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ABSTRACT
In this paper, hydrogen-doped industrial diamonds and gem
diamonds were synthesized in the Fe–Ni–C system with C10H10Fe
additive, high pressures and high temperatures range of 5.2–6.2
GPa and 1250–1460°C. Experimental results indicate similar effect
of hydrogen on these two types of diamonds: with the increasing
content of C10H10Fe added in diamond growth environment,
temperature is a crucial factor that sensitively affects the
hydrogen-doped diamond crystallization. The temperature region
for high-quality diamond growth becomes higher and the
morphology of diamond crystal changes from cube-octahedral to
octahedral. The defects on the {100} surfaces of diamond are
more than those on the {111} surfaces. Fourier transform infrared
spectroscopy (FTIR) results indicate that the hydrogen atoms enter
into the diamond crystal lattice from {100} faces more easily. Most
interestingly, under low temperature, nitrogen atoms can also
easily enter into the diamond crystal lattice from {100} faces
cooperated with hydrogen atoms.
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1. Introduction

Diamond is an exclusive material for mechanical and electronic applications because of its
exceptional physical and chemical properties.[1–3] Various approaches have been devel-
oped to fabricate high-performance diamond-based devices by engineering their band-
gaps so as to improve their semiconducting properties. One of the most feasible
methods to control the semiconducting properties of diamond is doping the carbon
with hetero atoms such as nitrogen, boron.[4–8] In addition to the nitrogen and boron,
experimental studies and theoretical calculations have indicated that the hydrogen-
related defects present in the structure of diamond are of fundamental importance.[9–
11] Meanwhile, hydrogen is also a dominant impurity in most natural diamonds and the
latest study found large amounts of hydrogen exist in the mantle.[12] So there must be
a lot of hydrogen in natural diamond growth environment. Unfortunately, its behavior
doping into diamonds is still unclear. Therefore, the development and synthesis of
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hydrogen-doped diamond, especially the gem-diamond, are important for further under-
standing the effects of hydrogen doping on diamond and provide some important infor-
mation for the genesis of natural diamond.

Previously, the field of hydrogen-doped diamond films has been studied with respect to
structure, growth rate, and electrical properties.[13–15] It is widely reported that hydrogen
is a key component of the gas mixture usually used for diamond nucleation and growth by
chemical vapour deposition (CVD) methods.[16] However, most diamond films made by
CVD method are polycrystalline, and hydrogen is readily positioned at CVD diamond
films in grain boundary region as well as on the crystallite surface. These structural
flaws greatly degrade the properties of diamond films. Recent advances in the synthesis
of single-crystal diamond via high pressures and high temperatures (HPHT) have demon-
strated that material with exceptional electronic and optical properties can now be pro-
duced, and this has enlivened interest in exploiting the extraordinary properties of
diamond.[17,18] Therefore, the development and synthesis of hydrogen-doped diamonds
under HPHT conditions are important for their promising applications in many fields. Avail-
able literature data clearly show that hydrogen plays a significant role in the synthetic
process of diamond at high pressure.[19,20] Although the hydrogen-doped diamond
single crystal has been synthesized under HPHT conditions with LiH and TiH2 additive,
[21,22] the presence of Li and Ti impurities will certainly influence the general features
and peculiarities of diamond crystallization in the presence of hydrogen. In our group
earlier work, we have successfully synthesized the diamonds only doped with hydrogen
by the film growth method (FGM).[23] However, experimental studies on diamond crystal-
lization and the growth of large gem-diamond in the presence of hydrogen at HPHT con-
ditions are quite limited. What is more, high-quality large hydrogen-doped diamonds can
be widely used in many fields and are more proper to be used study the effect of hydrogen
doping. So, more detailed information about the effect of hydrogen impurity on diamond
growth by HPHT synthesis is an essential prerequisite for understanding the influence of
hydrogen on electrical and optical properties, and ultimately exploiting the full potential of
these materials. There remains a deeper understanding for investigating the effect of
hydrogen doping into diamond crystal under HPHT.

With respect to this, we have synthesized industrial diamonds and gem-diamond single
crystals by FGM and temperature gradient method (TGM), respectively. The effect of
hydrogen on diamond growth by HPHT became more clearly, and these results will
provide some important information for the synthesis of hydrogen-doped diamond and
the genesis of natural diamond.

