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Abstract 

The investigation of carbon allotropes such as graphite, diamond, fullerenes, 

nanotubes and carbon onion and mechanisms that underlie their mutual phase 

transformation is a long-standing problem of great fundamental importance. New 

diamond (n-diamond) is a novel metastable phase of carbon with a face-centered 

cubic structure, being called “new diamond” because many reflections in its electron 

diffraction pattern are similar to those of diamond. However, producing n-diamond 

from raw carbon materials has been so far challenging due to n-diamond’s higher 

formation energy than that of diamond. Here, we, for the first time, demonstrate a new 

phase transformation path from nanodiamond to n-diamond via an intermediate 

carbon onion in the unique process of laser ablation in water, and establish that water 

plays a crucial role in the formation of n-diamond. When laser irradiates colloidal 

suspensions of nanodiamonds at ambient pressure and room temperature, 

nanodiamonds are firstly transformed into carbon onions serving as an intermediate 

phase, and sequentially carbon onions are transformed into n-diamonds driven by the 

laser-induced high-temperature and high-pressure from the carbon onion as a 

nanoscaled temperature and pressure cell upon the process of laser irradiation in 

liquid. This phase transformation not only gains a new insight into the physical 

mechanism involved, but also offers one suitable opportunity for breaking 

controllable pathways between n-diamond and carbon allotropes such as diamond and 

carbon onion. 
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1. Introduction 

The phase transformation between diamond and other carbon allotropes, for 

example, graphite, fullerenes, nanotubes and carbon onion, has been of intense 

interest from the viewpoints of science and technology for a century, and breaking 

controllable pathways between diamond and these carbon allotropes is a subject that 

has fascinated scientists and engineers for several decades1-10. Among the multifarious 

carbon allotropes, a novel metastable phase of carbon with the face-centered cubic 

(fcc) structure has been produced by some techniques under extreme conditions11-13. 

This unique form of carbon is called new diamond (n-diamond) because many 

reflections in its electron diffraction pattern are similar to those of diamond11. In 

recent years, this metastable phase of carbon has attracted considerable interest 

because researchers have demonstrated that n-diamond actually presents a new kind 

of metastable phases of carbon with the fcc structure and is expected to have great 

potential applications in areas of mechanical engineering, microelectronics and 

optoelectronics11-15. Therefore, there is a growing interest in breaking controllable 

pathways between n-diamond and other carbon allotropes including graphite and 

diamond. However, producing n-diamond from raw carbon materials has been so far 

challenging due to n-diamond’s higher formation energy than that of diamond16.  

Here, we, for the first time, demonstrate a new phase transformation pathway 

from nanodiamond to n-diamond via an intermediate carbon onion driven by the 

process of laser ablation in water, and we establish that water plays a crucial role in 

the formation of n-diamond. These results reveal a series of phase transformations 
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between n-diamond and other carbon allotropes such as diamond and carbon onion, 

and having a clear and general insight into the basic physics involved in these 

conversions. Meanwhile, this phase transformation path from diamond to n-diamond 

opens up avenues for producing n-diamond from raw carbon materials. 

 

2. Experimental 

In our study, raw detonation nanodiamonds (Aldrich, ≥97% trace metals basis, 

nanopowder) synthesized from the detonation of the mixture of trinitrotoluene and 

hexogen 9 and deionized water are used without further purification. The experiments 

are carried out in the system of laser ablation in liquid17,18. In this case, about 3 mg 

raw detonation nanodiamonds are dropped into 10 mL bottle filled with deionized 

water to form the suspension. Then, a second harmonic produced by a Q-switched 

Nd:YAG laser device with a wavelength of 532 nm, pulse width of 10 ns, repeating 

frequency of 10 Hz, and laser pulse power of 200 mJ is focused into the middle of the 

bottle with 1 mm beam size. During the laser irradiation, the solution is kept stirring 

with a magnetic stirrer. After the ablation, one drop of different periods of the solution 

is pipetted onto a carbon support film on a copper grid for transmission electron 

microscopy (TEM) observation. TEM and High resolution transmission electron 

microscopy (HRTEM) images are recorded using an FEI Tecnai G2 F30 transmission 

electron microscope equipped with a field-emission gun. The electron energy loss 

spectroscopy (EELS) studies are recorded by using an imaging filter (Gatan GIF) in 

the TEM imaging mode. The energy resolution of the system is 1 eV (FWHM of 
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zero-loss peak) and the maximum dispersion is 0.05 eV per channel.  

