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The escalating global scarcity of water resources has amplified the need to develop efficient desalination
methods. Electrochemical deionization (ECDI) has emerged as a promising method to solve this pressing
issue. Among various ECDI systems, conducting polymers have showcased remarkable potential for
electrode materials due to their facile large-scale synthesis and precise control over the removal of
anions and cations. We scrutinized the impact of diverse dopant sizes on the intrinsic properties of
polypyrrole (PPy) chains, leading to the development of a high-performance ECDI system. Incorporation
of para-substituted groups featuring elongated carbon chains, such as dodecylbenzene sulfonate (DBS),
the PPy-DBS-1//PPy-ClO,4 configuration attained a salt-adsorption capacity (SAC) of 61.7 mg g~ in NaCl
solution (10 mM) and sustained low energy consumption (0.22 kW h/kg-NaCl). Our findings suggest that
the size and type of dopant have key roles in enhancing the ion transport and mobility of charge carriers
within the conducting-polymer framework. Moreover, fine-tuning the doping ratio enhanced the cation-
capture ability of electrodes and sustained their cycling stability. Overall, these insights into the symbiotic
relationship between dopants and PPy framework within an ECDI system provide guidance framework
for augmenting the electrode performance of conducting polymers with dopants, and expanding the
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1. Introduction

In response to population growth, obtaining clean water
through energy-saving and environmentally friendly methods
has become a pressing concern globally. With seawater
accounting for 97% of water on the planet, seawater desalina-
tion is a common method for producing clean water." However,
traditional methods of seawater desalination, such as thermal
or membrane treatments, have several drawbacks, including
high energy consumption and secondary pollution. In recent
years, researchers have been exploring alternative techniques.
Electrochemical deionization (ECDI) is of particular interest
due to its ease of operation and lack of heat-treatment
requirements.” The conventional method of an ECDI system
relies predominantly on the properties of electric double-layer
(EDL) materials to remove salts by applying an external elec-
tric field to induce the electrodes to adsorb ions of opposite
charge.>* However, the practical value of this conventional
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potential applications of conducting polymers in ECDI.

method is limited by the EDL mechanism, which restricts the
desalination capability.®

Utilization of pseudocapacitive-type or battery-type faradaic
materials has emerged as a prominent research area in the field
of ECDI for addressing the drawbacks of conventional EDL-type
materials.® This approach involves the capture of anions and
cations in a solution through charge transfer within electrodes,
which effectively reduces energy consumption and enhances
the desalination performance. In addition, the unique “memory
effect” of faradaic materials proposed by Hu et al. enables
resource recovery and water purification simultaneously
without the need for membranes, which has further boosted the
appeal of such materials.” The development of faradaic mate-
rials for applications in ECDI is underway with great enthu-
siasm. Among these materials, metal oxides have been used
extensively for cation trapping® because of their large theoretical
capacity and superior stability.>*® However, their application in
anion trapping is limited by their material properties."* In
contrast, the intrinsic properties of polymers are susceptible to
the influence of small molecules.”> For instance, conducting
polymers can generate electrons or polarons on the polymer
skeleton through doped ionophores, which creates exceptional
possibilities for utilization in ECDL'" In the pursuit of
improving the performance of conducting polymers in ECDI
systems, the incorporation of composites™™” and appropriate

This journal is © The Royal Society of Chemistry 2024
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doping ions' are the most used methods among this field.
Previously, we demonstrated the potential of polypyrrole (PPy)-
based electrodes incorporated with dopants in different sizes
for achieving a low cell-voltage (0.75 V/—0.2 V) ECDI system. It
was observed that large dopants, such as 4-methylbenzene-
sulfonic acid (p-TS), were effective in cation-capturing,
whereas small dopants such as perchlorate (ClO,) could move
freely to facilitate the anion-exchange capability of the PPy-ClO,
electrode.” That study laid the groundwork for a follow-up
study of the interaction between PPy and doped ions in ECDI
systems.

However, the strategy for selecting appropriate dopants in
PPy-based ECDI systems for cation-removal remains a mystery.
Researchers have extensively explored the impact of doping
different types of ions in conducting polymers, such as PPy, on
their intrinsic properties.”*** For instance, Bay et al. investigated
the properties of PPy doped with various alkyl benzenesulfonates
(ABSA) using the electrochemical quartz crystal microbalance
(EQCM). They observed that the doping efficiency improved with
an extension of the carbon-chain length of doped ions. In addi-
tion, anion movement was visible on small doping anions
(shorter carbon chains) through the dimensional change,
whereas large doping anions did not show such movement.**
Conversely, Rhee et al. used small-angle X-ray diffraction to
demonstrate that ABSA with long carbon chains could act as
a spacer between PPy chains and induce lamellar structures
during PPy synthesis.*® Nevertheless, even though studies have
observed that dopant-host interactions affect the intrinsic
properties of conducting polymers significantly, a comprehensive
investigation of how such interactions can enhance the capability
of conducting polymers for deionization applications is lacking.

Therefore, the main objective of this study was to examine the
influence of varying dopant sizes on the intrinsic properties of
PPy chains, and craft a high-performance ECDI system by
selecting the appropriate dopant. Initially, the study focused on
the effects of altering para-substituted functional groups in
benzenesulfonate on doping efficiency, thereby potentially
enhancing cation-capturing sites. Furthermore, with the same
actual doping ratio, we analyzed the material characteristics and
performance of PPy in capturing cations when different dopants
were employed. In this way, we elucidated the deionization
mechanism induced by different dopants within polymer
frameworks. Ultimately, we identified the most suitable dopant-
induced conducting-polymer structure and fine-tuned the desa-
lination performance of the PPy-based ECDI system by adjusting
the suitable doping ratio within electrode materials.

