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Selective removal of trace contaminants from water remains a crucial

challenge in water treatment. Boron is a trace contaminant that is
ubiquitous in seawater and has been widely detected in groundwater.
Current boron removal methods, such as multi-stage reverse osmosis and
ion-exchange adsorption, are chemical and energy intensive, necessitating
the development of more sustainable technologies. Here we address this
challenge by developing surface functionalized microporous electrodes
that enable boron-selective bipolar membrane-assisted electrosorption.
Our study demonstrates that micropore functionalization with
oxygen-containing (hydroxyl, lactone and carboxyl) and boron-selective
(dopamine, 3-methylamino-1,2-propanediol and N-methyl-D-glucamine)
functional groups substantially improves electrode performance for boron
removal and selectivity. The functionalized electrodes exhibit aboron
removal selectivity thatis an order of magnitude higher than that of the
pristine electrode, facilitating energy efficient boron electrosorption. We
identify hydroxyl groups as the key factor in enhancing boron removal
performance and selectivity during electrosorption. Molecular dynamics
simulations demonstrate the underlying mechanisms of boron selectivity,
highlighting the role of hydrogen bonding between hydroxyl groups and
boronin governing the boron-selective electrosorption process.

Over one billion people worldwide lack access to clean water'. The
escalating water shortage, exacerbated by climate change and rapid
population growth?, poses a major hurdle to sustainable develop-
ment. To address this challenge, unconventional water sources, such
as seawater and brackish water, have gained heightened attention
as ameans to augment water supply’. However, these water sources
often contain high concentrations of inorganic salts and harmful trace
contaminants, such as boron, arsenic and per- and polyfluoroalkyl

substances®. Whereas these sources hold potential to alleviate water
scarcity,implementing sustainable and cost-effective solutions remains
aformidable task>. Currently, reverse osmosis (RO) stands as the domi-
nant desalination technology’, offering efficient water-salt separation®,
low energy consumption’® and small footprint. Despite its advantages,
certain contaminants, such as boron, cannot be efficiently removed
through single-pass RO and necessitate additional treatment to meet
drinking water and agriculture water standards'.
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Boron is ubiquitous in seawater at a concentration range of
4-6 mg 1™ (ref. 11). The World Health Organization', the European
Union" and Health Canada' have established health-based limits for
boron in drinking water, ranging from1to 2.4 mg1™. Certain states in
the United States (for example, California and Florida) have estab-
lished drinking water standards for boron, ranging from 0.6 to1 mg ™
(ref. 15). Removing trace levels of boron from aqueous solutions
presents a considerable challenge, resulting in only a few effective
separation methods to date, such as multi-pass high pH RO and
boron-selective adsorption'®'®", However, the use of multi-pass RO
involvesinherent pH swings and requires substantial chemical dosing'®,
which is economically and environmentally unsustainable. The addi-
tional RO passes also increase the overall energy consumption of the
seawater desalination process (10-15%)"%, leading to increased costs”.
Boron-selective ion-exchange resins offer an alternative to multi-pass
RO, but their relatively slow removal kinetics necessitate large and
costly bed volumes'®*°, Moreover, the regeneration of these resins
involves the use of large quantities of strong acids and bases, thereby
incurring substantial financial and environmental costs”. The major
shortcomings of both multi-pass RO and boron-selective sorbents
highlight the pressing need for an improved and sustainable boron
removal technology.

Electrosorption presents a promising solution to address the
challenge of efficient boron removal. In electric double-layer-based
electrosorption, also known as capacitive deionization, a small elec-
tric potential (<1.4 V) is applied across a pair of porous, carbon-based
electrodes®"??. The applied voltage prompts ions in the solution to
migrate towards the oppositely charged electrode, where they are
captured and stored in the electrical double layers within the elec-
trode micropores. Leveraging the exceptionally high surface areas
of porous carbon materials*, alarge number of ions can be extracted
from the solution before electrode saturation occurs. Upon remov-
ing or reversing the electric potential, the captured ions are released
from the micropores to form a brine solution, thus regenerating the
electrosorption sites on the electrode. Electrosorption exhibits opti-
mal energy efficiency for low salinity waters and moderate extents
of ion removal***, making it a particularly suitable and energetically
favourable method for trace boron removal, such as from seawater
RO permeate.

