Journal of Physics: Condensed Matter

PAPER Related content

- Ereeze-drying for sustainable synthesis of

Improved capacitive deionization performance of nitrogen doped porous carbon crvogel with

. . i . enhanced supercapacitor and lithium ion
mixed hydrophobic/hydrophilic activated carbon storage performance

Zheng Ling, Chang Yu, Xiaoming Fan et

electrodes a

- Preparation of porous carbon nanofibers
derived from PBI/PLLA for supercapacitor
To cite this article: M Aslan et al 2016 J. Phys.: Condens. Matter 28 114003 electrodes
Kyung-Hye Jung and John P Ferraris

- Nitrogen doped activated carbon from pea
skin for high performance supercapacitor
Sultan Ahmed, Ahsan Ahmed and M Rafat
View the article online for updates and enhancements.

Recent citations

- Zwitterionic Polymer Modified Porous
Carbon for High-Performance and
Antifouling Capacitive Desalination
Penghui Zhang et al

- Efficient Capacitive Deionization Using
Natural Basswood-Derived, Freestanding

Hierarchically Porous Carbon Electrodes
Mingquan Liu et al

- Potential-Dependent, Switchable lon
Selectivity in Aqueous Media Using
Titanium Disulfide
Pattarachai Srimuk et al

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 134.96.38.70 on 10/11/2018 at 14:15


https://doi.org/10.1088/0953-8984/28/11/114003
http://iopscience.iop.org/article/10.1088/0957-4484/26/37/374003
http://iopscience.iop.org/article/10.1088/0957-4484/26/37/374003
http://iopscience.iop.org/article/10.1088/0957-4484/26/37/374003
http://iopscience.iop.org/article/10.1088/0957-4484/26/37/374003
http://iopscience.iop.org/article/10.1088/0957-4484/27/42/425708
http://iopscience.iop.org/article/10.1088/0957-4484/27/42/425708
http://iopscience.iop.org/article/10.1088/0957-4484/27/42/425708
http://iopscience.iop.org/article/10.1088/2053-1591/aabbe7
http://iopscience.iop.org/article/10.1088/2053-1591/aabbe7
http://dx.doi.org/10.1021/acsami.8b11708
http://dx.doi.org/10.1021/acsami.8b11708
http://dx.doi.org/10.1021/acsami.8b11708
http://dx.doi.org/10.1021/acsami.8b08232
http://dx.doi.org/10.1021/acsami.8b08232
http://dx.doi.org/10.1021/acsami.8b08232
http://dx.doi.org/10.1002/cssc.201800452
http://dx.doi.org/10.1002/cssc.201800452
http://dx.doi.org/10.1002/cssc.201800452
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/442742128/Middle/IOPP/IOPs-Mid-JPCM-pdf/IOPs-Mid-JPCM-pdf.jpg/1?

1OP Publishing

Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 28 (2016) 114003 (11pp)

doi:10.1088/0953-8984/28/11/114003

Improved capacitive deionization
performance of mixed hydrophobic/
hydrophilic activated carbon electrodes

M Aslan', M Zeiger!, N Jackel', | Grobelsek!, D Weingarth! and

V Presser!?

! INM-Leibniz Institute for New Materials, Campus D2 2, 66123 Saarbriicken, Germany
2 Department of Materials Science and Engineering, Saarland University, Campus D2 2,

66123 Saarbriicken, Germany

E-mail: volker.presser @leibniz-inm.de

Received 29 June 2015, revised 20 October 2015
Accepted for publication 23 October 2015
Published 23 February 2016

Abstract

CrossMark

Capacitive deionization (CDI) is a promising salt removal technology with high energy
efficiency when applied to low molar concentration aqueous electrolytes. As an interfacial
process, ion electrosorption during CDI operation is sensitive to the pore structure and the
total pore volume of carbon electrodes limits the maximum salt adsorption capacity (SAC).
Thus, activation of carbons as a widely used method to enhance the porosity of a material
should also be highly attractive for improving SAC values. In our study, we use easy-to-scale
and facile-to-apply CO,-activation at temperatures between 950 °C and 1020 °C to increase
the porosity of commercially available activated carbon. While the pore volume and surface
area can be significantly increased up to 1.51cm?® g~ and 2113 m? g~!, this comes at the
expense of making the carbon more hydrophobic. We present a novel strategy to capitalize
on the improved pore structure by admixing as received (more hydrophilic) carbon with
CO,-treated (more hydrophobic) carbon for CDI electrodes without using membranes. This
translates into an enhanced charge storage ability in high and low molar concentrations
(1M and 5mM NaCl) and significantly improved CDI performance (at 5mM NaCl).

