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Abstract 

Potassium-ion battery (PIB) is a rising star in the rechargeable battery field due to its potential 

low cost and high energy for large-scale applications. Hard carbon (HC) is one of the most popular 

anodes for practical PIBs due to its high K-ion storage and relatively low material cost. Primarily, 

biomass (such as lignin) represents an abundant source for synthesizing HC. This thesis 

developed a series of HCs from lignin with different molecular weights (MWs) at serial pyrolysis 

temperatures (PTs) of 500ï1000 °C, exhibiting varying electrochemical performance. The best 

lignin-derived HC (LHC) was pyrolyzed from medium-MW lignin at 700 °C (M700) and delivered 

a high reversible specific capacity of ~300 mAh g-1 at 50 mA g-1. M700 exhibited an optimal 

mixture of graphite-like nanocrystals with the most significant interlayer distance and amorphous 

structure to maximize K-ion storage from bulk insertion and surface adsorption. The role of 

electrolytes was then investigated to determine the LHC performance and K-ion storage 

mechanism. We systematically studied the influence of four electrolyte systems, i.e., two K salts 

(KPF6 and KFSI) in carbonate ester and ether solvents, on ionic mobility, cycling stability, and 

charge transfer kinetics of M700 in PIBs. It is found that the M700 anode achieved the best cycling 

stability and kinetics performance in the KFSI EC/DEC electrolyte. Mechanimsic study disclosed 

that the improved performance could be ascribed to the formation of robust KF-rich SEI resulting 

from FSI- decomposition, which effectively prevented irreversible side reactions and severe 

structural decay (e.g., exfoliation and pulverization). The degradation mechanisms of other 

electrolyte systems are also explained by SEI formation and solvation/desolvation effect. It is 

expected that this work will provide guidance on the anode and electrolyte selection and design 

for PIBs in the near future. 

Keywords: lignin, hard carbon, potassium-ion batteries, molecular weight, electrolyte, solid-

electrolyte interphase, ionic storage mechanism. 
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Lay Summary 

Potassium-ion batteries are emerging energy storage technology with low cost and high energy 

for large-scale applications. Because traditional graphite anode cannot provide enough space for 

K-ion storage, a series of hard carbons from lignin was prepared via pyrolysis and tried to use as 

the anodes in potassium-ion batteries. Hard carbon is a popular anode material for practical 

battery applications due to its good ionic storage capacity and relatively low cost. In order to 

screen out the best synthesis conditions, three lignin samples with different molecular weights 

were selected and were set up with serial pyrolysis temperatures. As a result, the hard carbon 

prepared from lignin with medium molecular weight at 700 °C showed the best electrochemical 

performance. Furthermore, to understand electrolyte chemistry impacts on hard carbon anode 

stability and magnify overall battery performance, selected four common electrolytes were 

selected to optimize the battery system further investigate their compatibility with lignin-derived 

hard carbon anodes. KFSI in EC/DEC became the most suitable electrolyte system and can 

stabilize the hard carbon anode by forming effective protection layers on the anode side. To 

summarize, this work provided a practical application strategy for lignin in the energy storage field 

and maximize the performance by electrolyte chemistry. 
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Chapter 1: Introduction 

1.1 Potassium-ion Batteries 

1.1.1 From Li ions to K ions 

Due to the consumption of fossil fuels, researchers have started developing novel stable energy 

storage techniques to store electricity from renewable sources, such as wind and solar power, to 

meet the increasingly growing energy demands. Since first commercialized in 1991, lithium-ion 

batteries (LIBs) have become the first choice for the rechargeable battery market due to their high 

energy densities and long cycling lifespans 1. Essentially, LIBs are concentration cells following 

the órocking-chairô mechanism: Li ions deintercalate from the cathode, move through the 

electrolyte, and insert into the anode resulting in a Li+-deficit cathode and a Li+-rich anode during 

the charging process, and vice versa during the discharging process. 

