[bookmark: OLE_LINK4][bookmark: OLE_LINK75][bookmark: OLE_LINK90]Zhang, T., Ma, L., Wang, L., Xu, F., Wei, Q., Wang, W., Lin, Y. & Chu, Z. (2021).
Scalable Fabrication of Clean Nanodiamonds via Salt-Assisted Air Oxidation: Implications for Sensing and Imaging.ACS Applied Nano Materials.
doi: 10.1021/acsanm.1c01751
[bookmark: OLE_LINK208][bookmark: OLE_LINK209]

Scalable Fabrication of Clean Nanodiamonds via Salt-Assisted Air Oxidation: Implications for Sensing and Imaging


Tongtong Zhang
Linjie Ma
Lingzhi Wang
Feng Xu
Qiang Wie
Weiping Wang
Yuan Lin
Zhiqin Chu


Department of Electrical and Electronic Engineering
The University of Hong Kong

College of Polymer Science and Engineering
Sichuan University

Department of Pharmacology and Pharmacy
The University of Hong Kong

Department of Mechanical Engineering
The University of Hong Kong

School of Biomedical Sciences
The University of Hong Kong


Corresponding author: 
Zhiqin Chu, Department of Electrical and Electronic Engineering, Joint Appointment with School of Biomedical Sciences, The University of Hong Kong, Hong Kong, China. 
Email: zqchu@eee.hku.hk








Submitted to ACS Applied Nano Materials July 1 2021
Accepted August 11 2021
Author Biographies
[bookmark: OLE_LINK218][bookmark: OLE_LINK219][bookmark: OLE_LINK223]Tongtong Zhang, PhD, is a postdoctoral researcher in the Department of Electrical and Electronic Engineering at The University of Hong Kong. His research interests are in nanomaterials and quantum technologies.
[bookmark: OLE_LINK228][bookmark: OLE_LINK229]Linjie Ma is a research postgraduate student in the Department of Electrical and Electronic Engineering at The University of Hong Kong. His research interests focus on electrical engineering, material processing, and characterization techniques.
[bookmark: OLE_LINK230][bookmark: OLE_LINK231]Lingzhi Wang is a research postgraduate student in the Department of Electrical and Electronic Engineering at The University of Hong Kong. Her research interests focus on the optimization of quantum sensing protocols and nitrogen-vacancy centers.
[bookmark: OLE_LINK174][bookmark: OLE_LINK175]Feng Xu, PhD, is a postdoctoral researcher in the Department of Electrical and Electronic Engineering at The University of Hong Kong. His research interests are in quantum and biological sensing.
[bookmark: OLE_LINK198][bookmark: OLE_LINK199]Qiang Wei, PhD, is Professor in the College of Polymer Science and Engineering at Sichuan University. His research interests focus on polymer science, surface chemistry, and biomaterials engineering.
Weiping Wang, PhD, is Associate Professor in the Department of Pharmacology and Pharmacy at The University of Hong Kong. His research interests include drug delivery systems, pharmacology, and nanomedicine.
[bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK250]Yuan Lin, PhD, is Professor in the Department of Mechanical Engineering at The University of Hong Kong. His research interests focus on solid mechanics, biomechanics, and biophysics.
[bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK238][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK246][bookmark: OLE_LINK247]Zhiqin Chu, PhD, is Associate Professor in the Department of Electrical and Electronic Engineering and holds a Joint Appointment with the School of Biomedical Sciences at The University of Hong Kong. His research interests are in precision biosensing, biophysics, and diamond technologies.