All the theoretical calculations are performed using the DMOL package. Spin 

unrestricted calculations in the generalized gradient approximation (GGA) with the 

Perdew–Burkle–Ernzerhof (PBE) exchange-correlation function are used. The atomic 

orbital basis set is of double-numerical quality with inclusion of polarization functions 

(DNP). The configurations are fully relaxed without any symmetric constraints until 

the maximal forces are less than 0.002 hartree / Å. The Kohn–Sham equations are 

solved self-consistently with a convergence of 10−5 Ha on the total energy. The 

potential energy profile of the face-centered cubic carbon is scanned by different 

lattice constants. The completely same theoretical-level calculations are performed for 

diamond. 

The EELS of the face-centered cubic carbon is calculated using the Castep 

package. The calculations adopted the GGA with the PBE exchange-correlation 

function. The Kohn–Sham equations are solved self-consistently with a convergence 

of 10−5 Ha (1Ha=27.2116eV) on the total energy. The kinetic energy cut-off is 350 eV. 

A core hole calculation is performed, in a 3 3 3× × supersell to ensure one single cell 

only containing one full core hole. The Pseudopotential constructed for an atom 

missing a core electron is on the fly (OTFG) and in the representation of reciprocal 

space. To insure this issue, we carry out the same theoretical-level calculation for the 

EELS of diamond. 

 

3. Results and Discussion 
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Figure 1a shows the typical morphology of aggregated raw nanodiamonds with 

the size of about 5 nm. Four strong diffraction rings (Figure 1b) represent the (111), 

(220), (311), (400) planes of diamond. HRTEM image of raw nanodiamonds are 

consisting of the crystalline diamond cores and the amorphous outer shells as shown 

in Figure 1c. Scanning transmission electron microscopy (STEM) (Figure 1(d-e)) and 

TEM image (Figure 1 (g-h)) demonstrate that the as-synthesized products are turn out 

to be the nanoparticles with diameters of 30-40 nm and these nanoparticles are in the 

shape of nanospheres connected with each other. In spite of the closeness of the 

crystal lattice parameter of the phase to that of diamond, its selected area electron 

diffraction (SAED) pattern significantly differs from that of diamond as shown in 

Figure 1f. Four strong diffraction rings denote the (111), (200), (220) and (311) planes 

of n-diamonds. Note that, the (200) ring of n-diamond is forbidden for diamond19. 

Based on the HRTEM image of n-diamonds (Figure 1i), we can see that these 

n-diamonds are found to be embedded into the disorder carbons. This phenomenon is 

concerned with the stability of sp3 bonding, which is detailed discussed below. The 

ratio between amorphous carbon and n-diamond is roughly estimated to be 7:3. 

Besides, some nanodiamonds are consumed in other ways, such as vaporization and 

transforming to organic groups when subjected to the laser ablation. Therefore, 

combining these influencing factors, the percent conversion between raw diamond 

and n-diamond is approximately 10%. Furthermore, the HRTEM analysis of the 

individual n-diamond (Figure 1j-k) shows that the two interplanar spacings of 0.313 

and 0.272 nm, respectively, correspond to the crystallographic planes of the (111) and 
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(200) of the fcc structure quite well. In addition, an angle of Φ=125° between the two 

interplanar spacings further confirms that the as-synthesized samples possess a fcc 

structure with the lattice parameter of 0.545 nm. Accordingly, TEM data demonstrate 