2. Experimental and methods

The details of purchased chemicals, synthesis system, charac-
terization methods, and electrochemical measurements of PPy-
doped materials are presented in Section 1 in the ESL}

2.1. Pretreatments of titanium substrates

A commercial titanium sheet underwent acid etching in 6 M
hydrochloric acid at 70 °C for 30 min to remove the native oxide
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or contaminants. Next, the “pickled” titanium sheet was
immersed in RuO, solution (0.3 mg mL ™" in DI water) and dried
in an oven at 80 °C thrice. The pretreated titanium sheets were
annealed at 250 °C for 2 h, resulting in a thin layer of RuO,
forming on the substrate. The RuO, layer simultaneously acted
as a protective layer against substrate oxidation and improved
the coating uniformity of PPy (which provides no ion-removal

capacity).

2.2. Synthesis of PPy electrodes with various dopants

PPy-coated electrodes were prepared via electrochemical poly-
merization using a three-electrode system with a fixed area of
the working electrode of 1 cm x 3 cm. The coating electrolyte
was an aqueous solution containing 0.1 M pyrrole monomer
and 0.05 M dopant (i.e., sulfur/nitrogen (S/N) molar ratio of 0.5).
A galvanostatic mode was employed to deposit PPy thin films
onto the surface of a RuO,-coated titanium sheet, and the
operation parameters are shown in the ESI.f This method
ensured precise control over the doping process, thereby
yielding reproducible and high-quality PPy-coated electrodes.

In a previous study,' we found that the dopant size influ-
enced the anion- or cation-exchange ability of PPy. Accordingly,
LiClO, was chosen as the negative-electrode dopant salt for the
PPy-ClO, electrode. To investigate the impact of dopants on the
cation-exchange ability of PPy, we chose sodium dode-
cylbenzene sulfonate (DBS), sodium styrene 4-sulfonate (SS),
and sodium 4-hydroxybenzene sulfonate (HBS) as the dopant
salts with a S/N molar ratio of 0.5 to fabricate PPy-DBS-1, PPy-SS-
1, and PPy-HBS-1, respectively, as positive electrodes in the
ECDI system. To eliminate the effect of the actual doping ratios,
the same synthetic procedure was adopted to prepare PPy-DBS-
1, PPy-SS-2, and PPy-HBS-2 with the same actual S/N ratio of
0.45 by controlling the concentration of doping salts in the
coating electrolytes based on elemental analysis.

2.3. Tests of desalination performance

Desalination experiments were conducted using a flow-by ECDI
cell consisting of a monitoring section and experimental section
(Fig. S11). The ECDI cell comprised PPy electrodes doped with
benzenesulfonate analogues and ClO, ™ as positive and negative
electrodes, respectively. The desalination test was conducted
using a 75 mL, sodium chloride solution (10 mM) with a feed
flow rate of 30 mL min ™" into the ECDI cell.

To establish the relationship between the maximum oper-
ating potential window and salt-adsorption capacity (SAC), the
programming method for cell voltage was applied.** Also, the
ratio of the charging time/discharging time on positive and
negative electrodes was balanced through the salt-adsorption
rate (SAR). In addition, by adjusting the thickness of the
active material and the solution concentration, the desalination
capacity of the ECDI system was enhanced, thereby effectively
improving the ion-diffusion rate. The calibration curve between
the NaCl concentration and conductivity, as well as the calcu-
lation methods for SAC (mg g™ '), SAR (mg g ' min~"), energy
consumption (EC; kW h/kg-NaCl), and retention of SAC (Rsac),
can be found in the ESL.}
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3. Results and discussion

3.1. Morphologic and structural characterizations of PPy-
based electrodes

3.1.1. PPy electrodes with different dopants at the same
molar ratio. The composition of various PPy electrodes was
determined using elemental analysis (Table S17). Notably, the S/
N molar ratio of the PPy-DBS-1 electrode (0.45) was considerably
higher than those of PPy-SS-1 and PPy-HBS-1 electrodes, sug-
gesting that the size of dopants has a critical role in deter-
mining the doping efficiency.”” During electropolymerization,
the lipophilic and hydrophilic sides of DBS facilitated uniform
doping in the PPy chain, resulting in the highest doping effi-
ciency within the PPy-DBS-1 electrode.”® However, the doping
efficiency of PPy-SS-1 decreased with the scaling down of doped
molecules but was retained at a certain level (0.33). Conversely,
the absence of a lipophilic moiety with long carbon chains in
HBS rendered a challenge to doping in the PPy-HBS-1 electrode.
To visualize the impact of dopants on the doping efficiency,
linear sweep voltammetry (LSV) curves were constructed during
the electropolymerization of the PPy electrode (Fig. S2). DBS
could promote the uniform dispersion of monomers in an
aqueous solution, probably acting as a surfactant and resulting
in the lowest onset potential of electropolymerization and
highest doping efficiency.

