-house prepared
deionized water (DI) with resistivity of 14.3 MQ.cm (Demiwa 3, Watek, CZ) at 25°C and



N,N-Dimethylformamide (DMF) from Sigma-Aldrich (anhydrous, 99.8%) were used as
dispersing medium.

A scheme of the preparation of the nanodiamond dispersions is shown in Fig. 1. First,
the surface of purchased NDs was modified via thermal treatment in air atmosphere to
generate a negative surface charge through selective surface oxidation supplemented with
remove the amorphous carbon and other non-diamond species. Negatively charged NDs
(ND") were obtained by annealing at 450°C for 3 h. Then, the annealed NDs™ were dispersed
in water and DMF, respectively. A Bandelin Sonopuls - Ultrasonic homogenizer HD 3200
was used to obtain the required dispersion of ND~. An ultrasonic probe made of titanium
alloy (Ti-Al6-V4) was used with an operating frequency of20 kHz and an energy conversion
0f400 kJ into each sample. Sonication for 3 h with continuous stirring was applied to obtain
grey-colored nanodispersions. Afterwards, the solutions were centrifuged three times at
4,000 rpm (2,500 g) for 1 hour and the pellets were discarded. The resulting dispersions were

prepared in five different concentrations ranging from 0.05 to 1 wt% for each solvent.
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2.2 Methods

As shown in Fig. 1, the NDs were characterized at their initial state by scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX),
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) and X-ray
diffraction (XRD). The negatively charged ND™ after annealing in air and ND~ from the
prepared dispersions (dried) were investigated with XRD. Dispersions were subjected to
particle size analysis using static light scattering (SLS), dynamic light scattering (DLS) and
small-angle x-ray scattering (SAXS) in combination with ultra-small-angle X-ray scattering
(USAXS). A summary of all techniques in relation to what stage of processing and treatment

the sample was prepared is given in Table S1 (Online Resource).

2.2.1 Thermal analysis

The effect of air annealing on NDs in initial state was investigated with TGA and DSC.
TGA was performed using a TGA Q500 thermogravimetric analyzer (T A instruments), with
a heating rate of 10 °C/min up to 800 °C, under air purge flow of 80 mL/min. DSC was
carried out on a DSC Q200 differential scanning calorimeter (T A Instruments) under air flow

of 80 mL/min and heating rate of 10 °C/min.

2.2.2 Elemental analysis and crystalline phase identification

Elemental composition of ND powder in initial state was investigated with wavelength
dispersive X-ray fluorescence using a high-power benchtop sequential Rigaku Supermini200
spectrometer. XRF analysis was carried out under vacuum on pressed powder samples (1.5 t
of pressure). Qualitative analysis for the detection of impurities was performed under long-
term data collection conditions (1 hour/sample). XRD analysis of untreated NDs, air annealed
and ND™ dispersed in DI H2O and DMF (dried) was performed using a Panalytical X Pert
Pro automatic powder diffractometer. This device uses a copper X-ray tube with Cu Ka
radiation and an ultra-fast semiconductor detector PIXcel with high resolution and
symmetrical Bragg—Brentano (9-29) geometry. The 23 measured range was set from 10° to

100°. The powder samples were measured in cuvettes ensuring an X-ray irradiation area of



10 x 10 mm. Central positions of diffraction lines were determined according to positions of

peak maxima and crystallite sizes according to Scherrer equation with constant K of 0.94.

2.2.3 Light scattering techniques

SLS was conducted on a Horiba LA-960 particle size analyzer to determine the particle
size distribution. Measurements were performed in 15 mL fraction cell made of tempax glass
at a wavelength of 405 nm for detection of particles below 100 nm. The optical depth of
samples with concentration above 0.25 wt% was too high for the correct measurement and
thus it was reduced by diluting these samples to the concentration of 0.25 wt%. The samples
were measured immediately after the dilution process to avoid possible coagulation.
Measurements of the nanodiamond particle size distribution by DLS were performed with
Anton Paar Litesizer 500 instrument using polystyrene cuvettes for H2O samples and quartz
cuvette for DMF samples at wavelength of 658 nm. In order to minimize multiple scattering
in DLS experiments, the optical depth ofthe samples was reduced by using the backscattering
geometry with a scattering angle of 175°. Although the samples with lower ND
concentrations (below 0.5 wt%) could have been measured in forward scattering geometry
as well, all samples were measured in backscattering geometry to keep the same experimental
setup. Results of DLS and SLS were expressed in volume distributions to avoid the
possibility of error magnification introduced by conversion of intensity distributions to

number distributions.