a phase transformation from diamond to n-diamond. Note that the n-diamond 

synthesized by this method is different from the common n-diamond reported by other 

literatures11-15. The difference between these three diamonds structures have been 

listed in Table 1. Additionally, we compare estimate the stability among them by 

introducing first-principles calculation, and these results show that the n-diamond in 

our case is higher 0.65 and 1.05 Ha (1Ha=27.2116eV) than that of common 

n-diamond and diamond, respectively, on the total formation energy, which means 

that the n-diamond with larger lattice parameter (a=0.545 nm) in our case is a 

metastable state compared to other two diamonds (a=0.356 nm) (the detailed 

calculation in theoretical section below).  

In order to detailed elucidate the phase transformation process above, we 

carefully check the products at different irradiation of laser stage and find out the 

intermediate products during from diamond to n-diamond transiting. The irradiation 

time of nine bottles of Figure 2e is 0, 5, 10, 15, 20, 45, 60, 70 and 90 min, respectively. 

The sample of the final products is from 9th bottle in Figure 2e. HRTEM images of the 

intermediate products in Figure 2 exhibit that various morphologies of carbon onions 

(the sample from 5th bottle in Figure 2e) are found including quasi-spherical particles, 

polyhedron particles with closed concentric graphite shells, and elongated particles 

with linked external graphite-like layers. Clearly, the spacing of the lattice fringes is 
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about 0.34 nm, corresponding to that of the (002) plane of graphite. These results thus 

show that raw nanodiamonds are firstly transformed into carbon onions serving as an 

intermediate phase, and sequentially carbon onions are transformed into n-diamonds 

in the process of laser irradiation in liquid. During the laser irradiating, we can clearly 

see a series of significant color changes of the colloid from opaque grayish white to 

dark black and finally to a transparent colorless as shown Figure 2e. Note that, the 

intermediate phase are black both in water and alcohol environment17, which indicate 

that carbon onions definitely regard as the transient phases from raw nanodiamonds to 

the final products no matter what kind of liquid.  

Figure 3a shows the EELS spectra of nanodiamond, carbon onion and n-diamond, 

respectively. The curve i in Figure 3a gives a characteristic diamond peak > 290 eV, 

due to the transition from the 1s core level to the σ* band (1s→σ* transition)20, apart 

from the presence of a weak peak at 284.8 eV (1s→π* transition). These results 

indicate the presence of some sp2-bonded carbon atoms, which is verified by TEM 

observation in Figure 1c. Despite the ordered network of carbon onions observed in 

HRTEM images (Figure 2(a-d)), this EELS analysis characterized by the carbon K 

edge (the curve ii in Figure 3) resembles that obtained from amorphous carbon21. The 

broadened peak at 284.8 eV, corresponding to the transition from the 1s core level to 

the π* band (1s→π* transition), and no obvious peak appear above 290 eV, suggesting 

that sp3 bonds transform to sp2 ones. This phenomenon corresponds well to that of 

Tomita’s research22. In the spectrum of n-diamonds (the curve iii in Figure 3), we can 

see a shoulder at about 284.8 eV. The disorder carbons as shown in Figure 1i are 
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considered to be responsible for the shoulder. However, the fine structure above the 1s

→σ* transition observed for n-diamonds is significantly different from that of 

common nanodiamonds in the relative intensity and peak location. The three 

characteristic 1s→σ* transitions of 291.9, 297.7, and 305.3 eV have shifted to 291.7, 

302.8, and 314.2eV. In order to validate the accuracy of experimental observations, 

we perform the DFT calculations to simulate the EELS spectra (the detailed process 

in theoretical section below). Firstly, we calculate the EELS spectrum of well-known 

diamond as shown in Figure 3b. Clearly, the theoretical results are consistent with the 

experimental measurement. Therefore, this simulation method is recognized to be 

convincible and reliable. Then, the EELS spectrum of n-diamond is calculated based 

on the same method as shown in Figure 3c. The shape and relative intensity of three 

peaks are basically the same as that of the experimental profile. Although the 

theoretical values of peak locations are in disparity with the experimental values due 

to the calculation issues, it would not influence the precision in judging the shape and 

relative intensity of peaks, which have been validated by testing the EELS spectrum 

of diamond (Figure 3b). Therefore, combining experimental and theoretical data, we 

convince that the products are n-diamonds with a face-centre cubic structure. 

