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The biggest issue in 21st century is environmental pollution and enormous efforts 

were done to deal with problem. Air pollution derived by overuse of fossil fuel 

caused global warming. CO2 concentration in the air maintained below 300 ppm 

over the past 400,000 years, but atmospheric CO2 level exceeded 400 ppm and 

continues to increase. Alternative renewable energies are under development to 

substitute fossil fuel and reduce CO2 emission, but CO2 in the air should be 

retrieved to return to the past. Furthermore, water pollution of heavy metal is also 

severe environmental pollution which is known for centuries but not yet solved. 

Lead(Pb), well know heavy metal, causes severe damage to human body and eco-

system. Nevertheless, Demand of lead increases as demand of electric lead battery 

and usage of coal containing lead increases. 

Managing entire process from manipulation to post treatment of purification is 

essential to eliminate the environmental pollutants. Especially, pollution generated 
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during synthesis of absorbent and post treatment of absorbent are neglected. Large 

energy cost and pollutant emission is done during synthesis and regeneration 

process in recent studies. In case of CO2 absorption, low CO2 concentration of 

ambient air is the main obstacle to overcome. Absorbents needs high temperature 

for operation and regeneration due to its low concentration. CaO needs high 

temperature over 700 °C in operation and regeneration, wet precipitation method 

using NaOH needs 900 °C temperature for CaCO3 calcination.[1,2] 

Overall pollution control throughout the entire purification process was done in 

this research. First, eco-friendly and eco-friendly synthesizable biomineral, 

Hydroxyapatite, was chosen to solve the problem. Then elemental composition was 

modified to enhance the activity of absorbent. CO2 substituted PO4
3- of 

Hydroxyapatite in the form of CO3
2- and metal cation was modified with Mg to 

enhance absorption performance of Pb. 

In Chapter 1, CO2 absorption with biomineral in ambient air was studied. To 

absorb CO2 in ambient air, wet precipitation method was used as Ca is one of the 

alkaline earth metals which can absorb CO2 dissolved in the solution. H2O2 was 

introduced to enhance CO2 absorption as superoxide generates under reaction with 

H2O2 and alkaline earth metal hydroxide. Captured CO2 was then used to 

synthesize Carbonate Hydroxyapatite for upcycling. Avoiding high temperature 

calcination of CaCO3 and utilization into biomineral solved additional pollution 

during air purification. 

In Chapter 2, HAP was modified into Whitlockite which is biomineral that 

contains Mg at metal site with Ca. Dissolution and precipitation mechanism is 

much faster than Ionic exchange when metal cation substitutes into HAP. Instead of 

ionic exchange dominant HAP, Whitlockite was used to remove Pb2+ cation of the 
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solution, which dissolution and precipitation is dominant in metal cation 

substitution. Mg(OH)2 and additional heat was introduced in synthesis procedure to 

modify metal element of HAP. WH successfully removed Pb2+ ion from the 

solution, forming Hydroxypyromorphite with high purity and crystallinity. 

Absorbed Pb was then utilized into PbI2, a precursor for perovskite solar cell, with 

simple treatment. Absorbing Pb via simple dispersion in solution and utilizing Pb 

as a chemical precursor achieved goal to avoid unintended pollution during 

purification process. 

In this research, released pollutant to air and water was removed with element 

modified biomineral. Atmospheric CO2 is captured during synthesis of Carbonate 

Hydroxyapatite(CHA) and Pb2+ ion was absorbed by Whitlockite(WH) dispersed in 

the suspension. Eco-friendly biomineral was used to remove pollutant to eliminate 

additional pollution during synthesis and regeneration process. Nano-carbonate 

hydroxyapatite (CHA) and Whitlockite(WH) were successfully synthesized 

through wet precipitation method in aqueous solution. Nanoparticle formation was 

confirmed using XRD analysis. CO2 absorption and CO3
2- substitution was 

confirmed using FT-IR analysis and CO2 absorption behavior during CHA 

synthesis is ongoing. WH exhibited excellent Pb absorption behavior compared to 

HAP, which is confirmed using ICP analysis. Phase transformation of WH and 

HAP after Pb absorption was analyzed with Cs-TEM analysis. Pb absorbed WH 

was then upcycled to Perovskite Solar Cell(PSC) which showed better performance 

than PSC from Pb absorbed HAP. 

This research has two major impacts. First, released pollutant in the ambient air 

and water was removed without harsh process. CO2 was captured via wet 

precipitation method and Pb ion was absorbed by stirring. Second, removed 
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pollutant was upcycled to useful material to avoid harsh regeneration process. CHA 

is utilized as artificial bone material, and Pb absorbed WH was transformed into 

PbI2 for precursor of PSC. Consequently, element modified biomineral can 

successfully remove released pollutant, without harsh regeneration process that can 

cause additional environmental pollution. 
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Chapter 1. CO2 absorption of CHA synthesis, 

upcycling to artificial bone material 
 

 

1.1. Introduction 
 

CO2 emission pollution represents an extremely serious environmental 

issue in 21st century and enormous efforts were done to deal with problem. 

Air pollution derived by overuse of fossil fuel caused global warming. CO2 

concentration in the air maintained below 300 ppm over the past 400,000 

years, but atmospheric CO2 level exceeded 400 ppm and continues to 

increase. Alternative renewable energies are under development to 

substitute fossil fuel and reduce CO2 emission, but CO2 in the air should be 

retrieved to return to the past. 

This massive increase of CO2 level is mainly due to human activity, and 

Majority of human CO2 emission is from fossil fuel combustion, which was 

taken out of the ground. There are two CO2 emission sources we must deal 

with. One is stationary source like combustion gas of factory and chemical 

waste of industry. CO2 from stationary source is easy to capture because the 

source is immovable and CO2 concentration is relatively high. But when it 

comes to the other source, the mobile source, is very hard to control because 

capturing system is hard to be installed on the mobile source, or emission 

occurs in wide area at low concentration. To solve this problem and lower 

the CO2 concentration in the atmosphere, Capturing CO2 gas directly from 
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ambient air is also essential as well as suppressing CO2 release from fossil 

fuel combustion. 

Conventional Direct Air Capturing of CO2 works in complicated system. 

Capturing and concentrating process is needed because CO2 concentration is 

very low in atmosphere. After capturing CO2 in the solution, concentrated 

pallets need calcination to retrieve CO2 as a form of pure CO2 gas, which 

needs high energy. This process is very complicated and causes energy 

inefficiency, which can lead to additional CO2 generation. 

Research on Direct Air capturing of CO2 is being done intensively, but 

there is trouble due to low CO2 concentration in ambient air. Alkaline and 

alkaline earth metal, reported as good CO2 absorbent, were used to capture 

CO2 in ambient condition. CaO was used to capture CO2 from gas. After 

absorption, Calcite was transformed into carbon monoxide.[1] But it needs 

higher CO2 concentration than ambient air, and moreover, needs high 

temperature to operate. Sodium hydroxide solution successfully absorbed 

CO2 directly from the ambient air with 500 ppm.[2] Sodium hydroxide 

exhibits excellent absorption capacity among other alkaline and alkaline 

earth metal, but additional harsh regeneration process is needed to retrieve 

captured CO2 due to high solubility of sodium carbonate (NaCO3). 

Conventional “caustic recovery” reaction uses Calcium hydroxide to 

precipitate CO2 into Calcium carbonate, but Calcium carbonate needs very 

high temperature to release the CO2 again. This harsh regeneration process 

should be solved as it causes additional CO2 emission. 
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So, CO2 removing efficiency can be improved via simplification of 

process after capture. Ca hydroxide is essential in precipitating dissolved 

CO2, but Na, instead of Ca is used as an absorber for its superior capturing 

ability. Promoting capturing ability of Ca is the key to improve the 

precipitation process. There, we used H2O2 to enhance the capturing ability 

of Ca. H2O2 reacts with alkaline and alkaline earth metal hydroxide forming 

superoxide. [3,4] Anion radical on superoxide then attacks dissolved CO2 

and forms CO3 ion in the solution, precipitating CaCO3. Precipitation lowers 

the concentration of dissolved CO2, which leads further CO2 dissolution. 

