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Abstract

Porous carbon materialgave attracted great attention in academic and industrial areas,
such as gas sorption, electrode materials, and catalyst materials becausegit specific
surface area, porosity, and high electrical conductivity. Carbide derived carbons (CDCs),
which aresynthesized by selectively removing metal phase in carbides using chloringe gas
characterized by microporg.e. pores less than 2 nm), amderestingly its pore size is
finely tuned within sukangstrom range by changing the carbide precursor or synthesis
temperatureThe tunable porosityn subangstrom range have made extensive interests in
various application and will bring advantagesespecially electrode materialmong the
porous carbons synthesized by various methods, mesoporous CDCs have been intensively
researched in electrode raagls because it has micropavaginated from chlonation of
carbideand mesoporeesulted from theorosity in the carbidegnd this hierarchic porous
structurecould result in excellent adsorption properties and enhanced kinetic in adsorption
processes. However, the current methods accompanied the multipleessyngnocess
including templating andewvere washingo produce micro/mesoporous CDCs and are
limited to silicon carbide systems due to facile adhesion of polycarbosilane on mesopore
SiOx. Main part in the dissertation is focused on the simple and effective ways to synthesize
hierarchicCDC with mesopordrom the titanium carbonitride arbroustitanium carbide.
Through the chlorination of titanium carbonitride, we found a new experimental result that
the graphite layer is nucleated at a low temperature of 300 degrees at the step edge and
growsalong the particle's ledge surfatastly, the novel method based on KOH activation
is introduced to develop two dimensional graphene from graphite layers grown on the

surface of the carbon synthesized by chlorination of titanium carbonitride, anc#usstbd



hybrid graphene/porous carbon material.

First, titanium carbonitride, Ti(l1.x) are obtained by carbothermal reduction of zliath
graphite under Blatmosphere. The composition of nitrogen in TNEx) can be tuned by
molar ratio of TiQ and grphite,and synthesis temperatusad nitrogen pressurd&hrough
the chlorination, the porosity can be changed depending on the composition of C and N in
Ti(CxN1x) and chlorination temperature. Since chlorine react withsN{&) layer by layer,
as formedTiCl4 is vaporized carbon remained as the forms-& &1d CN bonds. However,
because €\ bonds are unstable at high temperature, decomposition occurs as a form of CN
and N, which resulted in additional porerggration from mesao macroporelependingpn
the nitrogen contents in Ti®1x). As nitrogen content increases remaining carbon is
gasified with increasing temperature due to severe decompositiorNofb@hds which
results in collapse of microporous structure, and hence -mmstd macopore were
developed without microporeTherefore, in this dissertation, Ti{@No.3) was chosen for
synthesizing the porous carbon with uniform pore structure. Chlorination at 700°C (denoted
as CN700) leads to porous carbon with micropore of 0.7 nnmasporan the range of
1~3 nm. With increasing chlorination temperature, pores are broaden into the large
mesopores. Interestingly, by decomposition ofxCaktive nitrogen, such as pyrrolic and
pyridonicN, were doped uniformly into carbolattice. This materials wa applied to
adsorbent for arsenic removal in water. The detailed mechanism of arsenic adsorption is

discussed.

Second, mesoporous titanium carbide are synthesized by carbothermal reduction af ZnTiO
with graphite under argon atmosphere. Sincebdsedbords are firstly broken by carbon

and gradually reduced into Zn, Ti component is readily reduced and transformed to titanium



carbide.The reason why ZnTi©was chosen is because Zn reacts with carbon and does not
form carbide but is easily reduced at 907 tadCbe vaporized and removed, so that porous
carbide can be formed.his process can result in mesoporous titanium carbide, because
metallic Zn is vaporized with fast rate at high temperature making the holes of 2~80 nm in
the TiC particlesChlorinationof porous titanium carbide with mesopores induces porous
carbon with a hierarchical pore structure because the holes are connected to micropores to
serve as pore channeBince this method can be applied to various porous carbides (TiC,
MoC, ZrC, SIC, &t.), it has an advantage of not only controlling the pore size of micropores
but also having a hierarchical pore structuféis hierarchic CDCwas applied to the

capacitive deionization and showed high speed characteristics.

Lastly, Novel method taevelg graphene from graphitayers is introducedlhe graphite
layers were grown on the carbon surface synthesizgdchlorination of Ti(G7No.3). The
graphite layer can bntercalatedby metal potassium (K) to form graphitgercalation
compounds and cdpe peeled offinto several layers by mechanical stimulatidhe metal
K formed by KOH activation isntercalatedinto the graphite laysrof CN700, and the
disorderedcarboninside is activated through the oxidation reaction to activate the pore
structure In addition, this peeled graphite lagexere developed into a twdimensional
graphene composed of one to three layers through simultaneous activation reaction with a
molten salt(KCI). Due to the activation process and development intcdiwensional
graphene, the hybrid graple#iporous carbon material has a very higecéiical conductivity
of 2200 S/mhigh specific surface areaf 3779 nf/g, and high pore volume of 2.70 &
Synthesis mechanism and its characteristics are explained in detaatéisal was applied

to capacitive deionization and showed good sorption amounts and rates.
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1. Introduction

1.1. General introduction

Most of the material that makes up man is carbon. Carbon is not only an indispensable
being of living nature, but also an important element in inorganic chemistry and materials
science. Surprisingly, carbon has various properties depending typthof arrangement. In
diamond crystals, carbon is the hardest material on earth, graphite is one of the best
conductive materials, and carbon dioxide is part of the carbon cycle and affects the climate.
Fullerene and graphene, one of the materialgedtgst interest recently, are now one of the

most attractive materials in science.

