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Abstract:  

The structural properties of thin films prepared with different thicknesses before and after 

the annealing process and at different temperatures were studied. X-ray diffraction (XRD), 

atomic force microscopy (AFM), and emission scanning electron microscopy (FESEM) were 

used to study the structural properties. X-ray diffraction analysis revealed that the thin films 

prepared with different thicknesses, as well as those annealed at temperatures of 300 and 373 

K, were composed of the β-phase, which is widely known as the most stable phase. The analysis 

also showed that the material has a polycrystalline structure characterized by a monoclinic 

crystal system. The density shows a constant increase in all thin films, with the dominant trend 

being (312) for all films. Atomic force microscopy (AFM) measurement results indicated that 

there was an increase in roughness with a change in the thickness of the thin films. In addition, 

there was an increase in the crystalline size of the thin films that underwent annealing at 300 

and 373 K. However, there was a decrease in crystallite size at the annealing temperature of 

473 K due to the phase change of the thin film material. 

Keywords: CuPc thin films, vacuum thermal evaporation technique (PVD), atomic force 

microscope (AFM), thickness, root mean square (R.M.S.), structural characteristics. 
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 :الخلاصة

حرارة   وبدرجات  التلدين  عملية  وبعد  قبل  مختلفة  بسماكات  المحضرة  الرقيقة  للأغشية  الهيكلية  الخصائص  دراسة  تم 

( والمجهر الالكتروني الماسح للانبعاث  AFM( ومجهر القوة الذرية )XRDمختلفة. استخدمت الدراسة حيود الأشعة السينية )

(FESEM  )  لدراسة الخصائص الهيكلية. كشف تحليل حيود الأشعة السينية بأن الأغشية الرقيقة المحضرة بسماكات مختلفة

( والذي يعرف β-phaseكلفن كلفن، كانت تتكون من الطور بيتا )   373و  300وكذلك التي تم تلدينها عند درجات حرارة  

على نطاق واسع بأنه الطور الأكثر استقرار. كذلك بينت التحاليل ان المادة لها بنية متعددة البلورات والتي تتميز بنظام بلوري 

( ولجميع الاغشية. أشارت 312احادي الميل. تظهر الكثافة زيادة ثابتة في جميع الاغشية الرقيقة، مع كون الاتجاه السائد )

غشية الرقيقة. بالإضافة إلى ذلك، كان  ( ان هناك زيادة في الخشونة مع تغير سمك الاAFMس لمجهر القوة الذرية ) نتائج القيا

كلفن. ومع ذلك، كان هناك انخفاض   373و  300هناك زيادة في الحجم البلوري للأغشية الرقيقة التي خضعت للتلدين عند  

 .كلفن نتيجة لتغير الطور لمادة الاغشية الرقيقة 473في الحجم البلوري عند درجة حرارة التلدين 

،  (AFM، مجهر القوة الذرية )PVD)، تقنية التبخر الحراري الفراغي )CuPcالأغشية الرقيقة  :المفتاحيةالكلمات 

  .، الخصائص الهيكلية(.R.M.Sالسمك، متوسط الجذر التربيع ) 

1. Introduction: 

Phthalocyanine polymers, a type of organic material with highly functional properties, have 

made them the subject of intense study in the fields of chemistry and physics. The prominent 

feature of these materials is their great stability in the face of thermal changes and chemical 

reactions, which makes them excellent candidates for diverse applications, especially in fields 

requiring highly stable materials [1]. Phthalocyanine can take several crystalline forms, and 

these different forms are known as polymorphic forms. The most common forms are α-, β-, and 

γ-. Each of these forms has unique properties that affect how the material is used in practical 

applications [2]. The differences between these shapes are due to the arrangement of atoms 

within the crystal, which in turn affects the physical and chemical properties of the material [3]. 

The research highlights the structure properties of metal-modified or metal-free phthalocyanine 
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polymers. Examples cited, such as MnPc (manganese phthalocyanine) [4], CuPc (copper 

phthalocyanine) [5], NiPc (nickel phthalocyanine) [6], FePc (iron phthalocyanine) [7], and 

CoPc (cobalt phthalocyanine) [8], reflect the diversity in the compositions of these polymers 

and the resulting applications. One important use of these materials is in gas sensors, where 

they take advantage of their high sensitivity to chemical changes. They are also used in optical 

logic displays and in solar energy conversion applications, such as solar cells, due to their ability 

to absorb and convert light efficiently. In addition, they are used in the manufacture of color 

filters and as materials for organic lasers, where they provide unique optical properties [9]. 