To further convince the phase transformation processes, we utilize the UV 

Raman (325nm) to analyse samples collected at different stages, as shown in Figure 4. 

Raw detonation nanodiamonds (bottom) show a peak at 1325 cm-1, which belong to 

typical signal of diamond9 and the G band peaks around 1600 cm-1. After 20min 

ablation, the diamond peak upshifts to about 1410 cm-1, which is attributed to the 
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disorder sp2-bonded carbon phase (D band)23. Besides, due to the effect of the shell 

curvature of carbon onions, the G band downshifts to 1585 cm-1 (middle) 24. Finally, 

the D band moves down to 1363 cm-1 (top). Although the amorphous carbon around 

n-diamond has some influence in the final Raman signal of n-diamond, the downshift 

of D band is still considered to be ascribed to the appearance of increase of sp3 

bonding when generating n-diamonds 17.  

Based on above the detailed characterizations, the as-synthesized products are 

convinced to be the n-diamond by laser ablating raw detonation nanodiamonds in 

deionized water. However, according to our previous research17, when the liquid is 

absolute alcohol, the final products are traditional nanodiamonds with good 

monodisperse. Therefore, it is obviously that the liquid is a key factor to determinate 

the final carbon structures. Gogotsi et al. have claimed that the surface of sp3 clusters 

must be either stabilized through termination with functional groups or reconstructed 

into sp2 carbon9. In order to judge the surface termination of the products synthesized 

with different liquids, Fourier transform infrared spectroscopy (FTIR) of the products 

is introduced as shown in Figure 5. The functional groups contained in diamonds 

synthesized in alcohol are C=O, COOR, C-O-C, OH and C-H groups, which is much 

more than n-diamond having OH and little C-H and C-O groups synthesized in water. 

Back to Gogotsi’s claim, in order to retain the stability of surface sp3 cluster, the 

diamonds synthesized in the alcohol environment keep stable by means of various 

kinds groups adsorbed on their surface. Especially for carboxyl and carbonyl groups 

(not found in the water environment), they seem to easily adhere to surface of carbon 
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backbone25,26.  Due to lack of functionalities in the relatively moderate water 

environment, the bare (non-functionalized) or less-functionalized surfaces of the 

diamonds exhibit structures similar to bulk diamond. The surface of octahedral, 

cuboctahedral and spherical clusters show a transition from sp3 carbon to sp2 carbon27, 

which corresponds with our EELS analysis and TEM observation. Thus, these results 

prove the existence of the disorder carbons around n-diamond, which plays an 

important role in the stability of n-diamonds by influencing surface reconstruction via 

taking shape of sp2 carbon.  

In addition, another aspect is worthy to point out, that is, the as-synthesized 

n-diamond has higher formation energy than that of diamond. We have successfully 

synthesized the cubic structure carbon by laser ablation amorphous carbon films in 

water such as C8 nanocubes and body-centered cubic carbon nanocrystals28,29. 

Recently, C8 carbon and common n-diamonds are generated by an ArF excimer laser 

in the deionized water30. These studies all confirm that the water environment play an 

important role in forming metastable carbon structures. Although the effect of water is 

unclear so far, hydroxyl derived from water may be attributed to prompt diamond up 

to a metastable with higher level. Considering FTIR results, we find out that the 

hydroxyl adsorbed on n-diamond is more than in the alcohol environment, which 

corresponds with our deductions. 

