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DESIGN OF BORON DOPED (NICKEL MANGANESE COBALT 

CONTAINING) NMC 811 CATHODE ACTIVE MATERIALS 

SUMMARY 

Many countries have announced that they will gradually ban the sale of internal 

combustion engine vehicles (ICE) between 2025 and 2050 under the zero emission 

policy, and only zero emission vehicles (ZEV) will be sold in the near future. 

Nowadays, there are many brands that produce electric vehicles (EV) and they are 

constantly making new investments. In general, steps are being taken to improve the 

batteries of electric vehicles, whose biggest problem is range. According to 2023 data, 

lithium ion batteries have a market volume of $55 billion, and many researchers expect 

a compound annual growth rate (CAGR) of around 20% by 2032. 

Although lithium had been utilized previously in 1980, Goodenough was the first to 

employ a transition metal as a cathode active material in a layered (2D) structure, 

LiCoO2 (LCO). Then, because LCO batteries did not function at high charging rates 

and had a safety issue at high temperatures, due to the close ionic diameter of the Ni2+ 

ion and the Li+ ion, they were replaced by LiNiO2 (LNO) chemistry.  When lithium 

leaves the cathode during charging, the Ni2+ ion fills the lithium gaps, closing the 

passageway of lithium. It made diffusion difficult and caused loss of capacity in the 

battery. Later, LiMnO2 (LMO) replaced LCO as it was economically convenient and 

environmentally friendly. LMO, which preserved its structure well especially at high 

temperatures, experienced capacity loss as a result of long cycles. Then, alternatively 

LiFePO4 (LFP) was utilized as cathode active material due to its environmentally 

friendly behavior, and high electrochemical stability at 3.5V. Later, while the specific 

capacity was increased by doping Ni into the LCOs, Al is added into the structure to 

stabilize it. Ni0.8Co0.15Al0.05 (NCA) structure offers high electrochemical performance, 

however, its use is restricted in some places due to security problems.  

NMC contains nickel, manganese and cobalt. It has been studied extensively because 

it offers high energy and power densities. NMC cathodes were produced in different 

compositions such as NMC333, NMC532, NMC622, NMC811 to optimize the 

capacity and the cycle life. The studies reveal that increasing Ni content in chemistry, 

increases the capacity of the cell but causes several problems such as chemical 

instability in the structures hence weak capacity retention over cycles.  

Today, while NMC cathode active materials can be produced with many techniques, 

co-precipitation method stands forward as it enables to fabricate particles with narrow 

particle-size distribution, high tap density with spherical morphology. The process 

consists of two steps: precipitation and calcination.  

The morphology, the structure and size of the powders obtained from the co-

precipitation method are greatly affected by precipitation (pH, mixing temperature, 

ions concentration, mixing duration and environment) as well as calcination 

parameters (temperature, duration, LiOH/M(OH)2 ratio, partial oxygen pressure). 
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Therefore, in order to fabricate 5-15 micrometer sized, spherical shaped NMC811 

powders via coprecipitation researchers have realized many optimization studies in the 

past. NMC811 suffers from low initial coulombic efficiency and capacity retention 

over long cycling.  Structural, morphological and chemical analyses reveal that ‘cation 

mixing’, phase transformation in cycling, microcracking and hence oxygen evolution 

from the structure are the main problems encountered in the use of NMC811. 

Cation mixing is the electrochemical transformation of the crystal structure from the 

layered state to the rock-salt phase during the operation of the battery. Cation mixing 

occurs when the low-valence metal ions (Ni2+) migrate to the Li+ ion layer and replace 

the Li+ ions. Due to the low difference between the ionic diameters of Ni2+ (0.69Å) 

and Li+ (0.76Å) ions diameters among Ni2+, Co2+ and Mn2+ ions, the probability of Li+ 

ions being in the cation mixing with Ni2+ is higher than others. Cation mixing is not 

only formed during the synthesis of the material but can also be formed during the use 

of the battery, by redox reactions. Cation mixing (Ni2+/Li+) causes the system to be 

unstable thermodynamically and Ni reaches Ni2+ from high valence to low valence, 

causing Li and O to separate from the system, resulting in the loss of these elements 

and ultimately performance losses in the battery. The oxygen release from the structure 

can lead to safety problems since organic electrolyte systems are generally used. 

Structural analysis shows that NMC811 follows various phase transformation in 

cycling: from hexagonal to monoclinic (H1-M), from monoclinic to hexagonal (M-

H2) and from hexagonal to a hexagonal structure with different lattice parameters (H2-

H3). Electrochemically, the transformation from H2 to H3 phase between 4.15-4.2 V 

causes shrinkage around 3.7% in the c-direction in the hexagonal lattice and as a result, 

mechanical strain in the cathode active material, this strain causes micro cracks in the 

structure and leads to a decrease in cycle performance. 

While one of the ways to eliminate these obstacles is to add Li and O to the structure 

or to make a surface coating to stabilize the electrode/electrolyte interface, another 

solution is to control these transformations by doping the structure. 

Use of boron in doping becomes prominent as boron has high polarizing power due to 

its 3+ valence and small radius (0.098 nm.) and has strong and short bond length with 

oxygen leading to preventing oxygen release. Literature review reveals that two 

different strategies may be used to dop boron in the NMC chemistry. One is to doping 

boron in coprecipitation and the other is doping boron during calcination. The 

mechanism behind boron doping to the NMC structure during coprecipitation is that 

the (003) surface energy of the hydroxide is reduced compared to the {104} surfaces, 

thus providing the formation of primary particles oriented radially in this direction 

leading to the elongation of the crystallites in rod and needle shapes. Here in, the 

amount of boron doping is known to be crucial in the crystallization as B3+ cation may 

position in tetrahedral and octahedral sites (CN = 4 for 0.11 Å and CN = 6 for 0.27 Å) 

due to their small ionic radius. While the B3+ ion positioned in the octahedral sites will 

cause the cell to shrinkage in the c direction due to its small ionic radius compared to 

the TM ions but the B3+ ion positioned in the tetrahedral sites in the Li layer will cause 

expansion in the a and c direction. Moreover, the boron doping in calcination with 

lithium hydroxide reduces the lithium ions in the structure and prevents the 

development in the (003) direction, thus preventing the formation of the desired 

layered structure. The chemistry and amount of boron doping are quite effective in the 

performance of NMC 811. 
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In NMC structures, by-products such as Li3BO3, LiBO2, Li2B4O7 are obtained as a 

result of the heat treatment of boron source with LiOH. It is observed that the formation 

of these by-products increases the cation mixing in the structure as the lithium 

consumption. Li-rich heat treatments are preferred in boron doping studies. 

In this study, a investigation is realized to investigate the effect of boron doping on 

NMC811 electrochemical performance. By adding boron in the coprecipitation and 

calcination steps of the cathode active material production process, the hypothesis put 

forth here is to examine the impact of the different characteristics of the B-doped 

NMC811 material on the electrochemical performance. No doping applied precursor 

named as ‘NMC811OH’ and boron-doped NMC811 named as ‘NMC811OH1B’ were 

successfully synthesized by co-precipitation method. NMC811OH and 

NMC811OH1B secondary particles with a size of approximately 10-15 µm and a 

spherical structure were produced. Galvanostatic tests reveal that NMC811 cathode 

active material without boron doping and calcined in air atmosphere (named as 

NMC811OH-air) delivers 160 mAh/g first charge capacity at C/10 and after 100 cycles 

at C/3 and C capacity retention are found to be 78% and 88% respectively, NMC811 

cathode active material without boron doping and calcined in oxygen atmosphere so 

called NMC811OH-Ox delivers 203 mAh/g first charge capacity at C/10 and after 100 

cycles at C/3 and C capacity retention are found to be 96.4% and 94.7% respectively. 

NMC811 cathode active material with boron doping (H3BO3) during co-precipitation 

and calcined in oxygen atmosphere named as NMC811OH1B-Ox delivers 188 mAh/g 

first charge capacity at C/10 and after 100 cycles at C/3 and C capacity retention are 

found to be 88% and 92% respectively and NMC811OH is mixed with LiOH and 

boron source (H3BO3) during calcination so called NMC811OH-Ox1B delivers 156 

mAh/g first charge capacity at C/10 and after 100 cycles at C/3 and C capacity 

retention are found to be 88% and 89.67% respectively. 

I(003)/(104) ratio (inverse relationship with cation mixing) are found to be 1.22, 1.24, 

1.22 and 1.17 for NMC811OH-air, named as NMC811OH-Ox, NMC811OH1B-Ox 

and NMC811OH-Ox1B. In all conditions calcined particles are sustained their 

spherical particle morphology and sizes being in the range of 10-15 µm. The 

galvanostatic performance shows that 1% H3BO3 doping during coprecipitation was 

insufficient to improve capacity retention compared to no doped NMC811OH. 

To further study the interaction of CAM with Li, potentiostatic cyclic voltammetry test 

is applied. For each electrode, peaks related to H1-M, M-H2 and H2-H3 

transformations are noted, as expected. A right shift was detected in the H2-H3 peak 

in boron doped samples, but after 4 cycles, the loss in capacity peak intensity was 

found to be greater than the no doped sample in an oxygen environment and was 

associated with the oxygen loss in the structure and the capacity loss in cycle tests. The 

findings of this work highlights the importance of firstly Li/TM amount for boron 

source mixed with lithium hydroxide in calcination causing lithium deficiency caused 

by by-products or coating on the surface leading to cation mixing, poor charge-

discharge capacity, capacity retention and high impedance. Boron doped via co-

precipitation NMC811 sample have showed better electrochemical performance 

caused by better secondary particle morphology but 1% H3BO3 doping during 

coprecipitation is insufficient to improve capacity retention compared to undoped 

NMC811 sample. In the calcination processes carried out in oxygen and air, higher 

capacity was obtained due to the denser and more oriented primary particle structure 

with the presence of an oxygen-rich environment and better capacity retention due to 

the pore distribution in the internal structure and particle orientation. 
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BOR KATKILANMIŞ (NİKEL MANGAN KOBALT İÇEREN) NMC811 

KATOT AKTİF MALZEMELERİNİN TASARIMI 

ÖZET 

Günümüzde birçok ülke sıfır emisyon poliçesi altında 2025-2050 dönemleri arasında 

kademeli olarak içten yanmalı motorlu araçların (ICE) satışını yasaklayıp sadece sıfır 

emisyon araçları (ZEV) satışı gerçekleştirmeyi planlamaktadır. Bu nedenle pek çok 

otomobil üreticisi filolarına yeni tasarım elektrikli araçları (EV) katmak için sürekli 

yatırım yapıyorlar. Bu yatırımlar ise genel olarak en büyük problemleri menzil olan 

elektrikli araçların bataryalarını geliştirmeye yönelik adımların atılmasına da zemin 

hazırlıyor.  2023 yılının verilerine göre lityum iyon bataryaların dünyadaki pazar 

büyüklüğü 55 milyar $ ve 2032 yılına birçok araştırmacı bu alanda yaklaşık %20 

bileşik yıllık büyüme hızı (CAGR) bekliyor. 

Lityum tarihi incelendiğinde 1980 yılından önce lityum kullanılmış olsa da 

Goodenough, katot aktif malzemesi olarak katmanlı (2D) bir yapıda geçiş metali içeren 

LiCoO2 (LCO)’yi kullanan ilk kişiydi. Bu lityum iyon pillerinin geliştirilmesinde 

önemli bir noktaydı ve lityum iyon pillerinin önünü açtı. Daha sonrasında, LCO 

pillerin yüksek şarj hızlarında çalışmaması ve Ni2+ iyonunun Li+ iyonu ile benzer 

iyonik çapları nedeniyle yüksek sıcaklıklarda güvenlik sorununa sebep olduğu için 

yerini LiNiO2 (LNO) kimyasına bırakmıştır. Lityum şarj sırasında katodu terk 

ettiğinde, Ni2+ iyonu lityum boşluklarını doldurarak lityumun geçiş yolunu kapatır. Bu, 

difüzyonu zorlaştırır ve pilde kapasite kaybına neden olur. Daha sonra, ekonomik 

olarak uygun ve çevre dostu olduğu için LiMnO2 (LMO) LCO'nun yerini aldı. 

Özellikle yüksek sıcaklıklarda yapısını iyi koruyan LMO, uzun çevrimler sonucunda 

kapasite kaybı problemi yaşadı. Alternatif olarak sonrasında, çevre dostu davranışı 

olan ve 3,5 V'da yüksek elektrokimyasal kararlılığı nedeniyle katot aktif malzemesi 

olarak LiFePO4 (LFP) kullanıldı. Daha sonra, LCO'lara Ni katkısı yapılarak özgül 

kapasite artırılırken, yapıya stabilize etmek için Al eklendi. Ni0.8Co0.15Al0. (NCA) 

yapısı yüksek elektrokimyasal performans sunar, ancak güvenlik sorunları nedeniyle 

bazı yerlerde kullanımı kısıtlanmıştır. 

En güncel ve popüler NMC nikel, manganez ve kobalt içerir. Yüksek enerji ve güç 

yoğunlukları sunduğu için kapsamlı bir şekilde incelenmiştir. Kapasiteyi ve çevrim 

ömrünü optimize etmek için NMC333, NMC532, NMC622, NMC811 gibi farklı 

bileşimlerde NMC katotları üretilmiştir. Çalışmalar, kimyada Ni içeriğinin 

artırılmasının hücrenin kapasitesini artırdığını ancak yapılarda kimyasal kararsızlık ve 

dolayısıyla çevrimler boyunca zayıf kapasite kapasite gibi çeşitli sorunlara neden 

olduğunu ortaya koymaktadır. 

Günümüzde, NMC katot aktif malzemeleri birçok teknikle üretilebilirken, birlikte 

çöktürme yöntemi dar parçacık boyutu dağılımına, küresel morfolojiye sahip yüksek 

tap yoğunluğuna sahip parçacıklar üretmeyi mümkün kıldığı için öne çıkmaktadır. 

Sürecin pratik olarak büyük miktarlarda toz üretmeyi mümkün kılması da 
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yatırımcıların dikkatini çekmektedir. Süreç iki adımdan oluşmaktadır: birlikte 

çöktürme ve kalsinasyon. 

Birlikte çöktürme yöntemiyle elde edilen tozların morfolojisi, yapısı ve boyutu, 

çökelme (pH, karıştırma sıcaklığı, iyon konsantrasyonu, karıştırma süresi ve ortam) ve 

kalsinasyon parametrelerinden (sıcaklık, süre, LiOH/M(OH)2 oranı, kısmi oksijen 

basıncı) büyük ölçüde etkilenmektedir. 

Bu nedenle, 5-15 mikron boyutunda, küresel şekilli NMC811 tozlarını birlikte 

çöktürme yoluyla üretmek için araştırmacılar geçmişte birçok optimizasyon çalışması 

gerçekleştirmiştir. Bulguları, NMC811'in uzun çevrim boyunca düşük başlangıç 

kolomb verimliliği ve kapasite tutma sorunu yaşadığını ortaya koymaktadır. Yapısal, 

morfolojik ve kimyasal analizler, NMC811 kullanımında karşılaşılan başlıca 

sorunların 'katyon karışımı', çevrimler sırasında faz dönüşümü, mikro çatlaklar ve 

dolayısıyla yapıdan oksijen çıkışı olduğunu ortaya koymaktadır. 

Katyon karışımı, pilin çalışması sırasında kristal yapının katmanlı durumdan kaya-

tuzu (rock-salt) fazına elektrokimyasal dönüşümüdür. Katyon karışımı, düşük 

değerlikli metal iyonlarının (Ni2+), Li+ iyon tabakasına göç etmesi ve Li+ iyonlarının 

yerini almasıyla meydana gelir. Ni2+, Co2+ ve Mn2+ iyonları arasında Ni2+ (0,69Å) ve 

Li+ (0,76Å) iyon çapları arasındaki farkın düşük olması nedeniyle, Li+ iyonlarının Ni2+ 

ile katyon karışımında olma olasılığı diğerlerinden daha yüksektir. Katyon karışımı 

sadece malzemenin sentezi sırasında oluşmaz, aynı zamanda redoks reaksiyonları ile 

akünün kullanımı sırasında da oluşabilir. Katyon karışımı (Ni2+/Li+), sistemin 

termodinamik olarak kararsız olmasına neden olur ve Ni, Ni2+'ye yüksek değerlikten 

düşük değerliğe ulaşarak Li ve O'nun sistemden Li2O ve O2 olarak ayrılmasına neden 

olur, bu elementlerin kaybına ve sonuçta pilde performans kayıplarına yol açar. 

Genellikle organik elektrolit sistemleri kullanıldığından yapıdan oksijen salınımı 

güvenlik sorunlarına yol açabilmektedir. 

Yapısal analiz, NMC811'in çevrimler sonucunda çeşitli faz dönüşümlerini izlediğini 

göstermektedir: Hekzagonalden monokliniğe (H1-M), monoklinikten hekzagonale 

(M-H2) ve hekzagonalden farklı kafes parametrelerine sahip hekzagonal bir yapıya 

(H2-H3) dönüşüm gerçekleşir. Elektrokimyasal olarak, H2'den H3 fazına 4,15-4,2 V 

arasındaki dönüşüm, hekzagonal kafeste c yönünde yaklaşık %3,7 oranında 

büzülmeye ve bunun sonucunda katot aktif malzemesinde mekanik gerilmeye neden 

olur, bu gerilme yapıda mikro çatlaklara neden olur ve çevrim performansında 

azalmaya yol açar. 