[bookmark: OLE_LINK204][bookmark: OLE_LINK205]Scalable Fabrication of Clean Nanodiamonds via Salt-Assisted Air Oxidation: Implications for Sensing and Imaging 
[bookmark: OLE_LINK15]
Abstract
[bookmark: _Hlk58436093][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK51][bookmark: OLE_LINK52]	Nanodiamonds (NDs) have many potential applications, but their development is dependent on obtaining a well-defined surface through cleaning. Several purification methods, like the promising air oxidation together with centrifugation, have been developed to remove the surface adsorbed impurities on NDs. These stochastic impurities mainly consist of both ultra-small NDs and non-diamond structures (e.g., disordered carbons), which are unavoidably generated during the synthesis and processing of diamond materials. However, it is difficult to eliminate those unwanted parts using existing methods, which restrict the widespread usage of NDs. Here, we developed a simple, reliable and reproducible purification method, namely the salt-assisted air oxidation (SAAO) treatment, requiring only one additional pre-step, i.e., mixing NDs with a proper amount of salt crystals (e.g., sodium chloride) prior to conventional oxidation. The developed method enables scale-up manufacturing of clean NDs, with a rounded shape transformed from the original shard-like shape. Furthermore, we uncovered the exact role of salt crystals in eliminating impurities during oxidation. These findings will significantly enhance the scope of these little gemstones in diverse scientific and industrial fields, particularly in demanding areas such as biomedical and quantum sensing requiring stable and sound surface functionalities.

Keywords: nanodiamond, purification, salt-assisted, air oxidation, clean surface, rounded shape

1. Introduction
[bookmark: _Hlk56715013]Nanoscale diamond particles, generally known as nanodiamonds (NDs), have several outstanding material qualities, offering a wide range of potential for basic science and industrial applications.1-7 In particular, a number of optically addressable impurity defects, such as nitrogen-vacancy (NV) centers residing in the diamond lattice, have been deployed for next-generation quantum technologies due to their unique spin properties.2-10 Currently, there are mainly two methods for the large-scale fabrication of NDs: “bottom-up” detonation NDs11 and “top-down” high-pressure high-temperature (HPHT) NDs.12 It is well known that the raw ND powders (i.e., detonation or HPHT) contain a considerable amount of unwanted impurities (e.g., ultra-small (<10 nm) sized NDs, disordered carbons, metal, and metal oxides), which are naturally introduced during synthesis and processing.11-18 However, previous reports have demonstrated that the non-diamond phases present at the surface of NDs are detrimental to the properties of embedded quantum defects (e.g., NV centers).19-25 Therefore, the removal of those impurities becomes a critical step before the ultimate applications of the NDs. For example, the fluorescence lifetime and spin-coherence time (T2) of NV centers in NDs could be significantly improved by cleaning the surface quenchers (e.g., fluorescent graphitic carbon).22-25 This has proven to be quite beneficial for potential applications in photonics, quantum sensing, and imaging.26 Moreover, a sufficiently clean and uniform surface of NDs, desired for favorable Nano-Bio interactions, is a pre-requisite for potential biomedical applications in drug delivery, biolabeling, and biosensing.17, 18
At present, the most commonly used method of removing non-diamond carbons involves the oxidation of raw NDs in the presence of air at 400 – 600 °C for several hours.24, 27-31 The resultant oxygenated functional groups on the surface of the NDs have been shown to stabilize the NV charge states,32, 33 increase the colloidal stability in aqueous solution,33 and prolong the NV spin coherence times.23-25 Alternatively, wet chemical treatments (e.g., HNO3/H2SO4/HClO4) have also been adopted to remove both non-diamond carbons and metallic impurities in NDs.14 However, the use of these liquid-phase protocols is costly, and the employment of hazardous chemicals carries environmental risks.14 Despite the considerable effort devoted to overcoming these challenges, it is still difficult to obtain NDs with a well-defined surface, especially when examined at the individual particle level. 
In accordance with the well-established procedure for the liquid etching of bulk diamonds,34, 35 the NDs have already been intensively etched with molten potassium nitrate (KNO3),33, 36-38 i.e., heated at 500 – 600 °C for several minutes. This intensive etching treatment has been shown to produce NDs with a much cleaner surface and more rounded morphology than those treated with gas oxidation methods. The rounded NDs also exhibit improved optical properties and excellent colloidal stability.33, 38 However, this molten-salt process involves complicated procedures, requires professional protective equipment, and these disadvantages have so far prevented its general adoption.33-35 Thus, there is a pressing need for the development of a more convenient method for producing NDs of similar quality.
In this paper, we describe a salt-assisted air oxidation (SAAO) method recently developed by our team, which achieves all of these aims. Our inspiration for this method came from the cooking procedure used in the preparation of a well-loved Chinese snack, fried chestnuts with stones. The role of the salt crystals added in NDs powder is closely analogous to that of the stones added in the Chinese snack, and ensures that the NDs (the “chestnuts”) are evenly and thoroughly etched by SSAO. Our method rounds the original shard-like shape of the NDs with clean surface, and can be scaled up to permit their manufacture in large quantities. We also investigated the underlying mechanism of the SSAO process, i.e., the “salt-assisted etching atmosphere” would easily etch away non-diamond impurities and significantly accelerate the oxidation of NDs as well. This important breakthrough will speed the development of practical applications for NDs, such as labelling, imaging, sensing, and drug delivery.

