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ABSTRACT

Nanoscale copper hexacyanoferrate (CuHF) is a low-cost material prepared via a chemical
co-precipitation method. XRD diagram, FTIR spectrum, EDS image, HR-TEM image, surface area
(BET), and pore volume parameters were used to determine the properties and morphologies of the
CuHF. The synthesized nanomaterials have the following properties: nanoscale and cubic structure
(space group F-43m). The CuHF molecular formula was Cuis[Fe(CN)e]14°(2K) - 10H,0. CuHF was
a complex substance with a surface area of 12.80 m%/g and average pore width of about 34.50 nm.

Keywords: copper hexacyanoferrate, cubic structure; nanoparticle

1.  Introduction

The Prussian blue family (PB) is a complex compound. They have the general formula
M[Fe(CN)e], where M is the transition metals (M= Fe, Cu, Ni, Co...). They have been
utilized in various applications such as electrochemical sensing (Karyakin et al., 2001;
Karyakin et al., 2017), energy storage (Qian et al., 2018; Yun et al., 2021), energy harvesting
(Lee et al., 2014), and Cs" ions adsorption (Trung et al., 2021; Vipin et al., 2014; Kiener et
al., 2019). The copper hexacyanoferrate (CuHF) is one of the most studied Prussian Blue’s
families. CuHF has been reported as a cubic structure where the Cu?* ion is octahedrally
coordinated to the N ends of CN groups. The porous and the framework of CuHF is stable,
with narrow channels and a small volume (Avila et al., 2008). The nanoscale CuHF has been
used as the nanochemistry materials have not yet been explored. Numerous publications are
available on the application of this material. However, little information is available on this
material's properties, chemical composition, and morphology. Many methods for
synthesizing CuHF have been published, but the co-precipitation method is the most
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commonly applied because it is easy and inexpensive to perform (Firouzi et al., 2016). A
protective agent such as citrate or polyvinylpyrrolidone can be added to the solution to
improve the size and morphology of CuHF, when synthesizing this material (Ji et al., 2016,
Wu et al., 2016). The chemical and physical properties of CuHF depend on the size and
morphology of that material. This study aimed to introduce a cubic (Fm-3m) CuHF
nanoscale prepared by a chemical co-precipitation method, which was easy to operate and
low cost. The material was characterized by FTIR spectrum, XRD diagram, EDS image,
surface area (BET) parameters, and HR-TEM image.
2.  Experimental details
2.1. Materials

Ka[Fe(CN)s]-3H20 (Merck, Germany), and CuSO4'5H,0 (Merck, Germany), the
double-distilled water was used for all experiments.
2.2. Methods
2.2.1. Preparation of CuHF

CuHF is prepared according to the following equipment system (Figure 1)

Figure 1. Equipment system prepares CuHF

(A) The reactor beaker containing 750mL CuSO, solution 0.15M

(B) The dropping funnel containing 250 mL (Ka[Fe(CN)s] 0.05 M)

(C) Ultrasonic bath (Elma S300H 1500W-50Hz)

(D) Stirring machine at 1200 rpm

Solution (B) was slowly dropped into a reactor beaker (A) in the ultrasonic bath
(Figure 1). The temperature is maintained at 40 °C, and the reaction time is 4 hours. After
the end of the reaction, the products were separated by centrifuging (Universal 320-
Germany) at 10.000 rpm, washed with double-distilled water, and then dried at 60 °C.
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2.2.2. Characterization of CuHF
Analysis of properties and morphology of materials based on a number of equipment
systems are listed in Table 1
Table 1. The measurements and their corresponding instruments
Results of measurements Instruments

Scintag XDS-2000 diffractometer with CuKo radiation

XRD diagram (L = 1.54059) (Shimadzu XD-3A Japan)

FTIR spectrum Thermo Scientific, Nicolet iS10, USA

TEM, HR-TEM image JEM 2100, HSX: Jeol, Japan

Energy-dispersive X-ray (EDS) Field emission scanning electron microscopy (FESEM),
spectra JEOL JSM-6510LV, Japan
?_Lélrlf:rc?;éeTa)Brunauer—Emmett— Micromeritics - TriStar 11 3020 3.02, USA

2.2.3. Calculated CuHF nanoscale size (D)

The main cubic cube was combined with eight sub-cubics (Sun et al., 2020). The CuHF
nanoscale size (D) can be calculated from the XRD pattern based on the Scherrer formula as
follows (Dan et al., 2014):

p-2K_ M

S xcosd

Where A= 1.5405 A is the wavelength of the incident XRD when using CuK, radiation;
K =0.9, is a constant; B is the peak width in radians, often B measured as the full width at
half maximum (FWHM), and 6 is the diffraction angle of the (h, k, 1) plane. 6 is calculated
using Bragg's law as follows (Bragg et al., 2013):

ni

2d(h,k,l)) (2)
In practice, the value of n can be considered 1 (Bragg et al., 2013). Therefore, the formula
(4) becomes