However, LIBs face a host of challenges now: slow energy density improvement, insufficient 

cost reductions, and unsecured resource supply 2. Notwithstanding the dominance of LIBs in 

portable devices, electric vehicles (EVs), and hybrid electric vehicles (HEVs), LIBs are costly at 

present for applications in large-scale energy storage systems (ESSs) such as smart grids and 

public transportations 3. In fact, 40% of the LIB production cost nowadays comes from electrode 

materials demanding largely for lithium and transition metals (such as cobalt) 4. Recent studies 

have indicated that the ever-increasing economic prosperity in LIBs marketplace comes at a cost 

to the environment in the form of resource depletion.[4] Moreover, the low crust abundance and 

huge consumption of lithium and cobalt resources also lift the cost of LIBs, which may one day 

becomes an issue, especially considering that the scarcity of lithium and some of the transition 

metals currently used in LIBs 5. As a result, novel and low-cost energy storage systems are urged 

to be researched and developed.  
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Considering the large radii and high valences of Mg2+ and Al3+ creating a strong solvation effect 

and hindering the insertion process, Na+ and K+ with similar physicochemical properties as Li+ 

and far richer abundance have drawn more attention. Since the 2000s, researchers have studied 

a variety of novel alkali metal-ion batteries. Compared with sodium-ion batteries (SIBs), studies 

about potassium-ion batteries (PIBs) are expected to exhibit similar excellent power density and 

fairly high energy density but are still in the infancy of development. 

1.1.2 Working principles of Potassium-ion Batteries 

 

Figure 1 Working principles of PIBs. Reprinted with permission of 2020 Elsevier B.V. 

Due to the decent energy density and high power density at a low cost, PIBs have appeared 

as a promising substitute for large-scale energy storage applications. Figure 1 shows both 

macroscopic and microscopic processes of a PIB in the C/D process. The electricity produced 

from clean energy such as wind power and solar power can be stored as chemical energy in PIBs 
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in the charging process. To be more exact, electrons move from the cathode (ex. K2Mn[Fe(CN)6]) 

to the anode (ex. HC) via an external circuit while K ions as internal charge carriers migrate to the 

anode through the electrolyte and separator, creating electromotive forces and a huge potential 

gap. In discharging process, K ions escape from the anode, diffuse through the separator and 

eventually land in the cathode, while the electrons flow through the external circuit and power the 

electrical appliances. 

1.1.3 Merits of Potassium-ion Batteries 

First, the cost of PIBs can be largely cut down, considering the abundant resources and cheap 

anodes. Potassium is the second most abundant element among alkali and alkaline earth 

elements in the earthôs crust (Ca>NaåK>Mg>é>Li), bringing in a cost-benefit 6, 7. As listed in 

Table 1, the crust abundance of potassium is 1.5 wt.%, close to sodium (2.3 wt.%) and 1,000 

times larger than that of lithium (17 ppm); potassium carbonate costs US$1,000 per ton versus 

US$6500 of Li2CO3 
8; the cost of industrial-grade potassium (US$13,000 per ton) is one order of 

magnitude lower than lithium. Moreover, the transitional metal compounds in cathode synthesis 

for PIBs (such as manganese, iron, vanadium) are cheaper than cobalt, which is generally used 

in commercial LIBs. Similarly, K salts in the electrolyte have a lower cost than Li-salts. For 

example, the cost of KPF6 (US$338 per kg) is only <5% of LiPF6 (US$7,113 per kg) 9. Besides, 

instead of overpriced copper, aluminum can be used in PIBs as the current collector because 

potassium metal does not form an alloy with aluminum, reducing both the cost and the weight. In 

a full cell, cheaper hard carbon (HC) from a facile pyrolysis method is commonly used as the 

anode in PIBs, while graphite synthesized with multi-steps as a commercial anode for LIBs is 

generally more expensive. Furthermore, in the battery industry, safety and stability are also one 

part of the cost-reduction strategy. Many studies have presented high reversible 

charging/discharging (C/D) capabilities of PIBs with at least 500 cycles before 80% of capacity 

retention 10-14. 
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Table 1 Physical and chemical properties of lithium, sodium, and potassium elements. Reprinted 

with permission of 2020 Elsevier B.V. 