After confirming the doping efficiency of PPy electrodes, we
undertook the material analysis of PPy-based electrodes con-
taining various large dopants (Fig. 1). The PPy-DBS-1 electrode
displayed a significantly reduced contact angle of only 9.99°
after resting for 60 s (Fig. 1a), thereby reflecting that the excel-
lent doping efficiency enabled the electrode to contain the most
hydrophilic functional groups. With the shortening and
substitution of carbon chains in dopants, PPy-SS-1 and PPy-
HBS-1 electrodes exhibited higher contact angles (Fig. 1b and
c). In contrast, the PPy-HBS-1 electrode showed the largest
contact angle in initial and final states due to its lowest dopant
efficiency, thereby highlighting the significant effect of doped
ions on electrode hydrophilicity.

Scanning electron microscopy (SEM) was also utilized to
observe the variation in morphology of PPy-coated electrodes
with changes in dopants (Fig. S37). Under low-magnification
SEM (Fig. S3a-ct), use of PPy-SS-1 and PPy-HBS-1 electrodes
led to the formation of a typical “cauliflower-like” morphology
in PPy aggregates. In contrast, the PPy-DBS-1 electrode exhibi-
ted a markedly different morphology, close to a block-like
structure. This distinct morphologic characteristic could be
attributed to the effects of steric hindrance of the long carbon
chains present in DBS molecules, as discussed previously.*"*
High-magnification SEM (Fig. S3d-fT) revealed the cauliflower-
like morphology of PPy-SS-1 and PPy-HBS-1 electrodes to be
composed of spherically aggregated PPy particles. The PPy-DBS-
1 electrode, on the other hand, displayed a bulk structure due to
the incorporation of large anionic dopants. Comparison of
cross-section images in Fig. S3g-if revealed that the DBS dopant
could induce a relaxed PPy aggregate structure due to its larger
molecular structure.*
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To further elucidate the impact of the dopant on the
agglomeration structure of PPy, XRD analysis was employed to
characterize the microstructure of PPy electrodes. As depicted
in Fig. 1d, none of the PPy electrodes exhibited distinct, sharp
peaks, but instead broad asymmetric scattering peaks extend-
ing from 15 to 30°. Except for the PPy-DBS-1 electrode, the other
two PPy electrodes displayed a broad peak around 26 = 26°,
corresponding to a d-spacing of 3.427 A, revealing the amor-
phous structure and short-range orderly arrangement of the PPy
chain.”” Nevertheless, the broad peak in the PPy-DBS-1 electrode
comprised two independent peaks at approximately 20 = 18°
and 26°, with the former peak being attributed to the scattering
of the pyrrole-counter ion or inter-counter ion interaction.>*?>*
Moreover, the smaller 26 value corresponded to a larger d-
spacing (4.92 A), which supported the notion that DBS doping
leads to a more relaxed agglomerative structure resulting from
interactions among the PPy chain, thereby enhancing utiliza-
tion of active sites within the PPy."®

Cyclic voltammetry (CV) (Fig. S47) was essential for assessing
the impact of host-dopant interactions on the anion/cation-
exchange properties of PPy-doped electrodes at the same S/N
molar ratio. Except for the PPy-DBS-1 electrode, the other
dopants induced two redox pairs in CV curves. According to the
literature employing the EQCM,* these redox pairs corre-
sponded to cation exchange and anion exchange, respectively.
However, with the incorporation of large anionic dopants, such
as DBS, only a single redox pair was observed at negative
potentials. This phenomenon is attributable to the large anion
dopants which impede anion exchange within the PPy film,
thus predisposing the PPy-DBS-1 electrode towards cation-
exchange predominance and enhancing its cation-capture
capability. Furthermore, the PPy-HBS-1 electrode exhibited the
highest reduction peak current. This observation was presum-
ably due to the small size of HBS ions, which are more likely to
participate in anion exchange, thereby resulting in cumulative
response currents from anion and cation exchanges at negative
potentials.

Raman spectroscopy (Fig. 1e and Table S2t) was used to gain
further insights into host-dopant interactions.** This analysis is
particularly effective due to the sensitivity of the Raman spec-
trum to the local structural defects associated with the polymer
chain, which are typically attributed to the protonated polarons
and bipolaron of PPy.** The peaks at 1084 and 1377 cm *
appeared only on the PPy-DBS-1 electrode, which was attributed
to the bending vibration of polarons. Additionally, X-ray
photoelectron spectroscopy (XPS) at the N 1s core level was
used to provide more accurate evidence for the significant
effects of dopants and doping efficiencies on the protonation
state of the PPy backbone (refer to Fig. 1f and Table S3t). The
intense peak between 399.3 and 399.5 eV was assigned to the
neutral nitrogen in the pyrrole ring (-N-H bond),"* whereas
a peak shifted to a higher binding energy (around 401-401.3 eV)
was attributed to positively charged nitrogen (-N-H' bond) in
the polaron.®> Moreover, the peak at 397.3 eV corresponded to
the imine (=N- bond) structure.* As a result, only the PPy-DBS-
1 electrode exhibited a partially positively charged nitrogen
structure on the surface, whereas the PPy-SS-1 and PPy-HBS-1

This journal is © The Royal Society of Chemistry 2024
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Images of the water-contact angle of (a) PPy-DBS-1, (b) PPy-SS-1, and (c) PPy-HBS-1 electrodes at the same S/N molar ratio in the coating

electrolyte, which depict the initial state as well as the state after 60 s using NaCl solution (10 mM). (d) XRD patterns, (e) Raman spectra, (f) XPS N
1s core level spectra, and (g) the atomic percentage of three N species for PPy-based electrodes prepared from coating electrolytes with the

same S/N molar ratio.

electrodes consisted entirely of typical -N-H and =N- bonds in
the neutral pyrrole ring. The atomic percentage of different N
species is collated in Fig. 1g, with the PPy-DBS-1 electrode dis-
playing the highest average oxidation state and the PPy-HBS-1
electrode demonstrating the lowest average oxidation state.
Taken together, the results stated above indicated the signifi-
cant influence of dopants with varying doping efficiencies on
the average oxidation state of the PPy chain. These findings
aligned well with the results obtained from elemental analysis
and Raman spectroscopy. They also supported the notion that
the size of dopants and differences in the doping efficiency
greatly influenced the average oxidation state of the PPy
backbone.