In particular, we obtain stable CDI performance at 0.86 charge efficiency with 13.1mg g~

SAC for an optimized 2:1 mixture (by mass).

Keywords: capacitive deionization, wetting behavior, water desalination, porous carbon,

physical activation

(Some figures may appear in colour only in the online journal)

1. Introduction

Capacitive deionization (CDI) is an emerging technology
showing great promise for energy efficient desalination of
saline water of low ionic strength [33, 40, 47]. The technology
is based on reversible ion electrosorption in an electrical
double-layer at the fluid — solid interface of saline solutions
with electrified carbon [3]. Saline water streams are introduced
to a CDI cell either by flowing parallel to (flow-by geom-
etry) [14, 35] or vertically through [1, 46] porous electrodes.

0953-8984/16/114003+11$33.00

Conventional CDI operation is accomplished by cycling
between ion removal and electrode regeneration modes, in
which salt ions are electrosorbed from the inlet water stream
or released back in the outflow stream. Continuous operation
can be accomplished by replacing conventional film elec-
trodes with flowable carbon suspensions, while maintaining
the high charge efficiency (up to 95%) of CDI [22, 25].
Carbon materials are excellent electrode materials for CDI
applications because many of them are derived from sustain-
able biomass, the synthesis costs are commonly very low, and
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they possess the unique ability to realize high surface areas
and precise matching of optimized pore size distribution [28].
Currently, the most promising materials for high CDI perfor-
mance metrics (i.e., salt sorption capacity, SAC) are materials
with a high surface area, such as activated carbons [37], car-
bide-derived carbons [39] and graphene-like materials [50].
Although the correlation is not linear, there is still a clear
dependency between pore volume and SAC, and predictive
tools to calculate the CDI performance of a material based on
its porosity parameters have been devised [37].

Activation of carbons can be accomplished by chemical
treatment in either reactive liquids (like molten KOH) or oxi-
dative gaseous environments (such as water vapor or synthetic
air) [29]. This paper addresses the effect of CO,-activation
of activated carbons (i.e., physical activation). Our choice of
physical activation was motivated by the facile implementa-
tion even for large-scale synthesis; in contrast, the commonly
employed KOH (chemical) activation requires thorough
rinsing of the activated carbon material at the expense of an
additional treatment step. In addition, CO,-activation is a well-
established process and has been shown in the field of super-
capacitors to greatly enhance the electrochemical performance
[8]. Also, improved CDI performance after physical activation
has been reported for carbon fibers [13] or carbon aerogels [8].

The improved electrochemical performance after activa-
tion commonly correlates with the larger pore volume [23].
While the correlation between pore volume (or surface
area) and electrochemical performance is neither linear nor
straightforward [2, 7], there is still a strong agreement in
the supercapacitor and CDI communities that a higher level
of pore development is beneficial [31, 41, 43]. Motivated by
work on aqueous and organic supercapacitors [9, 42], we have
established recently a comprehensive model to correlate the
pore structure with the CDI performance [37]. In short, the
entire volume of micro- and mesopores is important to con-
sider when attempting to predict the CDI performance, but
the differential SAC (mg salt removed per cm? of incremental
pore volume) is strongly enhanced for micropores [37]. This
predictive model was corroborated by a recent study on heter-
oatom carbons, but an increased deviation between measured
and calculated SAC was observed for a high content of elec-
trochemically active non-carbon atoms [38].

Based on the current literature, it has been shown that
CO»-activation can be used to increase the pore volume,
while the pore size distribution is only slightly modified [8].
We also know that a higher pore volume level may enhance
the CDI performance. So far, no systematic study on this
aspect has been carried out on high surface area activated
carbon in consideration of the possible interplay of wetta-
bility and CDI charge efficiency. In our study, we provide
data to show the potentials and limitations of CO,-activation
for improved CDI performances. We also introduce, by
mixing hydrophobic and hydrophilic carbon, a novel strategy
to exploit an improved porosity without sacrificing CDI salt
removal capacity and efficiency in view of limited carbon
wetting by aqueous media. This approach aligns with recent
reports on the benefits of mixed hydrophilic materials for
fluid transport [52].

2. Experimental description

2.1. Materials and carbon activation

Commercially available activated carbon (AC) named YP80
was purchased from Kuraray (Japan). Samples labeled ‘as
received’ were used as received without any chemical or phys-
ical treatment of the material.