Leveraging electrosorption for boron removal entails address-
ing two key challenges. First, boron’s pK; of 9.24 indicates that most
(>90%) of boron exists in the form of boric acid, B(OH),, in seawa-
ter (pH 8.1). Various strategies have been explored to elevate the pH
at the anode side'**?, facilitating the conversion of boric acid to
borate, B(OH),", for electrosorption. One approachinvolves the use of
aflow-through electrosorption cell with carbon electrodes, creating a
high pH environment at the anode side through the Faradaic reaction
at the cathode electrode, where hydroxide generated during oxygen
reduction migrates to the anode side’*”. A recent study employed an
asymmetric flow-by electrosorption system, incorporating a carbon
cloth anode and a graphite cathode separated by an anion exchange
membrane, with the graphite cathode facilitating pHincrease by water
reduction®®. More recently, weintroduced abipolar membrane-assisted
electrosorption device that effectively dissociates water and releases
hydroxide to the anode side, thusincreasing pH at that side. This elec-
trified, chemical-free processis superior to flow-through electrosorp-
tionin terms of boron removal capacity and energy consumption.

Another key challenge in electrosorption is achieving selectiv-
ity for boron over competing anions, particularly chloride®. Higher
boron selectivity implies a lower energy consumption to remove the
same amount of boron, making this process competitive with current
industrial practices (for example, multi-pass RO and ion-exchange
adsorption). Electrosorption, however, exhibits limited effectiveness
inachieving boronselectivity. A recent review concludes that electrode
functionalization with specific functional groups shows the most

promise for enhancing selectivity in electrosorption®. Boron is known
to form complexes with vicinal diol groups (thatis, two hydroxyl groups
attached to adjacent atoms)*. Recent studies explored the devel-
opment of adsorptive materials containing such functional groups,
namely N-methyl-D-glucamine and dopamine-modified materials,
for selective boron adsorption® >, However, the applicability of this
mechanism to electrosorption within electrode micropores remains
uncertain due to challenges such as the strong binding between
boron and these functional groups, which reduces the reversibility
of the electrosorption process. Additionally, the presence of bulky
boron-selective functional groups may obstruct pores and hinder
boron electrosorption within the micropores of the electrode. These
knowledge gaps call for the establishment of fundamental principles
for the design of boron-selective electrosorption.

In this study, we explore boron-selective electrosorption employ-
ing functionalized carbon cloth anodes for the selective removal of
boron from water. Two distinct chemical functionalization methods—
basic oxygen-containing groups (hydroxyl, lactone and carboxyl
groups) and boron-selective groups (3-methylamino-1,2-propanediol
(MAPD), N-methyl-D-glucamine (NMDG) and dopamine (DP))—were
employed for electrode functionalization. These methods func-
tionalize the electrode micropores, which is critical for selective
electrosorption®**?°, We evaluated the boron removal efficiency,
selectivity (that is, boron versus chloride) and energy consump-
tion of the functionalized electrodes using a custom-built bipolar
membrane-assisted electrosorption cell. Our analysis revealed the
relationships between boronselectivity and physico-chemical proper-
tiesof the electrodes. Finally, we used molecular dynamics simulations
to extend the mechanistic understanding of how functional groups
influence boron selectivity by elucidating the intrinsic interactions
between the functional groups and boron.