Bu problemleri ortadan kaldırmanın yollarından biri yapıya Li ve O eklemek veya 

elektrot/elektrolit arayüzünü stabilize edecek bir yüzey kaplaması yapmak iken, bir 

diğer çözüm yolu da yapıya katkılama yaparak bu dönüşümleri kontrol altına almaktır. 

Borun katkılama yöntemiyle kullanımı, borun 3+ değerlikli ve küçük yarıçaplı (0,098 

nm) olması nedeniyle yüksek polarize edici güce sahip olmasına ve oksijenle güçlü ve 

kısa bağ uzunluğuna sahip olması ve oksijen salınımını engellemesi nedeniyle öne 

çıkmaktadır. Literatür taramasına göre, NMC kimyasında borun katkılanması için iki 

farklı stratejinin kullanılabileceğini ortaya koymaktadır. Biri, birlikte çöktürmeyle 

borun katkılanması, diğeri ise kalsinasyon sırasında borun katkılanmasıdır. Birlikte 

çöktürme sırasında NMC yapısına bor katkısının arkasındaki mekanizma, hidroksitin 

(003) yüzey enerjisinin {104} yüzeylerine kıyasla azalması ve böylece bu yönde 

radyal olarak yönlendirilmiş birincil parçacıkların oluşmasını sağlayarak kristalitlerin 

çubuk ve iğne şeklinde uzamasına yol açmasıdır. Burada, bor katkılama miktarının 

kristalleşmede kritik olduğu bilinmektedir çünkü B3+ katyonu küçük iyonik yarıçapları 
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nedeniyle tetrahedral ve oktahedral bölgelerde (0.11 Å için CN = 4 ve 0.27 Å için CN 

= 6) konumlanabilir. Oktahedral bölgelerde konumlanan B3+ iyonu TM iyonlarına 

kıyasla küçük iyonik yarıçapı nedeniyle hücrenin c yönünde büzülmesine neden 

olurken, Li tabakasındaki tetrahedral bölgelerde konumlanan B3+ iyonu a ve c yönünde 

genişlemeye neden olacaktır. Dahası, lityum hidroksit ile kalsinasyon sırasında bor 

katkılaması yapıdaki lityum iyonlarını azaltır ve (003) yönünde gelişmeyi önleyerek 

istenen katmanlı yapının oluşmasını engeller. Bor katkılamasının kimyası ve miktarı 

NMC 811'in performansında oldukça etkilidir. 

NMC yapılarda, bor kaynağının lityum hidroksit ile ısıl işlemi sonucunda Li3BO3, 

LiBO, Li2B4O7 gibi yan ürünler elde edilir. Bu yan ürünlerin oluşumunun, NMC 

katmanlı yapının lityumu tükendikçe yapıdaki katyon karışımını artırdığı 

görülmektedir. Yapıya eklenen bor miktarının artmasıyla yapıdaki lityum eksikliği 

artmakta ve yapıdaki katyon karışımı artmaktadır. Bor katkılama çalışmalarında Li 

açısından zengin ısıl işlemler tercih edilmektedir. 

Bu çalışmada, bor katkılamasının NMC811 elektrokimyasal performansı üzerindeki 

etkisini araştırmak için kapsamlı bir araştırma gerçekleştirilmiştir. Katot aktif 

malzeme üretim sürecinin birlikte çöktürme ve kalsinasyon adımlarında ayrı ayrı 

borun eklenmesiyle, burada ortaya atılan hipotez, B-katkılanmış NMC811 

malzemesinin farklı özelliklerinin elektrokimyasal performans üzerindeki etkisini 

incelemektir. Katkılanmamış (‘NMC811OH’ olarak adlandırılmıştır) ve bor katkılı 

NMC811 (‘NMC811OH1B’ olarak adlandırılmıştır) öncülleri birlikte çöktürme 

yöntemi ile başarıyla sentezlenmiştir. Yaklaşık 10-15 µm boyutunda ve küresel bir 

yapıya sahip NMC811OH ve NMC811OH1B ikincil parçacıkları üretilmiştir. 

Galvanostatik testler sonucunda, katkısız NMC811 katot aktif malzemesinin hava 

ortamında kalsine edilerek (NMC811OH-Air olarak adlandırılır) C/10'da 160 mAsa/g 

ilk şarj kapasitesi sağladığını ve C/3'te ve C akım hızlarında 100 döngüden sonra 

kapasitesinin sırasıyla %78 ve %88 miktarda koruduğu, katkısız NMC811 katot aktif 

malzemesinin oksijen ortamında kalsine edilerek (NMC811OH-Ox olarak adlandırılır) 

C/10'da 203 mAsa/g ilk şarj kapasitesi sağladığını C/3'te ve C akım hızlarında 100 

döngüden sonra kapasitesinin sırasıyla sırasıyla %96,4 ve %94,7 oranda kapasitesini 

koruduğu, birlikte çöltürme sırasında bor (H3BO3) katkılanmış NMC811 katot aktif 

malzemesinin oksijen ortamında kalsine edilerek (NMC811OH1B-Ox olarak 

adlandırılır) C/10’da 188 mAsa/g ilk şarj kapasitesi vermiştir ve  C/3'te ve C akım 

hızlarında 100 döngüden sonra kapasitesinin sırasıyla %88 ve %92 olduğu ve 

NMC811OH numunesinin kalsinasyon sırasında LiOH ve bor kaynağı (H3BO3) ile eş 

zamanlı olarak karıştırıldığında elde edilen numune (NMC811OH-Ox1B olarak 

adlandırılır) C/10'da 156 mAsa/g ilk şarj kapasitesi vermiş olup ve C/3'te ve C akım 

hızlarında 100 döngüden sonra %88 ve %89,67 kapasite korunumu sağlamıştır.. Daha 

sonra I(003)/(104) oranının (katyon karıştırma ile ters ilişkili) NMC811OH-Air, 

NMC811OH-Ox, NMC811OH1B-Ox sırasıyla 1,22, 1,24, 1,22 ve 1,17 olduğu 

görülmüştür.  Tüm koşullarda kalsine edilmiş parçacıklar 10-15 µm'lik küresel 

parçacıklar elde edilir. Galvanostatik performans, birlikte çöktürme sırasında %1 

H3BO3 katkısını, katkılanmımış NMC811'e kıyasla kapasite tutmayı iyileştirmek için 

yetersiz olduğunu ancak kalsinasyon numunesinde karıştırılmış bor katkılı üretilenden 

daha iyi performans gösterdiğini göstermiştir. 

Katot aktif malzemesinin Li ile etkileşimini daha fazla incelemek için potansiyostatik 

döngüsel voltametri testi uygulandı. Her elektrot için beklendiği gibi H1-M, M-H2 ve 

H2-H3 dönüşümleriyle ilgili pikler not edildi. Bu çalışmanın bulguları, öncelikle 

kalsinasyonda lityum hidroksit ile karıştırılan bor kaynağı için Li/TM miktarının 
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önemini vurgular ve lityum eksikliğine, dolayısıyla katyon karışımına ve zayıf 

elektrokimyasal performansa yol açan istenmeyen ikincil parçacık morfolojisinin 

oluşumuna neden olur. İkinci olarak, birlikte çöktürme sırasında %1 H3BO3 katkısının 

NMC811 malzemesinin kapasite korunum için yetersiz olduğu görülmüştür. 

CAM'ın Li ile etkileşimini daha ileri düzeyde incelemek için potansiyostatik döngüsel 

voltametri testi uygulanır. Her numune için beklendiği gibi H1-M, M-H2 ve H2-H3 

dönüşümleriyle ilgili pikler not edildi. Bor katkılı numunelerde H2-H3 piklerde sağa 

kayma tespit edildi, ancak 4 çevrimden sonra kapasite pik şiddendeki kaybın oksijen 

ortamında katkısız numuneye göre daha büyük olduğu ve yapıdaki oksijen kaybı ve 

çevrim testlerindeki kapasite kaybıyla ilişkili olduğu bulundu. Bu çalışmanın bulguları 

şunları vurgulamaktadır; kalsinasyonda lityum hidroksit ile karıştırılan bor kaynağı 

için öncelikle Li/TM miktarına bağlı olarak oluşabilecek yan ürünler veya yapı 

yüzeyinin kaplanması nedeniyle lityum eksikliğine yol açarak katyon karışımına, zayıf 

şarj-deşarj kapasitesine, kapasite kaybına neden olmaktadır. Birlikte çöktürme yoluyla 

bor katkılanmış NMC811 numunesi, daha iyi ikincil parçacık morfolojisi nedeniyle 

daha iyi elektrokimyasal performans göstermiştir; ancak birlikte çöktürme sırasında 

%1 H3BO3 katkılanması, katkısız NMC811 numunesine kıyasla kapasite kaybına 

iyileştirmek için yetersizdir. Oksijen ve havada gerçekleştirilen kalsinasyonlarda, 

oksijence zengin ortamda üretilen numunede birincil parçacık yapısının daha yoğun 

ve daha yönelimli olması nedeniyle daha yüksek kapasite, iç yapıdaki gözenek 

dağılımı ve partikül yönelimi nedeniyle ise daha iyi kapasite korunumu elde edilmiştir 

Katot aktif malzemelerinin oluşum mekanizmalarına ve yapı ile ilgili elektrokimyasal 

davranışlarına olan etkilerini incelemek için ileri analizlere ihtiyaç vardır. 
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1.  INTRODUCTION  

Efficient storage and conversion of energy is one of the biggest issues of today. Even 

if renewable energy sources such as solar energy, wind turbines, geothermal, 

hydrothermal, and biomass are preferred instead of energy produced from energy 

sources that cause high carbon emissions such as oil and natural gas, their high costs, 

low efficiency and the need for suitable environmental conditions for their operation 

are still problematic. On the other hand, storing and transporting the  energy produced 

are issues that need to be taken into consideration. Battery technologies are important 

for storage and transportation of energy. 

Battery is simply an electrochemical cell in which stored chemical energy is converted 

into electrical energy. Looking at the history of the battery, the first battery was named 

"Baghdad Battery" or also known as "Partian Battery" approximately 2000 years ago 

[1]. Although this battery is not accepted by some sources, it is assumed to have 1.1-2 

V range and consists of an iron rod, a copper cylinder, and vinegar as an electrolyte in 

a clay jar, as seen in Figure 1.1.  [1,2].  

 

Figure 1.1 : The first battery in history - Partian Battery schematic [2]. 

In the early 1800s, Luigi Galvani, with whom Italian Alessandro Volta have, suggested 

that when a frog's legs have touched to metallic wires, legs have moved by passing 

electricity through the nerves, producing electricity. Alessandro Volta has suggested 

that it was due to the different properties of the different metal rods in the legs. Later, 
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in his study, Alessandro Volta has seen that there was a continuous current between 

two plates made of copper or silver on one side and zinc on the other, separated by 

cardboard in a container filled with salt water, and this was later called ‘the voltaic 

pile’. It is considered to be the first battery having 1.1 V [3,4].  

All batteries produced until 1859 by Frenchman Gaston Plante were non-rechargeable. 

Using 10% sulfuric acid solution as an electrolyte along with lead electrodes, Gaston 

Plante produced a 2 V battery cell [5]. Additionally, the 12 V battery have been 

produced by connecting 6 battery cells together in a battery pack [6]. Developments in 

rechargeable batteries have continued and, a nickel-cadmium battery is produced by 

Swedish Waldemar Junger in 1899 and the nickel-iron battery is produced by Thomas 

Edison in 1900 [7,8].  

Although these batteries have been utilized  in many applications, they have had 

advantages and disadvantages. Lead-acid batteries have low energy density, 

inefficiency in electrochemical properties, and are prone to have leakage. Nickel-

Cadmium batteries have low power, leakage and memory effect [9]. Developments of 

other sectors lead to a search for new materials for batteries providing  light, 

electrochemically efficient, safe and long cycle life design.  

Among alternatives, lithium being the lightest metal was seen to be a suitable element 

thanks to its high electrochemical properties relative to its weight. At first, lithium has 

been added to the electrolyte and improvements seen in battery performance [10]. 

Then, different chemistries of anodes and cathodes have been tested.  Until 1978, 

batteries designed utilizing lithium were primary batteries.  Thanks to the layered 

structure of TiS2 Wittingham in 1978 has designed a cathode where  , Li+ ions are 

reversibly stored back in the layered structure of the cathode paving the way for 

rechargeability for lithium-ion batteries. However, the use of highly reactive lithium 

as an electrode safety problems [10].  

In 1980, Goodenough have invented LiCoO2 cathode material, opening a new 

perspective to science and technology for today's lithium-ion batteries. In 1991, SONY 

became the first company to commercialize lithium-ion batteries [11]. 

Today, batteries are simply classified into two;primary and secondary. Primary 

batteries are disposable, electrochemical reactions  are irreversible and batteries can 

not be recharged after their use. Examples for primary batteries are alkaline batteries, 
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lithium primary batteries, zinc air batteries, ant etc. Secondary batteries, unlike 

primary batteries, are rechargeable batteries. Since the ΔG of the reactions is negative 

when the battery is being discharged, chemical energy is converted to electrical energy. 

However, external energy is needed to charge the battery due to ΔG being positive. 

Pb-acid, Ni-Cd and lithium-ion batteries are examples of secondary or rechargeable 

batteries [12]. 
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2.  LITERATURE 

2.1 Lithium Ion Batteries 

Lithium ion batteries are used in many household products such as cameras, laptops, 

flashlights etc., due to their high specific energy [14]. In recent years, many countries 

have set targets considering the sustainable future of humanity. They have climate 

policies, therefore they have made plans for  2025-2050s having  the zero-emission 

vehicles (ZEV) in transportation rather than internal combustion engine vehicles (ICE) 

[15-17]. In order to fulfill these policies many automotive companies have begun to 

invest heavily in the development of the technologies of EV devices havingLi-ion 

batteries (Volkwagen, Hyundai, Tesla…) [18]. Figure 2.1 shows the percentage of 

current and future electric vehicle sales to total vehicle sales and the percentage of 

usage between 2018 and 2030. The assumptions made on the  sales of EV will be 25-

50% of total sales by 2030 and also the electric vehicle usage ratio is expected to be 

between 4% and 8% of the total vehicle usage in 2030 [19].  Li-ion battery market will 

have a value of around $55 billion in 2023. This value is expected to grow 18% 

annually until 2032 [19-22]. 

 

 Expectation of EV Sales Growth [19]. 
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 Zero emissions plans of some countries [15-17]. 

Estimated date 100% EV ICE ban 

2025  Norway  

2030 

 Iceland 

 Austria 

 Netherlands 

 Israel 

 Ukraine 

 United States (50%) 

 Japan 

2035 

 United Kingdom (LDV) 

 Canada (LDV) 

 European Union 

 China 

 Chile 

 United States 

2040  United Kingdom (HDV) 

 Canada (HDV) 
 Argentina 

2045  Chile  

2050 
 Mexico 

 Costa Rica  

2.2 Lithium Ion Battery Working Principle 

Lithium ion cells mainly consist of four parts: anode, cathode, electrolyte and 

separator. In  charging Li+ ions move from the cathode structure through the electrolyte 

and are stored in the anode structure. During charge, de lithium ions move from 

cathode to anode (Figure 2.2) [23]. 

 

 Li-ion cell structure [23]. 
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2.2.1  Anode 

The first design requirement for an anode material is having a structure to host Li ions 

at a reasonably low electrochemical potential versus Li/Li+, having low volumetric 

change during cycling, high ionic and electronic conductivity, low cost, low toxicity 

and high abundance. Graphite is ideally suited for an anode material among others; 

silicon, tin, lithium titanate, and etc.  

Graphite has planar hexagonal networks of carbon atoms (honeycombs) with two 

different crystalline forms : hexagonal (2H) and rhombohedral (3R). With Van der 

Waals bonds among layers and having an interplanar distance of 3.36 A, it allows Li+ 

to intercalate [24]. It has a theoretical capacity of 372 mAh/g as a result of Li+ 

incorporation into graphitic carbon to form LiC6 reversibly. 

Silicon is a high capacity alternative that can store up to ten times more energy than 

graphite. However, its use is limited by significant challenges such as volume 

expansion (up to 300%) during charging leading to fracture and loss of battery contact 

[25]. Although, lithium titanate anodes provide fast charging capabilities and long 

cycle lifes, has lower energy density than silicon and graphites so less common from 

graphite [26]. 

2.2.2  Separator 

The separator is a porous and permeable membrane located between the electrodes and 

in the electrolyte solution to prevent short circuits by preventing physical contact 

between the cathode and anode in the Li-ion cell. Separators must have high ionic 

conductivity for Li+ ion migration between electrodes during charge and discharge 

cycles with low electronic conductivity for minimizing unwanted electron flow lead 

to short circuit, having sufficient mechanical resistance enables them to resist stresses 

that may occur during installation into the separator cell, high chemical and 

electrochemical stability in electrolyte and high thermal stability to over heating  

during charge/discharge for battery problems [27].  

In commercially available lithium-ion batteries polyolefin based materials such as 

polyethylene (PE) and polypropylene (PV) have been commonly used. These materials 

can be used as a single layer, or as multiple layers, such as PE/PP or PP/PE/PP. [28].  
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Multilayer structures add thickness to the separator, the increase in mechanical 

resistance with increasing thickness and the decrease in the possibility of short circuit 

between the anode and cathode so increase the safety of the battery, but increasing 

thickness reduces the impedance. [28-29]. 

