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Abstract

:

Hydrogenated detonation nanodiamonds are of great interest for emerging applications in areas from biology and medicine to lubrication. Here, we compare the two main hydrogenation techniques—annealing in hydrogen and plasma-assisted hydrogenation—for the creation of detonation nanodiamonds with a hydrogen terminated surface from the same starting material. Synchrotron-based soft X-ray spectroscopy, infrared absorption spectroscopy, and electron energy loss spectroscopy were employed to quantify diamond and non-diamond carbon contents and determine the surface chemistries of all samples. Dynamic light scattering was used to study the particles’ colloidal properties in water. For the first time, steady-state and time-resolved fluorescence spectroscopy analysis at temperatures from room temperature down to 10 K was performed to investigate the particles’ fluorescence properties. Our results show that both hydrogenation techniques produce hydrogenated detonation nanodiamonds with overall similar physico-chemical and fluorescence properties.
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1. Introduction


Detonation nanodiamonds (DNDs) have attracted great attention in the scientific and industrial communities in the past decade [1,2]. Today, DNDs are already evaluated in applications from composite materials in dental implants [3] and drug delivery applications [4] to diamond growth [5] and lubrication [6]. At the same time, many questions about their exact nanoscale composition, crystal structure, and surface properties remain unanswered, necessitating continued efforts in the detailed material characterization of DNDs.



The hydrogenation of diamond is of great interest, as it imparts a p-type surface conductivity to bulk diamond samples [7] and also increases the electrical conductivity of detonation nanodiamonds [8]. Hydrogenated detonation nanodiamonds in particular have attracted interest for their unusual interactions with water molecules [9], the creation of free radicals in water [10,11], use as radiosensitizers [12] and their fluorescence properties [13].



The two main routes towards the hydrogenation of DNDs are based on high-temperature annealing in molecular hydrogen gas [8,14] and plasma-assisted modification [15]. Both make use of the high reactivity of hydrogen with carbon atoms on the diamond surface, but processing times, temperatures, experimental setup, and atmosphere differ significantly [16].



DNDs with various surface chemistries and different sizes show fluorescence [13,17,18,19], most of which appears to originate from non-diamond carbon rather than the diamond particle core [13], the latter being preferred for use in bioimaging applications for its better photostability [20]. However, it is known that DNDs can host fluorescent diamond lattice defects such as the nitrogen-vacancy (NV) center [21,22,23]. Our previous work has shown that among DNDs with several different surface modifications, hydrogenated DNDs overall exhibited spectral fluorescence properties that most closely resemble NV fluorescence [13], prompting further research to investigate the origin of this fluorescence.



Here, we fabricate hydrogenated DNDs via two different techniques using the same air oxidized DND starting material [24], as illustrated in Figure 1, and investigate their physico-chemical properties. Our two main aims were: (1) To identify potential differences in DND properties caused by the different processing techniques—including the degree of surface hydrogenation. (2) To identify whether the hydrogenated DND fluorescence mainly originates from non-diamond carbon or from fluorescent defects in the diamond lattice. We performed detailed material characterization using transmission electron microscopy-based electron energy loss spectroscopy (STEM-EELS), near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, X-ray photoelectron emission spectroscopy (XPS), and Fourier-transform infrared (FTIR) absorption spectroscopy to determine the type and quantity of carbon bonds present in particles and the surface chemistry of both the starting material and the hydrogenated DND samples. We used dynamic light scattering (DLS) to assess the particles’ colloidal properties and also performed fluorescence imaging and spectroscopy between room temperature and 10 K to investigate their fluorescence properties. Optical measurements at cryogenic temperatures are important, since they often allow for the clear identification of narrow spectral fluorescence features from defects inside the diamond lattice known as zero-phonon lines [25,26].




2. Materials and Methods


2.1. Sample Preparation


Detonation nanodiamonds (UD90, NanoBlox Inc., Boca Raton, FL, USA) were hydrogenated via annealing in hydrogen gas and through a microwave-assisted plasma treatment. Air oxidized (425     ∘  C  , 120 min) particles [24] were used as a starting material for both processes.



