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Abstract: The hydrolysis process and mechanisms of unique as-prepared KCrO, and K;CrO, were systematically
investigated. The characterization results of XRD, IR and SEM show that the hydrolysis reaction can be realized at a
low reaction temperature of 80 °C and a reaction time of 24 h. Moreover, the greyish-green a-CrOOH with a hexagonal
plate-like morphology and a large size of 10 um is formed via the hydrolysis of the single-phase hexagonal KCrO,,
while the green sol—gel of amorphous Cr(OH); with a lumpy aggregate morphology is generated through the hydrolysis
of a cubic K;CrO,. It is a facile and rapid method to synthesize pure-phase chromium oxyhydroxide via the above

hydrolysis.
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1 Introduction

Hydrous chromium oxides (Cr,O3-xH,0) such
as chromium hydroxide (Cr(OH);) and chromium
oxyhydroxide (CrOOH) offer a near-ideal
combination of distinctive adsorption selectivity
and magnetic properties. The remarkable CrOOH
and Cr(OH); have piqued the interest of many
researchers as a consequence of their potential
applications as catalysts [1], colorants, fluorescent
and magnetic bifunctional molecules [2—5]. The
chromium oxide (Cr,O;) was also generated from

thermal decomposition of CrOOH or Cr(OH); [3,6],
and it was important in applications such as
catalysts [7], functional pigments [8—11], hydrogen
storage [12], gas sensors [13], batteries [14] or
electrode [15], and metallic ferromagnetic
material [16—18].

Nowadays, rhombohedral chromium oxyhydr-
oxide (a-CrOOH) has been mostly prepared via the
hydrothermal reaction of Cr(NO;);-9H,O [19-22].
The «-CrOOH with different diameters [23],
morphologies [24], adsorption properties [25] and
catalytic properties has been prepared through the
hydrothermal method. Based on the hydrothermal
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technique developed [18,19], the a-CrOOH was
produced with a size of 10—300 nm. By controlling
the synthetic parameters, especially the temperature
and pH, the crystallinity of the final products would
be greatly influenced [26]. This same hydrothermal
reduction of chromate has already been
experimentally applied to preparing Cr(OH);, which
was performed in a sealed autoclave to control the
atmospheric pressure.

However, in the previous work, the high
reaction pressure and temperature, complex process
control, and unable monitoring of CrOOH during
the crystal-growing process have been widely
considered as the weakness. Unfortunately, as one
of the crystallographically well-defined K,CrO,
compounds, KCrO, and K;CrO, were extremely
sensitive to moisture and oxygen [27]. They were
very difficult to prepare and preserve in the air [28].
In particular, few studies have reported the reactions
of KCrO, and K;CrO4 compounds with water over
the past few years.

In this current work, rhombohedral a-CrOOH
and amorphous Cr(OH); were synthesized via a
low-temperature and stress-free process, rather than
the traditional preparation method. This alternative
techniques could effectively reduce the high
reaction temperature and pressure, save the reaction
energy consumption, and also optimize the control
and monitoring of products in the reaction process.
In parallel with this, a new technical concept of
hydrolysis of K,CrO, compounds was proposed,
and the hydrolysis processes of KCrO, and K;CrO,
were accidentally discovered, and a series of
a-CrOOH and Cr(OH); were produced using this
hydrolysis reaction. The hydrolysis processes of
KCrO, and K;CrO, were performed in an inert
atmosphere for the sake of preventing their
oxidation. The crystal structures, chemical
compositions, morphological characteristics, and
sizes of hydrolysates (a-CrOOH and Cr(OH);) were
described in more detail. Finally, the formation
mechanisms of a-CrOOH and Cr(OH); were deeply
proposed, respectively.