2.2.4 X-ray scattering techniques

SAXS experiments were conducted on a laboratory SAXSess mc? instrument (Anton
Paar) equipped with a microfocus X-ray source with a Cu anode. The dispersion samples
were filled and sealed in thin-walled borosilicate glass capillary tubes for X-ray diffraction.
The exposure time was 30 min and the range of scattering vector magnitude ¢ was 0.18-7
nm’!. Size of primary ND particles was evaluated according to position of shoulder at
q 0.1/A. Profiles of pure solvents were subtracted as background. USAXS experiments were
carried out using USAXS/SAXS/WAXS instrument [Ilavsky et al. 2018] located at 9ID
beamline at the Advanced Photon Source, Argonne National Laboratory, IL, USA. X-ray



energy of 21keV was used, data collection time was about 2 minutes, profiles of pure solvents
were subtracted as background and instrumental slit smearing was removed during data

reduction. Intensity data were placed on absolute intensity scale.

2.2.5 Microscopy techniques

The samples were also studied by scanning electron microscopy using a Tescan
VEGA3 SB instrument equipped with an energy dispersive X-ray (EDX) detector (integrated
4 silicon drift detector - SDD) and a JEOL JSM-7600F instrument with field emission
(FESEM). The samples for FESEM were prepared by spraying of diluted dispersions on flat
silicon wafer as substrate. The high-resolution transmission electron microscopy was
conducted on a JEOL JEM-2200FS instrument applying an accelerating voltage of 200 kV.
Samples were dispersed and collected on a Cu grid coated with amorphous carbon (mesh
300). The results of small area electron diffraction (SAED) were evaluated according to
calibrated pixel size. Lattice parameters from HRTEM images were extracted by direct

measurement and by fast furrier transform (FFT) of original images in ImageJ software.

3. Results and discussion

3.1 SEM/EDX

SEM images of NDs in initial state revealed the formation of dense and uniform powder
with clump-like morphology. The diameter of the largest agglomerates was approximately
between 5 and 50 um. Bundles of smaller particles (< 1um) on the surface of larger clusters
were also observed as seen in Fig. 2(a,b).

EDX elemental mapping showed that in addition to the dominant carbon, uniform
distribution of aluminium, silver and chlorine are also present, as seen in Fig. 3a. EDX ZAF
standardless quantification was performed over eight areas taken on random aggregates. The
highest content of impurities was detected as: Al = 0.45-1.33 at% with minor amount of Ag
=0.12-0.35 at%, Cl1 = 0.08-0.23 at%, Si = 0.01-0.08 at% and S = 0.01-0.04 at%. Beyond
this, notable content of N < 2 at% and O < 7 at% was also detected, as presented in Fig. 3b.

The occurrence of impurities can be mainly attributed to severe conditions associated with



the detonation synthesis and subsequent oxidative isolation of nanodiamonds from the
reaction soot [Mitev et al. 2014]. Also, the amount of impurities and their composition in
NDs depend on the number of treatment stages and on the applied chemicals [Dolmatov et

al. 2016].

SEM HV: 15.0 kV. WD: 7.09 mm | | VEGA3 TESCAN| SEM HV: 15.0 kV WD: 7.11 mm
View field: 36.7 pm Det: SE View field: 16.4 ym Det: SE
SEM MAG: 5.62 kx SEM MAG: 12.5 kx