Functionalization alters electrode morphology
and structure

Comprehensive characterization unveils distinct morphological
changes to the carbon cloth electrodes following functionalization.
Boron-selective carbonelectrodes were fabricated using two categories
of chemical functionalization (Fig.1a).In thefirst category, the pristine
carbon clothwas functionalized by thermal annealing (100-300 °C), UV
irradiation (10-60 min) and acid treatment (three different acids and
durations). The functionalization approachintroduced diverse types
of basic oxygen-containing groups, including hydroxyl, lactone and
carboxyl groups. In the second category, we utilized boron-selective
groups (MAPD, NMDG and DP) to functionalize the pristine electrode.
Comparedto the pristine electrode, all functionalized electrodes show
higher mass loss at elevated temperatures during thermogravimetric
analysis (Supplementary Fig. 1), indicating successful introduction of
functional groups. Field emission scanning electron microscopy images
of the pristine electrode show asmooth and rod-like fibre (Fig. 1b and
Supplementary Fig. 2). In contrast, all functionalization techniques
introduce structural heterogeneity (for example, cracks and holes)
tothefibre surface (Fig.1c-j), which could be potential active sites for
electrosorption. For acid treated electrodes, introduction of fracture
and groove-like structure on the fibre surface was evident (Fig. 1c-e),
implying strong oxidizing effects of the acid treatment®**. The den-
sities of these structural inhomogeneities increase with duration of
acid treatment (Supplementary Fig. 3a-i). Thermal treatment of the
electrodesintroduced numerous uniformly dispersed small pores and
fractures (Fig. 1f), with gradually increasing concentrations at higher
temperature (Supplementary Fig. 3j-1). Compared with the pristine
electrode, UVirradiation functionalizes the fibre surface through the
introduction of defects and net-like interconnected patches (Fig. 1g),
which growinto asmaller and randomly distributed groove-like struc-
ture at longer UV irradiation (Supplementary Fig. 3m-o). Lastly, for
all boron-selective groups functionalized electrodes (Fig. 1h-j), the
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Fig. 1| Fabrication procedures and morphological changes of functionalized
electrodes. a, Illustration of the electrode functionalization methods.

b, Morphology of the pristine carbon cloth electrode fibres. ¢-j, Morphological
changesinelectrode fibres after the 2-week treatment with 1M nitric acid
(c),1Msulfuricacid (d) and 1M hydrochloric acid (e); after 300 °C annealing
(f); after 60 min UV irradiation (g); and after the introduction of dopamine (h),
MAPD (i) and NMDG (j). Commercial carbon cloth served as the base material,
undergoing two categories of chemical functionalization to introduce distinct
groups: basic oxygen-containing moieties and boron-selective groups.

The upper partinademonstrates the introduction of basic oxygen-containing
groups via thermal annealing (100-300 °C), acid treatment (1 M nitric acid, 1M
sulfuricacid and 1M hydrochloric acid for varying treatment durations) and UV
irradiation (10-60 min). The lower part of the panelillustrates the introduction
of boron-selective groups (DP, MAPD, and NMDG). Representative scanning
electron microscopy (SEM) images of the resulting electrodes are shown, with
additional SEM images available in Supplementary Figs. 2 and 3. DP, MAPD and
NMDG represent dopamine, 3-methylamino-1,2-propanediol and N-methyl-D-
glucamine, respectively.

presence of patch-like layers was evident, with substantial increase
of surface structural heterogeneity and undulations, indicating the
successful grafting of the MAPD, NMDG and DP moleculesonthe elec-
trode surface. Despite the introduction of these structural features,
the uniformity of the functional groups’ distribution, confirmed by
scanning electron microscopy-energy dispersive X-ray spectroscopy
analysis (Supplementary Fig.4), isexpected to lead to overall uniform
electrochemical activity across the electrode.

To further investigate the structure of the electrodes follow-
ing functionalization, we determined the average surface area, pore
diameter and pore volume of the pristine and functionalized electrodes

using BET analysis, involving the N, adsorption-desorptionisotherm
method (Supplementary Table1). Compared to the pristine electrode,
theacidtreated, thermally treated and UVirradiated electrodes exhibit
anincrease in surface area (Fig. 2a-c,d-f, blue circles), average pore
size (Supplementary Table 1) and pore volume (Supplementary
Table1). These results agree with the morphological analysis showing
substantial number of fractures, cracks and groove-like surface het-
erogeneities on the fibre surface, which increase the overall porosity
of the electrodes. In contrast, for the direct surface functionalized
samples with MAPD, NMDG and DP, coverage of the fibre surface with
distinct patch-like layers results in lowering of the overall porosity.
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Fig. 2| Analysis of physico-chemical properties of post functionalized
electrodes. a-f, BET surface area (blue circles) and electrochemically active
surface area (EASA, pink circles) of electrodes after treatments with 1 M nitric
acid (a), 1M sulfuricacid (b) and 1M hydrochloric acid (c); after thermal
annealing (d); after UV irradiation (e); and after introductions of boron-selective
groups (f). g-1, Surface functional group concentrations (carboxyl, lactone and
hydroxyl groups) determined via Boehm titration of electrodes after treatments