Hydrogenation via annealing was performed by heating 250 mg of the air oxidized DND powder in a high purity alumina (100 mm × 3 mm × 18 mm) combustion boat with a continued 50 sccm flow of hydrogen gas in an alumina tube furnace (GSL-1800X-KS60 MTI corporation, Richmond, CA, USA) at 4     ∘  C / min    − 1     heating rate from room temperature up to 800     ∘  C   followed by 60 min at 800     ∘  C   in the flow of hydrogen. The tube was then cooled down to ≈50     ∘  C   at a rate of 4     ∘  C / min    − 1     under continued hydrogen flow prior to opening it and extracting the resulting DND-H Anneal material [8]. Typical yield of hydrogenated DND in these experiments was 69% (173 mg).



Plasma-assisted hydrogenation was carried out using a home-made CVD reactor [15]. Briefly, DNDs deposited in quartz tube were exposed to a H   2   microwave plasma with a gas pressure of 12 mbar, a gas flow of 10 sccm, and a microwave power of 200 W for 100 min.



Throughout the manuscript, samples will be referred to as DND Oxidized (starting material), DND-H Anneal (annealed in hydrogen atmosphere), and DND-H Plasma (plasma-assisted hydrogenation).




2.2. Material Characterization


Fourier-transform infrared (FTIR) spectroscopy was carried out on functionalized particle powders using a PerkinElmer Frontier NIR spectrometer with a diamond crystal attenuated total reflectance (ATR) attachment. All other characterization experiments were performed on particles suspended in deionized (DI) water or on particles deposited on different substrates from aqueous suspension as described in the following.



Nanoparticles were suspended in DI water (1 mg mL    − 1   ) and sonicated for 1 h (66% duty cycle) in an ice bath with a horn sonicator (125 W ultrasound power). The resulting nanoparticle suspensions were centrifuged (1000× g, 5 min) to remove larger aggregates. The supernatant was used for further experiments and the nanoparticle concentration of every samples was estimated to be ≈0.4 mg mL    − 1    gravimetrically.



Scanning transmission electron microscopy (STEM) images and electron energy loss spectroscopy (EELS) data were acquired from dried nanoparticle suspensions (10   μ L  ) drop-cast onto silicon nitride TEM grids (SN100-A10Q33, SIMPore Inc., West Henrietta, NY, USA) using a JEOL 2100F operating at 80 keV electron accelerating voltage.



X-ray photoelectron spectroscopy (XPS) data, collected with a photon energy of 850 eV, and near-edge X-ray absorption fine structure (NEXAFS) spectra between 270 and 320 eV, were obtained at the Australian Synchrotron, ANSTO on the soft X-ray beamline [27]. Nanoparticle suspensions were drop-cast onto commercially available Au-coated silicon wafers (646687, Sigma-Aldrich, St. Louis, MO, USA). XPS spectra were corrected for sample charging during data acquisition with the use of a flood-gun and by later setting the C1s bulk line to 284.5 eV. Surface-sensitive NEXAFS spectra were acquired at an X-ray incidence angle of 55° using partial electron yield (PEY) mode, with 243 eV retarding voltage. The recorded signal was normalized by the “stable monitor method” [28], with intensity further normalized by setting the pre-edge intensity to 0 and the post edge to 1. NEXAFS data were energy calibrated using a highly-oriented pyrolytic graphite (HOPG) reference and analyzed with QANT [29]. See SI for more details on XPS and NEXAFS data analysis.



Dynamic light scattering (DLS) data were obtained with a Malvern ZetaSizer Nano ZS using backscatter geometry. Size distributions and  ζ -potential distributions represent averages over 5 and 10 consecutive measurements respectively.




2.3. Optical Characterization


In-solution fluorescence spectroscopy was conducted using a custom-built setup (see SI Figure S8 for details). Briefly, nanoparticle suspensions were excited in a cuvette (Type 18FL Micro, FireflySci, Staten Island, NY, USA) using weakly focused laser excitation (WhiteLaseSC 400, Fianium/NKT, UK). The excitation light was removed using optical long-pass filters (OD4, Edmund Optics, Barrington, NJ, USA) and the fluorescence signal analysed using a spectrometer (SpectraPro, Princeton Instruments, Trenton, NJ, USA) fitted with a CCD camera (PIXIS, Princeton Instruments, Trenton, NJ, USA). Pure DI water and silica nanoparticles suspended in DI water were used as a reference to remove the water Raman signal and potential scattering artefacts, respectively.



