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Capacitive deionization, CDI has emerged as a promising alternative that competes effectively 

with other existing desalination techniques. Typically, carbon is used as the active material for the 

CDI electrodes and is considered to be at the heart of this application. Understanding the role of 

various material design parameters as they affect the electrosorption of the resulting porous carbon 

is especially important to maximize the capacitive deionization electrode performance. Amongst 

different types of carbon structures, hierarchical porous carbons HPCs have been proposed as 

promising materials for capacitive deionization electrodes due to their excellent electrosorption 

performance. However, the typically low mesopore fraction and broad pore size distribution limits 

their utilization.  

In this work we report the capacitive deionization performance of a series of HPCs synthesized 

via ice templation with a high fraction of mesopores and tight control over the amount and the size 

of mesopores. To assure systematic probing of the relationship between the pore matrices and the 

electrosorption performance, the synthesized porous carbons were categorized into two categories; 

category I includes predominantly meso-macro porous carbons and category II porous carbons 

with a combination of multilevel of porosities (micro-meso-macro). For the category I, the aim is 

to investigate how tuning the mesopore size, mesopore volume and the BET surface area affect 

the final performance of meso-macro porous carbons. For category II, the aim is to understand 



how different mesopore structure behave as capacitive deionization electrodes after the 

introduction of micropores.  

Besides the high salt capacity and fast removal rates that can be obtained by the synthesized HPCs, 

we believe that this approach can offer a new platform to delineate the impact of specific mesopore 

(pore size and volume) as part of a hierarchical structure on the electrosorption behavior. The 

outcomes of this study (i.e. the existing correlations, broad trends, synergetic effects of micro-

meso structure) can potentially be applicable to other types of carbons especially mesopore- and 

micro-meso pore based carbons. Accordingly, this understanding of the role of some of the design 

parameter of porous carbons can guide and provides a roadmap for further investigation, better 

design and development of porous carbons, and can ultimately pave the way for practical 

applications of capacitive deionization. 
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CHAPTER 1 

                                                                 INTRODUCTION 

 

1.1 Thesis Organization: 

 

This thesis is organized into four chapters. Chapter 1 articulates the main questions that this 

research work is focused on and what are the approaches that have been considered in order to 

answer these questions. Additionally, this chapter also includes the motivation behind this research 

by illustrating the challenges associated with accessing clean water and how desalination could be 

one of the solutions toward tackling one of the most challenging problems in our planet. 

Additionally, this chapter includes an introduction and background about the capacitive 

deionization technology as a promising desalination approach, and the theory behind the CDI. 

Chapter 2 presents two approaches to address the first question of this research “can the 

synthesized hierarchical porous carbons, HPC, by the ice templation approach be used as an 

effective electrode material for electric double layer applications?”. The first approach covers the 

electrochemical evaluation of the synthesized HPCs through utilization of the standard toolbox of, 

i.e. galvanostatic charge/discharge, cyclic voltammetry, impedance measurements, long cycling 

charge/discharge for stability purposes. The second approach, evaluates a series of HPCs as 

capacitive deionization electrodes and compares their performance with other high surface area 

commercial carbons. 

Chapter 3 investigates the pore structure–performance relationship for HPCs as electrode material 

for capacitive deionization experiments. In order to assure a systematic investigation, the evaluated 

HPCs in CDI were classified into two categories; category 1, which includes predominantly meso-



macro porous carbons, and category II which includes a combination of multilevel of porosities 

(i.e. micro-meso-macro) porous carbons. Category I carbons was chosen to answer the following 

question “how tuning the mesopore size, mesopore volume and BET surface area affect the final 

performance of meso-macro porous carbons?”, while category II was considered to address the 

following question “how different mesopore structure behave as capacitive deionization electrode 

after the introduction of micropores?”.  In order to investigate the impact of introducing micropores 

to mesopore structure two design strategies were adopted; varying mesopore volume or mesopore 

size.  Chapter 4 offers conclusions and the main findings of this thesis and outlines the future work. 

 

1.2 Motivation 

 

As of today, having access to clean water is considered to be one of the major challenges that has 

a huge impact into the living organisms in our planet. Since 2012, the world economic forum has 

considered water crisis among the top five risks in our planet[1]. According to the world health 

organization, at least 2 billion people use contaminated drinking water [2]. The consequence of 

this fact is so intense to the point that there are 1800 deaths every day (mainly children under five 

years old) because of water related diseases[3]. According to the United Nations, water scarcity 

affects more than 40% of the global population and is projected to rise as the world’s population 

is predicted to reach to above 9 billion[4]. This increase in the population comes with a huge 

demand for drinking water and water with a quality that serves the industrial and agricultural needs. 

Unfortunately, less than 0.3% of fresh water in our planet is accessible and the remaining is either 

salty water (around 98%) or non-accessible freshwater[5]. Hence, the continuous consumption of 

the natural resources alongside with the increase in the global population and demands place 



enormous challenges to the world that we live in. This is a complicated problem that requires a the 

collective efforts of different sectors (i.e. education, health, government. etc) in order to tackle this 

severe issue.  

Desalination is viewed as one of the feasible approaches to bridge the gap between the rising water 

demands on the accessible water. For years the desalination community is participating in solving 

this problem by introducing new innovative approaches and/or by pushing the limits of the exiting 

desalination technologies. Up to today, there are several desalinations methods that have been used 

as a means toward increasing the percentage of available water[6]. These different desalination 

techniques can be classified according to the energy that is required to execute the desalination 

process. The most common water desalination and water treatment techniques that are widely 

adopted are thermal based as in multi-stage flash distillation MSF, and mechanical based 

technologies as in reverse osmosis RO[7]. Moreover, the thermal separation is considered to be 

the best option in term of salt removal efficiency.  

There are challenging aspects that usually are considered when evaluating any desalination 

technique. These challenges are mainly associated with the total cost (including the cost of 

operation and maintenance), the energy efficiency with regard to operating the desalination 

process, and the secondary environmental contamination[8].  

Thus, although the thermal separation is considered to be the best option in terms of the salt 

removal efficiency, the large quantity of fuel that is required to heat the system in order to 

evaporate the salty water leads to a high desalination cost[9]. Furthermore, the membrane fouling 

in RO along with the chemicals that are needed to clean and regenerate the membrane results in 

higher unfavorable expenses costs. Nowadays, more and more efforts are dedicated toward 

lowering the operation cost of RO by advancing the membranes technology[10]. 



1.3 Capacitive Deionization CDI technologies 

The fundamental process of the capacitive deionization technique relays on the concept of electric 

double layer capacitor. Upon the polarization of two separated carbon plates, the ions in the 

electrolyte are forced to diffuse toward the charged surfaces in order to screen and compensate the 

charge in the other phase (the electric charge in the carbon). As a result, the ions will be 

electrostatically held at the interface between the charged surface and the electrolyte (see Fig. 1). 

Recently, the capacitive deionization technique has gained attention as a promising water 

desalination approach. Notably, the first reports that introduced and explained the electrosorption 

concepts date back to 1960s as shown in Fig. 2. Since 2008, the publications in the capacitive 

deionization field have exponentially increased in order to advance this technology and pave the 

way for their commercial uses [11]. The capacitive deionization community is trying to tackle a 

number of aspects with regard to advancing the CDI technology.  

These aspects include but are not limited to: 

• Provide mathematical models to quantitatively and qualitatively understand the 

electrosorption behavior of porous carbons[12–14]. 

• Design and synthesis of promising CDI electrode material in order to boost their salt 

capacitance and provide easy pathways for the ion transports[15–20]. 

• Investigate the side reactions and the long-term cycling of the porous carbon material[21-

23]. 

• Optimize the CDI operation conditions in order to maximize the CDI performance[24–26].

  

Large portion of the reported studies have dealt with proposing a wide variety of carbon-based 

material as promising electrode materials. The electrode material is considered to be the heart of 



capacitive deionization technique. There are number of factors which are important to consider 

when selecting or designing the electrode material of CDI technology. The electrode material has 

to be: 

• Inert so it can withstand the electrosorption testing conditions without degrading or 

resulting in unfavorable side reactions. 

• Conductive in order to effectively utilize the supplied charges for the ions adsorption. 

• High surface area in order to increase the adsorption sites for the ions. 

•  Possessing an open structure in order to provide easy pathways for the ion transport in/out 

the structure. 

• Synthesized using environmentally friendly, cost effective and scalable approaches. 

 

Figure 1 Schematic diagram of the capacitive deionization process. [21] 



 

 

Figure 2 Time line of scientific development of capacitive deionization CDI, indicating 
milestones since the inception of CDI in 1960.[21] 



 

 

These are some of the important features that the electrode material should exhibit in order to be 

suitable and promising for CDI application. Designing the porous structure for the capacitive 

deionization electrode should consider the type and the size of ions that need to be removed. 

Typically, capacitive deionizing experiments are carried out using sodium chloride NaCl solution 

with defined concentrations. There are two sizes that have to be considered; bare ion size and 

solvated ion size. The sodium, Na, and chloride, Cl, bare ion size are; 0.95 oA and 1.81 oA, 

respectively. Furthermore, for the solvated ion size the Na+ and Cl- has the following sizes; 3.58 

oA and 3.32 oA, respectively[27]. Thus, increasing the pore size larger than the ion sizes will help 

in providing easy pathways for the ions accessibility and transportation in/out of the porous carbon 

structure. 

 One of the above-mentioned features for the electrode material is the existence of high surface 

area. High surface area can be reached by endowing the structure with high fraction of small pores. 

However, materials that possess only small pores suffer from kinetic limitations for the ions to 

diffuse in/out of the material matrix. Thus, the strategic approach to tackle this problem is to 

synthesize a structure that exhibits more than one level of porosity, in which the small pores 

(micropore less than 2 nm) exist alongside with larger pores such as mesopores (between 2 and 50 

nm) and/or macropores (above 50nm). Besides the contribution of the larger pores toward the salt 

capacity, most importantly they provide transport channels for the ions to diffuse inside the carbon 

matrix.  Hence, the existence of more than one level of porosities can utilize the available surfaces 

by making them easily accessible.  



Since this thesis will explore the impact of different pore size on the CDI performance, it is 

important to clarify the pore structure terminologies that are used in this thesis. Here we adapted 

the International Union of Pure and Applied Chemistry (IU-PAC) methods, where pores are 

defined by their pore size and the pore definition is independent of the type of porous material, 

pore shape (e.g. cylindrical, slit-shaped etc ...) and pore location (inside the particle or between 

particles)[27].  

Basically, there are three levels of porosities and each level is associated with a range of pore sizes:  

• Macropores which include all pores that are larger than 50nm. 

• Mesopores which include pores that are between 2 and 50 nm. 

• Micropores which include pore that are less than 2 nm. 

 

1.3.1 Theory of CDI: 

There are number of models which have been proposed in order to understand and quantitatively 

describe the ion transport and adsorption at the carbon surface/electrolyte interface. Helmholtz 

assumed that the electric double layer is basically composed of a single condensed layer with zero 

net charge. In this model, all the surface charges are totally and equally compensated by the counter 

charged ions in the electrolyte[27]. In other words, for every electron transfer between one carbon 

electrode to the other, one cation (positively charged ion) will diffuse toward the cathode 

(negatively charged electrode) in order to compensate a negative charge on the carbon surface, and 

one anion (negatively charged ion) will transport toward the anode (positively charged electrode) 

to compensate a positive electronic charge. Hence, one molecule (in case of monovalent ions) is 

removed by each electron charge transfer from one electrode to the other.  



In 1924 Stern suggested that the electric double layer is composed of two layers; a condensed layer 

and a diffuse layer, which is called Gouy-Chapman-Stern model (as can be seen in Fig. 3). In the 

diffuse layer (Gouy-Chapman layer) the ions are not condensed in a plane next to the carbon 

surface, however, they are diffusively distributed in this layer due to their thermal motion[28]. 

Notably, the potential and the concentration of the counter ions do not show constant and fixed 

value but rather they exhibit a decaying profile throughout the diffuse layer from the surface of the 

electrode (x). The ion salt concentration is following the Boltzmann distribution as a function of 

potential and temperature (Eq.1);  

𝐶",$ = 	𝐶'()* exp(−𝑍"	𝜓$)                                                                                                           (1) 

Where Zj is the ionic charge number (ion valence) 𝐶",$  is the concentration at specific distance 

from the electrode, Cbulk is the bulk concentration, 𝜓$ is a dimensional voltage V divided by the 

thermal voltage VT (VT= RT/F, where F, R, and T are the Faraday’s constant, the universal gas 

constant and the temperature, respectively).  

The thickness of electric double layer is an important factor to consider especially when dealing 

with porous structures. While the Stern layer thickness is comparable to the hydrated radius of the 

adsorbate ions, the diffuse layer does not have a fixed width. However, the Debye length can be 

used to predict the end of the diffuse layer (around 3 times of the Debye length)[29]. The Debye 

length scales with ionic strength of the electrolyte, for instance an electrolyte with 5 mM and 10 

mM NaCl ionic concentration has Debye length around 4 and 3 nm, respectively, at 20 oC. The 

established electric double layer can have different impact into the ions adsorption, when 

considering the pore size (see Fig. 4). 

 

 



 

 

For instance, smaller pore size can lead to a higher chance for the ions to be impacted by the 

applied potential and in turn increases the percentage of ions adsorbed. In other words, there is 

high possibility for ions to get in the large pores and not get impacted by the applied potential. 

Additionally, as the pore size becomes smaller than the Debye length, it will result in electric 

double layer overlapping to the extent that the concentration and the potential is constant 

throughout the width of the pore[30]. 

Figure 3 Schematic representation of electrical double layer structures according to (a) the 
Helmholtz model, (b) the Gouy-Chapman model, and (c) the Gouy-Chapman-Stern model. The 
double layer distance in the Helmholtz model and the Stern layer thickness ψ4 are denoted by H 
while is the potential at the electrode surface. [28] 
. 