2. Experimental details

Experiments on diamond crystallization were carried out using a china-type large volume
Cubic High Pressure Apparatus (SPD-6 × 1200). The design of the apparatus and scheme of
high pressure cell for diamond crystallization is shown in Figure 1. Diamonds were syn-
thesized through FGM in Figure 1(a) and TGM in Figure 1(b). The starting materials
were the high-purity graphite powers (99. 99% purity) as carbon sources. The Fe–Ni
alloy powders (200 mesh) and sheet were used as the solvent catalysts for FGM and
TGM, respectively. In order to obviously investigate the effect of hydrogen element on
diamond growth, we choose ferrocene (C10H10Fe) powders as additional component in
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the range of 0–0.3 wt% (weight ratio in catalysts). Due to the decomposition of ferrocene
at high temperature (>500°C), the major impurity in the synthetic chamber is the hydrogen
element.[23] High-quality seed crystals with {111} facets were selected as the growth facet
for TGM. For FGM, firstly we sufficiently mixed the powder of C10H10Fe, graphite and Fe–Ni
alloy for 4 h. Then the mixed powder was pre-pressed to a sample disk. Each of the sample
assembly was dried by heating to 120°C for 2 h before being placed in the high pressure
apparatus to remove the influence of the residual water on the growth of diamonds. The
synthetic conditions were 5.2–6.2 GPa and 1250–1460°C. The pressure was calibrated by
the pressure-induced phase transitions of bismuth, thallium, and barium. The temperature
was measured by the Pt6%Rh–Pt30%RH thermocouple, whose junction was placed near
the crystallization sample.

After the HPHT experiments, the collected samples were placed in a bottle of a boiling
mixture of H2SO4 and HNO3 to remove the metal catalysts and graphite powders. The mor-
phology and color of the synthesized diamonds were characterized by optical microscopy
and scanning electron microscope (SEM). The chemical composition and atomic-level
hybrid qualities information of impurity doped into diamonds were confirmed by the
Fourier transform infrared (FTIR) spectrometry and Raman spectrometry.

3. Results and discussion

3.1. The effect on synthetic conditions with additive C10H10Fe

The main parameters of the obtained diamonds are summarized in Table 1. The exper-
iments (N-(1-7)) were run at synthetic pressure 5.2–5.4 GPa and temperature 1250–
1460°C by FGM. In experiments performed at 5.2 GPa, the diamond nucleation and
growth are established in the Fe–Ni–C system, the synthesized diamonds are yellow in
color, and exhibit cubic, cub-octahedral, and octahedral shape at 1250°C, 1350°C, and
1400°C (N-1), respectively. The average size is about 0.2–0.3 mm in a 15 min run (Figure
2(a)). When the C10H10Fe are added into the Fe–Ni–C system, the diamond growth
habits change. In run N-2, the diamond nucleation growth is established with temperature
increasing up to 1270°C. However, we notice from Figure 2(b) that the obtained diamonds
exhibit cubic shape with light green color and some linear inclusions. The morphology of
the synthesized diamond crystals vary from cubic, cubic-octahedral to octahedral shape

Figure 1. Sample assembly for diamond synthesized by HPHT: 1. pyrophyllite; 2. conductive steel ring;
3. graphite heater; 4. cavity; 5. insulator; 6. carbon source; 7. alloy catalyst; 8. as-grown diamond; 9. seed
crystal.
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with the increase in temperature at 5.3 GPa (N-3 and 4) and the color of these diamonds
change from greenish yellow to yellow (Figure 2(c)–(d)). The growth habits and color for
the synthesized diamonds significantly change with the 0.2 wt% C10H10Fe additive in the
Fe–Ni–C system (N-(5-7)). The quality of crystals becomes poor, and the crystals tend to be
black at 5.4 GPa, 1300–1370°C (Figure 3(a) and 3(b)). At higher temperatures of 1370–
1460°C (N-7), the obtained diamonds with octahedron shape are greenish yellow, trans-
parent, and nearly do not contain any inclusions (Figure 3(c)). These results indicate
that temperature is a crucial factor that sensitively affects the diamond crystallization in
the Fe–Ni–C system with C10H10Fe additive by FGM. To obtained high-quality hydrogen-
doped diamond crystal, the appropriate temperature is necessary.

