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Performance stability in capacitive deionization (CDI) is particularly

challenging in systems with a high amount of dissolved oxygen due to

rapid oxidation of the carbon anode and peroxide formation. For

example, carbon electrodes showa fast performance decay, leading to

just 15% of the initial performance after 50 CDI cycles in oxygenated

saline solution (5 mM NaCl). We present a novel strategy to overcome

this severe limitation by employing nanocarbon particles hybridized

with sol–gel-derived titania. In our proof-of-concept study, we

demonstrate very stable performance in low molar saline electrolyte

(5 mM NaCl) with saturated oxygen for the carbon/metal oxide hybrid

(90% of the initial salt adsorption capacity after 100 cycles). The

electrochemical analysis using a rotating disk electrode (RDE)

confirms the oxygen reduction reaction (ORR) catalytic effect of

FW200/TiO2, preventing local peroxide formation by locally modifying

the oxygen reduction reaction.
Introduction

Capacitive deionization (CDI) is an emerging water treatment
technology which is highly attractive for energy efficient
removal of ions from aqueous media with low molar concen-
trations (especially below 100 mM).1–3 Common CDI operation
accomplishes ion removal from a feed stream via capacitive ion
electrosorption at the electrically charged uid/solid interface
between the electrolyte and the electrode. Most commonly, CDI
employs nanoporous carbon, such as activated carbon, but also
other carbons have been explored, for instance, graphene,
carbon nanotubes, or carbide-derived carbon.4 During electrical
charging of the carbon electrodes, ions are removed from the
feed stream via electrosorption.5 A key value for CDI bench-
marking is the desalination capacity (SAC ¼ salt adsorption
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capacity), normalized to the electrode mass, and values of 15–
21 mg g�1 have been reported.6,7

CDI performance is commonly plagued by progressing
degradation stemming from the electrochemical deterioration
of the carbon electrodes.8–10 A challenge is the aggravating
difference between the positively and negatively charged elec-
trode: the former is continuously oxidized, leading to a shi in
the electrode potential towards the oxygen reduction reaction
(ORR) limit and enhanced degradation.9,11 One approach to
mitigate the issue is the use of dissimilar electrodes.12,13 For
example, modifying the carbon surfaces with functional groups
allows to introduce an additional chemical charge and, effec-
tively, shis the point of zero charge of the respective elec-
trodes.14,15 By this way, CDI can even be completely inverted to
yield ion release upon charging and desalination during dis-
charging. Yet, the main focus of research on tuning carbon
surface charge and functionality has remained on enhancing
the salt removal capacity or the efficiency, but the longevity and
performance stability remain widely unexplored. This is even
more aggravated for practical, non-ideal systems, that is,
aqueous saline media with dissolved oxygen, where H2O2

evolution occurs on the negatively polarized electrode.16,17

Besides other metal oxides (like manganese oxide18 or zinc
oxide19), titania/carbon hybrid materials have been investigated
to enhance the desalination capacity20,21 and/or efficiency.22,23

These studies commonly cover the range of few desalination/
regeneration (charge/discharge) cycles, but even for CDI with
just carbon electrodes, only few works show dozens or more
cycles.8 So far, research has fallen short of investigating the
potential for enhancing the CDI performance stability by use of
metal oxide coatings.

In this study, we explore the hybridization of few-nanometer-
sized carbon black particles (FW200) with titania via sol–gel
synthesis and report on the remarkable performance stability in
lowmolar saline media with a high amount of dissolved oxygen.
We chose carbon black instead of microporous activated carbon
because we wanted to avoid ion transport limitations within the
network of nanopores in micrometer sized particles and to have
RSC Adv., 2016, 6, 106081–106089 | 106081
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access for titania decoration to an exclusive outer surface area.
We also study the ORR catalyst ability of FW200 and FW200/
TiO2 to understand the origin of longevity performance in harsh
(i.e., oxygenated) solution.
Experimental
Material synthesis

For our study, we used carbon black type FW200, which was
purchased from Orion (formerly: Degussa) and used without
further chemical treatment.