Porous carbon materials, which can be classified into three tgpesrding to the
International Union of Pure and Applied Chemistry (IUPAC) classific@tiprMicropores<
2 nm, 2 nm <mesopores 50 nm,andmacropoes > 50 nmhave received a lot of attention
because of theihigh specific surface area, walkeveloped pore structure, amdoderate
electric conductivityf2,3]. Along with these properties, it has been apgpt®gas storag@],
water purification[5], catalystsupportg6], andelectrodes fosupercapacitof7] and battery
[8]. Even though a variety of ways to produce tlogopis carbon materialare reported
synthesis methods that uniformly control the mjwores of subatomic size are challenging
[9]. Among them, eolitetemplatedcarbon(ZTC) [10] and carbidederived carbor(CDC)

[11] canonly uniformly control the pore size on atomic scale.



This thesis focuses on the chlorinationethod ofsynthesizing ®C. The micropore, a
feature and a great advantage of C[RC], plays an important role in the sorption properties
of the gas andhe supercapacitor's electrolytéarrowly tunable pore siz@ microporehelps
separate the gases with differeizes and iorease the gas sorption amoutsthe case of
physical sorption, since the gas is adsorbed by carbon walls Gike as the pore size is
small the interaction between carbon and gas increfils8ls Therefore through the
optimizing the poe size it is capable of adsorbing a large amount of gas with higher
adsorption energyhan the other carbon materiala addition, it was reported that CDC
supercapacitor showed anomalous increase in capacitance when pores fits well the size of
ions of aganic electrolyte$7]. This result is different from traditional view that, as pore size
decrease to less than twice the solvated ion size, normalized capacitance decreased because
compact ion layers from adjacent pore walls impinged and the surfacesatda for double
layer formation was reduced his traditional trend is reversed when pore size decsdase
less than the solvated ion siz&ks a result, the control of pore size and its application to
various electrochemical adsorption will not onlyopide new directional studies but also

bring moreenhancegbroperties than existing ones.

Despite the good property of micropore, there is a need for additional mesopore in the CDC
that can facilitate adsorption capacity as well as the kinetic of thepdidsoprocessUp to
now, there habeen an attempt faroducehierarchicCDC with mesopordy synthesizing the
porous SiC using polymgi3, 14]and template method$5]. In particular, the porous SiC
derived carbon synthesized by the template methodtaias high capacitance at high
current density in LIS battery[16] and supercapacitdil7] through a hierarchical pore

structurehaving mesopore and micropoa¢ the same time. However, these methods are



complicated due to the use of templates, and #reycostly. Furthermore, since they are
limited to SIC synthesis, a neand easynethod for synthesizing vanis porous carbides is

required

Electrical conductivityof carbonand also CDQdepends normally on the crystallinity of
carbon layer, which is fluenceal by the synthesistemperature However increasing the
synthesigemperature increaséhe electrical conductivity, but it accompany the decrease in
the surface areaf carbon So,the methodd4o design the carbon materials thatrease the
electrical conductivitywith increasingsurface arearequite important when they are apply to

electrochemicaapplication

Overall, pecific surface area, hierarchical pore structure, and conductivity are the most
important factors in carbon materidl$8]. If we can develop a hierarchCDC that can
control the size of microporevhile enhancing the electrical conductivitpotential

applications will be realizeih the electrochemistry

1.2. Carbide-Derived Carbon (CDC)

In 1918 the production of silicon chlaie by reaction of chlorine gas with silicon carbide,

according to equation Wyas patented by Otis HutchifE9].
SIC(s)+2Ci(g)A SiCla(g) +C(s) eq.l

The solid carbon, initially known as waste byproduct, has been spotlighted in 19%8itby
Mohun since its characterization and its potential application. Since then, the synthesis

3



method and properties of COCarbide derived carbommave been dpnized byGogotsi[20]
andthe application of CDC has shown remarkable poterfdacently, CDC materiak are
synthesizedrom a wide range obinary and ternargarbides such as TiC, VC, WC, SiC,

ZrC, TisSiCy, TisAIC,, etc [21-27]

CDC is porouscarbonmaterialssynthesizedby selective removal of metal or metalloid
atoms usinghot chlorine gasfrom a crystalline metal carbide precursibris characteristic
for CDC process that, as chlorine react with metal, the carbon layer is formed by inward
growth and typically retains the original shape and volume of the pred@&oBecause of
this conformal reaction, CDCs is characterized by micropores (i.e. pores less than 2 nm), and
interestingly its pore size is finely tuned within sagstrom range depding on the types of
carbide precuw or the synthesis temperatufgecording to figure 129], a low synthesis
temperature, the carbon layer egigs amorphous structure, with niadx narrow pores less
than 2nm. As the synthesis temperature increati@s carbon layer is well organized with the
graphite structure and has a broader pore size distribwitbna sacrifice of micropordn
addition to synthesis temperaturbe tstructure of CDCs varies from amorphous to highly
ordered graphitic nature depding onthe stoichiometryard the crystal structureof carbide
which also effect pore size distributias shown in figure E30]. For example, Ti€and SiG
derived carbon retain relatively amorphous structure at moderate chlorination temperature
howe\er, the carbon layers derived fro@r.Cs, AlzCs, andFesC arehighly organized into
graphite structurat relatively low temperatur1-33]. In case of F¢C-derived carbon [33]
crystallinity of graphitas more enhanced by the aidatalytic effect ofiion. In order forthe
crystalline graphite to be grown, graphene should be nucledfied.etching of metal phase

nucleation for graphenean be madéy stepped edges with many broken bontsis



principle apply to graphene/SiC film studi¢34-36]. The gaphene is grown by applying a
step edge to th€é0001) SiC film by various methodsHowever, because this step edge
promotes nucleation, too many step edges will grow the #ayiir graphene. In order to
grow a fewlayered graphene laterally for wafer kgaone should decrease the step density
and increase the terrace surfatberefore, the step edges in the TiC and go@derswill
nucleate the graphene after chlorinatidrhrough this process, graphene/porous carbon
hybrid can be synthesized becausappene growth is terminated at the defects such as grain

boundary, and beneath the graphene, amorphous carbon are grown inward the carbide.