The chemical nature of these materials makes them p-type semiconductors, which means 

they contain electrical holes that facilitate the flow of electricity. The ability to easily evaporate 

these materials allows the production of high-purity thin films without degradation, enhancing 

the quality and efficiency of downstream applications   [10]. 

Thermal evaporation was used to create thin film coatings of copper phthalocyanine on 

quartz substrates in the work that is being presented here [11]. In this work, structural elements 

were found and addressed. These characteristics include statements about considerations made 

during research or analysis that are relevant to the study of thin films. X-ray diffraction is an 

important method for analyzing the crystalline structure of thin films, as X-ray radiation can be 

used to study the atomic and crystalline structure of materials [12]. Also, advanced techniques 

like atomic force electron microscopy (AFM), which can show very clear, very small pictures 

of thin film surfaces, and field scanning electron microscopy (FESEM), which can show very 

fine details about the structure of surfaces at very high resolution, have been looked at and 

reviewed [13].In this way, it is demonstrated that analytical aspects have been taken care of 

using multiple techniques to understand and evaluate the structural and surface properties of 

the studied thin films. 

2. Experimental work: 

2.1 Thin film deposition system: 

The deposition method used a vacuum thermal evaporation technique, where copper 

phthalocyanine is heated until it evaporates and then condenses on a colder surface, forming a 

thin film [14]. Equipment used: An Edwards (E 306 A coating unit) was used, which is known 

for its ability to achieve high-level vacuums of up to (2×10-5) Torr. The dimensions of the basin 

used in the deposition process are arranged in a symmetrical and geometric manner with respect 

to the target or foundation. This arrangement helps in achieving uniformity in the distribution 

of the evaporated particles of copper phthalocyanine on the substrate. The main goal is to 
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produce a homogeneous and even film of copper phthalocyanine. Achieving homogeneity in 

the deposited film is essential to obtaining the desired properties and specifications in the final 

film. Careful regulation of the bed and substrate contributes to ensuring the quality and 

consistency of the deposited film [15]. 

2.2 Preparation of copper phthalocyanine films: 

Copper phthalocyanine films with a thickness of 200, 215, 235, and 255 nanometers were 

formed in a molybdenum metal boat when the evaporation chamber pressure reached 2.2 × 10-

5 Torr using a unit. The E306 Coating Unit deposits material on glass 18 cm from the 

evaporation tank at a rate of 2.078813 nm sec-1 at normal temperature. A current transformer 

sends a high current for deposition. After cooling in the evaporation chamber, the samples are 

ready for thickness measurement. Subsequently, the lab tests these membranes for their 

structural, optical, and electrical characteristics. 

2.3 Measuring the thickness of thin films: 

The researchers use the indirect gravimetric approach to measure the thickness of thin films 

through mass measurement. Several steps were involved in this process. In this research, a 

sensitive scale is used to weigh the substrate before applying the film, and a vacuum thermal 

evaporation is also used to deposit the thin layer onto the substrate. The substrate is weighed 

again on the sensitive balance after film deposition. This time, the substrate and thin films will 

be weighed. To determine the mass of thin films, the researchers subtract the weight of the 

substrate before deposition from its weight after deposition, and also use film density and mass 

to calculate the volume of the thin film. The volume divided by the surface area of the film 

deposit yields the film thickness [16]. 

This approach is precise and efficient for thin films. Measurement tools like scales must be 

reliable and calibrated to produce accurate findings. Repeating measurements helps confirm 

findings and decrease mistakes. 

3. Results and discussion: 

3.1 X-ray diffraction: 

The results of X-ray diffraction (XRD) examinations of CuPc thin films deposited using the 

thermal evaporation technique in vacuum on glass substrates with different thicknesses (200, 

215, 235 and 255) nanometers show that it is a polycrystalline structure of the monoclinic type 

[17], and compared with the standard values in the card (JCPDS: 00-037-1846), the  (2 ̅15), and 

(213), respectively. 
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Figure 1: X-ray diffraction pattern (XRD) of copper phthalocyanine CuPc films. 

