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Abstract

Oxidation has been suggested as an effective and scalable means for industrial purification of
nanodiamond (ND) powders. However, conflicting accounts were reported with respect to oxidation
behavior of commercial powders and the temperature range in which non-diamond phases can be
removed efficiently. In this study, we investigate the effects of composition and structural characteristics
of ND on the oxidation kinetics. The effect of crystal size was analyzed by directly measure the
oxidation behavior of individual ND crystal in the size range 2-20 nm, probing the size-dependence of
the oxidation kinetics at the lower end of the nanoscale. This study also leads to the first experimental
data on the minimum size at which ND crystals become thermodynamically unstable and cease to exist
as well as the minimum size of a luminescent ND still hosting an optically active nitrogen-vacancy

(NV) center.
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1. Introduction

Nanocrystalline diamond, often simply referred to as nanodiamond (ND), has stirred rapidly growing
interest during recent years, particularly in the forms of ultra-dispersed diamond (UDD) and detonation
nanodiamond (DND). It combines the favorable mechanical, thermal, electrical and optical properties of
bulk diamond with the high surface area and chemical reactivity of nanomaterials [1-3]. Owing to these
unique characteristics and the availability of several, relatively simple processes for its synthesis, ND
has become one of only few nanomaterials produced on an industrial scale [4, 5]. Current uses comprise
electroplating baths [6], catalyst support [7], additive for composite materials [7-11], lubricants [12],
and cooling fluids [13]. At the same time, NDs containing color centers such as the nitrogen-vacancy
(NV) center [14] have been proposed and utilized as ideal solid-state spin quantum bits [15], high-
resolution nanoscale sensors for measuring electric fields [16], magnetic fields [17-19] and temperature
[20], as well as suitable bio-labels for optical trapping [21], bioimaging [22-24] and drug delivery [25-

27] in biomedical applications.

A major drawback of bulk synthesis methods, such as detonation, is the limited control over structural
uniformity and composition of the produced nanomaterial. In the case of ND, the detonation process
yields a powder containing up to 80 wt% of non-diamond species [4, 5]. The resulting detonation soot is
primarily composed of amorphous and graphitic carbon, which prevents a direct use of the as-produced
powders and makes purification one of the most crucial steps in ND production. In order to overcome
the well-known challenges associated with liquid-phase purification methods [28], researchers have
explored a variety of gas-phase methods [29-35]. In particular, oxidation in air was found to be an
economically feasible alternative to currently-employed methods as it provides a simple and efficient
route to selectively remove non-diamond carbon and other impurities from the as-produced material [28,
31, 33, 36-42]. Purity levels as high as 96 wt% were reported without notable losses in the diamond
phase in the temperature range 400-430 °C [38]. While other studies yielded similar results [40], some
authors reported higher temperatures for the selective removal of non-diamond carbon. Tyurnina et al.
recommended oxidation temperatures as high as 550 °C [41], while Cataldo et al. found that ND
powders were stable towards oxidation below 450 °C, but burn rapidly above this temperature [43].
While the above studies have successfully demonstrated the great potential of air oxidation in ND
processing, they also reveal the need for a better understanding of the oxidation behavior of ND

powders.



Oxidation has also been discussed as means to control the crystal size in ND powders. This is important
as many of the proposed nanodiamond-based technologies rely on specific material requirements with
size being one of the most crucial ND properties. For instance, NV-center-based, single-spin
magnetometry and Forster resonance energy transfer (FRET), depend strongly on the interaction radius
r (1/° [17] and 1/#° [44], respectively). Small fluorescent NDs are also desirable for biological imaging
and nanomedicine applications where the reduced ND size would minimize the disruption to the
molecular trafficking under observation [22] and could ultimately lead to probing single molecules,
individually [45, 46]. Mohan et al. demonstrated that the size of individual ND crystals (size range 20-
50 nm) could be reduced by air oxidation above 500 °C. In contrast, Osswald et al. reported that upon

direct oxidation in air, the average crystal size of ND powders increased [47, 48].

