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Abstract: Boron-doped nanodiamond was prepared by a high-temperature vacuum-diffusion method. Thermogravimetric analysis, 

X-ray photoelectron spectroscopy, X-ray diffraction (XRD), Fourier-transform infrared spectroscopy, Raman spectroscopy, and 

transmission electron microscopy were used to characterize the prepared material. Results show that the product mainly contains C, 

O, and B in mass fractions of 92.08%, 7.14%, and 0.78%, respectively. In addition to diamond (111)

D

 and (220)

D

 diffraction peaks, 

hexagonal diamond (100)

D

 diffraction peaks are also observed in the XRD pattern of the boron-doped product. The introduction of B 

atoms increases the defect content in the nanodiamond and causes the Raman G peak to move to 1620 cm

-1

. B atoms are mainly 

present in two forms in the diamond lattice: substitutional carbon atoms in C-B bonds, and being bonded with impurity elements 

(such as B-O). The shape and morphology of the boron-doped nanodiamond particles (particle size of detonation nanodiamond, 

2�10 nm) exhibit no obvious changes compared to the pristine nanodiamond. However, a small amount of cubic diamond is 

observed. In conclusion, the initial oxidation temperature of the boron-doped nanodiamond increases by 175 °C, the oxidation rate is 

slower, and the thermal stability is improved. 
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Boron-doped diamond (IIb-type) exhibits many attractive 

properties, including high oxidation and impact resistance, 

excellent chemical stability, and semiconducting features

[1]

. 

The incorporation of boron oxide affects nanodiamond’s 

properties, including the crystal morphology and quality, 

which are important factors to control for device applications. 

Boron-doped diamond has attracted significant research 

interest

[1,2]

. Gheeraert investigated the amount of diborane 

needed to improve the crystalline quality of deposited 

diamond by studying changes in Raman spectral features

[3]

. A 

clear increase in the compressive component of the residual 

stress as a function of the doping level was observed for B/C 

ratios higher than 10

-2 [4]

. The dopant level also influenced the 

lattice parameters at a B/C ratio of 2×10

-2

. The expansion of 

the lattice parameters has been attributed to compressive 

thermal stress in the diamond films

[5,6]

. Kaner

[7]

 studied the 

influence of boron on the oxidation properties of doped carbon 

fibers. The boron-derived protection of diamond against 

oxidation has been attributed to the formation of boron oxide, 

electron transfer, and the inhibition of CO

[8]

. 

Boron doping in diamond films is usually accomplished via 

chemical vapor deposition (CVD) during diamond growth or by 

ion implantation after growth

[9,10]

. In the present paper, boron 

atoms were deposited on the nanodiamond surface by vacuum 

diffusion. The boron-doped diamond was then prepared at 

elevated temperature under a protective atmosphere (such as He 

or Ar) to prevent oxidation of the nanodiamond. The product 

was studied by X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy, Fourier-transform 

infrared spectroscopy (FTIR), transmission electron microscopy 

(TEM), and thermogravimetric analysis (TGA). The oxidation 

resistance and thermal stability of the boron-doped product 

were clearly improved, as confirmed thermogravimetrically. 

These improved characteristics may allow a broader range for 



                          Yan Xianrong et al. / Rare Metal Materials and Engineering, 2018, 47(12): 3634-3639                         3635 

 

boron-doped nanodiamond in microelectronic

[11]

 and electro- 

chemical

[12]

 applications. 