 

 

 

The above implies that each electron charge transfer from one electrode to the other can be 

compensated by two processes; counter-ion adsorption and co-ion desorption. Contrary to the 

Helmholtz model, where the adsorption of one molecule needs only one charge, this model suggest 

that the fewer molecules are removed as part of the supplied charge is consumed to expel the co-

ions. Thus, the deviation of the charge and ion 1:1 compensation ratio result in lower charge 

efficiency which, in turn, is considered to be one of the major disadvantage of the capacitive 

deionization technique. Hence, other approaches such as membrane capacitive deionization MCDI 

is considered to lessen effect of co-ion desorption as a way to enhance the charge efficiency[31].   

 

 

 

 

Figure 4 Schematic and coordinate of an electric double layer capacitor consisting of Stern and 
diffuse layers between two planner electrodes separated by 2L. [28] 
. 
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Chapter 2 

High Salt Capacity and High Removal Rate Capacitive Deionization Enabled 

by Hierarchical Porous Carbons  
.  
 

Abstract 
 

Capacitive deionization, CDI, has emerged as an attractive alternative for water desalination. 

Electrodes based on Hierarchically porous carbons, HPCs, consistently show promising 

electrosorption performance. However, the typically low mesopore fraction and broad pore size 

distribution limit their utilization in practical applications.  Here we report the CDI performance 

of a series of HPCs synthesized via ice templation possessing a high fraction of mesopore volume 

(85 to 93% of total porosity) and tight control over the amount and the size of mesopores (~ 6 nm). 

Electrochemical measurements indicate high rate capability (82% salt retention) and outstanding 

cycling stability performance (100 % capacitance retention over 600 cycles at 0.76 A g-1). In the 

CDI experiments, the HPCs display high salt capacity (up to ~ 13 mg g-1) and consistently 

outperform other high surface areas commercial carbons. The existence of high fraction of 

mesoporosities enables better utilization of the accessible surfaces of HPCs where the introduction 

of micropores leads to more than 80 % increase in the salt capacity. The HPCs reported here can 

serve as model electrode systems in studies to delineate the impact of mesoporosity (pore size and 

volume) on CDI performance and they may pave the way for practical CDI applications.   

 
 
 
 
 
 
 
 

 



1. Introduction 

The scarcity and the decline in the quality and the quantity of freshwater is a potential threat 

to the sustainable development of human society[1]. Since 2012, the world economic forum 

global risks, has rated water crisis as one of the highest and most impactful global risks[2]. 

In order to tackle the freshwater scarcity and increase the supply of freshwater, a number 

of water desalination technologies have been developed and used over the last few decades. 

However, most of traditional desalination technologies require high-energy, high capital 

cost and produce secondary chemical wastes. Thus, there is an enormous need for 

innovative and inexpensive alternative desalination techniques[3,4]. 

Capacitive deionization (CDI) has emerged as an attractive alternative approach, which can 

be cost effective for brackish water treatment comparing with state-of-the-art reverse 

osmosis (RO) technology[5]. Since 2008, the number of publications in capacitive 

deionization has been exponentially increased, which indicates more interests in 

understanding, developing and pushing the limits of this promising technique[6]. Water 

desalination by capacitive deionization is based on the principle of the electric double layer 

capacitor ELDC, where the charged ions such as Na+ and Cl- can be electrosorped from the 

aqueous solution and electrostatically stored on the counter-charged electrode surfaces 

through the application of voltage from an external power source[7]. Once the external 

voltage is removed, the trapped ions can be released back to the solution, which results in 

rejuvenation of the electrodes. Therefore, the textural characteristics[8] and chemical and 

physical properties[9] of the materials used for the electrodes can play significant roles in 

the capacitive behavior and more specifically in the amount and the rate of the accumulated 

ions at the electrode accessible surfaces. 



Both high salt capacitance and easier mass transfer of ions in/out of the electrode material 

are among the crucial requirements to push the limits and advance the capacitive 

deionization technology[10]. Up to now, a wide range of carbons such as activated 

carbons[11–13], carbon aerogels[14,15], carbon cloths[16], graphene[17], carbon 

nanotubes[18], carbon-based composites [19–21], mainly mesoporous carbons[22–24], 

hierarchical porous carbons[25–29] have been used as electrode material in capacitive 

deionization tests. Specially, activated porous carbons have been widely examined in the 

capacitive deionization community due to their high specific surface area, which is 

considered to be the main contributor for high salt capacitance.  

However, several studies conducted by using activated microporous carbons show that the 

measured BET surface areas and the salt capacity of the carbons are not always 

proportionally related which is mainly ascribed to the existence of non-accessible surfaces 

by the ions and high mass transfer resistance[30,31]. Therefore, some researchers proposed 

mesoporous carbons to be more efficient and beneficial for the deionization process due to 

better utilization of the available surfaces and easier accessibility and penetration of the 

ions compared with activated microporous structure[23,26,32–34]. However, the 

superiority of microporous carbons in the electrosorption tests is still debatable[35]. 

Recently, a study showed high salt capacitance can be achieved by a microporous carbon 

and more specifically with structure that possesses micropores less than 0.7 nm[36].  

In order to mitigate the drawbacks associated with mass transfer and electric double layer 

overlapping, and simultaneously harness the benefits of higher surface area and higher 

electric fields that come with microporous structure[37], innovative ongoing efforts have 

attempted to integrate the advantages of micropores and mesopores by fabricating porous 



structures that possess multi levels of porosities[38]. Although many studies proposed 

hierarchical porous carbons with multi-level of porosities as promising structure to advance 

the capacitive deionization technology, still to date there are not many HPCs which have 

been used in capacitive deionization (compared with other electrochemical applications). 

Besides there are many challenges associated with the synthesis, cost and characteristics of 

these types of materials. Traditionally, the formation of pores can be made through the use 

of hard or/and soft templates[28,39]. Unfortunately, the use of soft templates such as 

surfactants and block-copolymers could result in high-cost and secondary environmental 

pollution[40]. In addition, the synthesis of porous inorganic materials or special 

nanoparticles to be used as hard templates is usually associated with complicated multi-

steps, time consuming and costly procedures[41]. Furthermore, although there is general 

notion about the advantages of using mesopores, still many of examined HPCs as capacitive 

deionization electrodes exhibit lack of tight mesopore size control (broad BJH 

peaks)[27,42,43], and the total pore volumes consists of small fractions of mesopore 

volume which are additional challenges that need some attention. In order to investigate 

and fully comprehend the impact of using mesopores for electrosorption processes, it is 

crucial to use HPC that allow tight control of mesopore size (sharp peak in BJH plot) as 

well as pore volumes.  Besides the electrosorption role, mesopores can act as mediating 

channels to facilitate the ions transfer to/from micropores[44]. Therefore, increasing the 

ratio of mesopores volume from the total pore volume Vmeso/Vtotal can lead to higher salt 

capacity and/or higher rate of salt removal. Many of the reported commercial and 

synthesized carbons possess low Vmeso/Vtotal ratio (below 50%)[33,42,43]. Recently, there 

were a number of successful attempts to fabricate HPC with higher Vmeso/Vtotal ratios (up to 



roughly 72%)[32,45]. Therefore, in order to develop better understanding about the impact 

of HPCs as capacitive deionization electrodes, more efforts introducing a variety of HPCs 

with wide range of textural characteristics (surface areas, pore sizes, pore shapes), physical 

and chemical properties are needed. 

  Here we present the capacitive deionization performance of 3 series of HPCs with 

very high surface areas up to 1877 m2 g-1, high pore volumes up to 2.4 cm3 g-1, tight control 

of mesopore size (~ 6 nm), and most importantly high fraction of meso pore volume 

(Vmeso/Vtotal above 85%), which consider to be among the highest values with similar 

systems reported for capacitive deionization.  

Our synthesis approach, which was reported previously by our group[46], to produce 

tunable interconnected macro-, meso-, and microporosity combines three steps; ice 

templation in the presence of a hard template (colloidal silica), and physical activation, 

respectively. Besides simple, reproducible and greener synthesis, this approach to fabricate 

HPC mitigates the high-cost problems associated with many HPC by using inexpensive and 

widely available starting materials.  

Due to our ability to control and tune the textural characteristics, the impact of introducing 

micropores to hierarchical porous carbons that are dominated by mesopores in 

electrosorption was also investigated. Benefiting from high surface area, large pore volume, 

high fraction of mesoporosities, interconnected and open structure, our HPCs exhibit high 

salt capacity and high electrosorption rate, up to ~ 13 mg g-1 and optimum removal at ~ 4 

mg g-1 min-1 respectively.  In addition, we benchmark our HPCs to other high surface areas 

commercial carbons.   The HPCs synthesized in our lab consistently outperform the 

commercial carbons indicating that the intricate network of hierarchical porosity is critical 



for good performance. The capacitive behaviour and cycling performance was evaluated 

using cyclic voltammetry tests and galvanostatic charge-discharge in a concentrated and 

diluted NaCl solution 1 M and 5 mM, respectively. Our HPCs exhibit high specific capacity 

up to 160 F g-1 in 1 M NaCl at 0.8 A g-1, with excellent stability and absence of any faradaic 

reaction even after 600 cycles under galvanostatic charge-discharge tests. Furthermore, the 

open structure of the HPC helps to maintain excellent specific capacitance retention (above 

85%) at 10 times higher current density (8 A g-1).  Moreover, all the synthesized porous 

carbons were evaluated in impedance tests to evaluate the inner resistance and the 

capacitive behaviour of the electrodes. The impedance results coincide well with other 

electrochemical characterization findings as well as the electrosorption values. The 

presented results emphasize and signify the superiority of our HPCs as promising 

candidates in the capacitive deionization technology. Most importantly, besides introducing 

such a high rate and salt capacity electrodes, we also believe our approach with tight control 

over the porosity can be used as a model system to precisely study the effect of textural 

characteristics in the capacitive deionization performance[47].  

 

 

 

 

 

 

 



2.Experimental 

2.1. Synthesis of hierarchical porous carbons, HPCs  

HPCs were synthesized using a slightly modified process previously reported by our 

group[46]. For convenience, the samples are denoted by Syz, where S is the average size 

(nm) of the colloidal silica template used (as provided by the supplier) and y/z is the weight 

ratio of silica to sucrose. Briefly, 412NA HPC carbon was prepared by dissolving 4.5 g 

sucrose in 15 g of a 15 wt.% colloidal silica suspension to achieve 2:1 mass ratio of sucrose 

to silica. The mixture was further diluted by adding 7.5 g of deionized water before it was 

frozen by plunging into liquid nitrogen and then it was immediately transferred to a freeze 

dryer to sublime off the grown ice crystals for over 2 days. To prevent ice from melting 

during the drying step, the melting point of the solid mixture remains above room 

temperature under the vacuum conditions of 0.014 mBar. The silica-sucrose composite was 

then carbonized at 1050 °C for 3 h under argon at a heating rate of 3 °C min-1. After that, 

the silica was etched out by stirring in a 3 M sodium hydroxide solution at 80 °C overnight. 

Following, the sample was repeatedly rinsed and washed with deionized water until the pH 

reached 7. Finally, the sample was dried in a vacuum oven at 80 °C for 24 h.  To activate 

the carbons, CO2 gas was flowed over the sample in a tubular furnace at a flow rate of 40 

cm3 min-1 at 950 °C.  NA refers to non-activated samples while A stands for the activated 

samples for x hours (H). 

 

 

 

 



2.2. Electrochemical Characterization 

All electrochemical experiments were carried out on a Solartron electrochemical 

workstation at room temperature. Electrochemical performances were evaluated by cyclic 

voltammetry, galvanostatic charge-discharge and impedance tests in a three-electrode 

configuration with the porous carbons, platinum wire and Ag/AgCl as a working electrode, 

counter electrode and reference electrode, respectively. The working electrode was 

prepared by making a slurry of 85 wt.% HPC, 5 wt.% SuperP carbon black, and 10 wt.% 

polyvinyledene fluoride (PVDF) binder; the binder was dissolved in N-methyl-2-

pyrrolidone (NMP) with 50: 1, NMP : PVDF weight ratio. The slurry was then cast onto 

graphite current collectors with an area around 1 cm2 using doctor blade. The mass of HPC 

in the evaluated electrode is between 1-3 mg.  From the galvanostatic charge–discharge 

(GCD) the specific capacitance Cs were calculated from the slope of discharge curves using 

the following equation: 

 

𝐶𝑠 = 	 𝐼	∆𝑡 𝑚	Δ𝑉<                                                                                                                            (1) 

 

where  𝐶=   (F g−1) is the specific capacitance, 𝐼 (A) is the constant discharge current, ∆𝑡 (s) 

is the discharging time, m (g) is the mass of the active material in the working electrode, 

and ΔV is the voltage drop upon discharging (excluding the iR drop). 

For the cyclic voltammetry (CV) analysis, 𝐶=   is obtained from the following equation: 

 

𝐶= = 	
∫ 𝐼	𝑑𝑉

2𝑚𝑣Δ𝑉<                                                                                                                     (2) 

 



where  𝐶=   (F g−1) is the specific capacitance, I (A) is the response current, m(g) is the mass 

of the active material in the working electrode, ΔV is the potential window at which the 

electrode being cycled, and v is the potential scan rate.  

 

2.2.1.Electrode preparation 

Both electrodes the cathode and the anode were prepared with same slurry proportions of 

porous carbon, binder and conductive materials that was used in the electrochemical 

analysis. However, the slurry here was cast onto graphite current collectors (6 x 6 cm2 

sheets) and a 1.8 cm2 hole area in the middle, to make ~ 60 microns thick film. The coated 

film was then dried at 70 °C in an oven overnight and then in a vacuum oven at 70 °C for 

at least 2 h in order to remove all the organic solvents. The range of the final mass of the 

hierarchical porous carbon in each electrode is between 20-30 mg.  