The characteristic and dominant direction was (312), as shown in Figure 1. The results also 

had a good match between the calculated and measured surface area values and the crystal 

diffraction angles, as shown in Table 1. 

 

 

 

 

 

 

 

 

 

Figure 2: illustrates the relationship between crystal size and the thickness of CuPc thin films. 

Table 1 shows the structural parameters of CuPc films, where the results show that as the 

thickness of the thin films increases, there will be an increase in crystal size due to columnar 

growth with increasing film thickness, as shown in Figure 2, and an increase in density. 

The average crystallite size was calculated, which agrees well with the estimated value 

obtained from FESEM images. 

A copper phthalocyanine (CuPc) film, measuring 255 nm in thickness, underwent annealing at 

temperatures of 300, 373, and 473 Kelvin. The outcomes of X-ray diffraction (XRD) analyses 

for these thin CuPc films are presented in Figure 3. By examining the XRD results, structural 

10 20 30 40 50 60 70 80

150

300

450

600

750

900

1050

1200

1350

017
321

503

215

In
te

n
s
it

y
 (

a
.u

)

2 ()

 255 nm

 235 nm

 215 nm

 200 nm

312

-

 

190 195 200 205 210 215 220 225 230 235 240 245 250 255 260

40

45

50

55

60

65

70

75

80

C
ry

s
ta

l 
S

iz
e
 (

n
m

)

Thichness (nm)
 

https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq


Alhiti LS, Jawad RA, Abd Alwaahed RA, Alhassan HM./ Al-Kitab Journal for Pure Sciences (2024); 8(1):81-91.

 

 
Web Site: https://isnra.net/index.php/kjps   E. mail: kjps@uoalkitab.edu.iq

 
86 

parameters for the CuPc films in the direction of the crystal peak (312) at varying annealing 

temperatures can be inferred, as detailed in Table 1. 

As the annealing temperatures rise, the full width at half maximum (FWHM) in the primary 

orientation decreases significantly. This shows that the lattice quality has improved, as 

explained in [18]. 

 

 

 

 

 

 

 

 

 

 

Figure 3: displays the X-ray diffraction (XRD) patterns of copper phthalocyanine (CuPc) films that have 

been annealed at various temperatures. 

 

 

 

 

 

 

 

Figure 4: depicts the variation in crystal size as a function of the annealing temperature for copper 

phthalocyanine (CuPc) thin films. 

This improvement allowed for the estimation of crystallite size using the Scherer equation. 

According to the data in Table 1, there is an observable increase in crystal size at annealing 

temperatures of 300 and 373 Kelvin. This increase can be attributed to regrowth involving 

phthalocyanine, as the crystallization process of the films is temperature-dependent. However, 

at a higher temperature of 473 Kelvin, a decrease in crystal size is observed, likely due to a 

phase change. This pattern aligns with findings from previous research, as noted in [19]. 
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Table 1: Results obtained from XRD for CuPc films and different thicknesses. 

hkl 
C.S. 

(nm) 

FWHM 

(ᵒ) 

dhkl(Exp.) 

(Å) 

dhkl(std.) 

(Å) 

I 

(a.u) 

2θ(Exp.) 

(ᵒ) 

2θ(std.) 

(ᵒ) 

Thickn. 

(nm) 

312 37.12 0.23 3.015 3.027 169.34 29.563 29.47 

200 215 54.13 0.20 2.480 2.488 60.26 36.18 36.07 

503 50.99 0.18 2.272 2.281 59.50 39.63 39.47 

312 43.52 0.21 3.014 3.027 299.28 29.575 29.47 

215 215 61.17 0.22 2.479 2.488 73.14 36.19 36.07 

503 71.38 0.23 2.271 2.281 63.74 39.65 39.47 

312 62.24 0.205 3.012 3.027 397.89 29.614 29.47 

235 215 69.16 0.24 2.478 2.488 92.80 36.24 36.07 

503 73.94 0.28 2.270 2.281 98.74 39.66 39.47 

312 66.91 0.184 3.011 3.027 493.96 29.62 29.47 

255 215 88.07 0.141 2.475 2.488 103.96 36.27 36.07 

503 74.91 0.29 2.270 2.281 96.60 39.60 39.47 
 

3.2 Results of atomic force microscopy (AFM) examinations: 

The surface relief and topography of CuPc thin films with different thicknesses (200, 215, 