Properties  Lithium  Sodium Potassium 

Atomic number  3 11 19 

Atomic mass (g mol
-1
) 6.941 22.9898  39.0983  

Density at 25 °C (g cm
-3
) 0.534 0.97 0.89 

Ionic radius (Å) 0.76 1.02 1.38 

Crust abundance (wt.%) 0.0017 2.3 1.5 

Crust abundance (mol.%)  0.005 2.1 0.78 

Cost of carbonate (US$ ton
-1
) 6,500 200 1,000 

Cost of industrial grade metal (US$ ton
-1
) 100,000  3,000 13,000 

Cost of APF6 (US$ kg
-1
) 9 7,113 2,589 338 

Cost of AClO 4 (US$ kg
-1
) 9 2,119 282 248 

E0 (A+
aq/A) vs. SHE (V) 15 -3.040 -2.714 -2.936 

E0 (A+
PC/A) vs. SHE (V) 15 -2.79 -2.56 -2.88 

E0 (A+
EC/DEC/A) vs. Li+EC/DEC/Li (V) 16 0 0.3 -0.15 

N®ª~yk«í ª^is¯« s| /+ Ý'Þ 17 1.95 2.34 2.36 

N®ª~yk«í ª^is¯« s| J+ Ý'Þ 17 4.8 4.6 3.6 

Solvation energy in EC (eV) 18 5.85 4.76 4.12 

Desolvation energy in PC (eV) 19 2.24 1.65 1.24 

Desolvation energy in EC (eV) 19 2.17 1.59 1.19 

Desolvation energy in DEC (eV) 19 2.14 1.54 1.09 

Desolvation energ y in EMC (eV) 19 2.07 1.49 1.06 

À
+
 in 0.8 M APF

6
-PC (mS cm

-1
) 20 4.38 6.38 6.55 

À
+
 in 1 M AFSI-EC/DEC (mS cm

-1
) 16 9.3 9.7 10.7 

À
+
 in 1 M APF

6
-EC/DMC (mS cm

-1
) 21 9.8 10 11.5 

À
+
 in 1 M AFSI-DME (mS cm

-1
) 16.9 22 16 23 13.1 24 

D
A

+
 in graphite (×10

-9 
cm

2
 s

-1
) 9 25 -- 0.6 26 

D
A

+
 in HC (×10

-9 
cm

2
 s

-1
) 2.1 27 1 28 1.2 28 
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Second, PIBs can generate high potentials because of the relatively lower redox potential of 

K+/K. The potential of the K+/K redox pair (-2.936 V versus the standard hydrogen electrode 

[SHE]) is comparable to that of Li+/Li (-3.040 V), much lower than Na+/Na (-2.714 V). The low 

redox potential of K+/K gives high operational voltages of PIBs and ensures even high energy 

density. Remarkably, the standard potential of K+/K (-2.88 V versus SHE) is even 0.09 V lower 

than that of Li+/Li (-2.79 V) in propylene carbonate (PC) 15. Even in the mixture of ethylene 

carbonate (EC) with diethyl carbonate (DEC), the redox potential of K+/K is also 0.15 V lower than 

that of Li+/Li 16. In this way, PIB systems are advantageous for higher operational voltage than 

LIBs, dissimilar to SIBs and Mg-ion batteries 16. Taking K0FeSO4F cathode reaction as an 

example, which was obtained via the electrochemical oxidation of KFeSO4F by assembling a 

Li/KFeSO4F cell, the potential of K+ intercalation/deintercalation was 4.0 V versus K+/K, higher 

than 3.7 V of K0FeSO4F (versus Li+/Li) and 3.4 V of K0FeSO4F (versus Na+/Na) 29. We recently 

discovered that fluorinated carbons (CF0.88) as cathodes have an even higher energy density of 

805 Wh kgī1 at 2C in K cells than in Li cells (776 Wh kgī1) 30. It is worth noting that the lower 

standard reduction potential of K+/K (-2.88 V) than -2.56 V for Na+/Na in carbonate solvents allows 

for forming a stage-I intercalation compound (KC8) at an average operational potential of ca. 0.3 

V versus K+/K, realizing a specific capacity of 250 mAh g-1 at a fully discharged state; however, 

Na-ion storage in graphite is difficult to achieve 15, 16. A breakthrough was made by Ji and co-

workers, who reported a reversible K-ion intercalation/deintercalation behavior in graphite, 

presenting the feasibility of transferring the well-developed LIBs to the low-cost PIBs 31. As a 

result, despite the limited capacity of PIB cathodes, higher energy densities of PIBs can be 

compensated by their higher operational potentials.  

Third, fast ionic kinetics of K ions in the electrolytes ensures high rate performances of the C/D 

process at high current densities, and thus high power densities can be realized. Studies indicate 

that although K+ has the largest ionic radius (1.38 Å) compared with Li+ (0.76 Å) and Na+ (1.02 
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Å), K+ has the smallest Stokesô radius (3.6 ¡) compared with Li+ (4.8 Å) and Na+ (4.6 Å) in PC 

solvents 17. As a result, K+ has the highest ion mobility and ionic conductivity (Table 1). The 

mechanism has been studied in detail: due to the lower charge density, larger-sized K ions have 

less Lewis acidity than Li-ions and Na ions, leading to smaller solvated-K ions with limited Stokesô 