2.2.3  Electrolyte 

Electrolytes are mostly liquid and act as a connection between an anode and a cathode, 

allowing a conductive path for Li+ during charging and discharging. Same as separator, 

electrolyte must have high ionic conductivity facilitating ion mobility and low 

electrochemical conductivity for the efficiency of a battery. In general, lithium-

containing salts such as LiPF6, LiBF4 or LiClO4 have a structure dissolved in 

carbonate-based organic solvents. Electrolytes can be found in solid or liquid forms. 

Electrolyte also must be stable over wide voltage (0-5 V) and temperature ranges, do 

not react with other elements in a cell, and tend not to form by-products. Accessibility 

and economic suitability are another important issue [30-31]. 

Liquid electrolytes, the solution of a single ion salt as well as the solution of more than 

one ion salt in the same solution, have been studied as an innovative structure in recent 

years. It has been observed that this multi-ion salt structure increases the stability of 

the electrolyte and also increases its performance. Electrolytes that can be used in a 

gel form contribute positively to structural stability, just like a multi-ion salt structure, 

while also increasing electrolyte performance. In addition, solid electrolytes have 

begun to be studied. Although they seem like a safer choice because they do not leak, 

their low ionic conductivity and mechanical brittleness constitute a disadvantage 

compared to liquid electrolytes [30-32]. 

2.2.4  Cathode 

Cathodes are the positive electrodes and store Li in their structures. In general, due to 

the fact that anode materials provide higher capacity, studies in Li-ion batteries in 

recent years have mainly focussed on cathode materials. One of the design criteria was 

to increase lithium ion mobility during charge-discharge, this motivates researchers  to 

design and produce cathode materials that give high energy and power densities and 

to positively improve reliability, cost and cycleability of the cell [33]. While the layer-

structured LiCoO2 transition metal cathode materials produced by Goodenough in 

1980 began to be used, over time, LiMn2O4 from the spinel LiM2O4 family and 
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LiFePO4 structures from the LiMPO4 family with an olivine structure were produced 

and commercialized [33]. Crystal structure of different cathode materials are given in 

Figure 2.3. Due to the safety problems of the LiCoO2 structure, its toxicity, and its 

inability to provide the specific capacity it offers in theory,  new chemistries such as 

NCA and NMC structures are used today with element doping [34]. This has paved 

the way for innovative chemistries and designs for cathode active material.  

 

 Crystal structure of different cathode materials [33]. 

2.2.4.1 LCO 

LCO is the first commercialized Li-ion battery type. LCO is a member of the space 

group R3m family of the α-NaFeO2 structure and located in Li 3a and cobalt 3b sites 

(different [111] planes) in the octahedral structure, and the oxygens are in a tightly 

packed (ccp) structure. It has an ABC-ABC stack structure arranged in the form of Li-

O-Co (Figure 2.4). During discharge, with the migration of lithium to the cathode, 

Co3+ turns into Co3+ -> Co2+ + Co4+ to ensure the ionic balance in the structure. When 

more than 50% of lithium is de-interclinated, the cathode structure changes from 

hexagonal to monoclinic [35]. This provides a capacity in the range of 130-140 mAh/g, 

compared to the theoretical capacity of 280 mAh/g in the 3-4.2 V potential range, 

causing a large capacity loss [36]. Although they have high specific energy, their 

specific power is low due to their low discharge current, so they may cause overheating 

problems in the battery in cases of rapid charge and discharge [37]. LCO is suitable 

for devices that do not require high power load such as cameras, laptops etc. 

Furthermore, cobalt is toxic and expensive, which limits its use. 
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 LCO crystal structure [38]. 

2.2.4.2 LMO 

LMO, which emerged as an alternative to LCO, had some advantages over LCO. LMO 

is cheaper than LCO, safer due to its higher thermal resistance, and rather 

environmentally friendly since the Mn atom is not as toxic as Co [39]. In theory, the 

specific discharge capacity is 296 mAh/g, while the theoretical charge capacity is 148 

mAh/g. LMO, which has a close cubic package (ccp) structure (Figure 2.5) from the 

Fd3m space group, turns from Mn3+ structure into Mn4+ and Mn2+ level to balance it 

due to the Jahn-Teller effect [40]. As a result of the reaction of Mn2+ ion with LiPF6 

salt, structure deterioration occurs at the cathode and the cycle life of a cell decreases 

[41]. This causes a transformation from the layered structure to the spinel structure, 

which limits its rate capacity. Although it is preferred because it is suitable for high 

temperatures. 
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 LMO crystal structure [42]. 

2.2.4.3 LFP 

LFP has an olivine structure. The fact that the Fe3+/Fe4+ conversion is stable at 3.5V 

and that LiFePO4 and FePO4 are from the same space group keeps volume expansion 

to a minimum while providing excellent capacity retention and safety. On the other 

hand, due to the elements they contain, raw materials are accessible, cheap and have 

low toxicity [43-45]. 

Unlike other cathode materials, this cathode material requires an extra modification 

because it has low electronic conductivity due to its structure. The most common 

method used to increase electronic conductivity is coating its surface with carbon 

and/or doping it with other elements such as S, Co and Mn [45,46]. In addition, 

reducing the particle size to nano level is also studied to improve the cycle 

performance. 

The lithiation mechanism continues until the interface area of this structure, which is 

assumed to be caused by movement between two phases, falls below the critical 

surface area over time. They show low specific energy due to a lithiation mechanism 

that changes over time and depends on the restricted surface area [46,47]. LFP crystal 

structure is given in Figure 2.6 
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 LFP crystal structure [48]. 

2.2.4.4 NCA  

Although LNO (LiNiO2), another member of the LMO2 family, has started to be used 

instead of LCO due to its cheapness and high theoretical capacity (275 mAh/g), it 

replaces Ni3+ with Li+ ions due to the conversion of Ni2+ ions to Ni4+ ions, which 

maintain the ionic balance at the cathode during charging. Ni in the lithium layer 

prevents and slows down lithium migration [49]. This causes capacity loss as a result 

of long cycles. Afterwards, cathode materials mixed with nickel and cobalt were tried. 

While Ni provides high specific capacity, Co limits Ni's cation mixing. Over time, a 

third element, Al, began to be added. While the Al element reduces undesirable phase 

transformations in the structure as in Co, it improves its thermal resistance as in Mn 

with the structural improvements provided by Al can alleviate problems such as 

lithium residues that can lead to thermal runaway, thus reducing the decomposition of 

transition metals and improving thermal resistance problems, thus reducing capacity 

loss [10,50]. Generally, the Al content does not exceed 10% in the structure because 

high Al content causes electrochemical inactivity and reduces specific energy in the 

structure. Today's LiNi0.8Co1.5Al0.05 is a commercialized cathode material. Its 

sensitivity to high temperature and humidity may cause safety problems [51-53]. NCA 

crystal structure is given in Figure 2.7 
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 NCA crystal structure [54]. 

2.3 NMC 

NMC is one of the most widely used cathode materials today and is expected to be 

used even  more in the future due to their high energy density, good power output, long 

cycle life, and improved safety features. Its structure is similar to LiNiO2 and is its Mn 

and Co doped form (Figure 2.8). Its layer structure is α-NaFeO2 and it is a member of 

the a 𝑅3̅𝑚 space group family. It repeats the O3 structure and repeats in the [001] 

direction as O-Li-O-TM-O-Li-TM-O (Figure 2.9) [55,56].  

 

 Phase diagram of the ternary system between LNO, LCO and LMO 

[57]. 
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Manganese always gets the value 4+, that is, it does not change its valence value during 

charging and discharging and does not contribute to the capacity (polarizes around 4.5 

V) [58]. The fixed valence stabilizes the structure, increases thermal stability, 

especially at high temperatures, and increases the safety of the NMC structure by 

preventing overheating during charging and discharging [58-60]. With the presence of 

the Mn, the strongest TM-TM bonds in the TM layer are provided by Mn4+ [58]. The 

cobalt normally takes the value 3+ in the structure, but can be oxidized to Co4+ above 

4.4 V. While the Co+4 adds a small specific capacity, the Co3+ protects the cathode 

from corrosion and stabilizes the structure, providing longer cycle lives. Since its 

contribution as Co3+ to the structure is greater, the cut-off voltage value of NMC 

cathodes does not exceed 4.3V [59]. Additionally, the Co+4 structure may react with 

electrolyte, which reduces cycle life. The nickel element provides high specific 

capacity and energy density to the structure. During delithiation, the oxidation of Ni2+ 

to Ni3+ above 3.6 V and from Ni3+ to Ni4+ above 3.9 V occur depending on Li+ amount 

[59,61].  

Cathode reaction : 𝐿𝑖𝑁𝑖𝑀𝑛𝐶𝑜𝑂2 ↔𝑥𝐿𝑖++𝑥𝑒 − +𝐿𝑖1−𝑥𝑁𝑖𝑀𝑛𝐶𝑜𝑂2              (2.1) 

Anode reaction : 6𝐶+𝑥𝑒−+ 𝑥𝐿𝑖+↔𝐿𝑖𝑥𝐶6      (2.2) 

Overall reaction  : 𝐿𝑖𝑁𝑖𝑀𝑛𝐶𝑜𝑂2 +6𝐶 ↔𝐿𝑖𝐶6+𝑁𝑖𝑀𝑛𝐶𝑜𝑂2                  (2.3) 

Since cobalt is a toxic element the trend is towards the production of cobalt-low, 

nickel-rich cathodes (Ni>0.6) with the specific capacity that the nickel element 

provides to the structure [62,63]. Due to the decreasing Mn and Co in the structure in 

response to the increasing Ni content, the structure shows poor thermal stability and 

capacity retention (see Figure 2.10) [46, 64]. 

As the amount of lithium in the cathode decreases during charging and discharging, 

H1 (hexagonal) -> M (monoclinic) -> H2 (hexagonal) and H3 (hexagonal c/a ratio is 

different) transformations occur, respectively. With the irreversible H2-H3 phase 

transformation, oxygen atoms released from the cathode may react with the electrolyte 

and form the undesirable spinel and rock-salt structure [66]. Shrinkage may occur in 

the c-axis and microstrains may occur due to volume change, causing microcracks in 

the cathode. It is assumed that with some element doping, the reversibility of the H2-

H3 phase can be increased and the cycling resistance of the structure can be increased 

[67-68]. 
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 NMC crystal structure [65]. 

 

 Ni ratio in the structure [65]. 

After LCO gave low discharge capacity in theory, LNCO structure was formed by 

adding nickel to the structure. Ni provided capacity increase but LNCO also had 
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stability problems. A more stable structure was obtained by adding Mn to the structure. 

From the structure with stereometrically equal Ni, Mn and Co, the amount of Ni was 

continuously increased in the structure to increase the capacity. NMC111, NMC532, 

NMC622 and NMC811 structures emerged respectively. 

The biggest suffer in Ni-rich cathodes is cation mixing. Due to the close ionic radius 

of Ni2+ (0.69 Å ) ions and Li+ ions, Ni (0.76 Å) ions penetrate into Li layers. Ni is 

mixed into the Li layers, makes delithiation difficult and causes the structure to give 

poor electrochemical performance. [70,71] 

General cation mixing detection techniques are given in Table 2.2. Among the 

methods, powder diffraction XRD and NPD (Neutron Powder Difraction) methods are 

the most widely used methods in terms of both accessibility and ease of application 

[72]. While the XRD peaks in NMC materials include TM atoms in the (003) plane, 

the peak in the (104) plane contains both TM and Li [72]. The intensity ratio of these 

peaks, I(003)/I(104),  is associated with cation mixing . When cation mixing occurs, 

the I(003) peaking intensity decreases. When the I(003)/I(104) ratio is greater than 1.2, 

it is considered that the cation mixture is low. Additionally, the separation of 

(108)/(110) peaks indicates the low cation mixing. The fact that the (006)/(012) pair is 

separate from each other is related to the crystallinity of the structure [64,74,75]. In 

Figure 2.11, Relationship between I(003)/I(104) ratio and cation mixture, prepared for 

NMC811 shown graphically (The cation mixing ratio varies linearly between 0-10 and 

1.44 for I(003)/I(104) ratio) [73]. 

 

 Relationship between I(003)/I(104) ratio and cation mixture, prepared for 

NMC811 [73]. 

NMC structures show good hexagonal ordering, resulting in good electrochemical 

performance. Hexagonal ordering The R-factor is calculated from the ratio 

(R=(I(006)+I(102))/I(101). Low R value means high hexagonal ordering [74].   
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 Cation mixing detecting techniques [72]. 

Powder  diffraction Electron Microscopy Other 

 XRD  HADDF STEM  NMR 

 NPD  ABF STEM  PDF 

When the Ni ratio is very high (Ni≥80%) or the improperly formed crystal structure, 

the Ni2+ valence value shifts to the Ni3+ valence due to the regional insufficiency of 

Co and Mn in the structure (TM-TM bonds made by Ni3+ are weaker than Ni2+) [63]. 

While it causes bond weakening in the structure, it may cause the formation of Mn and 

Co clusters. These clusters cause phase distortion for future cycles. Cation mixing can 

occur not only during the production phase, but also after long cycles during 

electrochemical testing of the battery [76]. 

2.3.1  NMC production techniques 

There are various methods to produce NMC based particles to be used in batteries. 

These are sol-gel, solid state, combustion, spray pyrolysis, hydrothermal and 

coprecipitation. The characteristic structure of the powders that can be obtained may 

vary depending on the process. 

2.3.1.1 Sol-gel 

The sol-gel method is one of the most common methods used in NMC production. In 

this method, the solution is prepared from lithium and metal alkoxides by mixing 

appropriate temperatures and a colloidal solution is formed over time after a series of 

hydrolysis reactions. This solution condenses over time and takes the form of a 

network-shaped gel with polymerization. Then, the drying process is carried out to 

obtain solid particles [77].  

2.3.1.2 Solid state 

It is a simple method used to synthesize particles for cathode active NMC materials, 

thanks to its short process steps compared to other methods. However, it is important 

to note that the particles for Ni, Co and Mn are previously synthesized by other 

processes. After mixing transition metal salts or oxides homogeneously with lithium, 

a calcination/sintering process is applied, and a new layered NMC structure is formed 

by the resettlement of metal ions through diffusion. Although this method is easy, it is 

less preferable due to its low efficiency [78]. 
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2.3.1.3 Combustion 

It is another simple method to produce NMC, in terms of its process structure and 

shortness is combustion However, the process needs high temperature and safety 

concerns exist for larger productions. The metal oxides to be used are mixed 

homogeneously with a flammable substance and ignition is carried out. The process 

takes place at temperatures between 100-400 oC depending on fuel type. At low 

temperature, the crystal nucleation mechanism dominates crystal growth, resulting in 

exothermic reactions. With increasing temperature, crystal growth becomes more 

dominant than nucleation and particles become larger and precursor powders are 

obtained. Afterwards, it is mixed with lithium and calcined to obtain cathode active 

material [79,80]. 

2.3.1.4 Spray pyrolysis 

Spray pyrolysis is a method used in commercialized production on a macro scale due 

to its high production rate, but its production is limited on a laboratory scale due to the 

expensive equipment and difficulty of access. Spray pyrolysis involves mixing water-

soluble transition metal and lithium salts in a stoichiometric ratio and passing them 

through a fine nozzle. The mixed solution is carried through a nozzle by ultrasonic 

vibrations or a carrier gas such as air, and by hitting a preheated surface up to 1000 oC, 

it instantly evaporates and particles are obtained by reactions, respectively, by 

dissolving salts [81,82]. 

2.3.1.5 Hydrothermal 

Hydrothermal methods are facile methods used in the production of particles having 

high crystallinity in an aqueous environment via metal salts in a closed container using 

parameters such as temperature, pressure and pH. The fact that it takes place in a closed 

container may create disadvantages for large commercial production [83,84]. 

2.3.1.6 Co-precipitation 

Co-precipitation is a process performed to collect composite metal hydroxides in a 

particle using different salt  solutions. It is the most used process to produce NMC 

today. The main reason for this is that the morphology of the particles obtained at the 

end of the process is rather easy to control and particles with high tap density can be 

produced [85]. This method is basically a process to obtain desired particle size, 
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particle size distribution, surface morphology and a smooth crystal structure in a 

reactor with appropriate pH, temperature and mixing rate, and etc. [86]. 

Particles so-called precursors are obtained, starting with the controlled feeding of 

metal salts, a precipitating agent that helps precipitate these salts in the form of 

hydroxide, and a chelating agent that controls particle morphology. The precipitation 

environment determines the chemistry of the precursors. Among the most commonly 

used NMC precipitation methods are carbonate, oxalate and hydroxide co-

precipitation methods. Although the hydroxide precipitation method, unlike other 

methods, requires an inert environment to precipitate in a basic environment and 

prevent impurities, it is more effective than others thanks to the ability to produce 

particles with higher tap density, narrow particle size distribution and low cost of the 

production. [70]. During precipitation with hydroxide, N2 gas is continuously supplied 

to a reactor. This process eliminates air and oxygen in the reactor, minimizing the 

possibility of impurity formation in the precursors.. In order to provide the appropriate 

reaction temperature, the reactor is heated by rotating hot water from the bottom of the 

reactor or between the walls. The medium is mixed with impellers to aim for a 

homogeneous solution throughout the reactor. The latest precursors have the structure 

of NixMnyCz(OH)2 (x+y+z=1). 

In order to obtain a proper crystal structure for co-precipitation, metal salts should have 

as close solubilities in solution as possible. The metal salt with lower solubility will 

cause supersaturation and affect the particle structure to be formed, and its 

electrochemical properties [87-88].  

In the co-precipitation process, the first nucleation starts and nuclei form  grow to form 

primary particles, and their aggregation creates secondary particles .  