235, (and) 255) nm were studied using atomic force microscopy (AFM). This microscope is 

characterized by its high resolving power, which reaches (0.1–1.0) nanometers, and a 

magnification power estimated at (5 * 102 - 108), which enables the nature of the surface to be 

examined accurately.  

Table 2: displays the average grain size, surface roughness, and root mean square values for CuPc 

films with different thicknesses, including 200, 215, 235, and 255 nanometers. 

R.M.S (nm) Roughness Average (nm) D (nm) Thickness (nm) 

3.9 3.26 62.80 200 

4.95 4.28 73.01 215 

6.29 5.25 80.98 235 

8.99 7.75 88.80 255 
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Figure 5: shows grain size as a function of 

varying thickness for CuPc thin films. 

 

Figure 6: shows the roughness rate as a function 

of varying thickness for CuPc thin films. 

 

https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq


Alhiti LS, Jawad RA, Abd Alwaahed RA, Alhassan HM./ Al-Kitab Journal for Pure Sciences (2024); 8(1):81-91.

 

 
Web Site: https://isnra.net/index.php/kjps   E. mail: kjps@uoalkitab.edu.iq

 
88 

The AFM provides statistical values for the average grain size and distribution on the 

surface, in addition to the degree of surface roughness using the root mean square of roughness 

(RMS). This also allows 2D and 3D images to be displayed for comprehensive surface 

inspection. The grain size and average roughness were determined as a function of thickness, 

as shown in Figures 5 and 6. The results showed an increase in grain size, which is consistent 

with the results of XRD analysis, as well as an increase in average roughness with increasing 

thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: shows three-dimensional atomic force microscopy (AFM) images of thin films of copper 

phthalocyanine (CuPc) with different thicknesses. 

Figures 7 A, B, and D show two-dimensional images from atomic force microscopy (AFM) 

as well as grain distribution diagrams of the surface of CuPc thin films, which are 200, 215, 

235, and 255 nm thick, respectively. The images taken at 25 °C, show the presence of a large 

number of tubular-shaped CuPc grains. This pattern indicates a crystalline nature resulting from 

the high active content of the expelled species, as described in ref [20]. 

3.3 Results of field emission scanning electron microscopy (FESEM) 

Field emission scanning electron microscopy (FESEM) provides topographical and 

elemental information at magnifications between 10X and 300,000X, with an almost unlimited 

depth of field. Compared to scanning electron microscopy (SEM), FESEM produces sharper 

images and less electrostatic distortion. All films prepared and deposited on glass substrates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

200 nm 

9 

 

 

 

 

 

 

 

 

215 nm 

9 

 

 

 

 

 

 

 

 

255 nm 

9 

 

235 nm 

9 

 

https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq


Alhiti LS, Jawad RA, Abd Alwaahed RA, Alhassan HM./ Al-Kitab Journal for Pure Sciences (2024); 8(1):81-91.

 

 
Web Site: https://isnra.net/index.php/kjps   E. mail: kjps@uoalkitab.edu.iq

 
89 

were examined using this technique to obtain a clear image of the features, which helps in 

identifying the surface nature of the films and observing changes in grain size based on the 

change in thickness. 

The FESEM image shown in Figure 8 of the prepared film reveals particles of larger size, 

ranging from 15 to 30 nm. There is a noticeable increase in particle size in parallel with the 

increase in the thickness of the thin film, and this is consistent with the measurements extracted 

from XRD and AFM analyses. It is noted that the granular size is larger than the existing 

crystalline size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: displays field emission scanning electron microscope (FESEM) images of copper phthalocyanine 

(CuPC) films with varying thicknesses. 

