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a b s t r a c t

Nanodiamond powder was annealed at temperatures ranging between 700 and 1700 �C and deposited by

electrophoretic deposition on steel substrates. Far-field Raman spectroscopy and tip-enhanced Raman

spectroscopy were used to investigate structural changes after the transformation from nanodiamonds to

carbon onions as a function of the annealing temperature. Enhancement of the Raman signal was

observed for all samples irrespective of the hybridization state. The largest enhancement on the order of

105 was found for non-annealed nanodiamonds. Far-field Raman spectroscopy and tip-enhanced Raman

spectroscopy showed similar results as a function of the annealing temperature for peak position and

width of the D- and G-peaks, intensity ratio ID/IG, and area integrated intensity ratio AD/AG.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanoparticles have found applications in such diverse

areas as lithium ion batteries, supercapacitors, wear-resistant

coatings or hybrid cells [1e6]. Depending on their structure, car-

bon nanoparticles can be electrically insulating or conductive and

may combine a high elastic modulus with a high yield strength,

thus making them promising candidates for reinforcement phases

in composite materials [7,8]. Carbon nanoparticles and carbon

coatings have also been studied in order to reduce friction and

wear. In this context, a substantial amount of research has been

conducted on graphite and amorphous carbon such as diamond-

like carbon or tetrahedral amorphous carbon coatings [5,9]. The

beneficial mechanical properties of carbon nanoparticles in com-

posite materials can significantly improve the friction and wear

performance [8]. Furthermore, carbon nanotubes, carbon onions

and nanodiamonds have been used as additives in lubricants to

improve friction and wear under lubricated conditions [10e12].

Nanodiamonds can be transformed into carbon onions by

thermal treatment [13,14]. Carbon onions consist mainly of multi-

ple shells of sp2-hybridized carbon and typical sizes vary between 5

and 10 nm [2]. Due to the sp2-hybridization, carbon onions are

graphitic and electrically conductive. Nanodiamonds contain

mainly sp3-carbon (except for some possibly sp2-hybridized carbon

near the surface) and show the typical diamond crystal structure

[2]. If good frictional properties and a low coefficient of friction are

desired, carbon nanoparticles with a high sp2-content comparable

to graphite are beneficial. Alternatively, if wear-resistance is

desired, carbon nanoparticles with a high sp3-content should be

selected. By thermal annealing, the sp2-to-sp3 ratio of the resulting

nanoparticles can be adjusted, which makes the transformation

from nanodiamonds to carbon onions very interesting for tribo-

logical purposes.

Kuznetsov et al. studied the influence of detonation parameters

on the resulting nanoparticles and optimized these parameters to

obtain the maximum amount of pure nanodiamonds. They also

pointed out that nanodiamonds can be transformed into carbon

onions by thermal annealing. The driving force for the trans-

formation was ascribed to the minimization of the surface energy

and the reduction of the strain energy [15e17]. Using transmission

electron microcopy, Ugarte verified curling and the formation of

closed graphitic shells under electron irradiation and that the* Corresponding author.
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transformation to carbon onions starts at the surface. He pointed

out that this process is driven by the reduction of dangling bonds

and that spherical onion-like particles should be the most stable

form of carbon nanoparticles [18,19]. The opposite transformation

starting with carbon onions and forming nanodiamonds was

observed by Banhart and Ajayan. For this purpose, carbon onions

were heated to elevated temperatures and simultaneously irradi-

ated by electrons [20]. Electron energy loss spectroscopy studies

demonstrated that the transformation goes hand in hand with an

increasing sp2-sp3 ratio. Changes in the bonding structure corre-

lating with a significant reduction in p bonds were observed [21].

Osswald et al. showed that oxidation in air can be used to purify

nanodiamond powder by removing all non-diamond contamina-

tion such as amorphous carbon and carbon onions. UV-Raman

spectroscopy and transmission electron microscopy were used to

study structural changes during oxidation and purification [22].