2 Experimental

99.5% purity potassium chromate (K,CrO,)
was purchased from Sinopharm Chemical
Reagent Co., Ltd., and used to produce KCrO, and
K;CrO4 [29,30]. 99.99% purity hydrogen gas was

purchased from Praxair Inc.. KCrO, and K;CrO4
were produced via hydrogen reduction, which was
reported in previous papers [29,30]. KCrO, used in
this work was obtained via hydrogen reduction of
K,CrO, at 650 °C for 2 h; while K;CrO, was also
obtained via hydrogen reduction of K,CrO, at
450 °C for 0.5 h. A nickel boat, loaded with 5 g of
K,CrO4, was placed into the furnace tube.
Hydrogen was introduced into the tube at a flow
rate of 0.6 L/min. After the reduction reaction was
finished, different reduction products such as
KCrO, and K;CrO4 were added to distilled water
immediately, which were maintained constant
stirring for more than 24 h at 80 °C. Some greyish-
green powdery substances observed in the solution
were separated through centrifugation and dried at
100 °C for 12 h.

X-ray diffraction (XRD) patterns
recorded using a Rigaku diffractometer employing
CuK, radiation. The infrared spectrum was
recorded using a Spectro GX FT-IR spectrometer
(Perkin-Elmer, USA) in KBr pellets. The
morphological characteristic was performed using a
JSM—-6700F NT scanning electron microscopy
(SEM), supplied by Japan. The transmission
electron microscopy (TEM), selected area electron
diffraction (SAED) and energy dispersive
spectroscopy (EDX) were taken with a JEOLJEM
2010 operating at an acceleration voltage of 200 kV.

were

3 Results and discussion

3.1 Characterization of KCrQO,

Using a facile and highly reproducible
hydrogen reduction method, KCrO, was prepared at
650 °C. As shown in Fig. 1(a), the XRD patterns of
the synthesized precursor, show that all diffraction
peaks can be indexed to the KCrO, with a
rhombohedral crystal structure, indicating that the
precursor has a single crystalline phase. The lattice
constants of the precursor obtained via the
refinement of XRD data were ¢=0.3022 nm and
¢c=1.7760 nm, which was consistent with the
potassium chromate (KCrO,, JCPDS No. 28—0743).
According to Ref. [6], KCrO, was a green powder
with a magnetic property, and it was extremely
sensitive to moisture and oxygen as well. In the
previous work, KCrO, has been synthesized via an
azide route or a nitrate route [26—28], which must
be executed at a high temperature and dangerous
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pressure. Notably, KCrO, could be prepared by
hydrogen reduction of K,CrO, in this work, which
was more pressure-free and clean.
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Fig. 1 XRD patterns of KCrO, and crystal structure of
KCrO, (K (green spheres), Cr (blue spheres) and O (red
spheres)) (a) and XRD patterns of oxidation products of
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KCrO, in air at room temperature after 30 s and 5 d (b)

The oxidation reaction of KCrO, occurred
naturally at room temperature in air. The behavior
of KCrO, during oxidation with air was discussed.
Figure 1(b) shows the XRD results for the oxidation
of KCrO,. After exposing in air for 30 s, the KCrO,
was converted to a mixture of K,s;CrO, and
K,CrO,. It has been also reported that KCrO, was
immediately oxidized and yielded a mixture of
KosCrO, and K,CrO,4 at room temperature in the
air [27]. The conversion rate from KCrO, to
KosCrO, was not 100% at room temperature. As
illustrated in Fig. 1(b), the reduction product after
exposing in air for 30 s contained a mixture of
Ko.5CrO, (PDF No.00—28-0745), and K,CrO4 (PDF
No. 00—15-0365).

The phase transition from K, sCrO, to K,CrO,
was observed as well, and the complete conversion
took place after 5d in air. Therefore, in an

atmosphere of air, the most likely process was the
conversion of KCrO, to KysCrO, and then the
conversion of Kq5CrO, to K,CrO,. Hence, it is very
important to control the oxygen level at as low a
level as possible in the next following hydrolysis
process.

3.2 Hydrolysis of KCrO, to prepare a-CrOOH

Considering the easy oxidation of KCrO,,
KCrO, was cooled naturally to ambient temperature
in an inert atmosphere. In the next, KCrO, (2 g) was
immediately added to the 100 mL distilled water for
analyzing the hydrolysis process.