Harsh regeneration was solved by utilizing captured CO2 directly. 

Phosphoric acid was introduced in the CO2 captured solution to synthesize 

Carbonate Hydroxyapatite. Synthesized CHA exhibited good 

biocompatibility, showing possible application to cure for bone illnesses. 

Here, we synthesized Carbonate substituted hydroxyapatite as a product 

of CO2 capture which is eco-friendly biomaterial existing in human body. 

CHA successfully captured CO2 directly from ambient air during synthesis. 

CO3
2- substituted PO4

3- forming B-type CHA. CO2 capturing capacity and 

kinetics is under further research. 

 

1.2. Experimental 
 

1.2.1 Synthesis of Carbonate Hydroxyapatite 
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Carbonate hydroxyapatite (CHA) was synthesized using wet precipitation 

method. First, 100ml of 1M Ca(OH)2 aqueous solution was vigorously 

stirred and sonicated for 5 minutes to make the suspension uniform. Then, 

100ml of H2O2 solution of desired concentration was added. After another 5 

minutes, 100ml of 0.6M H3PO4 aqueous solution was added. The 

precipitates were aged for 8 hours and then collected using centrifuge. The 

precipitants were lyophilized overnight. The scheme of this precipitation 

process was shown at figure 1.1. All procedures were carried out under 

controlled environment at ambient condition (500ppm of CO2 

concentration), but temperature (30, 40°C) and H2O2 concentration were 

adjusted to examine the effect on capture and synthesis. 

For the comparison between synthesized CHA and hydroxyapatite (HAP), 

HAP was also synthesized using wet precipitation. 500ml of 1M Ca(OH)2 

aqueous solution and 500 ml of 0.6M H3PO4 aqueous solution were 

prepared. The Ca(OH)2 solution was sonicated and stirred for 30 minutes. 

Then, H3PO4 solution was added to the Ca(OH)2 solution with a constant 

rate, 12.5ml/min, using digital burette. After the 24 hour-aging time, the 

precipitates were collected and dried in same way as mentioned above. 
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Figure 1.1 Carbonate hydroxyapatite (CHA) was synthesized using wet 

precipitation method. First, 100ml of 1M Ca(OH)2 aqueous solution was 

vigorously stirred and sonicated for 5 minutes to make the suspension 

uniform. Then, 100ml of H2O2 solution of desired concentration was added. 

After another 5 minutes, 100ml of 0.6M H3PO4 aqueous solution was added. 

The precipitates were aged for 8 hours and then collected using centrifuge. 

The precipitants were lyophilized overnight. 
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1.2.2 Nanoparticle Characterization 
 

XRD patterns were obtained by an X-ray diffractometer (D8 Advance, 

2020 Bruker, Germany) operating at a power of 3 kW (40 kV, 40 mA) with 

a Cu Kα source (λ = 1.541 Å). Fourier transform infrared spectroscopy (FT-

IR) spectra were obtained using a FT-IR spectrometer (Nicolet iS10, 

Thermoscientific). 

 

1.3 Results and Discussions 
 

1.3.1 Characterization of synthesized CHA and HAP 
 

CHA and HAP were synthesized via simple precipitation-induced 

crystallization in a calcium hydroxide solution by addition of a phosphate 

solution; H2O2 solution was added before phosphate solution, which aided 

in forming a CHA structure. 

The XRD pattern of our synthesized CHA. It is possible to verify the 

spectrogram aspect of synthesized CHA with JSPDS. XRD spectrum of 

synthesized HAP well matches to crystal data of (HAP JCPDS 01-074-

9761). XRD pattern of synthesized CHA is in good agreement with the 

crystal structure data of Carbonate Hydroxyapatite(JSPDS 01-075-3727) 

showing distinct peaks to hydroxyapatite. Peak of (112) plane was generated 
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at 32 degree and peaks of (121) and (300) plane shifted toward lower degree, 

showing decreased ratio of c/a lattice as a result of CO3
2- doping. 

CO3
2- anion can substitute into two different sites in the HAP.[5] Type A 

is Apatite which carbonate substitutes hydroxyl group. A type is synthesized 

at high temperature because detaching hydroxyl group requires high energy. 

 

Ca10(PO4)6(OH)2 + xCO2 → Ca10(PO4)6(OH)2-2x(CO3)x + xH2O 

 

 

Type B, on the other hand, is Apatite which carbonate substitutes phosphate 

group. Carbonate Apatite synthesized in the body is B type because it has 

low energy barrier and good surface affinity with osteoblastic cells. We 

expect B type CHA will be synthesized as experiment goes at low 

temperature. 

 

Ca10(PO4)6(OH)2 + xCO2 → Ca10-2x/3[(PO4)6-x(CO3)x](OH)2-x/3 
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Figure 1.2 XRD spectrum of synthesized Carbonate hydroxyapatite 

(CHA) and Hydroxyapatite (HAP).  
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Morphology of HAP and CHA NPs was examined with Field Emission 

Scanning Electron Microscopy (FESEM). HAP without Carbonate showed 

rice like morphology, whereas CHA exhibits flower like shape. XRD and 

SEM result shows there’s no other phases except desired apatite, therefore 

we confirmed that we successfully synthesized CHA via wet precipitation 

method, without using precursor containing Carbonate. 
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Figure 1.3 FE-SEM images of synthesized Hydroxyapatite (HAP) and 

Carbonate hydroxyapatite (CHA). HAP without Carbonate showed rice like 

morphology, whereas CHA exhibits flower like shape. 
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1.3.2 Direct CO2 absorption from the air 
 

As CHA was successfully synthesized with precursor containing CO3, it 

is obvious that CO3
2- was derived from air. Closed system was used To 

confirm the origin of CO3. Closed system was made of acryl box with one 

sided door and sealable hole for CO2 detection. There, we put 100ml beaker 

for CHA synthesis, and the suspension was vigorously stirred by stirrer 

from outside. Gas mixer using mass flow controller(MFC) was used to 

make the initial CO2 concentration of the box 500 ppm, same as ambient air. 

Beaker with suspension was inserted into the box after all precursors were 

introduced. The amount of CO2 continuously decreased as the reaction 

progressed but slowed down as saturated to 0 ppm. It’s because the box is 

closed system. It took only 1 hour to consume all CO2 in the box which 

shows high absorption kinetics of the suspension. Further experiment is 

under work to determine the capacity and kinetics during the CHA synthesis. 
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Figure 1.4 CO2 concentration time profile inside the box after the beaker 

with CHA synthesis suspension is inserted. 
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1.3.2 In-vitro study of CHA 
 

In-vitro study of synthesized CHA and HAP was conducted to examine 

the biocompatibility of the materials. Carbonate doped Apatite showed 

enhancement in proliferation, compared to Control group and HAP. This 

means that cells grow and multiply better on the CHA. 

In proliferation test, CHA exhibited similar proliferation of hADSCs to 

that of HAP and β-TCP. qPCR Analysis was also conducted to see the 

osteogenic differentiation. This analysis is to see how cells binds on the 

pallet, and activity of osteoblast cell which makes bone material. RUNX2, 

plays a cell proliferation regulatory role in bone formation, and OSX 

accelerates the proliferation of osteoprogenitor at the next stage, which is 

the precursor of osteoblast cell. OCN is a protein secreted from bone after 

bone formation. 
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Figure1.2 In-vitro study of CHA and HAP. (a) proliferation test results 

and (b) real-time qPCR analysis results of CHA and HAP.  
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1.3.3 CO3 substitution control 
 

Temperature and H2O2 concentration were controlled to vary the CO3
2- 

substitution rate in CHA. Crystallinity showed little difference in XRD 

spectrum according to temperature and H2O2 concentration. But 

Morphological difference was found when synthetic temperature varied. 