Figure 2. Optical image of the diamond crystals synthesized from the Fe–Ni–C system by FGM: (a) con-
ventional Fe–Ni–C system and (b)–(d) with 0.1 wt% C10H10Fe additive at 1270°C, 1320°C, 1360°C,
respectively.

Table 1. The corresponding experimental parameters of diamond synthesize with C10H10Fe additive
under HPHT conditions.
Run C10H10Fe (wt.%) Pressure (GPa) Temperature (°C) Morphology Color Size (mm) Method

N-1 0 5.2 1250–1400 {100}and{111} Yellow 0.2–0.3 FGM
N-2 0.1 5.3 1270–1320 {100} Light green 0.15–0.2 FGM
N-3 0.1 5.3 1320–1360 {100}and{111} Greenish yellow 0.15–0.2 FGM
N-4 0.1 5.3 1360–1440 {111} Yellow 0.15–0.2 FGM
N-5 0.2 5.4 1300–1330 {100} Black 0.16–0.22 FGM
N-6 0.2 5.4 1330–1370 {100}and{111} Black 0.16–0.22 FGM
N-7 0.2 5.4 1370–1460 {111} Greenish yellow 0.16–0.22 FGM
N-8 0 5.7 1280–1320 {100}and{111} Yellow 2.1–2.5 TGM
N-9 0.1 5.9 1320–1350 {100}and{111} Yellow 2.2–2.6 TGM
N-10 0.3 6.2 1360–1380 {100}and{111} Yellow 2.9–3.2 TGM
N-11 0.3 6.2 1390–1450 {111} Yellow 3.2–3.5 TGM
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The experiments (N-(8-11)) are run at 5.7–6.2 GPa, 1280–1450°C by TGM. A reference
experiment (N-8) is performed without hydrogen additives. The crystal (Figure 4(a)) has
a cub-octahedral habit and exhibits {111} and {100} faces. All the surfaces are flat. The
diamond synthesized at 5.9 GPa (N-9) is cub-octahedral and exhibits {111} and {100}
faces at 1330°C with 0.1 wt% C10H10Fe additive (Figure 4(b)). When increasing the
C10H10Fe addition to 0.3 wt%, the diamonds were synthesized at pressure 6.2 GPa
and temperature 1370°C (N-10), 1420°C (N-11), respectively. For the crystal grown at
lower temperature 1370°C, in Figure 4(c), it is found that there are plenty of pits and
some linear inclusions on the {100} face. However, the {111} surface has little pits
and almost flat. When increasing temperatures to 1420°C, all surfaces of the obtained
diamond with octahedron shape are flat and nearly do not contain any inclusions
(Figure 4(d)). These results are in good agreement with the above results by FGM:
when the concentration of hydrogen is constant in the growth environment, improving
appropriate temperature can help in obtaining a high-quality hydrogen-doped
diamond.

Meanwhile we also noticed that the pressure for diamond crystallization increases
about 0.2 and 0.5 GPa by FGM and TGM, respectively. We believe these results can be
explained as follows. For different catalysts, the metal–diamond eutectic lines are different.
When the C10H10Fe additive was added into the reaction system, a great deal of H decom-
posed from the C10H10Fe. Hydrogen will bring about changes in the characteristics of cat-
alysts, such as melting point, glutinosity, the liquid surface tension, the capability of
dissolving graphite, etc. which leads to higher synthesis conditions (pressure and tempera-
ture) of diamond crystallization.

Figure 3. Optical image of the diamond crystals synthesized from the Fe–Ni–C system with 0.2 wt%
C10H10Fe addition by FGM at: (a) 1300°C, (b) 1330°C and (c) 1370°C, respectively.
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3.2. The different effects on morphology of {100} and {111} faces with additive
C10H10Fe

SEM photographs were recorded to further carefully analyze the surface configuration of
the synthesized diamond. Figures 5 and 6 correspond to the results of diamonds syn-
thesized by FGM and TGM, respectively. Figure 5(a) shows that the diamond synthesized
in the Fe–Ni–C system with 0.2 wt% C10H10Fe additive is predominantly composed of the
{100} faces and the surfaces look very rough. It is observed from Figure 5(b) that the
numerous depressions are presented on the {100} surfaces. Although some depression
defects are still observed on the {111} faces (Figure 5(c)–(d)), the number of depression
decreases in contrast to the {100} surface of the synthesized diamond. Figure 6(a) and 6
(b) shows the diamonds synthesized in the conventional Fe–Ni–C system by TGM. It is
found that both {100} and {111} faces are flat. It is interesting to note from Figure 6(c)
and 6(d) that plenty of rough defects are found on the {100} faces, whereas the {111}
faces are still flat in the Fe–Ni–C system with 0.3 wt% C10H10Fe additive. The main
reasons for the phenomenon can be analyzed as the following: first, it is generally believed
that the surface patterns are related to the use of solvent metal in the diamond growth
process.[24] The different solvent metals will bring about the change of the diamond