Using reactive force field simulations, Ganesh et al. showed that

annealing temperatures of 1800 �C need to be reached to accom-

plish the full transformation from sp3-to sp2-hybridized carbon

[23]. Cebik et al. demonstrated for annealed nanodiamonds a

downshift of the G-peak and a reduced peak-width. For annealing

temperatures above 900 �C, the D-peak of sp2-carbon becomes

visible and the diamond peak vanishes. They concluded that the

transformation starts at the surface of small nanodiamonds. Be-

tween 900 and 1000 �C, small nanodiamond particles have already

been converted from sp3-to sp2-carbon. At higher temperatures

and for longer annealing times, most of the particles were covered

by sp2-hybridized carbon [24]. Xiao et al. showed that an inter-

mediate stage in this transformation exists. Nanodiamonds first

transform to bucky diamond consisting of sp2-shells with a sp3-

core and then to carbon onions [25]. Zeiger et al. studied the

resulting structure and porosity of annealed nanodiamonds. For

low annealing temperatures, the area-integrated AD/AG ratio is low.

With increasing temperature, the AD/AG ratio increases. For tem-

peratures above 1100 �C, the AD/AG ratio decreases again, which can

be explained by ongoing structural changes. These results correlate

well with the peak widths of the D- and G-peaks [1].

In this study, far-field Raman spectroscopy and tip-enhanced

Raman spectroscopy are used to study the transformation from

nanodiamonds to carbon onions as a function of the annealing

temperature on the micrometer- and nanometer-scale. Selected

Raman parameters such as peak position and width of the D- and

G-peak, intensity ratio ID/IG, and area integrated intensity ratio AD/

AG are used to study the structural changes involved in this

transformation.

2. Experimental

2.1. Materials

Carbon onions were synthesized by thermal annealing of

nanodiamond powder (NaBond Technologies) in a water cooled

high temperature furnace with tungsten heaters (Thermal Tech-

nology) under flowing argon atmosphere (1.3 L/min). The nano-

diamond powder was heated to 700, 900, 1100, 1300 and 1700 �C,

respectively, at a rate of 20 �C/min, then held at that respective

temperature for 1 h, prior to cooling down to room temperature at a

rate of 20 �C/min. The carbon onions were identified according to

the annealing temperature (Fig. 1). For example, OLC1700 is the

sample name for carbon onions synthesized at a temperature of

1700 �C. With increasing annealing temperature, an increasing

degree of graphitization (i.e., transformation to sp2-hybridized

carbon) can be achieved, with complete transformation to graphitic

carbon occurring at a temperature of 1700 �C. Annealing temper-

atures above 1700 �C lead to sintering of the particles. Since the

density of sp2-carbon is lower than that of sp3-carbon, nano-

diamond particles grow in size from 4 to 5 nm to about 6e8 nm at

1700 �C.

2.2. Electrophoretic deposition

We used electrophoretic deposition to deposit carbon nano-

particles on steel substrates. For this purpose, mirror-polished steel

substrates (AISI 304) with a root-mean-square roughness of 20 nm

were used as electrodes. Prior to experiments, the substrates were

cleaned to remove contaminants that could interfere with the

deposition of carbon nanoparticles. The cleaning process was per-

formed in an ultrasonic bath using a multi-step procedure with

cyclohexane, acetone and isopropanol (10min each). The sub-

strates were dried in pressurized air. A 0.25mg/mL solution was

prepared by mixing the carbon nanoparticles and acetone in a

homogenizer (WiseTis HG-15, Witeg) for 5min and sonicating the

solution for another 10min. Thereafter, 3mL of triethylamine (TEA)

was added to assist in the deprotonation of the acidic groups.

Finally, the negatively charged nanoparticles were deposited by

anodic deposition. The electrophoretic deposition was performed

in a deposition cell at a constant voltage of 20 V for 10min, main-

taining an electrode separation of 1.3 cm. After the deposition, the

electrodes were taken out of the solution, keeping the voltage

constant for 5min. This prevents the film from cracking during the

extraction of the electrodes from the liquid and helps in the drying

process as well.

2.3. Tip-enhanced Raman spectroscopy

Tip-enhanced Raman measurements were performed using a

confocal Raman spectrometer (Renishaw inVia) coupled with an

atomic force microscope (Nanonics MV 2000), as shown schemat-

ically in Fig. 2.

A 532 nm excitation laser was used with acquisition time of 60 s.