The inconsistencies in the reported oxidation behavior of ND result primarily from differences in
structure and composition of commercially available powders [41]. In this study, we systematically
investigate the effect of composition, structure, and crystal size on the oxidation mechanism of NDs.
Moreover, for the first time, we directly probe the oxidation behavior of individual ND crystals in the
size range 2-20 nm, providing experimental proof of the size-dependence of thermal stability of ND in

oxidative environments.

2. Experimental
2.1 Oxidation of Bulk Powders

Detonation ND powders (UD50, UD90 and UD98) were supplied by NanoBlox, Inc. (USA). Black
UDS0 is the raw detonation soot. UD90 (acid oxidation) and UD98 (extensive acid oxidation) samples
were prepared by different multistage acid purifications using nitric and sulfuric acid. Air oxidation was

conducted for 5h at 425 °C in a closed tube furnace in static air at atmospheric pressure.

2.2. Raman Spectroscopy and Thermogravimetric Analysis

UV Raman spectra were recorded using a Renishaw 2000 Raman Microspectrometer with a 325-nm
HeCd laser (3.81 eV, 2400 1I/mm grating, 15x/40x objective, max. 1300 W/em?) and a 100 cm™ cut-off
notch filter. Data analysis was performed using GRAMS-32 and WiRE 2.0 software from Renishaw.



Thermogravimetric analysis (TGA) was performed using a SDT 2960 DTA-TGA from TA instruments
and a Perkin Elmer TGA 7. In all experiments a gas flow of 40 ml/min was applied. Specimen powders
(5-10 mg) were placed on a platinum pan, loaded into the instrument, and subsequently heated from 25

to 800 °C at 2 °C/min.

2.3 Oxidation of individual ND crystals and AFM measurements

The material used in this series of experiments was ND powder synthesized by the high pressure high
temperature (HPHT) method and supplied by Microdiamant (MSY, <0.1 um). For analysis, the ND
were dispersed on a glass coverslip where a 5x5 unit grid consisting of 50x50 um” squares had been
previously laser scribed [49]. The as-received ND powder was first processed by a multiple-step acid
cleaning procedure, to remove non-carbon impurities [49-51]. Purified NDs were then dispersed on a
borosilicate BK7 glass coverslip (dimensions 22x22 mm?, thickness (150+20) pm, BB022022A1;
Menzel-Glaser). The coverslip was sonicated and rinsed in acetone (C3;HgO, purity >99.5%; Sigma-
Aldrich) for 10 minutes before the NDs were dispersed. Size and fluorescence of the NDs were
examined simultaneously via a lab-built confocal microscope integrated with an atomic force
microscope (Ntegra; NT-MDT), as described in Ref. [52]. The confocal-sample scanning fluorescence
microscope (100% oil immersion objective lens with NA 1.3) employed an excitation 532-nm CW diode
pumped solid-state laser (Compass 315-M100; Coherent). The fluorescence of the nanodiamonds and
the intensity autocorrelation curves g(z)(r) were measured by a Hanbury-Brown and Twiss interferometer
consisting of two avalanche photodiodes (SPCM-AQR-14; Perkin Elmer) and a correlator (PicoHarp
300, TCSCP System, 4-ps channel width, with digital and analog units PH 300; PicoQuant).

Air oxidation was conducted in a furnace (KSL-1100X-S Compact Muffle Furnace; MTI Corporation)
at atmospheric pressure. Two different cycles with multiple, consecutive 30-min oxidation steps, were
carried out separately at 500 °C and 430 °C. A preliminary oxidation for 3 hours at 600 °C was
performed on the acid-treated ND samples for the further removal of tight graphitic and amorphous
carbon layers surrounding the ND cores and left unaffected by the acid treatment [49, 53]. The size
(height) of the NDs after each oxidation step was obtained from Atomic Force Microscope (AFM) scan
topographies by fitting each crystal with 2-dimensional Gaussians, after the subtraction of the

background height offset (cf. SI, Fig. S1b)



3. Results and discussion
3.1 Structure and Composition of Nanodiamond Powders

The as-produced DND powders collected from the detonation chamber contain a wide variety of carbon
materials (>70 wt%) alongside the ND crystals, including amorphous carbon, carbon onions,
nanocrystalline graphite and graphene nanoribbons. Non-carbonaceous impurities include trace amounts
of metals (e.g. Fe, Al, Ca, Mg, Zn, Cu) and non-metal species (e.g. H, N, O, S), which exist primarily in
the form of surface functional groups. The exact composition of commercial ND powders and their
purity levels can vary substantially (23-95 wt.% sp’) and are strongly dependent on the chemical

history of the sample (i.e. synthesis and purification conditions).