Figure 4. Optical image of the diamond crystals synthesized from the Fe–Ni–C system by TGM at: (a)
conventional Fe–Ni–C system, (b) with 0.1 wt.% C10H10Fe additive and (c, d) with 0.3 wt% C10H10Fe
additive at 1360°C, 1420°C, respectively.
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surface patterns. When the hydrogen atoms were mixed in the diamond growth environ-
ment, the characteristics of epitaxial crystallization of solvent metals were changed with
different degrees, resulting in different patterns on the diamond surfaces.[23] Second,
the atoms on the {100} and {111} surfaces have two and one unsaturated bonds,

Figure 5. SEM images of the diamond crystal grown from the Fe–Ni–C system with 0.2 wt% C10H10Fe
additive by FGM: (a, b) cubic shape with {100} faces and the partial enlarged drawing and (c, d) octa-
hedral shape with {111} faces and the partial enlarged drawing.

Figure 6. SEM images of the diamond crystal grown from the Fe–Ni–C system by TGM: (a)–(b) conven-
tional Fe–Ni–C system and (c)–(d) with 0.3 wt% C10H10Fe additive.
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respectively. Thus, it leads to the different adsorption capacities for the {100} and {111}
faces. The {111} surface should be more steady than {100}, thus the {111} surface is
more difficult to be etched by hydrogen. So, the patterns on the {100} surfaces of
diamond with hydrogen additive are different from the {111} surface.

3.3. The effect on impurities and defect species in diamond with additive
C10H10Fe

Infrared absorption spectroscopy is extremely useful for identifying impurities and defect
species in diamond. A number of diamond crystals of suitable quality synthesized at differ-
ent P–T conditions were selected for the infrared absorption measurements. Figure 7 is the
typical FTIR recorded for the synthesized diamond crystals by FGM. It can be seen that with
decreasing growth temperature the absorption peak exhibits a number of systematic
changes. The hydrogen-related absorption is hardly found in the diamond (Figure 7(a))
without any C10H10Fe additive. However, when 0.1 wt% C10H10Fe is added, two absorption
peaks located at around 2850 cm−1 (sp3–CH3) and 2920 cm−1 (sp3–CH2–) indicate that
hydrogen is incorporated into diamond lattice, as exhibited in Figures 7(b)–(d).[25,26]
Additionally, the tendency shown clearly in Figures 7(b)–(d) is that the intensities of the
2850 and 2920 cm−1 hydrogen-related peaks increase with the decrease in temperature.
This result shows that the hydrogen can more easily be incorporated into the diamond
accompanying with the formation of {100} faces at low temperature. In addition, the
absorption intensities in the defect-induced one-phonon region from 1000 to 1350
cm−1 caused by nitrogen impurity change significantly. The IR reveals that the synthesized
diamond crystals contain nitrogen impurity in the form of C-center with a single substitu-
tional nitrogen atom. The nitrogen impurity concentration can be evaluated according to
the absorption coefficient of IR spectra, determined by the formula as follows:[27,28]

Nc(ppm) = m(1130 cm−1)/m(2120 cm−1) × 5.5× 25,

Figure 7. (Colour online) The typical FTIR recorded for the synthesized diamond crystals by FGM: (a)
conventional Fe–Ni–C system and (b)–(d) with 0.1 wt% C10H10Fe additive at 1360°C, 1320°C, 1270°C,
respectively.
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where Nc (ppm) is the concentration of nitrogen, µ (1130 cm−1) and µ (2120 cm−1) rep-
resent the absorption intensity of 1130 cm−1 and dip at 2120 cm−1, respectively. Based on
the intensity of the peak in Figure 7(a), the nitrogen concentration of diamond synthesis in
the Fe–Ni–C system was evaluated as 300–350 ppm according to the above formula.
However, the substitutional nitrogen concentration in diamond increases from 400 to
800 ppm with decreasing temperature (Table 2), which is the same as the change of
hydrogen in diamond. Based on the FGM of diamond growth, as the temperature is
lower, the diamond growth rate was faster at the same pressure, so the impurity would
be easier to incorporate into the structure of diamond crystal, which may be one of the
reasons for the above phenomenon. Another reason may be that appropriate amount
of hydrogen additive contributes to the incorporation of nitrogen into the structure of
diamond according to the previous report.[23]