2. Experimental section
2.1. Conventional air oxidation of NDs 
[bookmark: _Hlk57110660][bookmark: OLE_LINK16]NDs with a mean particle size of 200 nm (HPHT, PolyQolor, China) were used as the starting material. Typically, 0.5 g NDs were heated at 500 °C for 5 h in air. 100 mg of the resultant sample was directly dispersed in 1 mL deionized (DI) water for further characterizations. For the cleaning process, 100 mg of the resultant sample was dispersed in 1 mL DI water and sonicated for 1 h, and the NDs were then purified with DI water three times by centrifugation (11000 rcf, 10 min). And the purified NDs were re-dispersed in 1 mL DI water and sonicated for 10 min to obtain well-dispersed NDs suspension for further study. To study their surface stability, the well-washed NDs suspension was left undisturbed for 50 days, and then processed for TEM imaging. 

[bookmark: OLE_LINK35][bookmark: OLE_LINK36]2.2. Salt-assisted air oxidation (SAAO) of NDs
[bookmark: OLE_LINK41][bookmark: OLE_LINK42]The same with the conventional approach, HPHT NDs with a mean particle size of 200 nm were used as the starting material. Typically, 0.5 g NDs were mixed with 2.5 g Sodium Chloride (NaCl, 99.5 %, Sigma-Aldrich), and they were heated at 500 °C for 5 h in air. And 600 mg of the resultant sample was dispersed in 1 mL deionized (DI) water and sonicated for 1 h, and the NDs were then purified with DI water three times by centrifugation (1st: 1000 rcf, 5 min; 2nd: 3000 rcf, 5 min; 3rd: 8000 rcf, 10 min). And the purified NDs were re-dispersed in DI water and sonicated for 10 min to obtain well-dispersed NDs suspension for further study. 

[bookmark: OLE_LINK37][bookmark: OLE_LINK38]2.3. Study of ensemble NDs
[bookmark: _Hlk57108745]To investigate the observed impurities in conventional air-oxidized NDs at ensemble particles level, 100 mg of the particles (i.e., raw NDs, conventional 2 h and 5 h air-oxidized NDs) were firstly dispersed in 1 mL DI water, and the suspensions were left undisturbed for 7 days. At the end of the experiment, most of the NDs were settled down to form precipitation as expected, while the upper solutions looked almost transparent. To confirm the content inside, a drop of the upper solutions was carefully taken out and processed for electron microscopy characterizations.

2.4. Study of single ND
Prior to the single particle study, the NDs were salt-assisted air-oxidized at 500 °C for 1 h and sonicated for 1 h to obtain well-dispersed NDs suspension. After sonication, the NDs were purified with DI water three times by centrifugation, and the purified NDs were re-dispersed in DI water, which were further deposited onto a PELCO Silicon Nitride (Si3N4) film coated TEM grid (with high-temperature resistance, up to 1000 °C) for the single ND air oxidation study. One chosen ND was first viewed and located by TEM (Step 1). After that, the Si3N4 TEM grid carrying the selected ND was carefully transferred to a furnace for air oxidation at 500 °C for 1 h, and then moved back for TEM observation again (Step 2). Such process (i.e., sample air oxidized at 500 °C for 1 h and viewed by TEM) was repeated 3 times (from Step 3 to Step 5). For the last step (Step 6), the oxidative duration was prolonged to 2 h.
 
2.5. The universality of the developed SAAO method 
[bookmark: OLE_LINK43][bookmark: OLE_LINK44]The developed SAAO method was not limited to 200 nm NDs or NaCl only, clean and rounded NDs of ~50 nm could also be achieved by potassium chloride (KCl, 99.5 %, Sigma-Aldrich) assisted air oxidation at 500 °C for 2 h (Supporting Information, Figure S8). Typically, 0.5 g NDs (HPHT, PolyQolor, China) with a mean particle size of 50 nm were mixed with 2.5 g KCl, and they were heated at 500 °C for 2 h in air. 

