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Chromium slag is a hazardous waste, and its high-value-added comprehensive utilisation would be advantageous. High refractive index thin
films were prepared on glass substrates by a hydrothermal method from chromium slag with different mineralisers. The samples were
characterised by inductively coupled plasma, X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, an
atomic force microscope, a transmission electron microscope and by film thickness and refractive index. The results show that a few
Fe2O3, FeOOH, Al2O3, AlOOH or MgO crystals are formed, and most compounds of iron, aluminium, magnesium and chromium are still
in amorphous state. The film materials are combined with a glass substrate by a chemical bond. The coordination ability of mineraliser
anion and metal ion affects the sediment reaction rates. With NaClO3 or NaHCO3 as a mineraliser, the film surface is a perfect three-
dimensional space orientation network sediment with fine twines and small pores. The thinner the film, bigger the refractive index will be.
The films’ refractive index is mainly related to the film structure and non crystalline phase.
1. Introduction: In recent years, high refractive index materials
have attracted wide attention because of their wide application for
antireflection coatings, optical waveguides and optoelectronic
devices [1–3]. Refractive index is an important evaluation
criterion of the optical materials which can be applied to optics
design and optical applications. The thickness and curvature of
the component could be reduced by high index refractive
materials, and the weight could be reduced at the same refractive.
Hence, it could make the optical instrument light weight and
miniaturised. Meanwhile, more researches of composited films
with high refractive index were reported [1, 2, 4]. Common high
refractive index materials are TiO2 [5], ZrO2 [6], ZnS [1, 7] and
so on. The preparation methods of inorganic film mainly involved
the sol–gel method [8, 9], hydrothermal method [10, 11], spin-
coating methods [12, 13], chemical vapour deposition method
[14, 15], spray pyrolysis method [16, 17], low temperature RF
plasma treatment [18], the liquid phase deposition method [19]
and so on. Of the above methods, the hydrothermal method was
widely applied because of its mature technological conditions,
simplicity of operation, moderate reaction conditions and
uniformity of the coating film.
As a hazardous waste, chromium slag is harmful to the environ-

ment. In China, the accumulated amount of chromium slag is more
than 6 million tons, and 200–300 thousand tons discharged annual-
ly. Most of the chromium slag is stacked on the ground, and its pol-
lution is mainly controlled by biological treatment [20, 21],
reduction method [22], cement solidification [23] and so on.
However, there are few reports about the high-value-added compre-
hensive utilisation of chromium slag. There are more compounds of
iron, aluminium, chromium, calcium and magnesium in chromium
slag, and more functional products of iron, aluminium, chromium,
calcium and magnesium are reported [24–28]. Hence, preparation
of material with special performance is of great importance for
the comprehensive use of chromium slag.
In this Letter, to prepare high-value-added production from chro-

mium slag, high refractive index thin composited films were pre-
pared on glass substrates from chromium slag by the
hydrothermal method with different mineralisers. Characterisation
of the samples was done using inductively coupled plasma (ICP),
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X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM) and a transmission
electron microscope (TEM); meanwhile, the film thickness and
refractive index were measured.

2. Experiment
2.1. Pretreatment of chromium slag: The chromium slag was
crushed and dissolved in hydrochloric acid, and then the turbid
solution was filtrated to dislodge the undissolved substance. To
reduce hexavalent chromium, a saturated solution of ferrous
sulphate was added into the filtrate and it was reacted for 30 min
under stirring condition. After that, the above liquor’s pH was
adjusted to 3.5 by the sodium hydroxide solution. Then, the
turbid liquid was filtrated after precipitating completely. The
residue was dissolved by 3.0 mol/l hydrochloric acid, and the raw
material liquid of the films was prepared.

2.2. Deposition of composite films: The thin composited films were
deposited onto glass substrates by the hydrothermal method. 20 ml
of the raw material liquid’s pH was adjusted to 11.0 by sodium
hydroxide, and 1 ml of 1 wt% polyethylene glycol 6000 solution
and 5 ml of 0.01 mol/l mineraliser solution were added. Then, the
solutions were each shifted into the hydrothermal reactors to 70%
filling, and the microslides were placed vertically as glasses
substrates. Afterwards, the reactors were sealed and heated at
160°C for 6 h. After the reactors were cooled naturally to room
temperature, the glasses substrates were taken out and washed by
deionised water and were then dried at 80°C. The powders were
prepared simultaneously.

2.3. Characterisation of samples: The metal component content of
the powders was analysed by ICP-OES (VISTA-MPX ICP-OES,
VARIAN, America), which were prepared simultaneously with
the composite films. The crystalline structure of the powders was
determined by D/MAX-RB XRD (Rigaku, Japan) with Cu
K-radiation in the 2θ range of 10°–80° at a scan rate of 4°/min.
The FTIR of the powders was determined by a Scimitar 2000
Near FTIR spectrometer (Thermo electron, USA) and the spectra
were recorded in the range of 4000–400 cm−1. The morphologies
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of the powders were examined by TEM (TEM, Philips EM400 T,
Holland). The roughness of the films was measured by an AFM
(AFM, Park System, Korea).