with 1M nitric acid (g), 1M sulfuric acid (h) and 1M hydrochloric acid (i); after
thermal annealing (j); after UV irradiation (k); and after introductions of boron-
selective groups (I). DP, MAPD and NMDG represent dopamine, 3-methylamino-
1,2-propanediol and N-methyl-D-glucamine, respectively. w represents week.
Dataing-lare presented as mean + standard deviation derived from triplicate
measurements (n =3).

Notably, the pore size distribution of all functionalized electrodes
showed no noteworthy changes (Supplementary Fig. 5).

Another important property of functionalized electrodes is the
electrochemically active surface area (EASA). Unlike BET surface area,
EASArepresents thearea of the electrode material thatis accessible to
the electrolyte for charge transfer and/or storage®. To determine the
total EASA, cyclic voltammetry at different scan rates was performed
for each functionalized electrode to calculate the electrochemical
double-layer capacitance (Supplementary Figs. 6-8), following the
method discussed by Trasatti and Petrii*’. The functionalized elec-
trodes exhibit a decreased EASA compared to the pristine electrode
(Fig. 2a-f, pink circles). We attribute this decrease to the formation
of ultramicropores (diameter < 0.7 nm) and changes in pore struc-
ture during the functionalization process, resulting in some surface
areas becominginaccessible to the electrolyte (that is, 0.5 M Na,SO,)

during EASA measurement, while remaining accessible to N, during
BET measurement. Notably, the EASA values of electrodes subjected
to the same functionalization techniques are comparable.

Functionalization increases surface

group density

The concentrations of carboxyl, lactone and hydroxyl functional groups
on the pristine and functionalized electrodes were determined via
Boehm titration (Fig. 2d-f,j-1). According to the typical pK, values
of carboxyl, hydroxyl and lactone groups on carbonaceous materi-
als, only the carboxyl groups are deprotonated (that is, negatively
charged) without applied potential®®. Relative to the pristine electrode,
the concentrations of these functional groups on the surface-modified
electrodes were notably higher. Among all the acids used, HNO; intro-
duced the highest concentration of basic oxygen-containing groups
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(hydroxyl, lactone and carboxyl groups) to the electrode (Fig. 2g),
with the 20 h HNO,-treated electrode sample containing the highest
concentration of hydroxyl groups on the surface (3,100 pmol g™?). On
the other hand, the HCland H,SO, oxidation failed tointroduce asub-
stantial number of hydroxyl groups (209-250 and 875-1,200 pmol g™
for HCland H,SO,, respectively), probably due to rapid oxidation and
subsequent destruction of generated functional groups®. Thermal
treatment of the electrodes (100-300 °C) introduced alarge number
of carboxyl (1,118-2,425 pmol g™), lactone (90-1,715 pmol g™*) and
hydroxyl groups (243-3,660 pmol g™), due to extensive oxidation of
the carbon structure in the presence of atmospheric O,. In contrast,
UV exposure oxidized the carbon surfacein amore controlled manner.
For UVirradiation of ashorter duration (<20 min), the carbon surface
is mostly rich with hydroxyl groups (1,575 pmol g™ for 20 min treated
electrode). Withagradualincrease of the UVirradiation duration, the
concentration of lactone groups increased (1,700 pmol g™ for 60 min
treated electrode), which we attribute to cross-linking of the functional
moieties forming cyclic aromatic structures*.