An overview of the hydrolysis taken in this
work is presented in Fig. 2(a). This material was
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Fig. 2 Schematic diagram of hydrolysis process of
KCrO, and photograph of greyish-green hydrolysis
product of KCrO, (a), XRD patterns of hydrolysis
products treated at 80 °C for 0.5, 5, 24 h (b) and FT-IR
spectra of hydrolysis products treated for 24 and 0.5 h (c)
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vigorously stirred at 80 °C for 24 h. After mild
hydrolysis of KCrO,, quite a few greyish-green
powdered substances were observed in the solution.
This remaining solid-green powder was separated
by centrifugation and then dried at 100 °C for 12 h.
The hydrolysis process of different reduction
products would be analyzed.

Different greyish-green powdered materials
were formed through the hydrolysis of KCrO, for
different durations of 0.5, 5, and 24 h at 80 °C. As
shown in Fig. 2(b), all the patterns observed from
hydrolysis product showed the -characteristic
diffraction peaks of a-CrOOH with a rhombohedral
crystal structure (space group of R3m), and lattice
constants of ¢=0.2984 nm and ¢=1.34 nm, and all
the peaks were in good agreement with the JCPDF
No. 09-0331 [23]. From Fig.2(b), hydrolysis
duration could be deduced to have a great influence
on the crystallization of a-CrOOH. The XRD peaks
of the sample treated for 0.5 h were weak and broad
(as shown in red line), indicating that the structure
has poor degree of crystallization. Furthermore,
hydrolysate after 24 h shows increase in all peak
intensities (as shown in black line). The results
suggest that the nucleation and growth of a-CrOOH
crystallites could be accelerated by a longer
hydrolysis duration.

The FT-IR absorption spectrum in Fig. 2(c)
clearly demonstrated that samples treated for 24 h
and 0.5 h showed five bands: 3247, 2017, 1635,
1190 and 599 cm™'. The strong sharp peak at
599 cm™' corresponded to the Cr'"— O anti-
symmetric stretching vibration [23]. Another
strong sharp peak at 1190 cm ' was assigned to
Cr"— O —H bending vibration [31]. A low-
intensity band observed at 1635 cm ™' corresponded
to the bending modes of non-dissociated water
molecules [32]. The appearance of a broadband in
the 1700-2100 cm ' region was assigned to the
O—H stretching vibration in the OH group of
CrOOH [33]. While the other broadband in the
2800-3500 cm ' region was assigned to the surface
OH stretching groups originated from dissociation
chemisorptions of water [34,35]. Table 1 lists the
summary of FT-IR bands and their assignments of
the hydrolysate. These bands were characteristics of

Table 1 FT-IR bands and assignments of hydrolysates (cm ")

o-CrOOH, which further indicated that the
hydrolysis product was composed of a-CrOOH
with a rhombohedral crystal structure.

A few representative SEM and TEM images
were provided, which were used to determine the
final morphology of the product after 24 h of
hydrolysis. As shown in Fig. 3(a), the morphology
of hydrolysate after treating for 24 h was hexagonal
plate-like particles with a diameter of 10 pum.

A more complete set of SAED pattern as well
as EDX mapping from the analyzed sample treated
for 24h was available in Figs. 3(b,c). The
hexagonal single crystal particle of a-CrOOH gave
a well-defined sixfold symmetric electron
diffraction pattern, as shown in Fig. 3(b),
confirming the existence of the crystalline structure
of rhombohedral a-CrOOH. In the meanwhile, the
selected area electron diffraction pattern of the
hexagonal single crystal particle took along the
[111] zone axis. As shown in the SAED patterns
of Fig. 3(c), diffraction points, which were
recorded from the a-CrOOH, could be identified as
(101), (110), and (202) planes of the a-CrOOH.
The corresponding EDS spectrum (Fig. 3(d))
highlighted the presence of only chromium, oxygen
and potassium peaks. In addition, Cu and C could
also be observed, which was attributed to the
copper TEM sample copper grids and carbon film.
In this research, oversize particle (10 um) was
obtained successfully via the hydrolysis technique.