          𝑇𝑀2+(𝑎𝑞) + 𝑛𝑁𝐻3  → [𝑇𝑀(𝑁𝐻3)𝑛]2+(𝑎𝑞)                        (2.4) 

                     [𝑇𝑀(𝑁𝐻3)𝑛]2+(𝑎𝑞) + 2𝑂𝐻−  ↔ 𝑇𝑀(𝑂𝐻)2(𝑠) + 𝑛𝑁𝐻3      (2.5) 

𝐺𝑒𝑛𝑒𝑟𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:    𝑇𝑀2+ + 2𝑂𝐻−  ↔ 𝑇𝑀(𝑂𝐻)2                   (2.6) 

For nucleation to occur, the system, namely the solution, must be in a supersaturated 

state. After the supersaturated state is achieved, a nucleus must first be formed in order 

for a solid to form from the solution [89]. The formation of the nucleus is related to 

the free energy changes in the solution. Depending on the free energy in the solution, 
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ΔG must be negative for nucleus formation. The equation for the nucleus formation of 

the solution ΔG is given in Equation 2.7. [92]. 

ΔG = ΔGbulk + ΔGinterface + ΔGothers                                  (2.7) 

ΔGbulk is the free energy difference related to the volume in the solution, ΔGinterface is 

related to the energy change of the interfaces in the solution and ΔGothers is related to 

the free energy of the other components in the solution [90]. In order for ΔG to be 

negative, the solution must be in a supersaturation state and in this case, the bulk 

contribution (ΔGbulk) related to solids is always negative. In contrast, the ΔG interface 

is always positive. ΔGbulk and ΔGinterface energies may change depending on the shape 

of the particles to be formed. For the formation of the first nucleus, the most suitable 

for ΔGbulk and ΔGinterface is that the particle is close to spherical due to the surface area 

and volume ratio. If the particle shape is spherical, ΔGbulk will be 4πr3/3, while 

ΔGinterface will be 4πr2 [91]. The r* to be formed indicates the critical radius of 

nucleation. The relation between critical radius of nucleation and free energies is 

shown in Figure 2.12. 

 

 Relation between critical radius of nucleation and free energies [91]. 

In the co-precipitation system, some of the TM ions that first enter the solution tend to 

form TM(OH)2 due to the Le Chatelier Principle originating from the high free OH- 

ion in the solution (Equation 2.6). The remaining free TM ions react with the chelate 

and form [𝑇𝑀(𝑁𝐻3)𝑛]2+ complexes (Equation 2.4). The supersaturation state that 

occurs initially due to the decreasing TM ions in the medium decreases and Equation 

2.6 slows down. Due to the high saturation at the beginning, the first nucleus formation 

occurs rapidly. Concentration – time relationship in precipitation is given in Figure 

2.13. 
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 Concentration – time relationship in precipitation [91]. 

 The first nuclei formed are single crystals. During growth, multiple single crystals can 

aggregate to form larger structures. These small nuclei tend to grow in size to reduce 

their total energy [92]. On the other hand, during mixing of the reactor, small particles 

experience what is called Brownian motion, where particles collide randomly and stick 

together. As particle size increases, laminar flow within the reactor becomes more 

effective [93].  

Apart from this effect, the surface charge of the precipitated particles can cause the 

surfaces of the precipitates to be positive or negative depending on the pH condition. 

In the co-precipitation together with OH-, the particle surfaces become negative. The 

ammonia complex, which retains the TM ions, is attracted by the unsaturated metal 

hydroxyl crystals and releases the TM ions to be predominant on the surface with high 

surface energy (Equation 2.5). This process is called surface adsorption and is the 

general mechanism of particle growth during co-precipitation [94]. Anisotropic 

growth occurs due to the difference in surface energies of the crystals. These 

polycrystalline structures can also be called primary particles. Afterwards, the primary 

particles combine and aggregate (Figure 2.14 a). These aggregated primary particles 

are called secondary particles. While the secondary particles continue to grow and 

agglomerate with the primary particles, they begin to take the form of spheres in order 

to reduce their total energy (Figure 2.14 b). Particle growth may also proceed by a 

phenomenon called Ostwald Ripening. Ostwald ripening is the dissolution of small 

particles in solution and their consumption by larger particles to reduce the surface-
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volume ratio [95]. For a softer surface, dissolution and recrystallization occur and are 

related to the Kelvin Equation. While the convex surfaces on the surface tend to 

dissolve, the part where the particles interact with each other is concave (pL < 0), the 

solubility of these regions is low and the dissolved particles accumulate on this surface 

and recrystallize (Figure 2.14 c). In addition, the interfacial tension between the 

particles and the solution can be reduced by the chelator agents. Chelator agents are 

effective in developing a smoother surface [96]. 

 

 Precursor development during coprecipitation a) primary particle 

agglomeration b) secondary particle formation c) dissolution and recrystallization of 

sharp surfaces.  

In NMC precursor perspectives, Feng et al. [98] took samples from the 

Ni1/3Mn1/3Co1/3(OH)2 precursor produced by the co-precipitation process during 

different precipitation stages and performed XRD analysis. When the peak area-time 

graph was examined, it was seen that the slope of the (101) plane was the largest among 

the (100), (101) and (102) planes. Yang et al. [97] examined the time-dependent single 

crystal dimensions of the Ni1/3Mn1/3Co1/3(OH)2 precursor in a similar study. As a result 

of the study, the slope of the (101) plane was obtained the largest in a similar way. 

They also calculated the surface energies of the planes by DFT study (Figure 2.15). 

The results showed that the surface energy of the (101) plane was the lowest. This 

causes the NMC precursor to grow anisotropically in the fastest (001) direction. In 

addition, the electronegativity value of each surface in the crystal is different. Surfaces 

with high electronegativity values will be more willing to attract positively charged 

ions. This supports anisotropic growth in a certain direction due to the different 

electronegativity values on the surfaces [94]. In NMC structures, the electronegativity 

value of the (001) surface is the highest. This increases the probability of NH4+ ions 
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being adsorbed by this surface. With the change in the chelate concentration in the 

environment, the (001) surface begins to play a more dominant role in the growth of 

the crystal and anisotropic growth in the [001] direction can be restricted. As a result, 

the morphology of the structure can be controlled [98]. The reason for the rod-like or 

needle-like morphology of NMC structures is this anisotropic growth [99]. 

 

 Calculated surface energies of crystal planes [99]. 

These mechanisms that occur during the co-precipitation process may affect the 

morphology, size or particle size distribution of the precursor that will be formed by 

being affected by the environmental conditions.  

2.3.2  Parameters affecting co-precipitation 

The morphology, distribution, crystallinity and purity of the particles formed as a result 

of the co-precipitation process will subsequently affect their electrochemical 

properties. Therefore, changes to the co-precipitation environment will definitely have 

an impact on the precursors produced. 

2.3.2.1 Chelating agent concentration 

The chelating agent is one of the most important parameters in ensuring that metal ions 

are placed in the right spot in the structure, hexagonal ordering is formed properly and 

the particle surface has as smooth a structure as possible. As the chelating agent 

concentration increases, the amount of chelate in the precipitation reactor is expected 

to increase. As the amount of chelate increases, there is more NH3 in the solution and 

therefore more metal ion ammonia complexes are formed according to Equation 2.4. 

Additionally, it is possible that the equation will shift to the left as the amount of NH3 
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ions on the right side of the 2nd balance equation increases. This causes [𝑇𝑀(𝑁𝐻3)𝑛]2+ 

to be more dominant than 𝑇𝑀(𝑂𝐻)2 in the structure. The fact that the particle growth 

rate is more dominant than the nucleation rate triggers particle growth, while the 

supersaturation of metal ions decreases in this way. In cases of extremely rapid particle 

size growth, agglomeration occurs when the particles do not have enough time to form 

the desired morphology. On the contrary, when the amount of chelator is low, the 

decrease in the molarity of the fed chelator causes the presence of less NH3
+ in the 

environment and therefore creates a high OH- ion supersaturation state, causing the 

particles to precipitate. Due to the excess OH- in the environment, TMOH oxidizes 

once again in solution, forming the TMOOH- complex. It can be explained by the fact 

that many negatively charged particles in the environment will constantly repel each 

other and the nucleation rate dominates the particle growth rate, and the particles 

cannot grow and collapse as colloids. For an ideal morphology during co-precipitation, 

the balance Equation 2.5, which includes NH3
+ and OH- ions, is very sensitive. When 

this balance is achieved, the different precipitation rates of Ni, Mn and Co are tolerated 

and the metal ions form a regular hexagonal structure and their crystallization 

increases. Figure 2.16 shows the Ni0.8Co0.1Mn0.1(OH)2 precursors obtained by Ding et 

al.  [101]  precursors  usuing different chelating agent concentrations. 

As the chelating agent concentration increased up to 4 M, it was observed that the 

spherical structure increased and the surface of the primary particles improved, but at 

higher values, the spherical structure deteriorated and caused agglomeration. On the 

other hand, it was observed that a colloid structure was formed at a molarity of 1 and 

below.  

In the co-precipitation synthesis of Ni0.8Co0.1Mn0.1(OH)2 precursors produced through 

studies in the literature, Park et al [102], Bizotto et al, [103], Skvortsova et al [104], 

Lipson et al. [105], Amine et al. [106]. obtained spherical particles in the range of 1-

5M of NH4OH , it can be said that it is not the only parameter affecting the spherical 

morphology. 

In NMC811 co-precipitation synthesis at different chelating agent concentrations, Zhu 

et al. [107] have seen an increase in tap density up to 1.35, reaching 1.95 g.cm-3 with 

increasing molarity  and then a decrease has been observed. At the concentration of 

0.97 mol.L-1, the lowest cation mixture was obtained, 3.944%. 
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 SEM images of Ni0.8Co0.1Mn0.1(OH)2 precursors at different NH3.H2O 

concentrations (a) 0.5 M (b) 1 M (c) 2M (d) 3M (e) 4M (f) 5M (ph = 11.2, 50 oC, TM 

molarity = 2) [101]. 

Apart from the concentration of the chelating agent, its chemistry is also a factor that 

will affect the co-precipitation kinetics. There are also different chelation agents other 

than the commonly used ammonia. The general reactions’ (Equation 2.6) forward 

reaction rate of M2+
(aq) ions with OH-

(aq)  ions during co-precipitation is kf  and the 

reverse reaction rate is kr, and the ratio of these forward and reverse reactions can be 

expressed as K (Equation 2.8). 

K = kf / kr                                                     (2.8) 

The overall reaction coefficient of co-precipitation can be expressed as Q (Equation 

2.9). 

𝑄 =  
1

[𝑀2+] [𝑂𝐻−]2  
                                                 (2.9) 

This equation can be related to the general metal concentration ratio of the free metal 

ions in the medium and to the pH due to the relationship between OH- and pOH. The 

Q/K ratio reveals the characteristics of the co-precipitation reaction. If the Q/K ratio is 
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less than 1, the system tends to co-precipitate spontaneously and the tendency to 

precipitate increases as it moves away from 1. If the Q/K value is greater than 1, the 

system is in the no supersaturated state and inhomogeneous, irregular particles are 

formed in the system. As the Q/K value approaches 1 as much as possible, the crystal 

growth of secondary particles with Ostwald ripening becomes ideal and desirable 

particle morphology and size occur [108-109]. 

𝑄/𝐾 =  
𝑘𝑟

[𝑀2+] [𝑂𝐻−]2 𝑘𝑓 
                                           (2.10) 

Lee et al. [112] calculate the Q/K ratio for the metal ions Ni2+, Co2+, and Mn2+ at pH 

= 10.75 in 1M ammonia, EDTA, citric acid, succinic acid concentrations and no 

chelation agent (Figure 2.17). The Q/K ratio for the ammonia Ni2+ ions is by far the 

closest to 1. While the log(Q/K) ratio is negative for the citric acid, succinic acid, and 

non-chelating conditions, the system tends to precipitate continuously. In contrast, the 

log(Q/K) value is positive in the EDTA system by 10. EDTA binds the metal ions so 

strongly that OH- does not precipitate. In Ni-rich structures, the reason why it is used 

as the most common chelating agent in co-precipitation is that it can be carried out 

with less chelation compared to other chelators except EDTA. On the other hand, in a 

Mn-Rich structure, citric and succinic acid may be a more suitable chelating agent than 

ammonia. The similar situation in citric acid and succinic acid is also valid for oxalate 

root precipitation. In the study conducted by Hou et al. [111], since the bonding 

strength of the ammonia root with the Mn2+ ion is weak in alkaline environments, an 

ammonia-oxalate mixed chelator showed a better chelating property against the Mn2+ 

ion. 

 

 Q/K values of a medium 1M different chelating agents and 2M Ni2+, 

Co2+, and Mn2+ for NMC811 at constant pH = 10.75 [110]. 
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2.3.2.2 pH 

pH is one of the vital parameters that affects the performance of the ions present in the 

environment during co-precipitation. In high pH environments, it is expected that there 

will be an excess of OH- ions in the solution. Therefore, it affects the complexes 

formed by the ions in the environment and the densities of these complexes. As seen 

in Equation 2.5, increasing the number of OH- ions on the left side of the equation 

causes the equilibrium to shift to the right. As the equilibrium shifts to the right, the 

nucleation rates of the particles become dominant over the particle growth rate. In this 

situation, the structure tends to precipitate. In cases where pH is high, the particles 

precipitate before they have the opportunity to correct their surface morphology and 

grow sufficiently, so the size of the particles produced is smaller than at lower pH [76]. 

 

 SEM images of precursors Ni0.8Co0.1Mn0.1(OH)2 at different pH (a) (b) 

12 (c) (d) 11.2 (e) (f) 10.5 [101]. 

The SEM images of Ni0.8Co0.1Mn0.1(OH)2 precursors produced at different pH are 

given in Figure 2.18 [101]. It is seen that the secondary particle size decreases 

significantly with increasing pH and the colloid structure forms with the negative 

charge of the particles due to the very high OH- concentration at pH = 12 . It was 
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observed that the particle size increased as the pH decreased, but the SEM image taken 

at pH 11.2 showed that the spherical surface morphology was replaced by irregular 

polyhedrons.  Additionally, increasing pH also reduces primary particle size [111]. 

 

 Potential-pH diagrams of nickel, manganese and cobalt [112]. 

Potential-pH diagrams of nickel, manganese and cobalt are given in Figure 2.19. The 

area where Mn(OH)2 ion actively precipitates is smaller than Ni and Mn. If the 

precipitation process is not carried out at the appropriate pH during the co-precipitation 

process, there is a high probability that undesirable oxide forms of manganese will 

form. This negatively affects electrochemical performance. Ammonia complexes 

formed by nickel manganese and cobalt ions at different pHs are given. While Ni can 

complex with ammonia up to pH 12, Mn and Co can only complex up to pH 10. This 

is consistent with the experimental results that the optimal pH value is lower for 

hydroxide containing lower Ni to produce high bulk density, indicating that the pH 

value studied should increase as the Ni content increases [113]. 
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 The values of the metal-ammonia complex at different pHs [113]. 

It was previously stated that the Equation 2.4 is important for the sufficient growth and 

morphology of the particles, and the Equation 2.5 is important for the precipitation of 

the particles. Shen et al. [114] [Ni0.6Co0.2Mn0.2(OH)2] stated that a good particle 

morphology can be obtained if the ratio of metal ammonia complex concentration to 

OH- concentration is 3.4. Yang et al. [97] created a figure showing the amount of 

ammonia that should be used for each pH. With increasing pH, a higher proportion of 

NH3 ions must be used to ensure the equilibrium conditions of Equation 2.5, and a 

higher tap density was obtained at these values. In the light of these studies, the 

relationship between pH and ammonia concentration cannot be considered strange.  

 

 Representation of the [OH-] ratio of the metal ammonia complex on 

the pH and NH3 map [97]. 
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2.3.2.3 Reactor temperature 

In co-precipitation reactions, after the precipitation of metal ions, the recrystallization 

phase, the regulation of the surface morphology of the particles, and the energy needed 

for the growth of the particles are met by heating the system. While high temperatures 

provide sufficient energy, increase the reaction rate and crystallinity, they can also 

cause the formation of undesirable phases [115]. These undesirable phases cause the 

material to give low electrochemical performance [115]. In the literature, it has been 

observed that in manganese-containing systems, as the possibility of manganese 

oxidation increases above 60°C, undesirable manganese hydroxide phases such as 

MnOH ve Mn3O4, MnOOH, MnO(OH)2 are formed [116-129]. SEM images of 

Ni0.8Co0.1Mn0.1(OH)2 precursors produced by Vu and Lee [116] at different mixing 

temperatures are given in Figure 2.22. At 50°C, the primary particle surface has a 

wider and more regular surface compared to 45°C, purity deteriorates in particles 

produced at temperatures higher than 50°C, and the best electrochemical results are in 

particles produced at 50°C. 

 

 SEM images of Ni0.8Co0.1Mn0.1(OH)2 precursors at different mixing 

temperatures (a) T = 45 °C (b) T = 50 °C (c) T = 55 °C [116]. 
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The reaction temperature also affects the resulting phases. Ni(OH)2 has two phases: α-

Ni(OH)2, which is amorphous and has poorer electrochemical properties, and β-

Ni(OH)2, which has higher crystallinity and is more ordered [117]. While there is a 

tendency to form α-Ni(OH)2 from co-precipitation experiments performed below 50 

degrees, the tendency to form β-Ni(OH)2 is higher at higher temperatures [118]. While 

β-Ni(OH)2 offers the best hexagonal ordering, Xu et al. [119]. It is seen that among the 

cathode materials with different NMC622 phases, β-Ni contains the best capacity 

conservation with 91.7% (Figure 2.23). 