Boron-selective groups were introduced into the microporous
structure of the electrode through direct surface grafting. First, the pris-
tineelectrodes wereirradiated with UV for 30 mintointroduce hydroxyl
and carboxyl groups onthe surface. These partially oxidized electrodes
were then treated with thionyl chloride (SOCI,) to introduce acyl chlo-
ride (-COCI) groups on the surface. Finally, the NMDG and MAPD mol-
eculeswere reacted with the -COCl groups on SOCl,-treated electrodes
(Supplementary Text 1). The DP was grafted onto the partially oxidized
electrode surface by reacting with 1-ethyl-3-(3-dimetylaminopropyl)
carbodiimide (Supplementary Text1). All of these moieties introduce a
large number of hydroxyl groups on the surface of the electrodes®*. As
expected, the NMDG and MAPD-functionalized electrodes contained
a high concentration of hydroxyl groups (3,962 and 1,500 umol g™
for NMDG and MAPD-functionalized electrodes, respectively), along
with low carboxyl concentration (65 and 60 pmol g™* for NMDG and
MAPD-functionalized electrodes, respectively), which confirms the
successful introduction of the NMDG and MAPD molecules through
the novel direct-grafting method. A similar trend was also observed
with the DP functionalized electrode, which shows the highest con-
centrations of hydroxyl (17,750 pumol g™), lactone (2,700 pmol g™)
and carboxyl (4,050 pmol g™) groups among all the functionalized
electrodes. The surface functional group information obtained from
Boehm titration was corroborated by X-ray photoelectron spectros-
copy spectra (Supplementary Fig. 9 and Supplementary Table 2).

Functionalized electrodes enhance boron
electrosorption

We evaluated the performance of the functionalized electrode with
a custom-built bipolar membrane (BPM)-assisted electrosorption
set-up (Fig. 3a). The BPM-assisted electrosorption process operates
ina flow-by mode with a bipolar membrane separating the anode and
cathode chambers (detailsin Supplementary Fig.10). The pH profiles of
allfunctionalized electrodes during testing can be found in Supplemen-
tary Fig.11. The pristine electrode exhibited aboron removal capacity
(Ip) 0of 1.9 + 0.1 pumol g™ (Fig. 3b, orange dashed line). Acid treatment,
UVirradiation and thermal annealing of the electrodesincreased boron
removal capacity, ranging from 2.4 + 0.2 to 5.7 + 0.5 umol g™ (Fig. 3b,
orange bars). Electrodes modified with functional groups known for
high boron selectivity exhibited similar boron removal capacities,
ranging from 2.4 + 0.1t0 4.6 = 0.1 pmol g'. At the same time, the elec-
trosorption of chlorideions on the functionalized electrodes decreased
(SupplementaryFig.12). The observedincrease inboron removal and
decrease in chloride removal is attributed to the elevated functional
group densities on the functionalized electrodes, favouring boron
over chloride. We note that compared to the pristine electrodes, the
overall boron (Fig. 3b) and chloride (Supplementary Fig. 12) elec-
trosorption capacities decrease for the functionalized electrodes,

which is consistent with their decreasing EASA values (Fig. 2a-f, pink
circles). Because our functionalization methods are versatile and can be
applied to other materials, this decrease in the EASA may be overcome
by changing the base material (that is, carbon cloth in this study) to
other carbonaceous materials with higher EASA.

We subsequently calculated the B/Cl selectivity of the function-
alized electrodes based on their boron and chloride removal perfor-
mances. The pristine electrode showed a B/Cl selectivity of 0.19 + 0.02
(Fig. 3b, blue dashed line), demonstrating high chloride selectivity
over boron. This observation may be due to the higher electrophoretic
mobility of chloride ions (-6.98 x 10 cm?V's™, pH 12.1) compared
to borate ions (-2.96 x10™* cm? Vs, pH 12.1)*2. The modified elec-
trodes allshowed anincrease in B/Cl selectivity after functionalization
(Fig. 3b, blue squares), suggesting that functional groups govern the
boron and chloride electrosorption. The electrode treated with 1M
HNO; for 20 h achieved the highest B/Cl selectivity of 2.25+ 0.06 in
all tests. This selectivity is an order of magnitude higher than that of
the pristine electrode. Interestingly, electrodes functionalized with
theboron-selective groups (DP, NMDG and MAPD) did not exhibit the
highestselectivity (1.34 £ 0.22,1.15+ 0.06 and 1.13 £ 0.03, respectively).
This result suggests that these boron functional groups could form
complexes with boron??, which cannot be efficiently reversed during
the discharging stage (thatis, 0 V for 40 min)*.