Rice like ellipsoidal shape was formed at 30°C, whereas flower like shape 

was formed at 40°C. 

Figure 1.4 shows FT-IR spectrum of synthesized CHA through wet 

precipitation method. The spectrum indicated that our CHA has CO3 

substitution. The peaks appearing at wave number values of 873, 1420, and 

1482 cm-1 demonstrated that the carbonate ion substitution in CHA lattice. 

The broad band appeared at 1638 and 3440 cm-1 indicate adsorbed H2O in 

the materials. The band of structural OH which appears at around 3565 cm-1 

is scarcely visible because the band at 3440 cm-1 which is due to adsorbed 

water overlaps the weak band of structural OH. In addition, we further 

analyze our FT-IR spectrum to check whether our CHA is A-type carbonate 

hydroxyapatite, OH ion site is substituted by CO3 ion, or B-type 

hydroxyapatite, PO4 ion site is substituted by CO3 ion. According to 

reported sesult71, our CHA can be considered as B-type. However, it cannot 

entirely exclude the possibility of A-type carbonate apatite fractions. The 

fraction of A-type and B-type could be calculated through the peak area 
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comparison72. Because the typical peak of A-type CHA is 880 cm-1 and that 

of B-type is 872 cm-1, the presence of CO3 substituting in the OH site or 

PO4 can be evaluated by the peak area ratio1. The calculated A/B ratio of 

our CHA is about 0.4. Therefore, our CHA can be regarded AB-type 

carbonate hydroxyapatite like natural bone. 

CO3
2- peak of CHA showed difference according to H2O2 concentration. 

CO3
2- peaks at 1420, and 1482 cm-1 increased as H2O2 concentration increases. 

Temperature didn’t show significant affect to the amount of CO3
2- 

substitution. 
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Figure1.3 Characterization of CHA and HAP according to temperature 

and H2O2 concentration.  
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Figure 1.4 shows FT-IR spectrum of synthesized CHA through wet 

precipitation method. The spectrum indicated that our CHA has CO3 

substitution. The peaks appearing at wave number values of 873, 1420, and 

1482 cm-1 demonstrated that the carbonate ion substitution in CHA lattice. 

The broad band appeared at 1638 and 3440 cm-1 indicate adsorbed H2O in 

the materials. The band of structural OH which appears at around 3565 cm-1 

is scarcely visible because the band at 3440 cm-1 which is due to adsorbed 

water overlaps the weak band of structural OH. In addition, we further 

analyze our FT-IR spectrum to check whether our CHA is A-type carbonate 

hydroxyapatite, OH ion site is substituted by CO3 ion, or B-type 

hydroxyapatite, PO4 ion site is substituted by CO3 ion. According to 

reported sesult71, our CHA can be considered as B-type. However, it cannot 

entirely exclude the possibility of A-type carbonate apatite fractions. The 

fraction of A-type and B-type could be calculated through the peak area 

comparison72. Because the typical peak of A-type CHA is 880 cm-1 and that 

of B-type is 872 cm-1, the presence of CO3 substituting in the OH site or 

PO4 can be evaluated by the peak area ratio1. The calculated A/B ratio of 

our CHA is about 0.4. Therefore, our CHA can be regarded AB-type 

carbonate hydroxyapatite like natural bone. 

CO3
2- peak of CHA showed difference according to H2O2 concentration. 

CO3
2- peaks at 1420, and 1482 cm-1 increased as H2O2 concentration increases. 
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Temperature didn’t show significant affect to the amount of CO3
2- 

substitution. 
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Figure1.4 FT-IR spectrum of CHA according to temperature and H2O2 

concentration.  
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1.4 Concluding Remarks 
 

In this research, Ca(OH)2 solution can absorb CO2 in the ambient air 

effectively in assist of H2O2, and amount of CO3
2- substitution into 

hydroxyapatite can be controlled by H2O2 concentration. 

In the future, CO2 absorption kinetics and capacity will be examined to 

understand the mechanism of CO2 absorption behavior of Ca(OH)2. 

Structural deformation of CHA by CO3
2- substitution will be analyzed with 

SAED patterns of Cs-TEM. 
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Chapter 2. Pb absorption of WH, upcycling to 

Perovskite Solar Cell 
 

 

2.1. Introduction 
 

Although Global warming is an urgent issue, people show little 

movements on reducing CO2 emission and development and using 

renewable energy. Even the old environmental pollution is not yet 

completed. Especially when it comes to Heavy metal pollution, well know 

for decades, it causes an extremely serious environmental pollution over and 

over. Aquatic resources in the nature supports all the creatures on the planet. 

Overall, activity of life occurs based on water, as over half of the cells are 

consisted of water. Heavy metal ions dissolved in water can easily spread 

and infiltrate living organism. Absorbed heavy metal in the body does not 

easily degraded itself, and moreover tends to bioaccumulate. 

Especially when it comes to lead(Pb), Pb is more favorable to apatite 

forming Hydroxy Pyromorphite(HPy) than Hydroxyapatite which is 

consisted of Ca. HPy is more stable than HAP, because HPy is more 

thermodynamically favorable. It substitutes HAP originally consisting 

human bone, decreases stability of human bone as mechanical strength is 

weaker than HAP, consist of Ca. Thus, Pb concentration is restricted by the 

US Environmental Protection Agency to values below 0.015 mg L-1 in 

drinking water.[6] 
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Pb pollution once seemed to disappear as heavy metal pollution aroused 

people’s attention. But demand of Pb stayed high and even increased as lead 

battery demand increased as development of electric mobile transportation 

got intensive. Moreover, Over the last decade, perovskite solar cells (PSCs) 

have rapidly achieved a power conversion efficiency (PCE) of 25.7%, and, 

therefore, they represent the most promising candidates for next-generation 

renewable energy conversion devices. Although PSC is getting attention as 

one of the promising renewable energy device, Pb, which is main 

component of PSC, is one of the most difficult obstacle to overcome. 

Although researches are intensively done to manufacture PSC without Pb, it 

seem hard to be achieved in short time. So, processes of PSC should be 

warranted as Pb leakage-free to realize and commercialize PSC for 

renewable energy. But countermeasure requires against Pb leakage, using 

efficient Pb absorbents obtained from environmentally friendly 

materials.[7–11] 

Several approaches have been attempted to remove Pb from wastewaters 

using various materials, such as activated carbon, metal oxides (Fe2O3, 

MnO2, and γ-Al2O3) [12–14], hybrid composites (chitosan/Fe3O4, graphene 

oxide/Fe3O4-g-polymethacrylamide) [15,16], carbon nanotubes, and 

hydroxyapatite (HAP, Ca10(PO4)6(OH)2).[17–20] In particular, biomineral 

HAP has attracted substantial attention owing to its limited residue 

production, biodegradability, and high absorption capacity for heavy metals 

including Pb. HAP has shown a higher Pb2+ absorption capacity than other 
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absorbents, equal to 1269.01 mg g-1.[21] In addition, Park et al have 

recently reported the used of iron-incorporated HAP for PSC recycling.[6]  

Capability of various metal cation substitution in hydroxyapatite has 

pushed towards an extensive use maintaining its inorganic phase of 

biomineral. Various metal cations like Strontium(Sr), Zinc(Zn), 

Manganese(Mn) substitutes into cation site, resulting in various distinct 

effects due to structure distortion.[22] Sr incorporated HAP at low 

concentration increases solubility and lowers stability. Moreover, released 

Sr significantly enhances osteoblasts activity, and inhibits osteoclast activity. 

Mn inhibits crystallinity of HAP impacting on the apatite bioactivity. 

In case of Pb, Pb substituted HAP forms pyromorphite which shows 

lower solubility due to higher crystallinity and stability. This material 

exhibited high absorption capacity and fast kinetics, removing Pb2+ ions 

completely from a waste solution and proving to be a promising solution for 

PSC recycling. However, the Pb-absorbed HAP still contained a high 

amount of residual Ca2+ ions, which may affect the purity of recycled PbI2. 