3.3 Characterization of K;CrQ,

In the previous work, Cr,O;, KOH, and
K,CrO, were used as the raw materials for the
typical route to synthesize K;CrO,, and the reaction
was completed at 700°C for approximately
8 h [24,25]. The dark-green K;CrO, was also highly
hygroscopic and sensitive, and it was spontaneous
oxidation at room temperature. Various researchers
have suggested that the oxidation state of Cr’~ was
rather unstable. In this work, K;CrO4 was prepared
through a simple low-temperature hydrogen
reduction method. The XRD pattern of the prepared
product is presented in Fig. 4(a) for crystal phase
identification. It was obvious that the main lines
were the diffraction peaks of the crystallized cubic

Cr’—O stretching  Cr’*—O—H bending

Water H—-O—H bending

H—O—H stretching  H,O stretching

599 1190

1635 2017 3427
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Fig. 3 SEM image (a), TEM image (b), SAED pattern (c) and EDX mapping (d) of hydrolysates (The location of the
examined area of SAED pattern and EDX mapping is indicated in (b) with a frame. The region in the inset of (b) shows
the photograph of the greyish-green powdered a-CrOOH)
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Fig. 4 XRD pattern of K;CrO, and its crystal structure (K (green spheres), Cr (blue spheres), O (red spheres)) (a) and
XRD pattern of oxidation product of K;CrOy in air for 24 h at room temperature (b)

K;3CrOy (lattice constants a=b=c=0.83368 nm, PDF can be seen that the oxidation of K;CrO, was an
No. 00—-31-0994). easy process in air. It was observed that the

Figure 4(b) shows the XRD results for the diffraction peak for K;CrO4 completely disappeared,
oxidation of K;CrO, in air at room temperature. It whereas the diffraction peak for K,CrO,4 appeared.
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The presence of air significantly promoted the
K;CrO, oxidation. After exposing the K;CrO4 and
K,CrO4 system in air for 24 h, only the K,CrO,
remained.

3.4 Hydrolysis of K3;CrQ, for preparing Cr(OH);

The hydrolysis process of K;CrO4 was
performed in an inert atmosphere for the sake of
preventing its oxidation. After the hydrolysis of
K;CrOy4, several green flocculent substances were
observed in the solution. Interestingly, when the
solution was completely placed and heated at 60 °C
for 2h, a type of green sol-gel material was
precipitated. The color of the solution was changed
from green to yellow, which indicated that Cr®" was
generated. This obtained green gel-like precipitate
was centrifuged at 10000 r/min for 10 min and
washed three times with distilled water, as shown in
Fig. 5(a). Figure 5(b) shows the XRD pattern of the
green gel-like precipitate sample prepared by
hydrolysis treatment for 0.5 and 24 h, all the
hydrolysates presented an amorphous phase, which

Shu-ting LIANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1397—1405

indicated that it was impossible to directly
characterize the hydrolysates in this experiment.

To further understand the main component of
the hydrolysis product of K;CrO4 the FT-IR
absorption data were evaluated. The FT-IR
absorption spectrum was collected and plotted in
Fig. 5(c). As observed, the 540 cm™' broadband
corresponded to Cr’*— O lattice vibrations; at
919 cm ™', the peak corresponded to the bending
vibration of Cr'"— O —H [31]. While three
absorption peaks of Cr(OH); at 1377, 1497, and
1634 cm™' [30], can also be observed in the spectra.
The result indicated that the gel-like precipitate
contained Cr(OH);, which was directly generated
by the hydrolyzing process of K;CrO, in this
system.

Transmission electron microscopy (TEM) was
used to investigate the final morphology and
crystallographic properties of the Cr(OH); product.
TEM analysis revealed that the surface of Cr(OH);
product was relatively rough, lumpy, and irregular
in Fig. 6(a). The SAED spectrum also strongly

@) Amorphous
sol-gel
Cr(OH),
Filtration \‘
K4CrO, ~
(b) (c)
o 24h
S(H—0—H)
0.5h
[Powom A A(Cr*—0—H)
o(t,0) o(Cr*—0)

10 20 30 40 50 60 70
200(°)

80 90 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™!