We further conducted "B magic angle spinning nuclear magnetic
resonance (MAS NMR) with used MAPD-functionalized electrode to
investigate the formation of boron-MAPD complexes. We chose the
MAPD-functionalized electrode for its high boron removal capacity
compared tothe NMDG and DP functionalized electrodes. Before analy-
sis, the MAPD-functionalized electrode underwent three charging/
discharging cyclesinthe electrosorption system under the same condi-
tions as the previous experiments. The "B MAS NMR spectra showed
one chemical shift at approximately 3.2 ppm (Fig. 3¢). We attribute
this chemical shift to monochelate boron-selective functional group
(thatis, MAPD-borate complexes) based on previous investigations***,
Similar complexes could also form with NMDG and DP functional-
ized electrodes. This finding suggests that boron-selective func-
tional groups (MAPD, NMDG and DP) form monochelate complexes
with boron, which are irreversible under our experimental condi-
tions, compromising the removal capacity and B/Cl selectivity of the
corresponding functionalized electrodes.

We also examined the impact of operating parameters on elec-
trode performance and electrode stability. Specifically, we tested the
performance of the electrode functionalized with 1M HNO, for 20 h
(showing the highest selectivity) under various flow rates (1-6 ml min™)
and applied potentials (1-1.6 V). The results (Supplementary Fig. 13)
indicate that whereas boron and chloride removal capacities are highly
dependent on operational conditions, B/Cl selectivity remains rela-
tively stable. A 100-cycle (100-h) test using this electrode (that is,
1MHNO; for 20 h) was conducted to demonstrate its longevity (Sup-
plementary Fig.14). Despite a decline in performance due to Faradaic
reactions during the test, the functionalized electrode maintained
promising boron removal efficiency and B/Cl selectivity.

Functionalization enables energy efficient
electrosorption

We assessed our system performance and benchmarked it against other
electrosorption systems using specific energy consumption (SEC) per
gram of boron electrosorbed (kWh g-B™) as the comparative metric.
The SEC value was obtained by normalizing energy consumption to the
total amount of boron removed, calculated as the integral of the dif-
ference between the feed boron concentration and the effluent boron
concentration during the charging phase and then multiplied by the
volumetric feed flow rate. The pristine electrode showed an SEC value
0f 0.260 + 0.010 kWh g-B™ (Fig. 3d, red dashed line). The functional-
ized electrodes showed a substantial decrease in SEC values (ranging
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Fig. 3| Electrode performance after chemical functionalization. a, Schematic
view of electrode performance testing set-up. AEL and CEL represent anion
exchange layer and cation exchange layer of the bipolar membrane, respectively.
b, Boron removal capacity (I, orange bar) and B/Cl selectivity (blue square) of
functionalized electrodes. Data are presented as mean + standard deviation (s.d.)
derived fromthree consecutive cycles (n = 3) during charging. The orange dashed
line represents the mean boron removal capacity of the pristine electrode over three
consecutive cycles, whereas the corresponding shaded arearepresents the s.d.
fromthese cycles (n=3). The blue dashed line represents the mean B/Cl selectivity
of the pristine electrode over three consecutive cycles, whereas the corresponding
shaded arearepresents the s.d. from these cycles (n = 3). w represents week.
¢,"BMAS NMR spectroscopy with used MAPD-functionalized electrodes.

d, Specific energy consumption (SEC) of functionalized electrodes. Data are
presented as mean +s.d. derived from three consecutive cycles (n =3) during

charging. The red dashed line represents the mean SEC of the pristine electrode
over three consecutive cycles, while the corresponding shaded area represents
thes.d.fromthese cycles (n=3). wrepresents week. e, Kendall rank correlation
coefficients of different properties. The BPM-assisted electrosorption system was
operated with afeedwater containing 5 mM NaCland 1 mM B(OH); at a flow rate of
3.0 ml min'inasingle-pass configuration. The anode and cathode sides received
identical feedwater without pH adjustment (pH 6.0 + 0.2). Each cycle consists
ofapplying 1.0 V for 20 minutes (charging period) followed by O V for 40 min
(discharging period). Before collecting samples, the system was allowed to operate
overnight (>12 h) to exclude the effect of pure adsorption. The determination of
B/Clselectivity (blue square inb) is described in Supplementary Text 2. DP, MAPD
and NMDG represent dopamine, 3-methylamino-1,2-propanediol and N-methyl-D-
glucamine, respectively.