2.6. Characterizations
The morphology of NDs was analyzed using transmission electron microscopy (TEM, Tecnai G2 20 S-TWIN, FEI; CM100, Philips), scanning electron microscopy (SEM, S-4800, Hitachi), and atomic force microscopy (AFM, NanoWizard 4, JPK BioAFM, Bruker). The element compositions of the sample were analyzed by the energy-dispersive X-ray spectroscopy (EDX) equipped on the Hitachi S-4800. The dynamic light scattering (DLS) size distribution and zeta potential of NDs were recorded with a Malvern Zetasizer (Malvern Instruments Ltd.). The crystallinity of NDs was analyzed using X-ray Powder Diffraction (XRD, D8 Advance, Bruker). The NDs surface chemistry was analyzed through Fourier transform infrared (FTIR) spectroscopy (Nicolet FTIR, Thermo Scientific), and X-ray photoelectron spectroscopy (XPS, K-Alpha XPS, Thermo Scientific). The thermogravimetric analysis and differential scanning calorimetry (TGA-DSC, Q600 SDT, TA Instruments) measurements were conducted to study the mechanism of the SAAO method.

3. Results and discussions:
[bookmark: _Hlk52816171]3.1. Unremoved impurities associated with conventional air oxidation 
[bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: _Hlk56708129][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK1]To evaluate the performance of the conventional air oxidation approach (Scheme 1a), the raw NDs powder was directly heated alone in a furnace at 500 °C for 5 h in air. The resultant sample was dispersed in deionized (DI) water for further characterizations. As indicated by the electron microscopy images (Figure 1a, b), the air-oxidized NDs were normally found to be covered by a large quantity of small-sized (< 50 nm) nanoparticles (indicated by yellow arrows in Figure 1b). In fact, the observed phenomenon was almost the same as that in the untreated sample (Figure S1a, b). Our observations confirmed that it was impossible to obtain NDs with a well-defined surface using the conventional air oxidation treatment. Next, 3 rounds of washing procedure (with high-speed centrifugation, 11000 rcf, 10 min) were tried to clear these unwanted impurities, but there was almost no improvement after the cleaning treatment (Figure S1d, e). Even the harsh tri-acid washing method cannot help, as evidenced by the commonly observed small-sized nanoparticles associated with commercial NDs that are known to have already been tri-acid washed (Figure S1g, h). Due to their ultra-small size and high surface energy,39 these small-sized nanoparticles showed a high binding affinity to the surface of the NDs. This strong binding affinity might be attributable to their ionic interactions, van der Waals interactions and hydrogen bonding, which is similar to the reported strong affinities of oxygen-terminated NDs toward various proteins.40, 41 Thus, these small-sized nanoparticles (impurities) were hard to remove using common separation methods (Figure S1d-h). 
[bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: _Hlk78471424]Surprisingly, we noticed that there seemed to be some newly generated portions (< 50 nm) after the conventional air oxidation treatment, as indicated by the significantly broadened DLS spectrum of the resultant NDs powder directly dispersed in water (red line in comparison with the black line in Figure 1e). One hypothesis for these observed impurities is that the ultra-small-sized NDs were formed by the milling process,12, 13 which is a necessary step in the production of HPHT NDs. These portions could also be attributed to the desorption of the ultra-small-sized NDs from the “bigger” ones after oxidation, as their mutual interactions might have been weakened through the high-temperature treatment. Therefore, some of those desorbed nanoparticles might fall off when dispersing the oxidized NDs in water for DLS measurement (Figure 1e), which induced the broadened DLS spectrum and a reduction in the measured average size (from ~200 nm to ~120 nm). Another possibility might be that these impurities were newly emerging materials rather than NDs. Our detailed investigation of the observed newly generated impurities will be discussed in a later section. The existence of unremoved impurities significantly limits the potential usefulness of NDs, affecting their morphology, binding capacity, and optical properties (e.g., charge states, fluorescence lifetime).22-25 Furthermore, the uncertainty of the nonspecific interactions between those impurities and NDs means that the host particles have a time-varying surface (Figure S1i) which inhibits their use in many potential applications. 
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Scheme 1. Schematic illustration of the (a) conventional air oxidation and (b) SAAO processes. 