Figure la shows the Raman spectra of three ND powders with different purity levels. Low-purity ND
powders are dark in color or even black, as in the case of the unpurified detonation soot. Due to the
large content of sp® species, their Raman spectra are dominated by the graphitic D and G Raman bands
centered around 1400 and 1600 cm™ (325-nm laser excitation), respectively. In contrast, purified ND
powders appear lighter in color and exhibit a notable diamond Raman peak, asymmetrically broadened
and downshifted to ~1325 cm™ due to the confined diamond crystal size. The average crystal diameter
in detonation ND measures only 4-5 nm; however, crystals as large as 50 nm can be found in the
powders [54]. The majority of ND crystals exhibit high crystallinity, but twins, stacking faults and other
dislocations are observed and likely contribute to the observed line broadening [55].
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Figure 1. a) Raman spectrum (325-nm laser excitation) of ND powders with different levels of purity. The
graphitic (sp’) D and G bands (1400 and 1600 cm™, respectively) dominate the spectrum in low-purity ND
powders (top trace), whilst the diamond Raman peak (downshifted at ~1325 cm™) clearly emerges in purified ND
powder (bottom trace). b) Relative intensity of diamond peak against non-diamond Raman features. The ratio

strongly depends on the purity (i.e. sp’ content) of the sample.

The relative intensity of the diamond peak with respect to the non-diamond Raman features is strongly
dependent on the purity (sp> content) of the sample (Fig. 1b). Of particular interest is the intensity ratio
between diamond peak and G band Raman (/p;,/I;), as it can serve as a fast and inexpensive measure of
the diamond (sp’) content in the ND powders, in analogy to the /I intensity ratio used to evaluate the
disorder in graphitic carbons [56]. The I/I; ratio in ND powder decreases with increasing sp> content as
D band originates from the breathing modes of the hexagonal carbon rings in graphitic carbons, whereas
the G band results from in-plane vibrations of the sp>-bonded carbon atoms. However, great care must
be taken with this analysis as the “G band” of purified ND powders is more complex and contains
significant contributions from surface functional groups such as O-H (1640 cm™) and C-O (1740 cm™),
as shown in Fig 1a [55]. Oxidation removes non-diamond carbon impurities, which encapsulate the ND
crystals in low-purity powders, and subsequently saturate the diamond surface with oxygen-containing
carbonyl and carboxyl groups. These changes in composition render the ND powder increasingly

hydrophilic, leading to increased moisture adsorption and further increase in the O-H Raman signal. The
6



exact composition (e.g. quantity and type of functional groups) of the ND surface chemistry is strongly
dependent on the oxidation treatment as well as the prevailing reaction conditions used for ND

purification.

3.2 Oxidation Kinetics

The oxidation of carbon materials consists of several steps, any of which can become the rate limiting
process: diffusion of oxygen 1) to the outer surface of the carbon particle and 2) through pores/cavities,
3) adsorption of oxygen (physisorption), 4) formation of oxygen-carbon bonds (chemisorption), 5)
breaking of carbon-carbon bonds, 6) desorption of reaction products, and diffusion of reaction products
through 7) pores/cavities and 8) away from the carbon particle. The relative contribution of each step to
the overall reaction kinetics depends on the temperature, concentration of the oxidizing species, active
surface area, amount of catalyst impurities and surface functionalities, diffusion constants, and/or

number of defects.

At low temperatures, referred to as the chemical regime, the concentration of the oxidant is essentially
the same everywhere in the sample and reaction rates are largely determined by the intrinsic reactivity
of the carbon material. In this case, the rate controlling processes are steps 3-6. The chemical regime
ranges from approximately 300 to 600 °C, whereas different parts of the sample may react at different
rates, depending on their structure. At higher temperatures, the reaction kinetics are increasingly
dominated by mass transport processes. In most cases, however, oxidation reactions occur mainly in the
chemical regime and are, in a first approximation, independent from the diffusion of oxidants and

reactants.