radius in liquid electrolytes, which renders the higher ionic mobility, more significant transference 

number and lower desolvation energy. Hence, K+ exhibits faster ionic diffusion kinetics than Li+ 

and Na+. This can be further proved by the higher ionic conductivity of K+ in both aqueous and 

non-aqueous electrolytes 32-34. Based on the above advantages, replacing Li+ with K+ will enable 

batteries to achieve improved rate performance and higher loading without sacrificing specific 

capacity. Moreover, K ions have the lowest desolvation energy compared with Li-ions and Na 

ions in many liquid electrolytes (e.g., PC, EC, DEC, DMC in Table 1), leading to good ionic kinetics 

and thereby promising rate capability 35. 

1.2 Hard Carbon Anode 

To date, various categories of anode materials have been studied and exhibited stable K-ion 

storage capacity, including soft carbon 36, HC (e.g., pyrolysis carbon, acetylene black) 37, 38, 

metal and metallic oxides (e.g., alloy) 39, 40. HC with hybrid structures of both layered graphite-

like units and sufficient deficiencies can generate a high and reversible specific capacity, owing 

to the dual K-ion storage mechanisms of bulk insertion and surface adsorption 41, 42. Bulk 

insertion is a typical Li-ion storage mechanism of graphite in LIBs, while surface absorption is a 

diffusion-controlled process generally utilized in supercapacitors. Fine control of HC structure is 

a key to achieving bulk insertion and surface adsorption simultaneously to realize optimal ion 

storage performance. Biomass is an abundant and low-cost source for HC fabrication and is 

mainly composed of cellulose, semi-cellulose, and lignin. In the paper industry, tons of lignin are 

disposed of as waste (black liquor) or burned as a low-grade fuel. Some studies suggested the 

excellent ion storage capacity of lignin-derived hard carbon (LHC) in LIBs, SIBs, and PIBs 43, 44. 
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Moreover, several studies have successfully derived HC for PIBs directly from other biomass, 

such as soybeans 45, loofah 46, maple leaves 47. In detail, loofah-derived HC has exhibited a stable 

specific capacity of 200 and 100 mAh g-1 at 100 mA g-1 in LIBs and PIBs, respectively 46. However, 

the K-ion storage performance of LHC varies significantly in different works 48, probably due to 

various pyrolysis conditions and lignin precursors used.  

It is well known that the electrochemical performance of LHC is highly dependent on its 

microscopic structure. Previous studies have focused on investigating the effect of pyrolysis 

conditions, especially pyrolysis temperatures, on the structure and electrochemical performance 

of HCs, which, however, exhibited distinct ionic storage properties. Since lignin itself has different 

degrees of polymerization from its three monomers 49, we speculate that the electrochemical 

performance of LHCs may rely on the pyrolysis conditions and depend on the lignin precursor 

used. Nevertheless, lignin precursorsô influence on the derived LHCs, their electrochemical 

performance, and ion storage mechanism has been seldom studied. We believe that the interplay 

among lignin structure (molecular weight), pyrolysis condition, and LHC structure is essential for 

achieving excellent K-ion storage performance but remains unveiled, to the best of our 

knowledge. Therefore, herein, we adopted three types of technical-grade lignin with molecular 

weights of 2233 (low MW), 9660 (medium MW), and 14300 g mol-1 (high MW) as a model system 

to systemically investigate and clarify the role of lignin structure and pyrolysis condition in 

determining hard carbon structure, K-ion storage performance, and K-ion storage mechanism in 

PIBs. It is found that the structure of LHC is determined by both ligninôs MW and PTs. These 

different structures significantly impact their K-ion storage performance, especially on the two K-

ion storage behaviors (bulk insertion and surface adsorption). Among all LHCs, the one derived 

from medium-MW lignin at 700 °C, noted as M700, exhibited the best overall performance. It 

achieved a high reversible specific capacity of ~300 mAh g-1 and ~170 mAh g-1 at 50 and 200 mA 

g-1, and high capacity retention of 80% after 100 cycles, which meets the technical requirements 
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of the anode materials in PIBs. Considering the cost-effectiveness, LHC shows promising 

prospects in practical battery applications. 

1.3 Electrolyte Chemistry 

The ósolvation effectô in electrolytes enables K ions to diffuse smoothly at high current rates 18. 