An excess of over 0.5% Ca2+ ions in PbI2 could decrease the solar cell 

efficiency by generating crystal phase impurity.[23,24] In addition, the 

residual Ca2+ ions in the perovskite precursor often lead to defects in 

perovskite films, leading to low PSC performance.  

Here, for the first time, we synthesized whitlockite (WH, 

Ca18Mg2(HPO4)2(PO4)12), the second most abundant biomineral in human 

hard tissues, to use as a novel Pb2+ absorbent. Surprisingly, WH exhibited 
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an unexpected Pb2+ absorption capacity of 2339 mg g-1, which is the highest 

value reported for Pb2+ absorbents so far. In addition, WH nanoparticles 

(NPs) were completely transformed into single-crystal Pb2+ compounds 

without other metal cations, leading to a high PbI2 purity during the 

recycling process. Consequently, the recycled PbI2 powder used as a 

perovskite precursor showed a PCE of 19.00%, similar to that of 

commercial PbI2 (purity = 99.99%). 

 

 

2.2. Experimental  
 

2.2.1 WH and HAP NP Synthesis 
 

A wet precipitation method was used to synthesize WH 

(Ca18Mg2(HPO4)2(PO4)12) and HAP (Ca10(PO4)6(OH)2). For the former, 

0.77 M calcium hydroxide and 0.23 M magnesium hydroxide was added to 

500 mL deionized water and homogeneously mixed via sonication and 

overhead stirring. After 10 min, the solution was heated to 80 °C under 

vigorous stirring. Then, 500 mL of a 0.95 M phosphoric acid solution was 

added dropwise at a rate of 12.5 mL min-1 using a digital burette (Metrohm 

876, Dosimat Plus). The suspension was aged for 24 h, and the precipitate 

was pressure filtered and lyophilized to prevent agglomeration. HAP was 

synthesized via a similar method with identical starting materials: 500 mL 

of 1 M calcium hydroxide was vigorously stirred with an overhead stirrer 

during sonication; then, 500 mL of a 0.3 M phosphoric acid solution was 



 

 ３２ 

added dropwise at a rate of 12.5 mL min-1 using a digital burette. The 

suspension was aged for 24 h while stirring continuously. The precipitate 

was pressure filtered and lyophilized. Annealing process was done at 400°C 

for 6 to observe the effect of crystallinity on Pb absorption.[25] 

 

2.2.2 Nanoparticle Characterization 
 

XRD patterns were obtained by an X-ray diffractometer (D8 Advance, 

2020 Bruker, Germany) operating at a power of 3 kW (40 kV, 40 mA) with 

a Cu Kα source (λ = 1.541 Å). ICP analysis was carried out on an ICP-

atomic emission spectrometer (OPTIMA 8300, Perkin-Elmer, USA). TEM 

images were obtained using a Cs-corrected TEM (JEM-ARM200F, Cold 

FEG, JEOL Ltd, Japan). 

 

2.2.3 Pb2+ absorption experiments 
 

A stock solution of Pb(NO3)2 was prepared and diluted to the desired 

concentrations, ranging from 10 ppm to 3000 ppm. Then, HAP or WH (1 g 

L-1) was introduced into the Pb2+ solutions, followed by sonication within 2 

min to prevent agglomeration. The solution was kept under stirring at 200 

rpm, and the absorption experiments were performed at ambient conditions. 

The precipitates were collected through centrifugation and lyophilized for 
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XRD analysis. The solutions were filtered using a cellulose acetate 

membrane with a 0.22 μm pore size for ICP analysis. 

Pb2+ solutions at various concentrations were prepared for the absorption 

experiments using Pb(NO3)2 in deionized water. The synthesized HAP and 

WH were introduced at 1g L-1 into these Pb2+ solutions and sonicated for 

less than 2 min. The residual Pb2+ ion concentration was determined by ICP 

analysis. 

The absorption capacities (the amount of Pb2+ ions absorbed per specific 

quantity of absorbent, qt) and percentage removals (Removal(%)) were 

calculated using Eq. S1 and S2, respectively: 

      (S1) 

     (S2) 

where C0 and Ct are, respectively, the initial and remaining concentrations 

of Pb; V is the volume of Pb2+ solution; and m is the mass of the absorbents. 

 

In the experiments carried out to determine the absorption isotherms, the 

absorbents were introduced in 20 mL of Pb2+ solutions at various 

concentrations, ranging between 10 and 3000 ppm, for 2 h. The solutions 

were analyzed via inductively couple plasma  atomic emission 

spectroscopy, and the results were then fitted according to the Langmuir and 

Freundlich isotherm models. The Langmuir isotherm is defined by Eq. S3: 

       (S3) 
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where qe is the amount of absorbed Pb2+ per specific amount of absorbent, 

qm is the maximum amount of Pb2+ ions required to form a monolayer, Ce is 

the equilibrium concentration of Pb2+ in the solution, and KL is the 

Langmuir constant. Following Eq. S4, the linear plot of Ce/qe vs. Ce was 

used to evaluate qm and KL. 

     (S4) 

The Freundlich isotherm is given by Eq. S5: 

       (S5) 

where qe is the amount of absorbed Pb2+ at equilibrium, KF is the 

Freundlich constant or an approximate indicator of the absorption capacity, 

Ce is the final Pb2+ concentration after absorption, and 1/n is a function of 

the ansorption strength (n is the absorption intensity). KF and 1/n can be 

obtained from the following linear plot (Eq. S6): 

     (S6) 

In the absorption kinetics experiments, 1 g L-1 absorbent was introduced 

in 50 mL of a Pb2+ solution with a concentration of 1000 ppm. Samples 

were extracted from the same solution at desired contact times of up to 90 

min. The experimental data were fitted according to the pseudo-first order 

(PFO) and pseudo-second order (PSO) kinetics models. 

PFO kinetics are expressed by Eq. S7: 

    (S7) 
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where qe is the absorption capacity at equilibrium, qt is the absorption 

capacity at contact time t, and k1 is the PFO constant. Eq. S7 may be 

expressed differently, as in Eq. S8: 

      (S8) 

PSO kinetics are represented by Eq. S9: 

     (S9) 

where qe is the absorption capacity at equilibrium, qt is the absorption 

capacity at contact time t, and k2 is the PSO constant. Eq. S9 may also be 

given as Eq. S10: 

      (S10) 

The 4-(2-pyridylazo)-resorcinol (PAR) pigment was used to evidence 

different solution colors according to Pb2+ concentration to visualize the 

Pb2+ absorption ability. PAR was introduced in the Pb2+ solution at the 

desired time. 

 

2.2.4 PbI2 synthesis 
 

The experiments involving the synthesis of PbI2 from the Pb2+-containing 

absorbents were conducted to investigate the possible reusability of the 

materials. To synthesize PbI2, the Pb-apatite resulted from Pb2+ absorption 

was dissolved in solutions of HNO3 and KI until no more precipitation was 

observed. The yellow precipitate was washed with deionized water and 
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centrifuged multiple times until a pH value greater than 5 was measured. A 

PSC was fabricated using this powder as well as the commercial chemical 

for comparison.  

 

2.2.5 PSC fabrication 
 

The patterned indium tin oxide (ITO) substrates were cleaned 

sequentially using detergent, deionized water, acetone, and ethanol in an 

ultrasonic bath for 10 min. The substrates were treated with UV-ozone to 

enhance the wettability and remove organic contaminants.  

27 mg SnCl2∙2H2O (Aldrich, > 99.995 %) in 3156 mg ethanol (anhydrous, 

Decon Laboratories Inc.) was dissolved in a tin colloid (Alfa Aesar, 15 %) 

solution diluted at a 1:4 ratio and then filtered before use. Then, 20 μL of an 

SnO2 solution was spin-coated on the UV-ozone-treated substrate at 4000 

rpm for 30 s, followed by annealing at 100 °C for 10 min on a hot plate. 