Microporous CDC can be promising materials for electrochemical applications, such as
electrode materials for supagacitor and battery if hierarchical mesopore are incorporated.
For this reasomramongthe various porous carbon materjdigerarchicCDCswith mesopore
have been intensively researched in electrode materials because it has micropores originated
from chlaination of carbides and mesopores resulted from the porosity in the carbides, which
could result in excellent adsorption properties and enhanced kinetic in adsorption processes
[37-39]. However, the current methods accompanied the multiple synthesispiockiding
templates to produce micro/mesoporous CDCs and are limited to silicon carbide systems due

to facile adhesion of polycarbosilane on mesopore SiO
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becoméebroadwith a sacrifice of microporéDatafrom reference?9])
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1.3. Arsenic removal

On account of the high concentration of arsenigroundwater and its carcinogenic health
effects, a global concern for arsenic has emerged and is grp¥@ing he National Academy
of Science (NAS) and thé&lational Research Council (NRC) have reported that even a
concentratonof 2 g/ L of arsenic can cause the risk
between 4 and 7 deaths per 10,000 people, and by the extendetériongxposure of
10e g/ L ar s sk can incredsh up to 23 deaths per 10086ple[41]. In most
countries, the maximum contaminant level (MCL) in drinking water has been set to
50¢ g [4B]; however, the MCL has been enforced to a lower value, as the World Health
Organization (WHO) had recommended an MCL o1 / L i [#43]. HuA@h@rfore, the
US Environmental Protection Agency (EPA) has recommended a lower standagdf 5L ,
which has been currently adopted by the Department of Environmental ProtetiNew
JerseylUSA.

On the other hand, among the sorption materials for arsenic, iron oxides or hydroxides have
demonstrated excellent sorption characteristics and have been applied to various carbon
nanomaterial$44,45] Typically, improvement in thadsorption capacities of adsorbents has
been performed by either decreasing the particle sizes of iron oxides or hydroxides or
changing supporting agents such as caitimsed materialgl6], As these modification
procedures can be easily optimized, intem®fforts have been focused on the development
of eccfriendly ironbased materials for the removal of arsenic; meanwhile, the progress of
chemically and thermally stable carbon for the adsorption of arsenic is insignificant as

compared to its broad amgliccessful utilization as sorbents and eneelgted materials

(
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[47,48] Furthermore, as the removal of arsenic is conducted in water, adsorbents should not
contain impurities, which can contaminate the water; in addition, they should exhibit
chemical staltity during the removal of arsenic so as not to react with arsenic and form
byproductd49]. Hence, changing the intrinsic properties of carbon, such as by the
modification of the pore structure and doping by heteroatoms, such as N, S, and B, is highly
desired.

Carbidederived carbon (CDC), prepared by theeséle removal of metal from carbide
exhibits narrow pore size distributions with a high specific sarfarea, typically originating
from the micrepore regiori50]. These characteristics of CDC facilitate its use as gas
adsorbents and electrode materials fqresoapacitors. Recently, modified CDC, having dual
micro- and meseporous regions, has been synthesized by the template method followed by
chlorination[51]. On account of its welbeveloped micrgoores, which exhibit strong
interaction between the adsorbent and adsorbate, and uniformparesy which facilitate
the diffusion of electrolytes, it demonstrates high performance for use in lithium sulfur
batteried51].

On the other hand, as doping pure carbon with nitrogen makes it highly reactive, ritrogen
doped carbon can be applied for &@pture and electrocatalytactivity [52,53] In fact,
nitrogendoped carbon has been applied as an adsorbenar$enid54,55] However,
because of insufficient sorption properties, the role of nitrogen has not been investigated well
in the field of arsenic capture.

In this study,we synthesized nitrogetoped carbon by the chlorination of titanium
carbonitride, Ti(GN:rx), which exhibits well developed micr@and small mespores with
uniform pore structures. Furthermore, the adsorption capacities for arsenic were extensively

investigated. We found that these nitrogiaped CDC with unique CD{ike porosities can
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be promising method new for arsenic adsorption, even comparable to metalcaximbn

hybrid reported previously.

1.4. Capacitive deionization

The supply of clean water at a reasonable price is one of the core technology, social and
economic challenges of thd& century. Clean water, which should of course be provided to
mankind, is still not available to one in seven people in the world. The more serious the
problem is that as we increase the groundwater extraction around the world, the more
progressive salminfiltration occurs in the wells and aquifers. As a result, much attention has
been focused on developing economically attractive desalination technoldgezshe years,
several of the most popular technologies, such as distillation, reverse osknugis,
electrodialysis, have been developd®]. The pursuit of current research is to increase
energy efficient and cost efficiency for desalinatié¥ith the energyefficient technology,
brackish water, which is large enough on the planet, will be useguatddy for human

consumption, agriculture and industry.

Capacitive deionization (CDI) is an emerging technologydiesalination of water with a
low or moderate salt contef§7]. Due to its robust, energy efficient, and cost effectiveness,
CDI have beerattracted great attentions over the existing technologieg, as it can be
conducted at ambient conditions and low voltages (< 2M} iecofriendly technology
without secondary waste andes not require highressure pumpslistillationscolumns, or

thermal heatersPractical application is expected with development of felectrode CDI
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[58]. As shown of scheme of CDih figure 3 [59], it works by using a pair of oppositely
arranged porous carbon electrodes that store ions when applying an eleditiage
difference. These electrodes can be assembled into a stack of multiplénpeiesbrackish
water flowing through the "spacer channedtween the two electrodes, Na the cation and
CI" of the anion are fixed while forming an electric doulalgelr in the pores inside the carbon
material.In order to regenerate the carbon electrodegrwall accessible pore volumes are
saturated with electradsorbed ions, the cell voltage is reduced or reveisatis way, the
electrodes again regain theirtial ionic absorption capacity. Ideally, there is no chemical

reaction, the lifetime of the CDI device is long and easy to maintain.