Besides, the partial charges in benzenesulfonate analogues
were estimated via the density functional theory (DFT) at the
B3LYP/6-31G* level of theory using Gaussian 16 (Fig. S57). The
similar levels observed on sulfonic acid suggested that the main
factors affecting the average oxidation state of the PPy backbone
were the alteration of the para-substituted groups on benzene-
sulfonate analogues and difference in the doping efficiency. In
particular, the PPy-DBS-1 electrode showed a higher average
oxidation state, indicating more favorable charge-carrier

mobility. Therefore, we verified this idea through

This journal is © The Royal Society of Chemistry 2024

electrochemical impedance spectroscopy (EIS) (Fig. S61), where
the diameter of the semicircle determines the charge-transfer
resistance (R.).** The PPy-DBS-1 electrode had a lower R
compared with that of PPy-SS-1 and PPy-HBS-1 electrodes,
which was consistent with their respective average oxidation
states. This phenomenon indicates that a higher average
oxidation state enhances the charge-carrier mobility in the PPy
skeleton, resulting in improved conductivity and low imped-
ance to charge transfer of the electrode which, ultimately,
reduces energy consumption in the ECDI system.

3.1.2. PPy electrodes with three dopants with the same
actual S/N ratio. To gain an intuitively deep understanding of
host-dopant interactions on the PPy chain, it was imperative to
precisely modulate the actual S/N ratio by controlling the
dopant concentration in the coating electrolyte. Fig. 2a-c pres-
ents the results of the elemental analysis with a random
sampling of the controlled S/N molar ratio at 0.4-0.9 in the
coating electrolyte. The actual S/N ratio of dopants could be
regulated within a specific range of dopant concentration using
a calibration curve. Notably, despite its relatively large molec-
ular size, DBS exhibited a desirable doping behavior evidenced
by a linear calibration curve with a slope close to 1 (Fig. 2a).
Conversely, HBS displayed the lowest doping ability among the

J. Mater. Chem. A, 2024,12, 4312-4324 | 4315
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and (c) PPy-HBS electrodes.

three dopants, probably due to its smallest molecular size
(Fig. 2c). These findings highlighted the molecular size of
dopants to be the primary factor affecting the doping ability in
the PPy chain.

By utilizing the calibration curve in Fig. 2, we employed
electrochemical polymerization to prepare PPy-SS-2 and PPy-
HBS-2 electrodes, and maintained an identical S/N molar ratio
to that of the PPy-DBS-1 electrode (actual S/N doping ratio =
0.45). The hydrophilicity of PPy-SS-2 and PPy-HBS-2 electrodes
was improved significantly, as evidenced by the contact-angle
images (Fig. 3a and b), which could be attributed to the
increased density of the hydrophilic functional group in the
electrodes. The difference in hydrophilicity among the three
electrodes (including PPy-DBS-1) could be derived from the
ability of dopants to induce changes in the PPy structure.
Moreover, SEM images (Fig. S7t) indicated that increasing the
actual S/N ratio of SS and HBS dopants had a negligible impact
on the macroscopic morphology and thickness of the resultant
PPy electrodes, which suggested that the size of these dopants
was insufficient to alter PPy morphology significantly. On the
other hand, XRD analysis was utilized under the same actual S/
N ratio to elucidate the microstructure of PPy electrodes

r 0=27_37a 9=39330

0=19.07° 0=30.27°

Fig. 3

(b) _

N — N ™
I M

(Fig. 3c). Upon increasing the dopant ratio in PPy-SS-2,
a secondary peak emerged alongside the original broad peak
(located at approximately 26 = 20°), indicating that the SS
dopant may induce a similar microstructure to that of the PPy-
DBS-1 electrode at a suitable doping level. However, due to the
limited length of the carbon chain in the SS dopant, smaller SS
micelles extended the d-spacing of the PPy chain only partially
to 4.439 A. Also, and the reduced signal intensity suggested that
this relaxed structure may exist only partially within the PPy
electrode. Besides, the peak intensity at around 26 = 26° was
higher for the PPy-HBS-2 electrode than for the PPy-HBS-1
electrode. This phenomenon suggested that enhancement of
the S/N molar ratio could promote the short-range ordering of
the PPy chain for benzenesulfonate analogues with hydroxyl
groups in the para-position.