For FW200/TiO2 synthesis, 18 g of vacuum dried carbon
powder FW200 was dispersed in 200 mL ethanol and set on
magnetic stirrer for 5 h. Then, 16.1 g Ti(IV) isopropoxide
(Aldrich) was dissolved in 500 mL ethanol and set on magnetic
stirrer which should give a carbon hybrid with 20 mass%
titania. During lling, the bottles/containers were purged with
argon to avoid any moisture pick up from the environment. The
Ti-isopropoxide solution and carbon slurry were poured
together and stirred for further 48 h without any additional
water for hydrolysis. Aer the surface functional groups of
FW200 have reacted with Ti-isopropoxide, the slurry was
centrifuged at 4000 rpm for 1 h so that the excess of unreacted
Ti-isopropoxide was removed. The sediment was dispersed in
500 mL ethanol and centrifuged and the supernatant was
removed again. This procedure was repeated two times to
remove the unreacted Ti-isopropoxide. The cleaned sediment
was dried at 95 �C for 24 h and used for the electrode
preparation.
Structural and chemical characterization

Scanning electronmicroscope (SEM) images were recorded with
a JEOL JSM 7500F eld emission scanning electron microscope
operating at 3 kV. Energy dispersive X-ray spectroscopy (EDX)
was carried out in the system with an X-Max silicon detector
from Oxford Instruments using AZtec soware for quantitative
analysis. Transmission electron micrographs were taken with
a JEOL 2100F transmission electron microscope at 200 kV.
Powder samples were prepared by dispersing the powder in
ethanol and drop casting them on a copper grid with lacey
carbon lm (Gatan).

Raman spectra were recorded with Renishaw inVia Raman
microscope using a Nd-YAG laser with an excitation wavelength
of 523 nm. The spectral resolution was 1.2 cm�1 and the
diameter of laser spot on the sample was 2 mm with a power of
0.2 mW. The spectra were recorded for 20 s and accumulation of
30-times to get high signal-noise and signal-background ratio.

X-ray diffraction (XRD) was conducted per use of a D8
Advance diffractometer (Bruker AXS) with a copper X-ray source
(CuKa, 40 kV, 49 mA) in point focus (0.5 mm) and a Goebel
mirror. A VANTEC-500 (Bruker AXS) 2D detector was employed
(25� per step: measurement time 16.7 min per step). The sample
was dispersed in ethanol and drop casted on a sapphire wafer
and the sample holder was oscillating horizontally to enhance
statistics with an amplitude of 5 mm with speed of 0.5 mm s�1

along the x- and 0.2 mm s�1 along the y-axis.
106082 | RSC Adv., 2016, 6, 106081–106089
Nitrogen gas sorption measurements at �196 �C were
carried out with an Autosorb system (Autosorb 6B, Quantach-
rome). The powder samples were outgassed at 250 �C for 10 h
under vacuum conditions at 102 Pa to remove adsorbed water;
the outgassing temperature for lm electrodes was 120 �C.
Nitrogen gas sorption was performed in liquid nitrogen in the
relative pressure range from 0.008 to 1.0. The Brunauer–
Emmett–Teller specic surface area (BET-SSA)24 was calculated
with the ASiQwin-soware in the linear relative pressure range
of 0.06–0.1. The density functional theory specic surface area
(DFT-SSA) and pore size distribution were calculated via
quenched-solid density functional theory25 assuming slit-
shaped pores.

Thermogravimetric analysis was carried out on dried hybrid
samples at 10 �C min�1 to 900 �C in owing synthetic air (20
cm3 min�1) to determine the ash content, which corresponds to
the total TiO2 content in the samples (TG 209F1, Netzsch).