Since CDI is based on electrosorption of ions with interfacial process, high surface area
carbon electrodes should be usedorder to have the maximum contact area between
electrode and watd60]. For optimization of electrosorption amounts and sorption rates,
physical propertiesof porous carbonsuch asporosity and electrical conductivity are
considered for the importarfiactors. Various carbon materialfave been studiedor
desalination by CDIwith the development afovelcarbon materials such as carbide derived
carbon (CDC)[61], orderedcarbon[62], carbon nanotube and graphd68]. Microporous
carbons(< 2 nm) such as activated carbon and CD@ave showngood electrosorption
amountssuperiorto mesoporous carbpmsimilar phenomenon to capacitance déctric-
double layer capacitor electrodf®4]. However, the micropores themselves have serious
limitations on ion trasport in CDI flow cells. For facile ion transport inside of carbon
electrodes, l@rarchicalmesoporeare needed. Recently, using templated b, which
consist of a large micropore volume with hierarchical mesopores (2~50 nm), the CDI

performances inerms of electrosorption amounts and sorption rates, have been significantly
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improved Meanwhik, electrical conductivity is also important parameter to have optimum
performance of CDIA combination of conductive carbon, such as graphene and carbon
nanotule (CNT) and porous carbon with high surface area have been realized by many
researcher$65,66], in order to have high ion sorption amount and raité Vow voltage
(about 1.2 V)However, because poor connectivity of these material, caused by expatiment
limitation, and tradeff between electrical conductivity and specific surface area, most CDI
performance of hybrid materials did not outperform the commerciaM8P20 that showed

14.3 mg/g sorption amount at a cell tage of 1.2 V. Therefore,careful design of these
material should be conductéal have one structure faynergistic effectvhich comes from

thehigh surface area and good electrical conductivity.
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desalinated
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brackish
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Figure3. Schematic design of a cell f@apacitive DeionizationGDI). Whena
voltage difference is applied between two porous carbon electrodes, ions are
attracted to the electrode, positive ions to the negative electrode (cathode, top)

and negative ions to the positive electrode (anode, bottom). As a, result
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desalinated water igproduced (a). In order to regenerate the electrodes,
desorption of ions from electrode should occur by reducing or reversing the cell

voltage(b). (Data from reference [59])

1.5. Hybrid graphene/porous carbon

Hybrid carbon materials, aombinationof two canplementary materials, have attracted
great attention, because it could give synergistic effects in various applici&®6S]. For
example, hybrid carbon in which fullerenes are covalently attached to the-wiigel
carbon nanotubes (SWNTs) is formeon the ironcatalyst particles during CO
disproportionation70]. Because the fullerene is combined to the surface of a conductive
SWNT in one structure, a number of highly curved fullerene surfaces serving as emission
sites have improved properties inde@lectron field emission. Recently, a hybrid material in
which graphene is connected to a porous carbon is attracting attention in the field of
electrochemistry due to its high conductivity and high specific surface[@re@0]. Well-
developed porstructured carbon and conductive crystalline graphene enable easy transport
of electrolytes, ions and electrornkherefore, the synergistic effect can be obtained if two

substances are connected by one structure.

With high theoretical surface area, good medatanflexibility, excellent electrical and

thermal conductivitygraphene, an atomithick two dimensional layer of carbohgas been
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extensively applied to various fields, especially electrochemical applidaters]. However,
graphene, despite havingethretical high BET SSA, has suffered from the limited specific
surface area available due to Vamde Wa al s fior s & g#&ikln arder to solve

this problem, various effective metit® of making porous graphenevhaeen intensively
reported[71-74]. However, graphene having two dimensional structure and high BET SSA
(i.e. more than 2000 #y) is still limited. To endow graphene high surface area (i.e. more
than 2000 rfig) there have been intensive researches, such as activation of graphene itself
[75] and hybridization of graphene with porous carp&8j. Activation of graphene increased

the sirface area to over 3000%m due to the severe etching ofptane carbon, but the
electrical conductivity was limited to 500 S/m. The hybrid synthemthodsfor producing
graphene/porous carbamedivided into two main methods. The first method is mag the
hydrothermal method of graphene oxide and amorphous carbon, and the second one by
chemical vapor deposition (CVD) method. These two methods ultimately involve KOH
activation. In the former cagd&7], both the graphene oxide and the amorphous naabe
activated and the BET SSA is well develop@823 nt/g), but the conductivity is limited

(303 S/m) In the latter methofb9], the graphene developed by the CVD is veejistallized,

so that the amorphous carbon developed by CVD is dominantly &ctivesulting in high
electrical conductivity%460 S/m) but there is a limit to the BET SSBX3 nt/g). As a result,

both methods show tradeofthat the electrical conductivity increases as the BET SSA
decreases, and vice verdegure 4) A new strategys needed to create a hybrid material in
which crystalline graphene and porous carbon are combined into one structure, thus

possessing high electrical conductivity and BET SSA.