Furthermore, Fig. S8 was used to examine the effects of
increased doping levels on the CV curves of PPy-SS and PPy-HBS
electrodes. For the PPy-SS-2 electrode, the redox pair at positive
potentials remained relatively stable, but a marked increase in
response currents for the redox pairs at negative potentials was
discernible, along with an expanded potential range. These data
suggested an enhancement in the doping efficiency bolstered
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Images for the water-contact angle of (a) PPy-SS-2 and (b) PPy-HBS-2 electrodes at the same actual S/N ratio of 0.45, which depict the

initial state as well as the state after 60 s using NaCl solution (10 mM). (c) XRD patterns of PPy-based electrodes with the same actual S/N doping

ratio.
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the cation-exchange efficiency. This finding could be ascribed to
the high doping level making the PPy-SS-2 electrode exhibit
structural characteristics similar to those of the PPy-DBS-1
electrode (refer to Fig. 3c), thereby improving the cation-
exchange capability. Conversely, an increase in the doping
level of the PPy-HBS-2 electrode showed a tendency towards
anion exchange, suggesting that the PPy-HBS-2 electrode may
be unstable during ECDI.

The results for XPS at the N 1s core level, Raman spectros-
copy, and EIS are presented in Fig. 4a—c to further investigate
host-dopant interactions in PPy electrodes with three dopants
at the same actual S/N ratio. In Fig. 4a, XPS at the N 1s core level
unveiled the coexistence of -N-H and -N-H" peaks on the PPy
chain surface across the three electrodes. The presence of
partially positively charged nitrogen structures implied a high
average oxidation state for all electrodes. Furthermore, the
peaks centered at 1084, 1227, and 1377 cm™ ' in the Raman
spectra in Fig. 4b indicated the presence of protonated polarons
in the polymer chains doped with all three dopants when the
actual S/N ratio reached 0.45, which was consistent with the
results of XPS at the N 1s core level. In addition, the negative
Nyquist plot of EIS results (Fig. 4c) demonstrated that PPy

(2)
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electrodes with different dopants exhibited similar R.; at the
same actual S/N ratio. This phenomenon underscored the
pivotal role of protonated polarons in augmenting charge-
carrier mobility within the PPy framework and its strong
correlation with the actual dopant ratio. Beyond a critical
threshold of doping, charge-carrier pairs emerge to enable
charge transfer through the electron-hole pairs facilitated by
the main chain of PPy. The distinct slopes (PPy-DBS-1 > PPy-SS-2
> PPy-HBS-2) observed in the low-frequency region provided
evidence of varying the capabilities of sodium-ion diffusion in
active materials.?” Notably, PPy-DBS-1 and PPy-HBS-2 electrodes
demonstrated the highest and lowest ion-transfer capability,
respectively. Considering the impact of dopants on the d-
spacing of PPy-based electrodes, the dopant-induced relaxed
agglomerative structure in the PPy chain was believed to affect
the ion-transfer capability, potentially improving the ion-
removing/-concentrating performances of the resultant ECDI

system.**%”

3.2. Desalination performance of PPy-based ECDI systems

The desalination performances of PPy-based systems were
examined using a flow-by ECDI cell (Fig. S17). According to our
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the same actual S/N ratio of 0.45. EIS data were measured in NaCl (10 mM) under their open-circuit potentials (Eocp).
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previous work, a PPy-ClO, electrode was used as the negative
electrode for the ECDI system. This was due to the acknowl-
edged efficacy of the ClO,  dopant in boosting the chloride-
removal capability.®® For the positive electrode, the doping
ions within PPy films were varied so that we could ascertain
their influence on effective utilization of active materials. The
specifics of the ECDI process, including the removal and release
of anions and cations through charge transfer during charging-
discharging cycles, are depicted in Fig. S9.f In addition, to
control mass loading on positive and negative electrodes
through electropolymerization in the ECDI system, calibration
curves of charge versus mass loading of PPy electrodes with
various dopants were created (Fig. S107).

Herein, a voltage-programming method was employed to
confirm the optimal operation parameters for various PPy-
based ECDI systems to achieve the maximum saturated SAC
(Fig. 5a-c). Fig. 5a reveals that, with a random sampling of
various mass loading ratios (PPy-DBS-1//PPy-ClO,: 1.15, 1.4, 1.7,
and 2.5) while maintaining a charge cell voltage of 0.8 V, the
SAC was improved significantly at an optimal mass loading
ratio of 1.15. Moreover, under a discharge-voltage range
between —0.7 V and —0.8 V, the long charge/discharge time (60
min/60 min) test yielded a maximum SAC of ~90 mg g *. Upon
replacing the positive electrode with PPy-SS-1, the optimal
discharge voltage and mass loading ratio could be evaluated
from Fig. 5b. The highest SAC was achieved with a mass loading
ratio of 1.2 among various ratios (PPy-SS-1//PPy-ClO,: 1, 1.2, 1.4,
1.6). In addition, when the mass loading ratio was fixed at 1.2,
this system exhibited the maximum SAC (~75 mg g ') at

(@)
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a discharge voltage between —0.6 V and —0.8 V. Notably, —0.6 V
was identified to be the optimal discharge voltage because it
could enhance the SAC at a relatively low cell voltage. Fig. 5¢
presents the SAC profiles of the PPy-HBS-1//PPy-ClO, system
with various mass loading ratios (PPy-HBS-1//PPy-ClO,: 0.9,
1.05, 1.2, and 1.5) while maintaining the charge voltage at 0.8 V.
The optimized discharge voltage and mass loading ratio should
be —0.6 V and 1.05, respectively, because these parameters
enhanced the desalination performance of the PPy-HBS-1//PPy-
ClO, system effectively.