from 0.068 + 0.004 t0 0.217 + 0.013 kWh g-B™) after functionalization
(Fig.3d, grey bars), suggesting that the functional groups enable energy
efficientboron electrosorption. Overall, the electrodes functionalized
with basic oxygen-containing groups exhibited lower SEC values (rang-
ing from 0.068 + 0.004 t0 0.117 + 0.015 kWh g-B™) compared to those
functionalized with boron-selective functional groups (ranging from
0.094 + 0.004 t0 0.217 + 0.013 kWh g-B™"). The lower SEC of electrodes
functionalized with basic oxygen-containing groups is attributed to
their higher boron removal capacity. This difference may alsobe due to

more severe Faradaic reactions occurring with electrodes functional-
ized with boron-selective groups (MAPD, NMDG and DP)*, Whereas
we acknowledge that these SEC values of basic oxygen-containing
groups functionalized electrodes are not substantially lower than
those reported (for example, 0.09 kWh g-B™ for membrane-assisted
electrosorption® and 0.14 kWh g-B™ for flow-through electrosorp-
tion”), our functionalization methods exhibit versatility when applied
to various commercial carbon cloths, which may resultin substantially
lower SEC values.
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Hydrogen bonding governs selective boron
electrosorption

To further understand the electrode property-performance relation-
ship, we calculated the Kendall rank correlation coefficients of collected
data (Fig. 3fand Supplementary Table 3). We utilized Kendall correla-
tion due to the relatively small sample size, assuming that each pair
of datais monotonically related”’. The hydroxyl, lactone and carboxyl
group densities are normalized by the corresponding electrochemi-
cally active surface areas, which are more relevant than the BET surface
areas. Warm colours (orange) represent positive relationship, whereas
cool colours (blue) denote negative correlation. The B/Cl selectivity
shows the highest positive relationship with hydroxyl density (0.190),
indicating that hydroxyl groups impact B/Cl selectivity much more
than the other functional groups examined. One hypothesis is that
hydroxyl groups form hydrogen bonds with borate during the elec-
trosorption process, with hydroxyl groups acting as hydrogen bond
donors and lactones as acceptors, thereby enhancing B/Cl selectiv-
ity during the electrosorption process. We note that the correlation
between hydroxylgroup density and B/Cl selectivity is relatively weak,
which canbeattributed to the influence of multiple unconsidered fac-
tors (forexample, the distribution of functional groups, charging time
and applied voltage) and the small sample size in our study. This aspect
warrants further investigationin future studies. Negative correlations
were noted with EASA (-0.307) and pore size (—0.150), possibly attrib-
utable to theirimpact on surface functional group loading during the
functionalization process.

The mechanism underlying the selectivity of the electrosorption
process for boron over chloride was further investigated using molecu-
lar dynamics (MD) simulations with slit-pore systems (Fig. 4a). Hydroxyl
groups were chosen as the representative functional group for these
calculations due to their prevalence on electrode surfaces and their
stronger positive correlation with B/Cl selectivity compared to other
functional groups. MD simulations were conducted under conditions
mirroring the experimental set-up (that is, 1V applied potential and
a B/Cl concentration ratio of 1:5). The slit-pore surfaces (Fig. 4b and
Supplementary Fig. 15) were functionalized with varying densities of
hydroxyl groups (0, 0.38, 0.76, 1.14 and 1.71 pmol m™). The hydroxyl
group density range was selected based on the BET surface areas and
Boehm titration results depicted in Fig. 2. Hydroxide ions were not
considered in the MD simulations due to their much lower concentra-
tion (thatis, at least two orders of magnitude) compared toboron and
chloride inthe experiment.