 

4. Conclusion: 

The research revealed the effect of thin film thickness on the structural properties of copper 

phthalocyanine (CuPc) films. It was found that there is a relationship between the structural 

properties and the thickness of the thin films, as the best properties that were reached, were for 

the thin films with a thickness of 255 nanometers. X-ray diffraction (XRD) analysis also 

indicates changes in the size of crystalline grains with a change in the thickness of the prepared 

thin films, which is a crucial factor that affects the structural integrity of the material. Atomic 

force microscopy (AFM) has revealed valuable information on the evolution of surface features, 

providing a comprehensive understanding of structural modifications whereby this tuning can 
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be exploited to customize the material for specific applications in organic electronics and 

optoelectronic devices. 

5. References: 

[1] Awni RA, Song Z, Chen C, Li C, Wang C, Razooqi MA, et al. Influence of Charge Transport Layers on 

Capacitance Measured in Halide Perovskite Solar Cells. Joule. 2020;4(3):644–57. Available from: 

https://doi.org/10.1016/j.joule.2020.01.012. 

[2] Schechtman BH, Spicer WE. Near infrared to vacuum ultraviolet absorption spectra and the optical constants 

of phthalocyanine and porphyrin films. J Mol Spectrosc. 1970;33(1):28-48. Available from: 

https://doi.org/10.1016/0022-2852(70)90050-0. 

[3] Asha AB, Narain R. Nanomaterials properties. In: Polymer science and nanotechnology. Elsevier; 2020. p. 

343-59. Available from: https://doi.org/10.1016/B978-0-12-816806-6.00015-7. 

[4] Nie Z, Wang C, Xue R, Xie G, Xiong H. Two-dimensional FePc and MnPc monolayers as promising 

materials for SF6 decomposition gases detection: Insights from DFT calculations. Appl Surf Sci. 

2023;608:155119. Available from: https://doi.org/10.1016/j.apsusc.2022.155119. 

[5] Pindolia G, Pandya J, Shinde S, Jha PK. Fluorinated copper phthalocyanine as an electron transport material 

in perovskite solar cell. Int J Energy Res. 2022;46(11):15127–42. Available from: 

https://doi.org/10.1002/er.8211. 

[6] Xu J, Wang H, Wang X, Liao J, Song J, Zhao Z, et al. Photoresponse and Noise Characteristics of In-Situ 

Fabricated Nipc Nanowire Photodetectors. Available from: https://doi.org/10.2139/ssrn.4464236. 

[7] de Oliveira MAC, Ficca VCA, Gokhale R, Santoro C, Mecheri B, D’Epifanio A, et al. Iron(II) phthalocyanine 

(FePc) over carbon support for oxygen reduction reaction electrocatalysts operating in alkaline electrolyte. J 

Solid State Electrochem. 2020;25(1):93–104. Available from: https://doi.org/10.1007/s10008-020-04537-x. 

[8] Balogun SA, Fayemi OE. Recent Advances in the Use of CoPc-MWCNTs Nanocomposites as 

Electrochemical Sensing Materials. Biosensors. 2022;12(10):850. Available from: 

https://doi.org/10.3390/bios12100850. 

[9] Yu L, Wang Y, Wang J, Zhao X, Xing W, Rodrigues LA, et al. CuPc nanowires PVD preparation and its 

extra high gas sensitivity to chlorine. Sens Actuators A Phys. 2022;334:113362. Available from: 

https://doi.org/10.1016/j.sna.2021.113362. 

[10] You Z, Chang J, Li Z, Lu T, Wang S, Wang F, et al. High-performance triboelectric nanogenerators based 

on the organic semiconductor copper phthalocyanine. Nanoscale. 2021;13(47):20197–204. Available from: 

https://doi.org/10.1039/d1nr03649a. 

https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq
https://doi.org/10.1016/j.joule.2020.01.012
https://doi.org/10.1016/0022-2852(70)90050-0
https://doi.org/10.1016/B978-0-12-816806-6.00015-7
https://doi.org/10.1016/j.apsusc.2022.155119
https://doi.org/10.1002/er.8211
https://doi.org/10.2139/ssrn.4464236
https://doi.org/10.1007/s10008-020-04537-x
https://doi.org/10.3390/bios12100850
https://doi.org/10.1016/j.sna.2021.113362
https://doi.org/10.1039/d1nr03649a


Alhiti LS, Jawad RA, Abd Alwaahed RA, Alhassan HM./ Al-Kitab Journal for Pure Sciences (2024); 8(1):81-91.