Physical activation in flowing CO, was carried out in a
rotary quartz-glass tube furnace capable of treating 60g AC
powder per one run. The samples were heated at 10 °C min~!
to the activation temperature in flowing CO,. After reaching
the activation temperature (950, 970, 980, 1000, or 1020 °C),
the temperature was held within -1 °C for 2h with a CO, gas
flow of 80 L/h = 1333 sccm. Afterwards, the samples were
cooled to room temperature in flowing CO, at 10 °C min~"'.
CO,-treated samples are named ‘CO;’ and the superscript
number (e.g., CO,”®" “C) indicates the activation temperature
(duration of 2h in all cases). Mixing of as received and acti-
vated material was accomplished by thorough homogenization
by tumbling in a plastic jar with 10 mm plastic balls for 3 h.

2.2. Electrode fabrication

Film electrodes were prepared by mixing porous carbon mat-
erial and polytetrafluoroethylene binder (PTFE, 60 mass%
solution in water from Sigma Aldrich, USA) and ethanol to
obtain homogeneous carbon paste. The carbon-to-binder mass
ratio was 95:5. Afterwards, the carbon paste was rolled (MTI
HRO1, MIT Corp.) to 150 £+ 20 mm thick free standing elec-
trode films which were dried in an air atmosphere at 120 °C
for 24 h at 20 mbar. For the CDI experiments the carbon elec-
trodes were cut into square pieces of 6 x 6cm? with a hole in
the middle of each electrode of 1.5 x 1.5c¢m?. The final elec-
trode mass density was 0.3-0.4 g cm ™3 and the total electrode
mass (for all six electrodes) was 1.4—1.6g.

2.3. Structural and chemical characterization

Scanning electron microscope (SEM) images were collected
with a JEOL JSM 7500F field emission scanning electron
microscope (FESEM, Japan) operating at 3kV. Energy dis-
persive x-ray spectroscopy (EDX) was carried out at the JEOL
system with an X-Max Silicon Detector of Oxford Instruments
using AZtec software (United Kingdom).

Raman spectra were measured with a Renishaw inVia
Raman microscope (UK) using an Nd-YAG laser with an exci-
tation wavelength of 532nm (grating with 2400 lines mm~!,
spectral resolution of ~1.2cm ™!, spot size on the sample in the
focal plane ~2 pum, output power of 0.2 mW). Spectra were
recorded for 20s and accumulated 50 times to obtain a high
signal-to-noise and signal-to-background ratio. Peak fitting
was performed by employing four Lorentzian peaks for the
spectrum between 900cm ™! and 1900cm ™.

Specific surface area (SSA), pore volume and pore size
distribution of the samples were measured by nitrogen gas
sorption measurements at —196 °C with an Autosorb system
(Autosorb 6B, Quantachrome) in the relative pressure range
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from 0.008 to 1.0. Before the measurements, the powder sam-
ples were outgassed at 250 °C for 10h under vacuum con-
ditions at 10% Pa to remove adsorbed water; the outgassing
temperature for film electrodes was 120 °C. Nitrogen gas
sorption was performed in liquid nitrogen at —196 °C. The
SSA was calculated with the ASiQwin-software using the
Brunauer-Emmett-Teller (BET) [6] equation in the linear
relative pressure range 0.01-0.05. We also calculated the SSA
and pore size distribution (PSD) via quenched-solid density
functional theory (QSDFT) [21] with a hybrid model for
slit and cylindrical pores and pore size between 0.61 nm and
34nm. The hybrid model yielded a better fit compared to a
simple slit-shaped pore model.

Skeletal density of the samples was measured by helium
gas pycnometer (AccuPyc 1330, Micromeritics).

Contact angle measurements of carbon film electrodes
with demineralized water were carried out in air using an OC
25 system from DataPhysics (Germany). The contact angles
were monitored over time, covering a range between 0.2 and
1000s. The obtained data was smoothed over 10 data points
on the time-axis.

Water vapor sorption was monitored as a function of expo-
sure time by placing the samples in an air-tight container held
at 75% relative humidity. The water vapor uptake was moni-
tored by periodic mass measurements with a Sartorius micro-
balance (Germany) with an accuracy better than 1 pg.

Streaming potential measurements were conducted with
a 100mg carbon powder in 30ml demineralized water after
10min of ultrasound treatment and shaking for 10h (Miitek
PCD.03 pH, BTG Instruments, Germany). The initial pH value
was adjusted at 9 with dosing ammonia solution, NH4,OH.
Hydrochloric acid, HCI, was used as titrant down to pH 3.