Well known, carbon onion is the stable form of carbon at ambient temperatures 

and pressures, and both of diamond and n-diamond are metastable31. Thus, diamonds 

can be converted to carbon onions by a simply thermal annealing32. However, 
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according to our calculations, the formation energy of n-diamond is even higher than 

that of diamond, which means that n-diamond is metastable compared with diamond. 

Therefore, the thermodynamic driving force (high-temperature and high-pressure) is 

needed to push carbon onion to convert to n-diamond. 

During the laser irradiating the starting nanodiamonds with thin amorphous 

carbon shells, laser can induce a high-temperature in the amorphous carbon shell by 

amorphous carbon absorbing laser energy33. Therefore, we firstly establish a heating 

modal of nanoparticles upon the laser irradiating in liquid on the basis that amorphous 

carbon and carbon onion can absorb light and be heated33. The energy absorbed by a 

nanoparticle from the laser pulse is spent in the heating process, which is described as 

following the equation17 

0

( )
T

abs p
T

J m C T dTλσ = ∫
                            

(1)
 

where m
 

is the particle mass, d is the diameter of particle, ρ is the density, J is laser 

fluence, To is fixed to 300 K, 
abs

λσ
 

is the particle absorption cross section which 

strongly depends on the laser wavelength, and Cp (T) is the heat capacity. From the 

equation (1), it is clear that the amorphous carbon shell will be heated by supplied 

sufficient power by laser. This situation applies equally to carbon onion. Detailed 

theoretical modeling of laser-induced high-temperature in amorphous carbon and 

carbon onion can refer to Supplementary Information S1 and Figures S1-S4. 

Similarly, laser can induce a high-temperature in these carbon onions by carbon 

onion absorbing laser energy on the basis of the proposed theoretical model.  

However, this laser-induced high-temperature will compress the interlayer distance of 
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carbon onion. Finally, the interlayer distance reducing will result in a high-pressure 

inside carbon onion17. Therefore, carbon onion can be regarded as a nanoscaled 

temperature and pressure cell upon the process of laser irradiation in liquid. A 

theoretical model has been developed to pursue the origin of high-pressure inside 

carbon onion in our case.  

Considering a carbon onion consisting of a cage with radius R, the pressures (p) 

acting on carbon cages are17,34 

        ( )(0) (0)

2
(0) (0)

24 iS S
p FdS dS

R

ρ
π

∞= ∫ ∫                  (2) 

where ρ∞ is the atom density of plane graphene, (0)S denote the areas carbon cages in 

the undeformed state which is used as a reference configuration, F are the vdW forces 

acting on each of the atoms (positive for the attraction). Detailed theoretical modeling 

of laser-induced a high-pressure environment inside the carbon onion can refer to 

Supplementary Information S2 and Figures S5-S7. 

According to the recent review regarding transformation of carbon nanoparticles, 

the nucleation of diamond cores in carbon onions is observed when the onions are 

exposed to sustained electron irradiation above 400 oC and the pressure in the centre 

of the onion estimates yield pressures clearly above 10 GPa35. From Figures S4 and 

S7, a high-temperature and high pressure induced by the laser will lead to more than 

2000 oC and 20 GPa inside carbon onion. Therefore, considering a high-temperature 

and high-pressure environment inside carbon onion driven by the laser irradiation in 

liquid coupled with unique water environment discussed above, it is very reasonable 

to realize the carbon nanoparticles with higher formation energy than diamond, such 
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as n-diamond in our case. 

In order to verify the possibility that whether the onions can transform to 

n-diamonds, we synthesize the pure carbon onions by annealing of the nanodiamonds 

at 1500 oC in a high vacuum chamber (~10-3 Pa) for 30min, which is similar to 

previous works by other authors21,32. After heating treatment, the brown powder 

becomes dark black (Figure 6a). We take about 3mg samples into the bottle filled 

with deionized water and carry out the similar laser irradiation in liquid. A series of 

significant color changes of the colloid from dark black to a transparent colorless 

colloid during the laser irradiating (Figure 6b). This phenomenon of color change is 

identical to the latter part of Figure 2e. Sequentially, the products after annealing and 

final products are taken for TEM characterization. The black products are turn out to 

be carbon onions (Figure 6c), which in good agreement with the previous results21,32. 