After the substrate had cooled to room temperature, the spin-coating process 

was repeated to enhance the coverage of the SnO2 layer. The film was 

annealed at 150 °C for 5 min and 180 °C for 120 min. The SnO2/ITO/glass 

system was treated with UV-ozone before coating the perovskite films. 

A perovskite precursor solution was prepared as follows. 

Dimethylformamide and dimethyl sulfoxide were mixed in a 7:3 ratio to 

obtain 1 mL solution. Next, 0.52 M methylammonium chloride, 0.08 M lead 

bromide, 0.08 M methylammonium bromide, 0.08 M cesium iodide, 1.45 M 
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formamidinium iodide, and 1.53 M lead iodide were added to the solution. 

The latter was spin-coated on the ITO substrate at 5000 rpm for 25 s, and 

anisole was dropped 18 s after spin-coating. The intermediate phase film 

was then heated to 150 °C for 10 min. Subsequently, spiro-MeOTAD was 

spin-coated onto the perovskite film at 3000 rpm for 30 s by dropping 25 μL 

of the solution, which had been prepared by dissolving 50.4 mg spiro-

MeOTAD in a mixture composed by 700 μL chlorobenzene 20.2 μL of 4-

tert-Butylpyridine, and 12.3 μL of a lithium 

bis(trifluoromethanesulfonyl)imide solution (720 mg mL-1 in acetonitrile). 

The photovoltaic properties of the PSCs were measured using a 

potentiostat (CHI 600D, CH Instruments) under 1-sun illumination 

generated by a solar simulator (Newport Oriel Solar 3A Class, 64023A). 

The light intensity was adjusted using a standard Si solar cell (Oriel, VLSI 

standards). The J–V characteristics for all devices were measured at a 

voltage scan rate of 0.1 V s−1. The PSCs without any pre-conditioning, such 

as applied bias voltage or light soaking, were covered with a metal mask 

(0.14 cm2) to control the active area precisely during the measurements. The 

EQE was tested using a specially designed system named Enlitech under the 

AC mode (frequency = 133 Hz) without bias light. The steady-state power 

conversion efficiency was calculated from the stabilized photocurrent 

density at a constant bias voltage. 
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2.3. Results & discussion 
 

2.3.1 Morphological and structural characterization 
 

HAP and WH NPs were synthesized via simple precipitation-induced 

crystallization in a calcium hydroxide solution by dropwise addition of a 

phosphate solution; the first solution also contained magnesium hydroxide, 

which aided in forming a WH structure.[25] Figure 2.1 displays the 

schematic crystal structure of the synthesized HAP and WH, drawn using 

the software CrystalMaker (CrystalMaker Software Ltd., Oxford, England 

(www.crystalmaker.com)) based on previously reported databases of the 

crystal structures of WH and HAP.[25,26]  

 

 

http://www.crystalmaker.com/
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Figure 2.1. Synthesized hydroxyapatite (HAP: Ca10(PO4)6(OH)2) and 

whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanoparticles. Crystal structure 

in HAP and WH.  
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HAP consists of two different Ca2+ sites: triangular Ca2+(1) sites are 

surrounded by three PO4
3- groups, whereas quasi-octahedral Ca2+(2) sites 

are surrounded by four PO4
3- groups and two OH- groups. WH shows a 

unique structure with three different Ca2+ sites and one Mg2+ site: the 

Ca2+(1) sites are directly bonded to three PO4
3-, where one of these is 

connected to an Mg2+ atom; the Ca2+(2) sites are surrounded by three PO4
3- 

groups and one HPO4
3- group; each Ca2+(3) atom also adjoins three PO4

3- 

groups; finally, the Mg2+ site is located at the center of a PO4
3- octahedron. 

Figure 2.2 shows the X-ray diffraction (XRD) patterns of the synthesized 

HAP and WH. HAP has a hexagonal (P63/m) structure with lattice 

parameters a = 9.4176 Å and c = 6.8814 Å, whereas WH presents a 

rhombohedral (R3c) structure with lattice parameters a = 10.35 Å and c = 

37.085 Å; the structural data obtained from the XRD patterns are in good 

agreement with the theoretical parameters. 

 



 

 ４１ 

 
Figure 2.2. Synthesized hydroxyapatite (HAP: Ca10(PO4)6(OH)2) and 

whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanoparticles. X-ray diffraction 

patterns of the synthesized WH and HAP.  
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HAP NPs presented a homogeneous ellipsoidal shape with a size of 

approximately 123.87 ± 29.38 nm and d-spacing of 2.844 Å, corresponding 

to the (112) plane of HAP, as shown in Figure 2.3. (a) WH NPs exhibited a 

rhombohedral morphology with a size of 53.78 ± 4.79 nm and d-spacing of 

2.861 Å, corresponding to the (2 0 10) plane of WH. Both NP types showed 

ordered arrays of spots in the SAED pattern of HAP (inset of Figure 2.3 (c)) 

and the FFT mode of WH (inset of Figure 2.3 (b)), indicating a high 

crystallinity and the absence of defects. 
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Figure 2.3. Synthesized hydroxyapatite (HAP: Ca10(PO4)6(OH)2) and 

whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanoparticles. (a) High-

resolution transmission electron microscopy (HR-TEM) and selected area 

electron diffraction (SAED) pattern (inset) of HAP. The d-spacing value in 

the SAED pattern is in good agreement with the crystal structure data of 

HAP (JCPDS 01-074-9761). (b) HR-TEM and fast Fourier transform mode 

(inset) of WH. The d-spacing value in the SAED pattern is in good 

agreement with the crystal structure data of WH (JCPDS-00-042-0578).  
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2.3.2 Absorption performance 
 

Figure 2.4 shows the Pb2+ removal performance of HAP and WH NPs in 

a 4.83 mM Pb(NO3)2 aqueous solution (Pb2+ concentration: 1000 ppm) as 

function of time. Surprisingly, any remaining Pb2+ ion was not detected in 

WH NPs introduced solution; however, HAP NPs exhibited a removal 

efficiency of only 16%. In addition, the 4-(2-pyridylazo)-resorcinol (PAR) 

dye was used as a colorimetric reagent for Pb2+ ions to better highlight and 

compare the different removal performances of HAP and WH, as shown in 

the inset of Figure 2.4.[27] The solution of WH NPs containing PAR 

underwent a drastic change in color from red to light yellow over 30 min. In 

contrast, the initial red color in the PAR-containing solution of HAP NPs 

persisted even after 60 min. These observations are consistent with the 

determination of Pb2+ concentration carried out via inductively-coupled 

plasma (ICP) atomic emission spectroscopy. 
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Figure 2.4 Pb2+ absorption by as-synthesized hydroxyapatite (HAP) and 

whitlockite (WH) (inset displays the color change of Pb2+ solutions with 4-

(2-pyridylazo)-resorcinol as a function of time).  



 

 ４６ 

To confirm the Pb2+ removal mechanism for WH and HAP, the 

absorption kinetics and isotherms were investigated; these are plotted in 

Figure 2.5 and 2.6. The absorption kinetics of HAP and WH were calculated 

with a befitting model of pseudo-second order: the obtained correlation 

coefficients R2 of 0.974 and 0.992, respectively, compared to those obtained 

for the pseudo-first order (0.932 and 0.926), indicated that Pb2+ absorption 

took place via a chemisorption process rather than physisorption (Figure 

2.7).[28]  
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Figure 2.5. Absorption kinetics and isotherms of whitlockite (WH) for Pb2+ 

absorption. The Langmuir and Freundlich models were applied to 

investigate the absorption capacity, while the pseudo-first and pseudo-

second order models were used to describe the absorption kinetics. 