2.3. Batch mode capacitive deionization experiments 

Each test was performed on one cell composed of two parallel-coated graphite sheets 

separated by two porous glass fiber spacers (thickness ~350 microns/each separator). The 

cell is placed and pressed in a rectangular plexiglass housing, and tightly sealed by O-ring 

and rivets. In each CDI experiment, 5 mM NaCl salt solution with 48 mL total volume is 

continuously circulated between the outside reservoir and the deionization cell using a 

peristaltic pump with a constant flow rate of 25 mL min-1 (see Fig. S1a). The salt solution 

is introduced to the cell through two holes in the plexiglass housing surrounding all sides 

of the electrodes before flowing through the spacers between the electrodes and forced to 

flow outside the reservoir through a middle hole in the cell (see Fig. S1b). A pH electrode 

(Orion 8102BNUWP ROSS Ultra) in a custom-made pH flow-through cell with 1 mL 



volume was placed between the cell and the outside reservoir to record the pH variations 

during the electrosorption experiments. The conductivity was monitored and measured 

through a conductivity electrode placed in the outside reservoir, and the relationship 

between the concentration and the conductivity was calibrated before each test. Each cycle 

consists of two stages; an adsorption stage lasting for a period of 65 minutes and with a 

direct positive voltage 1.2 V, and a second stage for the desorption step with 2 hours 

duration at zero voltage. All the new electrodes were soaked at least 24 hours in deionized 

water prior to the CDI tests.  All reported salt capacity at the applied 1.2 V were calculated 

not from the first but from subsequent cycles. The electrosorption salt capacity (G, mg g-1) 

of each carbon was calculated according to Eq.(3): 

G = BCDECFGH
I

                                                                                                                      (3) 

where 𝐶J and 𝐶K  are the initial and final NaCl salt concentration (expressed in mg L-1), 

respectively, 𝑉 is the total volume of NaCl salt solution (L) and 𝑚 is the total mass of the 

carbon in both electrodes (g).  

Charge efficiency was calculated by the following equation: 

Λ = 	 M	N	O
å
				                                                                                                                          (4) 

Where S (mol g-1) is the electrosorption capacity, F ( 96485 C mol-1) is the Faraday contestant, 

and å  (C g-1) is the total charge according to the integrated current response. 

Average adsorption rate was calculated by the following equation: 

𝑨𝑺𝑨𝑹 = G

𝒕
                                                                                                                                      (5) 

where t is the adsorption time. 

 



2.4. Structural characterization 

Nitrogen adsorption and desorption isotherms were obtained at 77 K using a Micrometrics 

ASAP2020 instrument. Specific surface area and pore volume were calculated using the 

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) models, respectively, applied 

on the adsorption branches of the adsorption-desorption isotherms.  

For XPS Samples were analyzed using a Surface Science Instruments SSX-100 with operating 

pressure ~2x10-9 Torr. Monochromatic Al Kα x rays (1486.6 eV) with 1 mm diameter beam size 

was used. Photoelectrons were collected at a 55° emission angle. A hemispherical analyzer 

determined electron kinetic energy, using a pass energy of 150 V for wide/survey scans, and 50 V 

for high resolution scans. A flood gun was used for charge neutralization of non-conductive 

samples. 

Raman spectra were recorded with a Renishaw InVia Confocal Raman microscope with an 

excitation power of 10 mW at 514 nm.  

3. Results and discussion 

3.1. Morphology of hierarchical porous carbons HPCs 

Our synthesis approach leads to very open interconnected carbon frameworks with high 

surface area (up to 1877 m2 g-1), controllable mesopore size (~ 6 nm) and tunable pore 

volume (up to 2.4 cm3 g-1).  The process is based on a simple and scalable method using 

inexpensive and widely available precursors.  The hierarchical porous carbons were 

prepared via first ice templating a suspension of colloidal silica (hard template) with 

sucrose (carbon precursor) in liquid nitrogen at 77 K, followed by freeze drying, 

carbonization, and etching out the silica from the carbon. The high rate freeze-casting step 

by liquid nitrogen allows the grown ice crystals to prevent aggregation of the silica particles 

by locking them in place. As a result, tight mesopore size control can be easily achieved 

with excellent fidelity to the size of the colloidal silica used.  



The sublimation of the ice crystals produces macropores, which act as open channels 

connecting the mesopores within the carbon framework. This foam-like morphology with 

an extensive network of mesopores was confirmed by transmission electron microscope 

(TEM) images, as shown in Fig. 1. The TEM images are in good agreement with N2 

adsorption data.  

Table 1 summarizes the textural properties of all synthesized carbons evaluated using 

nitrogen adsorption at 77 K.  The introduction of micropores was confirmed from the 

increase in surface area while the micropore volume was obtained using the t-Plot analysis 

method. The BET surface area and the total pore volume for the synthesized samples ranges 

from 747 m2g-1 and 1.13 cm3 g-1 to 1877 m2 g-1 and 2.4 cm3 g-1. Table 1 illustrates that after 

the carbonization step the carbon mainly possesses mesopores, since the micropore volume 

is only less than 5 % of the total pore volume. This small amount of microporosity for the 

non-activated carbon can be attributed to the evaporation of volatiles formed during 

carbonization of sucrose[48]. After activation for 3 hours, the BET surface area and pore 

volume of 412A3H increased by 687 m2 g-1 and 0.62 cm3 g-1, respectively. 412A3H shows 

much higher micropore surface area (4 times) and micropore volume (5 times) compared 

with 412NA.  



 

 
Fig.  3 SEM images for hierarchical porous carbon reveal; (a) surface texture that replicate the 
sublimated ice crystals, (b) roughed surface that is consistent with a smaller mesoporous structure. 
High-resolution TEM images of as-prepared (c,d) 412NA HPC showing foam-like morphology 
with interconnected disordered mesopores that replicates well the size of silica template. 

 
 
 
 
 
 
 



Table 1 Textural characteristics of the synthesized HPCs obtained via nitrogen adsorption at 77 
K. 

 

Therefore, the activation step results in higher surface areas, pore volumes, micropore 

surface area and pore volume. This was further confirmed by considering sample 412A4H, 

which was activated for 4 hours. Remarkably, the surface area increases to 1877 m2 g-1 and 

the micropore surface area becomes 6 times higher compared with the non-activated sample 

412NA. Both the mesopore and micropore volume increase with the activation treatments 

which can be attributed to formation of new pore (i.e. micropores, small mesopores) and 

widening of the pre-existing mesopores. Notably, the average pore size did not change 

significantly, which indicates that the activation process did not ruin the pristine mesopore 

structure of 412NA. Accordingly, 412A4H possesses a hierarchical porous structure with 

abundant micropores.  

Fig. 2a shows the nitrogen adsorption-desorption isotherms of all samples. The plots can 

be classified as type IV with a clear condensation step (hysteresis loop) starting at 

p/p0 ≈ 0.6, confirming the presence of mesopores[49]. For the non-activated carbon 

412NA, this condensation step occurs due to the presence of uniform mesopores of average 

size of 5.3 nm corresponding to the sharp peak in the pore-size distribution plot. These 

pores correlate well with the size of the colloidal silica template used. These results indicate 

 
Carbon 
material 

Surface  
area 
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(m2 g-1) 

Micropore 
area 
SMicro  
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(cm3 g-1) 
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Mesopore 
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 (cm3 g-1) 
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pore 
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(nm) 

 

 
VMeso / 
VTotal  

 

        
412NA 747 100 1.13 0.048 1.082 5.3 0.95 

412A3H 1434 478 1.75 0.24 1.51 5.7 0.86 

412A4H 1877 611 2.4 0.3 2.1 6.04 0.87 
 



the absence of aggregation of silica, which is attributed to the existence of enough sucrose 

to wrap the silica particles and keep them dispersed in the suspension. 

 

 

 

 

 

 

 

 

For both activated samples 412A3H and 412A4H, the BJH pore size distribution show more 

broaden peaks compared with 412NA consistent with an increase in the BET surface area 

and pore volume (see Fig. 2b). This broadening can be attributed to the creation of new 

pores and the widening of the existing mesopores as well.  

XPS measurements were performed to quantitatively analyze the surface chemical 

composition of the synthesized HPCs. Fig. 3a shows the XPS spectra of the synthesized 

HPCs (412NA, 412A3H, and 412A4H), in addition to HPC-NE, which refers to HPC after 

the calcination and prior to the silica template removal step. According to Fig. 3a the HPC-

NE prior to the silica template etching exhibits peaks that correspond to carbon, oxygen 

and silicon with the atomic percentage around 30.7, 52.3 and 17 at. %, respectively. For all 

the HPCs, the etching step leads to a dramatic increase in the carbon peak, noticeable 

Fig.  4 (a) Adsorption-desorption isotherms and (b) BJH pore size distributions plots of 
412NA, 412A3H and 412A4H HPCs, obtained via nitrogen sorption measurement at 77 
K. 

(a) (b) 



decrease in the oxygen peak, and complete disappear of the silicon peaks that correspond 

to the silica template. Notably, the XPS spectra revealed that all the HPCs have a dominant 

carbon peak and a limited oxygen peak with atomic percentage above 90 at. % and below 

10 at. %, respectively (see table S1). 

Raman scattering spectroscopy characterization can provide valuable information about the 

local structures and electronic properties of HPC’s. Normally, Raman spectra can be fitted 

with two distinct peaks: the G-peak associated to the scattering of E2g mode that is related 

to sp2 atoms stretching (G-band) and D-peak corresponds to the A1g mode caused by the 

structural defects and imperfections that are associated with the disordered carbon structure 

(D-band)[50]. Fig. 3b shows the Raman spectra for the synthesized HPC’s with the G-band 

and D-band centered around 1580 cm-1 and 1360 cm-1, respectively. 

The intensities ratios (ID / IG) for 412NA, 412A3H and 412A4H are 0.82, 0.86, 0.92, 

respectively. These results indicate that the degree of the structural disorder for the HPC’s 

increases with the activation process as the micropores were introduced into the carbon 

structure resulting in relatively higher intensities for the D band. 



 

 

 

 

 

 

 

 

 

 

3.2. Electrochemical behavior 

 

Galvanostatic charge-discharge tests were carried out to investigate the capacitive 

performance of hierarchical porous carbons. Electric double layer capacitive behavior 

mainly displays a linear triangular profile during the charge/discharge process[51]. The 

specific capacitance of the tested carbons can be calculated from the discharge step using 

eqn (1). Fig. 4a shows the typical galvanostatic charge/discharge curves of the hierarchical 

porous carbons in 3-electrode configuration at 0.8 A g-1 in 1M NaCl solution. Clearly, all 

the electrodes possess similar linear triangular charge-discharge profiles. The discharge 

duration of 412A4H is relatively longer than 412A3H and 412NA, reflecting a substantially 

improved capacitance (see Fig. 4b) after the activation treatment of the porous carbons due 

to a significant increase in BET surface area from 747 m2 g-1 (412NA) to 1877 m2 g-1 

(412A4H). The capacitance of 112 F g-1 for 412NA non-activated carbon with mainly 

mesopores, increased significantly by 42 % to 160 F g-1 for 412A4H at 0.8 A g-1. Since the 

capacitive behavior depends on the charge storage of the accessible surfaces, the effect of 

Fig.  3 (a) XPS spectra and (b) Raman spectra of the synthesized HPCs (412NA, 412A3H, 
and 412A4H ). HPC-NE is the carbon prior to silica template etching. 

 

(a) (b) 



pore characteristics such as pore size, shape and geometry lead to different pore solution 

resistance. Thus, the decrease in the specific capacitance with the higher applied current 

densities is attributed to an increase in the potential difference between the tip (mouth) and 

the base of the pore as the pore tip can charge faster compared with the bottom of the 

pore[52].  

The rate capability is another important aspect, which help to evaluate how much the carbon 

can maintain capacitance at higher current densities. Fig. 4c displays the rate capabilities 

of 412A4H at a wide range of current densities from 0.8 to 8 A g-1. The specific 

capacitances of 412A4H based electrode calculated from galvanostatic charge/discharge 

curves based on eqn (1) are 160, 157, 150, 137 F g-1, at current density of 0.8, 1.6, 4, 8 A 

g-1, respectively, showing high specific capacitance for a wide range of current densities. 

These results indicate that even at high current densities, 412A4H still exhibit excellent 

specific capacitance retention (above 85%). 

The iR drop of the HPCs shows much lower values compared with other carbons tested in 

the same conditions. While 412A4H displays (0.022 V) iR drop at 0.8 A g-1 in 1 M NaCl 

solution, others reported in the literature show higher values; ordered mesoporous (0.2 

V)[53], three-dimensional hierarchical carbons (0.13 V)[53] three-dimensional graphene-

based hierarchically porous carbon composites (0.2 V)[54]. The superiority of 412A4H 

HPC compared with other reported carbons can be explained by the existence of very open 

and interconnected structure with high fraction of mesopores (Vmeso / Vtotal = 0.86). Thus, 

412A4H has lower resistance for ions migration through the carbon structure.  

Cyclic voltammetry tests were carried out to further study the capacitive capabilities and 

behavior of the hierarchical porous carbons. Typically, the resulted cyclic voltammetry 



curves exhibit a rectangular current response for an ideal electric double layer 

capacitor[51]. The specific capacitance at different sweep rates can be calculated from CV 

curves by using eqn (2). CV curves for 412A4H in 1 M NaCl solution obtained at a wide 

range of scan rates are shown in Fig. 4e. The CV curves for 412A4H display nearly 

rectangular shapes with steady increase and decrease in the current with electric potential, 

indicating the absence of any faradic electrochemical redox reactions and that the salt ions 

are physically adsorbed into the carbon surface through Columbic interactions. Thus, the 

CV behavior is mainly due to the formation of EDL capacitance.  

 

 

 

 

   

 

 

(a) (b) (c) 

(d) 
(e) (f) 

Fig.  4 (a) Galvanostatic charge-discharge curves of the 412NA, 412A3H and 412A4H carbons 
at a current density of 0.8 A g-1; (b) Capacitance of HPCs calculated from the discharge curves 
according to (a); (c) Galvanostatic charge-discharge curves of  412A4H at  a range of current 
densities ; (d) the iR drops of 412A4H as a function of current density according to (c); (e) Cyclic 
voltammetry curves of 412A4H electrode at various scan rates; and (f) specific capacitances 
versus scan rates calculated from (e). All the curves obtained in a 1 M NaCl aqueous solution.  