2.4. Electrochemical and CDI testing

Prior to electrochemical testing, a 3 h resting period was main-
tained to ensure the removal of dissolved oxygen from the
electrolyte via nitrogen gas bubbling and to achieve soaking
of the electrodes. Electrochemical characterization of all the
samples was carried out using a VSP300 potentiostat/galvano-
stat from Bio-Logic (France) operating in cyclic voltammetry
(CV) or galvanostatic cycling (GC) mode. Specific capaci-
tance, normalized to the performance of one electrode (as
common in supercapacitor systems; [45, 53]) was calculated
from the discharge current during galvanostatic discharging at
different current densities (ranging from 0.1 to 10 A g~ ') after
correcting for the iR drop.

For the desalination experiments a CDI device with flow-
by mode was used which is described in [38]. The CDI stack
was built from graphite current collectors (SGL Technologies,
Germany; thickness: 250 pm) with attached porous carbon
electrodes and a porous spacer (glass fiber pre-filter, Millipore,
compressed thickness of a single layer: 380 pm). Each cur-
rent collector was used for two adjacent cells, except for the
bottom and the top which was only in contact with one carbon
electrode. After stack assembly, the stack with two parallel
flow paths was pressed together firmly and sealed. A constant
flow rate of 7.5ml min~! per one flow channel was used. Ion

adsorption and desorption steps are carried out using con-
stant potential mode at 1.2'V. The electrode regeneration was
accomplished at OV. For all electrochemical operations, we
used a VSP300 potentiostat/galvanostat (Bio-Logic, France)
and the duration of each half-cycle was 30min. All experi-
ments were carried out with SmM NaCl solution and a 10L
electrolyte vessel which was flushed continuously with N, gas
to purge the water from dissolved oxygen. The salt adsorption
capacity and the measured charge were defined per mass of
total electrode material (AC + binder) in both electrodes and
were calculated as an average value from the adsorption and
desorption step. For calculation of the electrical charge, the
leakage current measured at the end of each half-cycle was
subtracted. Repeat experiments showed a reproducibility of
the data of 5-10%.

3. Results and discussion

3.1. Structural and chemical carbon properties

The AC powder consisted of anisometric particles ranging
from ca. 0.5 yum to 10 pm with an average aggregate size of
around 2-5 pum (figures 1(A) and (B)) [24]. Locally, mac-
ropores (pores larger than 50nm) can be seen with high
resolution scanning electron microscopy (SEM; insets in
figures 1(A) and (B)), but no significant change in morphology
and texture was seen when comparing as received (figure
1(A)) with activated samples (e.g., CO,'%%%: figure 1(B)).

The CO,-activation process only marginally impacts on the
carbon structure (figures 1(C) and (D)). The Raman spectra
of the samples show D- and G-modes between 1200cm™!
and 1700cm™! characteristic for incompletely graphitized
carbon, the corresponding overtones and the combinational
modes between 2300cm~' and 3400cm™! (figure 1(C)).
The G-mode at ca. 1600cm ™! is a first-order peak with Eog-
symmetry and representative for sp>-hybridized carbon [15].
The D-mode at ca. 1340cm ™! relates to defects and disorder
induced phonon transitions [36, 49]. For all samples, the full-
width at half-maximum (FWHM) for the D- and G-modes
varies marginally, ranging from 100.1cm ™! to 105.9cm ™! and
51cm™! to 55cm™!, respectively. Compared to the as received
state, physical activation increases the integral peak ratio Ip/Ig
(figure 1(D)), which can be seen as an indicator of structural
disorder or the degree of graphitization [56]. An increased
Ip/ls ratio is indicative of a decrease in the carbon domain
size and aligns well with the physical removal of material
during activation. A subsequent decrease in Ip/Ig for higher
activation temperatures illustrates the competing processes
of activation (decrease in domain size) and enhanced carbon
ordering (graphitization at higher temperatures). The overall
increase, however, is small compared to the as received state
and the carbon remains in an incompletely graphitized state.

While the morphology and the structure of the activated
carbon material remain largely unchanged after CO,-treatment,
progressing mass loss can be monitored after physical activation
(table 1). Considering the constant 2 h annealing time, we see a
correlation between the increase of the activation temperature
and the mass loss, reaching a maximum value of —45 mass%
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Figure 1. Scanning electron micrographs of activated carbon (A) as received and (B) after 2h at 1020 °C CO,-activation. (C) Raman
spectra of as received carbon and carbons activated at different temperatures and (D) corresponding /p/Ig ratio values.