Herein, wedesignthe simple and effective route to synthesis of hybrid meltefi nane
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architectured graphene/porous cartamshown in figure .5This hybrid carbon showed a
well-developed pore structure with a very high electrical conductivity of 22,000 S/m, a high
BET SSA of 3779 rfig and a pore volume of 2.70 &a The key tchybrid carbon synthesis

is the use of KOH and KCI to acate the carbonn which the irregular carbomside of
particleand the graphite layeon the particle surface have a single structure. Since graphite
is layered structure it can be intercalated diali metals. Beguin et a[78] suggested
through the XRD results of the intercalation compound phase that the metal K produced
during KOH activation could be inserted into regular ordered graphiteslaygrnot into
disordered graphite laygrAccordng to Kaner's studyfigure 6[79]), graphite intercalated
compound could be readily exfoliated by reacting it with aqueous solutions and reconstructed
by mechanical stimulation. In this study, we found that during the KOH activation of carbon,
the graphie layer was intercalated by metallic K and reconstituted by the washingn&iep

few layers of graphite while the disordered carbon was predominantly actiGateutisingly,

by activating CN with KOH and KCla few layers of graphitedevelopedinto two-
dimensional (2D) graphene, where KCI acts as a template for Igtenath As a result, the
developed graphene has a structure that is gently connected to porous carbon. The mechanism
of development of 2D graphene is discussed in detail in this work.pramising hybrid
material was used as electrode materials for capacitive deionization (CDI) which is attracting
great attention as a novel desalination technolDgye to weltdeveloped pore structure and
conductive graphene interface, high Na+ and iGhs sorption rate and capacity were

achieved
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Figure4. The methods to make hybrid carbon materials are demonstrated. But,

new method is needed in order to have hybrid material that have high BET SSA

and electrical conductivity.
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® Reactants/products

Porous activated carbon

2D Graphene

Crystalline carbon ’ ~ Amorphous carbon

Graphene and CNT
Good mechanical flexibility
High electrical and thermal conductivity Porous carbon
Adaptability to different interfacial process High surface area with porous structure

Effective channel for reactant/product transfer

Figure 5. Scheme of hybrid graphene/porous carbon. Seamlessly connected
structureenable facile transfer of reactants/products and electrons"(S8é

conductivity).
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KC; + CH;CH,OH - 8C + KOCH,CH; + % H,, Exothermic reaction

Figure 6. Synthesis of carbon nanoscroll by exfoliating the graphite

intercalation compunds.[Data from referencerp))
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2. Experimental Procedures

2.1. Synthesis methods

2.1.1. Synthesis of porous titanium carbide (TiC)

Porous titanium carbide (TiC) was prepared by carbothermal reduction of zinc titanate
(ZnTiOg) using graphite. ZnTi®was firstprepared by the specific mixture of H@P%,
Aldrich) and Zn0O(99%, Aldrich)followed by a thermal treatment at 880 for 24 hourin
air [99]. Using high energy ball milling with a condition of 250 rpm for 5 hour, ZnTa@d

graphite were mixed with the ratio as the equation below.
ZnTiOz (s) + 4C (SA Zn (V) Y + TiC (s) + 3CO (g

In order to analyze the porosiyd structure of the carbide with the heattment time, the
above mixturevas heat treated at 1250 ° C foh36h, 12h and 24h in argon atmosphere
The byproductproducedn the outer partf the heat treatment zone wasalyzed agn and
ZnOthrough XRD. As a comparison, crystalline TiC was prepared by carbothermal reduction
of TiO2 (99%, Aldrich) using graphiteThe mixture obtained under the same milling
conditions as above waslgected tcheat treatment for 1 hour at 1600 UGder vacuum (10

3 torr). XRD, N; sorption analysis, FESEMNdTEM were used to analyze the pore structure

and microstructure of porodsC and crystalline TiCThe porous TiC derived from ZnTids
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denotedby Zn-TiC-Xh, whereX is heat treatment time and the crystallin€ @erived from

TiO2 is denoted byfiC.

2.1.2. Synthesis ofporous titanium carbide-derived carbon with
hierarchical pore structure

PorousTiC-derived carbonvas preparetdy normal chlorination experimeffl]. The starting
powder (1 g) was placed in the gréphboat and injected into the quartz tube of the furnace.
The furnace was heated to 880 with at a rateof 10 3 /m underargon atmospheré&lext,

at 800 3 , Cl> gas was passed through the quartz tubel for Then, after chlorination, the
samples were sulgjed to heatreatment under Hgas at 600C for 2h for removing
residual Cigas and trapped chlorides. Finally, the samples were subjected to Ar, when
increased or decreased in temperatAgea comparison, crystalline Ti@erived carbon was
prepared  same way with the method to produce the porousdE@/ed carbonThe
porous TiGderivedcarbonis denotedby Zn-TiC-Xh-CDC, where X is heat treatment time

for carbide synthesiand the crystalline Ti€erivedcarbonis denoted byliC-CDC.

2.1.3. Synthesisof micro- and mesoporous Ndoped carbon (CN)
derived from titanium carbonitride
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Titanium carbonitrideTi(Co.7No.3), waspurchased from Treibacher Industry ABrst, 3g of
Ti(Co.7No.3) was placed in a quartz tube furnace and heated to different termperétQ0
1000°C) under Ar atmosphere. Next, at the desired temperaturga€lwas passed through
the quartz tube for B. Then, after chlorination, the samples were subjected tetleaainent
under H gas at 600C for 2 h for removing residual €hasand trapped chlorides. Finally,
the samples were subjected to Ar, when increased or decreased in tempEnatp@vders,
formed bythe chlorination of Ti(G7No.3), showedhierarchicalpore structure with micrand
mesopore Micropore developed as Ti¢ gaswas selectively desorbed, are hierarchically
interconnected to the mesopprehich was developed bydesorption ofthermally unstable
CNxand N gases CNX are denoted on the basis of doped nitrogen on carbon wsich
determinedy balancing betweerretaining and reconstructing the bonds after Ti is etched out
as a form of Ti(4, and X means different heating temperature; for exami&0a, CN80O0,
CN900, and CN1000For comparison, Ti@ CDC wassynthesizedvia same chlorination

process at 80€C.