However, increasing the scan rates leads to curves deviating from the typical rectangular 

shape. Fig. 4f presents the calculated specific capacitances from CV curves at different 

sweep rates. The specific capacitance of 412A4h ranges from 120 F g-1 up to 150 F g-1  

at scan rates of 50 and 2 mV s-1, respectively. Obviously, the higher the sweep rate the 

lower the capacitance. This decrease in the capacitance and the deviation from ideal 

rectangular shape with increasing of the sweep rates is due to inadequate time for the salt 

ions to transport from the electrolyte and penetrate into the porous structure and develop  

the electric double layer[55]. The specific capacitance of 412A4H at 5 mV s-1 is high 

compared with other porous carbons reported in the literature including ordered 

mesoporous (90 F g-1)[53], activated carbon (56 F g-1)[56], polyaniline modified activated 

carbon (101 F g-1)[56] three-dimensional hierarchical carbons (120 F g-1)[53], and three-

dimensional graphene-based hierarchically porous carbon composites(109 F g-1)[54]. 

These results can be ascribed to the existence of abundant micropores and high fraction of 

interconnected mesopores.   

Electrochemical impedance spectroscopy (EIS) has also been used to measure the electrical 

conductivity and the ability of storing electrical energy for our HPC carbons. The double 

layer capacitive behavior can be studied further by electrochemical impedance spectra[57].  

A Nyquist plot measured for electrodes based on our HPCs in 1 M NaCl electrolyte solution 

is shown in Fig. 5.  The plot represents graphically the imaginary component of the 

impedance measurement (Z’’) as a function of its real resistive component (Z’). Each point 

in the graph corresponds to a specific frequency. Typically, the Nyquist plots consist of two 

distinct regions starting from a linear region at low frequency values at the right side of the 

plot, which is associated with the diffusion of the salt ions and capacitive behavior derived 



from EDL, and an arc semicircle region at high frequency located at the left side of the plot, 

which is due to electrode polarization.  The characteristics of the latter can reveal more 

information about the charge transfer rate and the infiltration of ions into the porous 

structure of the carbon[58].  

The Nyquist plots of 412NA, 412A3H and 412A4H display a straight inclined line at low 

frequencies corresponding to the Warburg impedance Zw. Generally, the more vertical and 

short the line the higher is the capacity of the electrode and the lower is the ion diffusion 

resistance into the porous structure. Among the tested carbons, 412A4H shows the shortest 

and steepest slope compared with the others, which is attributed to a more accessible and 

interconnected open structure. As a result, the salt ions can diffuse faster in 412A4H 

structure compared with 412A3H and 412NA. Ideally, the slopped line in the low frequency 

region should be a vertical line, however, due to the complicated diffusion and migration 

of the salt ions, transport into the porous surface texture and relatively low electrolyte 

concentration, it is common for porous carbons to display such deviation[26,59].  

In addition, the Warburg impedance is only considered in the low frequency region as the 

ions can penetrate into the carbon porous structure. On the other hand, at high frequency 

the diffusing process minimally affects the electrode process because at high frequency the 

ions cannot diffuse further inside the carbon matrix, hence, the Warburg impedance is 

neglected at higher frequency[60]. 



 

 

 

 

 

 

 

 

 

At high frequency, the imaginary component Z” tends to become zero and the intersection 

of the plot with the real axis gives a Z’ value, which represents the equivalent series 

resistance (ESR) of the electrode.  ESR can reveal more information about the electrolyte 

resistance, inner resistance of the electrodes and the resistance that exists between the 

electrode material and the graphite current collector sheets[61]. As shown in the inset of 

the Fig. 5, the ESR values of both activated samples (412A4H and 412A3H) are lower 

compared with non-activated sample 412NA. This is because 412A3H and 412A4h exhibit 

all three levels of porosities (micro-, meso-, macro pores) which provide more transport 

channels and fast/easy pathways for the ion transfer and low inner resistance. Hence, 

412A3H and 412A4H possess less internal loss and faster charge transfer. These results 

suggest that 412A3H and 412A4H can be an efficient electrode material for capacitive 

deionization applications. 

Fig.  5 Electrochemical impedance spectra (presented as Nyquist plots) of the synthesized 
HPCs (412NA, 412A3H, 412A4H) electrodes in 1 M electrolyte solution. The inset is the 
high frequency region. 



In order to simulate the concentration at which the carbons will be used in capacitive 

deionization, the porous carbons were evaluated at 5 mM NaCl electrolyte concentration. 

Generally, the electrolyte resistance decreases with the increase of electrolyte 

concentration. Since the electrolyte concentration affects the characteristics and the rate of 

the formation of electric double layer, the CV curves appear more distorted from the ideal 

rectangular shape (compare Fig. 4e and Fig. S5)[62]. 

Fig. 6a shows a comparison between the 3 different carbons in galvanostatic charge-

discharge tests at different 0.37 A g-1 in 5mM with higher iR drops compared with the same 

measurements at 1M. The specific capacitance for 412NA, 412A3H and 412A4H are 21, 

37 and 60 F g-1, respectively. In addition to the higher calculated specific capacitance, 

412A4H exhibit lower iR drops (0.24 V) compared with 0.32 and 0.44 V for 412A3H and 

412NA, respectively. These results indicate less inner resistance and easier ion transport 

into the pore network for the open structure that possess three levels of porosities (micro-, 

meso, macro) as in 412A4H.  

Fig. 6b displays the cyclability and stability of the 412A4H based electrode under 600 

successive charging-discharging cycles at 0.71 A g-1 in 5mM NaCl solution.  Clearly, all 

the galvanostatic charge-discharge curves maintain the typical linear and almost symmetric 

triangular shape suggesting that the reversible electric double layer is the only contributor 

to the final specific capacitance[63]. In addition, 412A4H shows no decay for the discharge 

capacity even after 600 cycles and it maintains the same discharge duration as can be seen 

in Fig. 6c. Notably, the specific discharge capacity increased slightly over cycling from 

64.7 to 71.6 F g-1 for the 2nd and 600th cycle, respectively. The observed high stability is 

attributed mainly to the absence of any faradaic reactions due to the chemical inertness of 



the carbon against the electrolyte ions and the high EDL capacitance contribution[64].  

From the above we conclude that the 412A4H hierarchical porous carbon with high specific 

capacitance and lower resistance, in addition to excellent cyclic reversibility and stability, 

would show superior and advantageous capacitive performance in capacitive desalination 

applications. 
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3.3. Capacitive deionization performance 

Upon polarizing the porous carbon electrodes, the anions (Cl-) and cations (Na+) in the 

spacer channel start to migrate and be adsorbed on the counter charged surfaces, thereby 

forming extensive double layers. Therefore, the solution conductivity will change as the 

ions start to be immobilized within the porous carbon structure. Fig. 7a displays the typical 

conductivity profile for batch mode electrosorption test. Once the electric field is applied, 

the conductivity initially decreases sharply and then the decrease becomes more gradual 

until equilibrium is reached. By releasing the voltage, the immobilized ions will be free to 

migrate back toward the spacer and flow outside the cell, which, in turn, translated into to 

an increase in the conductivity reading until it reaches back to the initial value. Fig. 7b 

shows the current flowing into the electrodes during the full cycle (adsorption/desorption) 

for the three synthesized HPCs. 

 

 

Fig.  7 The conductivity profile for 412A4H HPC (a) and the current profile of the cell for the full cycle 
(b) and for the beginning of the adsorption cycle (c) during the capacitive deionization experiment at 
1.2 V in 5 mM NaCl solution. 

(a) (b) (c) 



When a potential of 1.2V is applied all the three carbons display similar current profile, 

where the current starts with an initial value and then decays until it reaches to a certain 

level. Notably, the initial current density in fig.7c increases from 2 to 5.6 A g-1 for 412NA 

and 412A4H, respectively, suggesting higher salt removal capability for carbons containing 

micropores.  

Fig. 8a shows the salt capacity of the three porous carbons tested at 1.2 V and around 5 mM NaCl 

solution and calculated using eqn (3). Sample 412NA with its structure dominated by mesopores 

has salt capacity ~ 7 mg g-1. Notably due to the unique way to fabricate our HPCs, the salt capacity 

can be easily tuned by controlling the type and the amount of porosity exist within the structure of 

the of the carbon electrodes. 412A3H is produced by introducing micropores to the carbon matrix, 

for example, by physically activating 412NA for 3 hours.  The resulting salt capacity is 10 mg g-

1. Further activation of 412NA for 4 hours can produce 412A4H with almost double the salt 

capacity of the original non activated sample (~13 mg g-1), which is considered to be among the 

highest reported salt capacity values in capacitive deionization[65]. Thus, a significant increase in 

the salt capacitance can be accomplished by the addition of micropores while maintaining almost 

the same mesopore size (see Fig. 8b). Hence our approach to synthesis HPCs can easily and 

precisely investigate the impact of introducing micropores to a specific dominant mesopore size 

in capacitive deionization experiments. All the three HPCs show comparable charge 

efficiency; 0.64, 0.58, 0.43 for 412N, 412A3H and 412A4H, respectively. For conventional 

CDI, the charge efficiency is always much less than unity due to the co-ion expulsion which 

consumes certain amount of electric charge[10].  

To delineate the effect of porosity and surface area on performance, in addition to the HPC 

carbons, two types of commercial carbons were evaluated as capacitive deionization 



electrodes; one consisting mainly of micropores and the other containing both micro and 

mesopores (see Fig. S3 and Fig. S4 for their textural characteristics). The x-axis in Fig. S6 

shows the salt capacity of both commercial carbons. Obviously, the commercial carbon 

with both micro/mesopores structure (Vmeso / Vtotal = 0.73) and BET surface area of 1260 m2 

g-1 shows comparable salt capacity compared with the non-activated carbon 412NA that 

has almost 41 % lower BET surface area (747 m2 g-1). Another extra high surface area 

activated carbon (commercially available from MTI Corp.) with 1803 m2 g-1 BET surface 

area and 0.47 cm3 g-1 pore volume was tested. The commercial activated carbon with 

mainly micro- pores (Vmeso / Vtotal = 0.07) shows a high salt capacity with around 10 mg g-1 

which is similar to our hierarchical porous carbon 412A3H, although 412A3H possesses 

more than 20% lower surface area (1434 m2 g-1) compared with the commercial carbon.  

 

 



 

This remarkable increase in the salt capacitance can be attributed to 1) The existence of 

macropores channels (replica of the ice crystals) serving as ion-buffering, which can 

facilitate and shorten the transport of the ions to interior structure, more specifically to 

stronger electric double layer surfaces (i.e. the mesopores and the micropores)[66]; 2) the 

higher mesopore volume, which can enhance the transportation rate of the ions and 

participate in the electrosorption process[31,67]; and 3) the abundance of micropores with 

stronger electric field which leads to an increase in the salt capacity of the electrode[68].  

To investigate the impact of the applied voltages in the final salt capacity between the 

mesoporous structure and micro/meso, the non-activated carbon 412NA and highly 

activated carbon 412A4H were evaluated at different voltages. Fig. 9 compares the salt 

capacitance SAC for 412NA and 412A4H electrodes evaluated from 0.6 to 1.2 V in 5 mM 

NaCl solution. Clearly, as the voltage increased the salt capacity increased as well. This 

(a) (b) 

Fig. 8 Salt capacity of (a) the 412NA, 412A3H and 412A4H carbons at 1.2V and (b) Relation 
between BET surface area and pore volume with the salt capacity of HPCs. All the results were 
obtained at 5 mM NaCl aqueous solution. 



increase of salt capacity with applied voltage is in accordance with other reported 

studies[25,27]. Interestingly, both carbons show roughly more than 100 % increase in the 

salt capacity when the applied voltage double from 0.6 to 1.2 V.  However, the 412A4H 

electrode shows higher salt capacitance at all voltages compared with 412NA.  

 

 

 

 

 

 

 

 

 

Fig.  9 The salt capacity of 412A4H carbon at various applied potential in 5 mM NaCl 
solution. 



 

 

The relation between applied voltage and the corresponding capacity varies when 

comparing between the two carbons. For the activated sample 412A4H, the salt capacity 

decreased by 40, 31, and 28 % when the voltage was increased in increments of 0.2 V.  

In contrast, for the non-activated carbon 412NA there was no trend in the capacity changes 

as the changes fluctuated from 60 to 11 to 40 % when the applied voltage ranged from 0.6 

V to 1.2 V. These findings suggest that there is a difference in the formation and the 

characteristics of the electric double layer between mesoporous and micro/meso porous 

carbons.  

The salt capacity value is indicative of how much salt can be removed, when the voltage is 

applied; however, it gives no information about the desalination rate. Hence, average salt 

adsorption rate (ASAR) is used as another metric to describe the kinetics of the salt 

adsorption[15]. Generally, the increase in charging time leads to higher salt capacity. On 

the other hand, the shorter the charging time results in faster adsorption rate (higher ASAR). 

Kim and Yoon proposed capacitive deionization CDI Ragone plots as a novel concept that 

combines salt capacity (SAC) and average salt adsorption rate (ASAR) to represent and 

visualize the desalination performance[69]. Fig. 10 illustrates the CDI Ragone plots for the 

synthesized hierarchical porous carbons. As mentioned above the CDI Ragone plot can be 

used to study the influence of the pore structure on the desalination performance. For 

example, by comparing the CDI Ragone plots for 412NA and 412A4H carbons under the 

same testing conditions, we conclude that that the introduction of microporosity during the 

CO2 physical activation to highly mesoporous carbon results in a shift to the upper right 



corner indicating higher removal rate and salt capacity. Furthermore, an optimum 

performance can be achieved and adjusted by indicating the maximum value of the product 

of ASAR by SAC (1). It is worth to mention that the optimum values for both carbons are 

reached after around 2 minutes of charging and 68 % of the maximum salt capacity for 

412NA and 412A4H with ASAR 2.1 and 4.3 mgg-1min-1, respectively.  

 

 

 

 

 

 

 

 

 

Fig. 10 Salt adsorption rate in a flow-by CDI cell with static film electrodes versus the salt 
adsorption capacity for 412NA, 412A3H and 412A4H carbons. 