Although K ions have larger ionic radii (1.38 Å) than Li ions (0.76 Å) and Na ions (1.02 Å), K ions 

have the smallest Stokesô radii (3.6 ¡) compared with Li ions (4.8 ¡) and Na ions (4.6 ¡) in PC as 

a non-aqueous solvent 17. Therefore, K ions diffuse with less kinetic resistance than Li ions and 

exhibit relatively low standard potentials in popular organic solvents ï the redox potential of K+/K 

is 0.15 V lower than that of Li+/Li in the mixture of EC/DEC ï which promise potential high power 

density of PIBs 16. 

As the most popular carbonaceous anode in PIBs, HC can realize high specific capacity at a 

low cost. Depending on the facile fabrication process, the structure of HC is adjustable to 

maximize the storage of different charge carriers. The surface-adsorption and bulk-insertion 

contributions can also be tailored for battery and supercapacitor applications. However, due to 

K+-solvent chelation co-intercalation, HC anodes without surface modification often suffer from 

severe structural damage and capacity fading during cycling, which is the main obstacle towards 

commercialization. Electrolytes contribute to solid-electrolyte interphase (SEI) formation and K-

ion diffusion by decomposition and solvation effect. A reliable and elastic SEI can effectively 

suppress the capacity degradation and prevent irreversible side reactions 26. PIB electrolytes 

often contain K salts and organic solvents (with additives). Popular K salts are KPF6, KClO4, KBF4, 

KN(SO2F)2 (potassium bis(fluorosulfonyl)imide, KFSI), and KN(SO2CF3)2 (potassium 

bis(trifluoromethanesulfonyl)imide, KTFSI). Carbonate ester and ether solvents, such as EC, 

DEC, and dimethoxyethane (DME), are often divided into chains and rings from the carbon 

arrangement. In this thesis, we report the macroscopic electrochemical effect of electrolytes on 

HC anodes and investigate the microscopic degradation mechanisms of HC in different 
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electrolytes, especially the synergic contribution of inorganic anions (e.g., FSI-) and organic 

solvents (e.g., EC and DEC) in SEI formation and K-ion solvation/desolvation via electrochemical 

tests and characterization techniques. 

1.4 Research Gaps and Novelty 

PIBs have been studied as a novel beyond-Li battery system since 2004. HC is known as one 

of the most promising anode materials for PIBs. Many studies reported biomass-derived HC 

anodes with excellent electrochemical performance in PIBs. However, few discussed the 

correlation between biomass MW, pyrolysis conditions, and the storage mechanism at a structural 

level. Therefore, we used lignin as a showcase and showed that lignin MW indeed impacts the 

HC structure via multiple characterizations. According to the electrochemical tests and kinetics 

analysis result, I quantified the K-ion storage contribution of bulk insertion and surface adsorption 

for each LHC. The mechanism was summarized to provide our perspectives for future biomass-

derived HC research.  

Additionally, previous studies on PIB electrolytes have not explained the electrolyte effects on 

HC anodes at a very detailed level. However, it is essential to understand the capacity degradation 

mechanisms of HC anode in each electrolyte so that we can predictably magnify PIBôs potentials 

by rational electrolyte design and optimization. This is the first study that systematically compares 

electrochemical differences contributed by common electrolytes and clarified the roles of 

electrolytes in PIBs at such a detailed level. From the viewpoints of solvation effect and ionic 

diffusion, solid-electrolyte interphase (SEI) formation, co-intercalation, and charge transfer 

kinetics. The main finding was that KFSI in EC/DEC electrolyte enabled maximal capacity and 

cycling stability of hard carbon due to elastic inorganic-rich SEI and excellent charge transfer 

kinetics from FSI- decomposition and complete K+(EC)2 solvation. This study is significant for the 

field of PIBs because it not only tackled the HC-electrolyte compatibility problem, an urgent 
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scientific issue in PIBs but also provided guidance on the deep understanding of electrolyte 

functionality and design of new electrolyte systems for PIBs. 

1.5 Research Objectives 

The goal is to convert lignin into HC anode in PIB applications and investigate: 1) the molecular 

weight effect of lignin in determining LHC electrochemical performance, 2) the kinetics behaviors 

of K-ion storage in LHC anodes with different structure, and 3) the electrolyte functions in 

improving the cycling stability of PIBs. 

1.6 Summary 

In this thesis, chapters 1 and 2 are the introduction and methodology (the experimental part). 