The laser power density was selected to be smaller than 1� 104W/

cm2 in order to avoid thermal annealing of the nanoparticles and

structural changes caused by the measurement. The optics within

the Raman spectrometer consist of a 130 cm�1 cut-off EDGE filter

Fig. 1. TEM-micrographs of (a) the precursor material and powders obtained after

annealing at (b) 1100 �C, (c) 1300 �C, and (d) 1700 �C. (A colour version of this figure

can be viewed online.)
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for the 532 nm laser with a 2400 lines/mm grating and a 1024 pixel

deep depletion CCD. The spectral resolution of the measurement

equipment is about 1.2 1/cm. The atomic force microscope was

controlled by two piezoelectric drivers, one that controlled the

movement of the sample stage in X-Y and one that controlled the

tip in X-Y-Z directions. The tips were cantilevered tapered glass

micropipettes designed for tip-enhanced Raman measurements

with a gold nanoparticle placed at the end of the tip. The tip was

mounted on a tuning fork which was used to control the distance

between the tip and the sample surface. The tip was manually

moved to be within several microns of the surface and the SPM

controller moved the tip into contact with the surface using the

resonance frequency of the tuning fork for feedback.

Tip-enhanced Raman spectroscopy measurements (near-field)

were performed with the laser being focused on the gold tip. For

far-field measurements, the tip was retracted approximately

200 nm from the surface and moved laterally out of range by more

than 50 mm. The far-field measurements were acquired at the same

sample location as the near-field measurements. To obtain new

locations on the same sample, the lower piezoelectric driver was

used to move the sample to the new positionwhile the tip was out-

of-contact with the surface. The location of the tip with respect to

the laser was adjusted using continuous Raman acquisitions. Both

far-field and near-field measurements were performed at each

location. The data analysis and curve fitting (Lorentzian fits) were

done using the Wire 4.0 software provided by Renishaw.

3. Results and discussion

Initially, far-field Raman spectra of all samples were obtained to

determine the reference state. In Fig. 3, the respective far-field

measurements for all samples are displayed measured at three

different locations.

As can be seen in Fig. 3, the far-field Raman spectra for nano-

diamonds (Fig. 3a) and the annealed samples (Fig. 3b-f) are very

different. In case of nanodiamonds, Raman peaks were not

observed over the Raman shift region investigated. This can be

explained by the fact that the carbon atoms in nanodiamonds are

mostly sp3-hybridized. Sp3-hybridized carbon atoms are insensitive

towards visible Raman spectroscopy. Compared to sp2-hybridized

carbon atoms, sp3-hybridized carbon has a highly reduced Raman

cross-section [26,27].

In the case of all other samples (Fig. 3b-f), Raman spectra with

well-defined D- and G-peaks of carbon were observed. The D-peak

originates from defects and disorder present in sp2-hybridized

carbon [26,28]. The G-peak comes from stretching of C-C bonds in

sp2-hybridized carbon and has been described as first-order peak

with E2g-symmetry [26,28]. Considering the change of each peak as

a function of the annealing temperature, we note that themeasured

Raman spectra reflect the gradual transformation from nano-

diamonds to carbon onions. Fig. 4 and Table S1 summarize the peak

position and peak width (full-width at half-maximum) of the D-

and G-peak as well as the intensity ratio (ID/IG) and the area inte-

grated intensity ratio (AD/AG) for all annealed samples.

We observe from Fig. 4a that the position and width of the D-

peak decrease with increasing annealing temperature. The D-peak

position decreases from 1363 cm�1 to 1343 cm�1 while the D-peak

width is reduced from 210 cm�1 to 50 cm�1. Further, the G-peak

position remains constant at around 1580 cm�1 while its width

decreases from 142 cm�1 to 57 cm�1. The changes of the D- and G-

width with annealing temperature agree with experimental results

published by Zeiger et al. and Bogdanov et al., who correlated these

changes with an increasing long-range order in the graphitic car-

bon network as a function of the annealing temperature [1,29]. As

pointed out by Cebik et al., the intensity ratio ID/IG and the area

integrated intensity ratio AD/AG are important parameters. The

intensity ratio ID/IG is related to species with the maximum Raman

signal, while the area integrated ratio accounts for different levels

of ordering as well as different configurations with respect to the

carbon bonds [24]. The intensity ratio ID/IG (Fig. 4c) starts at about

0.74, gradually increases with annealing temperature and reaches a

value of 1.20 for a temperature of 1700 �C. The area integrated ratio

starts at values near 1.1 and increases to a peak of 2.1 for an

annealing temperature of 1100 �C before decreasing. These results

agree well with experimental data presented by Cebik et al. [24].