Besides, n-diamonds can still be found in final bottle, which is confirmed by HRTEM 

image and SAED pattern (Figure 6d). This verification test demonstrates that the 

onions can transform directly to n-diamond. In other word, this phase transformation 

mechanism from nanodiamonds to onion to n-diamond is confirmed to be evidencing 

and convincible. 

Based on the experimental observation and the corresponding thermodynamic 

analysis above, the phase transformation path from diamond to n-diamond via an 

intermediate carbon onion in the process of laser irradiation in liquid is ascribed as 

shown in Figure 7. In the nanodiamond to carbon onion phase transformation upon 

the laser irradiation in liquid, the laser can induce a high-temperature in the 
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amorphous carbon shell by amorphous carbon absorbing laser energy during the laser 

irradiating the starting nanodiamonds with thin amorphous carbon shells. Then, the 

laser-induced high-temperature drives the nanodiamond core to transform into the 

carbon onion. Sequentially, the laser irradiates the carbon onion and then drives it into 

a state of high-temperature by carbon onion absorbing laser energy. Further, this 

high-temperature can induce a high-pressure inside the carbon onion by compressing 

the interlayer distance of carbon onion. Therefore, carbon onion can be served as a 

nanoscaled temperature and pressure cell for generation of high-temperature and 

high-pressure inside carbon onion upon the laser irradiation confined by liquid. 

Finally, the laser-induced high-temperature and high-pressure can drive the carbon 

onion to convert to the n-nanodiamond.  

 

4. Conclusion 

In summary, we have demonstrated a new phase transformation from 

nanodiamond to n-diamond via an intermediate carbon onion driven by the process of 

laser irradiation in water, and established the thermodynamic model to elucidate the 

physical mechanism involved in the experimental observations. We also demonstrate 

that water plays a crucial role in the formation of n-diamond. These results showed 

that the laser-induced high-temperature in the amorphous carbon shell of the starting 

nanodiamonds firstly result in the phase transformation from the nanodiamond core to 

the carbon onion, and then the carbon onion is converted to the n-diamond driven by 

the laser-induced high-temperature and high-pressure from carbon onion as a 
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nanoscaled temperature and pressure cell upon the process of laser irradiation in 

liquid. Therefore, these findings offer one suitable approach for breaking controllable 

pathways between n-diamond and other carbon allotropes, and open up avenues for 

producing n-diamonds from raw carbon materials. 
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Table 1. Indexing results of SAED patterns of various diamond nanostructures 

 
(a) diamond                      a=3.56 Å                                                             

      (hkl)                                         Dexp. (Å)                              D theor. (Å)                       

      111                          2.06                                      2.05                 
      220          1.27                           1.26                  
      311          1.09                                          1.07                  

      400          0.90                                                   0.89                 

 

(b) common n-diamond [30]         a=3.56 Å                                                     

      (hkl)                                         Dexp. (Å)                              D theor. (Å)                       

      111                          2.09                                     2.06                 
      200          1.79                                                             1.78                  
      220          1.27                                         1.26                 

      311          1.10                                                   1.07                 

 

(c) n-diamond in our case           a=5.45 Å                                                         

      (hkl)                                    Dexp. (Å)                              D theor. (Å)                       

      111                          3.13                                     3.15                 
      200          2.72                                                    2.73                  
      220          1.92                                       1.93                
      311          1.64                                                   1.64                 

Dexp. refers to the experimental values. Dtheor. refers to the theoretical values. a refers 
to the lattice parameter. 
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Figure Captions 

 

Figure 1. Microscopy characterization of nanodiamonds and n-nanodiamonds.  (a) 