[image: ]
Figure 1. (a) SEM and (b) TEM images of the conventional air-oxidized (500 °C, 5h) NDs. The small-sized nanoparticles on the surface of the NDs are indicated by yellow arrows in the TEM image. (c) SEM and (d) TEM images of the SAAO (500 °C, 5h) NDs. (e) DLS size distribution of the raw, conventional air-oxidized and SAAO NDs.

3.2. Clean and rounded NDs by SAAO method
[bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK152][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]We suspected that the failure to remove the adsorbed impurities on the surface of NDs was due partly to the close packing of ND powder, and partly to deficiencies (e.g., incomplete or spontaneous oxidation) in the oxidation process. To overcome this, we proposed the so-called SAAO method, i.e., mixing NDs with salt crystals (i.e., NaCl or KCl) before the thermal treatment. In a typical experiment, the raw ND powder was mixed well with NaCl crystals with a mass ratio of 1:5, and the mixture was then routinely processed (heated at 500 °C in a furnace for 5 h in air), as depicted in Scheme 1b. After the SAAO treatment, the representative SEM (Figure 1c) and bright-field TEM (Figure 1d) images of the resultant NDs clearly showed a homogeneous distribution of resultant NDs containing a clear boundary and clean surface which is rarely, if ever, found in NDs oxidized in the conventional way (Figure 1b). The DLS result (Figure 1e) also showed that the size distribution of the NDs had shifted by tens of nm, involving a considerable reduction in the average size of the resultant NDs (from ~200 nm to ~170 nm), and this observation was consistent with the results of electron microscopy images. Significantly, the NDs also lost their original shard-like shape and became rounded (Figure S2 shows the quantitative results). 
[bookmark: OLE_LINK11]To further evaluate the performance of this novel method, we carefully characterized the detailed morphology features of individual NDs using a TEM-AFM correlated microscopy imaging technique (Figure 2). A randomly chosen ND, either SAAO treated or raw, was first viewed and located by TEM, and subsequently measured by AFM. As shown in Figure 2b, the randomly picked line profile indicated a smooth surface of the chosen particle treated by our SAAO method, and this was consistent with the reconstructed three-dimensional (3D) AFM image. By comparison, the raw ND particle showed a rough surface associated with unavoidably adsorbed small-sized nanoparticles, as evidenced by the line profile and reconstructed 3D AFM image (Figure 2a). The implications of this breakthrough are considerable, i.e., unlike the use of highly oxidized molten nitrates (KNO3), we used the solid-state, non-oxidizing alkali chlorides (e.g., NaCl and KCl) on NDs oxidation, but achieved the same shape evolution (rounding effect), smoother and cleaner surface of NDs. The improved optical properties, reduced surface spin noise, improved surface roughness, reduced friction in-between particles and reduced anisotropy present in our SAAO NDs enable them to be used in a wide range of different applications, including photonics, quantum sensing, and imaging.22-25 At the same time, the surface chemistry of the SAAO NDs was identical with the conventional air-oxidized NDs (see the FTIR and XPS results in Figure S3). 
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[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK12][bookmark: OLE_LINK5][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Figure 2. TEM-AFM correlated characterizations. (a) raw and (b) SAAO ND. Panel (a), from left to right, shows a TEM image of a raw ND, an AFM topographic image of the same ND, the height profile as indicated by the red line in the topographic image, and a reconstructed 3D AFM image of the same ND. Panel (b), from left to right, shows a TEM image of a SAAO ND, an AFM topographic image of the same ND, the height profile as indicated by the blue line in the topographic image, and a reconstructed 3D AFM image of the same ND.