2.1.4. Synthesis of graphene/porous carbon hybrids

CNs, which was presented in 2.1.2., is used for synthesizing the graphene/pours carbon
hybrid. Since chlorination is conformal reaction, its morphology and size in particles are not

changed. Particles of TigGNo.3) was characterized by flat and step edgerface. After
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chlorination, particles of CNvas also daracterized by flat and step edgarface. Close
observation of CN surfaces by TEM shows crystalline graphitic layE&KOH was
synthesized by KOH actation of CN in a 1:4 mass ratio at 880 for 1 h under N flow
with a heating rate of 3 mint. aCNKOH/KCI was synthesized by KOH and KCI in situ
activationof CN at 8003# for 1 h under M flow with a heating rate of 3 mintwith a
1:4:12 mass rati For control experimen€N-KCl| was synthesized biCl activation of CN
with 1:12mass ratimndaCN-KOH-KCI was obtained bXCI activation ofaCN-KOH with
1:3 mass ratio &800J# for 1 h under Nflow with a heating rate of 3 min™. Commercial
AC, amorphous carbon, was activated by same method above and was denotedKQAC
in case of KOH activation of A@ a 1:4 mass ratiand aAGKOH/KCI in case of KOH and
KCI in situ activation of ACin a 1:4:12 mass rati@ll conduced at 800 °C for 1 h undg¥s

flow with a heating rate of 3 °C min
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2.2. Experiment methods

2.2.1. Arsenic removal experiments

Arseniccontaminated water using various CNs was subjected to equilibrium batch tests.
Arsenic adsorption tests were conducted immiOconical tubes unddpatch conditions at
ambient temperature. First, BL of an arsenic solution (pH 4.02.30) with initial
concentrations of 5, 10, 25, 50, and W§/L was added into 5®L conical tubes each
containing 0.00@¢) of CNs. The equilibrium adsorption test wasoaperformed using TiC
CDC for comparing the adsorption of arsenic using CNs with that using typical CDC. Second,
samples were mixed using a rotary shaker atrp60 Next, after the reaction was completed,
the liquid phase was separated from the solutismg a 0.451 PTFE syringe filter
(Millipore). Finally, the arsenic concentration was measured by inductively coupled plasma
optical emission spectroscopy (ICKPES) on a PerkiiElmer (Optima 2000 DV) spectrometer

at a pump rate of 1mL/min.

For quantiying the adsorption property of the CNs, the equilibrium adsorption of arsenic was
analyzed by the Freundlich and Langmuir adsorption isotherm models, which are shown in

Egs.(1) and(2), respectively:

N +# equation(1)

24


http://www.sciencedirect.com/science/article/pii/S030438941530128X#eq0005
http://www.sciencedirect.com/science/article/pii/S030438941530128X#eq0010

here,qis the adsorbed concentration (mgi@)s the equilibrium aqueous concentration

(mg/L), andK andn are empirical constants.

equation(2)

here,gmis the maximum mas adsorbed under saturation conditions per mass unit of

adsorbent (mg/gKais the empirical constant with units of inverse of concentrafi¢tymg).

2.2.1.1.Zeta potential measurements

Zeta potentials of CNs and HCDC were measured using a zeta potentialyzer
(Zetasizer nano ZS, Malvern Instruments Ltd., UK). Aqueous suspensions of CNs and TiC
CDC were prepared in glass vial. The pH values of the suspensions were adjust&d to 2
using dilute HCI or NaOH. The vials were shaken atgtf for 4h prior tozeta potential

analysis, and the equilibrium pH was also measured.

2.2.1.2.Simulation details

First-principles calculations were calculated on the basis of density functional theory (DFT)
using Vienna Ab initio Simulation Package for structure optimizatiore géneral gradient
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approximation (GGA) method was adapted to describe exchange correlation functional, and
the pseudopotential was parameterized under the projector augmented wave (PAW) method
by PerdewBurke Ernzerhof (PBE). The van der Waals interactwas included with the
vdw-DF2 method for describing ionic bonding character. The energgftdior the plane

wave basis set was 4@¥, and the optimization tolerance was 0eMA . The unitell size

was set to 2% 25x 15A3for avoiding intercell interactions. The free energies for the
optimized structure were also calculated for including the contributions from entropy and
zeropoint energy. The GAUSSIANO9 program was used for calculating free energy by
adopting the 819 (d,p) basis set and the M@& exchange correlation functional. The
adsorbent was based on circumcoronene (CC), which is composed of 54C and 18H atoms. All

configurations in the figures were drawn using VESTA.

2.2.2. Capacitive deionization experiments

2.2.2.1.Electrode fabrication

CN, aCN-KOH, and aCNKOH/KCI electrodes were prepared by a slurry mixture of each
powder (80 wt%), carbon black (Super P, Timkan graphite and carbon 10 wt%) and
polytetrafluoroethylene (PTFE, Sigafddrich, 10 wt%) with a mortar and pestle. The
mixtures were handlebly a roll press machine to fabricate the stige¢ electrodes, then the
electrodes were dried in vacuum oven at60for 12 h. The thickness of the electrodes was

approximate\300¢ | .
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2.2.2.2.Electrochemical characterization

Galvanostatic charge/dischargeasvcarried out with two electrodes system in which the
fabricated electrodes were employed as a working and counter electrode using a battery
cycler (WBCS3000, WonA Tech Co) in 1M of NaCl aqueous solution. Cyclic voltammetry
(CV) and Electrochemical Impedee Spectroscopy (ElI8)ereconducted with a potentiostat
(PARSTAT 2273, Princeton Applied Research) using a three electrode system that consisted
of the fabricated electrodes (CHCN-KOH, and aCNKOH/KCI electrodes) as not only a
working electrode but amter electrode, and Ag/AgCl KCI saturated electrode as a reference

electrode.