Fluorescence microscopy and spectroscopy experiments were conducted using a custom-built confocal fluorescence setup described in more detail elsewhere [30]. Briefly, a picosecond pulsed white light laser (WhiteLase SC400-8, Fianium/NKT Photonics, UK) operating at 532 nm, 5 MHz repetition rate, and 50   μ W   total beam power was used for excitation using a 532 nm laser line filter (Semrock, West Henrietta, NY, USA) and a 100× air objective with numerical aperture (NA) 0.9. The fluorescence signal was separated from the excitation beam using 532 nm dichroic and notch optical filters (both Semrock, USA). Avalanche photodiode detectors (SPCM-AQRH-14, Excelitas Technologies, Fremont, CA, USA) were employed for fluorescence detection and images were acquired using a piezo scanning stage (PInanoXYZ, PhysikInstrumente, Karlsruhe, Germany). A spectrometer (SpectraPro with a PIXIS CCD camera, Princeton Instruments, Trenton, NJ, USA) was used to obtain fluorescence spectra at selected locations in the image. A correlator card (TimeHarp 260, Picoquant, Berlin, Germany) was used to obtain time-resolved direct fluorescence decay traces. Cryogenic measurements were carried out in a liquid helium cryostat (Cryostation, Montana Instruments, Bozeman, MT, USA) using the setup described above, but using continuous wave 532 nm excitation (100   μ W  ) and a 50× air objective (NA 0.65). Nanoparticle suspensions (20   μ L  ) were drop-cast onto silicon wafer substrates and dried on a hot plate (100     ∘  C  ) in ambient air. Commercially available, ≈100 nm sized HPHT fluorescent nanodiamonds (Adamas Nanotechnologies, Raleigh, NC, USA) were used as a reference material.





3. Results


3.1. Physico-Chemical Properties


3.1.1. STEM-EELS


Air oxidized DNDs were used as starting material and hydrogenated using two different processing routes, as illustrated in Figure 1. The first approach was based on high-temperature annealing in a pure hydrogen atmosphere (DND-H Anneal) [8], while the second approach was a plasma-assisted technique (DND-H Plasma) [15] (see Methods section for details). While the DND Oxidized starting material is known to contain less than 5% non-diamond carbon [24], both hydrogenation techniques can lead to graphitization of the particles due to elevated temperatures of the processes. To identify differences in the degree of graphitization for the two hydrogenation techniques, we performed STEM and EELS experiments at 80 keV accelerating voltage (using low acceleration voltage is important to minimize electron beam induced in situ graphitization of DND particles). STEM images of DND-H Anneal and DND-H Plasma samples are presented in Figure 2A,B, respectively. Both images show primary particles below 10 nm in diameter, all of which are part of larger aggregates of particles. Figure 2C,D show EELS maps for the regions in panels A and B. An EELS spectrum was acquired at each pixel, and the  π * and  σ  features were used to determine the sp   2  /sp   3   ratio which is represented as a map of the percentage of sp   2  -hybridized carbon content (see SI for details).



We observed significant local variations in the sp   2   content from <10% to >90%. Regions with low amounts of sp   2  -hybridized carbon below 20%, and hence relatively pure sp   3  -hybridized diamond, tended to be in the center of particles and particle aggregates. Conversely, the highest sp   2  -hybridized carbon signals above 90% were predominantly found along the edges of the agglomerates. This is consistent with the current understanding of the DND graphitization process, which occurs from the surface towards the center of the particle [31]. This significant difference in local carbon bonding characteristics also shows that the determination of a global average sp   2   and sp   3   values can be problematic. Nonetheless, the average sp   2  -hybridised carbon content for DND-H Anneal and DND-H Plasma were determined to be 39 ± 19% and 32 ± 17% respectively, where the error represents the standard deviation between individual pixels on the maps and quantifies the local variation in material properties visually evident in Figure 2C,D. Based on these results, we did not find a significant difference between the degree of graphitization induced by the two different functionalization techniques.