 

 
Web Site: https://isnra.net/index.php/kjps   E. mail: kjps@uoalkitab.edu.iq

 
91 

[11] Schwieger T, Peisert H, Golden MS, Knupfer M, Fink J. Electronic structure of the organic semiconductor 

copper phthalocyanine and K-CuPc studied using photoemission spectroscopy. Phys Rev B. 2002;66(15). 

Available from: https://doi.org/10.1103/physrevb.66.155207. 

[12] Sukhikh A, Bonegardt D, Klyamer D, Krasnov P, Basova T. Chlorosubstituted Copper Phthalocyanines: 

Spectral Study and Structure of Thin Films. Molecules. 2020;25(7):1620. Available from: 

https://doi.org/10.3390/molecules25071620. 

[13] Klyamer DD, Basova TV. EFFECT OF THE STRUCTURAL FEATURES OF METAL 

PHTHALOCYANINE FILMS ON THEIR ELECTROPHYSICAL PROPERTIES. J Struct Chem. 

2022;63(7):997–1018. Available from: https://doi.org/10.1134/s0022476622070010. 

[14] Sukhikh A, Bonegardt D, Klyamer D, Krasnov P, Basova T. Chlorosubstituted Copper Phthalocyanines: 

Spectral Study and Structure of Thin Films. Molecules. 2020;25(7):1620. Available from: 

https://doi.org/10.3390/molecules25071620. 

[15] Torimtubun AAA, Follana-Berná J, Sánchez JG, Pallarès J, Sastre-Santos Á, Marsal LF. Fluorinated Zinc 

and Copper Phthalocyanines as Efficient Third Components in Ternary Bulk Heterojunction Solar Cells. 

ACS Appl Energy Mater. 2021;4(5):5201–11. Available from: https://doi.org/10.1021/acsaem.1c00734. 

[16] Ubale AU, Belkhedkar MR. Size Dependent Physical Properties of Nanostructured α-Fe2O3 Thin Films 

Grown by Successive Ionic Layer Adsorption and Reaction Method for Antibacterial Application. J Mater 

Sci Technol. 2015;31(1):1–9. Available from: https://doi.org/10.1016/j.jmst.2014.11.011. 

[17] Darwish AAA, Alharbi SR, Hawamdeh MM, Alsharari AM, Qashou SI. Dielectric Properties and AC 

Conductivity of Organic Films of Copper(II) 2,9,16,23-Tetra-tert-butyl-29H,31H-phthalocyanine. J Electron 

Mater. 2019;49(3):1787–93. Available from: https://doi.org/10.1007/s11664-019-07869-1. 

[18] Hussein MT, Aadim KA, Hassan EK. Structural and Surface Morphology Analysis of Copper Phthalocyanine 

Thin Film Prepared by Pulsed Laser Deposition and Thermal Evaporation Techniques. Adv Mater Phys 

Chem. 2016;06(04):85–97. Available from: https://doi.org/10.4236/ampc.2016.64009. 

[19] Structural and Transport Properties of Copper Phthalocyanine (CuPc) Thin Films. Egyptian J Solids. 2002; 

[20] Caplins BW, Mullenbach TK, Holmes RJ, Blank DA. Femtosecond to nanosecond excited state dynamics of 

vapor deposited copper phthalocyanine thin films. Phys Chem Chem Phys. 2016;18(16):11454-11459. 

Available from: https://doi.org/10.1039/c6cp00958a.  

https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq
https://doi.org/10.1103/physrevb.66.155207
https://doi.org/10.3390/molecules25071620
https://doi.org/10.1134/s0022476622070010
https://doi.org/10.3390/molecules25071620
https://doi.org/10.1021/acsaem.1c00734
https://doi.org/10.1016/j.jmst.2014.11.011
https://doi.org/10.1007/s11664-019-07869-1
https://doi.org/10.4236/ampc.2016.64009
https://doi.org/10.1039/c6cp00958a