Table 1. Porosity parameters derived from nitrogen gas sorption at —196 °C and corresponding mass losses (compared to as received)

obtained from gravimetric analysis.

Specific surface area

Average pore Pore volume

(m?gh size (nm) (em®g™h Mass loss (mass%)
Temperature (°C) BET QSDFT DFT DFT Gravimetry
as received 2107 1786 1.31 1.072 —
950 2261 1937 1.37 1.185 16
970 2314 2006 1.44 1.278 27
980 2329 2041 1.48 1.318 35
1000 2389 2121 1.56 1.426 37
1020 2363 2113 1.69 1.511 45

at 1020 °C. In parallel, we see a constant increase in pore
volume and specific surface area (SSA), as shown in table 1
and figure 2. In comparison with as received powder, the
QSDFT SSA can be increased up to 18% (i.e. +327 m? g~ )
and the pore volume by +41% (i.e. +-0.44cm? g~!) after phys-
ical activation at 1020 °C for 2h (as received: 1786 m?> g~!
and 1.07cm? g~!). As seen in table 1, the pore size distri-
bution (figure 2(C)) shows an increase in total pore volume
and an increase in average volume-weighted pore size from
1.31nm to 1.69 nm. All nitrogen sorption isotherms belong to
the type I with a small H4 hysteresis (figure 2(A)), indica-
tive of predominantly microporous carbon with slit-shaped
pores [44]. The correlation between activation temper-
ature and average pore size or pore volume is highly linear

(R*> = 0.9746/R?> = 0.9979) with a slope of 0.0045nm/°C and
0.3623 mm?/g/°C, respectively (figure 2(D)).

The activation process is not accompanied by significant
changes in chemical composition. As confirmed by EDX,
there is no statistically significant change in the total amount
of oxygen in the samples: as received samples show a quantity
of 1.9 4+ 0.5 mass% oxygen, while activated material exhibits
1.7 4+ 0.7 mass% oxygen.

More pronounced are the changes related to the wettability
(figure 3(A)). When using film electrodes composed of as
received material, we see a small initial contact angle of 63°.
As expected for highly porous materials, the contact angle
quickly decreases with increasing time due to capillary forces
pulling the liquid inside the particle. This overall behavior is
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maintained after CO,-activation, for example at 1020 °C, but
the initial contact angle becomes superhydrophobic (118°)
and it takes more time to wet the sample. In particular, the
as received material reach a contact angle of 20° after 4 s, but
1000 s for CO,'920"C_ There was very little variation observed
between samples activated at different temperatures. The
initial contact angle decreased and the wetting process sig-
nificantly improved when mixing as received powder with
activated material, for example in a 2:1 ratio (2AR: 1 CO,)
with a start value of around 80° (figure 3(A)).

The changes in wettability are confirmed by a gravimetric
study of the water vapor uptake as a function of exposure time
to an environment constantly held at room temperature at
75% relative humidity (figure 3(B)). The as received material
exhibits a more hydrophilic behavior, while the activated mat-
erial, exemplified for CO,%%"°C, behaves the most hydrophobic.
Intermediate states in the overall water uptake behavior can be
adjusted gradually by admixing with the as received powder
some activated material, as shown for 1:1, 2:1 and 3:1 mixing
ratios (figure 3(B)).

The reason for this drastic change in the wetting behavior
after CO;-activation is related to a change of the surface ter-
mination of carbon. As shown by streaming potential meas-
urements of the carbon powders (figure 3(C)), the as received
material exhibits an isoelectric point at pH = 5.4 (obtained
when using HCI as titrant and a starting pH of 9). This value
is characteristic for carbons with predominantly carboxylic
surface groups [29]. Decarboxylation as a result of the high
temperatures applied during CO,-activation can be seen by a
strong increase in the pH position of the isoelectric point (iep)
and all CO,-treated samples show pHje, values between 7.3
and 7.6 (almost independent of the activation temperature).
This behavior is reasonable since at temperatures above
900 °C almost all of the oxygen containing acidic groups
decompose and a back-formation under standard storage con-
ditions is not possible [16, 26, 48]. The increasingly decarbox-
ylated nature of the surface explains the more hydrophobic
behavior after CO,-activation [5, 27].