 

 Cycling performances of α-NMC622, β-NMC622 and α+ β-NMC622 

[119]. 

2.3.2.4 Reactor time 

Mixing time is one of the parameters that affects the morphology of the particles and 

therefore the electrochemical properties. Since prolonging the mixing time will 

provide more energy and time, it is possible for a more uniform hexagonal structure to 

be formed, but after a certain mixing time, it can be said that it has no effect on particle 

morphology or may cause negative effects. SEM images of Ni0.8Co0.1Mn0.1(OH)2 

precursors (Figure 2.24) produced by Vu and Le [116] at 8, 10 and 12 hours aging 

times are shown. After increasing 12 hours of aging, it was observed that the size of 

the primary and secondary particles decreased, the particle size distribution expanded 

and, accordingly, the tap density decreased. According to Fakhrudin, the aging time 

should increase with increasing Ni content in the material [120].  
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2.3.2.5 Mixing 

The mixing parameters inside the co-precipitation reactor affect the morphology of the 

size, and size distribution of particles synthesized. First of all, in order for a 

homogeneous structure to form, there must be homogeneous mixing inside the tank. 

In balance Equation  2.5, which is sensitive thanks to homogeneous mixing, it is more 

likely that particles with the desired properties will be formed if there is a chemically 

suitable environment (sufficient NH3+ and OH- ions in the environment). 

The most basic mechanism affecting homogenization in the co-precipitation reactor 

tank is flow patterns [121]. The formation of single loops or double loops in the tank, 

depending on the flow pattern, will affect the properties of the particles obtained. 

 

 SEM images of Ni0.8Co0.1Mn0.1(OH)2 precursors at different aging 

times (a) 8 hours (b) 10 hours (c) 12 hours [116]. 
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structure, a single loop is formed throughout the reactor, in systems with double loops 

or more loops, there is a complex mixing system consisting of smaller loops compared 

to the single loop [122]. It is known that single loop is a more effective parameter in 

macro mixing because the concentration difference between regions will be less than 

in systems with multiloop [123]. 

Huang et al. [124] and Alpay et al. [125] produced NMC powders with different 

impellers and parameters and examined their morphology. In their studies, they 

obtained better electrochemical performance as the final product in the structures 

where they observed the single loop.  

Another effective parameter is mixing speed. As the mixing speed increases, the 

number of collisions among particles and the reactor  increases. Some literature studies 

show that at low mixing speeds, particles form a structure with agglomerated and large 

secondary particles that are far from spherical, while as the mixing speed increases, 

smaller secondary particles with a generally spherical morphology and particles with 

narrower particle distribution are formed. At extremely high mixing speeds (V>1200 

rpm), some studies have shown that microcracks appear on the surfaces of the 

particles, particles of different sizes are formed, the particle size distribution widens 

and, accordingly, the tap density decreases [126,127]. 

2.4 Problems of Ni-rich NMC and Strategies to Improve The Performance of 

NMC Cathodes 

2.4.1  Problems of Ni-rich – NMC 

When Li-ion batteries were first commercialized, they consisted of a single type of 

transition metal atom within a layered structure. Among cathode materials with a 2-

layered single atom structure, LCO batteries were the first to be commercialized. The 

fact that only 50% lithium ion could be withdrawn from the cathode structure during 

deintercalation caused the theoretical capacity of the cathode to remain at 140 mAh/g 

in practice, while it was around 280 mAh/g [128]. However, the heating problem at 

high charging rates paved the way for LMO batteries as an alternative. Although these 

batteries were both cheaper and provided high temperature resistance compared to 

LCO, the Jahn-Teller effect caused the separation of the Mn3+ structure into Mn4+ and 

Mn2+, the change of the structure from the layered structure to the spinel structure, 
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limiting the rate capability, and the decrease in the stability of the cathode structure 

due to the reaction of Mn2+ with the electrolyte [129]. Despite the high capacity of 

LNO batteries, their tendency for cation mixing caused poor performance in capacity 

preservation. Afterwards, two transition metal ions, LNCO and LNMO, were tested in 

the layered structure [130]. Thanks to the cobalt atoms in the LNCO structure, the 

capacity conservation of LNO was improved, but since it is an expensive element, 

manganese was added instead of cobalt as an alternative and LNMO tests were carried 

out. LNMO, like LMO, caused irreversible reactions after the cycle and affected the 

electrochemical performance of the structure [131]. 

The first NMC experiment containing 3 different transition elements in the TM layer 

was reported by Liu and coworkers in 1999 [132]. In their study, they synthesized 

LNO, LNCO and LNMCO structures with different compositions. It was stated that 

when manganese was added to the LiNixCoyMnzO2 structure as 0.1≤z≤0.3 compared 

to the LNCO structure, no impurity was observed in the synthesized structure. When 

XRD analyzes were examined, it was also seen that the LiNi0.7Co0.2Mn0.1O2 structure 

produced for the first time for z=0.1 gave good capacity and capacity retention. 

Ohzuku et al. [133] synthesized LiNi0.33Mn0.33Co0.33O2 by spray pyrolysis and 

obtained initial charge and discharge capacities of 165 mAh/g and 150 mAh/g, 

respectively, in the range of 2.7-4.2V at 30 oC. In addition, in the cycle tests performed 

at 30 oC between 2.5-5V, it showed better capacity retention compared to LCO and 

LNi0.5Co0.5O structures The positive results of this ternary system in terms of specific 

capacity, capacity preservation and rate accelerated NMC studies. The fact that Ni 

atoms increase specific capacity, the research trend from past to present is that the 

amount of Ni atoms in the structure increases, such as NMC111, NMC424, NCM523, 

NMC622, NMC811… Although the specific capacity increases with the increasing 

nickel ratio in the NMC structure, Ni-rich cathodes show some problems. 

Ternary Ni-rich structures experience stability problems despite the high specific 

capacity and energy density they provide. These problems can be generally named as 

cation mixing, TM dissolution, O2 release, phase transformations and microcracks. 

The cathode structure has a certain positive charge balance. It takes the values of Ni2+, 

Co3+ and Mn4+. While deintercalation, i.e. Li+ ions separated from the lithium layer 

during the charging of the cell, change the charge balance in the cathode, polarization 

occurs in the TM layer to maintain this charge balance. Ni2+- Ni3+ occurs at 3.6V, Ni3+- 
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Ni4+ at 4.15V and Co3+- Co4+ at 4.3V . In the DFT study of Liang et. al. [134] have 

examined the TM-TM bond strengths, it was calculated that in the NMC structures 

with a lower ratio of Ni-rich and nickel, the energy of the bond made by Ni3+, which 

is largely contained in the Ni-rich (x>0.8) structures, with between Ni3+ and Mn4+ has 

weaker bond energies than between Ni2+ with Mn4+ and Co3+-Mn4+ in the structure in 

the NMC cathode with a lower ratio of nickel. This shows that Ni-rich NMC cathodes 

may be weaker in maintaining their structural stability . Due to these weak bonds, Ni2+ 

atoms in Ni-rich cathodes are more likely to migrate from the TM layer to the lithium 

layer by separating the gaps formed by Li+ ions separated from the structure in the 

lithium layer during deintercalation, increasing the cation mixing and causing capacity 

loss due to the difficulty in diffusion of Li+ ions [135]. In Table 2.3, Noh. et al. [64] 

have studied NMC cathodes containing different amounts of nickel (NixMnyCoz ; 0.33 

≤ x ≤0.85) and as it is seen that the I(003)/I(004) ratio decreases with increasing Ni ion 

in the structure (Table 2.3). While I(003)/I(004)>1.2 indicates a low cation mixture, 

an increase in this ratio indicates a decrease in cation mixing. 

 Intensity ratio I(003)/I(004) of the different Ni content NMC structures 

[65]. 

 I(003)/I(104) 

Li[Ni1/3Co1/3Mn1/3]O2 1.35 

Li[Ni0.5Co0.2Mn0.3]O2 1.32 

Li[Ni0.6Co0.2Mn0.2]O2 1.26 

Li[Ni0.7Co0.15Mn0.15]O2 1.20 

Li[Ni0.8Co0.1Mn0.1]O2 1.19 

Li[Ni0.85Co0.075Mn0.075]O2 1.18 

During intercalation and deintercalation of layered structures, expansions and 

contractions occur in lattice parameters. Figure 2.25 shows the change of a and c 

parameters during deintercalation of a Ni-rich structure. During deintercalation, a 

continuous contraction is observed in the a direction due to Li+ ions separated from the 

structure. On the other hand, while the c parameter narrows until the Li+ concentration 

in the cathode structure decreases to 0.8, the contraction in the lithium layer brings the 

oxygen atoms closer to each other and the oxygen atoms, which tend to repel each 

other, cause the monoclinic phase transformation, which is more stable than the 

hexagonal structure. Due to the monoclinic phase transformation, there is an expansion 
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in the c direction and it continues until the Li+ concentration reaches 0.4. Then, the 

monoclinic hexagonal 2 (H2) phase transformation begins. However, the contraction 

begins again in the c direction. When the Li+ concentration is 0.25, the 3rd Hexagonal 

structure (H3) begins to form. With this phase transformation, the contraction of the 

structure in the c direction intensifies. Large stresses occur in the layered structure 

[135-136]. 

 

 Ni-rich structure changing of a and c parameters during deintercalation 

[135]. 

In Ni-rich cathode materials, polarization of nickel atoms occurs in the structure during 

deintercalation. Ni atoms interact with 6 oxygens in the hexagonal structure and show 

the NiO6 octahedral structure. Ni2+ and Ni4+ have a structure that has a Ni atom in the 

center and the bond lengths in the 6 oxygen interactions are close to each other [137]. 

Ni3+ structure is subject to a distortion (Jahn-Teller distortion) where the bonds in the 

z direction (c axis) are elongated due to the geometrical incompatibility with the 

energy balance in the energy layers. During H2-H3 (Ni3+-Ni4+) polarization, these 

bonds are momentarily shortened in the c direction [138]. Ryu et. al. [139], graphs 

showing the change of a and c lattice during the H2-H3 phase transformation while 

charging NMC cathodes with nickel compositions ranging from 0.6 to 0.95 are given. 

At 4.15V, the narrowing in the c direction in the H2-H3 phase transformation was -

2.6%, -3.7%, -5.6% and -6.9% for x=0.6, x=0.8, x=0.9 and x=0.95, respectively 

(Figure 2.26). It was observed that the narrowing in the c direction became more severe 



37 

with increasing nickel content. In addition, in the cyclic voltammetry tests, while the 

H2 structure and H2-H3 peak were not observed for x=0.6, it was observed that the 

H2-H3 peaks became sharper and more severe with increasing nickel content. Jung 

studied [139] a similar situation and has  observed in NMC111, NMC622 and 

NMC811,. H2-H3 phase change peaks have not been observed in NMC structures 

other than NMC811 (Figure 2.27). 

 

 Shrinkage rate of different of Ni-rich NMC cathodes during H2-H3 

phase transformation a) a-axis b) c-axis [139]. 

In Ni-rich NMC structures, the Ni3+/Ni2+ ratio is higher than in NMC structures with 

less nickel. The reason for this is to provide the charge neutrality of Co = 3+ and Mn 

= 4+. Although the higher Ni3+ ratio causes the Ni2+ ion ratio to decrease in the Ni2+ 

structure and seems to reduce the cation mixing of Ni2+ and Li+ ions with similar ionic 

radii, in fact the high amount of Ni atoms in the structure will provide enough Ni2+ 

ions for the cation mixing [139-110]. Moreover, during deintercalation, Ni4+ 

polarization will be more dominant in the structure. The Ni4+ structure is a highly 

reactive ion and tends to release the oxygen atom in its structure. The tendency for 

oxygen release in NMC materials is higher on the surface. With the release of oxygen 

from the surface, from the layered structure to the spinel structure and rock-salt 

structure. These reactions are irreversible and cause permanent capacity loss in the 

structure [141-142]. The formation of the rock-salt structure (Figure 2.28 b) from the 

layered structure (Figure 2.28 a) causes O and Li loss from the structure. The ionic 

conductivity of the newly formed rock-salt structure is low, and due to its anisotropic 

structure, Li+ diffusion is difficult. 

3NiO2 (layered) ⭢ Ni3O4 (spinel) + 2O                           (2.11) 

Ni3O4 (spinel)⭢ NiO (rock-salt) + 2O                            (2.12) 
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 NMC111, NMC622 and NMC811 polarization curves during 

delithation [139]. 

 

 a) Ordered and disordered layered structures a) R3̅m structure (NMC 

layered) and b) Fm3̅m structure [143]. 

Another problem in Ni-rich NMC cathodes is microcracks formed as a result of long 

cycles. It is known that the instantaneous shape changes of the lattice resulting from 

the H2-H3 phase transformation during continuous charge and discharge cycles due to 

oxygen release from the structure and the formation of the rock-salt structure, together 

with the anisotropic stresses on the primary particles, cause the primary particles to 
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separate from each other along the grain boundaries and cause microcracks [144-145] 

These microcracks facilitate the penetration of corrosive electrolyte from the surface 

and HF in the electrolyte causes the structure to corrode. Since NMC cathodes with a 

lower nickel content in their composition (x≤0.8) undergo less volume change in the c 

axis during the H2-H3 phase transformation, the formation of microcracks is restricted 

[139] (Figure 2.29). 

 

 Change in cathode microstructure as a result of long charge/discharge 

cycles depending on the Ni ratio in the NMC structure [139]. 

According to Amatucci et al. [146], the capacity loss accelerates at high voltages, 

especially compared to low voltages, with the partial conversion of Co3+ ions into Co4+ 

on the surface of LiCoO2 forming the SEI structure above 4.2V, and the dissolution of 

TM atoms on the surface [147]. On the other hand, due to the high composition of 

nickel in Ni-rich cathode materials, the dissolution of Ni4+ ions during Ni polarization 

and the subsequent formation of a thicker SEI structure may cause the surface to 

become difficult for Li+ diffusion and a higher Li+ diffusion impedance to be seen 

[148]. 

Ni-rich cathodes due to the chemical instability in structure, have some problems such 

as formation of microcracks in the structure as a result of long cycles due to stresses 

occur during the H2-H3 phase transformation, formation of rock-salt structure by 

releasing oxygen and make difficult lithium diffusion, cathode surface corroded by 

electrolyte, cation mixing.  
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2.4.2  Strategies in designing process 

2.4.2.1 Process optimizing 

Since the production of cathode materials consists of successive process steps, the 

morphology of the cathode material can be changed and its electrochemical properties 

can be improved not only during the production of precursor particles but also with 

improvements in subsequent processes. Therefore, strategies in designing the particles 

are very important. Strategies could be made on materials composition, process and 

equipment used in the whole production of NMC cathode active materials. 

Morphology and structural design can include the formation of the precursor, lithium 

mixing, calcination and lamination [71]. Yang et al. [149], synthesized NMC622 

precursors at different pH (between 10.5-11.5) and NH4OH concentrations (between 

4-6 M) by co-precipitation method. The precursors produced at low pH and high 

NH4OH concentration show higher primary particle orientation (Figure 2.30 c). With 

increasing pH and decreasing NH4OH concentration, the orientation of the primary 

particles of the structure decreases and is completely destroyed (Figure 2.30 d,e). As a 

result of calcination, the surface morphology of the particle that have good orientation 

as precursor, is thin and long, while it shows a morphology developed in the (003) 

direction, while as the orientation decreases, the primary particles begin to 

agglomerate and a particle morphology developed in the (104) direction is obtained 

(Figure 2.30 a). While the layered structure developed in the (003) direction forms a 

structure with wider interlayer gaps for the diffusion of Li+ ions, on the other hand a 

structure that is not suitable for Li+ diffusion is observed in the layered structure 

developed in the (104) direction (Figure 2.30 b). When the XRD results are examined, 

it is seen that the I(003)/I(104) ratio decreases with the primary particle orientation 

decreasing and cation mixing increases. As a result of electrochemical tests, the 

specific capacity, rate performance and capacity retention of the sample with a better 

primary particle orientation increase. As a result of the impedance test, it is seen that 

the Rct value decreases with the better primary particle orientation. The structure gives 

better specific capacity, rate performance due to the lower activation energy for Li+ 

ion diffusion in morphologies with good orientation. In addition, compared to 

agglomerated primary particles, oriented particles have less segregation between 

primary particles due to the controlled expansion and contraction of the crystal lattice 

resulting from H2-H3 phase transformations in long cycles. In less oriented structures 
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with agglomerated primary particles, segregation occurs, while electrochemical 

performance decreases due to the rock-salt structure formed more at grain boundaries 

[150-151]. 

 

 Effect of primary particle morphology on the growth direction of the 

crystal structure a) (003) and b) crystal structures grown in the (104) plane direction 

c) Ordered primary particle d) Semi-ordered primary particle e) Disordered primary 

particle [149]. 

Calcination parameters also affect final particle morphology. Generally, Ni-rich 

cathode materials, Ni2+ tends to exchange with Li+ due to similar ionic radius, while 

O2 atmosphere can sufficiently oxidize Ni2+ to Ni3+, thus reducing the cation mixing 

in the active material. Meanwhile, O2 atmosphere also reduces the formation of oxygen 

vacancies on the particle surface, resulting in a stabilized layer structure [152]. 

Therefore, oxygen atmosphere is usually used during the preparation of Ni-rich layered 

cathode materials to prevent excessive cation mixing in the structure. 
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Tiozzo et al [153] performs calcination for NMC811 in pure N2, pure O2 and pure air 

environments. Pure air provides the best electrochemical performance thanks to the 

narrow particle size distribution and less lithium loss during calcination. Kim et al. 