Although the oxidation kinetics of macroscopic forms of carbon, such as diamond and graphite [57-60],
have been studied extensively and are well understood, in the case of nanomaterials, the mechanisms
involved become more complex as the structural variety yields a large number of energetically different
reaction sites [61]. Size and surface effects become dominant and diffusion processes often affect

oxidation kinetics at temperatures well below 600 °C [62].

In the chemical regime, the thermodynamically favored reaction between carbon and oxygen is the
formation of CO; (first order reaction) [63, 64]. The rate at which the reaction progresses depends

directly on the changes in concentration of the reactants according to:



_d[C] __d[O,] _d[CO,]
dt dt dt

=k[O,1", (1)

where [C], [O;], and [CO»] are the concentration of carbon, oxygen, and carbon dioxide, respectively; k&
is the reaction rate constant, ¢ is the time, and # is a numerical index that characterizes the order of the
reaction (7 = 1 for first order reactions) [65]. The temperature-dependence of & is given by the Arrhenius

equation:

|nk=|nA—E—RA~%, (2)
where T is the temperature (in K), R is the universal gas constant, £, is the activation energy (in kJ/mol),
and 4 is a pre-exponential constant, also known as frequency factor. The activation energy reflects the
energy barrier that needs to be overcome to initiate the chemical reaction between C and O,. In
simplified reaction rate models such as this, the activation energy summarizes all temperature
dependencies, including that of diffusion coefficients or sorption equilibrium constants, if not accounted

for separately. The frequency factor 4 is a measure of the number of molecules that possess the required

activation energy.

The change in concentration of the reactants can be measured by determining the weight change of the
carbon sample during oxidation. Following the simplified power law in Eq. (1) and ignoring effects of

volume or area changes on the reaction kinetics [66], the weight loss during oxidation is given by:

dm
—=-k-m 3

dt ’ 3)
where m is the sample weight and £ is the reaction rate constant for a given temperature (isothermal
reactions) [67]. The weight change during oxidation is commonly expressed in terms of the weight

fraction, o, which for a highly porous material (no shape effects) is defined as:

Mg —m
Mg

— k-t (4)

a

Using Egs. (2) and (4), the activation energy and frequency factor can then be determined from the

Arrhenius curve:

Er 1
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)
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Under non-isothermal conditions, Eq. (5) is modified to account for temperature changes, yielding the

Achar-Brindley-Sharp-Wendeworth (ABSW) equation:

|n|:Ld_a:|:|n(k_0]_&£’ (6)
F(a) dT 5) R T

where f is the heating rate, da/dT is the oxidation reaction rate, and F(a) is a differential function
describing the reaction mechanism. In the chemical regime, the oxidation process is well described by a
first order reaction and F(a) = (1 — a) [62, 68]. The kinetic parameters can be determined by plotting In
[do/dT/(1 — a)] vs. 1/T.

For both isothermal and non-isothermal oxidation, changes in the slope of the Arrhenius-type curves
indicate a change in the reaction mechanisms. At low temperatures, reactions are controlled by the
chemical process itself, while at elevated temperatures (>600 °C) oxidation reactions are increasingly
dominated by the diffusion of the active species. The critical temperature that separates both steps
depends on several factors, including surface area and pore structure of the material [69], and has been
neither well defined nor exactly determined, particularly for carbon nanomaterials [64]. Other critical
factors are the concentration of the oxidizing agents, the flow and/or agitation rates used during the

experiments, and mechanical stress applied to the material [64].

3.3 Oxidation of Bulk Powders

In this study, we compared the oxidation behavior of four ND powders with different purity levels using
thermogravimetric analysis (TGA). Figures 2a and 2b show the weight fraction, o, and its first
derivative, do/dT, respectively. The corresponding ABSW plot (Fig. 2¢) and the derived rate coefficients
(Fig. 2d) are also depicted.

Because of the large structural variety contained in the sample, oxidation of the unpurified detonation
soot occurs over a wide temperature range (350-550 °C), as shown in Fig. 2b. The high content of
amorphous carbon causes the oxidation to start at temperatures as low as 350 °C, with the maximum
weight loss taking place around 510 °C. The low temperature (LT) region is dominated by oxidation of
non-diamond carbons (Ex=84 kJ/mol), whereas at higher temperatures (HT), oxidation kinetics are

controlled by the diamond phase (E,=205 kJ/mol).