3.1.2. NEXAFS, XPS, and FTIR


To investigate the surface chemistries and compositions of the DND samples in more detail, NEXAFS, XPS, and FTIR experiments were conducted, and the results are summarized in Figure 3. It is noteworthy that these measurements were performed on ensembles of particles. NEXAFS spectra (Figure 3A) show that the characteristic 2   nd   diamond band gap at 302.4 eV is present in all materials, indicating that a large fraction of the carbon atoms in the particles are indeed in the form of diamond [32,33]. The PEY NEXAFS data shown here originate mainly from the particle surface to a depth of ≈1–2 nm [34,35], suggesting that the starting material (DND Oxidized) as well as the two hydrogenated samples show strong diamond signatures close to the particles’ surface. The pre-edge feature at 285.0 eV (Figure 3B) is attributed to  π – π * transitions in sp   2  -hybridized carbon [36] and is noticeably larger in the hydrogenated materials. This is an indication that both hydrogenation techniques resulted in partial graphitization of the ND surface—in agreement with the STEM-EELS results discussed above (Figure 2).



To quantify the extent of graphitization, we estimated the sp   2  /sp   3   carbon ratio by integrating the area under the curves in Figure 3A between 283.0–285.5 eV ( π *) and 298.0–320.0 eV ( σ ) for each DND sample and the HOPG reference (see SI for details) [37]. We found that DND Oxidized has sp   2   carbon content of ≈4%, in good agreement with previous reports [13,24]. The amount of sp   2   carbon increases to ≈19% in both DND-H Anneal and DND-H Plasma, which is in qualitative agreement with the average results obtained from EELS experiments (Figure 2).



We detected the emergence of a small peak at 282.3 eV which did not exist in the oxidized starting material and appeared in both hydrogenated samples. This feature has previously been attributed to dangling bonds in partially hydrogenated nanodiamonds prepared under ultra-high vacuum [38]. Assuming this assignment is correct, it is worth noting that in the case of the hydrogenated DND samples studied here, the dangling bonds appear to be stable even after exposure to ambient atmospheric conditions. Regardless, the location and formation mechanism of the dangling bonds in our samples remain poorly understood.



All three materials show different features in the so-called “pre-edge region” between 286 and 288 eV. Surface chemistry-specific absorption features attributed to C=O bonds at 286.5 eV [39,40] and C–H bonds at ≈287.3 eV [41,42] are present in this region. Both hydrogenated samples show an increase in C–H resonance compared to the oxidized starting material, indicating successful surface modification by both techniques. However, this effect appears to be more pronounced for DND-H Anneal, which shows a slightly stronger C–H bond signal compared to DND-H Plasma. DND-H Plasma also has a more pronounced C=O resonance, suggesting that more oxygen containing functional groups remain on this sample. However, due to the close spectral proximity of the C=O and C–H features [34], the differences are rather qualitative.



XPS spectra for all materials are shown in Figure 3C. All samples exhibit the characteristic C1s peak at 284.5 eV and varying levels of O1s at 531.0 eV [43]. The atomic concentration of oxygen decreases from 22 at% pre-hydrogenation to 2 at% (DND-H Anneal) and 6 at% (DND-H Plasma) post-hydrogenation. Once again this shows successful partial removal of oxygen in both materials. In agreement with the NEXAFS results, DND-H Anneal appears to contain less oxygen than the DND-H Plasma sample. However, at least part of this oxygen could be associated with water molecules adsorbed on the DND surface and is not necessarily chemically bound to the surface [9,44,45].



All samples show a small N1s peak at 398.1 eV, indicating the presence of ≈1–2 at% nitrogen in all samples. This consistency suggests that the nitrogen is embedded in the core of the DND particles, rather than being in the form of surface functional groups. This is feasible since DND particles are known to incorporate nitrogen on the order of 1 at% due to detonation synthesis from nitrogen-containing explosives [46,47,48].



FTIR spectra (Figure 3D) also qualitatively suggest the successful hydrogenation of both DND-H Anneal and DND-H Plasma samples: the C=O peak at 1750 cm    − 1    disappears in both hydrogenated samples, while two CH   x   stretch peaks appear at 2875 cm    − 1    & 2930 cm    − 1   , which are characteristic of hydrogen termination [8,49,50]. Both O–H bending and stretching modes at 1630 cm    − 1    and 3400 cm    − 1    may indicate incomplete surface modification or be caused by adsorbed water molecules on the surface of the DNDs [9,44,45]. Another change due to hydrogenation is the appearance of a broad shoulder at ≈1550 cm    − 1    which is typically associated with C=C stretching [44,51,52].