To our knowledge, under sub equilibrium condition the calculated ASAR for 412A4H 4.3 

mgg-1min-1 under the applied voltages 1.2 V in 5 mM NaCl solution and ~ 60 microns 

thickness is considered to be the highest reported value[65].  Since there are several other 

factors that can affect the ASAR besides the materials structure and properties, we believe 

it is better to compare the ASAR values between electrode materials tested in the same cell 

configuration, using the same film thickness and the same testing protocol. Clearly, 

412A4H is almost 2 times faster than the non-activated sample 412NA.  In addition, besides 

the higher salt capacity our hierarchical carbons maintain higher removal rate compared 

with carbons available commercially (see Fig. S6 to compare 412NA vs. Activated 

charcoal, 412A4H vs. carbons from MTI Corps). These results indicate that the existence 

of high fraction of mesopores alongside with the abundant micropores is highly beneficial 

for boosting the salt removal rate during the electrosorption experiments.  

During the adsorption step the co-ions and counter-ions will simultaneously be desorbed 

and adsorbed, respectively. Since, the calculations of the average removal rate ASAR 

typically show higher value at sub-equilibrium salt capacity, the ASAR can be enhanced 

by using an ionic exchange membrane where the co-ions will be blocked from reaching the 

charged electrodes. Thus, further investigations were carried out to explore the effect of 

using ionic exchange membranes with 412NA non-activated carbon as the electrode. 

Experimentally, both an anion and cation exchange membranes were placed in front of the 

anode (+ve) and cathode (-ve), respectively. Fig. 11 displays a comparison in the removal 

rate and salt capacity between the bare 412NA and 412NA with the ionic exchange 

membranes in place. Notably, Fig. 11 presents a significant improve in the salt removal rate 

after the addition of the ionic exchange membranes.  



 

 

 

 

The results suggest that the high mesopores fraction (Vmeso / Vtotal) and open structure of 

HPCs results in higher average salt removal rate. In addition, the presence of porosity at all 

levels (macro-meso-micro) alongside with the tight control over the mesopores (size and 

volume) represent an advantageous materials design leading to simultaneous increases in 

salt capacity and improvements in the desalination rate. 

 

 

Fig. 11 Salt adsorption rate in a flow-by CDI cell with static film electrodes vs. the salt adsorption 
capacity for bare 412NA and 412NA with ion exchange membranes at 1.2V in 5 mM NaCl 
solution. 



4. Conclusions 

In summary, ice templation coupled of a mixture of sucrose and a hard template (SiO2) 

followed by physical activation is a simple and scalable method to produce mesoporous 

hierarchical porous carbons. The HPCs thus produced possess multi-level of porosities 

(micro-, meso-, macro-pores) with high specific surface areas up to 1877 m2 g-1, high pore 

volume (2.4 cm3 g-1) (Vmeso/Vtotal above 85 %) and tight control over mesopore size (~ 6 

nm). 

Using them as a working electrode the HPCs were electrochemically analyzed in cyclic 

voltammetry, galvanostatic charge-discharge and impedance tests. These measurements 

showed that HPCs have good electrochemical performance with specific capacitance up to 

160 F g-1 in 1 M NaCl at 0.8 A g-1. Notably, the 412A4H carbon showed high rate 

capabilities (higher than 82 % at 10 times higher current density 8 A g-1). In addition, 

412A4H showed an excellent cycling stability with the absence of faradaic reactions even 

above 600 cycles. 

All the HPCs were evaluated as an electrode in a batch modes capacitive deionization 

experiments. Due to the existence of an open structure and high fraction of mesopores for 

all the synthesized HPCs, the non-activated hierarchical porous carbons 412NA with 

surface area around 747 m2 g-1 displayed almost similar salt capacity as capacitive 

deionization electrode compared with commercial carbon that exhibits 71 % higher surface 

area (1260 m2 g-1). Notably, the combination of high mesopores fractions and abundance 

micropores as in 412A4H carbon leads to more than 80 % higher salt capacity (~13 mg/g) 

compared with 412NA carbon which only possesses mesopores. The high salt capacity and 

high rate of removal can be attributed to better utilization of the available surfaces of HPCs 



due to the existence of high mesopore fraction which can enhance the ions transport and 

simultaneously participate in the electrosorption alongside with the micropores.  
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Fig. S 1  (a) Lab-scale capacitive deionization setup; the inset is a schematic of the 
adapted batch mode protocol;(b) Schematic of capacitive deionization cell. 

(a) 

(b) 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                  (*) Non-etched carbon “NE” which refers to carbon prior to silica template etching. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S 1 Atomic concentrations of various hierarchical porous carbons obtained via XPS 

 Carbon C  [at. %] O [at. %] Si [at. %] 

HPC-NE* 30.7 52.3 17 

412NA 93.8 6.2 0 

412A3H 92.8 7.2 0 

412A4H 95.44 4.6 0 



 
 
Fig. S2 shows the change of pH during an adsorption/desorption full cycle. While the pH 

value is changing during the adsorption, it is more neutral and stable during the desorption 

step. In the first half of the cycle, during the adsorption step, the pH initially increases to 

become more basic (pH» 8.7) before it decreases back to a value close to the initial value 

at the beginning of the test.  

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. S 2 pH profile for 412A4H HPC for a full cycle during the electrosorption experiment at 1.2 
V in 5 mM NaCl solution. 



 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

(a) (b) 

Fig. S 3 (a) N2 sorption isotherm and (b) BJH pore size distribution for Activated charcoal. 

(a) (b) 

Fig. S 4 (a) N2 sorption isotherm and (b) BJH pore size distribution for Commercial carbon from 
MTI Corps. 



 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 

Fig. S 5 Cyclic voltammetry curves of 412A4H electrode at various scan rates obtained in a 5 mM 
NaCl aqueous solution. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S 6 The average salt adsorption rate (ASAR) in a flow-by CDI cell with static 
film electrodes vs. the salt adsorption capacity (SAC) for Activated charcoal and 
Commercial carbon from MTI Corps. 
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Chapter 3  

Design and Synthesis of Hierarchical Porous Carbons: Optimizing the 

Performance of Capacitive Deionization Electrodes 

 
 

Abstract 

Capacitive deionization, (CDI) has emerged as a promising alternative approach that competes 

effectively with other existing water desalination techniques. Electrodes based on Hierarchically 

Porous Carbons, HPCs, consistently show promising electrosorption performance. However, the 

typically low mesopore fraction and broad pore size distribution and other limitations associated 

with the synthesis of HPCs limit their utilization as model systems in correlating the textural 

characteristics and the CDI performance. Here we report for the first time a systematic 

investigation using a wide range of tightly control primary mesopore size (6 -17 nm), surface area 

(646 - 1877 m2 g-1), pore volume (1.13- 4.5 cm3 g-1) and high mesopore fraction (85- 99 %) 

synthesized by the ice templation approach and correlate to their CDI performance. Larger 

mesopores are preferable for faster ion removal as they can provide easier pathways for the ions 

to diffuse and establish the electric double layer. However, smaller mesopores are more preferable 

in order to achieve higher salt capacity. While for meso-macro HPCs the salt capacity scales up 

with the BET surface area, HPCs that contain all levels of porosity (i.e. micro-meso-macro )do not 

show such correlation.  Besides the excellent CDI performance reported, the model systems 

enabled by the ice templation synthesis allow to delineate the role of several materials design 

parameters and correlate with their electrosorption behavior. 

 

 



1. Introduction 

The World Economic Forum has consistently identified water shortage among the top global risks 

over the last several years[1].  Thus, pushing the limits of existing and developing new techniques 

for desalination technologies have become a critical imperative towards resolving the shortage and 

inaccessibility to pure water. Capacitive deionization, CDI has emerged as a promising alternative 

to other more conventional desalination techniques[2].  

The concept of capacitive deionization relies on the basis of electric double layer formation at the 

interface between the electrode surfaces and the ionic solution, which results in temporary 

immobilization of ions (Capacitive) and consequently reduces the ions concentration in the 

solution (deionization)[3]. Therefore, increasing the amount of the accessible surfaces to the ions 

is critical toward maximizing the capacitive deionization performance. Typically, carbon is used 

as the active material for the electrodes and is considered to be at the heart of this application. 

Up to now, various types of carbons have been synthesized and evaluated as active material for 

capacitive deionization electrodes.  They include carbon aerogels[4–6], carbon fibers[7,8] , 

graphene[9–11], activated carbon[12–14], mesoporous carbon[15–17], hierarchical porous 

carbons[18–21], and composite carbon[22,23]. 

Specially, activated porous carbons have been widely studied due to their high specific 

surface area, which is theoretically considered to be the main contributor toward high salt 

capacity. From the materials side, high surface areas can be easily achieved by synthesizing 

porous carbons with abundant micropores, however, this level of porosity has been 

associated with two main issues; 1) kinetic resistance for the ion transport in/out of the 

carbon structure[24], 2) electric double layer overlap, which might eliminate the 

contribution of many of the available micropores[25].  However, in 2006 Chimola et al. 



working against the common notion about the effectiveness of small pores they showed 

that an anomalous increase in the charge capacitance can be attained by pores that are 

smaller than the size of solvated ions[26].  Similarly, by using carbide-derived carbon 

Porada et al. showed the significance of sub-nanometer pores for ion adsorption[27]. While 

the impact of the electric double layer overlap in small pores during electrosorption is still 

debatable, many (including those that showed the relevance of sub-nanometer pores[28]) 

believe that an electrode material with structure that posseses only micropores is not 

preferable for the electrosorption because such design leads to non-accessible surfaces by 

ions and high mass transfer resistance. Despite the limitation of micropores that are 

associated with ionic diffusion, it is still believed that micropores are an important 

ingredient of the porous structure for higher ion adsorption due to the resulting higher 

surface area and higher electric fields. 

On the other hand, mesoporous materials represent another class of porous carbons, which have 

been widely regarded by several researches as preferable for an optimum performance. Besides 

the role mesopores play toward the salt capacity, they also they play a crucial role during the 

electrosorption experiments by providing easy pathways for ion transport in/out of the carbon 

matrix. Hence, mesopores can increase the accessibility of the carbon surfaces and potentially 

enhance the salt removal rate.  Up to now, various types of mesoporous carbons have been 

successfully synthesized and evaluated as capacitive deionization electrodes[15,29–31]. Some of 

these studies have reported better electrosorption performance compared with activated, micropore 

bearing only carbons. However, mesoporous carbons typically exhibit low surface areas compared 

to those based on micropores.  



Recently, there have been several efforts to design hierarchical porous structures that integrate 

both micro- and mesoporosity as a means to develop efficient electrosorption materials[32–34]. 

Hence, amongst different types of carbon structures, hierarchical porous carbons have been 

proposed as promising materials for capacitive deionization electrodes due to their excellent 

electrosorption performance. The textural characteristics of these hierarchical carbons suggest the 

significance of the coexistence of micropores and mesopores toward high salt capacity and fast 

salt removal. Despite the good deionization performance of the reported HPCs, there are number 

of challenges that are associated with the adapted approaches to synthesize HPCs. Most of the 

reported synthesis of HPCs typically involve complicated steps, costly procedures, and might 

result in secondary environmental pollution[35]. Another issue with most of the adapted 

approaches is related to the limitation of synthesizing various carbons with wide range of pore 

characteristics. In spite of the importance of mesopores as part of the HPCs, still many HPCs lack 

the tight mesopore size control (instead they exhibit broad BJH peaks) as a result of template 

aggregations or other factors, along with a low mesopore fraction[36,37]. Consequently, these 

challenges limit the HPCs wide utilization in correlating between the textural characteristics and 

the CDI performance in order to optimize and maximize the benefits of the HPCs as an electrode 

material.  

A number of studies have correlated the pore structure such as pore size, pore volume, pore size 

distribution, and surface area with capacitive deionization performance. Wang et al. investigated 

the performance of six activated carbons with narrow range of pore volume (0.5-1.1 cm3g-1) and 

wide range of surface area(917-2030 m2g-1)and they showed that the salt capacity and mesopore 

volume positively correlate with the specific surface area. They also found that the  carbon with 

the highest mesopore fraction (40%) exhibit better electrosorption performance  [38]. Other 



researchers reaches similar conclusions where they confirmed the superiority of structures that 

combine micropores and high fraction of mesopores[39,40]. Porade et al. evaluated four 

microporous carbons (two carbide-derived carbons and two commercial carbons) with surface area 

ranging between from 1100 to 1700 m2 g-1, total pore volume (0.43-0.7 cm3/g) and pore size less 

than 2nm as capacitive deionization electrode[27]. Interestingly, they found that while both of the 

BET surface area and pore volume show negative correlation with salt capacity, the salt capacity 

positively correlates with pore volume of sub-nanometer pores. Similar conclusion was reached 

by Amir et al., where they compared the electrosorption performance of three activated biochar 

(dominated by micropores, mesopores or a combination of micropores-mesopores) with the 

mesopore fraction up to 72% and surface ranging from 971 to 1674 m2 g-1 mesopore volume (0.09 

- 0.94 cm3 g-1) average pore size (1.9 - 2.97 nm)[41]. They found that carbons with similar sub-

nanometer pore volume exhibited similar amount of monovalent removal regardless of BET 

surface area and pore volume. Yeh et al. studied the impact of tuning the mesopore ratio of 

activated carbons with wide range of surface areas (903 - 2481 m2 g-1)[12]. Despite that their work 

was limited by narrow range of total pore volume (0.99 - 1.5 cm3 g-1) and only had mesopore 

fraction less than 75%, they found that the coexistence of large fraction of mesopores along with 

the micropores, increase the accessible surfaces and ultimately enhance the electrosorption 

process. In another study by Porada et al. the contribution of pore volume toward the final salt 

capacity depended on the pore size. They also found that designing a carbon structure with a multi-

level of porosity (micro, meso, macro) is a strategic approach toward advancing the performance 

of the electrodes[42]. Although most of these studies covered a wide range of surface areas, they 

focused on porous carbons that exhibit narrow pore volume range, mesopore fraction less than 

80%, limited pore volume (less than 3 cm3 g-1) and mesopore size less than 4nm.  Hence, it is still 



unknown whether the reported correlations hold for higher pore volumes, higher mesopore 

fractions and higher mesopore sizes. In addition, some of these studies employed different types 

of carbons with varied precursors and synthesis conditions leaving many other variables such as 

degree of graphitization or surface chemistry untested. Therefore, in order to investigate and fully 

understand the impact of using mesopore containing carbons for electrosorption processes, it is 

crucial to evaluate HPCs that are synthesized using the same precursors and under similar 

conditions, and potentially allow tight control of mesopore size (i.e. carbons with a sharp peak in 

BJH plot) along with the ability to tune pore volume over a wide range. 