Fig. S117 presents the specific SAR values for three PPy-based
ECDI systems during the long-time discharge processes. The
PPy-DBS-1 system possessed the highest average SAR and the
slowest decay rate in specific SAR. This phenomenon was
attributable to the micelle formation induced by the DBS
dopant, which generated a “loose” PPy structure. This increased
d-spacing enhanced the transportation of hydrated and partially
hydrated sodium ions, leading to a superior desalination rate
and PPy utilization. Notably, the specific SAR of the systems
using PPy-SS-1 and PPy-HBS-1 displayed similar trends. The
system with PPy-SS-1 exhibited a higher average SAR in the long-
term operation due to the difference in doping efficiency of the
respective dopant ions at the same molar ratio. All systems
provided relatively high SAR in the discharge step at discharge
time =30 min. Hence, the optimal desalination discharge time
was 30 min, and the salt adsorption and desorption could be
balanced by a 20 min charge time in each cycle.

According to our previous work, fine-tuning the mass
loading of PPy-based electrodes demonstrated the potential to
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augment the desalination capacity of ECDI systems."® Fig. S12
and 5d illustrate the SAC and EC values across three PPy-based
ECDI systems with regard to alterations in the mass loading of
active materials. Under a consistent mass loading ratio,
appropriate evaluation of the mass loading of negative elec-
trodes (from 5 mg to 8 mg) could bolster the SAC and EC
performances of PPy-based ECDI systems. In addition, the PPy-
DBS-1//PPy-ClO, system in Fig. 5d achieved the highest SAC
(61.7 mg g~ ") and still maintained a low EC of 0.22 kW h/kg-
NaCl. This superior performance was attributable to the
hydrophilic, relaxed agglomerative structure of the PPy-DBS-1
electrode and high proportion of polaron formation, which
enhanced the utilization, ion-transfer capability, and charge-
carrier mobility of the resultant PPy. Despite the appropriate
increase in the electrode mass load to mitigate the impact of
doping efficiency on SAC, the system using PPy-HBS-1 needed
a relatively high energy consumption (~0.4 kW h/kg-NaCl). This
could be attributed to the differences in the hydrophilicity of
PPy chains and doping efficiency, leading to increased energy
consumption for ion removal.

Fig. 5e compares the SAC and EC for three PPy-based ECDI
systems under the same actual S/N ratio to assess if the desa-
lination performance is independent of the doping efficiency
and hydrophilicity. The PPy-DBS-1 system continued to be
superior in SAC and EC due to its relaxed agglomerative PPy
chain structure induced by DBS micelles. This structure facili-
tated the movement of hydrated and/or bare sodium ions
within the electrode to access the most active sites within the
PPy framework and eventually achieve excellent desalination
performance. Besides, the similar SAC performance of PPy-SS-2
and PPy-HBS-2 systems in NaCl solution (10 mM) suggested that
the doping efficiency critically affected the SAC during material
design. Despite the comparable average oxidation states,
conductivity, and hydrophilicity of PPy-SS-2 and PPy-HBS-2
electrodes, notable differences in the EC performance were
observed. Hence, the difference in dopant-induced PPy struc-
tures was believed to influence the EC performance. In the PPy-
SS-2 system, the relatively large d-spacing (4.439 A) induced by
the relatively small SS micelles could provide certain pathways
for the movement of partially hydrated/bare sodium ions,
potentially leading to reduced EC. Conversely, the PPy-HBS-2
electrode, in which the size of the HBS dopant was insuffi-
cient to affect the aggregation of PPy chains, hardly removed
partially hydrated/bare sodium ions, thereby necessitating high
energy consumption for ion removal.

To further explore the influence of dopant-induced aggre-
gation of PPy chains on the removal of hydrated cations, long-
term desalination experiments were conducted on the PPy-
DBS-1 and PPy-HBS-2 systems in solutions of LiCl, NaCl, and
KCl at 10 mM (Fig. S131). The PPy-DBS-1 electrode seemed to
offer more pathways for the movement of hydrated/partially
hydrated cations. This phenomenon was believed to subse-
quently create the cation-accessible active sites and promote
PPy utilization, thereby upholding the efficacy of monovalent
cation removal even upon adjustments to the charge/discharge
time. Conversely, the PPy-HBS-2 system exhibited a constrained
efficacy of lithium-ion removal, particularly apparent if the

This journal is © The Royal Society of Chemistry 2024
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discharge time >20 min. This observation implied a potential
scarcity of effective pathways for the free movement of hydrated/
partially hydrated cations, leading to relatively poor utilization
of active sites. Consequently, this circumstance reduced the
cation-removal capacity of the PPy-HBS-2 system significantly.

To investigate the influence of varying salt concentrations on
the desalination performance of three ECDI cells, two types of
NaCl solutions (10 mM and 40 mM) were used to examine the
SAC and EC of PPy-DBS-1, PPy-SS-2, and PPy-HBS-2 systems
(Fig. 5f). Results revealed noteworthy enhancements in SAC for
the two cells using PPy-DBS-1 and PPy-SS-2 electrodes in NaCl
solution (40 mM), respectively, culminating in ~75 mg g * and
70 mg g~ during a 30 min discharge step. Intriguingly, these
SAC levels bore parity with the performance exhibited by both
cells in the 10 mM NaCl solution during a 60 min discharge
step. This concordance suggested that these cells had effective
desalination capabilities, particularly in a relatively concen-
trated environment, due to their efficient utilization of active
sites. Furthermore, stemming from the improvement in SAC,
observation of a similar EC performance in the salt media at two
concentrations implied that the presence of loosely agglomer-
ative PPy chains could enhance the efficiency of desalination.