3.2. Colloidal Properties


The hydrogenated DND particles were dispersed in DI water to study their colloidal and optical properties in suspension. Briefly, DND powder was suspended in DI water, sonicated for 1 h (125 W, 66% duty cycle), centrifuged (1000×g, 5 min), and the supernatant used for experiments. The resulting particle concentration was estimated to be ≈0.4 mg mL    − 1    for both DND-H Anneal and DND-H Plasma (see Methods section for details).



Dynamic light scattering (DLS) was used to investigate the size and  ζ -potential of DND aggregates in suspension. Both DND-H Anneal and DND-H Plasma showed a polydisperse size distribution with particle diameters from ≈20 nm to well above 100 nm (see SI Figure S6 for size distributions). Smaller aggregates contribute more to the overall size distribution in the DND-H Anneal sample compared to the DND-H Plasma sample. The DND-H Anneal sample exhibited a very high  ζ -potential of about +70 mV, slightly higher than the value of +50 mV obtained for DND-H Plasma (see SI for more details). One possible explanation for the difference in the observed  ζ -potential could be the slightly higher density of remaining oxygen containing surface groups in the DND-H Plasma sample, which often carry a negative charge in water [13]. The DLS results as well as the quantification of sp   2  -bonded carbon in both samples are summarized in Table 1.




3.3. Fluorescence Properties


3.3.1. In-Solution Fluorescence Spectroscopy


The optical properties of both hydrogenated DND samples suspended in water were investigated using absorption and fluorescence spectroscopy. Light scattering by nanodiamonds in the 20–100 nm size range is significant [53]. Hence, an absorption spectrometer fitted with an integrating sphere was used to remove this scattering contribution and acquire the absorption spectra shown in Figure 4A. For both samples light absorption is most pronounced in the UV and blue parts of the spectrum and monotonically decreases towards the red and near-infrared spectral regions. It is interesting to note that light is still weakly absorbed between 700 and 800 nm. These observations are in general agreement with previous reports for DNDs with different functionalizations [18,54,55].



Both hydrogenated DND samples demonstrate broad and weak red fluorescence upon 450 nm light excitation, as shown in Figure 4B, where the water Raman signal was removed for clarity (see SI Figure S9 for raw data). Both samples also show fluorescence when excited with light at longer wavelengths, but in both cases the relative fluorescence brightness decreases monotonically. In the spectral region investigated, DND-H Anneal and DND-H Plasma are most efficiently excited at ≈450 nm and 400 nm, respectively, though DND-H Plasma may have an excitation maximum farther in the UV spectral region beyond our detection limit. In agreement with our previous work, we found only a weak excitation wavelength dependence on the fluorescence peak position [13] (see SI Figure S9 for spectra). Overall, DND-H Anneal absorbs and emits ≈31%–33% more light at 450 nm compared to the DND-H Plasma sample, suggesting that the fluorescence quantum yield is similar for both samples.




3.3.2. Solid-State Fluorescence Spectroscopy


The two hydrogenated DND samples were also investigated in a dried state dispersed on a silicon wafer substrate using a custom-built confocal fluorescence imaging and spectroscopy system. Figure 5 shows the fluorescence spectra (Figure 5A), time-resolved fluorescence decay traces (Figure 5B), and photostability traces (Figure 5C) (see SI Figure S10 for fluorescence maps). The data in Figure 5 represent averages over 10 randomly selected spots, while the individual spectra can be found in SI Figure S11. In agreement with the spectral fluorescence characteristics observed for particles in water, both DND samples show broad red fluorescence between 550 and 800 nm. The width of the fluorescence spectrum of particles dispersed on a substrate is narrower than for particles suspended in water (full width at half maximum of 160 nm compared to >240 nm in water).



Both samples show similar fluorescence decay characteristics (Figure 5B), which are dominated by a fast decay component of <5 ns and a slower one >25 ns. Ninety-nine percent of photons are emitted within the first 5 ns of the decay, and a precise lifetime cannot be determined as the fluorescence decay approaches the time resolution of the system shown by the instrument response function (IRF).



Under continuous excitation for 100 s both samples show significant photobleaching during the first 20 s of illumination and then stabilize at or above 20% of the initial fluorescence intensity (Figure 5C). Interestingly, we found that all particles remain partially fluorescent even after extended illumination times, which contrasts with the behavior of organic fluorophores [56]. We also found that the partial photobleaching does not change the spectral fluorescence characteristics. However, since the exact molecular or atomic origin of the fluorescence observed here remains unknown, the mechanism underlying the photobleaching process cannot be identified based on our findings.