Maximum amount of Pb2+ ions required to form a monolayer (qm), 

Langmuir constant (KL), Freundlich constant or an approximate indicator of 

the absorption capacity (KF), the amount of absorbed Pb2+ at equilibrium 

(qe), the constant of pseudo-first order (k1) and the constant of pseudo-

second order (k2) 
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Figure 2.6. Absorption kinetics and isotherms of hydroxyapatite (HAP) for 

Pb2+ absorption. The Langmuir and Freundlich models were applied to 

investigate the absorption capacity, while the pseudo-first and pseudo-

second order models were used to describe the absorption kinetics. 
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Figure 1.7 Pseudo-second order kinetics plot of Pb2+ absorption on HAP 

and WH. 
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In addition, Figure 2.8 demonstrates that the Pb2+ removal process can be 

represented by the Langmuir model: as a result, WH exhibits a much higher 

absorption capacity (2339 mg g-1) than HAP (239 mg g-1).  
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Figure 2.8 Langmuir sorption isotherm of Pb2+ by HAP and WH 
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Figure 2.9 presents the Pb absorption capacities of various absorbents 

obtained in previous studies.[16,17,19,21,29–44] Biomineral HAP is known 

as one of the most promising candidates as an absorbent for Pb2+ removal. 

Interestingly, WH exhibited the highest absorption capacity, which was 1.68 

times higher than the highest recorded value for HAP (1269.01 mg g-1).[17] 

Brunauer-Emmett-Teller (BET) surface areas and Zeta potentials were also 

measured to investigate the surface properties of HAP and WH. WH 

exhibits a smaller BET surface (43.2 m2 g-1) than HAP (77.8 m2 g-1). 
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Figure 3.9 Langmuir sorption isotherm of Pb2+ by HAP and WH 
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In addition, it should be noted that the isoelectric point of WH was higher 

than that of HAP, as shown in Figure 2.10. The smaller BET surface area 

and more positive surface charge of WH may constitute a drawback in the 

absorption of positive Pb2+ ions in comparison to HAP. 
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Figure 2.10 Zeta potential of hydroxyapatite (HAP) and whitlockite (WH). 

WH showed a higher positive Zeta potential and isoelectric point (IEP) in 

the given pH region. 
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2.3.3 characterization of Pb absorbed WH and HAP 
 

To understand the exceptionally high absorption capacity of WH NPs, we 

observed their phase transformation after Pb2+ absorption (Pb-WH) at 

various Pb2+ concentrations in the range 0–3000 ppm, as shown in Figure 

2.11 and Figure 2.12 
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Figure 2.11 XRD patterns of whitlockite (WH) and hydroxyapatite (HAP) 

nanoparticles after Pb2+ absorption. 
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Figure 2.12 Field-emission scanning electron microscopy images of 

hydroxyapatite at various Pb2+ concentrations (1000–3000 ppm). 
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The XRD patterns of HAP NPs after Pb2+ absorption (Pb-HAP) exhibited 

two complex phases: HAP and hydroxypyromorphite (HPy, 

Pb10(PO4)6(OH)2), whose peak positions and intensities did not vary for Pb2+ 

concentrations higher than 1000 ppm. In contrast, WH NPs transformed 

completely into HPy already at 1000 ppm Pb2+. In addition, the intensity of 

the main diffraction peaks of HPy at 2θ = 30.14°, corresponding to the (112) 

plane, increased gradually with an increase in Pb2+ concentration, as shown 

in Figure 2.13. Furthermore, we analyzed the HPy/absorbents ratio after 

Pb2+ absorption as a function of Pb2+ concentration using the Rietveld 

method, as shown in Figure 2.14. The HPy/Pb-HAP ratio increased to 

16.78% at 1000 ppm Pb2+ and did not change significantly at higher Pb2+ 

concentrations. In contrast, the HPy/Pb-WH ratio was equal to 42.7%, 

85.5%, and 100% for 1000, 2000, and 3000 ppm, respectively, which is 

consistent with its absorption capacity. In addition, the 50 nm-sized 

rhombohedral WH NPs readily transformed into nanowires with lengths of 

several micrometers (1.6 ± 0.56 μm) after Pb2+ absorption, as shown in the 

inset of Figure 2.14. This dramatic change in morphology might have been 

induced by a dissolution and recrystallization mechanism characterizing the 

phase transformation of WH into HPy, rather than by ion exchange.
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Figure 2.13 Field-emission scanning electron microscopy images of 

hydroxyapatite at various Pb2+ concentrations (1000–3000 ppm). 
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Figure 2.14 Calculated hydroxypyromorphite (HPy) ratio after Pb2+ 

absorption via the Rietveld method (inset shows a field-emission scanning 

electron microscopy image of Pb-WH at the initial Pb2+ concentration). 
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2.3.4 Pb absorption mechanism of HAP 
 

The mechanism of Pb2+ absorption on HAP NPs is well known: it is 

characterized by the ionic exchange of Pb2+ cations diffusing into the HAP 

structure and substituting Ca2+ cations primarily at the Ca(2) sites.[45–49] 

The positively charged Pb2+ ions react with the negatively charged surface 

of HAP NPs, subsequently forming a (PbxCa1−x)10(PO4)6(OH)2 layer on the 

surface of HAP NPs, as illustrated in Figure 2.15.[50] Figure 2.16(a) shows 

the transmission electron microscopy (TEM) images of HAP NPs after Pb2+ 

absorption for 2 h. We observed two simultaneous morphologies: the 

expanded initial one and a hexagonal prism morphology. The ionic radius of 

the Pb2+ ion (1.2 Å) is higher than that of Ca2+ (0.99 Å), which determines 

an increase in volume during the phase transformation from HAP to HPy 

according to the following chemical reaction: 

Ca10(PO4)6(OH)2 + 10x Pb2+ → (Ca1-xPbx)10(PO4)6(OH)2 + 10x Ca2+ 

In addition, the morphology of the apatite structure depends on the Pb2+ 

content in (PbxCa1−x)10(PO4)6(OH)2.[50] For x < 0.8, the original particle 

size increased from 123.87 ± 29.38 nm to 197.76 ± 46.57 nm, while for x > 

0.8, (Ca1-xPbx)10(PO4)6(OH)2 assumed the hexagonal prism morphology 

with further elongation to 246.75 ± 15.15 nm. Figure 2.16 (b) and Table 1 

show the energy dispersive spectroscopy (EDS) elemental maps 

corresponding to the TEM images. The content of Ca2+ ions remained 
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3.62 % in (Ca1-xPbx)10(PO4)6(OH)2, indicating some limitations of HAP as a 

Pb2+ absorbent. The reason for this phenomenon lies in the passivation 

effect of Pb2+ on the HAP surface, which slows the ion exchange by Pb2+ 

diffusion and blocks the protonation of PO4
3- sites in HAP, resulting in a 

lower absorption capacity than that of WH NPs, as shown in Figure 2.4. 

[45,51,52] 
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Figure 2.15 Schematic illustration of Pb2+ absorption mechanisms: ion 

exchange in HAP and dissolution followed by recrystallization in WH 
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Figure 2.16 Schematic illustration of Pb2+ absorption mechanisms: ion 

exchange in HAP and dissolution followed by recrystallization in WH 



 

 ６６ 

 
Table 1. Energy dispersive X-ray spectroscopy analysis of Pb-absorbed whitlockite (Pb-

WH) and hydroxyapatite (Pb-HAP). Pb-WH transformed into pure HPy in the absence of 

Ca2+ or Mg2+ residues, while some Ca2+ remained in Pb-HAP, resulting in a 

(PbxCa1−x)10(PO4)6(OH)2 solid solution. 