Electrode preparation

All lm electrodes were casted on graphite current collectors
using a mixed PVP/PVB polymer binder. We had shown the
stability of this binder system in aqueous NaCl solutions in
a previous publication26 and the group of Likun Pan established
CDI compatibility when using this binder in a recent study.27

The carbon hybrid slurry was prepared by dispersing 5 g of as-
prepared material and 128 mg of polyvinylpyrrolidone (PVP)
in 20 g of ethanol. Aer tip sonication for 10 min, 319 mg of
polyvinyl butyral (PVB; 25 mass% in ethanol) was added and
stirred for 30 min. The solid content of pure carbon slurry was
set to 10 mass% to ensure castability. Aerwards, the slurry was
casted on SGL graphite current collectors (250 mm thickness)
and dried at 80 �C for 24 h. The thickness of tape casted elec-
trodes was 100 mm for FW200 and 150 mm and for FW200/TiO2.

Electrochemical measurements

We prepared electrodes by using the same method as intro-
duced for CDI electrodes. The slurry was drop casted on the
graphite current collector. The as-prepared electrodes with
a diameter of 10 mm were placed into our custom-build cell
having spring loaded titanium pistons. A glass ber mat (GF/A,
Whatman) was used as a separator. 1 M NaCl was injected by
vacuum backlling. Electrochemical measurement was con-
ducted with a VSP300 potentiostat/galvanostat (Bio-Logic). For
the symmetric full-cell, cyclic voltammetry and galvanostatic
cycling techniques were employed. The specic capacitance of
the cell was calculated by using eqn (1):

Cspecific ¼ 1

Um

ðt2
t1

Idt (1)

where, I is the measurement current, t2 � t1 is the discharge
time, U is the applied cell voltage (with respect to iR drop), and
m is mass of both electrodes.

To monitor the potential development of counter and
working electrode in a two electrode setup, we introduced a Ag/
AgCl spectator reference electrode to the cell. During constant
specic current of 0.1 A g�1 (charge/discharge), the cathode and
This journal is © The Royal Society of Chemistry 2016
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anode potential were monitored by reference electrode and the
different of potentials between cathode and anode were
determined.
Oxygen reduction reaction (ORR) evaluation

A rotating disk electrode (RDE) was used to investigate ORR for
FW200 and FW200/TiO2. The RDE working electrode is a glassy
carbon (GC) electrode (Bioanalytical Systems) with a diameter of
5 mm. Prior to use, the RDE-GC was polished on pat with
alumina powder slurry several times and dried at 60 �C for 6 h.
The carbon hybrid slurry was prepared by the following steps.
Active carbon hybrid material (FW200 or FW200/TiO2) was
mixed with 2.5 mg of PVP in 5 mL absolute ethanol. Aer that,
23 mg of PVB solution (25 mass% ethanol) was added to the
previous mixture and stirred for 15 min. The paste was drop
casted on RDE-GC (3 mL of slurry) and dried at 60 �C for 2 h. The
as prepared RDE was connected to the RDE apparatus (RRDE-
3A, Bioanalytical Systems) having a Pt wire as counter elec-
trode and Ag/AgCl (saturated KCl) as reference electrode. Prior
to ORR analysis, 1 M NaCl was bubbled with O2 gas for 20 min.
Linear sweep voltammograms were applied at a sweep rate of
10 mV s�1 to investigate the ORR on both the FW200 and
FW200/TiO2 electrode. The working electrode potential was
scanned from 0.2 to �0.6 V vs. Ag/AgCl. The rotating speed was
varied from 0 rpm to 3200 rpm. To subtract the background
capacitive current, RDE was tested in an O2-free solution at
0 rpm.

The Koutecky–Levich equation (eqn (2) and (3)) was used to
estimate the number of electron transfers:28

1

j
¼ 1

jK
þ 1

jL
¼ 1

B
u�1

2 þ 1

jK
(2)