[154] performs calcination processes in environments where oxygen, nitrogen and 

argon gases are mixed in different proportions. It gets the best electrochemical results 

in calcination carried out in a 96 % O2/4 % Ar environment. Calcination temperature 

and time also affects final structure. Keeping the temperature and time high may cause 

unwanted particle size growth and deformations, or keeping it low may cause the 

structure to show low crystallinity [155]. 

Using excess lithium source during calcination reduces the electrical conductivity of 

the remaining lithium residues in the structure and disrupts the energy balance on the 

cathode surface, thus accelerating the decomposition of the electrolyte on the cathode 

surface during the charge-discharge cycle [155]. Ronduda et al [156] tried different 

amounts of Li source during calcination in NMC622. In CV and curve tests containing 

excess Li, the cathode was exposed to high polarization and caused it to show worse 

electrochemical properties. Mobarek et. al [157] applies calcination to the Ni-rich 

cathode using an excess amount of different lithium sources, causing lithium residues 

to form on the cathode surface and decrease the cathode conductivity.  

In lamination, Raju et al [158] mentioned that the cycling performance of single crystal 

and polycrystal NMC811 cathode materials are affected by calendering at different 

levels for the NMC811 sample, depending on the amount of porosity contained in the 

coating. 

2.4.2.2 Surface coating 

Surface coating process has been utilized to increase the electrochemical performance 

by coating the surface of the particles and to increase the resistance to loss of capacity, 

microcrack formation, oxygen release or electrochemical side reactions of the cathode-

electrolyte interface [159]. Some of the features that the coating should have are as 

follows: The chemical stability of the coating should be high so that it does not react 

with electrolyte. With the high redox potential of the coating, it should be stable by 

not releasing oxygen on the surface at high voltages while the battery is operating. 

Coating the cathode surface to a large extent and homogeneously will optimize the 
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performance during lithium diffusion. Excessive thickness may make Li diffusion 

difficult, and thin coating may not provide the desired performance [160]. 

 Different elements or compounds coating on NMC811. 

Cathode material 
Coating 

Material 
Coating Method Rate Cycle 

Initial 

Capacity 

(mAh/g) 

Capacity 

Retention (%) 

Ni0.8Mn0.1Co0.1 ZnAl2O4 Coprecipitation C 100 183.2 83[159] 

Ni0.8Mn0.1Co0.1 Ce Wet coating C 100 162.1 90[160] 

Ni0.8Mn0.1Co0.1 ZrO Wet coating C/5 25 179.8 97[161] 

Ni0.8Mn0.1Co0.1 WO3 Wet coating C 100 184.2 97.1[162] 

Ni0.8Mn0.1Co0.1 LiAlO2 Wet coating C 100 181 93.9[163] 

Ni0.8Mn0.1Co0.1 Li2ZrO3 Wet coating C 100 179 98[164] 

Ni0.8Mn0.1Co0.1 Li4Ti5O12 Wet coating C 100 155 85[165] 

Ni0.8Mn0.1Co0.1 V2O5 Wet coating 2C 100 171 87.8[166] 

Ni0.8Mn0.1Co0.1 MoO3 Dry coating C 100 182.2 94.8[167] 

Ni0.8Mn0.1Co0.1 LiInO2 Wet coating C 100 186.1 92.7[168] 

Ni0.8Mn0.1Co0.1 LiYO2 Dry coating C/2 100 189.4 98.4[169] 

Ni0.8Mn0.1Co0.1 SnO2 Dry coating C 50 170.5 88.2[170] 

Ni0.8Mn0.1Co0.1 SiO2 Wet coating C 100 181.1 92.8[171] 

Ni0.8Mn0.1Co0.1 LiF ALD C 100 154 85[172] 

2.4.2.3 Doping 

The main strategy of doping is changing the composition of the cathodes. It is known 

that there are several chemistries available that give different performance. In the 

scope of this study, NMC 811 is utilized. However, with a small change in the 

chemistry can make a big difference. 

Doping has been utilized to improve the properties of cathode active materials. 

Strategy in here is to add small amounts of ionic elements into the structure while 

preserving the main crystal structure. It basically has a few benefits such as widening 

the c axis to facilitate the diffusion of Li+ ions during intercalation/deintercalation of 

the structure, balancing the ionic valence at the cathode, strengthening the bonds in the 

structure. Thus, this may lead to a reduction in cation mixing and an increase in 

electrochemical performances by providing a more stable structure [64]. However, it 

is necessary to warn that over doping may have adverse effects such as cation mixing 

[173-174].  
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 Different elements doping on NMC811. 

Cathode 

material 

Doping 

Element 

Metho

d 
Rate Cycle 

Initial Capacity 

(mAh/g) 

Capacity 

Retention 

(%) 

Ni0.8Mn0.1Co0.1 Fe Copr. C/2 100 192.1 93[175] 

Ni0.8Mn0.1Co0.1 Ca Calc. C 100 188 73.1[176] 

Ni0.8Mn0.1Co0.1 Al Calc. C/10 100 191 94.4[177] 

Ni0.8Mn0.1Co0.1 Ta Calc. C/3 100 203 92.6[177] 

Ni0.8Mn0.1Co0.1 Mg Calc. C/3 100 197 80.7[177] 

Ni0.8Mn0.1Co0.1 Si Calc. C/3 100 179 81[177] 

Ni0.8Mn0.1Co0.1 Zr Calc. C/3 100 187.1 85.3[177] 

Ni0.8Mn0.1Co0.1 Mo Calc. C/20 - 189 - [178] 

Ni0.8Mn0.1Co0.1 Ti Calc. C/2 100 184 92.1[179] 

Ni0.8Mn0.1Co0.1 Mg Calc. C/5 100 206.1 97.2[179] 

Ni0.8Mn0.1Co0.1 Zr Copr. C 100 184 85[180] 

Ni0.8Mn0.1Co0.1 Nb Calc. C 100 181.6 94.6[181] 

Ni0.8Mn0.1Co0.1 Ti Calc. C/3 100 188.4 73.9[182] 

Ni0.8Mn0.1Co0.1 La Calc. C 100 192 95.2[183] 

Ni0.8Mn0.1Co0.1 Nb Calc. C 100 173.3 96.1[184] 

Zha et al [175], by doping NMC811 structure with 3% Fe by co-precipitation method, 

Co atoms reside in TM layer instead of structure. Fe ion is in both Fe2+ and Fe3+ states 

in structure, Ni atoms contain higher Ni3+ in structure than in undoped NMC811, 

indicating that Fe doping tends to decrease cation mixing. According to Rietveld 

results, it is seen that Fe doped NMC811 structure has lower cation mixing than 

undoped NMC811. As a result of C/2 cycle tests between 2.8-4.2V, undoped NMC811 

and Fe-doped NMC811 reach 80% capacity after 184 and 421 cycles, respectively. 

Chen et al. [176], doped NMC811 structure with 6% Ca2+ during calcination. Ca2+ 

doped structure reduced the cation mixture from 8.1% to 4.7%. Ca-doped NMC811 

provided higher capacity at all rates except initial charge and also provided 73.1% 

capacity retention in the 2.5-4.5V range after 100 cycles. 

Li et al. [177] Al dopes to Ni-rich structures, replacing Mn4+ with Al3+ ions, and 

increasing the amount of Ni3+ ions in the doped structure, thus decreasing the Ni2+/Li+ 

cation mixing. Some dopants with high valence and strong oxygen bonds such as Ta, 

W, Mo may prevent the formation of rock-salt structure while reducing oxygen release 
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from the structure. Due to the high valences of these element-doped structures, the 

decrease in the Ni3+ to Ni2+ ratio resulting from charge neutrality may cause cation 

mixing in the structure and cause capacity loss, but thanks to the strong oxygen bonds 

they have, they can be tolerated by reducing O2 release and not forming rock-salt 

structure[177,178]. Konishi et al. [178] contributes 4% Mo to NMC811 structure in 

their study. Although doped Mo increases cation mixing and gives lower initial 

capacity at low temperature, it is seen in the applied DSC analysis that the oxygen 

release of Mo-doped structure decreases especially at high temperatures compared to 

undoped NMC811.  

In Ni-rich ternary structures, atoms such as Mg, Zn, Ti and Zr are ions with a “pillar 

effect” that settles on the lithium layer, increases the energy required for the migration 

of TMs to the Li layer, reduces the cation mixing and facilitates delithiation [177, 179-

182].  

Some doping elements such as La can improve the cathode interface during charge-

discharge and create a more resistant surface against corrosion caused by the 

electrolyte. Dong et al [183] doped NMC811 structure with La3+ the structure doped 

with 3% La3+ at 2.8-4.3V, C/10 rate showed lower initial charge and Coulombic 

efficiency (203 mAh/g and 192 mAh/g) compared to the undoped structure. In 

contrast, the structure doped with La3+ showed higher capacity retention of 95.2% at 

2.8-4.3V 1C 100 cycles, improving the reversibility of the undoped NMC811 

structure, which showed 74.25% capacity retention. This is explained by the protective 

structure of the (La2Li0.5Co0.5O4) surface formed on the cathode surface. B, Ta, Zr, W 

dopants can cause the formation of small, regular primary particles that are oriented 

with each other by reducing the (003) surface energy. This structure prevents 

microcracks with a more controlled volume expansion and contraction between 

charge-discharge cycles. It also delays the formation of rock-salt structure [177, 184].  

Doping of low-valent atoms to the structure can increase the Ni3+ to Ni2+ ratio, thus 

reducing the Ni2+/Li+ cation mixing. In addition, doping of B3+ to the structure can 

prevent the mixing of Ni2+ ions into the Li layer by the migration of B3+ into the 

tetrahedral voids in the Li layer [185]. 

Kim et al. [186] doped the NC90 cathode with Al, B, Ta, W elements in their study. 

In the structures examined after calcination (Figure 2.31), it was seen that the primary 

particles of the Al-doped NC90 cathode were agglomerated and had an irregular 
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structure. While the boron-doped structure (003) was seen to have long primary 

particles that were oriented with the decrease in surface energy, particle size 

refinement occurred on the oriented structure in the Ta and W-doped structure. 

Microcrack formation was observed in the Al-doped structure as a result of long 

cycles. While microcrack formation was not observed in the boron structure, long 

primary particles caused wide gaps for the rock-salt structure. In the Ta and W-doped 

structures, a structure that could provide more capacity preservation was obtained with 

a more uniform distribution of cell voltage during H2-H3 phase transformations and 

less O2 release. After 1000 cycles, the capacity retention in pouch cells was 48%, 83%, 

90% and 95% in Al, B, W and Ta doped samples, respectively. 

 

 Illustrated cross-sectional images of different doped NC90 cathode and 

capacity retention of their capacity retention (%) after 1000 cycle [186]. 

Chen et al. [136], have shown that Ti-doped NMC811 cathodes get a stable R(ct) value 

after 200 cycles, in the CV test at 2.7-4.5 V, 1% Ti-doped cathode provides the best 

H2-H3 return and as a result, its most cyclability increases.  

Colalongo et al. [187] have doped NMC 811 with 0.1% Zr during co-precipitation and 

solid state processes. They have seen that the cation mixture decreases in cases of two 

doping methods. They show 85% and 82% capacity retention, in the sample produced 

with coprecipitation and solid state respectively, at 1 C rate.  
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2.4.3  Boron doping 

The difference in electronegativity between transition metals (such as Ni, Mn, Co) and 

oxygen plays a crucial role. A larger difference generally indicates more ionic 

character. Generally, when the electronegativity difference is greater than 2, this bond 

is considered to be ionic in character, while when it is less than 1.5, it is considered to 

be covalent in character [188]. In NMC systems, the electronegativity values for 

oxygen (3.5) compared to transition metals (e.g., Ni at 1.9, Co at 1.8, Mn at 1.5) 

suggest that these bonds have significant ionic character due to the substantial 

electronegativity difference [189].  

Ionic bonds can also exhibit covalent bonding properties within themselves. TM-O 

bonds in NMC materials often display significant covalent character due to 

hybridization between the transition metal d-orbitals and the oxygen p-orbitals [190]. 

This covalency affects the stability of the cathode structure and electrochemical 

performance of the cathode. During the delithiation process, the charge balance within 

the NMC structure constantly changes with migration Li+ from the structure and 

changing in the hybridization of TM-O bonds and oxygen plays a role in charge 

compensation through redox processes [147].  

The polarizing power of cations (the ability to disrupt the electron cloud of the anion 

with which it will bond) and the polarizability of anions also affect bond character. 

Transition metal cations, especially when highly charged, exhibit strong polarizing 

power, which can enhance covalent character by distorting the electron cloud of 

oxygen [191]. As the ionic diameter of the cation decreases and the balance value of 

the cation increases, polarizing power of the cation increases. On the other hand, 

anions with larger diameters and anions that need more electrons to form bonds 

(electron-rich), are more polarizable. The higher the polarizing power of the cation or 

the higher the polarization of the anion, the stronger the covalent bond within the ionic 

bond will be [192].  

The electronegativity value of boron is 2.04. It shows slightly higher electronegativity 

than TM metals. The atomic number of boron is 5 [193]. While it has a small ion 

diameter compared to TM metals, its charge value being 3+ and its high valence value 

causing it to exhibit high polarizing power. Boron doping modifies the electronic 

properties of transition metal-oxygen (TM-O) bonds. The presence of boron increases 

the ionic character of (TM-O) bonds, thereby reducing their covalency [194]. This can 
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be explained as follows: Boron, which takes the value of 3+ in the structure, reduces 

the charge balance in the NMC layer and increases the Ni2+/Ni3+ ratio. Since the Ni2+ 

ion shows more ionic character than Ni3+, it is expected that the Ni ion bonds will be 

strengthened during cycling. This is important because Ni-O shows stronger covalent 

bonding compared to other transition metals like Mn and Co so during delithiation, 

oxygen ions in structure may become unstable with formation [195]. Additionally, the 

B-O bonds in the structure have higher binding energy than the (TM-O) bonds (~ 809 

kJ/mol for B–O, ≤ 381 kJ/mol for Ni–O, ≤ 403 kJ/mol for Mn–O, ≤ 397.4 kJ/mol for 

Co-O) [196] . This change in the bond character provided by boron stabilizes the 

oxygen releasing and helps maintain structural integrity during cycling, and preventing 

capacity retention [197]. 

With the presence of boron in the NMC structure, it is possible that the boron atom 

will primarily fit into the empty tetrahedral spaces in the structure due to its low ionic 

radius and then maybe replace the TM atoms in the structure with the increasing 

amount of boron. The boron atom sitting on the tetrahedral sites causes an increase in 

the cell volume and causes an expansion in the c direction (Figure 2.32) [198]. 

The presence of boron results in a smaller primary particle size, particularly in the c-

direction. This event causes the primary particles of the structure to be oriented rod-

like or needle-like, considering the (003) surface energy of the boron ions seated on 

the tetrahedral sites. This phenomenon is linked to thermodynamically reduced surface 

energy, as smaller particles typically exhibit lower surface energy due to a higher S/V 

ratio. In this way, particles oriented in a certain direction are formed [199].  

 

 Crystal structure after boron adding [198]. 

With the addition of boron to the structure, when the secondary particles are viewed 

cross-sectionally, it is seen that there is a primary particle structure oriented from the 

surface to the center in the form of a rod (Figure 2.33). 
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This oriented structure ensures that the high strains that will occur due to the change 

in the cell volume during the H2-H3 phase transformation in charge/discharge cycles 

are distributed properly and microcrack formation is prevented. With the decrease in 

O2 release in the structure, the formation of the rock-salt structure is delayed, and with 

the decrease in electrolyte penetration from the surface of the structure thanks to the 

fine particle surface, the reactions that will occur from the electrolyte TM reaction are 

prevented and the deterioration of the cathode structure is delayed. 

 

 Cross-sectional images of secondary particles during charging stress 

distributions [197]. 

In addition, it has been observed in the literature that boron-doped Ni-rich NMC 

structures have high Li retention after storage, show similar capacity preservation 

properties at high temperatures (55 oC) and minimize the increase between charge-

discharge voltages as a result of cycles [200, 201]. 

Due to the low electronic conductivity of boron, its rate capability is limited at high 

rates. Co doping with other elements can be done to increase its electronic conductivity 

such as Mo [201]. 

According to Amalraj [202] in NMC structures, by-products such as Li3BO3, LiBO2, 

Li2B4O7 are obtained as a result of the heat treatment of boron with lithium. Since the 

by-products formed reduce the Li that will form the layered structure, capacity loss 

and cation mixing are observed due to lithium deficiency in the layered structure. In 

the study conducted by Skvortsova et al. [104], while adding boron to the NMC811 

structure during heat treatment, lower cation mixing and higher capacity retention were 

obtained in heat treatments where high levels of Li-excess were used compared to 
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structures where low levels of Li-excess were used. It was also observed that lithium 

deficiency increased with increasing amounts of boron and these negative effects 

increased [104,202]. 

In the literature, the most common methods of boron doping in NMC Ni-rich structures 

are doping or coating boron during calcination. There is a lack of Ni-rich produced by 

boron doping with co-precipitation method in the literature and in this study, boron 

doping was investigated through two hypotheses. The first is to test the effect of boron 

element on cathode active material chemistry, morphology, structure and 

electrochemical properties during the production of the precursor by using boron 

doping during co-precipitation. The second hypothesis is to test the effect of boron 

element on cathode active material chemistry, morphology, structure and 

electrochemical properties by adding boron during calcination after the precursor is 

obtained. In this way, the effect of boron doping made with two separate processes on 

cathode active material and electrochemical properties has also been compared. 