Through the integration of material analyses and deioniza-
tion tests, predictive models for the impact of dopants on the
desalination mechanism of the PPy chain during salt removal
could be created (Fig. 6), which may apply to other conducting
polymers. The surfactant-like DBS molecule enabled the
formation of micelle structures,> thereby inducing a relaxed
agglomerative structure of the PPy-DBS-1 electrode (Fig. 6a).* In
addition, XRD analysis revealed that the d-spacing (4.92 A) of
PPy chains in the PPy-DBS-1 electrode was larger than the radius
of hydrated sodium ions (3.58 A).*® This feature facilitated the
entry of hydrated and bare sodium ions into the PPy chain,
thereby amplifying utilization of active sites. The surfactant also
could enhance the hydrophilicity of the PPy-DBS-1 electrode,
promoting ion transport between the electrode and solution.
Therefore, the PPy-DBS-1 system exhibited the optimal SAC
performance with the same actual S/N ratio in a short-term
cycling test.

Fig. 6b shows that the micelle structure of the SS dopant was
smaller than that of the DBS dopant due to the shorter chain
length. This hypothesis was supported by the peak shift of the
pyrrole-anion interaction in XRD patterns at around 26 = 20°
(d-spacing = 4.43 A) indicating that, compared with DBS, the SS
dopant has a less pronounced ability to induce the relaxed
agglomerative structure in PPy chains. Therefore, based on the
significant impacts of discharge times (30 min/60 min) and
solution concentrations (10 mM/40 mM) on the desalination
performance, the PPy-SS-2 film was believed to provide only
a partially relaxed agglomerative structure and could only utilize
certain pathways to remove hydrated sodium ions during
desalination, consequently impeding complete utilization of
active sites. This limitation restricted the desalination perfor-
mance of this PPy system at low NaCl concentrations and short
operating times. However, under a sufficiently high doping level
induced by the SS dopant, the PPy electrode could use similar
pathways for the transfer of hydrated and bare sodium ions to
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active sites, leading to a significantly improved SAC perfor-
mance in response to the higher salt concentration or longer
desalination time.

In contrast, the scheme in Fig. 6c indicates that the HBS
dopant size was insufficient to induce the relaxed agglomera-
tion of the PPy chains. This limitation hindered the generation
of effective pathways for hydrated-cation movement within the
electrode, resulting in poor utilization of active sites. Further-
more, as the operation time increased, most of the active sites
for bare-cation adsorption were occupied, resulting in a signifi-
cant decline in the cation-removal performance and fastest
decay in the specific SAR for the cell using the PPy-HBS-2 elec-
trode. This structural constraint sacrificed the cation-removal
capability but also increased the energy consumption required
for ion removal. Therefore, DBS appeared to be the most suit-
able dopant for promoting the relaxed agglomeration of PPy
chains and enhancing the cation-removal capability of PPy-
based positive electrodes in ECDI systems.

3.3. PPy-DBS//PPy-ClO, system at various doping ratios

The DBS dopant was beneficial for enhancing the cation-
capturing ability of the PPy-based electrode, so we further
investigated the optimal doping ratio of this PPy film. Using the
calibration curve from Fig. 2a, we prepared the PPy-DBS-2
electrode with a S/N doping ratio = 0.4 and PPy-DBS-3 elec-
trode with a S/N doping ratio = 0.65. Data from SEM and
contact-angle images of PPy-DBS-2 and PPy-DBS-3 electrodes
are presented in Fig. 7 and S14.t Variations in the doping ratio
of PPy-DBS electrodes led to notable changes in the surface
morphology of PPy electrodes because PPy with a higher doping

4320 | J Mater. Chem. A, 2024, 12, 4312-4324

ratio showed a more pronounced feature. A similar trend was
observed in contact-angle measurements, whereby higher
doping ratios corresponded to better hydrophilicity and vice
versa. XRD analysis (Fig. S157) illustrated slight enhancement in
ordering of the relaxed agglomerative structure induced by the
DBS dopant on PPy chains upon increasing the doping ratio
from 0.4 to 0.65.

CV (Fig. S16) was used to explore how variations in doping
levels for PPy-DBS electrodes affect their ion-exchange charac-
teristics. At a low doping level (refer to the PPy-DBS-2 electrode),
CV curves predominantly exhibited cation-exchange behavior,
with the efficiency of cation exchange improving concomitantly
with the increased doping level (refer to the PPy-DBS-1 elec-
trode). However, upon further increase in the doping level,
a second redox pair emerged in the corresponding CV curve
(refer to the PPy-DBS-3 electrode). This observation suggested
that excessively high doping ratios led to a “too relaxed” struc-
ture which, in turn, heightened the efficiency of anion
exchange. In addition, Raman spectroscopy and XPS analysis
(Fig. S17t) showed that PPy-DBS electrodes with all doping
ratios exhibit the bonds of -N-H and -N-H" structures on the
surface of PPy chains, indicating the formation of protonated
polarons. Moreover, the increase in the average oxidation state
observed in the previous experiment reduced the charge-
transfer impedance of the active material. These findings sug-
gested that control of the DBS doping level had a greater
influence on hydrophilicity and active sites compared with the
induction of a more relaxed agglomeration of PPy chains.