B ¼ 0:62D
2
3
n
�1
6nFCO (3)

with j, jK, and jL being the measured, kinetic limited, and mass
transfer limited current. Further, D is the diffusion coefficient of
dissolved oxygen in 1 M NaCl (2 � 10�5 cm2 s�1),29 n is the
kinetic viscosity of 1 M NaCl (0.0938 cm2 s�1),30 F is Faraday's
constant (96 485 C mol�1), CO is the concentration of oxygen in
1 NaCl at 25 �C 1 atm (2.59 � 10�7 mol cm�3),31 and n is the
number of electron transfers involved in ORR. The parameter jK
is assumed to be constant aer reaching equilibrium potential
at one specic mass transfer condition (jL). As shown in eqn (2),
the measured current exhibits linear relation with u�1/2;
therefore, the inverse portion of B indicates the slope of K–L plot
which allows the calculation of n per use of eqn (3).
CDI measurements

The CDI setup described in ref. 32 with ow-by electrodes (per
denition in ref. 1) was used to characterize the desalination
performance. The CDI stack was built from the as prepared
electrodes and a porous spacer (glass ber pre-lter, Millipore,
380 mm thickness). The measurements were carried out with
three pairs of electrodes. Ion adsorption and desorption steps
were carried out using constant potential mode at 1.2 V. The
This journal is © The Royal Society of Chemistry 2016
electrode regeneration was accomplished at 0 V. For all elec-
trochemical operations, we used a VSP300 potentiostat/
galvanostat (Bio-Logic) and the duration of each half-cycle was
30 min. All experiments were carried out with a ow rate of 22
mL min�1 of 5 mM NaCl solution and a 10 L electrolyte tank
which was ushed continuously with O2 gas to ensure oxygen
saturation. The salt adsorption capacity (SAC) and the
measured charge were dened per mass of active material in
both electrodes. For quantication of the electrical charge, the
leakage current measured at the end of each half-cycle was
subtracted.
Results and discussion
Structural and chemical properties

Carbon black type FW200 exhibits micrometer-sized aggregates
(Fig. 1A and B), which consist of nanometer-sized primary
particles of around 5–15 nm containing highly disordered
carbon, as shown by transmission electron microscopy
(Fig. 1C). The small size of the carbon black particles was
intentionally chosen for providing facile access to the pore
volume available for CDI operation and to minimize transport
limitations due to impeded ion diffusion. The sol–gel synthesis
of titania applied in our experiments yielded a homogenous
hybridization of the carbon material (Fig. 1A), as can be seen
from the elemental mapping of titanium (Fig. 1B). Quantitative
analysis for the EDX spectra (Fig. 1D) yielded for FW200 91 � 1
mass% carbon and 9 � 1 mass% oxygen, and for FW200/TiO2

a composition of 85 � 1 mass% C, 13 � 1 mass% O, and 2 � 1
mass% Ti. High resolution transmission electron microscopy
revealed small clusters (ca. 1–2 nm) of titania (Fig. 1C, inset).
The hybrid powder showed a mass loading of ca. 8 mass%
titania (¼4.8 mass% titanium) as conrmed by thermogravi-
metric analysis (Fig. 1E). That value is larger than the amount of
Ti determined by EDX (2 mass%), because we have to consider
the small spot size of the electron beam (effectively probing
a small mm3 volume) and the thermogravimetric analysis is
more representative for the total titanium mass in the sample.
We see in the thermogram also an onset of the carbon oxidation
at much lower temperatures for FW200/TiO2 compared to just
FW200. This is explained by the catalytic effect of the metal
oxide on the carbon oxidation reaction.33