 Boron doping and coating to Ni cathodes. 

Cathode material 
Doping 

Element 
Method Rate Cycle 

Initial 

Capacity 

(mAh/g) 

Capacity 

Retention 

(%) 

Ni0.8Mn0.1Co0.1 B Coating C 100 178 96 [104] 

Ni0.8Mn0.1Co0.1 

(MCl2 – NMCC2H4) 
B Coprecipitation C/2 100 179.8 97[198] 

Ni0.9Mn0.05Co0.05 B Doping C/2 100 230 91[199] 

Ni0.94Co0.06 B Wet coating C/3 100 226 84.1[200] 

Ni0.90Co0.10 B-Mo Doping C 100 193,1 90[201] 

Ni0.85Mn0.05Co0.1 B Coating C/10 100 187.1 94.2[202] 

Ni0.84Mn0.06Co0.10 B Doping C/2 50 186.4 93.1[203] 

Ni0.93Mn0.04Co0.03 B Coating C 150 191.1 78.5[204] 

Ni0.6Mn0.2Co0.2 B Doping C 100 178 68.8[205] 

Ni0.6Mn0.2Co0.2 B-Mg Doping C 100 178 84.8[205] 

Ni0.6Mn0.2Co0.2 B Doping C 50 176.3 96.1[206] 

Ni0.87Co0.09Mn0.04 B Coating C/2 100 193 92[207] 

Ni0.83Co0.05Mn0.12 B Doping C/2 100 182 89.4[208] 

Ni0.8Mn0.1Co0.1 B Doping C/2 100 197 87.4[209] 

 



51 

3.  EXPERIMENTAL 

The process flow chart of the study is given in Figure 3.1. First, the solution of undoped 

and boron-doped NMC811OH precursors produced in the co-precipitation process was 

filtered, washed and dried. Active materials were synthesized by mixing LiOH with 

different calcination parameters into precursors. X-ray diffraction analysis and 

Scanning Electron Microscope were performed for both precursors and active 

materials. The slurry of the produced active materials was prepared, laminated and 

punched electrodes produced. Then, CR2032 half cells were produced and different 

electrochemical tests were applied. 

3.1 Co-precipitation  

A specially designed 1.5 L CSTR with double impellers was used for co-precipitation. 

Hydroxide precipitation method was selected as the co-precipitation method, sulfates 

of TM materials as metal salt, NH4OH as chelating agent and NaOH as precipitating 

agent. For the synthesis of undoped Ni0.8Co0.1Mn0.1(OH)2, 2M solutions in DI water 

were prepared containing NiSO4.6H2O, MnSO4.H2O and CoSO4.7H2O at 80%, 10% 

and 10% mol, respectively. For the co-precipitation method in which boron doped, 

H3BO3 was used as boron additive to the structure and was added to the solution 

containing TM solutions the B:(Ni+Mn+Co) 1:100 mol ratio. with pH 11.2-11.4 at 55 

oC. The NH4OH solution to be used for feeding was prepared and was fed into the 

continuous stirred tank reactor (CSTR) with a TM:NH4OH ratio of 2:1 throughout the 

experiment. NaOH was prepared as the precipitating agent and its feeding was closed 

when the pH was 11.2-11.4., NaOH solution was automatically fed into the CSTR. 

The entire feeding system was made by peristaltic pumps. Before the feeding process 

started inside the CSTR system, the solution was purged with N2 gas. The mixing 

speed was 800 rpm throughout the experiments in around 30 h. 

After the co-precipitation process, the precursor solutions were filtered and each 

solution was washed. The wet precursor powders were dried in a vacuum environment 

at 110 oC overnight. 
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Figure 3.1 : Flowchart of experimental study.  

3.2 Calcination 

In Table 3.1 four different calcination processes were applied to the precursors 

produced by the co-precipitation method. First, the precursors were ground in an agate 

mortar for 10 min. Then, the precursor and 3% excess LiOH.H2O were mixed in the 

Thinky for 20 min at 1200 rpm. Mixed samples were placed in crucibles. Heat 

treatment in the air was done in the oxygen atmosphere. Heat treatment started at room 

temperature and increased to 450 oC with 2 oC/min heating ramp and stayed at this 

temperature for 4 h and then increased to 750 oC with 2 oC/min heating ramp and 

stayed at this temperature for 12 hours. After the heat treatment was completed, the 

furnaces were left to natural cooling.  
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Table 3.1 : Calcination parameters. 

Sample 
Boron Doping in co-

precipitation processs (%) 
LiOH:TM H3BO3 (%) 1stTem. (C) Time (h) 2nd Tem.  (C) Time (h) Heating Ramp (C/min.) Atmosphere 

NMC811OH-Air 

- 

1.03 

- 

450 4 h 750 12h 2 oC/min 

Air 

NMC811OH-Ox - 

O2 
NMC811OH-OxB1 1% 

NMC811OHB1-Ox 1% - 
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3.3 Slurry Preparation and Lamination 

Slurry was prepared with an active material/carbon black/PVDF ratio of 80:10:10 

using Thinky. Slurries coated on an aluminum foil using a doctor blade.  After the 

laminated foils were dried at 70 oC for 2 h, they were rolled to 40 µm. 

The electrodes were assembled as CR2032 half coin cells  in a glovebox having an 

argon atmosphere. The CR2032 half cell structure is given in Figure 3.2. 

 

Figure 3.2 : CR2032 half cell structure. 

3.4 Characterization 

3.4.1  X-Ray diffraction analysis  

X-Ray diffraction patterns were obtained between 0o-90o with a scan rate of 2o/min 

using Cu-Kα as a source ( λ = 1.54 Å ).  Then, Rietveld analysis was performed with 

20% ZnO mixture of powders with scan rate of 1o/min and analysed on TOPAS 64 

software on database PDF-4+. From the XRD results, the peak positions of the 

powders, cation mixing, and lattice parameters were obtained. 

3.4.2  Scanning electron microscopy analysis 

The morphologies and particle size of powders were observed by using Zeiss Gemini 

500 scanning electron microscope. 

3.4.3  Electrochemical tests  

3.4.3.1 Galvanostatic cycle test  

Galvanostatic cycle test was performed between 2.7-4.3V on 3 cycle C/10, 100 cycle 

C/3 and 100 cycle C rates at 20 oC respectively.  
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3.4.3.2 Rate capability test  

Rate capability tests were performed and rates are shown Table 3.2. The tests 

performed between 2.7-4.3V at 20 oC. 

Table 3.2 : Rate capability test parameters. 

Rate C/10 C/5 C/3 C/5 C C/5 2C C/5 5C C/10 

Cycle 5 5 5 2 5 2 5 2 5 5 

3.4.3.3 Cyclic voltammetry test (CV) 

Cyclic voltammetry test were performed for 4 cycles between 3-4.3V at 20 oC with 

scan rate is 0.1 mV/s 
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4.  RESULTS AND DISCUSSION 

4.1 Structural, Morphological, and Compositional Analyses Results 

NMC811OH (no doping in co-precipitation) and NMC811OH1B (1% B doping in co-

precipitation) precursors were successfully produced by the co-precipitation method 

(Figure 4.1). The precursors of NMC811OH and NMC811OH1B samples obtained as 

a result of co-precipitation experiments are given in Figures 4.1 a-b. The secondary 

particle size distribution of the two precursors are 10-15 µm with a spherical shape. In 

Figure 4.1 c, NMC811OH-Air primary particles are composed of dense plate like 

morphology (Figure 4.1 a-d). However, the primary particles of NMC811OH1B have 

fiber like morphology instead of plates (see Figures 4.1 e-f). Boron doping in co-

precipitation changed the primary particle morphology of precursors due to changing 

the growth plane. 

SEM images of NMC811OH precursors calcined in both air and O2 rich atmospheres 

are given in Figures 4.2 a-d. In Figure 4.2 a-b, NMC811OH-Air and NMC811OH-Ox 

have approximately around 10-15 µm size and spherical shape secondary particles. 

Calcination atmospheres have not made significant differences in secondary particles’ 

spherical morphology. However, the primary particles of the precursor calcined in 

oxygen atmosphere (NMC811OH-Ox) are smaller, more regular and dense unlike the 

primary particles of the sample calcined in air (NMC811OH-Air) which are 

agglomerated and have larger sizes, with irregular and hollow morphology in Figure 

4-2 c-d. In Ni-rich cathodes, when growth is dominated by the (003) plane, the primary 

particles tend to be small, thin and regular. However, when growth is dominated by 

the (104) plane, round and agglomerated primary particle structures are formed. 

Smaller and regular primary particle structures generally have shorter lithium diffusion 

pathways and higher charge-discharge rates [74]. In addition, calcination in oxygen 

deficient environments may increase cation mixing in structure leading to worse 

electrochemical performance [122]. 
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Figure 4.1 : SEM images of precursors at different magnification  a) NMC811OH 

secondary particles, b) NMC811OHB1 boron doped secondary particles c) One 

NMC811OH secondary particle d) One boron doped NMC811OHB1 secondary 

particle  e) NMC811OH primer particles f) NMC811OHB1 boron doped primer 

particles. 
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Figure 4.2 : SEM images of  calcined undoped samples  on different atmosphere at 

different magnifications a) NMC811OH-Air secondary particles, b) NMC811OH-Ox 

secondary particles, c) NMC811OH-Air secondary particles d) One NMC811OH-Ox 

secondary particle,  and cross-section and primer particles. 

SEM images of boron-doped samples during co- precipitation (NMC811B1-Ox) and 

after coprecipitation (NMC811b1OH-OxB1) and calcined in the oxygen atmosphere   

are given in Figures 4.3 a-f. In Figure 4.3 a-b, NMC811OHB1-Ox and NMC811OH-

OxB1 have approximately around 10-15 µm size and spherical shape secondary 

particles. In Figure 4.3 c, there are two type of secondary particle morphology in 

sample NMC811OxB1. Skvortsova et. al [104] stated that reactions (4.1) and (4.2) 

occur simultaneously during the calcination of H3BO3 and LiOH.H2O. 

Ni0.8Mn0.1Co0.1(OH)2 + LiOH.H20 + H3BO3 + O2 →            

Li[Ni0.8Mn0.1Co0.1]1-xBxO2 + H2O 
(4.1) 

Ni0.8Mn0.1Co0.1(OH)2 + LiOH.H20 + H3BO3 + O2 →            

Li[Ni0.8Mn0.1Co0.1]O2 + Li3BO3 + H2O 
(4.2) 
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Figure 4.3 : SEM images of boron doped samples during calcination at different 

magnification  a) NMC811OH-OxB1 secondary particles, b) NMC811OHB1-Ox 

secondary particles, c) Two type NMC811OH-OxB1 seconder particles and cross-

section  d) One NMC811OHB1-Ox seconder particle and cross-section  e) 

NMC811OH-OxB1 two type primer particles f) NMC811OHB1-Ox primer particles. 

Two types reactions may occur during boron doped in calcination; one is Equation. 4. 

1 which is desired. The  product of this reaction is Li[Ni0.8Mn0.1Co0.1]1-xBxO2, another 

one is reaction in  Equation. 4.2, in which  Li3BO3 forms. Inhomogeneous primary 

particle morphology is obtained. In the literature, Li3BO3 structure was formed on the 

surface in many experiments during the simultaneous calcination of LiOH and boron 

source [104, 202, 210]. Thin Li3BO3 layer increases the ionic conductivity of surface 

and increase capacity of the battery but increasing thickness increases charge transfer 

resistance and insufficient excess LiOH, the lack of lithium in the structure prevents 

the formation of the layered structure causing rock-salt structure. Excess LiOH using 
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with decreases lithium deficiency with boron doping [104]. Pre heat treatment also 

remove organic compounds and moisture  to decrease the possibility of Li and B by-

products [210]. 

In Figures 4.3 e, particles show different primary particle morphologies which are 

oriented rod and agglomerated spheres. It is expected that the electrochemical 

properties will be adversely affected as a result of inhomogeneous calcination. 

According to Park et al. [192], the rod-like primary particles seen in Figure 4.3 e are 

the indicators of boron doping into the structure, the energy of the (003) surface 

decreasing the primary particles tend to enlarge the (003) surface and form oriented 

rod or needle-like particle structures. In Figure 4.3 d, NMC811OHB1-Ox which is 

boron doped via co-precipitation sample primary particles are small and irregular 

(Figure 4.3 f). 

NMC811OH-Ox and NMC811OHB1-Ox samples are compared, both show a 

spherical secondary particle structure of approximately 10-15 µm in size but 

NMC811OH-Ox’s primary particles are a little more oriented and small (Figure. 4.2 

d).  

1% boron doping may not be sufficient to change the structure of the primary particles 

during co-precipitation. The differences between samples (NMC811OH-Ox and 

NMC811OHB1-Ox) could be seen in the cross-sections of secondary particles as well 

(see Figures 4.2 d and 4.3 d). The outer part of the cross-section surface of 

NMC811OH-Ox and NMC811OHB1-Ox samples partially reveals  radially ordered 

primary particles. This ordered cross-section primarily  reveals the layered structure  

(space group R3̅ m). This structure provides shorter lithium diffusion paths and  

resilience for stresses resulting from the instantaneous large volume changes of the 

cell during the H2-H3 phase transformations.. It delays the formation of the rock-salt 

structure caused by O2 lose. Moreover, these two particles show rock-salt structure 

(space group Fm3̅m) in the center which restricts the entry and exit of Li+ ions into the 

structure.  This structure reduces the electronic and ionic conductivity of the cathode 

and causes a loss of capacity [144]. NMC811OH-Ox has smaller and more pores which 

affect the cycling performance positively than that of NMC811OHB1-Ox.  

NMC811OH-OxB1 has larger, anisometric, spherical agglomerated rock-salt primary 

particles along the particle cross section (see Figure 4.3 c) which results poor 

electrochemical performance. 
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XRD graphs of four calcined samples (NMC811OH-Air, NMC811OH-Ox, 

NMC811OH-OxB1, NMC811OHB1-Ox ) are given in Figure 4.4. All peaks in  graphs 

are sharp which means that they are  highly crystalline structures. In general, peaks 

(003)  in boron doped NMC structures shift slightly to the left [211]. The boron doped 

samples’ XRD peaks shifted 0.02o and 0.01o  in NMC811OH-OxB1 and 

NMC811OHB1-Ox respectively, indicating minor changes in the lattice structure. The 

separation of (006)/(012) peaks  in all XRD graphs reveals the low cation mixing  [74]. 

Also, the separation of (006)/(012) and (108)/(110)   the layered structure is well 

obtained.  

I(003)/I(104) ratio of NMC811OH-Air, NMC811OH-Ox, NMC811OH-OxB1, 

NMC811OHB1-Ox are calculated as 1.22, 1.24, 1.17 and 1.22, respectively. Since 

I(003)/I(104) ratio is larger than 1.2, well-ordered structures with  the low cation 

mixing are obtained. It is important to note that the samples calcined in oxygen-rich 

atmospheres give lower cation mixing than those of  the samples calcined in 

atmospheres. The lower ratio of the NMC811OHB1-Ox sample compared to the 

NMC811OH-Ox sample may be due to cation mixing. It has been related that boron 

doping increases cation mixing lead to decreases I(003)/I(104) with increasing to 

Ni2+/Ni3+ [209].  

 

Figure 4.4 : XRD graphs of samples. 



63 

 

Figure 4.5 : Williamson-Hall plot of NMC811OH-Air. 

 

Figure 4.6 : Williamson-Hall plot of NMC811OH-Ox. 
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Figure 4.7 : Williamson-Hall plot of NMC811OH-OxB1. 

 

Figure 4.8 : Williamson-Hall plot of NMC811OHB1-Ox. 
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The Williamson-Hall UDM (uniform deformation model) method is utilized to 

determine the mean values of crystallite size and lattice strain from XRD data. In this 

approach, relation between β Crystallite size  and β Latticestrain is given Equation 4.3. 

β Sample = β Crystallite size + β Latticestrain                     (4.3) 

β Crystallite size and β Latticestrain are given Equation 4.4 and Equation 4.5 respectively. 

β Crystallite size = Kλ/Dcosθ                            (4.4) 

β Lattice strain
 = 4εtanθ                              (4.5) 

Combined equation is; 

β Sample = Kλ/Dcosθ + 4εtanθ                                  (4.6) 

The symbols refers to K is a constant shape factor (typically around 0.9 or 0.94), λ is 

the X-ray wavelength, D is the crystallite size, ϵ is the microstrain, θ is the Bragg angle. 

Williamson-Hall method is applied and curves of fit gathered from XRD data of the 

samples are given in Figures 4.6-4.9. The slope of the curve is related to the microstrain 

and the part where the curve intersects the vertical axis is related to the crystallite size 

[212]. Calculated crystallite size and microstrain values are given in Table 4.1.  

Firstly, the crystallite size NMC811OH-Air is much larger than other samples. In some 

research [213, 214] in oxygen atmosphere and air atmosphere, increasing calcination 

temperatures increases crystallite size and primer particles’ sizes independant of 

atmosphere. Li [215] et all,  have obtained that as a result of the synthesis of NMC622 

containing different Li/TM ratios, the primary particles in the structure grew and the 

crystallite size increased with the increasing Li/TM ratio. In this study, The Li/TM 

ratio was 1.03. The crystallite size is found to be 60.59 for NMC811OH-OxB1 which 

is calcined at 450 oC for 4 hours and 750 oC for 12 hours. As stated earlier that during 

calcination there is a risk of having boron by-product which is forms due to lithium 

deficiency and result in poor electrochemical performance.  