1  Experiment 

The diamond particles and carbide elements (such as 

titanium, tungsten, boron, silicon, and chromium) were evenly 

mixed at specific temperatures in a vacuum environment, and 

a coating layer formed on the diamond surface. If the carbide 

powder was used directly, the mixture was easy to sinter at the 

reaction temperature and was unfavorable to subsequent 

processing. An improved effective method uses the oxidation 

forms of the carbonization elements (such as boron oxide, 

silicon oxide, or chromium oxide). In the case of boron oxide, 

excess reagent can be conveniently removed by water washing 

after the reaction. Ion transfer during carbonization depends 

greatly on the flow of gas and the diffusion of the solid 

powder. Carbon atoms coat the diamond surface through 

vertical migration of species such as CO formed from the 

surface carbon atoms and the oxide or oxygen atoms from 

oxide decomposition. CO can not only loosen the 

nanodiamond and carbide oxide mixture and prevent its 

high-temperature sintering into blocks, but also react with the 

carbide mixture to change the composition of the coating 

phase. Under vacuum conditions, the risk coefficient of 

graphitization of the diamond is relatively small. In the 

absence of other reactants, excess boron oxide is easily 

removed at the end of the reaction, enabling removal of the 

carbonized element with fewer impurities and reduced 

amounts of hazardous materials in the diamond. During the 

reaction, the surface temperature of the nanodiamonds should 

be maintained below 1100 °C. At that temperature, the surface 

morphology and chemical structure of the nanodiamonds 

change, although the diamond core remains intact

[13]

. 

Thus, in the present study, diamond nanoparticles and boron 

oxide were heated to a specified temperature under vacuum 

conditions, and held at that temperature for a period of time to 

complete the vacuum diffusion�deposition process of carbide 

particles on the surface of the diamond nanoparticles. 

Boron oxide was mixed with nanodiamond in a B/C atomic 

ratio of 1:1. Plain nanodiamonds and the mixture were dried to 

remove moisture in a resistance furnace at 400~500 °C. After 

drying, each sample was moved to the vacuum system, heated 

to 500~1000 °C, and maintained at the final temperature for 

10~40 min. The materials were then characterized. 

XRD measurements of nanodiamond and its boron-doped 

product were obtained with a D/MAX 2400 X-ray 

diffractometer using a Cu Kα source with a scan speed of 

1°·s

-1

. The elemental composition of the sample surface was 

analyzed by XPS. Raman spectra of the nanodiamond and its 

boron-doped product were obtained with a DXR Smart Raman 

spectrometer using the 532-nm line of an argon laser. The 

surface functional groups of the boride product were observed 

using a Shimadzu Fourier transform infrared spectroscopy 

spectrometer. The microstructure of the boron-doped product 

was observed with a TecnaiG220 transmission electron 

microscope at FEI (USA). TG and differential thermal 

analyses (DTA) of the nanodiamond and its boron-doped 

product were obtained with a DSC822/TGA/SDTA851 at a 

speed of 1 °C·min

-1

. 

2  Results and Discussion 

2.1  TG and DTA results 

TG and DTA were used to evaluate the thermal stability and 

oxidation resistance of the nanodiamond and boron-doped 

product via the onset of mass loss, the mass loss curve, and 

residual mass. Fig.1 shows the TG and DTA curves of the 

samples at different growth temperatures. The onset of mass 

loss for the raw material was calculated as 492.07 °C. The loss 

ends at 800 °C, leaving a residual mass of 13.8%. From the 

TG curve shown in Fig.1b, we estimate that the oxidation 

temperature of the boride product increases compared to that 

of the starting material by 175 °C to a maximum of 667.60 °C, 

and the product obtains a residual mass of 91.03% at 800 °C. 

The lowest residual mass of 68.34% was calculated for growth 

at 1150 °C. This suggests that the oxidation resistance of the 

product greatly increases. There is an obvious exothermic 

peak between 450 and 700 °C for the starting material in the 

DTA curve, as shown in Fig.1a. The oxidation rate of the 

boron-doped product is much slower than that of the 

nanodiamond. As expected, the presence of the carbide 

coating greatly reduces the oxidation rate of the nanodiamond 

and improves its thermal stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  TG and DTA curves for nanodiamond (a) and 1:1 boron- 

doped product (b) 
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2.2  XPS analysis 

Because the boron content in the boride product is very 

small (such that it exceeds the sensitivity of general elemental 

analysis equipment), XPS was used to assess the composition 

of the product (Fig.2). By calculating the integral intensities of 

the C 1s, O 1s, and B 1s spectra, the contents of the elements 

in the boride product were calculated (Table 1). The 

boron-doped product contains mostly carbon, a small amount 

of oxygen, and a much smaller percentage of boron.  

2.3  X-ray diffraction analysis 

Samples of the nanodiamond, nanodiamond heated to 1200 

°C, and the boron-doped product were investigated by XRD. 