As seen from the Raman spectra (Fig. 1F), FW200 and
FW200/TiO2 display the typical pattern of carbon which consists
of the D-band and the G-band at the wavelengths of about 1354
cm�1 and 1603 cm�1 and a distinct second order spectrum
between 2200 and 3200 cm�1.34 The spectra of FW200 and
FW200/TiO2 are virtually indistinguishable (Fig. 1F). We also
did not observe any characteristic peaks of titania in FW200/
TiO2 since the domain size of titania (ca. 2 nm; Fig. 1B) is too
small to yield a detectable Raman signal. X-ray diffraction also
shows only the presence of carbon per the peaks at 25.5� 2q and
42� 2q, corresponding with the (002) and (110) reections of
graphitic carbon (Fig. 1G). This, too, is in alignment with the
presence of few-nanometer-sized titania domains, scattered
throughout the network of FW200 particles.
RSC Adv., 2016, 6, 106081–106089 | 106083
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Fig. 1 (A) Scanning electron micrograph and (B) overlaid titanium chemical map (EDX) of hybrid FW200/TiO2. (C) Transmission electron
micrographs of FW200/TiO2 showing small titania domains. (D) EDX spectra of FW200 and FW200/TiO2 alongwith quantitative data for C, O, and
Ti. (E) Thermogravimetric analysis in synthetic air of FW200 and FW200/TiO2. (F) Raman spectra and (G) X-ray diffractograms of FW200 and
FW200/TiO2.
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Adding metal oxide to carbons may result in pore blocking of
the electrode.35 By using small amounts of titania and small
particles, we were able to limit porosity reduction (Fig. 2). In
particular, we see a reduction of the DFT surface area from 549
m2 g�1 of FW200 to a value of 404 m2 g�1 for FW200/TiO2 (i.e.,
�27%). This decrease can already be assessed from the nitrogen
sorption isotherms (Fig. 2). Both isotherms are consistent with
a material with interparticle nanopores like carbon onions.36

The measured surface areas align with the presence of pores
just in-between the FW200 grains, with an ideal surface area of
up to 545 m2 g�1 for non-porous carbon spheres of 5–15 nm
diameter. Concluding from quenched solid density functional
theory, the corresponding decrease in surface area is mostly
accomplished by a decrease in micropores (i.e., pores below 2
nm) as a result from certain pore blocking by titania nano-
domains (Fig. 2B). The higher density of the metal oxide also
contributes towards the reduction of surface area.
106084 | RSC Adv., 2016, 6, 106081–106089
Electrochemical characterization in high ionic strength

The full-cell electrochemical measurements were carried out in
oxygen free 1 M NaCl solution to investigate the charge
adsorption capability of FW200 and FW200/TiO2. As seen in
Fig. 3A, the cyclic voltammograms of FW200 and its composite
at 5 mV s�1 exhibit rectangular shape, indicative of charge
storage predominately accomplished by double-layer formation
(i.e., ion electrosorption).37 The same is indicated by the
pronouncedly triangular shape of galvanostatic charge–
discharge plots (Fig. 3B). The specic capacitance of FW200 and
FW200/TiO2 at low specic current of 0.1 A g�1 is 112 F g�1 and
101 F g�1, respectively, while the specic capacitance at high
specic current of 10 A g�1 is 43 F g�1 for FW200 and 47 F g�1

for FW200/TiO2, respectively (Fig. 3C). The lower specic
surface area of FW200/TiO2 accounts for the lower specic
capacitance, although the difference is much less as might be
indicated from the 27% lower accessible surface area compared
to FW200.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (A) Nitrogen gas sorption isotherm of FW200 and FW200/TiO2

showing pore blocking for the latter. (B) Differential pore size distri-
bution calculated via quenched solid density functional theory
assuming slit-shaped pores for FW200 and FW200/TiO2 showing the
mixed micro-mesoporous nature of both materials.

Fig. 3 (A) Cyclic voltammograms at 5 mV s�1, (B) galvanostatic charge–d
and zero charge potential monitoring along with different cell voltages.

This journal is © The Royal Society of Chemistry 2016
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The potential development of cathode and anode in the full-
cell was benchmarked by introducing an Ag/AgCl spectator
electrode (Fig. 3D). The zero charge potentials (E0) of FW200
and FW200/TiO2 are shied to positive values vs. Ag/AgCl at all
studied cell voltages (i.e., between 0.6 V and 1.4 V). This implies
the inuence of negatively charged surface groups which get
neutralized by cations, leading to an asymmetric potential
distribution between cathode (DEcathode ¼ 0.64 V vs. Ag/AgCl at
cell voltage of 1.2 V) and anode (DEanode¼�0.56 V vs. Ag/AgCl at
cell voltage of 1.2 V). Nanodecoration with titania further shis
the potentials to positive values of D80 mV at 0.6 V cell voltages;
yet, the differences gradually reduce and virtually vanish at
1.4 V.