To find the optimized condition for the SAAO method, we compared it with the conventional method at different temperatures and durations. As summarized in Table S3, starting from 2 h (500 °C), the SAAO method would get clean and rounded NDs with a yield (i.e., the weight ratio of NDs after/before oxidation) of ~77 %. On the other hand, the yield of the conventional air-oxidized NDs was reduced gradually from ~96 % to ~77 % when the oxidation time increased from 1 h to 20 h, and small-sized nanoparticles adsorbed on NDs surface remained unchanged until the oxidation time reached 20 h. From the SEM image (Figure S4), only a few small-sized nanoparticles were still adsorbed on the surface (indicated by red circles) for the 20 h conventional air-oxidized NDs, however, the shard-like shape was remained unchanged (i.e., no rounding effect), which was different from the 2 h SAAO NDs even though they had the similar yield (~77 %). At the same time, 400 °C (2 h) could hardly oxidize NDs, while 600 °C (2 h) was too strong to control (with extremely low yields, ~6 % for the conventional method, and ~0 % for the SAAO method, respectively). Therefore, 500 °C, 2 h of SAAO might be the ideal condition for the treatment of the NDs with a clean surface and a relatively high yield. As for the most frequently discussed condition (i.e., 500 °C, 5 h), the yield of the SAAO method (~20 %) was greatly lower than that of the conventional method (~90 %), indicating that the presence of NaCl would accelerate the oxidation process of NDs (the underlying mechanisms will be discussed in the last section of the paper).

3.3. The newly generated “impurities” during conventional oxidation
As indicated from the abovementioned results (Figure 1e), a significant portion of nanoparticles (< 50 nm) was found in NDs just after conventional air oxidation. In contrast, this was not the case in our SAAO sample at all. To identify the origin of those newly generated “impurities”, we carefully separated them from the main portion of the sample (“bigger” NDs with a size of ~ 200 nm) by putting them undisturbed in DI water for 7 days (see illustrations in Figure 3a). Next, we observed a large quantity of small-sized nanoparticles, with distinct size and morphology compared with “bigger” NDs (Figure 3b), in the supernatant. Furthermore, we confirmed the majority of these small-sized nanoparticles were amorphous materials, as indicated by the TEM diffraction patterns (see insert in Figure 3c). And the corresponding elemental analysis (EDX spectra in Figure S5) showed the observed small-sized nanoparticles were mainly consisting of carbon. By comparison, only NDs (a few nm to ~200 nm) were observed in the supernatant of the aqueous dispersion of raw NDs after similar separation (Figure S6a), indicating the non-diamond impurities (amorphous carbon nanoparticles) should be generated during the conventional air oxidation process. 
On the other hand, we performed a time-dependent oxidation study (Figure 3d) on pre-cleaned single ND (randomly chosen) directly on the TEM grid (details could be found in the Experimental Section). To rule out the possible influence of originally involved non-diamond impurities which were occasionally found in uncleaned raw NDs (Figure S1c), we chose the pre-cleaned NDs (with high-level cleanliness) as the starting material. As shown in Figure 3e (TEM image of one typical ND before the time-dependent oxidation study), nothing was found either on the surface or in the vicinity of this chosen particle. Gradually, some ultrasmall dots (~2 nm) emerged either near or on the ND (indicated by blue circles and red arrow in Figure 3f) after several rounds of oxidation which were designed to accumulate the quantity of those generated impurities. As a result, we attributed the observed small dots (judged by their morphology and TEM contrast) to amorphous carbon nanoparticles generated during the process of oxidation. In fact, the generation of amorphous carbon species has been well known when the carbon-related materials (e.g., NDs) are undergoing thermal treatments.42-45  

[image: ]
[bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK47][bookmark: OLE_LINK48]Figure 3. The origin of the observed newly generated impurities during oxidation. (a) Schematic illustration of the collection process of impurities in conventional air-oxidized NDs. (b) SEM image of the content in the upper solution. (c) TEM image of the non-diamond particles. The inset of (c) is the SAED pattern of the same clusters. (d) Schematic illustration of the process of the air oxidation study of single ND. Pre-cleaned NDs were first deposited onto Si3N4 film supported TEM grid, and one chosen ND was viewed and located by TEM (Step 1). The sample was then air oxidized at 500 °C for 5 times (Step 2, 3, 4 and 5: 1 h; Step 6: 2 h) and viewed again under TEM after each time. The TEM images of the chosen ND after Steps 1 and 6 are shown in (e) and (f), respectively. In (f), some amorphous carbon nanoparticles are circled in blue and indicated by red arrow.