Fig.3 shows typical X-ray diffraction patterns for these 

samples, in which two main peaks from the nanodiamond are 

observed. The peaks at 43.916° and 75.303° can be indexed to 

the (111) and (220) planes of diamond, respectively. The 

diffraction peaks appear at similar positions for the samples, 

irrespective of treatment temperature. However, the intensity 

of the broad diffraction peak at 26° is reduced after heating.  

The XRD pattern of the boron-doped product features 

broader peaks than those of the nanodiamond and heated 

nanodiamond. In addition, another peak appears at 40.145°, 

which is related to the boron-doped product and is different 

from the characteristic nanodiamond or heated nanodiamond 

peaks. The d-value of 0.225 nm determined from the XRD 

does not match the reported maximum number of Bragg peaks 

for boron carbide or boron oxide. This XRD peak instead 

indicates an obvious shift of the main peak of hexagonal 

diamond (100)

D

, confirming that boron atoms were inserted 

into the nanodiamond

[14]

. The space group of the boron 

carbide or boric oxide species could not be determined from 

the XRD. The presence of a considerable amount of boron in 

the material indicates that boric oxides or boron carbide may 

be present as impurities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  XPS spectrum of B 1s for boron-doped product 

 

Table 1  Elemental analysis of boron-doped product 

Element C O B 

Content/wt% 92.08 7.14 0.78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  XRD patterns of nanodiamond, nanodiamond heated to 1200 

°C, and boron-doped product 

 

2.4  FTIR analysis 

The functional groups of the nanodiamond, nanodiamond 

heated to 1200 °C, and boron-doped product were 

characterized by FTIR, as shown in Fig.4 and Table 2. Two 

states of boron are present in the nanodiamond, namely, 

substitutional boron atoms at 1324 cm

-1

 and interstitial boron 

atoms at 1451 cm

-1

. Among these, the boron atoms substituted 

for carbon atoms form holes in the diamond and band overlap 

occurs, which enhances the conductivity of the diamond

[15]

. In 

the case of a low boron oxide content, boron atoms mainly 

exist in the form of substitutional carbon atoms and form C-B 

bonds in the diamond lattice. The bonds between two carbon 

atoms may be broken and replaced by C-O or C-B bonds. 

With the increasing concentration, the boron atoms can also 

enter lattice gaps and bond with impurities in the diamond 

(e.g., to form B�CH

3

 and B�O bonds). The boron atoms which 

are inserted into the cubic structure of the nanodiamond may 

change the space group of the precursor. This change in 

bonding could explain the increase in lattice spacing from 

0.219 nm to 0.225 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  FTIR spectra of nanodiamond, nanodiamond heated at 1200 

°C, and boron-doped product 
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Table 2  Functional group analysis of Fig.4 

Functional group Wavenumber/cm

-1

 Functional group Wavenumber/cm

-1

 

CO

2

 2351, 2318 C�N 1402 

�OH 1630, 3421 C�B 1324 

C�C 2885, 2922 B�H 966 

C=O 1775 B�N 610 

C�OH 1114 B�O 670, 1451 

 

2.5  Raman spectroscopy 

Samples of the nanodiamond and the boron-doped product 

were subjected to Raman spectroscopy. In both Raman spectra, 

a broad absorption band is observed at 400~500 cm

-1

; its 

intensity increases as the boron doping level increases (Fig.5). 

The peak at 1332 cm

-1

corresponds to the sp

3

 bonds of the 

nanodiamond

[16]

. The G peak at 1582 cm

-1

 is related to the 

relative movement of carbon atoms in a graphite plane, 

indicating sp

2

 hybridization

[17]

. In detonation diamonds, the G 

peak has been reported to shift by 20 cm

-1

 to 1602 cm

-1

 

because of the large amount of nitrogen which exists in the 

raw material used in the detonation process

[18]

. However, 

nitrogen doping cannot explain the G peak shift from 1608 

cm

-1

 to 1620 cm

-1

 in our samples. The boron-doped product 

features the G peak, a D peak at 1331 cm

-1

, and a shoulder at 

1245 cm

-1

. The G peak shift to 1620 cm

-1

 may be caused by 

residual graphite oxidation on the nanodiamond surface. Thus, 

doping boron atoms into the nanodiamond might increases the 

defects on the surface of the nanodiamond. 