Capacitive deionization performance

The desalination performance of FW200 and FW200/TiO2 was
measured at 1.2 V cell voltage, using a symmetrical two-
electrode setup and aqueous 5 mM NaCl saline solution. We
bubbled the electrolyte with O2 to achieve oxygen saturation.
This is in stark contrast to the majority of work in the CDI
literature, where, with some exceptions (e.g., ref. 38), mostly de-
aerated saline media are investigated.1,2 FW200 carbon elec-
trodes required 35 CDI cycles (i.e., charging and discharging
cycles) to achieve equilibrium performance, that is, to obtain
the same salt adsorption and salt desorption capacity. Only
aer such equilibrium is reached, meaningful values for the salt
adsorption capacity (SAC) can be obtained and compared to
literature.1 During the 35 conditioning cycles, there were strong
uctuations of the online monitored conductivity of the out-
owing saline solution. We even observed, limited to the early
ischarge curve at 0.1 A g�1, (C) rate capability, and (D) cathode, anode

RSC Adv., 2016, 6, 106081–106089 | 106085
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Fig. 4 (A) Typical conductivity curve for a conditioning cycle (shown
data for the 5th conditioning cycle) with inverted CDI operation during
the desorption cycle (1st half cycle). (B) Typical conductivity curve for
conditioned CDI operation (shown data for the 10th CDI cycle) with
regular ad- and desorption half-cycles. (C) Salt adsorption capacity
(SAC) performance normalized to the first-cycle CDI cycle. The solid
lines are fits for an exponential decay (blue; for FW200). For FW200/
TiO2, two data sets of individual CDI cells are presented. (D) Charge
efficiency values corresponding with the data shown in panel (C).
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cycles during conditions, evidence of CDI inversion, where ions
are desorbed during charging (Fig. 4A).9,10,38 These high uctu-
ations are a result of the nanoscopic size of the carbon black
primary particles and the obvious reactivity with surface func-
tional groups, which are evidenced by an oxygen content of 9
mass% in FW200, as measured by EDX. Aer the initial
conditioning, conventional CDI adsorption/desorption cycles
occurred for FW200, as depicted in Fig. 4B (highlighting the
10th CDI cycle). Prolonged operation of FW200, however, lead to
a gradual decrease of the SAC values. Starting from 10 � 2 mg
g�1 for the rst CDI cycle (averaged over two experiments), the
performance decrease follows almost an exponential law and
fades by 80% to ca. 2 mg g�1 aer 20 CDI cycles and by 90% to
�1 mg g�1 aer 60 CDI cycles.

In case of FW200/TiO2, we also observed an initial condi-
tioning phase of 35 cycles (Fig. 4A), following the same pattern
as FW200 (Fig. 4B). Obviously, the run-in behavior is dominated
by the majority phase (i.e., FW200 ¼ 92 mass%) and its surface
chemistry. Yet, the initial SAC of the rst CDI cycle (i.e., aer
conditioning) of 7� 1 mg g�1 (averaged over three experiments)
reduces by only ca. 10% aer 100 CDI cycles (Fig. 4C). To the
best of our knowledge, this is by far the highest performance
stability for any CDI system reported so far for oxygen-saturated
saline electrolyte without the use of membranes. We also
highlight that we used a cell voltage of 1.2 V, instead of a lower
voltage, as surveyed for example in ref. 9. The latter reference
106086 | RSC Adv., 2016, 6, 106081–106089
illustrates the benet in performance stability when reducing
the cell voltage, for example, from 0.9 V to 0.7 V. The observed
performance stability enhancement is clearly linked with the
presence of titania. When using standard carbon materials,
dissolved oxygen is reduced and consumed to form H2O2 as the
major reagent during CDI.39 Once H2O2 is formed, the oxidation
of carbon is boosted and this leads to severe degradation of the
carbon electrode material.16,17 The mechanism for oxygen
reduction reaction over carbon material in alkaline media has
been reported elsewhere.40