Chapters 3 and 4 are the results and discussion about two research projects: LHC anodes in PIBs 

and the electrolyte chemistry effect, respectively. In the end, conclusions and perspectives, 

including limitations of this work, contributions of this work, and recommendations for future work, 

are given out. 
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Chapter 2: Methodology 

 

2.1 Materials and Sample Preparation 

Technical-grade lignin with different degrees of polymerization (low MW = 2233 g mol-1, medium 

MW = 9660 g mol-1, high MW = 14300 g mol-1) were provided by Advanced BioCarbon 3D Ltd 

(BC, Canada) and were used as the carbon precursors as received. As shown in Figure 2a, lignin 

is composed of three interconnected monomers: sinapyl alcohol (denoted as S in Figure 2b), 

coniferyl alcohol (G), and minor p-coumaryl alcohol (H). They have similar molecular structures 

while S-monomer has two -OCO3 functional groups, G-monomer has one, and H-monomer has 

none [25]. Pyrolysis, a facile carbon fabrication method, was applied to convert lignin into hard 

carbon in Figure 2c. In a tubular furnace, lignin with low, medium, and high MWs was pyrolyzed 

at 500, 600, 700, 800, 900, and 1000 ÁC for 2 hours with a heating rate of 5 ÁC minī1 under a 

nitrogen atmosphere. Without rinsing and further activation, LHC products, labeling as a letter (for 

ligninôs MW) plus a number (pyrolysis temperature), were directly ground into a powder and used 

as active anode materials in half K//LHC cells (CR2032).  

 

Figure 2 Three monomers (a) interconnect and co-build lignin (b) with different degrees of 

polymerization (low, medium, and high MW). Six pyrolysis temperatures from 500 °C to 1000 °C 

were applied to produce lignin-derived hard carbon (HC) (c). 
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2.2 Material Characterizations 

Multiple characterization techniques were used in this thesis, such as scanning electron 

microscopy (SEM), high-resolution transmission electron microscope (HRTEM), high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), selected-area 

electron diffraction (SAED), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), 

X-ray photoelectron spectroscopy (XPS), Raman spectrometer, thermo-gravimetric analysis 

(TGA), and Brunauer-Emmett-Teller (BET) method. Tescan Mira 3 XMU tested SEM; Cameca 

SXFive Field Emission EPMA was employed for the X-ray mapping. FEI F30 recorded the HRTEM 

with HAADF-STEM, SAED, and EDS. XRD spectrum was measured by Bruker D8-Advance X-

ray diffractometer using Cu KŬ radiation (ɚ = 1.5418 ¡) with a scan step of 0.02Á in the 2ɗ range 

of 10ï90°. XPS was recorded by Axis Ultra DLD from Kratos Analytical. Raman spectra were 

recorded by HORIBA Scientific LabRAM Raman spectrometer equipped with a 532.03 nm laser 

source. TGA was measured under a nitrogen atmosphere at a heating rate of 5 ÁC minī1 from 

room temperature (~20 ÁC) to 700 ÁC. Nitrogen absorption and desorption isotherms data were 

collected using TriStar II 3020 and analyzed using the BET method to calculate the surface 

parameters, e.g., the mean pore diameter and specific surface area. 

2.3 Battery Assembly 

In preparation of the electrode slurries, 80 wt.% of LHC as the active material and 10 wt.% of 

Super P as a conductive additive were mixed by grinding for 30 minutes. 10 wt.% of PVDF 

dissolved in N-methyl-2-pyrrolidine (NMP) was then added as a binder (filler). After grinding for 

three more minutes, the slurries were coated onto aluminum foils and dried in a vacuum drying 

oven at 60 °C for 12 hours. Coated Al foils were punched into round electrodes with a diameter 

of 12 mm and an average loading of 1.0ï2.0 mg cmī2 of the active materials. Before putting the 

electrodes into glove boxes, these electrodes were further dried at 110 °C for 12 hours. In a K//HC 

half-cell, LHC anodes were the working electrodes; K metal (cell-level purity) was the counter 
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electrode, and 0.8  KFP6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 vol.) was used 

as the electrolyte. Later, four electrolytes including 0.8  KFP6 in EC/DEC (1:1 vol.), 1.0  KFSI 

in EC/DEC (1:1 vol.), 1.0  KFP6 in DME, and 1.0  KFSI in DME was used for K//M700 half cells. 

A glass microfiber filter (Whatman, Grade GF/D) was used as the separator. All assembly process 

was carried out within the glove box at 99.99% Argon gas atmosphere.  

2.4 Electrochemical Tests 

In order to test the electrochemical performance of LHC anodes, multiple techniques were 

employed. Galvanostatic charge/discharge (C/D) measurements were tested at a voltage window 

of 0.01ï3 V at a current density of 50 mA gī1 using a Neware battery testing system (BTS 4000). 