Fig. 2 SEM images of initial ND powder. (a) Larger agglomerates with (b) smaller bundles

on the surface of clump-like clusters

It has been reported that different batches from different manufacturers have shown
different contents of elements in ND samples [ Volkov et al. 2014]. Besides, the results of the
chemical composition may differ due to the application of different analytical methods and
quality and/or form of measured samples. With regard to these facts, WDXRF was performed
on pressed pellets of NDs in initial state. Total content of impurities was qualified at < 0.4
wt%. Measurement of impurities using the long-term qualification mode revealed the
following elements, expressed in atomic percentage: Al 21.3%, Si 2.2%, S 5.1%, C139.3%
and Ag 32.1%. This result confirms the presence of specific elements (Cl, Ag) and is
consistent with HRTEM observations (see section 3.6 HRTEM/FESEM).
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Fig. 3 SEM image/elemental mapping of nanodiamond agglomerate. (a) Initial state with

clump-like morphology. (b) EDX spectrum of the elemental composition

3.2 Thermal analysis

Fig. 4 shows TGA curve (green curve) indicating the first slight weight loss at
temperatures below 100 °C which is attributed to the evaporation of adsorbed water [Liang
et al. 2011]. The kinetics of thermal behavior of NDs in initial state was also studied by DSC
both in an open pan under an air flow of 80mL/min and in a hermetically sealed pan. The
measurement in the open pan (red-circle curve) showed an endothermic process in the range
of'52-157 °C with a corresponding enthalpy of 63.55 J/g. Measurement of another sample in
a hermetically sealed pan (blue-square curve) showed the same trend and the endothermic
process merely shifted to higher temperatures in the range of 77—-178 °C consuming a heat of
57.68 J/g. This shift is attributed to the delay of desorption processes in the sealed pan.

TGA and DSC curves indicate that with increasing temperature the desorption process
continues up to ~ 300 °C, corresponding to a weight loss of 7.5 % [Stehlik et al. 2015]. The
oxidation processes took place above 300 °C, which is well documented by the distinct onset
of exothermic reactions, apparent from the DSC curve. The total heat flow at 450 °C
amounted to 1.52W/g. From the presented data can be concluded that above 300°C the rate

of weight loss is partially reduced by conversion of sp? carbons into various oxygen-
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containing groups with a subsequent combustion effect beginning above 450 °C [Huang et
al. 2008].

The TGA curve indicates acceleration of degradation mechanism at temperatures
above 455°C, where the linear dependence of weight loss ends. The onset of major
decomposition can be observed at 500°C. Above that temperature an intensive weight loss
occurred due to oxidative etching where carbon is oxidized by oxygen in air to carbon dioxide
[Stehlik et al. 2015]. The DSC curve shows an increase of heat expressed as exothermic
reaction up to 3.03W/g at 500°C. As expected, the sample with restricted access to air
(hermetically sealed pan) showed a significantly lesser exothermic reaction with almost six-
times lower heat flow 0.55W/g at 500 °C, as presented in Fig. 4 (blue-square curve). TGA
results showed a significant weight decrease in temperature zone 500-600 °C and
documented incombustible residues ~ 0.8 wt% at 700 °C with insignificant changes up to
1000°C.

Based on the thermal analysis results, it can be concluded that the applied heat
treatment of the ND powder at 450°C induced a significant surface oxidation. Thermal
analysis results demonstrate that the temperature of applied air annealing lies just ahead of
the threshold of major oxidative decomposition. Thus, the selective oxidation of the
nanodiamond powder, including possible amorphous and graphite phases, was achieved as
published elsewhere [Osswald et al. 2006]. Oxidation for 3 h appears to be sufficient to

remove the amorphous carbon and other non-diamond species [Osswald et al. 2008].
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Fig. 4 Thermal behavior of NDs described by meaning of TGA and DSC
3.3 XRD

Fig. 5 presents the XRD patterns of ND powder in initial state, after thermal treatment
at 450 °C for 3h in air atmosphere (ND") and dispersed in DI H,O and DMF — sonicated,
centrifuged and dried, respectively. XRD patterns show the typical intense diffraction lines
of diamond with peak positions at 43.6° (111), 75.7°C (220) and 91.2°C (311) [Khan et al.
2016; Koniakhin et al. 2017].

Some impurities in the untreated NDs (initial state) were found in a small amount.
Particularly, several diffraction lines showed the presence of silver chloride in the form of
chlorargyrite. Also, a trace amount of alumina compounds was detected. These findings
correspond to the results of the EDX mapping where the presence of aluminum, silver, and
chlorine was also confirmed.