The experimental data for AD/AG agree also with the model pro-

posed by Ferrari and Robertson [26,30]. For nanoparticles with a

size of less than 2 nm, the initial increase of the area integrated

ratio may be correlated with the transformation of the outer shell

from sp3-to sp2-carbon. The subsequent decrease in the ratio may

be an indicator for the transformation of particles with a size larger

than 2 nm [31].

Far-field and near-field spectra for carbon onions and nano-

diamonds are shown in Fig. 5a-d to investigate nanoparticles with

either purely sp2-or sp3-hybridization. Both far-field and near-field

spectra were taken at the same position of the sample keeping all

other parameters constant.

As can be seen in Fig. 5a-b, the near-field measurements of the

carbon onions show a significant enhancement of both the D- and

G-peak. For nanodiamonds (Fig. 5c-d), clear differences between

the far-field and the near-field spectra occurred. While no peaks

can be detected for the far-field measurements, pronounced Raman

bands for the near-field spectra can be observed at 1344 cm�1 and

1596 cm�1. These peaks can be assigned to the D- and G-peak

typical in carbon systems. An additional peak was detected at

roughly 1760 cm�1; Perevedentseva et al. found the same peakwith

a reduced intensity for nanodiamonds while performing surface

enhanced Raman spectroscopy [32]. Several smaller peaks

appearing as shoulders can also be detected in the near-field

spectra of the nanodiamonds. The splitting-up of the G-peak into

several Raman peaks has been reported previously. The formation

of those peaks depends on the number of carbon layers as well as

on the symmetry and curvature of the involved carbon species

[33e35]. Small-intensity peaks for Raman shifts at 1240-1280 cm�1

are associated with carbon domains in the nanometer range

[33e36]. The maximum enhancement of a factor of 4.5 for the

carbon onions was observed for the D-peak (Fig. 5a). Themaximum

enhancement factor for the G-peak was observed to be 3.1. For

nanodiamonds, the maximum enhancement factor of the D- and G-

peak is 25 and 20, respectively. It is important to point out, how-

ever, that the absolute value of the measured intensity in the near-

field is still low compared to that of carbon onions.

Fig. 2. Schematic illustration of tip-enhanced Raman spectroscopy consisting of an

atomic force microscope and a Raman spectrometer. (A colour version of this figure can

be viewed online.)
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To calculate the enhancement, the spot sizes of the far-field and

near-field measurements need to be taken into consideration. This

can be calculated using the following equation:

EF ¼ C
Vfocus

Vtip
; (1)

where Vfocus represents the volume of the excited far field, Vtip

represents the volume of the excited field near the tip and C rep-

resents the contrast between the far-field and the near-field mea-

surements. Assuming a cylindrical volume field from the laser, we

can express equation (1) as

EF ¼ C
pr2

far
hfar

pr2
tip
htip

; (2)

where rfar denotes the radius of the laser spot in the far field, hfar

represents the height of the far-field focus, rtip represents the radius

of the laser sport in the near field and htip represents the height of

the near-field focus. For the far field, rfar and hfar are about 3 mm and

500 nm, respectively, while for the near field, rtip and htip are

roughly 100 nm and 20 nm, respectively. Based upon equation (2),

the enhancement for the D- and G-peak for carbon onions can be

calculated to be 105∙�103 and 72∙�103, respectively. For

Fig. 3. Far-field Raman spectra as a function of the annealing temperature. Far-field Raman spectra (a) for pure nanodiamonds and for samples annealed at (b) 700 �C, (c) 900 �C, (d)

1100 �C, (e) 1300 �C, and (f) 1700 �C, respectively, are shown. The Raman spectra presented in (b-f) were baseline-corrected using splines and normalized to 100%. (A colour version

of this figure can be viewed online.)
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Fig. 4. Summary of (a) D-peak position and width, (b) G-peak position and width, (c) the intensity ratio ID/IG and (d) the area integrated intensity ratio AD/AG versus annealing

temperature. (A colour version of this figure can be viewed online.)