Here we report for the first time a systematic investigation using HPCs covering a wide range of 

primary mesopore size (6 - 17 nm), surface area (646 - 1877 m2 g-1), pore volume (1.13 - 4.5 cm3 

g-1), mesopore fraction (85 – 99 %) and more importantly narrow pore size distribution.  The HPCs 

were synthesized using the same precursors and enabled by the ice templation approach. The 

adapted synthesis approach eliminates other effects that might arise from using different precursors 

or different synthesis conditions.. Due to the ease of precise and tight control over the mesopore 

size and volume that our approach provides, the resulting carbons represent excellent model 

systems to study the effect of varying the mesopore structure on performance. Understanding the 

role of the materials design parameters of porous carbon on the electrosorption is especially 

important to maximize the capacitive deionization electrode performance.  

To assure a systematic probing of the relationship between the pore matrices and the 

electrosorption performance, the synthesized porous carbons were categorized into two main 

groups; category I includes predominantly meso-macro porous carbons and category II includes 

carbon with a combination of of porosities (micro-meso-macro ). For the category I, the target is 

to investigate how tuning the mesopore size, mesopore volume and the BET surface area affect 



the final performance.  For category II, the aim is to understand how different mesopore structures 

behave as capacitive deionization electrodes after the introduction of micropores.  The outcomes 

of this study (i.e. the existing correlations, broad trends, synergetic effects of micro-meso structure) 

can contribute toward advancing our understanding about the role of some of  the design 

parameters on the ions adsorption and ultimate performance.  

 

2.Experimental 

2.1 Synthesis of hierarchical porous carbons, HPCs  

The synthesized HPCs are classified into two categories according to their level of porosities. 

Category I: meso-macro porous carbons  

HPCs were synthesized using a slightly modified process previously reported by our 

group[43]. For convenience, the samples are denoted by Syz, where S is the average size 

(nm) of the colloidal silica template used (as provided by the supplier) and y/z is the weight 

ratio of silica to sucrose. This category includes non-activated carbons, which are denoted 

by NA. Briefly, 412NA HPC carbon was prepared by dissolving 4.5 g sucrose in 15 g of a 

15 wt.% colloidal silica suspension to achieve 2:1 mass ratio of sucrose to silica. The 

mixture was further diluted by adding 7.5 g of deionized water before it was frozen by 

plunging into liquid nitrogen and then it was immediately transferred to a freeze dryer to 

sublime off the grown ice crystals over 2 days. To prevent ice from melting during the 

drying step, the melting point of the solid mixture was chosen to be above room temperature 

under the vacuum conditions of 0.014 mBar. The silica-sucrose composite was then 

carbonized at 1050 °C for 3 h under argon at a heating rate of 3 °C min-1. After that, the 

silica was etched out by stirring in a 3 M sodium hydroxide solution at 80 °C overnight. 



Following, the sample was repeatedly rinsed and washed with deionized water until the pH 

reached 7. Finally, the sample was dried in a vacuum oven at 80 °C for 24 h.  All the carbons 

in this category are denoted by NA which means non-activated carbon. 

 

Category II: micro- meso-macro porous carbons 
To introduce micropores, CO2 gas was flowed over the sample in a tubular furnace at a 

flow rate of 40 cm3 min-1 at 950 °C for different times (H). All the samples in this category 

are denoted by A which means an activated carbon. For instance, 2021A1.5H is an activated 

version of the 2021NA, and the duration of physical activation is 1.5 hour. 

 

CDI electrode preparation  

Both cathode and anode were prepared by making a slurry of 85 wt.% HPC, 5 wt.% SuperP 

carbon black, and 10 wt.% polyvinyledene fluoride (PVDF) binder; the binder was 

dissolved in N-methyl-2-pyrrolidone (NMP) with 50 : 1,  NMP : PVDF weight ratio. The 

slurry was then cast onto graphite current collectors (6 x 6 cm2 sheets) with a 1.8 cm2 hole 

area in the middle, to make ~ 60 microns thick film. The coated film was then dried at 70 

°C in an oven overnight and then in a vacuum oven at 80 °C overnight in order to remove 

all the organic solvents. The range of the final mass of the hierarchical porous carbon in 

each electrode is between 20-30 mg.  

 

Batch mode capacitive deionization experiments 

Each test was performed on one cell composed of two parallel-coated graphite sheets 

separated by two porous glass fiber spacers (thickness ~350 microns/each separator). The 



cell is placed and pressed in a rectangular plexiglass housing, and tightly sealed by O-ring 

and rivets. In each CDI experiment, 5 mM NaCl salt solution with 48 mL total volume is 

continuously circulated between the outside reservoir and the deionization cell using a 

peristaltic pump with a constant flow rate of 25 mL min-1. The salt solution is introduced 

to the cell through two holes in the plexiglass housing surrounding all sides of the electrodes 

before flowing through the spacers between the electrodes and forced to flow outside the 

reservoir through a middle hole in the cell. A pH electrode (Orion 8102BNUWP Ross 

Ultra) in a custom-made pH flow-through cell with 1 mL volume was placed between the 

cell and the outside reservoir to record the pH variation during the electrosorption 

experiments. The conductivity was monitored and measured through a conductivity 

electrode placed in the outside reservoir, and the relationship between the concentration 

and the conductivity was calibrated before each test. Each cycle consists of two stages; an 

adsorption stage lasting for a period of 65 minutes and with a direct positive voltage of 1.2 

V, and a second stage for the desorption step with 2 hours duration at zero voltage. All the 

new electrodes were soaked at least 24 hours in deionized water prior to the CDI tests.  All 

reported salt capacity at the applied 1.2 V were calculated after the first cycle. The 

electrosorption salt capacity (G, mg g-1) of each carbon was calculated according to Eq.(1): 

G = BCDECFGH
I

                                                                                                                 ( 1 ) 

where 𝐶J and 𝐶K  are the initial and final NaCl salt concentration (expressed in mg L-1), 

respectively, 𝑉 is the total volume of NaCl salt solution (L) and 𝑚 is the total mass of the 

carbon in both electrodes (g). The average salt removal rate ASAR was calculated by the 

following Equation (2): 

𝐴𝑆𝐴𝑅XY	YZI[\$=	M]^_	`]a]`b_c	de	efghij	(Ik	klm)
nZI[	$	(obpq_r)

                                                             ( 2 ) 



 

Structural characterization 

Nitrogen adsorption and desorption isotherms were obtained at 77 K using a Micrometrics 

ASAP2020 instrument. Specific surface area and pore volume were calculated using the 

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) models, respectively, 

applied on the adsorption branches of the adsorption-desorption isotherms. Raman spectra 

were recorded with a Renishaw InVia Confocal Raman microscope with an excitation 

power of 10 mW at 514 nm. X-ray photon spectroscopy XPS (Surface Science Instruments, 

SSX-100) with monochromatic Al K-α x-rays (1486.6 eV) was used to analyze the surface 

chemistry of the synthesized HPCs.  

 

Electrical conductivity  

A lab-made 4-point probe setup was used to measure the electrical conductivity of the synthesized 

carbon powders. Briefly, a pressure of 8000 psi was applied to press the carbon particles inside a 

mold which has two metal ends. Upon passing a known current, the potential across the sample 

was measured by using two metallic probes separated by a fixed distance[44]. 

 

 

 

 

 

 



3. Results and discussion 

3.1. Morphology of hierarchical porous carbons HPCs 

Our synthesis approach leads to a series of HPCs that exhibit very open interconnected 

frameworks with high surface area (up to 1877 m2 g-1) and tunable pore volume (up to 4.5 

cm3 g-1).  The process is based on a simple and scalable method using inexpensive and 

widely available precursors.  The hierarchical porous carbons were prepared via first ice 

templating a suspension of colloidal silica (hard template) with sucrose (carbon precursor) 

in liquid nitrogen at 77 K, followed by freeze drying, carbonization, and etching out the 

silica from the carbon. The high rate freeze-casting step by liquid nitrogen allows the grown 

ice crystals to prevent aggregation of the silica particles by locking them in place. As a 

result, tight mesopore size control can be easily achieved with excellent fidelity 

corresponding to the size of the colloidal silica used[43].  

The sublimation of the ice crystals produces macropores, which act as open channels 

connecting the mesopores within the carbon framework. This foam-like morphology with 

an extensive network of mesopores was confirmed by transmission electron microscopy 

(TEM), as shown in Figure 1. The mesopore size that replicate the size of silica template 

shown in the TEM images is in good agreement with the N2 adsorption data. 

BJH pore size distribution can provide significant information about the pore characteristics of 

hierarchal porous carbons. Figure 2(a-c) shows the BJH plots for a series of non-activated carbons 

(category I). Initially all the carbons display a single and sharp peak centered around 6, 12 and 

17nm that corresponds well with the size of the silica particles template that were selected during 

the synthesis. For all the carbons increasing the pore volume leads to slight broadening of the BJH 

peaks and slight shift in the main peak as in (412NA, 411NA) and (1211NA, 1221NA). Toward 



the left of the BJH plots a small shoulder appears for all the carbons, which corresponds to small 

mesopores (2 - 4 nm). This shoulder can be attributed to the lack of complete filling of the inter-

particles spaces by sucrose during the ice templation step. Theses spaces converted into pores after 

the etching and carbonization step. Figure 2 (d-f) illustrates the BJH pore size distribution of the 

porous carbons before and after the introduction of micropores during the activation step. While 

all the carbons possess a single main peak, the BJH pore size distribution for the activated samples 

show relatively broader peaks compared with non-activated samples consistent with an increase 

in the BET surface area and pore volume. This broadening can be attributed to the creation of new 

pores (micropores and mesopores) as well as the widening of the existing mesopores [45].  



For some of the carbons (as in 411NA) there is a broad shoulder toward the right of the BJH plots, 

which corresponds to mesopores from 10 to 30 nm. 

 This broadening can be attributed to a slight aggregation of the silica colloidal particles during the 

synthesis steps due to lack of enough sucrose to cover the silica particles.   One way to minimize 

the right shoulder is to increase the fraction of sucrose prior to the freeze-casting.  

 

Figure 5 SEM images for hierarchical porous carbon: (a) surface texture that replicates the 
sublimated ice crystals, (b) roughed surface that is consistent with a smaller mesoporous 
structure. High-resolution TEM images of as-prepared (c,d) 412NA, (e,f) 1211NA HPC 
showing foam-like morphology with interconnected disordered mesopores consistent with 
the size of  the silica template.  
 



This effect can be clearly seen, when comparing 411NA with 412NA, which has double amount 

of sucrose (see figure 2a). Figure 2f depicts the BJH pore size distribution of the 2021NA before 

and after the activation. Although activation leads to an increase in the small mesopores as it is 

shown from the left shoulder, all the carbons still possess one main peak corresponding to the same 

pore size around 17 nm. Besides the BJH, the isotherms can also reveal the nature of porosity. 

Figure 3a displays the isotherms for three non-activated mesoporous carbons that have 6, 12, 17 

nm mesopores size. Clearly all the carbons display one condensation step, which corresponds well 

to the single sharp peak in BJH plots in Figure 2(a-c). The condensation step for 412NA, 1211NA 

and 2011NA starts at   P Po-1 = 0.54, 0.70, 0.74, respectively. The higher the pressure at the 

beginning of the condensation step, the larger the size of the mesopore that leads to such 

condensation[46].  

 



Increasing the pore volume can be achieved by increasing the fraction of the silica template prior 

to the freeze-casting step.  Accordingly, there is a high chance of slight aggregation as there are 

not enough sucrose molecules to wrap the silica template. Thus, increasing the pore volume leads 

to a second condensation step start at 0.89, 0.93 and 0.9 for 411NA, 1221NA and 2021NA as in 

Figure 3b. This second condensation step coincides well with right shoulder that appears in the 

BJH plots (see figure 2(a-c)).  

(a) (b) 

(d) (e) (f) 

Figure 6 BJH pore size distributions plots of category I (a-c) and category II (d-f) HPCs, obtained 
via nitrogen adsorption measurement at 77 K. 

(c) 



Table 1 lists the textural characteristics for a series of hierarchical porous carbons, which can be 

classified into two main categories; non-activated HPCs (category I), and activated HPCs 

(category II). The non-activated carbons mainly possess two level of porosities: mesopores and 

macropores, with surface area from 628 up to 1037 m2 g-1 and pore volume from 1.13 up to 3 cm3 

g-1.  This group corresponds to carbons with 3 primary mesopores; 6, 12 and 17 nm.   For each 

pore size it shows the impact of increasing the fraction of silica template prior to freeze-casting on 

the surface area and pore volume. For example, 412NA has 747 m2 g-1 and mesopore volume 1.33 

cm3 g-1.  However, doubling the fraction of the template leads to 411NA with almost twice the 

mesopore volume (2.176 cm3 g-1) and 26% higher surface area. Although 412NA and 411NA 

possess different pore volumes and surface area, both carbons display almost the same primary 

Figure 7 Adsorption-desorption isotherms  and (b) BJH pore size distributions plots of category I 
(a,b) and category II (c,d) HPCs, obtained via nitrogen adsorption measurement at 77 K. 

(a) 

(c) (d) 

(b) 



mesopore size thanks to the synthesis approach, which allow tight control over the mesopore 

structure.  