The particular micro-impurity investigation of NDs was presented elsewhere [Mitev et
al. 2014]. A notable content of Al and minor content of Ag were also detected at

approximately 10 to 1 ratio determined by ICP-MS [Volkov et al. 2014]. It should be noted
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that there were also noticeable variations in the content of Fe, Al and Ag between different

samples of the same manufacturer [Mitev et al. 2014].

A - Transition alumina - 8/y/n-Al,O5
B - Boehmite - AIO(OH)

C - Chlorargyrite - AgCI

D - Diamond - C

S - Metallic Silver - Ag

Intensity (a.u.)

10 20 30 40 50 60 70 80 90 100
23 []

Fig. 5 XRD patterns of nanodiamond powder in initial state (ND°), air-annealed (ND")

and ND~dispersed in HoO and DMF (dried)

The detected aluminum in NDs can be identified as transition forms of alumina namely
the modifications gamma, delta, eta and theta (y,0,n,0-Al203), and boehmite which is
aluminium oxide hydroxide in the form of y-AIO(OH). Because of low volume fraction of
material (below 1 %) and similar diffraction patterns it is not possible to exactly resolve
which phases are present. However, it is very likely that the transition alumina is in the
gamma modification because it is the first structural arrangement in the dehydroxylation
process of boehmite [Lamouri 2017]. Details of the lattice parameters of the individual

phases in the initial state are given in Table S2 (Online Resource).
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It is evident that thermal treatment at 450 °C does not lead to significant changes in the
phase composition as presented in Fig. 5 (blue curve of ND7). This is due to the thermal
stability of the individual crystalline phases such as alumina, chlorargyrite, metallic silver
and diamond. In the case of nanodiamonds, intense temperature decomposition has been
shown to start above 500 °C, as confirmed by TGA. The exception is aluminium oxide
hydroxide, which was not found in annealed state. It was because of its thermal
decomposition (dehydroxylation) occurring in the temperature range from 300 to 480 °C
[Kloprogge et al. 2002].

After sonication, centrifugation, and drying of water dispersion of ND~, only negligible
traces of chlorargyrite could be detected as seen in the corresponding XRD pattern (dark blue
curve), Fig. 5. These phenomena can be explained by the mechanism of dissolution and
recrystallization of chlorargyrite in an aqueous medium. The solubility of AgCl in H»O is
exceptionally low with a solubility constant of pKs, of 9.75 at normal temperature. It can be
anticipated that by increasing the temperature during the sonication, more than 20 wt% AgCl
can be dissolved. Further, the solubility of AgCl increases with water pressure and AgCl is
efficiently transported by water vapor [Migdisov et al. 1999; Akinfiev et al. 2016]. Outside
the ultrasonic field and during cooling of the suspension, AgCl can recrystallize and grow up
to 100 nm [Ma 2014].

The XRD results of the dried DMF dispersions are slightly different. According to
XRD patterns, the sonication and centrifugation process was not sufficient for the DMF
dispersion to completely remove non-diamond impurities. However, compared to ND~, there
is a noticeable reduction in the content of alumina and chlorargyrite. Because of low
solubility of chlorargyrite in DMF (pKs, of 14.8) the presence of metallic silver in contrast
to DI H2O dispersions can be explained by surface reduction mechanism where the silver
crystallites are formed on the surface of pristine chlorargyrite crystals [Chantooni et al. 1973;
Song et al. 2013].

Both types of dispersions are characterized by a high proportion of diamond with
typical intense diffraction lines [Xu et al. 2005]. Moreover, diffraction profile of heat treated
NDs was analyzed and based on the peak broadening, average crystallite sizes of

nanodiamonds and chlorargyrite were determined as 4.1 nm and 61.4 nm, respectively.
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3.4 Light scattering

Before the sonication process the particle size distribution of heat-treated nanodiamond
powder was determined by SLS. Fig. 6 shows the particle size distribution after 10 minutes
of magnetic stirring in water. The original nanodiamond powder consists of an approximately
trimodal size distribution of aggregates in micrometer range — it can be well decomposed into
three log-normal distributions with the individual median (D50) values of 1.7 um (a fraction

of finer particles), 15.6 um and 51.8 pum, which closely corresponds to the previous

observations by SEM.
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Fig. 6 Volume particle size distribution of original ND™ powder measured by SLS