Rate performance was tested at current densities of 20, 50, 100, 200, and 20 mA g-1. 

Electrochemical impedance spectroscopy (EIS) was tested in a frequency range of 

10 mHzḐ0.1 MHz with an amplitude of 10 mV. Galvanostatic intermittent titration technique 

(GITT) was performed with 5 min of charging/discharging and 50 min of resting at 100 mA g-1. 

Variable speed cyclic voltammetry (VSCV) was measured by Biological SP-150 Potentiostat EIS 

station between 0.01ï3 V at scanning rates of 0.1ï50 mV s-1. 
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Chapter 3: Lignin-derived Hard Carbon Anodes in Potassium-ion Batteries 

PIBs have drawn much attention as an energy storage system for large-scale grid applications 

due to their high energy density and low cost. As the most promising anode material for PIBs, HC 

has been prepared from various sources but exhibited varying electrochemical performance, 

probably due to a limited understanding of materials structure and K-ion storage mechanisms. 

Biomass (such as lignin) represents an abundant source for synthesizing HC; however, few 

studies have investigated the role of lignin molecular weight (MW) in determining HCôs structure 

and K-ion storage mechanism. Herein, we developed a series of LHCs from lignin with different 

MWs at serial PTs and correlated the lignin MWs and PTs with LHC structure, electrochemical 

performance, and K-ion storage mechanisms. The best-performed LHC delivered a high 

reversible specific capacity of ~300 mAh g-1 at 50 mA g-1 and was denoted as M700 since it was 

derived from medium-MW lignin (9660 g mol-1) at 700 °C. M700 exhibited a mixture structure of 

graphite-like nanocrystals with the largest interlayer distance and amorphous area, which 

maximized the K-ion storage capacity from both bulk-insertion and surface-adsorption 

mechanisms. 

3.1 Correlation among Lignin Molecular Weights, Pyrolysis Temperatures, and Hard 

Carbon structures 

Previous studies have shown that pyrolysis temperature plays a critical role in determining the 

eventual structures of LHCs and HCs derived from other biomass precursors 50. However, the 

effect of lignin precursors and molecular weight on the LHCs was rarely discussed. Therefore, 

the first experimental part of this thesis is to clarify the influence of both pyrolysis temperature and 

molecular weight on the morphology and structure of LHCs. 
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Figure 3 SEM images of raw lignin with (a) low MW, (e) medium MW, (i) high MW, and HCs derived 

from the lignin by pyrolysis at 500 °C (b, f, j), 700 °C (c, g, k), and 1000 °C (d, h, i). 

Figure 3 displays the typical SEM morphologies of pristine lignin and LHCs derived at 500, 

700, and 1000 °C. All three pristine lignin show a similar compact structure (Figure 3a, 3e, 3i). 

However, the LHCs show distinct morphologies, exhibiting a strong dependence on both lignin 

molecular weight and pyrolysis temperature. All the LHC particles derived from low-MW lignin 

(L500, L700, and L1000) possess irregular shapes with a mirror-like smooth surface (Figure 3b, 

3c, 3d), indicating their high density and low porosity. For the medium-MW lignin, M500 and M700 

pyrolyzed in the medium temperature range (500ï700 °C) possess a hierarchical porous structure 

and have numerous pores in the structure (Figure 3f, 3g). However, a higher pyrolysis 

temperature (1000 °C) results in a denser structure with less visible pores in M1000 (Figure 3h). 
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For the high-MW lignin, the LHCs (H500, H700, and H1000) exhibit no apparent difference in the 

morphology and have some visible pores on the surface. From Figure 3, it can also be found that 

at medium pyrolysis temperatures (500ï700 °C), HCs derived from the medium-MW lignin display 

the most porous structure among all the samples, as also shown in the lower magnification in 

Figure 4. BET analysis discloses the specific capacity area of L700, M700, and H700 is 6.1, 12.3, 

and 0.71 m2 g-1, respectively, suggesting the relatively low surface area of all three samples.  

 

Figure 4 Scanning electron microscope (SEM) images (aïc) and EDX elemental mapping (d) of 

M700. 

The structures of LHCs derived from the three lignin precursors are characterized by X-ray 

diffraction (XRD) and Raman spectroscopy, as presented in Figure 5. Figure 5a shows the XRD 

patterns of the LHCs from low, medium, and high-MW lignin pyrolyzed at 500, 700, and 1000 °C. 
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All the XRD patterns display two broad peaks centered at about 25° and 43°, which are assigned 

to the (002) and (010) planes of graphite (JCPDS PDF No. 08ï0415), respectively. In Figure 5a, 

it can be found that the peak position of the (002) plane of LHCs varies with pyrolysis temperature. 