6 = arcsin(

. A
6 = arcsm(Zd (h’k’l)) 3

Here, d is the spacing of cubic, d(h,k,1) = J;i and d(1, 1, 1) = 5.829A 4)

h2+k2+]2
3. Results and discussion
3.3. XRD diagram of the CuHF
The XRD data were analyzed by Fullfrop suite software with standard 101038.cif
(Murray-Rust 2021) to identify the crystal structure of CuHF that has just been prepared.
The red line is the XRD diagram of the CuHF.10H.O as prepared, and the blue line is the
standard diagram Figure 2.
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Figure 2. XRD diagram of the CuHF compares with the standard
The parameter results of Rietveld refinement were shown below:
Information on Space Group: CuHF
Number of Space group: 216; Hermann-Mauguin Symbol: F 43m
Hall Symbol: F 423; Crystal System: Cubic; Laue Class: m-3m
Point Group: 43m; Bravais Lattice: F; Lattice Symbol: cF
Reduced Number of S.O.: 24; General multiplicity: 96
Asymmetric unit: 0.000 <x <0.500; 0.000 <y <0.250; -0.250 <z <0.250
List of S.O. without inversion and lattice centering translations
The interaction parameters (SYMM) at the binding sites in a single crystal are shown
in Table 2.
Table 2. The interaction parameters (SYMM) in a single crystal
Number of SYMM Interaction direction ~ Number of SYMM Interaction direction

1 XY,z 13 Y, X,Z

2 X,7Y,-Z 14 -V, X,-Z
3 -X,Y,-Z 15 Y,-X,-Z
4 -X,-Y,Z 16 -Y,-X,Z
5 Y,Z,X 17 Z,y,X

6 -Y,-Z,X 18 -Z,-Y,X
7 Y,-Z,-X 19 -Z,Y,-X
8 -Y,Z,-X 20 Z,-y,-X
9 Xy 21 X,Z,y

10 -Z,X,-Y 22 X,-Z,-y
11 -Z,-X,Y 23 -X,-Z,Y
12 Z,-X,-y 24 -X,Z,-y
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The result (Fig. 2) shows that the XRD peaks of the prepared CuHF nanomaterials
coincide with the peaks of the standard.

Using the Scherrer equation and parameters determined from formulas (3) and (4), the
crystal size of CuHF is calculated to be about 5.6 nm.
3.2. FTIR of CuHF

The FTIR spectra feature three vibrations within an octahedral unit: [Fe(CN)6]*:
V(CN), d8(Fe-CN), v(Fe-C), and water, v(OH), and 6(HOH) (Avila et al., 2008). The
analytical parameters of the infrared spectrum (FTIR) of CuHF materials are presented in
Fig. 3 and Table 3. This result indicates one type of crystal binding to water molecules,
demonstrating the successful preparation of CuHF. xH2O. The FTIR spectra obtained in this
study are also related to the research results by the Avila group (Avila et al., 2008)

(Table. 3).
Table 3. Frequency (in cm™) for the FTIR absorption bands observed in CUHF
v(CN) o(Fe-CN) v(Fe-C) v(OH) 6(HOH)
cmt cmt cmt cmt cmt
2099.59 590 472 3609.12; 3452 1623.14 This study
2106 597 499 3621; 3506 1602 Awvila group
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Figure 3. The FTIR spectra of the CuHF

919



HCMUE Journal of Science Nguyen Dinh Trung et al.

3.3. The EDS of CuHF

The elemental composition of the CuHF was examined using Field emission scanning
electron microscopy (FESEM), JEOL JSM-6510LV. The EDS spectrum of CuHF is shown
in Figure 4.

L series
K series
K series
K series

K series

—['II[I lIIl]|:IIIII[|[!II|iI[|I[11|1 [l||]|l1|:||||

Figure 4. The EDS spectrum of CuHF

The atomic percentages of different elements of the CuHF are described in detail in
Fig 4, the formula of the CuHF can be Cuis[Fe(CN)e]14'(2K) 10H20. The composition of
the elements, the morphology, the structure, and the size of the materials depend
significantly on the conditions and the preparation method (Kiener et al., 2019).