In the case of  NMC811OH-OxB1 the crystallite size growth may have decreased due 

to boron by-product, causing lithium deficiency in the structure. NMC811OHB1-Ox 

and NMC811OH-Ox samples have almost the same crystallite size of 78.28 and 76.62 

nm respectively. NMC811OH-Air sample had the highest crystallite size (132.86 nm) 

and the highest microstrain (2.06x10-3) . This highest strain may be related to oxygen 

vacancies in lattice structures leading to distortion of lattice structure caused by air 
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atmosphere. The lowest microstrain in structure is calculated for NMC811OHB1-Ox 

sample. The difference in the microstrains obtained for  NMC811OH-Air  and 

NMC811OHB1-Ox can be related to low pore distribution and high size in the 

structure and the orientation of primary particles in NMC811OHB1-Ox sample. Even 

the lowest value in microstrain, the anisotropic primary particle distribution in the 

cross-section and the highest cation mixing (lowest I(003)/I(104) ratio) dominates the 

electrochemical tests. NMC811OHB1-Ox have are calculated almost a little more 

microstrain value like crystallite size than NMC811OH-Ox. 

Table 4.1 : Crystallite Size, microstrain and I(003)/I(104) ratios in the samples. 

Sample Crystallite Size (nm) Microstrain (ε) x10-3 I(003)/I(104) 

NMC811OH-Air 132.86 2.06 1.22 

NMC811OH-Ox 76.62 1.92 1.24 

NMC811OH-OxB1 60.59 1.68 1.17 

NMC811OHB1-Ox 78.28 1.97 1.22 

Table 4.2 shows the Rietveld analysis results of the samples calcined at oxygen 

atmosphere. All sample XRD peaks almost matched PDF-01-088-4075 

(LiNi0.8Mn0.1Co0.1O2) with a card no and there is no impurity peak. There are a little 

shifting on high angle peaks. It is observed that the a-axis, c-axis and cell volume 

increases with the presence of boron in the structure. The cell expands as the B+3 ion 

is positioned at tetrahedral sites between the Li and NMC layers. With the increasing 

c/a ratio in the structure, the transfer of Li+ ions becomes easier by opening the gap 

between Li and NMC layers, thus improving the transfer of Li ions, increasing the 

capacity and improving capacity retention with a more stable structure. Although equal 

amounts of boron were used NMC811OHB1-Ox and NMC811OH-OxB1 samples, 

NMC811OH-OxB1 shows lower c/a ratio than NMC811OHB1-Ox, it may indicate 

that the structure is not formed properly despite the boron doping. The formed boron 

by-product (like Li3BO3) may decrease of lithium in the layered structure [104]. Li et 

al. [214], the structure grew in the a direction with the decreasing Li ratio in the 

structure leading to the failure of the layered structure to develop well due to lithium 

deficiency.  
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Table 4.2 : Rietveld analysis results. 

Sample a c c/a 
Cell Volume 

(Å3) 
Rwp Rp GOF 

NMC811OH-Ox 2.867 14.198 4.9523 101.071 5.28 4.10 1.81 

NMC811OH-OxB1 2.869 14.204 4.9508 101.252 5.91 4.47 2.02 

NMC811OHB1-Ox 2.8671 14.213 4.9540 101.312 7.48 5.43 2.56 

4.2 Electrochemical characterization results 

4.2.1  Galvanostatic test results 

Fabricated cathodes are punched then CR2032 standard half-cells are assembled for 

their electrochemical assessment, between the cutoff voltages of 2.7-4.3 V. 

 

Figure 4.9 : Specific discharge capacity-cycle curve of NMC811OH-Air. 

Specific discharge capacity and cycle curves of NMC811OH-Air, NMC811OH-Ox, 

NMC811OH-OxB1, NMC811OHB1-Ox are shown in Figures 4.9, 4.10, 4.11 and 4.12 

respectively. Under a current load of C/10, NMC811OH-Ox sample gave the highest 

initial discharge capacity of 203 mAh/g. NMC811OHB1-Ox, NMC811OH-OxB1 and 

NMC811OH-Air deliver  188 mAh/g, 156 mAh/g and 160 mAh/g, respectively. After 

3 discharge cycles the capacities are found to be 161 mAh/g, 211 mAh/g, 158 mAh/g, 

and 191 for NMC811OH-Air, NMC811OH-Ox, NMC811OH-OxB1, 
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NMC811OHB1-Ox, respectively. Samples NMC811OH-Air and NMC811OH-OxB1 

gave similar initial discharge capacities even though they were calcined in different 

atmospheres.  

Amalraj [202] et al. in their research, mixed Ni-Rich cathode active material with 

LiOH along with 1% boron source. As a result of galvanostatic cycle, it was observed 

that the capacity of boron doped sample decreased from 212 mAh/g to 189 mAh/g in 

the first discharge curve. It was stated that such  capacity loss may be caused by Li3BO3 

formation in the structure during calcination. You et al. [210] heat-treathed precursor 

at 600oC for 3 hours before starting the calcination process. An improvement in the 

charge and discharge capacities are noted following pre-heat treatment. The first 

charge and discharge capacity improved in the results obtained compared to not heat 

treated sample and better performance obtained after galvanostatic test after boron 

doping. However, on the surface of cathode material also has boron by-product 

similarly Amalraj [202].  Skvortsova et al. [104] obtained similar capacities with the 

undoped sample in the first cycles by using excess lithium source according to the 

amount of boron in boron doping and used excess Li source to reduce lithium 

deficiency caused by the formation of Li3BO3 structure. Therefore, the lower capacity 

performance of NMC811OH-OxB1 may be related to the inhomogeneous secondary 

particle structure of the sample during calcination or the lithium deficiency (Figure 

4.12). 

Under a current load of C/3 and C, capacity retentions are found to be 78% and 88%, 

88% and 92%, 88% and 89.67%, and 96.4% and 94.7% for NMC811OH-Air 

NMC811OHB1-Ox NMC811OH-OxB1 and NMC811OH-Ox, respectively.  

In Figure 4.13, 1st cycle at  C/3, dQ/dV-voltage curves of are given NMC811OH-Air, 

NMC811OH-Ox, NMC811OHB1-Ox and NMC811OH-OxB1. The obtained 

oxidation peaks in dQ/dV-voltage curves are H1 to M (around 3.75 V), M to H2 

(around 4V) and H2 to H3 (around 4.2V) respectively [211]. In dQ/dV-voltage curve, 

boron doped samples’ H1-M peaks are shifted left side and H2-H3 peaks shifted right 

side due to boron-doped structures expand the c-axis and facilitate the diffusion of 

lithium ions. Kleiner et al. [196], in the research where NMC811 was boron doped, a 

similar shift was observed in the dQ/dV-voltage curve in the H1-M peak to the left and 

in the H2-H3 peak to the right.  First H1-M peak of NMC811OH-Air is the sharpest 

than other samples. The fact that this sample is exposed to air during storage, a very 
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thin layer of  lithium carbonate or hydroxide compounds may form over Ni-rich NMC 

powder, leaching to increase  the polarization of H1-M phase transformation [216, 

217].    

 

Figure 4.10 : Specific discharge capacity-cycle curve of NMC811OH-Ox. 

 

Figure 4.11 : Specific discharge capacity-cycle curve of NMC811OHB1-Ox. 
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Figure 4.12 : Specific discharge capacity-cycle curve of NMC811OH-OxB1. 

After 50 cycle at C/3, dQ/dV-voltage curves of Figures 4.14-4.17  are given 

NMC811OH-Air, NMC811OH-Ox, NMC811OHB1-Ox, NMC811OH-OxB1, 

respectively. The intensity of a peak indicates how intense the phase transformation is 

in that region. The H2-H3 phase transformation region causes the crystal lattice to 

suddenly shrink in the c direction during charging and expand in the c direction during 

discharge for Ni-rich cathode active materials, causing the structure to evolve into a 

rock-salt structure that can release oxygen and irreversibly. In Figure 4.14  

NMC811OH-Air sample has showed H2-H3 at 4.2V with 0.41 mAh/Vg in the first 

cycle. After 50 cycle, H2-H3 peak shifted to 4.24V and with 0.25 mAh/Vg and the 

peaks has almost disappeared and spread over a wide area and the cathodic oxidation 

peak almost disappear. It can be mentioned that there is intense oxygen release during 

H2-H3 phase transformations for NMC811OH-Air sample and high transformation 

occurs from layered structure to rock-salt structure. In Figure 4.15  NMC811OH-Ox 

sample have showed H2-H3 at 4.2V with 0.63 mAh/Vg and after 50 cycle only shifted 

to 4.21 V and reduce to 0.6 mAh/V and the cathodic peaks also have showed almost 

same peak position and dQ/dV. dQ/dV-voltage curve of NMC811OH-Ox is a proof 

excellent capacity retention on cycle test at C/3 which may be related to the pore 

distribution on center and orientation of primary particles along  the cross section of 

the particle as shown in Figure 4.10. In Figure 4.16, NMC811OH1B-Ox sample’s first 
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anodic peak at 4.2 V shifted to 4.22 V and reduced dQ/dV from 0.55 mAh/Vg to 0.45 

mAh/Vg and first cathodic peak 4.17 V to 4.13 V after 50 cycle. In Figure 4.17, 

NMC811OH-Ox1B sample showed first anodic peak at 4.21 V shifted to 4.22 V and 

reduced dQ/dV from 0.52 mAh/Vg to 0.38 mAh/Vg and first cathodic peak 4.17 V to 

4.13 V after 50 cycle similarly NMC811OH1B-Ox sample. Smallest dQ/dV change in 

the voltage value obtained in NMC811OH-Ox sample after 50 cycle is believed to be 

attributed to its superior morphogical and structural properties. 

To evaluate the rate performances of each cathode, they are tested under different 

current loads. Rate test (C/10, C/5, C/3, C, 2C, and 5C - 5 cycles for each rate ) of 

samples calcined in an oxygen-rich environment is given in Figure 4.22. At C/10, C/5 

and C/3, NMC811OHB1-Ox has higher specific discharge capacity from 

NMC811OH-Ox. Skvortsova et al. [104] stated that this could be due to the high ionic 

conductivity of the thin Li3BO3 layer formed on the surface of the sample. Although 

the NMC811OHB1-Ox sample was boron doped for co-precipitation on the surface of 

NMC811OHB1-Ox Li3BO3 may be formed. On the other hand, after 2C rates 

NMC811OH-Ox shows better performance from NMC811OHB1-Ox. According to 

Park et al. [199], boron has low electronic conductivity so negatively affects the rate 

capability at high rates.  

 

Figure 4.13 : dQ/dV-voltage curves of samples at C/3 rate 1st cycle. 
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Figure 4.14 : dQ/dV-voltage curves of NMC811OH-Air at C/3 rate  1st cycle and 

50th cycle. 

 

Figure 4.15 : dQ/dV-voltage curves of NMC811OH-Ox at C/3 rate 1st cycle and 50th 

cycle. 
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Figure 4.16 : dQ/dV-voltage curves of NMC811OH1B-Ox at C/3 rate  1st cycle and 

50th cycle. 

 

Figure 4.17 : dQ/dV-voltage curves of NMC811OH-Ox1B at C/3 rate  1st cycle and 

50th cycle. 

The galvanostatic charge discharge capacity curves of Figures 4.18, 4.19, 4.20, 4,21 

are given NMC811OH-Air, NMC811OH-Ox, NMC811OH1B-Ox, NMC811OH-

OxB1 respectively. As in the dQ/dV-voltage curves, the approach of the voltages of 

the charge and discharge curves to each other as a result of cycles indicates the loss of 

capacity due to the potential difference at the initial voltages. Initial charge start 
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voltage of cycles have changed after 203 cycle are 0.21 V, 0.12 V, 0.17 V and 0.20 V 

for NMC811OH-Air, NMC811OH-Ox, NMC811OH1B-Ox, NMC811OH-OxB1 

respectively. It is similar to the result obtained from dQ/dV anodic curves. 

 

Figure 4.18 : Galvanostatic charge discharge capacity of NMC811OH-Air. 

 

Figure 4.19 : Galvanostatic charge discharge capacity of NMC811OH-Ox. 
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Figure 4.20 : Galvanostatic charge discharge capacity of NMC811OH1B-Ox. 

 

Figure 4.21 : Galvanostatic charge discharge capacity of NMC811OH-OxB1. 

4.2.2  Potentiostatic test results 

4.2.2.1 Cyclic voltammetry 

The cyclic voltammetry results of Figures. 4.23, 4.24, 4.25, 4.26  are given 

NMC811OH-Air, NMC811OH-Ox, NMC811OH-OxB1, NMC811OHB1-Ox 
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respectively. The obtained oxidation peaks in cyclic voltammetry curves are related to 

H1 to M (around 3.75 V), M to H2 (around 4V) and H2 to H3 (around 4.2V) 

transformation, respectively [215]. First upper peak refers to anodic reaction peak and 

first lower peak refers to cathodic peak. First anodic and first cathodic peak voltage 

difference shows the reversibility of reactions [211]. Voltage gaps NMC811OH-Air, 

NMC811OH-Ox, NMC811OH-OxB1, NMC811OHB1-Ox are 0.226V, 0.12V, 

0.194V and 0.155V respectively for H1-M transformation. NMC811OH-Ox's 

reversibility can be considered good compared to others. The H2-H3 peak shift 

towards higher potentials during CV indicating an increase in the polarization of the 

electrode which necessitates higher energy to achieve specific redox reactions. As a 

result, mechanisms such as capacity loss and electrolyte dissolution are likely to occur 

[74]. The peak related to H2-H3 phase transformation is shifted to higher voltage value 

as the covalency structure of TM-O bonds is modified by boron doping (Figure 4.24 

and 4.25). The anodic and cathodic peak positions related to H2-H3 phase 

transformation could be used to discuss the reversibility of anisotropic changes 

occurred in cycling. In the first cycle, voltage differences between the anodic and 

cathodic peaks of this reaction (H2-H3 transformation) are found to be 0.052V, 

0.044V, 0.078V and 0.054V for NMC811OH-Air, NMC811OH-Ox, NMC811OH-

OxB1, NMC811OHB1-Ox.  

 

Figure 4.22 : Rate test of samples calcined in an oxygen-rich environment. 
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Figure 4.23 : Cyclic voltammetry curve of NMC811OH-Air sample. 

 

Figure 4.24 : Cyclic voltammetry curve of NMC811OH-Ox sample. 
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Figure 4.25 : Cyclic voltammetry curve of NMC811OH-OxB1 sample. 

 

Figure 4.26 : Cyclic voltammetry curve of NMC811OHB1-Ox sample. 

Then, after 4 cycles, voltage differences between the anodic and cathodic peaks of this 

reaction (H2-H3 transformation) are found to be 0.0064V, 0.0045V, 0.0077V, and  

0.0054V for NMC811OH-Air, NMC811OH-Ox, NMC811OH-OxB1, 
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NMC811OHB1-Ox. Voltage range does not change in samples produced in oxygen 

environment can be associated with the irregular distribution of lithium ions[218] 

When the current change is examined, the loss current after 4 cycles of NMC811OH-

Air, NMC811OH-Ox, NMC811OH-OxB1, NMC811OHB1-Ox are found to be  

13.8%, 2.6%, 5.9%  and 4.7% respectively. The fact that the number of peaks and the 

area under the CV curve of each electrode from 1st to 2nd cycle have been changed 

proves that an irreversible reaction occurs on each electrode surface initially. A 

scrutiny comparison demonstrates that NMC811OH-Air  samples reveals the most 

remarkable decrease in the area remained under CV curve. Knowing that 

NMC811OH-Air sample is exposed to air during storage, possible lithium carbonate 

and hydroxide compounds formation over the particle surface and its morphological 

as well as structural properties may lead such performance [65]. Oxygen losses of 

samples made in an oxygen environment are proportional to their particle morphology. 
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5.  CONCLUSIONS AND RECOMMENDATIONS  

 NMC811 and 1% boron-doped NMC811 precursors have been successfully 

synthesized via co-precipitation method.  

 The NMC 811  and 1% boron-doped NMC811 precursors are spherical and are 

composed of dense and finely oriented primary particles having a particle size 

range of 10-15 micrometers.   

 Boron is also doped during calcination using air and oxygen atmosphere. After 

calcination the shape of the particles stayed spherical and their sizes were 

similar to the precursors. 

 All samples show high crystallinity and good separation of (006)/(012) and 

(108)/(110)  peaks. 

 I(003)/I(104) ratio of NMC811OH-Air, NMC811OH-Ox, NMC811OH-OxB1, 

NMC811OHB1-Ox are calculated to be 1.22, 1.24, 1.17 and 1.22 respectively, 

showing  well ordered structures and low cation mixings. 

 Initial charge values of NMC811OH-Air, NMC811OH-Ox, NMC811OH-

OxB1, NMC811OHB1-Ox samples at C/10 were obtained 160 mAh/g, 203 

mAh/g, 156 mAh/g, 188 mAh/g respectively. After 100 cycle at C/3, 

NMC811OH-Ox showed the highest capacity retention of 96.4%. 

 In the cyclic voltammetry test, all samples show characteristic peaks H1-M and 

H2-H3. NMC811OH-Ox and NMC811OHB1-Ox show higher reversibility . 

 It is understood that not only the whereabouts of the doping, the calcination 

parameters are vital for effective boron doping due to the probability of having 

lithium deficiency as a result of  Li and B containing (Li3BO3) byproduct 

formations. Advanced analyses are needed to understand the formation 

mechanism and their effect on the structure and electrochemical behavior of 

the cathode active materials.    
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