2.2.2.3.Deionization test

The deionization performance, following the procedure of the previous studies, was carried
out in a continuous flow system (one pass experiment). A pategfrodes was employed
with the contact area of 3 érand the nylon separator with a thickness of 200 offered
the flow stream between two electrodes. 1.2 V and 0 V were applied to the cell for 10 min in
charging step and discharging step, respectively. The rate of flow stream was approximately 2
mL/min, and the concentration of influent was 10 mM of NaQueous solution. The

conductivity of effluent was monitored by a conductivity meter (3503, HORIBA, Ltd)
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and the measured conductivity was converted to the concentration of NaCl. In this study, the
deionization performance was expressed by the gsidorption capacity (SAC) which

indicates how much ions were deionized by the mass of employed electrodes.
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3. Results and discussion

3.1. Porous Titanium carbide-derived carbon with hierarchical
pore structure

3.1.1. Motivation

It is characteristidor CDC process that, as chlorine react with metal, the carbon layer is
formed by inward growth and typically retains the original shape and volume of the precursor
[28]. Because of this conformal reaction, CDCs is characterized by micropores (i.depsres
than 2 nm), and interestingly its pore size is finely tuned within-asigstrom range
depending on the types of carbide precursor or the synthesis tempégs@jutdowever, in
the conventional technology, the synthesis method of obtaining a hiearguore by
simultaneouslyleveloping micropore and mesopanearbidederived carbon is challenging.

Up to now, there has been an attempt to produce hierarchic WIBC mesoporeby
synthesizing the porous SiC using polymer and template methods. Irulgasttbe porous
SiC-derived carbon synthesized by the template method maintains high capacitance at high
current density in LIS battery[16] and supercapacitdil7] through a hierarchical pore
structure having mesopom@nd microporeat the same time. Haver, these methods are
complicated due to the use of templates, and they are costly. Furthermore, since they are
limited to SIC synthesis, a new and easy method for synthesizing various porous carbides is

required.
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3.1.2. Results ofporous Titanium carbide-CDC with hierarchical
pore structure

In the conformal transformation of the chlorine reaction, the pore structure of the carbide
can be connected to the micropore after the chlorination reaction to provide a hierarchical
pore. Therefore, we have developedeasy and cost effective method to develop gioran
various carbideZnTiOs was selected for the synthesis of porous TiC because it is possible
to carbonize ZnTi@ at thermodynamically lower temperatures 1142 3 than to reduce
TiO2, as shown in théigure 7. For synthesis oZnTiOs, carbon ratio was calculated and
added so that 1 mole of TiC and &ereproducedThe powder produced in the outer part of
the heating zone was identified Zs and ZnO through XRD in the figure7. It is believed
that ZnOis formed as Zn is oxidized:he reason for this is that if the ZnO is formed, the
ZnO phase should be present together with the TiC formed in the heating zone since the
melting temperature is as high as 19¥5and vaporization is hardlgccurredat the heat
treatment temperature of 1250. However, since ZnO was not detected with the TiC phase,

it is presimed that Zn was oxidized by G0, gas producedduring carbothermal reduction

The scheme(figure 8) shows that porous TiC is synthesized via ZnJi@nhd produces a
hierarchical porous carbon through chlorinatigvhen ZnTiQ is transformed into TiC, the
released Zn an@O/CO, gaescreate holes of varus sizes in TiC to produce mes@cro
pores.The conformatransformation of chlorination links the pores of the carbide with the

micropore in a hierarchical manner.

As shown in figure 9XRD wasanalyzedo confirm the phase and structure of TiC obtained

in the heating zondn the case of the powder heatatied at 12503 for 3 hours, a large
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amount of TiOs and TpOs as intermediate phasef reductionwere detected along with
cubic Ti(CxOy) phase As intermediate phases durifgetreduction of Ti@Q Kwon etal. [8]]
showed the sequence of the reductioni@h,Bs follows: TIQ A TinO2n1 (N > 10)A TinO2n
1(4<n<10)A TisOs A Ti203 A Ti(CxOy). Thesolid solution of Ti(GOy) phase idurther
reduced and transformed to Tighase It became evident that 3 hours is not enough to
transform all the oxides toachide.Most of the oxides were transformed to cubic TiC phase
after heat treatment for 6 hours, but Tighase was detecte8&ince TpOz and TgOs are
covered with carbon, additional oxidation of these materials is not likely to occur during the
heat trement. It is considered that Ti©is formed in defects such as dislocation, grain
boundary, and surface edge of TiC with large surface dre@iC-24h heatreated for 24 h

had little TiOG; phase because defeidsignificantly reduce@s heat treatmenire increases.

The WC phase present in the XRD is due to contaminatid®@iballsthrough milling. The

XRD patterns of the TiC (111) plane of each-UER-X were presented in the figurk),
where X indicates 3h, 6h, 12h, and 2&he peak of the (111) plarof ZnTiC-3h was broad

and shifted to higher angle of two theta. This means that it hassimetTi(GOy) phaseOn

the other hand, the samples annealed for more than 6 hours correspond to the reference TiC

peak, which means that the TiC phase is ss&fodly synthesized.