Figure 8 is the typical FTIR recorded for the synthesized gem-diamond single crystals by
TGM. We can see that the hydrogen-related absorption is hardly found in the diamond
(Figure 8(a)) without any C10H10Fe additive. However, three absorption peaks located at
around 2850, 2920 and 2960 cm−1 (C–H)[29] appear (Figure 8(b) and 8(c)) and the inten-
sities of these hydrogen-related peaks increase (inset image lying at top right corners) with
increasing the addition of C10H10Fe. These results indicate that the hydrogen was success-
fully doped into the gem-diamond.

Figure 8. (Colour online) The typical FTIR recorded of the diamond crystals synthesized from the Fe–
Ni–C system with C10H10Fe additive by TGM: (a) 0.0 wt.%, (b) 0.1 wt.% and (c) 0.3 wt.%.

Table 2. Nitrogen concentrations in diamonds synthesized with 0.1
wt.% C10H10Fe additive corresponding to the Figure 7.

Sample Nitrogen concentration (ppm)
A 350
B 400
C 630
D 800
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In order to capture more detailed information on the effect of hydrogen impurity on the
growth process of HPHT synthesis gem-diamond, the IR of {100} and {111} faces in the
same diamond synthesized with 0.3 wt% C10H10Fe addition is shown in Figure 9. The
curve (a) in Figure 9 shows the IR of {111} crystal face grown at higher temperature
region, and the strength of nitrogen-related (1130 and 1344 cm−1) and hydrogen-
related (2850, 2920 and 2960 cm−1) absorptions are weak. Nevertheless, {100} crystal
face grown at lower temperature region shows significantly different infrared spectrum
(curve b in Figure 9). It is interesting that the strength of nitrogen-related and hydro-
gen-related (inset image lying at top right corner) absorptions of diamond becomes stron-
ger. These results also are in good agreement with the above IR results of industrial
diamonds. So, under low temperature, nitrogen atoms can also easily enter into the
diamond crystal lattice from {100} face cooperated with hydrogen atoms.

3.4. The effect on the chemical bonds of graphite carbons with additive C10H10Fe

Raman spectroscopy is an ideal tool for the investigation of carbon compounds, since their
Raman spectra have been found to respond to changes in the microscopic structure of the
crystals. In this study, Raman spectroscopy has been used to study the effect of additive
C10H10Fe on the chemical bonds of graphite carbons. The typical Raman spectrum for
these black crystals (Run N-5) is shown in Figure 10. A sharp peak at 1331.94 cm−1 is
observed, which is a diamond peak with C–C sp3 bonds. The other very noticeable
Raman peak is ∼2078 cm−1, which is not the base frequency of some radical and
double frequency or the combined frequency of ∼1331.23 cm−1 and (or) other peaks.
We notice the wavenumber of graphite at 1580 cm−1 is shifted to 1544 cm−1. The pres-
ence of graphite in the synthesized diamond is the main reason that the color of

Figure 9. (Colour online) The typical FTIR recorded of the diamond on different crystals faces with 0.3
wt% C10H10Fe addition in the Fe–Ni–C system by TGM: (a) {111} crystal face and (b) {100} crystal face.
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diamond is black. Considering the result of IR absorption, we can infer that this band shift
is probably due to the doping of hydrogen atoms in the graphite network.

4. Conclusion

In this work, the effect of hydrogen doping in diamond was investigated in the Fe–Ni–C
system by added ideal hydrogen source C10H10Fe under HPHT. The results show that
high temperature is a key factor for synthesizing high-quality hydrogen-doped
diamond. The presence of hydrogen will greatly degrade the surface quality of
diamond crystal, especially the {100} faces. Under low-temperature condition, the nitrogen
cooperated with hydrogen atoms more easily enter into the diamond crystal lattice from
the {100} surface.
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