Fig. 5 Schematic diagram of hydrolysis process of K;CrO, and photos of green flocculent solution and green sol—gel
precipitate (a), XRD patterns of hydrolysis products treated at 80 °C for 0.5 and 24 h (b) and FT-IR spectrum of

hydrolysates (c)
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Fig. 6 TEM image (a), SAED pattern (b) and EDX mapping (c) of hydrolysates (The location of the examined area of
SAED pattern and EDX mapping was indicated with a frame. The region in the inset of graph (a) showed the

photographs of the Cr(OH);)

supported the view that Cr(OH); product was
amorphous. Energy dispersive spectroscopy (EDS)
was performed to further confirm the composition
of the prepared product. The corresponding EDS
spectrum  highlighted the presence of only
chromium, oxygen, and potassium peaks. Besides,
Cu and C could also be observed, which was
attributed to the copper TEM sample copper grids
and carbon film.

4 Discussion

This experimental results discussed above
confirmed that the formation of unique large
hexagonal crystal may be attributed to the presence
of KCrO, with a rhombohedral crystal structure.
The results of XRD, FT-IR and SEM analysis were
used to explore the hydrolysis mechanism of
KCrO,. It could be seen from the XRD and FT-IR
results that the peak position of KCrO, disappeared
after hydrolysis, and the peak position of CrOOH
appeared. Generally, the formation of a-CrOOH
resulted from the decomposition of KCrO,. The
possible hydrolysis reaction of the overall process
was given as

KCrO,+H,0=a-CrOOH+KOH (1)

Compared with the former hydrothermal
method, this novel intrinsic hydrolysis approach has
many preponderance for the preparation of
0-CrOOH. The hydrolysis treatment is very
facile. KCrO, could thoroughly hydrolyze just
though slightly extending hydrolysis duration
and increasing the temperature (80 °C, 24 h),
which avoided other complicated adjusting

processes.

In a recent review, BAMBERGER et al [36]
reported that K;CrO4 reacted with water to form
hydrosoluble Cr’*, potassium chromate (K,CrO,)
and potassium hydroxide (KOH). After boiling for
approximately 8 min, the hydrosoluble Cr’* formed
a solid residue of amorphous chromic hydroxide
(Cr(OH);). JOHNSON et al [37] determined that
the reaction of K;CrO,4 with aqueous acid at 25 °C
led to solutions with two-thirds chromium in the
hexavalent oxidation state and one-third chromium
in the trivalent oxidation state. More recently, by
measuring UV—Vis absorption and back-titrated
CrO3", BAILEY et al [38] have reported that a
fused solution of CrO3~ was rapidly oxidized to
CrO;” in oxygen, and a solution of CrO} in
potassium  hydroxide @~ was  quickly and
disproportionately converted into 2Cr*" and Cr’".

The experimental results of the hydrolysis of
K;3CrOy in this work could be indexed as Cr(OH);
and K;3CrO,,
previous reported result. In air, K;CrO,4 reacted with
water vapor to form two-thirds of K,CrO, (Cr6+) and
one-third of Cr(OH); (Cr'’"). As previously
discussed, the peak position of K,CrO, can be
obtained from XRD data, which proved the
formation of K,CrO,. At the same time, the
formation of Cr(OH); could be proved from FT-IR
data and product morphology. As a result, after
exposing K;CrO, in air, one of the product had a
XRD phase of K,CrO4, and Cr(OH); was
amorphous or had poor crystallinity. The possible
hydrolysis reaction of K;CrO4 was

3K;3CrO4+4H,0=Cr(OH);+2K,CrO4+5KOH  (2)

which was consistent with the
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5 Conclusions

(1) The obtained a-CrOOH was crystallo-

graphically pure, and it was identified with a
hexagonal plate-like morphology with a grain size
of 10 um.

(2) The prepared amorphous Cr(OH); was

identified with lumpy aggregate morphology.

and

(3) The reaction temperature was only 80 °C
the reaction time was 24 h. In addition,

increasing the hydrolysis duration during the
crystallization was helpful to increasing the product
purity.

(4) This process would be a better alternative

for producing Cr(OH); and CrOOH compounds due
to its easier implementation and higher flexibility.
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