2.6  TEM analysis 

As shown in Fig.6a, the shapes of nanodiamond particles 

are varied but easily distinguished. Most are approximately 

spherical, although irregular, with particle sizes of 2~10 nm. 

Compared with the nanodiamond, the diamond nanoparticles 

after boronizing are less distinct, although neither the diamond 

particle morphology nor their size is obviously changed. A 

small number of cubic diamonds are present. As shown in 

Fig.7a, high-resolution TEM measurements reveal a nanodia- 

mond layer spacing of 2.067 nm (10 layer spacing). The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Raman spectra for the nanodiamond and boron-doped 

product 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  TEM images and SAED patterns of the nanodiamond (a) and 

boron-doped product (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Interlayer spacings for the nanodiamond (111) plane (a) and 

hexagonal diamond (100) (b) 
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measurement result is 0.206 nm, which is consistent with the 

layer spacing of the diamond (111)

D

 crystal surface, indicating 

that the observed carbon layer is the (111)

D

 crystal surface of 

nanodiamond. The layer spacing shown in Fig.7b was 

obtained from the particle in the white box in Fig.6b. The 

calculated result for the 10-layer spacing is 2.26 nm, meaning 

that the layer spacing is 0.226 nm, which is consistent with the 

layer spacing of the hexagonal diamond (100)

D

 crystal surface. 

In combination with Fig.3, it can be inferred that the observed 

carbon layer is the (100) crystal face of hexagonal diamond. 

The process of diamond doped with boron can be 

considered as follows: (1) First, chemical bonds at the surface 

of the nanodiamond carbon clusters are broken. At this point, 

the energy required to form hexatomic cyclic graphite may be 

insufficient

[19�21]

. (2) As the temperature increases, boron oxide 

melts and vaporizes, breaking certain covalent bonds. (3) At a 

sufficiently high temperature, the free chemical bonds of 

boron oxide combine with σ bonds of the nanodiamond, 

generating new C-B and B-O bonds. The process of doping 

diamond with boron can be understood to involve the initial 

cleavage of chemical bonds on the surface of nanodiamond 

carbon clusters

[22-25]

. Carbon atoms in the lattice are 

substituted with boron, which enhances electrical conductivity. 

Boron incorporation also expands the lattice constants, 

especially above the semiconductor-metal transition. At high 

temperature in the vacuum system, polar bonds such as �OH, 

�COOH, �CHO, C�H, and �NH

2

 on the surface of the 

nanodiamond are broken. B-O bonds are also broken, and B 

may recombine with the nanodiamond. The crystal structure 

of the nanodiamond appears to include contributions from 

graphite, as shown in Fig.5, indicating considerable changes to 

the nanodiamond structure. 

3  Conclusions 

1) The boron-doped nanodiamond mainly contains C, O, 

and B, with mass fractions of 92.08%, 7.14%, and 0.78%. In 

addition to diamond (111)

D

 and (220)

D

 diffraction peaks, 

hexagonal diamond (100)

D

 diffraction peaks are also observed 

in the XRD pattern of the boron-doped product. The 

introduction of B atoms results in an increase in nanodiamond 

defects, causing the G peak to move to 1620 cm

-1

. Boron 

atoms mainly exist in two forms: substitutes for carbon atoms 

in C�B bonds, or being bonded with impurity elements (e.g., 

B-O) in the diamond lattice. The shape and morphology of 

boron-doped nanodiamond particles exhibit no obvious 

changes from the pristine material. The particle size is 2~10 

nm and a small amount of cubic diamond forms. In conclusion, 

compared to the starting nanodiamond, the initial oxidation 

temperature of the boron-doped product increases by 175 °C, 

its oxidation rate is slower, and its thermal stability is 

improved. 

2) With the increasing temperature, the boron oxide melts, 

vaporizes, and undergoes boron covalent bond breakage. 

Finally at a certain temperature, boron species with 

unsatisfying valences combine with the σ bonds of the 

nanodiamond to form new chemical bonds, including C�B and 

B-O linkages. 
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