Fig. 5. Comparison of far-field and near-field Raman spectra for carbon onions ((a) and (b)) and nanodiamonds ((c) and (d)) obtained at two different positions. (A colour version of

this figure can be viewed online.)
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nanodiamonds, an enhancement of 588∙�103 and 470∙�103 for

the D- and G-peak can be estimated, respectively.

In Fig. 6, a comparison of the far-field and near-field measure-

ments for carbon nanoparticles annealed at 700, 900, 1100 and

1300 �C is shown.

As can be seen in Fig. 6, there are pronounced D- and G-peaks

for all samples annealed at different temperatures. From our

experimental results, we observe that the Raman peaks become

sharper and more pronounced with increasing annealing temper-

ature. This correlates well with the increasing amount of sp2-car-

bon as a consequence of the transformation from nanodiamonds to

carbon onions. Similar to pure carbon onions and nanodiamonds,

tip-enhanced Raman spectroscopy induces an enhanced Raman

signal. For all samples summarized in Fig. 6, the enhancement

factor lies between 1.3 and 1.7, leading to an enhancement of

30e40∙�103.

Based upon the data shown in Figs. 5e6, all Raman parameters

such as peak position and peak width of the D- and G-peak as well

as intensity ratio ID/IG and area integrated intensity ratio AD/AG can

be evaluated for all samples tested. These parameters (far-field and

near-field data) as a function of the annealing temperature are

shown in Fig. 7 in order to study the transformation on the

micrometer-scale (far-field measurements) and nanometer-scale

(near-field measurements).

Fig. 7 summarizes the Raman parameters (peak position and

width of the D- and G-peak, as well as intensity ratio ID/IG and area

integrated intensity ratio AD/AG) versus annealing temperature for

all annealed samples measured by far-field Raman spectroscopy

and tip-enhanced Raman spectroscopy. We observe that far-field

Raman spectroscopy and tip-enhanced Raman spectroscopy

exhibit the same trends. This is particularly interesting since the

far-field measurements were averaged over thousands of nano-

particle clusters, while tip-enhanced Raman spectroscopy is the

average of a few clusters or even individual clusters. This implies

that the averaged information obtained by far-field Raman spec-

troscopy is a good representation for the structural changes

occurring in the transformation from nanodiamonds to carbon

onions.

4. Summary and conclusions

Far-field Raman spectroscopy and tip-enhanced Raman spec-

troscopy were used to study the transformation from nano-

diamonds to carbon onions on the micrometer- and nanometer-

scale. Nanodimaond powder was used as a precursor material

and annealed at different temperature between 700 and 1700 �C.

From the experimental results, we conclude:

1. Raman far-field measurements with pronounced D- and G-peak

were found for all annealed samples independent of the

annealing temperature. For nanodiamonds, far-field spectra

were not observed since nanodiamonds contain mostly sp3-

hybridized carbon which is insensitive for visible Raman

spectroscopy.

2. Near-field spectra were observed for all samples investigated

including nanodiamonds.

Fig. 6. Comparison of the recorded far-field and near-field Raman spectra for samples annealed at (a) 700 �C, (b) 900 �C, (c) 1100 �C, and (d) 1300 �C at two different positions. (A

colour version of this figure can be viewed online.)
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3. Significant enhancement using tip-enhanced Raman spectros-

copy was observed for all samples tested. The largest enhance-

ment, on the order of 105, was found for nanodiamonds. It is

important to point out, however, that the absolute value of the

measured intensity in the near-field is still low compared to that

of carbon onions.

4. Far-field and tip-enhanced Raman spectroscopy give similar

results for all Raman parameters (peak position and width of the

D- and G-peak, intensity ratio ID/IG, and area integrated intensity

ratio AD/AG) as a function of the annealing temperature.

5. In addition to the well-known D- and G-peak for carbon sys-

tems, additional peaks were observed. The appearance of those

peaks is well correlatedwith publishedwork on similar material

systems performed using surface enhanced Raman

spectroscopy.
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