The surface morphologies of the films were examined by SEM
(SEM, Shimadzu SSX-550 Japan). The films’ thickness and reflect-
ive index at 632.8 nm were evaluated with an automatic elliptical
polarisation thickness gauge (SGC-2, Tianjin, China).
3. Results and discussion
3.1. XRD analysis of the powders: The metallic element contents of
the powders are given in Table 1 which were measured by ICP.
Since all the results are similar, one of the results is shown.

The XRD spectra of the powders reveals that the phase structures
of the samples are affected by the mineralisers, which were prepared
simultaneously with the films (Fig. 1). With Na2CO3 and NaHCO3

as the mineralisers, more CaCO3 crystals are formed. It may be that
CO2−

3 reacted with Ca2+ to form a CaCO3 crystal in the hydrother-
mal process. However, the CaCO3 crystal peaks are stronger with
NaHCO3 as the mineraliser than that of Na2CO3. This is due to
more CO2−

3 of NaHCO3 at the same mineraliser dose. The weak dif-
fractive peaks of Fe2O3, FeOOH, Al2O3, AlOOH or MgO crystals
appeared, and the kinds of crystals are affected by the mineraliser.
There are weak peaks of Fe2O3, AlOOH and MgO crystals with
Na2CO3 as the mineraliser, and there are weak peaks of FeOOH,
Al2O3 and AlOOH crystals with Na2HPO4 or NaClO3 as the
mineraliser. Moreover, there are weak peaks of Fe2O3, AlOOH
and MgO crystals when the mineraliser is NaHCO3. The above
results are caused by the different coordination ability of each
mineraliser anion with metal ion. Table 1 shows that there is
more iron and aluminium compound in the samples, nevertheless
few crystals of these are formed. It demonstrates that most
Table 1 Percentage composition of metallics in the powders

Metallic
element

Fe2O3 Al2O3 CaO Cr2O3 MgO Na2O K2O

wt% 30.46 12.26 5.27 5.83 13.71 2.98 0.97

Figure 1 XRD patterns of composited powders prepared with different
mineralisers
a Na2CO3

b Na2HPO4

c NaClO3

d NaHCO3
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compounds of iron, aluminium, magnesium and chromium are
still in amorphous state.

3.2. FTIR spectra analysis: Fig. 2 presents the FTIR spectra of the
as-prepared powders with the films simultaneously. Both exhibit a
strong absorption at 3500–3300 cm−1 for the stretching vibration of
non-chemical bond association OH groups and 1645 cm−1 for
H–O–H bending vibrations, indicating water adsorption [5].
Furthermore, the peaks at 1411, 872 and 716 cm−1 correspond to
characteristic absorption peaks of CaCO3crystal [29]. When the
mineraliser is NaHCO3, the peaks of the CaCO3 crystal are
stronger than the others, it means that the sample contains more
CaCO3 crystal, the result agrees with the XRD analysis.

The peaks at 1100 cm−1 are regarded as Si–O–Si asymmetrical
stretching vibration, at 989 cm−1 they correspond to stretching vi-
bration of Si–O–Fe, at 1022 cm−1 correspond to stretching vibra-
tion of Si–O–Al or Si–O–Mg [30, 31]. This indicates that the
alkalinity groups have reacted with the glass substrate in the hydro-
thermal process, and the film sediment is combined with the glass
substrate by chemical bond. Fig. 2 shows that the peaks of Si–O–
Si are stronger with Na2CO3 or NaHCO3 as a mineraliser,
however the peaks of Si–O–Fe are stronger with the Na2HPO4

mineraliser and the peaks of Si–O–Al and Si–O–Mg are stronger
with the NaClO3 mineraliser. It demonstrates that CO2−

3 is favour-
able for Si–O–Si, HPO4

2− is favourable for Si–O–Fe and ClO3− is
favourable for Si–O–Al and Si–O–Mg bands. This may be
because of the different coordination abilities of the mineraliser
anion and metal ion.

The peaks at 672 and 420 cm−1 are attributed to flexural vibra-
tions of Fe–OH, at 603 cm−1 they are the characteristic absorption
peaks of Al–OH and Mg–OH flexural vibrations, and the peaks at
467 cm−1 are for Fe–O [32, 33]. Fig. 2 shows that the aforesaid
peaks are weakest when the mineraliser is Na2CO3, indicating
that HPO2−

4 or ClO3
− is favourable for the above chemical bonds

formation. Meanwhile, a high concentration of free CO2−
3 is favour-

able for the above chemical bonds formation.