3.2. Electrochemical characterization in high molar saline
water

We carried out CV and GC testing in 1M NaCl aqueous
solutions to provide a baseline for the electrochemical per-
formance of the carbon materials. While this concentra-
tion is two orders of magnitude higher than what is later
used for CDI, 1M is a common concentration for aqueous
supercapacitors. Also, the high ionic strength ensures miti-
gation of the diffusional and transport-related limitations of
ion transfer occurring at low ion concentration and avoids
counter-ion depletion. In addition, with the rising interest in
aqueous supercapacitors [12, 17], our data using a high con-
centration of NaCl will be facile to adapt and transfer to the
energy storage community.

Cyclic voltammetry (CV) at 10 mV s~' shows the typical
behavior of an electrical double-layer capacitor material for
the samples before and after CO,-activation, including a

mixture of activated and as received carbon (figure 4(A)). In
agreement with the wetting data, the capacitance decreases
by ca. 9% when comparing the as received state with mat-
erial activated at 980 °C which is also seen for other acti-
vation temperatures. Also, the resistive knee at the vertex
potentials is more pronounced, which indicates a more resis-
tive cell behavior. Yet, we note that the activated material has
a much larger pore volume and surface area (e.g., CO,”*" C:
pore volume +23%, QSDFT SSA:+14%) and should, by
this virtue, exhibit an improved capacitive performance.
Interestingly, the resistive knee is more depressed and the
capacitance is increased for a 2:1 mixture between as received
material and, for example, CO,”%. This mixture performs sig-
nificantly better when compared to the activated material and
even better in comparison to the as received material. CVs
recorded at a low molar concentration typical for CDI (5mM;
figure 4(B)) display two important differences compared with
data obtained at high molar concentration (figure 4(A)). First,
the ion mobility is severely lowered and capacitive behavior is
only seen at very low scan rates, as exemplified for 1 mV s~}
for as received material and after activation at 1020 °C in CO,.
As seen in figure 4(A), at high molarity (1 M), a highly capaci-
tive behavior (i.e. rectangular CV) is already seen at a much
higher scan rate of 10 mV s~!. In addition, the CVs at 5SmM
show at around 0.7V cell voltage the emergence of ion deple-
tion, as known for electrolytes with very low ion concentration
[32, 55].

Additional insights into the performance as a function
of current (power handling) can be gained by galvanostatic
cycling to 1.2V with different specific current (figure 4(C)).
The as received material shows a specific capacitance of
134 F g7! at a low current density of 0.1 A g~!, dropping
to 30 Fg~! at 8 A g~!. In agreement with CV data and the
wetting behavior, we see a severe drop in electrochemical
performance after CO,-activation, exemplified for Co,80 "¢
(106 F g~' at 0.1 A g~!). Mixing as received and activated
materials is a facile method to significantly increase the capac-
itance and the best performance was encountered for a 2:1
mixture between as received and CO;-treated carbon. In part-
icular, we measured at 0.1 A g~! for the 2:1 mixture a capaci-
tance of 154 F g~!, which is much higher than the 1:1 mixture
(104 F g’l) and the 3:1 mixture (126 F g’l). We see in
figure 4(C) that the capacitance for 2:1 mixture at low spe-
cific current is 14.9% and at high specific current more than
100% higher than for electrodes from as received powder. This
increase of capacitance cannot be explained alone by SSA
increase. The QSDFT SSA in film electrodes with 5 mass%
PTFE was for AR 1625 m? g’l, and for 2 AR + 1 CO,?%0°C
1739 m? g~!, which corresponds to a 7% SSA increase. In
contrast, the increase of capacitance was more than 14%.
Obviously, the interplay between improved wetting (as received
material) and improved porosity data (CO,-treated carbon) can
be best exploited electrochemically when using a 2:1 mixture.

When comparing different activation temperatures
(figure 4(D)), at low specific current, no systematic trend can
be seen and all capacitance values scatter within a narrow
margin (151 +£3 F g~!'). We note that low specific current
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values are most representative of the equilibrium capacitance.
The latter is also more comparable to the CDI performance
which is accomplished by charging and discharging for 30 min
each. For comparison: a specific current of 0.1 A g~! corre-
sponds to a charging duration of ca. 20 min, while 10 mV s~
(CV) corresponds to only ~2min (figure 4(A)). Only at high
specific current, when approaching 10 A g~! we see a clear
trend in favor of lower activation temperatures. In detail, the
highest capacitance is encountered at 10 A g~! for CO,”° "¢
(72 F g1) followed by CO,!% "C (62 F g!) and CO,'%0 ¢
(52Fg™h).