Acid oxidation removes the majority of the amorphous and graphitic carbon impurities, leading to a
higher overall activation energy of the sample (241 kJ/mol), thus shifting the onset of ND oxidation
towards higher temperatures (~425 °C) and narrowing the oxidation range to 425-560 °C (Fig. 2b) . The
maximum weight loss occurs at ~490 °C, which is lower than that of the as-received detonation soot.
This discrepancy may be explained by the fact that in the case of the unpurified powders, amorphous
and graphitic carbon enclose the ND crystals, protecting them against oxidation at the early stages of the
reaction. After acid purification, NDs are exposed, shifting the onset of ND oxidation and maximum

weight loss to lower temperatures.

Another important factor determining the oxidation behavior of ND powders is the content of metal
impurities, as many of these metals are known to catalyze the carbon-oxygen reaction, particularly Fe.
The detonation soot exhibits a higher Fe content (~1.3 wt%) as compared to the acid purified powder;
however, the Fe particles are encapsulated in carbon shells and remain catalytically inactive at the early
stages of the oxidation. In purified ND, acid-treatments have reduced the amount of Fe contained in the
powders (~0.7 wt%), but the catalyst particles are accessible and lower the energy barrier (temperature)
for carbon oxidation. Extensive acid-purification has been used to further reduce the Fe content to less
than 0.3 wt%, which shifts both the onset of oxidation (~450 °C) and maximum weight loss (~540 °C)
to higher temperatures. However, it should be noted that the various oxidation treatments may also alter
the ND size distribution by selectively removing smaller ND crystals that exhibit lower resistance

towards oxidation, which would ultimately increase the oxidation resistance of the ND powder.

Finally, it is important to consider the surface chemistry of the various samples as it directly affects ND
properties such as wetting behavior, surface charge, agglomeration, adsorption, and chemical reactivity.
The quantity and type of functional groups formed vary depending on the oxidation conditions and the
reacting species. Acid oxidation (HNOs, H,SO,) tends to yield more carboxylic groups, while gas phase
oxidation result in a high concentration of carbonyl groups, which exhibit higher thermal stability [70].
This explains the higher oxidation resistance of ND powders that were treated by both acid- and air-
oxidation, which contain similar amounts of Fe as compared to samples purified solely in acid (Fig. 2b).
In ND powders that were first purified by conventional acid treatments, but subsequently oxidized in air,
many of the carboxylic surface functionalities are converted to more thermally stable carbonyl, lactone,
and phenol groups, thus increasing the oxidation temperature range (425-600 °C) and shifting the
temperature of maximum weight loss to ~530 °C. The onset of oxidation is less affected as not all of the
carboxylic surface groups are converted. More extensive, multistage acid purification was shown to
yield a higher content of C-H groups, which are generally more resistant towards oxidation as compared

to oxygen-containing surface group. While the higher onset (450 °C) and maximum weight loss
10



temperatures (540 °C) maybe ascribed to the lower Fe content or potential changes in the average
crystal size, as compared to conventional acid treatments, the wider oxidation temperature range (450-
610 °C) and the shoulder in do/dT suggest that the surface chemistry also plays a critical role in the

oxidation process.
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Figure 2. Thermogravimetric Analysis (TGA) of four ND powders with different levels of purity. a, b) Weight
fraction, a, and its first derivative, do/dT, respectively. ¢) Determination of the kinetic parameters of the powders
via plotting of In[da/dT/(1 — a)] vs. 1/T [71, 72]. d) Dependence of the rate coefficient k vs temperature for the

weight loss dm/dt during oxidation.

Table 1 summarizes the values for activation energy, E4, frequency factor, 4, and Fe content of the

analyzed ND powders.
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Table 1. Reaction kinetics parameters of ND powders

EA Fe
Sample A (1/sec)
mo wt%
(kJ/mol) (Wt%)
acid 243 43 %107 | 0.68
ext. acid 219 1.0x10" | 0.24
acid/air -192 3.3x10° | 0.90
soot (HT) | -205.1 | 7.2 x 10"
1.3
soot (LT) -84 2.7 % 10°

Summary of the reaction kinetics parameters for the different ND powders we analyzed.