For each group of LHCs, the (002) peak experience a left shift to lower 2ɗ degrees with pyrolysis 

temperature in the order of 500, 1000, and 700 °C. This change suggests that the interlayer 

distance of carbon layers in HCs first increases with pyrolysis temperature from 500ï700 °C, and 

decreases with the temperature further elevated to 1000 °C. The broad XRD peaks suggested 

the slightly varied interplanar distance among graphitic nanocrystals with highly defective layers. 

Averagely, according to Braggôs law 51, d(002) interlayer distance is calculated and plotted in Figure 

5c. Among all the samples, M700 exhibits the highest interlayer distance of 4.04 Å, which is much 

greater than that of graphite (3.35 Å). The considerable interlayer distance provides adequate 

space for both K-ion insertion and diffusion during the potassiation process. Furthermore, it is 

found that LHCs derived from high-MW lignin undergo a more subtle change in the interlayer 

distance than the other two LHCs as the pyrolysis temperature changes, suggesting the slowest 

growth of graphite nanocrystals in high-MW LHCs.  

Raman spectroscopy is further used to extract information on the distribution of first-order 

Raman bands and carbon structure of lignin-derived HCs. Figure 5b presents the normalized 

Raman spectra of LHCs from low, medium, and high-MW lignin at 500ï1000 °C. As seen, the 

Raman spectra for all samples consist of one D band at 1350 cm-1 corresponding to the breathing 

model of sp2, and one ordered G peak at 1580 cm-1 assigning to the vibration mode of both rings 

and chains 43. It can be found that the intensity of the D band, relative to the G band, increases 

with the pyrolysis temperature, indicating the rise of defects and disordered carbon in LHCs. For 

hard carbon materials, it has been reported that the D and G Raman peaks are the superposition 

of four sub-bands 52, 53, i.e., D, D1, D2, and G (Figure 2e), originating from the in-plane disorder 

(A1g symmetry), in-plane disordered/impurities (A1g symmetry), diamond-like carbon (sp3-
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hybridized carbon), and in-plane C-C stretch (E2g symmetry), respectively. The normalized area 

of each band is displayed in Figure 5f. It can be found that in each group of HCs, the portion 

corresponding to D and D1 peaks (disordered carbon and impurities) increases as the pyrolysis 

temperature grows from 500ï800 °C (stage I), and then decreases when the pyrolysis 

temperatures are higher than 800 °C (stage II). However, the G peak exhibits a reversed tendency 

as the pyrolysis temperature increases. The quantitative Raman analysis (Figure 5f) reveals that 

at pyrolysis temperatures of 800ï900 °C, the in-plane disorder carbon and impurities reach 

maximum in lignin-derived HCs, while in-plane plane carbon (or graphite-like nanocrystals) arrives 

minimum for all LHCs derived from different lignin. 

The cluster size of graphite-like nanocrystals in LHCs can be estimated by using the Ferrari-

Robertson method for amorphous carbonaceous carbon 54:  

ὍὈ

ὍὋ
ὅᴂ‗ ὒ ρ 

Where Cô (514 nm) corresponds to 0.0055 Å-1, I(D) and I(G) refer to the intensity ratio of D and 

G peaks, and La represents the cluster size of the nanocrystals. As shown in Figure 5d, the values 

of La for LHCs increase from ~1.1 nm at 500 °C to 1.4 nm at 1000 °C but stay in the same 

nanometer range. Moreover, the values and trend of La have little independence on the lignin 

molecular weight; they are mainly affected by the pyrolysis temperature. The Raman analysis 

suggests that the number of graphite-like nanocrystals, rather than the size, varies with pyrolysis 

temperature elevation. As revealed in Figure 5f, the relative ratio of graphite-like nanocrystals to 

other types of carbon decreases from 500ï800 °C (stage I) and then increases above 800 °C 

(stage II).  
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Figure 5 X-ray diffraction (XRD) patterns (a), Raman spectra (b), calculated interlayer distance (c), 

and nanocrystal size (d) of the HCs derived from low-, medium-, and high-MW lignin. Exemplary 

peak fitting of the Raman spectrum of HC-700s (e); normalized area of each peak (D, D1, D2, and G 

in e) for HC-700s (f). 

  