In addition, the desalination performance of ECDI cells
using PPy electrodes in various DBS doping ratios was

This journal is © The Royal Society of Chemistry 2024
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undertaken. Fig. 8a visualizes the order of electrodes with
respect to decreasing SAC for a fixed charge/discharge time of 20
min/30 min: PPy-DBS-3 > PPy-DBS-1 > PPy-DBS-2. This trend
corresponded to the variation of DBS doping ratios, thereby
highlighting the strong correlation between SAC and the actual
doping ratio. Furthermore, the difference in EC among the
three cells stated above was negligible, suggesting that the
degree of protonation had a greater influence on the desalina-
tion performance compared with the doping ratio.

To assess cycling stability, long-term cycling tests were con-
ducted on PPy-DBS//PPy-ClO, systems with varying doping
ratios. Fig. 8b presents the results for a charge/discharge time of
20 min/30 min per cycle over a total cycling time of 41.7 h (50
cycles). The PPy-DBS-3//PPy-ClO, system initially exhibited the
highest SAC (~70 mg g~ ') in the first 10 cycles, but the Rgac
experienced a significant decline to only 46% in the final cycle.
In contrast, the PPy-DBS-1//PPy-ClO, system showed a compa-
rable initial SAC (~65 mg g~ ') and maintained the Rsac of 83%
after 50 cycles, indicating a favorable SAC performance and
sustained stability.

Compared with other high-stability ECDI systems reported
in the literature,**>'%1%3741-45 Fig. 8c and Table S41 showed that
our PPy-DBS-1//PPy-ClO, system achieved the highest SAC
performance with an acceptable cycle life. Moreover, the XRD
patterns in Fig. S18f showed varying degrees of attenuation in
the characteristic peaks of PPy-based positive electrodes after
a long cycling test, particularly in the case of PPy-DBS-3. In
addition, SEM images at various magnifications and cross-
sectional views were used to evaluate the morphologic

This journal is © The Royal Society of Chemistry 2024

changes in PPy-DBS electrodes following multiple desalination
cycles. Fig. S197 indicated that repeated cycling tests did not
alter the surface and cross-sectional morphology of the PPy-
DBS-1 electrode significantly. In contrast, structural collapse
and change in surface morphology in the PPy-DBS-3 electrode
were found (Fig. S20t). The bulk structure present originally on
the surface disappeared and was replaced with numerous
cracks, as confirmed through high-magnification and cross-
sectional SEM images. This phenomenon suggested that an
overly loose structure could render anion exchange involving
the DBS dopant. It also suggested that the exchange of large
anions ultimately resulted in structural collapse of the PPy-DBS-
3 electrode, resulting in fewer active sites available for deion-
ization. Therefore, we concluded that, while a relaxed agglom-
erative structure of the PPy chain could achieve a high SAC and
SAR, this could compromise the sustainability of the ECDI
system. Hence, efforts should be made to maintain the struc-
tural integrity of the conducting polymer to ensure the overall
performance of the ECDI system.

We wished to validate the synergistic effect of dopants and
the PPy chain in promoting PPy-based electrodes for ECDI
systems. A plot was constructed using SAC and EC as the crucial
metrics to juxtapose the outcome of our work and that for other
high-efficient ECDI systems reported over the past 3
years®1>16:19.37,41-43,4650 (refer to Table S51). Remarkably, among
the systems examined in this work, the PPy-DBS-1//PPy-ClO,
system demonstrated a desirable trade-off between perfor-
mance and sustainability. As presented in Fig. 8d, this system
exhibited significantly lower EC levels compared with those of
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darker colors denoting more cycles). (d) EC-SAC plot for comparisons of other ECDI systems in the literature (data include this work, conducting

polymer-based ECDIs, and other types of ECDI systems).

alternative ECDI systems and showcased the proficient SAC in
brackish water simultaneously. This improved performance
could be attributed to the specific dopant species, such as DBS,
facilitating the formation of an ion-transport pathway and
enhancing the charge-carrier mobility within the PPy

4322 | J Mater. Chem. A, 2024, 12, 4312-4324

framework, thereby leading to the high utilization of PPy. These
discoveries underscore the remarkable potential of dopant
synergies in promoting the utilization of conducting polymers
within ECDI systems and ion-trapping applications.

This journal is © The Royal Society of Chemistry 2024
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4. Conclusions

We provided valuable insights into the synergistic relationship
between dopants and the PPy chain, a field that lacks compre-
hensive understanding in desalination research. First, the SAC
performance was highly dependent upon the doping efficiency
of PPy, which could be built by para-substituted groups and
according to the concentration of dopants in the coating elec-
trolyte. Meanwhile, high hydrophilicity and the presence of
protonated polarons on the PPy chain could enhance ion
transport and the mobility of charge carriers within the PPy
film, effectively promoting the utilization of conducting poly-
mers and reducing the energy consumption of the ECDI system.
At the same actual S/N ratio, dopants with long carbon chains in
para-substituted groups (e.g., DBS and SS) tended to form
micelles. This phenomenon resulted in a large d-spacing that
facilitated the migration of sodium ions and augmented the
efficiency of active sites formed by dopants, as reflected in low
EC and large maximum SAC at low NaCl concentrations.
Notably, increasing the PPy-DBS doping ratio could enhance the
ability of the electrodes to capture cations (though this could
negatively impact the cycling stability of the ECDI system).
Overall, our findings elicited important insights into the role of
dopants in constructing agglomerative PPy chains for cation
removal. They also provide guidelines for engineering the PPy
microstructure to optimize the performance but maintain the
cycling stability in PPy//PPy-based ECDI systems.
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