The activated HPCs (category II) contains carbons with three level of porosities, micro-meso- and 

macropores, and high surface area up to 1883 m2 g-1 and up to 4.5 cm3 g-1 pore volume. The carbons 

in this group represent the activated version of 412NA, 411NA and 2021NA. The introduction of 

micropores was confirmed from the increase in surface area while the micropore volume was 

obtained using the t-Plot analysis method. For instance, after activating 412NA for 3 hours, the 

BET surface area and pore volume of 412A3H increased by 687 m2 g-1 and 0.62 cm3 g-1, 

respectively. 412A3H shows much higher micropore surface area (4 times) and micropore volume 

(5 times) compared with 412NA. Therefore, the activation step results in higher surface area, pore 

volume, and micropore surface area and pore volume[46]. This was further confirmed by 

considering sample 412A4H, which was activated for 4 hours. Remarkably, the surface area 

increases to 1877 m2 g-1 and the micropore surface area becomes 6 times higher compared with 

the non-activated sample 412NA. Similarly, introducing micropores through the activation step 

results in an increase in the micropores fraction for 2021NA.  



 

The activation of 2021NA for 1 hour results in 163 % increase in the micro surface area, more than 

2 times higher micropore volume, and an increase in the surface area from 1037 to 1542 m2 g-1. 

For 2021A1.5h the micropore surface area increased by 140% after 90 minutes of activation of 

2021NA.  However longer activation of 2021NA also leads to an increase of the small mesopore 

fraction as it is confirmed by higher left shoulder in BJH plot of Figure 2d.  Both the mesopore 

and micropore volumes increase with the activation treatments, which can be attributed to 

formation of new pores (i.e. micropores, small mesopores) and widening of the pre-existing 

mesopores.  Interestingly, the average pore size did not change significantly, which indicates that 

the activation process did not collapse the mesopore structure. Remarkably, all the series of 

hierarchical porous carbons maintain higher mesopore fraction (above 85%) and the same 

mesopore size, which corresponds well to the size of the silica template.  

Carbon

Surface	
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area
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412NA 747 100 1.1 0.05 1.1 6 0.95

411NA 947 59 2.2 0.02 2.2 8 0.98

1211NA 628 112 1.4 0.05 1.3 12 0.96

1221NA 907 112 2.8 0.05 2.8 14 0.98

2011NA 884 176 2 0.08 1.9 17 0.95

2021NA 1037 72 3 0.03 2.9 17 0.99

Ca
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	II
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412A3H 1434 478 1.8 0.24 1.5 6 0.85

412A4H 1877 611 2.4 0.3 2.1 7 0.87

411A3.5H 1581 209 2.8 0.1 2.7 8 0.95

2021A1H 1542 196 3.9 0.1 3.8 17 0.97

2021A1.5H 1823 183 4.5 0.085 4.3 17 0.97

Table 2 Textural characteristics of the synthesized HPCs obtained via nitrogen adsorption at 77 K. 



XPS measurements were performed to quantitatively analyze the surface chemical 

composition of the synthesized HPCs[47]. Figure 4 shows the XPS spectra of all the HPCs 

in category I & II.   In addition 411NE was tested which refers to HPC after the calcination 

and prior to silica template etching step. According to Figure 4 the 411NE prior to silica 

template etching exhibits peaks that correspond to carbon, oxygen and silicon with an 

atomic percentage around 55, 66 and 33 at. %, respectively. For all the HPCs, the etching 

step leads to a dramatic increase in the carbon peak, noticeable decrease in the oxygen peak, 

and complete disappearing of silicon peaks that correspond to the silica template. Notably, 

the XPS spectra revealed that all the HPCs (category I and category II) have a dominant 

carbon peak with atomic percentage above 90 at. % and and a limited oxygen peak (below 

10 at. %,  see table S1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 XPS spectra of all the HPCs that belong in categories I & II. 411NE is 
the carbon prior to silica template etching. 



Raman spectroscopy can provide valuable information about the local structure and 

electronic properties of HPC’s[48].  Normally, Raman spectra can be fitted with two 

distinct peaks: the G-peak associated to the scattering of E2g mode that is related to sp2 

atoms stretching (G-band) and D-peak which corresponds to the A1g mode caused by the 

structural defects and imperfections that are associated with the disordered carbon structure 

(D-band)[49].  Figure 5(a & b) shows the Raman spectra for the HPCs with the G-band and 

D-band centered around 1580 cm-1 and 1360 cm-1, respectively.  Figure 5c displays the 

effect of mesopore volumes in the Raman ratio (ID / IG).  Doubling the mesopore volume 

for 412NA leads to an increase in the intensities ratio from 0.83 to 0.87.  In contrast, 

doubling the mesopore volume of 1211NA and 2011NA shows no effect into the Raman 

ratio. Figure 5d illustrates the difference between Raman ratio of two types of carbons 412 

and 2021 as a function of BET surface area, before and after the activation. Clearly, both 

carbon types 412 and 2021 show consistent increase in the Raman ratio with the surface 

area. Obviously, the smaller the pore size (as in 412 type) the higher is the Raman ratio. 

These results indicate that the degree of the structural disorder for the HPC’s increases with 

the activation process as the micropores introduced into the carbon structure result in 

relatively higher intensities for the D band[50]. 

 

 

 

 

 

 



 

 

 

 

 

Figure 9 Raman spectra of HPCs in category I (a) and category II (b); (c) Raman intensity ratios 
for category I HPCs; Raman intensity ratios of 412 and 2021 HPCs before and after the activation 
treatment. 
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3.2. Capacitive deionization performance of HPCs 

This section presents a systematic study of the porous carbons and the effect on the 

capacitive deionization behavior of HPCs (see figure S2). More specifically, the impact of 

varying the mesopore size, mesopore volume, surface area and the introduction of 

micropores on the current profile, salt capacity and salt removal rate was evaluated and 

studied systemically.  

 

Correlation between pore structure of category I and current profile 

Figure S3 shows the conductivity and current density profile during the electrosorption step for a 

series of HPCs. Theoretically, each electrode in the capacitive deionization technique will act as a 

capacitor during the charging and discharging steps. Thus, upon polarization a high initial value 

appears and then the charging asymptotically approaches zero as the electrode becomes fully 

charged[51]. When a potential of 1.2 V is applied all the HPCs show similar current density profile, 

where the current starts with an initial value, and then the current decays until it reaches to a certain 

level as the ions electrosorped to the electrode surface and screen the charges. The initial value of 

the current density could be used as an indication of the salt removal capability. Figure 6(a-c) 

compares the current density profile for six mesoporous carbons with initial values ranging 

between 1.1 A g-1 and 5.15 A g-1 corresponding to 1211NA and 2021NA, respectively. For all the 

HPCs that belong to category I, increasing the amount of mesoporosity leads to an increase in the 

initial current density. For instance, 1211NA shows initial value around 1 A g-1. Increasing the 

mesopore volume by increasing the amount of silica template prior to the freeze-casting produced 

1221NA with more than three times higher current density initial value (4.3 A g-1). It is worth to 

mention that, when comparing the initial current density values for carbons with different primary 



mesopore size, the initial current density does not show a dependency on the total pore volume; 

instead the current density depends on the surface area and mesopore size. For instance, 411NA 

has higher initial current density (~5.1 A g-1) compared with 1221NA although the former has 

lower pore volume. In addition, by comparing 412NA and 1211NA, where the former has higher 

surface area and the later one has higher pore volume, we show that the 412NA with higher surface 

area shows higher initial current density. Moreover, when considering different HPCs with similar 

surface areas (HPCs with difference in surface areas less than 100 m2g-1) regardless of the pore 

volume, smaller mesopore size leads to higher initial current density values (compare 411NA with 

1221NA and 2011NA). These correlations that exist between pore characteristics and current 

profile correlate well with HPCs CDI performances as it will be discussed later. 

 

Correlation between pore structure of category II and current profile 

Figure 6(c-d) compares the current density profiles between activated and non-activated carbons. 

Clearly, the activated samples always show higher initial current density. Thus, the introduction 

of micropores to the HPCs during the CO2 activation results in higher initial current density values, 

suggesting higher salt removal capability for carbons containing micropores. In contrast to 412NA 

and 411NA, the current density profile for 2021NA show higher values than its activated versions 

2021A1H and 2021A1.5H. Consequently, as it turns out these lower initial current density values 

have an impact on the capacitive deionization performance of the activated HPCs of 20 nm version 

as it will be discussed later. 

 



 

Figure 10 Current density profile of category I (a-c) and category II (d-f) in a batch mode  flow-
by CDI cell with static film electrodes  in 5 mM NaCl solution and at 1.2 V. 

 

 

Correlation between pore structure of category1 and salt capacity 

To investigate the impact of doubling the pore volume for a specific mesopore size on the final 

salt capacity, a series of 6 hierarchical porous carbons, which represent 3 different primary 

mesopore pore sizes 6, 12 and 17 nm were tested.  For each pore size the increase in the pore 

volume leads to higher salt capacity (see figure S5). For instance, for the 6 nm primary mesoporous 

carbons increasing the pore volume from 1.13 to 2.2 cm3 g-1 results in in salt capacity of 6.6 and 

11 mg g-1 , respectively. Notably, the pore size plays a significant role in the relation between the 

pore volume and the final salt capacity. The percentages of the additional salt capacity as a result 

of doubling pore volume are 67, 58, 12 % for 6, 12 and 17 nm, respectively. Figure 7a displays the 

salt capacity obtained during the electrosorption cycle as a function of surface area for a series of 

mesoporous carbons. For HPCs with similar surface areas (HPCs with difference in surface areas 

(a)   (b)     (c) 

(d)   (e)     (f) 



less than 100 m2g-1) regardless of pore volumes, smaller primary mesopore size leads to higher 

salt capacity (compare 411NA (947 m2 g-1, 2.2 cm3 g-1, 11 mg g-1), 1221NA (905 m2 g-1, 2.84 cm3 

g-1, 9 mg g-1) and 2011NA (884 m2 g-1, 2 cm3 g-1, 8 mg g-1)). These results show that as the pore 

size decreases, increasing the pore volume leads to a higher salt capacity. This trend can be 

explained by correlating between the strength of the electric field inside the pore and the pore size. 

Typically, smaller pore size results in higher electric field, which in turn leads to higher salt 

adsorption[52]. These results suggest that hierarchical porous carbons that have smaller mesopore 

offer more room for improving the desalination performance.  

Interestingly, the salt capacity correlated positively with the surface area of porous carbons and it 

did show a steady increase. Notably, the increase in the surface area from 646 m2 g-1 up to 947 m2 

g-1 results in roughly two times higher salt capacity. These results suggest that for mesoporous 

carbons, the higher the surface area the higher the salt capacity. Accordingly, improving the salt 

capacity of the hierarchical porous carbons can be achieved by tuning the BET surface area. Figure 

7b illustrate the dependency of salt capacity on the total pore volume in the region between 1.13 

up to 3 cm3 g-1 (regardless of the pore size). While there exists some correlation between pore 

volume and salt capacity in a specific pore volume region (1.3 - 2.2 cm3 g-1), where the salt capacity 

value increases from an (5.5 up to 11 mg g-1), obviously there is no universal trend in the relation 

between salt capacity and pore volume. Therefore, for mesoporous carbons the salt capacity does 

not necessarily scale with pore volume.  

Figure 7c plots the salt capacity against the primary mesopore pore size from 6 up to 17 nm. 

Clearly, there is no direct correlation with regard to the pore size. Thus, the mesopore pore size 

alone as a design parameter is not explicitly a dominant factor toward high salt capacity. 



To prove the significance of surface area over the pore volume, the salt capacity of two samples 

were compared: 412NA with higher surface area but lower pore volume (747 m2 g-1, 1.13 cm3 g-

1) and 1211NA with lower surface area but higher pore volume (628 m2 g-1, 1.38 cm3 g-1). 

Interestingly, 412NA with higher surface area showed higher salt capacity (6.6 mg g-1) than the 

1211NA with higher pore volume (5.5 mg g-1).   

 

 

While increasing the surface area leads to higher salt capacity, the pore volume and mesopore size 

fail to show such trend. These results suggest that for mesoporous HPCs, the salt capacity scales 

with BET surface area, which makes the surface area a more effective design parameter than pore 

volume and mesopore size to predict and boost the salt capacities of the carbon electrodes. 

 

Figure 11 Salt capacity vs surface area (a), pore volume (b),  and primary mesopore size (c). (d-f) 
The average salt adsorption rate in a flow-by CDI cell with static film electrodes vs. the salt 
adsorption capacity. All are for category I HPCs and were evaluated in 5 mM NaCl solution and 
at 1.2 V. 

(a)   (b)     (c) 

(d)   (e)     (f) 



Correlation between pore structure of category I and removal rates 

The salt capacity value is indicative of how much salt can be removed from the aqueous solution 

and stored in the carbon framework, when the voltage is applied.  However, it gives no information 

about the desalination rate. Hence, the average salt adsorption rate (ASAR) is used as another 

metric to describe the kinetics of the salt adsorption. Generally, the increase in charging time leads 

to higher salt capacity. On the other hand, the shorter the charging time results in faster adsorption 

rate (higher ASAR). Kim and Yoon proposed to use capacitive deionization CDI Ragone plots 

which combine salt capacity (SAC) and average salt adsorption rate (ASAR) to represent and 

visualize the desalination performance. Figure 7(d-f) demonstrates the CDI Ragone plots for a 

series of mesoporous hierarchical carbons (category I). As mentioned above the CDI Ragone plot 

can be used to study the influence of the pore structure on the desalination performance.  

For each pore size the smaller the pore volume the faster each carbon reaches its salt saturation or 

equilibrium salt capacity (see figure 7d for comparison between 412NA and 411NA). Increasing 

the pore volume for a specific pore size leads to simultaneously higher salt capacity and slight 

higher removal rate shown. One way to analyze the plot in Figure 7 is to multiply the removal rates 

value ASAR by the salt capacity to identify the optimum operational conditions, and, hence, the 

optimum value of each carbon can be used for comparison purposes. The mesoporous carbon 

2011NA shows the highest optimum value at 3 mg g-1 min-1 and 6 mg g-1 after 2 minutes of 

polarizing the carbon electrodes at 1.2 V. These results imply that larger pore size leads to faster 

electrosorption of the ions compared with those possessing small pore size. Interestingly, doubling 

the pore volumes show no significant difference between the salt removal rates of different 

mesopore pore size carbons.  