Charge efficiency, the ratio between invested charge and
removed ions, is a useful tool to further characterize CDI
performance and stability.41 As can be seen from Fig. 4D, the
initial charge efficiency for FW200 is high with ca. 80%, but
drops to ca. 10% aer 20 cycles. This aligns with the fast decay
in SAC, as seen in Fig. 4C, and low values for the charge effi-
ciency are common for carbons with a high heteroatom content
in the form of surface functionalities.42 The titania decorated
hybrid electrode displays a lower, but much more stable charge
efficiency with an average value of 50 � 6% over 100 cycles
(Fig. 4D). The lower value may result from some amounts of
transferred charge that is contributing to the modied ORR
process and, hence, is not contributing to the actual salt
removal.

The CDI evaluation of FW200 and FW200/TiO2 in de-aerated
5 mM NaCl (i.e., the typical electrolyte used for most CDI work)
is shown in Fig. 5. At rst, FW200 displays a small inverse peak
before starting the adsorption process again (Fig. 5A), but aer
15 cycles, the inverse peak vanished (Fig. 5B). The decrease of
the inverse peak may be linked to progressing carbon oxidation
at the positive electrode. In contrast, FW200/TiO2 exhibits
rather constant inverse peaks (Fig. 5A and B). The salt adsorp-
tion performance of FW200 and FW200/TiO2 is shown in
Fig. 5C. The SAC of FW200 and FW200/TiO2 starts at 5.5 mg g�1

and slightly decays before stabilizing around 2 mg g�1 aer 20
CDI cycles. Thus, the SAC performance in de-aerated aqueous
solution is rather similar for FW200 and FW200/TiO2, leading to
an unfavorable decay in performance of more than 50% of the
initial value over just 10 cycles. Partially inverted CDI also leads
to an unfavorably low charge efficiency of 20–30% aer 20 CDI
cycles (Fig. 5D). Considering these performance values, FW200,
with or without titania decoration, is unfavorable for use in de-
aerated aqueous solution. Seemingly, the majority phase
(FW200) and its associated surface functionalities dominate the
electrochemical performance in de-aerated solutions, exhibit-
ing low charge efficiency and fast decay of SAC performance.

For comparison, we synthesized activated carbon/titania
hybrids by using the same method as FW200/TiO2 and tested
the CDI performance in oxygen saturated 5 mM NaCl. We chose
commercial YP-80F (Kuraray) with a BET surface area of 2347
m2 g�1, which is characterized by a large inner porosity.43 As
shown in Fig. S1 (ESI†), pristine activated carbon exhibits a SAC
of 9 mg g�1 in the rst cycle and a drastic decrease to nearly zero
aer 15 cycles. This fading in CDI performance of pure activated
carbon is related to the oxidization of the anode, comparable to
what we have shown for FW200. Once titania is coated on the
activated carbon surface, the prolongation of CDI performance
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 CDI performance of FW200 and FW200/TiO2 in de-aerated 5 mM NaCl with 22 mL min�1 of flow rate. The applied cell voltage is 1.2 V
during charging and 0 V during discharging. (A and B) Conductivity at 5th and 15th cycle. (C) Salt adsorption capacity over 30 cycles. (D) Charge
efficiency corresponds to the data shown in panel (C).
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in oxygen saturated solution can be seen. The activated carbon/
titania hybrid shows a very high initial SAC of 18 mg g�1 in the
rst cycle, but decreases to a rather constant value of ca. 2 mg
g�1 aer 60 cycles. Thus, while titania nanodecoration of acti-
vated carbon seemingly improves the performance and CDI
stability, the improvement is inferior to what is seen for FW200/
TiO2, where the majority of surface area is associated with outer
surface.