 

Element 
Pb-WH 

[at%] 

Pb-HAP 

[at%] 

O 66.78 64.3 

P 9.12 9.61 

Mg 0.00 0.00 

Ca 0.00 3.62 

Pb 24.09 22.47 

Total 100.00 100.00 
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To confirm the effect of crystallinity on the Pb absorption performance, 

HAP was annealed at 400°C for 6hr. The XRD patterns in Figure 17 show 

crystallinity development without any impurities in HAP after annealing 

process. The high crystalline HAP NP removed Pb ions more efficiently 

than low crystalline HAP NP as shown in Figure 18. 
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Figure 2.17 XRD patterns of raw and absorbents (a) raw WH, (b) annealed 

WH, (c) raw HAP and (d) annealed HAP. 
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Figure 2.18 Pb2+ absorption behavior of by annealed WH and raw WH. (a) 

Pb2+ absorption, (b) Pseudo-second order kinetics plot of Pb2+ absorption 

and (c) Pb2+ absorption capacity according to initial Pb concentration. Pb2+ 

absorption behavior of by annealed HAP and raw HAP. (a) Pb2+ absorption, 

(b) Pseudo-second order kinetics plot of Pb2+ absorption and (c) Pb2+ 

absorption capacity according to initial Pb concentration. 
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2.3.5 Pb absorption mechanism of WH 
 

Figure 19 (a) and (b) show the TEM images and corresponding EDS 

elemental mapping of WH NPs after the reaction with Pb2+. The obtained 

HPy exhibits a nanowire shape with a particle length of 1.09 μm and growth 

along the [210] direction within a single-crystalline phase. In addition, no 

residual metal ions, i.e., Ca2+ and Mg2+, were observed in the HPy phase, as 

shown in Figure 19 (b) and Table 1. 
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Figure 2.19 (a)HR-TEM image and SAED pattern (inset) of Pb-WH: the d-

spacing value in the SAED pattern is in good agreements with the crystal 

structure data of HPy (JCPDS 04-011-0857). (b) EDS results for Pb-WH 

proving the absence of Ca2+ and Mg2+ cations. 
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The Pb2+ absorption mechanism of WH likely proceeds through H+ ion-

catalyzed dissolution and recrystallization in a Pb2+-containing aqueous 

solution. WH can easily react with Pb2+ ions owing to their strong 

interaction with HPO4
2- groups, followed by the inner PO4

-3 ions. In this 

way, the WH structure is continuously protonated in an aqueous solution, 

inducing the dissolution and recrystallization process that can be exploited 

for Pb2+ removal, as illustrated in Figure 2.15.[51,53] The chemical reaction 

illustrating the absorption of Pb2+ to WH is the following: 

Ca18Mg2(HPO4)2(PO4)12 + 20 Pb2+ + 4 H2O 

→ 2 Pb10(PO4)6(OH)2 + 18 Ca2+ + 2 Mg2+ + 2H3PO4
 

The XRD patterns of annealed WH in Figure 2.17 show crystallinity 

development without any heterophase. As shown in Figure 2.18, Pb 

absorption performance of WH dramatically decreased after annealing 

process. The high crystalline WH NP can retard the dissolution and 

reprecipitation mechanism for removal Pb ions because of more stable 

surface than low crystalline WH NP, as shown in Figure 2.18. 
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2.3.6 Reutilization of Pb 
 

Following the above results, we postulated that a single-crystalline phase 

of HPy obtained from WH NPs could provide high-purity PbI2 powder via a 

precipitation method, and that this could be employed in the recycling of 

PSCs using an I- aqueous solution.[6,54] Figure 2.20 shows the field-

emission scanning electron microscopy (FE-SEM) images of PbI2 obtained 

from HAP and WH NPs. 
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Figure 2.20 Field-emission scanning electron microscopy images of as-

obtained PbI2-hydroxyapatite (PbI2-HAP) and PbI2-whitlockite (PbI2-WH).  
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The PbI2 powder recycled from WH NPs (PbI2-WH) contained particles 

approximately three times larger than HAP NPs (2.58 ± 0.67 μm). In 

addition, PbI2-WH showed high crystallinity by exhibiting more intense 

XRD peaks than PbI2-HAP (Figure 2.21). The full-width half 

maximum(FWHM) for the (001) peak of XRD patterns for PbI2-W and 

PbI2-H are 0.08419 and 0.09343, respectively. The higher purity and 

crystallinity of PbI2-W enhance the performance of PSC by reducing defects 

in perovskite.[55] 
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Figure 2.21 XRD patterns of PbI2-HAP and PbI2-WH are in good 

agreement with the crystal structure data of PbI2 (JCPDS 00-007-0235).  

 



 

 ７７ 

To assess the effect of PbI2 purity and crystallinity on its performance in 

PSCs, we fabricated PSCs using recycled PbI2-HAP and PbI2-WH as well as 

commercial PbI2 (PbI2-C, 99.99% purity) as precursors. The detailed 

characteristics of PbI2-C, PbI2-WH and PbI2-HAP are shown in Figure 2.22 

and 2.23. Perovskite film based on PbI2-C and PbI2-WH exhibits higher 

crystallinity and coverage than film based on PbI2-HAP, as illustrated in 

Figure 2.24. Figure 2.25 shows the steady-state photoluminescence (PL) of 

perovskite films containing PbI2-HAP, PbI2-WH, and PbI2-C. Interestingly, 

the PbI2-WH and PbI2-C films exhibited stronger PL intensities than PbI2-

HAP. In addition, space charge limited current measurements were used to 

calculate the defect densities, as shown in Figure 26. The trap filled limit 

voltage of perovskite films was 0.340 V for PbI2-HAP, 0.260 V for PbI2-

WH, and 0.243 V for PbI2-C. The trap densities of PbI2-WH- and PbI2-C-

based films were similar, with respective values of 8.218 × 1015 and 7.681 × 

1015 cm-3, and lower than the value of 10.72 × 1015 cm-3 of PbI2-HAP. The 

performances of PSCs are presented in Table 2. This result indicates that the 

high purity of PbI2 affects the defect formation and coverage on the 

perovskite films during the crystallization process, shown in Figure 2.24. 

Finally, PbI2-WH-based PSCs achieved an average PCE of 19.00 ± 1.40%, 

which was remarkably similar to that of PbI2-C based cells (Figure 2.27 and 

Figure 2.28). 
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Figure 2.22 Field-emission scanning electron microscopy image (a) and X-

ray diffraction pattern (b) of commercial PbI2 (PbI2-C). 
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Figure 2.23 Detailed comparison of peak intensity between PbI2-WH and 

PbI2-HAP 
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Table 2. Characterization of the performances of commercial PbI2 (PbI2-C), 

PbI2-hydroxyapatite (PbI2-HAP), and PbI2-whitlockite (PbI2-WH) in PSCs. 

Short-circuit current density (JSC), open-circuit voltage (VOC), power 

conversion efficiency (PCE) and fill factor (FF). 

 

 
JSC 

[mA cm-2] 

VOC 

[V] 

PCE 

[%] 
FF 

PbI2 – C 21.72 ± 0.36 1.14 ± 0.01 19.31 ± 0.94 0.78 ± 0.04 

PbI2 – WH 21.70 ± 0.37 1.14 ± 0.02 19.00 ± 1.40 0.77 ± 0.05 

PbI2 – HAP 21.47 ± 0.28 1.09 ± 0.02 16.85 ± 1.54 0.72 ± 0.05 
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Figure 24. Properties of perovskite films. (a) XRD patterns of perovskite 

film based on (b) PbI2-C, (c) PbI2-WH and (d) PbI2-HAP. 
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Figure 25. Steady-state photoluminescence with PbI2-HAP, PbI2-WH, and 

commercial PbI2 (PbI2-C). 
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Figure 26. space charge limited current measurements 

(glass/ITO/SnO2/perovskite/PCBM/Au) with PbI2-HAP, PbI2-WH, and 

commercial PbI2 (PbI2-C). 
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Figure 2.27 the best PCE of perovskite films (glass/ITO/ 

SnO2/perovskite/spiro-OMeTAD/Au) with PbI2-HAP, PbI2-WH, and 

commercial PbI2 (PbI2-C). 
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Figure 2.28 Performance of PSC fabricated with PbI2-C, PbI2-WH and 

PbI2-HAP. (a) External quantum efficiency and (b) steady state power 

conversion efficiency. 
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2.4 Concluding Remarks 
 