Aqueous and DMF dispersions of ND~ were prepared in several weight concentrations
ranging from 0.05 wt% to 1 wt%, as described in Experimental section (2.1). The resulting
nanodispersions varied in color with slight differences between DI water and DMF. The
diversity in color was observed from the transparent appearance to dark brown / black, in
relation to the increasing weight concentrations of the dispersions, as seen in Fig. 7. The

transparency of the nanodispersions sharply decreases with increasing concentration which
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limits the methods using light scattering. In both cases, the theory in models applied for
evaluation of SLS and DLS assumes only single scattering. However, the increasing optical
density (OD) of the sample increases the probability of multiple scattering [Stevenson et al.
2016]. Therefore, backscattering geometry was used for DLS and the samples for SLS
concentrations above 0.25 wt% were diluted, as described in detail in the Experimental
section (2.2.3). The correctness of the technique of diluting the samples for SLS was verified
by subsequent DLS measurement of diluted samples. DLS showed that the ND ™~ aggregate

size distribution before and after dilution did not differ.

a) o0.05wt% 0.1wt% 0.25wt% 0.50Wt% 1wt%
- W = W = W & W i
—= — — = — IS e

b) o.05wt% 0.1wt% 0.25Wt% 0.50wt% 1wt%
£ W W = W =
?,ﬁ g — S —

Fig. 7 The visual appearance of ND™ dispersions in different weight concentrations for (a)

DI water and (b) DMF

Measurements of particle size distribution by SLS and DLS were performed on both
series of ND~ dispersions. Fig. 8 shows representative particle size distributions of ND~

dispersions with concentrations of 0.5 wt% in DI water and DMF. As seen, the DLS method
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provides slightly broader distribution curves compared to SLS. However, both methods give
similar results of mean size between ~ 61 and 73 nm, regardless of solvent type and

nanodiamond concentration.

----- DLS ND" H,O 0.5%
——SLS ND" H,0 0.5%

----- DLS ND" DMF 0.5%
——SLS ND DMF 0.5%

Vol. distrib. dV/dD (% / nm)

T T e =t

20 40 60 80 100 120 140 160 180 200
Particle diameter D (nm)

Fig. 8 Volume particle size distribution of ND~ dispersions with concentration 0.5 wt% for

DI water and DMF, measured by SLS and DLS techniques

The methods indicate only minor deviation in volume-weighted mean values across the
measured concentrations and the used dispersing mediums. Thus, it can be concluded that
the initial concentration does not affect the degree of aggregation of the resulting
nanodispersions at the considered low particle concentration. Graphs in Fig. 9 show a
comparison of the mean diameter for all concentrations in both solvents resulting from SLS
and DLS, respectively. A small difference of the mean values can be observed for DMF,

where a slightly smaller size of aggregates results.
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Fig. 9 Mean diameter values of ND~ dispersions by SLS and DLS

(NM = non-measurable)

Further, the D-Values (D10, D50 and D90) were evaluated from the obtained volume
size distributions, which is the common metrics to describe particle size distributions. D50 is
the median of the distribution, i.e., the particle diameter that 50% of the sample’s volume is
comprised of particles with a diameter < this value. D10 and D90 have analogous meaning.
Samples with the lowest concentration (0.05 wt%) could not be measured reliably by SLS
and thus, the corresponding values are missing. All evaluated statistical parameters (mean
size, D10, D50 and D90) of the volume distributions resulting from both SLS and DLS are

summarized in Table S3 (Online Resource).

3.5 SAXS/USAXS

SAXS and USAXS experiments were performed on both series of samples (in DI water
and DMF). Fig. 10 shows joined SAXS/USAXS profiles of selected samples of ND~
dispersions. The profiles show two knees (Guinier regions) connected with a power-law
dependence (I « q~%) showing a non-integer exponent around -2.5. This can be interpreted
as due to mass-fractal aggregate structure. Fractal aggregates are random aggregates of
particles with a self-similar structure over a certain range of length scales [Mandelbrot 1977].
The basic particles building the aggregates are called primary particles. The typical
characteristics of a mass fractal is a decreasing density from the center of the aggregate to its