We further studied the catalytic activity (ORR) of titania
decoration on FW200 by use of a rotating ring electrode (RDE).
As shown in Fig. 6A, linear sweep voltammograms at 10 mV s�1

and 0 rpm of FW200 and FW200/TiO2 exhibit an ORR onset
potential of �0.086 V and 0.049 V vs. Ag/AgCl, respectively. The
higher onset potential of FW200/TiO2 implies that titania
catalyzes ORR. To obtain further information about ORR
including the inuence of mass diffusion on ORR, RDE
measurements with various rotating speeds (200–3200 rpm)
were carried out (Fig. 6A and B). For FW200 and FW200/TiO2,
the diffusion current (iL) is increased when increasing the
rotation speed due to the reduction of diffusion length. The
measured current at �0.3 V vs. Ag/AgCl of FW200 and FW200/
TiO2 shows a rather linear correlation with the square root of
the rotation speed. The resulting slope of the K–L plot (Fig. 6D)
according to eqn (2) and (3) reects the mechanism by the
estimation of n. As shown in Fig. 6D, FW200 presents 1.4 elec-
tron transfers, while FW200/TiO2 displays a four electron
transfer. As identied in eqn (4)–(6), the four electron transfer
(eqn (4)) is favorable for CDI longevity because only hydroxyl
ions are formed as reactants. However, in our case, the four
This journal is © The Royal Society of Chemistry 2016
electron pathway is not preferred when carbon has a high
amount of oxygen functional groups (9 mass%). Earlier work
has shown that oxygen functional groups including carbonyl,
carboxyl, and hydroxyl dangling bonds on carbon nanotubes
exhibit a two electron pathway at a potential of �0.6 V vs. Ag/
AgCl with an onset potential of ca. �0.1 V vs. Ag/AgCl.44 There-
fore, the results shown in the inserted table in Fig. 6D are in
good alignment with previous work, since FW200 exhibits 1.4
electron transfers leading to hydrogen peroxide formation (eqn
(5)).

O2 + 2H2O + 4e� / 4OH� (4)

O2 + H2O + 2e� / HO2
� + OH� (5)

HO2
� + H2O + 2e� / 3OH� (6)

We expect initial H2O2 is further reduced on FW200/TiO2.
The latter has the catalytic ability to modify the oxygen
reduction reaction, reducing H2O2 to hydroxide (eqn (6)),45

as enabled by the four electron transfer in FW200/TiO2

(inserted table in Fig. 6D). The observed CDI behavior is
explained by a transition of the two electron transfer reac-
tion for FW200 that leads to peroxide formation, to a four
electron transfer reaction for FW200/TiO2, thereby further
reducing peroxide evolution and effectively preventing the
oxidative carbon degradation. This explanation requires
more comprehensive follow-up work to further elucidate the
RSC Adv., 2016, 6, 106081–106089 | 106087
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Fig. 6 (A) Linear sweep voltammograms (LSV) at 10 mV s�1 of FW200 and FW200/TiO2 in oxygen saturated 1 M NaCl at 0 rpm, (B and C) LSV at
10 mV s�1 of FW200 (B) and FW200/TiO2 (C) in O2 saturated 1 M NaCl with various rotation speeds, and (D) Koutecky–Levich (K–L) plot at�0.3 V
vs. Ag/AgCl.
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precise mechanisms behind this intriguing performance
stability. In absence of excess oxygen, in de-aerated water,
ORR does not occur and the carbon degeneration per surface
functional groups seemingly dominates the decay of the CDI
performance.
Conclusions

The titania decoration of carbon proved to be an excellent and
facile approach to overcome the limited CDI performance
stability in oxygen saturated saline solutions. Starting with
a promising SAC value of 10 mg g�1, carbon black shows
a negligible salt removal capacity of 2 mg g�1 aer just 20 CDI
cycles. Titania-decorated carbon black showed a stable perfor-
mance of 7 � 1 mg g�1 over a remarkable duration of 100 CDI
cycles, being by far the most stable CDI system not using
membranes in oxygen saturated media. Future work beyond
this proof-of-concept study will have to establish the exact
mechanism behind this intriguing performance stability and
nd the optimized amount of titania loading, while extending
the scope to other carbon materials.
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