When the material was prepared to follow the chemical equation:

2CuS0O4 + K4[Fe(CN)s] — Cuz[Fe(CN)e] + 2K2SO4 (5)

CuSO4 + K4[Fe(CN)s] — KoCu[Fe(CN)e] + K2SO4 (6)

The K>Cu[Fe(CN)e] dissolved in the solution (Vincent et al., 2015), so they were
discarded after the product was washed several times with distilled water. Thus, the K* ions
in the CuHF (Figure 4) may be the ions which were adsorbed by CuHF that had just been
prepared.
3.4. TEM and HR-TEM images of CuHF

The morphology of CuHF is shown in Fig. 5a. It has a zeolitic structure which is a
combination of cubic blocks. Figure 5b is an image of one crystal.
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Figure 5a. The R-TEM image of CuHF

Figure 5b. The HR-TEM image of one unit cell of CUHF

3.5. Surface area (BET) and pore volume of CuHF

To examine the surface area and the pore characteristics of CuHF, N2
adsorption/desorption measurements were performed in the condition: analysis adsorptive:
N2 (Nitrogen); analysis bath temperature: 77.350 K; sample mass: 0.3587 g; warm free
space: 9.4024 cm?® measured; cold free space: 28.2383 cm?, calibration interval: 10 s; sample
density: 1.000 g/cm?. The obtained gas (N2) adsorption-desorption curves are shown in
Figure 6. The isothermal plots of N, adsorption/desorption for the CuHF show type 1V
isotherms. The absorption process is monolayer at low pressure, but at high pressure,
absorption occurs in multilayers.
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Figure 6. Isothermal plots of N2 adsorption/desorption for CuHF
The pore size distributions of the CuHF were calculated from adsorption and
desorption data using the Barrett-Joyner— Halenda (BJH) model, showing a broad peak
centered from 2-50 nm Fig.7a and Fig. 7b, respectively. The pore size of the CuHF is
distributed from mesoporous to macroporous.
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Figure 7a. BJH Adsorption dV/dlog(w) Pore Volume
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Figure 7b. BJH desorption dV/dlog(w) Pore Volume
The results of the physical properties analysis of CuHF materials by the BET method

are shown in Table 4

Table 4. The physicochemical characteristics of the CuHF

BET Surface Area

12.80 m?/g

BJH Adsorption cumulative surface area of pores
BJH Desorption cumulative surface area of pores
BJH Adsorption cumulative volume of pores

BJH Adsorption average pore width (4V/A):
BJH Desorption average pore width (4V/A):

11.657 m?/g
12.853 m3/g
0.101 cm3/g

34.499 nm
31.466 nm

The Copper hexacyanoferrate has a zeolitic cubic structure, BET surface area 12.80

m?/g was prepared.
4.  Conclusions

Copper
co-precipitation method, which was easy to

hexacyanoferrate (CuHF) nanoscale was prepared by a chemical

operate and low cost. The CuHF was

characterized by an XRD diagram, FTIR spectrum, EDS image, HR-TEM image, surface
area (BET) and pore volume parameters. The results show that the CuHF has a cubic
structure (space group F-43m), and the calculated crystal size was about 5.6 nm. The CuHF

molecular formula was Cuiz[Fe(CN)s]14'(2K)1

OH20. Micrographs of complex substances

(CuHF) were zeolitic structure, and surface area of 12.80 m?/g, average pore width of about

34.50 nm was demonstrated.
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TONG HQP VA TiNH CHAT CUA VAT LIEU NANO PONG HEXACYANOFERRATE
Nguyén Pinh Trung®", Lé Vii Trim Anh',
Trwong Pong Phwong', Hupnh Thi Anh Ly*, V6 Si Lei*, Nguyén Ngec Bdio?
YTruong Dai hoc Da Lat, Viét Nam
2Trwong Cao dang nghé Lam Dong, Viét Nam
“Téac gia lién hé: Nguyén Pinh Trung — Email: trungnd@dlu.edu.vn
Ngay nhgn bai: 14-5-2022; ngay nhdn bai sira: 27-6-2022; ngay chdp nhdn ding: 28-6-2022

TOM TAT

Pong hexacyanoferrate kich thuée nano (CuHF) la loai vit liéu cé gid thanh thdp, dwoc diéu
ché bang phwong phdp dong két tia héa hoc. Théng qua cdc ki thudt nhiéu xa tia X (XRD), quang
phé hong ngoai bién doi Fourier FTIR, quang phé tia X phdn tan nang lwong(EDS), ki thudt kinh
hién vi dién tir truyén qua cé dg phan gidi cao (HR-TEM) va dién tich bé mdt (BET) dé xdc dinh cdc
tinh chdt va hinh thdi cia CuHF. Vit lidu duwoc téng hop co cac ddc tinh sau: tinh thé ¢6 cdu tric
ldp phwong (F-43m) va kich thuoc khodng 5,6 mnm. Coéng thwc phan tr cua CuHF
Ia Cuis[Fe(CN)elia*(2K) - 10H20. CuHF la mét chat phire hop ¢6 dién tich bé mat (BET) la
12,80 m? /g, va ¢é dg rong trung binh khodng 34,50 nm.

Tir khéa: copper hexacyanoferrate; cdu tric 1ap phuwong; vat liéu nano
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