The electrode density also reflects the differences in
pore volume. Using the same thickness of the film elec-
trodes and 5 mass% of polymer binder, we obtain for the as
received material 0.44 g cm ™ and 0.33 g cm ™ for CO,!%20°C,
A 2:1 mixture of these two constituents yield 0.38g cm™?,
which is close to the ideal mathematical average (0.39 g cm ).
These values reflect the electrode density (mass loading/
electrode volume), but not the skeletal density. According
to the results of the helium pycnometer density measure-
ments, the CO,-treatment did not affect the skeletal den-
sity of AC powders (AR: 2.19 +0.06g cm 3, CO,*% °C;
211 +00lg cm™3, CO,'% "¢ 218+ 0.03g cm™?).
Considering these results we can conclude that the lower

density of electrodes containing CO,-treated powder can
be traced back to the higher specific pore volume in CO,-
activated AC powders.

3.3. CDI performance in low molar saline water

The CDI performance was characterized in batch mode using
a saline concentration of 5mM NaCl in demineralized water.
If we were to use directly the specific capacitance from gal-
vanostatic cycling at high molar concentration, and using
a charge efficiency of 1, we would expect a SAC between
19mg g ! and 28 mg g~ !. This assumes a direct translation of
each Coulomb of charge to the electrosorption of a corresp-
onding counter-ion. Yet, such high values have not been
reported for conventional CDI with AC so far, and excellent
state-of-the-art AC materials exhibit values around 15mg g~
[34, 37]. Values up to 21 mg g~ ! have recently been obtained
from graphene-like foams exhibiting a very large pore volume
of 3.13cm? g~! but very small surface area (<530 m* g~ 1)
[50, 51]. In alignment with our results, this indicates that pore
volume instead of surface area should be the guiding para-
meter to select materials for high CDI performance.

Figure 5(A) depicts a typical charge/discharge (adsorp-
tion/desorption) cycle. To avoid skewing the data because of
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run-in effects during the first few cycles, we show here data
of the 10% full cycle (each half-cycle takes 30 min). All film
electrodes from each material exhibit the characteristic per-
formance known from chronoamperometric (CAM) opera-
tion. During the ion-removal half-cycle, we see a significant
decrease in the conductivity of the out-flowing stream, which
declines over time as the electrodes reach their saturation.
In contrast to the more gradual ion-removal, the desorption
half-cycle (electrode regeneration) exhibits faster changes
in out-flow conductivity, as common when discharging the
system to O V. The fastest and strongest change in conductivity
can be seen for a 2:1 mixture of as received material with
CO,%0"C while almost no difference is found between 2:1
mixtures using CO,'%% “C or C0O,'%%° °C, Yet, the latter two
show larger areas when integrating the conductivity over time,
which is indicative of a higher intrinsic SAC value.

The SAC performance, given in mg NaCl removed per g
of carbon electrode, is shown in figure 5(B) with the corresp-
onding charge efficiency depicted in figure 5(C). The charge
efficiency will, for conventional CDI, always remain below
1 in reflectance of effects such as co-ion expulsion, specific
adsorption or surface redox reactions, which do not con-
tribute to the salt removal process but still consume a cer-
tain amount of electric charge. This consideration excludes

non-conventional CDI approaches, such as inverted CDI
(iCDI) [4, 20]. In our experiments, we chose 1.2V cell voltage
as a value high enough to ensure beneficial charge efficiency
[54], but below the margin of the electrochemical stability
window of water (at 1.23V).

The CDI performance of as received material shows the lowest
SAC values of all studied materials. After an initial increase from
10.9mg g~! to 11.5mg g~ !, the CDI capacity decreases gradu-
ally and reaches 10.3mg g~ after 20 cycles. The charge effi-
ciency remains rather constant at a low range of 0.75-0.79. These
data align with reports of activated carbon CDI electrodes, where
fluctuations during the first cycles have been studied as an effect
of cell and electrode conditioning [10, 18].