3.4. The mechanism of the SAAO method 
[bookmark: _Hlk74666282][bookmark: _Hlk74667146]To investigate the underlying mechanisms of the developed SAAO method, we first checked the mixtures of NDs and NaCl (after oxidation) to see if the cleanliness of NDs on salt particles were changed directly without any further clean processes (e.g., washing and centrifugation). As shown in Figure 4a, the adsorbed NDs, on the surface of salt particles (size in a few hundred µm), were already found to be clean without any apparent small-sized nanoparticles adsorbed. And the modality of NDs (a thin “layered” film) on the salt surface was quite different from that involved in the conventional oxidation process (highly aggregated powder form). Therefore, considering the difference of NDs’ modality during oxidation, we first hypothesized that the salt particles might be served as thermal managing agents among particles like spacers, leading to a more even and rapid etching of the NDs. To verify this, we performed an air oxidation experiment (Figure S9) that NDs were coated on the non-salt substrate (i.e., Si wafer) mimicking the salt surface. Unfortunately, nothing happened to the NDs on Si wafer after air oxidized at 500 °C for 5 h. This indicated the formation of “layered” NDs film could not be the actual mechanism for the SAAO method. 
[bookmark: _Hlk78915629][bookmark: _Hlk74687221]	The above results reminded us that the NaCl might also be involved in the oxidation process of NDs, not just acting like spacers. Inspired by the well-known fact that the chloride salts (e.g., NaCl and KCl) could extensively corrode metals or alloys at the temperature of 400 ‒ 700 °C due to the generated highly corrosive gases,46-51 we further thought that the “etching atmosphere” generated by NaCl at high temperature (Figure 4b) would also significantly improve the etching rate of NDs (e.g., etching away the adsorbed small-sized nanoparticles and rounding NDs). To verify this hypothesis, we performed the TGA-DSC measurements (Figure 4c-e), which are used as a golden standard used to check the potential chemical reactions among solid substances. The measurements were conducted under the same conditions which were adopted to oxidize NDs as indicated in the Experimental Section, e.g., heated from room temperature (RT) to 500 °C with a heating rate of 5 °C/min and kept at 500 °C for 5 h in the air (indicated by the red lines in Figure 4c-e). The differences between the mixture of NDs and NaCl (Figure 4c) and NDs alone (Figure 4d) were clearly observed during the heat preservation period (5 h at 500 °C). The weight of NDs + NaCl decreased rapidly from 100 min to 250 min (i.e., the first 150 min after the temperature reached 500 °C), and it decreased slowly subsequently due to most of the NDs had already been oxidized (the weight of NaCl was assumed unchanged, obtained from Figure 4e), indicating that NaCl accelerated the oxidation process of NDs. At the same time, a peak at ~130 min (i.e., around 30 min after the temperature reached 500 °C, indicated by the dashed circle) was only observed in the mixture (NDs + NaCl) sample’s DSC curve, indicating that certain chemical reactions indeed happened there. On the other hand, the oxidation of pure NDs was a rather mild process, the weight loss gradually reached 37.40 % after the 5 h oxidation. The results above demonstrated that NaCl would accelerate the oxidation process of NDs under the help of the “salt-assisted etching atmosphere” generated at high temperature, leading to the etching of both diamond and non-diamond carbons, other impurities like metals, etc.51
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[bookmark: OLE_LINK19]Figure 4. The mechanism of the SAAO method. (a) SEM images of the NDs and NaCl mixtures (NDs + NaCl) after oxidation without any further cleaning processes. (b) Schematic illustration of the “salt-assisted etching atmosphere” generated during high-temperature air oxidation. The TGA-DSC curves of (c) NDs + NaCl, (d) NDs, and (e) NaCl, all of which were recorded under the same conditions, i.e., heated from room temperature (RT) to 500 °C with a heating rate of 5 °C/min and kept at 500 °C for 5 h.

4. Conclusions
[bookmark: OLE_LINK20][bookmark: OLE_LINK23]We here report a simple and efficient method, recently developed by our team, for purifying NDs by SAAO. Our method allows the production of clean and rounded NDs. The impurity particles adsorbed on NDs were found to be etched by “etching atmosphere” introduced by NaCl at high temperature. These findings represent a significant scientific breakthrough together with a high commercial value. The ability to produce clean NDs simply and cost-effectively will remove many of the obstacles for using NDs in practical applications, especially those requiring high quality materials.
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