3.3.3. Cryogenic Fluorescence Spectroscopy


Fluorescence spectroscopy at cryogenic temperatures was conducted with the aim of better understanding the origins of the observed fluorescence from hydrogenated DND. Figure 6 shows fluorescence spectra for both samples at room temperature (293 K) and 10 K (see SI Figure S12 for spectra at intermediate temperatures). The fluorescence spectra of both samples only show an insignificant temperature dependence. In both cases a weak, ≈30 nm blue-shift in the fluorescence spectrum occurs upon the evacuation of the cryogenic sample chamber (see Figure 6A,B, black trace in ambient air and red trace in vacuum), suggesting that the surface-adsorbed molecules influence the fluorescence process. We did not observe any clear zero-phonon lines, which are typical for fluorescent defects located in the diamond crystal lattice. However, our experiments show that single-crystal high-pressure high-temperature nanodiamonds containing NV centers do not necessarily exhibit zero-phonon lines (unpublished data). Other reports show that high concentrations of N atoms near NV centers can lead to a broadening of the NV zero-phonon lines [26]. Hence, the absence of zero-phonon lines is not in contradiction with a potential fluorescence origin from diamond lattice defects.






4. Discussion


Our material characterization results are in agreement with previous studies on DND-H produced via annealing [8] and the plasma-assisted approach [15]. Our results extend existing data through the use of nanoscale EELS experiments in combination with NEXAFS and XPS and allow for a direct comparison between the two surface modification techniques. EELS and NEXAFS experiments suggest that both hydrogenation techniques induce partial graphitization of the oxidized starting material and increase the amount of sp   2  -hybridized carbon from 4% in the starting material to between 20% and 30% in the hydrogenated samples. EELS maps acquired using STEM also highlight the local variation in the sp   2  /sp   3   carbon ratio at the nanoscale. At the same time, a clear 2   nd   diamond band gap in NEXAFS spectra of both samples shows that both hydrogenation techniques preserve sp   3   carbon bonds to a large extent.



Our study of the fluorescence properties focuses on the type of fluorescence exhibited by the vast majority of particles, rather than the fluorescence from a small subset of particles that can be clearly attributed to the NV center. In this sense it extends our previous study [13], which aimed at identifying the origin of the fluorescence that cannot be immediately attributed to NV centers.



DND Oxidized shows extremely weak fluorescence that is barely detectable, for example, for particles suspended in water [13]. Hence, the fluorescence observed here must be caused by the hydrogenation process. The hydrogenation process itself, i.e., the replacement of other surface groups such as carboxyl and hydroxyl groups by C–H   x   bonds, can hardly produce any fluorescent moieties. Hence, two other possible mechanisms remain: First, the “activation” of NV centers as a result of the surface modification. It has been estimated that NV centers exist in DNDs on the order of 100 ppm [57], most of which are not optically active. It is also known that the diamond surface properties of bulk diamond have a strong effect on the optical properties of near-surface NV centers [58,59]. It is therefore conceivable that the hydrogenation activates previously inactive NV centers in the DND particle core. However, our results do not support this hypothesis, since none of the characteristic properties of NV centers in diamond, such as zero-phonon lines at 575 nm and 638 nm, long (>10 ns) fluorescence lifetime, and extreme photostability were observed; not even at cryogenic temperatures, where zero-phonon line fluorescence is generally enhanced due to the suppression of phonons at low temperatures. There is also the possibility of hydrogen diffusion into the diamond core which could lead to the passivation of NV fluorescence [60].



The second possibility is that the fluorescence originates from the significant non-diamond carbon created on the surface of the DND particles as a result of the hydrogenation processes. It is known that various forms of sp   2  -hybridised carbon can give rise to fluorescence and that the fluorescence properties can vary greatly depending on the exact chemical composition of the material [61,62]. In the present study, the appearance of fluorescence in the DND-H materials coincides with a significant increase in non-diamond carbon compared to the largely non-fluorescent starting material. This suggests sp   2   carbon in combination with other impurities such as nitrogen and oxygen as the likely sources of the observed fluorescence. However, our current results are insufficient to prove this hypothesis unambiguously.