edges. The aggregate mass is proportional to the power of its radius, m o« % . The exponent,
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dr (1 <dy <3)is called fractal dimension and in general it is a non-integer. Based on the
above relationship between the mass and the dimension, a fractal aggregate can be viewed as
an object with a non-integer dimension (even though it is a 3D object, of course). The higher
the fractal dimension, the denser is the aggregate structure. Such aggregates are formed in
various materials, for example silica colloids (silica gel), and the structure of such aggregates
can be analyzed by small-angle scattering techniques [Schaefer et al. 1984; Rai et al. 2018].
It is well-known that also nanodiamonds in dispersions show the mass-fractal structure
[Tomchuk et al. 2015]. The fractal dimension drcorresponds approximately to the magnitude

of'the exponent of the power-law dependence between the two Guinier regions in the SAXS

profile.
]
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Fig. 10 Joined SAXS/USAXS profiles of selected ND™ dispersion samples

To evaluate the size and structural parameters of the aggregates, the profiles were fitted
with models using the frena software package [Ilavsky and Jemian 2009] utilizing the unified
exponential/power-law approach [Beaucage 1995]. Fig. 11 shows such a model fit to the

joined SAXS/USAXS profile of DMF 0.25% sample. The main parameters provided by the
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model are R, (gyration radius) of the primary ND™ particles forming the aggregates, R, of
aggregates and the fractal dimension of aggregates, dr. The position of the upper boundary of
the power-law region, i.e., the Guinier region at high ¢ around 0.1 A™' determines the
dimension of primary particles — the basic ND™ particles (building blocks of the aggregates).
On the other hand, the lower boundary of the power-law dependence, i.e., the knee at low-¢
values is due to the aggregates alone and its position is connected with the aggregates size.
Thus, by SAXS/USAXS not only the aggregates size can be studied but also their inner
structure. Table 1 summarizes the SAXS/USAXS results for all samples in both series (in DI
water and DMF).
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1000 - Eam v e e ban
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. G =0.972 £ 0.028 5
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e e [P = 4 (fixed) Sk
L= i y SAS Background = 0.024943 + 1.3e-05 -
' £ 1 * - Invariant [cm~(-4)] = 3.4636e+20 i
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2 1|Rg = 305.0[A] + 1.4 ~[oiERSTTITE e e :
[ 71.|B = 0.00069659 i

Q |P = 2.5307 £ 0.0057 ; i ‘
[= 1 =3[Mass fractal assumed . e . e E
- 31|RgCO linked to Rg of levell S oot s s S,y & e s et C
1i[Invariant [cm”~(-4)] = 2.8973e+20( C
01 DMF 0.25 % s
3 A Experimental intensity 2
Ji-=—=Unified calculated Intensity =IO X

! 2 3 4667 | 2 3 46567 2 3 4567
0.001 0.01 0.1 1
-1
q[A ]

Fig. 11 Joined SAXS/USAXS profile of DMF 0.25% sample together with the unified

exponential/power-law model fitted in lrena
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Table 1 Summary of results of model fitting to SAXS/USAXS profiles

Dispersing | Concentration of 2XR, 2XR, dy
medium ND~ (nm) (nm) (-)
(Wt%) .
primary aggregates
particles
DI H,O 0.05 4.50 60.5 247
0.10 4.40 63.1 2.51
025 431 63.1 2.54
0.50 - - -
1.00 4.20 65.2 247
DMF 0.05 4.54 62.7 247
0.10 4.50 61.0 2.51
0.25 4.49 61.0 253
0.50 4.48 572 2.55
1.00 4.35 57.0 2.54

Based on the model fitting, the size (namely, the double of their R,) of the aggregates
ranged from 57.0 to 65.2 nm. The differences in size of aggregates are not significant and
they do not show any systematic dependence on the concentration. It can be concluded that
the aggregates size results based on SAXS/USAXS correspond well to the results of the light
scattering methods.