3.4 Oxidation of Individual Nanodiamonds

To gain deeper insight into the effect of size on the oxidation process at the low end of the nanoscale, we
also investigated air oxidation of individual NDs in the size range 2-20 nm. The oxidation rate was
determined by selecting individual, isolated crystals and measuring the reduction in size after several
oxidation steps using a lab-built confocal microscope combined with an atomic force microscope (cf. SI,
Fig. S1). Oxidation treatments were conducted at 430 °C and 500 °C, using multiple, consecutive
isothermal oxidation steps (30 min/step) at both temperatures. For both experiments, a total of 150
individual NDs were selected and assigned to one of three characteristic size ranges (20-7 nm, 6-4 nm,
and <4 nm). Figure 3a and 3b show the average size reduction for each of the three size ranges at 500

and 430 C, respectively. The corresponding numerical values are summarized in Table 2.
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Figure 3. Air-oxidation etching rate of nanodiamonds at 500 °C and 430 °C. The etch rates are average values
obtained from measuring the reduction in size over 3 to 4 consecutive oxidation steps of each of the 50 crystals

selected for every size range (cf. SI, Fig. S1).

Table 2. NDs Size reduction

Temperature Size range Etch rate
(°C) (nm) (nm/h)

<4 1.40+0.15

500 6-4 0.95+0.15

20-7 0.60+0.15

<4 0.55+0.15

430 6-4 0.40+0.15

20-7 0.25+0.15

Summary of the size reduction of nanodiamonds at two different temperatures, 500 °C and 430 °C. The etch rates
are average values obtained from measuring the reduction in size over 3 to 4 consecutive oxidation steps of each
of the 50 crystals selected for every size range. The errors are the standard deviations of the measured etch rates

for each population of crystals.

13



The results shown in Figure 3 and Table 2 suggest significant differences in oxidation rates depending
on the actual size of the NDs. Smaller crystals etch faster than bigger crystals which seem to be more
resilient to the air-oxidation process, which may be explained by the rapidly increasing surface-to-
volume ratio at the lower end of the nanoscale. ND crystals with diameters about 4 nm have ~ 20% of
the total number of atoms on the surface. This number changes to 50% for NDs in the size range around

3 nm [48].

Moreover, we measured a minimum critical size for the NDs of (1.60+0.35) nm (cf. SI, Fig. S1b). This
value sets a threshold, suggesting that NDs smaller than that vanish “instantaneously” under the effect
of air-oxidation or, in other words, that such a value of size is the minimum required for a diamond
nanocrystal to exist. Finally, we investigated the optical properties of NV centers in small NDs. We
measured the size and fluorescence of selected nanocrystals after every oxidation step to monitor their
evolution. The smallest ND that we observed which still hosted an optically active NV center was
(4.60+£0.35) nm (cf. SI, Fig. S2). The phenomenon of blinking was also observed in a few fluorescent
NDs [50, 73].

4. Conclusions

As with most carbon nanomaterials, as-produced ND powders are composed of mixtures of different
nanoscale carbon structures, all of which exhibit different thermal stability and oxidation behavior.
Depending on the purification history of the sample, diamond contents range from 25% (detonation
soot) to more than 80% (acid-purified). The presence of different amounts of metal catalyst and large
variations in surface chemistry further complicate the oxidation kinetics and must be taken into

consideration when determining the oxidation (purification) conditions of commercial ND powders.

For the first time, we were able to investigate the oxidation behavior of individual ND crystals in the
size range 2-20 nm and provide experimental data on the size-dependence of the oxidation kinetics at
the lower end of the nanoscale. Our results show that small (<4 nm) ND crystals oxidize at much higher
rates as compared to their larger (=7 nm) counterparts, supporting our hypothesis that differences in
oxidation kinetics lead to the observed upshift in the average crystal size in ND powders upon oxidation

[48]. At the same time, we were able to measure the minimum size at which ND crystals become

14



thermodynamically unstable during oxidation and cease to exist. Finally, we provided experimental

proof that there exists a minimum size of a luminescent ND still hosting an optically active nitrogen-

vacancy (NV) center.
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