5. Conclusions


Hydrogenated detonation nanodiamonds created via an annealing and a plasma-assisted approach from the same starting material exhibit very similar fluorescence and physico-chemical properties overall. Both approaches lead to successful hydrogenation of the DND surface. Annealing in pure hydrogen removes oxygen-containing groups at the particle surface more efficiently than the plasma-assisted hydrogenation, leading to a more positive and overall very high  ζ -potential (+72 mV) of the DND Anneal sample in water suspension. Starting from 4% non-diamond sp   2  -hybridized carbon in the DND Oxidized sample, STEM-EELS and NEXAFS experiments suggest that both hydrogenation techniques lead to similar partial graphitization of particles and increase the non-diamond carbon content to ≈20%–30%.



In agreement with the physico-chemical characterization, we also found the fluorescence properties of both samples to be largely similar. In aqueous suspension, both samples showed broad and relatively weak (on the same order of magnitude as the water Raman signal) fluorescence in the spectral region between 550 and 800 nm, which is most efficiently excited at 450 nm (DND-H Anneal) and 400 nm (DND-H Plasma). This fluorescence is also present for both particle types when dried on a silicon wafer substrate and only shows a weak blue-shift of ≈30 nm when the temperature is reduced to 10 K. However, even at cryogenic temperatures, zero-phonon lines of the NV center could not be clearly identified in our samples. While it is known that individual hydrogenated DND particles do exhibit NV fluorescence [13], our results suggest that the fluorescence emitted by the vast majority of particles originates from non-diamond carbon on the surface of the particles.
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Figure 1. Schematic illustration of the two processes used for the hydrogenation of air oxidized detonation nanodiamonds (DND Oxidized) and the resulting particles (bottom). DND Oxidized particles were hydrogenated via annealing in pure hydrogen gas (DND-H Anneal) [8] and using a microwave plasma-assisted technique (DND-H Plasma) [16]. 
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Figure 2. STEM images of (A) H   2   gas annealed and (B) H   2   plasma treated DND particles and EELS maps (C,D) of the same regions showing the sp   2  /sp   3   fraction as a percentage of sp   2  -hybrydized carbon. The image background is black. Measurements were performed at 80 keV accelerating voltage. 
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Figure 3. Spectroscopic characterization of hydrogenated DND materials and the oxidized starting material. (A) NEXAFS spectra of carbon K-edge; (B) carbon K-edge spectra displayed between 281 and 289 eV to highlight pre-edge features; (C) XPS survey; and (D) FTIR spectra. Features of interest are marked with dashed lines. 
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Figure 4. Optical properties of hydrogenated DND particles suspended in water (0.4 mg mL    − 1   ). (A) Absorption spectra; (B) fluorescence spectra for 450 nm excitation wavelength   λ  e x   ; (C) fluorescence brightness (integrated between 660 and 800 nm for each   λ  e x   , detailed in SI) as a function of excitation wavelengths ranging from 400 to 600 nm. 
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Figure 5. Solid state fluorescence properties of hydrogenated DND particles dispersed on a silicon wafer substrate. (A) Fluorescence spectra; (B) time-resolved fluorescence decay traces, including background signal and instrument response function (IRF); (C) normalized fluorescence intensity as a function of time. Particles were excited with 532 nm pulsed laser light (5 MHz repetition rate, 50   μ W   average power) and all fluorescence above 540 nm was collected. Each trace represents an average over 10 individual spots. The shaded area in (C) represents the standard deviation between individual measurements. 
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Figure 6. Temperature dependence of the fluorescence spectra of hydrogenated DND particles obtained using 532 nm excitation. Fluorescence spectra of (A) DND-H Anneal and (B) DND-H Plasma samples at temperatures 293 K and 10 K (in ambient air “a” and vacuum “v”). (C) Comparison of DND-H Anneal and DND-H Plasma samples at 10 K. The known spectral positions of the NV center zero-phonon lines are marked by dashed lines. 
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Table 1. Summary of material properties of the hydrogenated DND particles, including  ζ -potential, aggregate diameter, and sp   2   content determined using NEXAFS.
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	Sample
	Aggregate Diameter (nm)
	  ζ  -Potential (mV)
	sp    2   -Bonded Carbon (%)





	DND-H Anneal
	≈20–200
	72 ± 7
	19



	DND-H Plasma
	≈20–200
	53 ± 10
	19
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