3.3. SEM microphotographs analysis and roughness of the
composite films: SEM micrograph images of the films show that
the film surface morphologies are affected by the mineraliser
Figure 2 FTIR spectra of the samples prepared with different mineralisers
a Na2CO3

b Na2HPO4

c NaClO3

d NaHCO3
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Figure 3 SEM images of composited films prepared with different
mineralisers
a Na2CO3

b Na2HPO4

c NaClO3

d NaHCO3

Figure 4 TEM microphotographs of the composited powders prepared with
different mineralisers
a Na2CO3

b Na2HPO4

c NaClO3

d NaHCO3

Figure 5 Film thickness and refractive index of composited films prepared
with different mineralisers
(1) Na2CO3; (2) Na2HPO4; (3) NaClO3; and (4) NaHCO3
(Fig. 3). With Na2CO3 as the mineraliser, there are more big
particles and uneven flake sediments on the film surface. When
the mineraliser is Na2HPO4, more uneven flake sediments are
formed. However, with NaClO3 or NaHCO3 as the mineraliser,
the film surface is covered by a perfect three-dimensional (3D)
network sediment with fine twines and small pores.
Furthermore, the average roughness (Ra) of the composite films

is 31.250, 20.727, 25.270 and 22.248 nm, respectively, when the
mineraliser is Na2CO3, Na2HPO4, NaClO3 or NaHCO3. It is
shown that the Ra of the composite films is related to the surface
morphologies.

3.4. TEM microphotographs analysis of the powders: Fig. 4 shows
the TEM images of the powders prepared simultaneously with the
films. When the mineraliser is Na2CO3, nanometre particles
agglomeration is observed. With Na2HPO4 as the mineraliser, the
particles are aggregated regularly to form polyhedra. When the
mineraliser is NaClO3 or NaHCO3, the powders are irregular
minisize particles, and they are reunited slightly.
SEM and TEM results indicate that the structure of the film

surface sediments is affected by the mineraliser anion. The minera-
liser anions exist in the hydrothermal system of pH 11 in a different
form. With Na2CO3 and NaHCO3 as the mineralisers, the mineral-
iser anions are presented as CO2−

3 . Many metal ions and CO2−
3 form

a coordination complex, and the concentration of the free metal ion
is decreased, therefore the deposition reaction has slowed. In the
hydrothermal system of the NaHCO3 mineraliser, the concentration
of CO2−

3 is greater than that of Na2CO3, and the deposition reaction
is slower. Therefore a slower sedimentation velocity leads to good
particle dispersions and a compact network structure of the film
surface. Meanwhile, with Na2HPO4 as the mineraliser, the miner-
aliser anions are mainly presented as HPO2−

4 at pH of 11, but
only a minor amount of PO3−

4 is presented. Hence, a little coordin-
ation complex of PO3−

4 and metal is formed, and most of the
metal ions are free. This makes for acceleration of the hydrothermal
reaction. Hence, more uneven flake particles are formed, and the
film surface is coarse. When the mineraliser is NaClO3, the miner-
aliser anions are presented as ClO−

3 , and a more coordination
complex of ClO−

3 and metal ion leads to slowing of sediment
reaction, hence the film surface appears as a compact network
structure.
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3.5. Thickness and refractive index of the films: The thickness and
refractive index of the films at 632.8 nm show that thinner the film
is, the bigger the refractive index will be (shown in Fig. 5).

The refractive index commonly relates to film compactness and
crystalline phase [31, 34]. Therefore taken together with the charac-
terisation results, the mineraliser affects the film refractive index.
With Na2CO3 as the mineraliser, more big particles and uneven
flake sediments on the film surface lead to poor film compactness
and severe scattering loss, so its refractive index is the minimum.
Meanwhile, the thickest film probably could be attributed to big
sediments velocity and uneven sediments on the film surface.
With Na2HPO4 as the mineraliser, more uneven flake sediments
and no big particles lead to ameliorative compactness, so the thick-
ness of the film decreases but the refractive index does not increase.
When the mineraliser is NaClO3 or NaHCO3, a low sediment vel-
ocity leads to a compact 3D network structure formation, hence
489
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the films are thin. Meanwhile, small pores on the film surface cause
slight scattering loss, and its refractive indices are high. With
NaHCO3 as the mineraliser, the twines are the thinnest and the
pores are the smallest, the biggest refractive index may be
because of the densest film. However, all the results show that
the refractive indices of the films relate to the film structure and
non-crystalline phase; this could probably affect the extent of the
film structure which is greater than that of the crystalline phase.

4. Conclusions: High refractive index films were deposited on
glass substrates from chromium slag by the hydrothermal method
with different mineralisers. A few Fe2O3, FeOOH, Al2O3,
AlOOH or MgO crystals are formed, and most compounds of
iron, aluminium, magnesium and chromium are still in the
amorphous state. The FTIR results show that the alkalinity group
has reacted with the glass substrate in the hydrothermal process,
and the film material combines with the glass substrate by
chemical bond. The coordination ability of the mineraliser anion
and metal ion affects the sediment reaction rates. With NaClO3 or
NaHCO3 as a mineraliser, the film surface is covered by a perfect
3D space orientation network sediment with fine twines and
small pores. The thinner the film is, the bigger the refractive
index will be. The films’ refractive index is mainly influenced by
the film surface structure.
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