Concerning the inner structure of aggregates, the 2R, of primary particles ranged from
4.0 to 4.4 nm based on the model fitting in /rena. Radius of a homogeneous spherical particle
is equal to \/5_/3 times R,. Under the approximative assumption that the basic nanodiamond
particles are homogeneous spheres, diameter of nanodiamond particles can thus be
determined as 5.4 - 5.8 nm. This value is higher than 4.0 nm evaluated from XRD and this
difference will be explained by SEM and HRTEM in the next section. The fractal dimension
of ND~ aggregates was in the range from 2.47 to 2.55 based on the model fitting. Its
differences between particular samples were small and it did not show any systematic

dependence on concentration.
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3.6 HRTEM/FESEM

HRTEM ofdried dispersions was used for characterization of ND™ aggregates/particles
in combination with selected area electron diffraction (SAED). As a representative sample
the concentration of 0.5 wt% was chosen for both solutions. Fig. 12a shows a representative
HRTEM micrograph of dried water dispersion with the corresponding SAED pattern. The
image shows the presence of aggregates with tens of nm in size that form larger primary
aggregates with hundreds of nm. The SAED pattern shows broad diffraction circles of
randomly oriented nanodiamonds representing the (111), (220) and (311) crystalline planes.

Moreover, HRTEM and SAED demonstrated the presence of chlorargyrite (indicated
by an arrow) with (400) plane orientation (according to JCPDS 00-031-1238) in dried DMF
dispersion, as seen in Fig. 12b. This observation confirms previous findings of XRD about
the presence of AgCl impurities in DMF dispersion after heat treatment, sonication and
centrifugation, respectively. Fig. 12c¢ shows dried water dispersion of ND~ under higher
magnification. HRTEM shows preferably oriented crystalline structure with the
nanoparticles exhibiting interlayer spacing d = 0.212 nm (111) and 0.127 nm (220). This
observation is close to the XRD results and corresponds with the cubic diamond structure
according to JCPDS 00-006-0675. The nanograin size was also determined in the range of
4.2 to 4.5 nm, which is confirmed by XRD analysis. In addition, Fig. 12c illustrates that
crystalline phase is surrounded by two ordered graphene layers (indicated by an arrow) with
a total thickness of ~ 0.65 nm [Shames et al. 2002; Petit et al. 2012].

Due to low contrast between the carbon-coated grid and diamond particles it was not
possible to detect any individual ND~ particles. However, high-resolution SEM in
combination with atomically flat silicon wafer substrate was able to identify even the
presence of individual ND™ particles, as shown in Fig. 12d. It was possible mainly due to the
better contrast produced by the higher density difference between silicon and diamond, and
the flatness of the substrate surface. Based on the findings of HRTEM, we can also explain
the difference between the size of primary particles provided by SAXS (5.4 - 5.8 nm) and
XRD (4.0 nm). XRD only evaluates the size of nanodiamond crystallites while SAXS

determines the size of the whole particles including the graphene layers.
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Fig. 12 HRTEM micrographs of ND™ aggregates in (a) dried 0.5 wt% DI water dispersion
with the corresponding SAED pattern, (b) dried 0.5 wt% DMF dispersion with SAED pattern,
where arrows mark a chlorargyrite crystallite and its corresponding diffraction spots in SAED
pattern, and (c) dried water dispersion in high magnification showing crystalline planes of
ND cores. (d) FESEM image of dried water dispersion, the high-magnification image in the

inset shows an individual ND~ particle and an aggregate
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4.  Conclusion

The presented study deals with the preparation and characterization of ND dispersions
in deionized water and DMF. Negatively charged ND dispersions were prepared by oxidative
annealing, centrifugation and sonication. The primary goal of the work was to study the
influence of dispersing medium and ND concentration on its aggregation behavior by various
scattering methods. The results showed that both the choice of the dispersing medium
(water/DMF) and the ND concentration in the investigated range (0.05 — 1 wt%) had no
significant or systematic influence on the size and inner structure of ND aggregates and thus
on the kinetics of the ND aggregate formation. Similar aggregate size was indicated by all
the scattering methods used (SLS, DLS, SAXS/USAXS). SLS and DLS gave a mean size
between 61 and 73 nm and SAXS/USAXS provided an aggregate size (2R,) in the range from
57 to 65 nm. HRTEM and FESEM also showed the presence of ND aggregates with tens of
nanometers in size, in qualitative agreement with the scattering methods.

Besides, the size and structural parameters of primary ND particles were evaluated with
various diffraction and scattering methods. The structural data provided by the methods used
(XRD, SAXS, HRTEM, SAED, FESEM) are in very good agreement with the JCPDS

database and also among each other, as summarized in Table S4 (Online Resource).
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