We investigated novel biomimetic WH NPs as a Pb2+ absorbent 

synthesized via simple wet precipitation and applied in a high-throughput 

Pb2+ recycling process. The synthesized WH NPs presented a rhombohedral 

structure with an average size of 50 nm and XRD patterns of synthesized 

WH is in good agreement with the crystal structure data. Interestingly, the 

Pb2+ removal properties of WH NPs were associated with a surprising 

absorption capacity of 2339 mg g-1 compared to 239 mg g-1 for the more 

common HAP NPs, thereby exhibiting the highest value ever recorded 

among Pb-absorbing materials. The reason for such different absorption 

capacities lies in the different mechanisms taking place in HAP and WH in 

contact with the Pb-containing solution. The HAP capacity toward Pb2+ 

absorption is limited by the formation of a passivated Pb2+ surface layer, 

which suppresses ion exchange with dissolved Pb2+ and the protonation of 

PO4
3- groups in HAP. In contrast, WH is readily dissolved owing to its 

strong interaction with Pb2+ ions and rapid protonation in an aqueous 

solution, which induce the recrystallization into HPy in a highly crystalline 

form. The highly crystalline HPy was recycled to high-purity PbI2, which 

provided a similar photovoltaic performance in PSCs compared to that of 

commercial PbI2 and equal to 19.00% PCE. In conclusion, owing to their 

excellent Pb2+ absorption capacity and the possibility of recycling PbI2, WH 
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NPs are the most promising absorbent material for high-throughput and eco-

friendly PSCs recycling. 
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환경오염은 21세기 가장 큰 이슈이며, 이를 해결하기 위해 많은 

노력이 기울여지고 있다. 화석연료에 의한 대기오염은 지구온난화를 

불러일으키고있다. 지난 40만년간 300ppm 이하를 유지했던 이산화탄소 

농도는 이미 400ppm을 초과하였고, 지속적으로 증가하고 있다. 이를 

해결하고 화석연료를 대체하여 이산화탄소 발생을 줄이기 위해 

재생에너지 개발이 진행되고 있지만, 이미 배출된 공기중의 이산화탄소 

또한 회수되어야 한다. 대기오염 뿐만 아니라, 수질오염에서도 문제는 

심각하다. 중금속에 의한 수질오염은 오래된 문제이지만 아직 해결되지 

못했다. 잘 알려진 중금속인 납은 인체와 생태계에 큰 악영향을 끼친다. 

그럼에도 불구하고 납축전지 수요증가와 납을 함유한 석탄의 사용으로 

인해 납오염은 심해지고 있다.  

환경오염을 해결하기 위해서는 생산부터 후처리까지 전과정을 



 

 ９６ 

관리하는 것이 필수이다. 특히 오염 제거제의 생산 및 제거 후처리에서 

발생하는 오염은 간과되기 쉽다. 최근 진행된 연구에서도 흡착제 합성과 

재생과정에서 높은 에너지 소비와 오염물질 발생이 일어나고 있다. 

이산화탄소 흡수의 경우, 대기중의 낮은 이산화탄소 농도가 극복해야할 

한계이다. 일산화 칼슘 (CaO)는 오염물질 제거와 후처리 과정에서 700°C 

이상의 높은 온도가 필요하며, 수산화 나트륨 (NaOH)를 이용한 

수중침전법 또한 탄산 칼숨 (CaCO3) 열처리를 포함한 후처리과정에서 

900°C 이상의 높은 온도를 필요로 한다.[1,2] 

본 연구에서는 전체 정화과정에 대한 전반적인 오염을 제어하였다. 

우선, 자연친화적이고 자연친화적으로 합성가능한 생미네랄인 

수산화아파타이트 (Hydroxyapatite(HAP))를 선정하였다. 이산화탄소를 

제거하기위해 수산화아파타이트의 인산(Phosphate, PO4
3-)를 탄산(CO3

2-

)으로 조성제어를 하여 문제를 해결하였고, 수중의 납을 제거하기위해 

칼슘 금속 양이온을 마그네슘(Mg) 금속 양이온으로 조성제어를 하였다. 

챕터1에서는, 생미네랄을 이용한 대기중 이산화탄소 제거 연구에 대해 

논의하였다. 대기중의 이산화탄소 제거를 위해 이산화탄소를 용액에 

흡수하여 침전시킬 수 있는 알칼리 금속 중 하나인 칼슘을 이용한 

침전법이 이용되었다. 알칼리 금속의 이산화탄소 흡수능력 증대를 위해 

알칼리 금속의 수산화물과 발생했을 때 superoxide를 형성하는 

과산화수소수(H2O2)가 이용되었다. 흡수된 이산화탄소는 탄산 수산화 

아파타이트(Carbonate Hydroxyapatite, CHA)를 합성하는데 사용되었고, 

이는 탄산칼슘 열처리에 필요한 고온 과정을 회피함으로써 부가적인 
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환경오염 발생을 억제하였다. 

챕터2에서는 HAP를 Mg가 함유된 휘트록카이트(whitlockite, WH)로 

조성제어 하였다. 금속 양이온 치환 기작 중 WH에서 주로 일어나는 

“용해 & 침전”(Dissolution and precipitation) 기작은 HAP에서 주로 

일어나는 이온교환(ionic exchange)보다 훨씬 빠르다. 이를 위해서 HAP 

합성과정에서 수산화 마그네슘(Mg(OH)2)를 첨가하여 조성제어를 

진행하였다. 조성제어를 통해 합성된 휘트록카이트는 성공적으로 용액 

내 납이온을 제거하여 고순도, 고결정성을 가진 Hydroxypyromorphite를 

형성하였다. 흡수된 납은 간단한 산처리를 통해 요오드화 납(PbI2)로 

처리되어 페로브스카이트 태양전지의 전구체로 활용될 수 있도록 하였다. 

단순 분산으로 납을 흡착하고 태양전지 전구체로 활용함으로써 

정화과정에서 발생할 수 있는 의도하지 않은 오염물질을 획기적으로 

줄이는데 성공하였다. 

이 연구에서 대기와 수중으로 방출된 오염물질을 제거하기 위해 

조성제어된 생미네랄이 이용되었다. 이산화탄소를 잡기위해 CHA가, 

납을 잡기위해 WH가 이용되었다. CHA는 합성과정에서 대기 중 

이산화탄소를 흡수하고, WH는 용액 내 단순 분산을 통해 납이온을 

제거함으로써 합성과 후처리 과정에서 발생할 수 있는 오염물질 발생을 

획기적으로 줄였다. CHA와 WH 합성여부는 XRD 분석법을 통해 

확인되었다. CHA의 이산화탄소 제거 및 탄산 치환 여부는 FT-IR 분석을 

통해 확인되었다. WH는 HAP에 비해 월등한 납 흡착 성능을 보였으며, 

ICP 분석을 통해 확인되었다. HAP와 WH의 HPy로의 상변태는 Cs-
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TEM분석으로 확인되었다. WH에 흡착된 납은 페로브스카이트 

태양전지의 전구체로 활용되었으며, HAP에 흡착된 납이나 상용 전구체로 

만들어진 페로브스카이트 태양전지보다 높은 효율을 보였다. 

이 연구는 두가지 큰 핵심요소가 있다. 첫번째로 방출된 오염물질은 

적은 에너지 소모와 오염물질 배출로 잡았다. 이산화탄소는 침전법으로, 

납은 단순 교반으로 제거되었다. 두번째로 환경친화적은 생미네랄의 

조성을 제어를 통해 환경오염을 제거한 것이다. 조성제어를 통해 인체에 

존재하는 친환경적인 물질을 이용함으로써 정화과정 전반에 있어 

환경오염을 통제했다는 것이다. 결과적으로 조성제어를 통해 생미네랄의 

친환경성을 위지하면서 정화과정 전반에 걸친 경오염을 제거하는데 

성공하였다. 
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