In figures 5(B) and (C), we see a significant increase in
SAC when employing 2:1 mixtures using as received mat-
erial blended with CO,%%0 °C, C0O,!%%0 °C and CO,'020 °C, 2:1
mixtures with CO,% °C yield an initial SAC of 11.5mg g™,
but this value decreases gradually to 10.4mg g~' after 20
cycles. In parallel, the charge efficiency, starting at 0.66 and
reaching a maximum at 0.77, also constantly declines to reach
0.69 after 18 cycles. A combination of improved SAC of ca.
13.1mg g~ ! with a very stable performance over 10 cycles
(remaining at 0.86) is seen for the 2:1 mixtures using either
CO,100°C p €O,1020°C.
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Using the predictive SAC model introduced in [37], we can
gainfurtherinsightsinto the behaviorof asreceived and mixed
carbon electrodes. This model is based on the cumulative pore
volume, as measured by nitrogen gas sorption at —196 °C
(see figure 2(B)). As shown in figure 6(A) for data of the first
cycle, the as received material shows initially a deviation of
1.5mg g~ ! from the predicted value (10.9mg g~! instead
of 12.4mg g~ '). This deviation of 12% is understandable
considering the low charge efficiency of 0.74. A correla-
tion between deviation from the prediction and charge effi-
ciency (delta SAC, as shown in figure 6(B)), aligns with
recent results on heteroatom carbons with a large amount
of electrochemically active surface groups [38]. As a gen-
eral rule, a high charge efficiency translates to a higher acc-
uracy of the predictive model. In our experiments, the best
performance results were obtained for the 2:1 mixture with
C0,'020°C,

We also investigated the change in performance for film
electrodes composed of only CO,'%%° °C material. We see that
the charge efficiency remained rather constant from initially
0.78-0.79 after 20 cycles. The discrepancy between model
and measurement (delta SAC) decreases from 2.7mg g~ ! to
1.9mg g~ ! after 20 cycles. The rather high deviation (even
after 20 cycles) is reflective of the low overall charge effi-
ciency. These data indicate that our model may assume a
too large pore volume. Since we have seen a poor wetting
behavior of pure or CO,'%2°°C (figure 3), it stands to reason to
assume that not all of the available total pore volume actually
participates in the ion electrosorption process. This is also in
agreement with the increase in measured SAC cycle by cycle,
while the charge efficiency remains on an almost constant
high value.

4. Conclusions

We have provided a comprehensive study on the beneficial
effect of CO,-activation to tune and modify the pore structure

of activated carbon. Significant increases in specific surface
area and pore volume, at the expense of increasing average
pore size, can be achieved by CO,-activation at temperatures
between 950 °C and 1020 °C. In particular, maximum values
of 2113 m? g’1 (QSDFT SSA)and 1.51 cm? g’1 (pore volume)
can be achieved with 2 h annealing in flowing CO; at 1020 °C.
We also note that this improved porosity data is accompanied
by a mass loss of up to 45%. This illustrates the challenges for
balancing pore structure and burn-off when considering mat-
erial and processing costs.

Another side-effect of the CO,-treatment is the decarboxy-
lation of the carbon surface, shifting the pH value of the iso-
electric point from 5.4 to around 7.5. As a result, the material
becomes more hydrophobic, making efficient wetting with
water more difficult. A solution to this problem is presented
by mixing as received powder (i.e., more hydrophilic) with
CO;-treated carbon (i.e., more hydrophobic). Our data show
an improvement of the wetting behavior of the mixtures. Such
a mixture, to the best of our knowledge, has not been proposed
and explored in the literature so far for electrochemical appli-
cations in aqueous media.

At high molar concentration NaCl (1M NaCl), we show a
high specific capacitance of up to ca. 150 F g~! for the mix-
tures. The best performance is encountered for a 2:1 mixture
between as received and activated material. In comparison, the
higher pore volume and surface area of the CO,-treated material
cannot be fully exploited by the electrolyte and the capacitance
remains rather low (even lower than the as received material).
The benefits of mixed hydrophobic/hydrophilic carbon elec-
trodes are also available for CDI operations. A high and stable
SAC of 13.1mg g~ ! with a charge efficiency of 0.86 is obtained
for a 2:1 mixture of AR with CO,'%%°C or CO,'0%0°C,

In conclusion, our data show the facile application of
COs-activation for CDI application enabling scalable mat-
erial treatment (in our case: batches of 60 g) without the need
for post-activation treatment (i.e., no washing, as required for
KOH activation). Yet, because of the detriments to wetting,
the improved pore structure can only be accessed by admixing
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more hydrophilic carbon (in our case: as received material). In
this way, high CDI performance in terms of SAC and charge
efficiency can be obtained. This approach may also be appli-
cable to aqueous supercapacitors, as indicated by our data in
high molar concentration electrolyte.

We also note that these results align with the activities in
the CDI community concerning adjusting surface chemistry
of carbon electrodes. By finely adjusting the point of zero
charge and the relative potential (and change thereof) of two
electrodes, an electrode pair can be exploited to enhance
the CDI performance significantly [4, 11, 30]. These effects
can even be utilized in an inverse CDI process which holds
the potential for improved long-term performance stability
[19, 20].
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