The microstructure and porosity the synthesized ZmiC-X was analyzed by TEM and
presented in the figurél-14. As shown in the arrows in FigutElg the particleshashoes
regardless of particle sizBarticlesaresizad rangingfrom 20 to 200 nmParticles of ZnTiQ
with an average sizaf 300 nm are first cracked due to the release of the redirceahd the
particles are pulverized to a size of 20 to 100 fiime nanoparticlesvere bound together

because they are unstable durthg heat treatmenthe circles in figurella andl1lb show
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the intermediate step of the merging of several particles into one pdriidigure 11c, the

red arrow shows patrticles with little holes, and the black arrows show that there is one large
holein a 200 nm large particl®verall, nanesized Ti(GOy) andoxides were surrounded by
carbon fringeswhich are identified in figuré1ld. As the annealing time increases, the carbon
fringe gradually decreadeand the average particles progressivelgnwgto about 200 nm,

which hal a large hole in the centdn the case of ZTiC-12h, large and small particles
coexist, and large pores are clearly identified in large part{figgre 13) For the sample

heat treated for 24 hours, uniform particles of 2@ are observed throughout the particle,

flat holes are seen in the particles and slightly truncated holes are also observed. In addition,
there is a large amount of Igel surface inside the particle. The stable plarmubic TiC is a

(100) plane, so fldedges grow inside the particlas stepgfigure 14)

Zn-TiC-12h was chlorinated at 808 for 1 hour, andnamed ZrATiC-12h-CDC. The
TEM micrographsof the obtained CDC powder is shown ihe figure 15. Through
conformational transformation, the morphology of the carbides remained on the carbon
obtained As shown in the TEMfigure 15) the hdes of the carbide remain after the carbon is
formed. However, th€100) plane which was flah the carbide becomes slightly rough after
carbon formation, which is attributed to the amorphous characteofstiarbonafter the
chlorination.The EDS of TEM(figure 16)was analyzed to determine the atomic proportions
of carbon, nitrogen, and oxygen in the synthesizediZn12h-CDC. As a resulicarbon was

analyzed as 96.4%, oxygen as 3.6%, and nitrogen as 0%.

XRD and Raman spectravere measured to analyzée structure and the defect of the
sample made through thelehnation reaction of ZTiC-X (figure 17) TiC-CDC was also

measured for comparisomn the XRD, TiC-CDC, whidc is characterized by micropore,
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showed high intensity at low anglef two theta This wasevident in the carbon obtained after
the chlorination reaction of the sample heat treated for 12 h andHWever, in the case of
carbon obtained after chlorination of-ZinC-3h with Ti(CxOy) phase, the intensity of the low
ande decreases arttle (002)and (10) peakdevelomd indicatingthe turbostratic structure
After Ti is removed in the form of TiGl the cabon that retained the microporeacts with
the surrounding oxygemand is etched in the form of COD,;, so that thecarbon is
recongructed and thelegree of crystallindevelopsThe WC produced by milling remained
after the chlorination reaction, but the oxide was mostly removed after the chlorination
reaction.In Raman spectréfigure 18) dl the samples showedrdad D band, whictwas
rangedfrom 1332to 1341 cm!, and G land, which was ranged from 1587 1696 cn,
indicating the carbon obtained by chlorination showed disordered cafoordisordered
porous carbon, the D and G band widths are commonly used as a measure af idishede
carboncarbon bonding networkCompared to Ti€CDC, ZnTiC-X-CDC showed much
decreased D band fuNidth & half-maximum intensity (FWHM)indicating thathe carbon
carbon bonding becomes more uniform and less defedidecrease in D band isuoh
pronounced in ZTiC-3h-CDC, because of reconstruction of carmambon bonding network.

This result is irgoodagreement of XR¥figure 17)

The N sorption isothermgfigure 19)were conducted to analyze the pore characteristics of
the carbides antheir CDCs.In the case of carbidshown in the figure 19aJiC has almost
no pore strature, whereas ZmiC-X have micro-, mese, and macropoteEspecially, Zn
TiC-3h among the ZATiC-Xs haswell-developedpore structureThe pore structure of the
carban obtained after the chlorination reaction is shown in figt8p. TiC-CDC is

characterized by welleveloped microp@. On the other hand, ZhiC-X-CDC has not only
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micropore but also mesopore and macropdtes is similar to the characteristics of meso
and macropore of the existing carbid#is verified that thepore structure of the carbiaeas
hierarchically lirked to the microporeof the carbon synthesized after the chlorination
reaction.The pore characteristics of all the samples vgeimmarizedn tablel. Zn-TiC-3h
has BETspecific surface aredSSA) of 464 nf/lg and as annealing time increased BET
surface area is decreasddhe highBET surface aremobtained from ZaliC-Xs are due to
the holes produced in the carbide particles compared towhBHEY surface area values of 2
and3 m?g of TiC and ZnTiQ, respectivelyThe TiGCDC has a BET SSA of 1439°fg and
micropore volume of 0.58 cni/g with almost no mesopareZn-TiC-3h-CDC showed
decrease®ET SSA of 1402 ciilg because of reconstruction adrborcarbon bonding, but
had high mesopore volumes of 1.6&gnIn case of ZfTiC-24h-CDC had high BET SSA of
2025 nt/g with high micre and mesopore volumes of 0.76 ¥m and 1.01 crig,

respectively.

34



3.1.3. Conclusions

Mesoporous titanium carbidgere successfullysynthesized by carbothermal reduction of
ZnTiOs with graphite under argon atmosphere. SincébZsedbondswerefirstly broken by
carbon and gradually reduced into Zn, Ti componedreadily reduced and transformed to
titanium carbideThis processesuledin mesoporous titanium carbide, because metallic Zn
wasvaporized witha fast rate at high temperature making the holes of 2~80 nm in the TiC
particles.Chlorination of porous titanium carbide with mesopgpesducedporous carbon
with a hierarchical pore structure because the holes are connected to micropores to serve as
pore channe|svhich was evidenced by TEM analys@ince this methodould beapplied to
various porous carbides (TiC, MoC, ZrC, SiC, etc.)had an advantage of nobnly
controlling the pore size of micropores but also having a hierarchical pore struidtise.
hierarchic CDCwas applied to the capacitive deionization and showedehigheed

characteristiceompared to commercial titanium carbiderived carbon
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ZnTiO; (s) +4C ()= Zn (V) T+ TiC (s) + 3CO (g) T
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Figure7. Thermodynamic calculation for carbothermal reductod oxides. The

XRD result ofZn/ZnO as a byroduct.

36



Figure 8. Scheme of synthesizing the hierarchical porous carborT(ZX-

CDC).
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