According to these results we suggest that in order to achieve higher removal rates for mesoporous 

carbons, the carbons  have to be designed such that the they exhibit  large mesopore pore size and 

small pore volume.  Typically, the removal rate is a combination of many factors, which are related 

to the electrode material, and other factors such as electrode thickness, charging time and cell 

architecture[53]. In our case, since all the carbons were synthesized in a similar way using similar 

precursors and were evaluated in similar test conditions (cell architecture, charging voltage, 

charging time, etc.) we believe that the obtained ASAR values are mainly the result of the textural 

characteristics of the porous carbon and/or the film quality. Just by considering the porous structure 

of the carbons, the ASAR values can be a combination of the three factors; (1) the electric field 

within the pore, which gets larger as the pore size decreases; (2) the electrical conductivity of the 

porous carbons particles, where increasing the porosity of the structure can lead to lower electric 

conductivity[44], and (3) the ion transport kinetics, where the existence of large pores can act as a 

transport channel for the ions, and as the channel size increases the ion transport will be faster. 

According to Table S, the electric conductivity of the particles seems not to be directly correlated 

with removal rates. Thus, from the material side, we believe that both the electric field inside the 

pore and the ion transport kinetics are the main competing factors contributing toward the observed 

removal rates. Additionally, we have noticed that increasing the carbon pore volume usually leads 

to less dense particles, which could affect the packing density of the film and ultimately affect the 

ASAR values[53]. Therefore, manipulating the packing density (such as by compressing the films) 

can improve the electrical conductivity and the capacity of the electrodes[54].  

 

 

 



Correlation between pore structure of category II and salt capacity 

Figure 8a shows the salt capacity against the surface area for category II, which includes HPCs 

with micro-meso porous structure. While the mesoporous carbons demonstrate a positive 

correlation between the surface area and the salt capacity, the salt capacity for activated samples 

shows no universal dependent neither on the surface area nor on the micropore area (see Figure 

S6). Each carbon responds differently after the activation. For 6 nm carbons, more than 50 % 

additional salt capacity is seen for the 412NA after the introduction of micropores through the CO2 

activation step for 3 hours. Further activation of 412NA for 4 hours produces 412A4H with two 

times higher salt capacity compared to the original non-activated sample (12.6 mg g-1). These 

results confirm that for 6 nm primary mesopore pore size and relatively similar mesopore volume, 

introducing micropores leads to higher salt capacity. Two samples were compared (411A1.5H and 

412A4H) to investigate the role of increasing the mesopore volume prior to activation step on the 

electrosorption performance. Notably, 411A1.5H with 1581 m2 g-1 surface area and 209 m2 g-1 

micropore area shows higher salt capacity (14 mg g-1) compared with 12.6 mg g-1 for 412A4H, 

which has 20% higher total surface area and three times higher micro surface area. Therefore, 

increasing the mesopore fraction for the activated samples can potentially improve the utilization 

of the accessible surfaces of the hierarchical carbons. For the 20 nm pore HPCs, although there is 

48% increase in the surface area and 176% increase in the micropore area for 2021A1H compared 

to non-activated version 2021NA, the salt capacity of 2021A1H is only slightly improved to 10 

mg g-1.  Notably, there was not any further increase in the salt capacity of 2021 even when the 

carbon was activated for longer activation period (1.5 hour) despite the 75% increase in the surface 

area.  This behavior can be ascribed to the electric conductivity of the films, where introducing 

new micropores and small mesopores to 2021NA during the activation step can potentially lead to 



lower density carbons and ultimately affect the packing density and the electric conductivity of the 

film.  Consequently, the electric field is not being effectively developed in all particles in the film. 

Thus, regardless of the high surface areas (up to 1,823 m2 g-1) and pore volume (up to 4.6 cm3 g-1) 

that 2021A1H and 2021A1.5 possess, they present lower current profile than the 2021NA (see 

Figure 6f). Similar to the mesoporous carbons, the electrical conductivity of the activated carbons 

seems not to be an effective parameter for the removal rate at least within the range of the samples 

used in this work (see table S to compare between 2021NA and 2021A1.5H). Therefore, in order 

to control the salt capacity when dealing with large mesopores (as in the case with 20nm versions) 

more attention should be directed toward tackling the issue of the film electric conductivity and 

the packing density. In other words, considering the totality of the electrode rather than only 

changing the materials parameters for the porous carbons.   

Figure 8b illustrates the relation between salt capacity and pore volume for a series of activated 

category II HPCs. The salt capacity increases by 40%, when the pore volume increase from 1.75 

to 2.7 cm3 g-1. However, further increase from 3.8 to 4.6 cm3 g-1 in the pore volume results in lower 

salt capacities (around 10 mg g-1). These results show that the activated HPCs exhibit similar 

behavior to the non-activated mesoporous carbons in which there is no general trend that correlate 

salt capacity with the pore volume as well as the micropore volume (see figure S6). Furthermore, 

the impact of the primary mesopore size on the electrosorption of the activated hierarchical porous 

carbons were investigated. All the salt capacities for a series of five samples were plot against the 

average pore size (Figure 8c). The salt capacity of the activated carbons does not show any general 

trends with the average mesopore pore size.  

 

 



 

 

 

 

 

 

 

 

 

Figure 12 Salt capacity vs surface area (a), pore volume (b),  and primary mesopore size (c) of 
category II HPCs. (d-f) The average salt adsorption rate in a flow-by CDI cell with static film 
electrodes vs. the salt adsorption capacity of the the non-activated and activated versions of HPCs. 
All the reported values were evaluated in 5 mM NaCl solution and at 1.2 V. 
 

It is worth mentioning that, although 411A3.5H and 2021A1H has the same surface area and 

micropore area, 411A3.5H possess 40% higher salt capacity compared with 2021A1H. These 

results indicate that, when considering similar BET surface areas, smaller mesopore size is more 

preferable in order to achieve higher salt capacity.  

 

Correlation between pore structure of category II and removal rates 

Figure 8 (d-f) shows the removal rates ASAR against the salt capacities for non-activated HPCs 

412NA, 411NA and 2021NA, and their activated versions. Notably, all of the activated samples 

display a shift to the upper right side of the graph (except for 411A3.5). Thus, introducing 

micropores results in higher removal rates compared with the non-activated samples. This can be 

ascribed to the strong electric field that is associated with micropores and, therefore, the 

(a)   (b)     (c) 

(d)   (e)     (f) 



introduction of micropores can result in higher salt capacity and higher removal rates. 

Interestingly, while the introduction of micropores to 2021NA does not result in a considerable 

increase in the salt capacity, the introduction of micropores shows a significant improvement in 

the removal rates (see figure 8f). These findings suggest that when dealing with large mesopore 

size (as in 17 nm) increasing removal rates can be achieved either by lowering the total pore 

volume as in category I (see figure 7f to compare 2011NA with 2021NA) or introducing 

micropores as in category II (see Fig 8f to compare 2021NA with 2021A1H and 2021A1.5H the 

activated samples).  Figure 9a shows two HPCs 411A3.5H and 2021A1.5H which have similar 

surface area and micropore area. Notably, 2021A1.5H with larger mesopore size exhibits higher 

removal rate where 411A3.5H with the smaller mesopore size leads to higher salt capacity. These 

results suggest that carbons with larger mesopores are preferable for higher removal rate as it can 

provide easier pathways for the ions to diffuse into the sample to establish the electric double layer. 

Additionally, the stronger field inside the smaller mesopore size leads for higher chances that the 

ions will be forced to migrate and electrosorped into the carbon pores and, in turn, increases the 

salt capacity. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Average salt adsorption rate in a flow-by CDI cell with static film electrodes vs. the salt 
adsorption capacity of the activated versions of HPCs. All the reported values were evaluated in 5 
mM NaCl solution and at 1.2 V.  The plots are accompanied by schematics demonstrating the 
textural characteristics of the samples. 

(a)   (b) 

    (c) 



To investigate the impact of increasing the mesopore volume prior to the introduction of 

micropores on the CDI removal rate, two HPCs were considered 412A3H and 411A3.5H, where 

the former has around two times higher micropore volume and the latter has two times higher 

mesopore volume. Notably, while doubling the mesopore volume prior to the introduction of 

micropores as in 411A3.5H leads to higher salt capacity and slower removal rate, 412A3H with 

higher amount of microporosity demonstrates higher removal rate and lower salt capacity 

compared with 411A3.5 (see Fig 9b).  

The above results can be explained as follows; 1) decorating the mesopore walls with micropores 

results in micropores experiencing a stronger electric field (compared with that in the mesopores) 

more accessible, which in turn increases the removal rate; 2) higher amount of micropores does 

not necessary lead to higher salt capacity as some of these micropores will not be accessible. 3) in 

general, mesopores are considered to be an important factor toward increasing the removal rate, 

however, as the electric field inside the mesopore is weaker compared with that in the micropores, 

increasing the amount of mesopore with smaller portion of micropores (411A3.5H vs. 412A3H) 

result in higher salt capacity through the electric double layer formation but over longer periods of 

time. The analysis of the removal rates for category II suggest that, for micro-meso-macro 

structures, higher removal rates can be achieved by using larger mesopore size and/or by the 

introduction of micropores. This was further confirmed by comparing 2021A1H that exhibit larger 

primary mesopore with 412A3H which possesses higher micropore fraction. Fig 9c shows that 

both of these HPCs demonstrate similar CDI performance. Hence, larger mesopore size and higher 

micropore fraction are two competing factors toward higher removal rates for category II.  

 

 



3. Conclusions 

In summary, we have systematically investigated the capacitive deionization performance of a 

series of hierarchical porous carbons synthesized via ice templation with a wide range of surface 

area (646 - 1877 m2 g-1), highly tunable pore volume (1.1 - 4.6 cm3 g-1), and tightly 

controllable mesopore pore size (6 - 17 nm). The synthesized samples were used as model 

systems to delineate the role of some of the key textural design parameters of porous carbons (i.e. 

pore size, pore volume, surface area) on the electrosorption performance. For meso-macro HPCs 

we found that as the pore size decreases, increasing the pore volume for a specific mesopore size 

leads to a higher salt capacity. Therefore, hierarchical porous carbons that have smaller mesopore 

pore size offer more room toward improving and tuning the desalination performance. However, 

within the range of tested primary mesopore size (6 - 17 nm) there is no universal trend that directly 

correlate the pore size with the salt capacity. Hence, the mesopore pore size alone is not a dominant 

factor toward controlling the salt capacity. Additionally, we found that for mesoporous carbons 

the BET surface area is more effective design parameter than pore volume and pore size in order 

to achieve high salt capacity. In terms of removal rates for mesoporous carbons, we found that 

higher values can be achieved by designing porous carbons with large mesopore pore size but 

small pore volume. Contrary to meso-macro HPCs that demonstrate a positive correlation between 

the surface area and the salt capacity, the salt capacity of activated carbons shows no universal 

dependent neither on the total BET surface area nor on the micropore area. Interestingly, each pore 

size for the meso-macro HPCs responds differently during the electrosorption experiment after the 

physical activation. For all the micro-meso-macro HPCs, introducing micropores results in higher 

removal rates compared with the non-activated samples. However, increasing the mesopore 

fraction of activated samples can potentially improve the utilization of the accessible surfaces of 



the hierarchical carbons. When dealing with large mesopores (as in the case of carbons with 20 

nm) more attention should be directed toward tackling the issue of the film characteristics (i.e. 

electric conductivity and the packing density). In other words, considering the totality of the 

electrode rather than only changing the materials parameters for the porous carbons.  

Besides the high salt capacity and fast removal rates that can be obtained by the synthesized HPCs, 

we believe that our approach can offer a new platform to improve the understanding of the effect 

of electrode materials on CDI performance. Accordingly, this understanding of the role of some 

of the design parameter of porous carbons can guide and provide a roadmap for further 

investigation, better design and development of porous carbons and ultimately pave the way for 

practical applications of capacitive deionization. 
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Figure S 1 Lab-scale capacitive deionization setup; the inset is a schematic of the adapted 
batch mode protocol. 



 
 
 
 
 
 
 
 
  Table S 2 Atomic concentrations of various hierarchical porous carbons obtained via XPS 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                             
(*) Non-etched carbon “NE” which refers to carbon prior to silica template etching. 
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2021A1H 95.6 4.4 0 

2021A1.5H 94.2 5.8 0 



 
 
 
 
           Table S 3 Electrical conductivity of various hierarchical porous carbons powders[44] 
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Figure S 2 (a)Hierarchical porous carbon films coated graphite sheets as capacitive deionization 
electrode, (b) SEM image of the dried films, (c) optical image of single HPC particle, (d&e) TEM 
images of HPCs, and (f) BJH pore size distribution showing a sharp peak that corresponds well 
with silica templet. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S 3 Typical profile for (a) conductivity, (b) current density during the adsorption and 
desorption cycle at 1.2 V and in 5 mM NaCl solution. 

 
 



 
Figure S4 compares the pH profile of 411NA and 2021NA in 5mM NaCl solution at 1.2V.  The 

pH of the circulated water increased dramatically from the initial value 6.9 to the final value around 

10 when the potential of 1.2V was applied, before it returns back to the initial pH value at the end 

of adsorption cycle.  No significant differences are seen in the pH profile as a result of tuning the 

mesopore size from 4nm up to 20nm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S 4 pH profile for 411NA and 2021NA HPCs during the adsorption 
step at 1.2 V in 5 mM NaCl solution. 



 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure S 5 The impact of doubling the mesopore volume on the salt capacity 
of category I HPCs evaluated in 5mM and at 1.2 V. 

Figure S 6 Salt capacity plots against micropore area (a), micropore pore volume of 
category II HPCs evaluated in in 5 mM NaCl solution and at 1.2 V. 

(a) (b) 
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