Typical morphology of aggregated raw nanodiamonds with the size of about 5 nm. (b) 

Four strong diffraction rings representing the (111), (220), (311), (400) planes of 

diamond. (c) HRTEM image of raw nanodiamonds covered by the amorphous carbon 

shell. (d-e) Low and high magnification STEM images of n-nanodiamonds. (f) SAED 

pattern of n-nanodiamonds. Four strong diffraction rings denoting the (111), (200), 

(220), (311) planes of n-nanodiamonds. Note that, the (200) ring is forbidden for 

diamond. (g-h) Low and high resolution TEM images of n-nanodiamonds. (i) 

HRTEM image of n-nanodiamonds. These n-nanodiamonds are found to be embedded 

in the disorder carbons. (j-k) HRTEM image of the individual n-nanodiamond. 

Detailed analysis showing the marked lattice spacing is measured to be 0.313 and 

0.272 nm, respectively, which coincides with the d value of the (111) and (200) lattice 

planes of diamond with the face-centre cubic structure. And the interfacial angle of 

~125o also confirms this structure.  

 

Figure 2. Carbon onion serving as the intermediate phase. (a-d) The spherical carbon 

onions aggregated, which contain quasi-spherical particles with closed concentric 

graphite shell, elongated particles with linked external graphite-like layers and closed 

quasi-spherical internal shells. The interplanar spacing of 0.34 nm corresponds to that 

of the (002) plane of graphite. (e) Color change with the increase of laser irradiation 
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time. Clearly, the color of the solution changes from opaque greyish white to dark 

black and finally to transparent colorless solution. 

 

Figure 3. EELS analysis. (a) Experimental comparison of nanodiamond, carbon onion 

and n-nanodiamond. All these spectra show the same peak of about 284.8 eV, 

meaning that these samples are involved in 1s→π* transition. However, they are 

significantly different in 1s→σ* transition. (b-c) The theoretical modeling of diamond 

and n-diamond, respectively, the inset showing the corresponding crystal structure. 

 

Figure 4. Raman spectra analysis of the phase transformation from the raw 

nanodiamonds to the n-diamond. Raw detonation nanodiamonds (bottom), a peak at 

1325 cm-1 belongs to typical signal of diamond and the G band peaks around 1600 

cm-1. After the appearance of carbon onion (middle), the diamond peak shifts to 1410 

cm-1, the G band also make a downshift to 1585 cm-1. The peak at ~1410 cm-1 

downshifting to 1363 cm-1 is associated with generating n-diamond (top), probably 

ascribed to the generation of increase of sp3 bonding. 

 

Figure 5. FTIR spectrum of products synthesized in alcohol and water, respectively, 

showing the samples synthesized in alcohol environment having much more 

functional groups than water. 

 

Figure 6. Direct transformation from carbon onions to n-diamonds. (a) Annealing of 
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the brown nanodiamonds (left) at 1500oC in a high vacuum chamber, the color of 

products become dark black (right). (b) A series of significant color changes of the 

colloid from dark black to a transparent colorless during the laser irradiating. (c) The 

HRTEM image of products after heating treatment, which is turn out to be carbon 

onions. (d) The SAED pattern and HRTEM image of final products, matching with 

the structure of n-diamond. 

 

Figure 7. Schematic illustration of the physical mechanism of the phase 

transformation from nanodiamond to n-nanodiamond. ∆G means the energy 

difference between two phases and ∆E means the activation energy which is essential 

for the phase transition from one to another one. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
 

1200 1400 1600 1800

 

 

 

 n-diamond

 

 

In
te
n
si
ty
 (
a.
u
.)

 carbon onion

 

 

 

Raman shift (cm
-1
)

 raw diamond

Page 27 of 30 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



28 
 

Figure 5 
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Figure 6

Original NDs After annealing         

5 nm 

a                    b               

c                     d          

2 nm 

(111) 

(200) 

(220) 
(311) 

Page 29 of 30 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



30 
 

Figure 7 
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