Figure 4c,d illustrates that normalized boron removal perfor-
mance and the corresponding B/Cl selectivity increased (from 1.00
to 1.71and 0.85 to 2.89, respectively) with surface hydroxyl group
density, consistent with the Kendall rank correlation coefficients
in Fig. 3f showing a positive correlation between hydroxyl group
density and B/Cl selectivity. The ion surface adsorption free ener-
gies at AW =1V (Fig. 4e) indicate that consistent with the boron
removal capacity profile in Fig. 4c, electrosorption of B(OH), ions
becomes energetically more favourable with increasing hydroxyl
group density. Whereas chloride adsorptionis favoured on pristine
carbon slit-pores, with increasing hydroxyl group density, B(OH),”
adsorption is favoured. It is noteworthy that by solely considering
electrostaticinteractions, one might expect Cl" to be preferentially
adsorbed due toits smaller size and centred charge on the Cl atom,
which typically results in stronger electrostatic interactions. Con-
versely, B(OH),” hasamoredistributed charge and is bulkier, leading
to weaker electrostatic interactions. However, the observed increase
in B/Cl selectivity implies that other factors beyond electrostatic
interactions are important.

Further insights into the selective boron removal capacity were
gained by investigating the distribution of B(OH), and Cl"ionsinside
the slit-pore. The number density profiles as a function of distance
fromslit-pore surfaces (Fig. 4f) show that two B(OH)," layers (Fig. 4f,

solid green line) form in the slit-pore localized near walls (Fig. 4f,
dashed black lines), whereas CI” ions exhibit a unimodal distribution
at the pore centre (Fig. 4f, solid red line). An increase in the number
of B(OH), ions inside the pore is observed with increasing hydroxyl
group density, with the majority positioned near slit-pore surfaces
(Supplementary Fig. 16). Finally, the evolution of the hydrogen
bond network of B(OH),” inside the slit-pore with increasing surface
hydroxyl density was investigated. On a pristine carbon surface with
no hydroxyl groups, B(OH),” ions form hydrogen bonds with water
molecules (H,iqine)- However, with the introduction of hydroxyl groups
totheelectrode surface, arearrangement of hydrogen bonds occurs.
Specifically, whereas the number of H,0-B(OH),” hydrogen bonds
slightly decreases, new OH-B(OH),” hydrogen bonds emerge. These
findings suggest that B(OH), ions display more favourable interac-
tions with the surface in the presence of hydroxyl groups. This phe-
nomenon contributes to an increase in boron removal capacity and
enhances B/Cl selectivity.

Conclusion

Most attempts to use electrosorption foramphoteric anion (for exam-
ple,boron) removal have failed to substantially improve selectivity over
competing anions. Our work demonstrates two strategies for boosting
the selectivity of electrodes towards boron during the electrosorption
process: (1) increasing basic oxygen-containing functional groups via
thermalannealing, UVirradiation and acid treatment methods and (2)
incorporating boron-selective functional groups via direct surface
grafting. Both strategies alter the morphology, increase surface areas
and elevate surface functional group densities, thereby enhancing
boron removal capacity and B/Cl selectivity. Notably, the electrode
treated with 1 M HNO; for 20 h exhibits exceptional B/Cl selectivity of
2.25 (one order of magnitude higher than the pristine electrode) and
low energy consumption.

When leveraging functional groups to improve the electrosorp-
tion of targeted contaminants, itis crucial to find the sweet spot for the
contaminant-functional group interaction. This interaction should
notbe excessively strong, such as forming chemical bonds, as this may
hinder therelease of the contaminant during the discharge cycle with
no voltage applied or increase the energy consumption when reverse
voltage is applied in the discharge cycle. Our study reveals that elec-
trodes functionalized with boron-selective groups (MAPD, NMDG and
DPgroups) formirreversible complexes withboron during electrosorp-
tion, resultingin moderate boron removal performance. On the other
hand, electrodes functionalized with basic oxygen-containing groups
(hydroxyl, carboxyl and lactone groups) can form hydrogen bonding
with boron, which, whereas relatively weaker than complex formation,
isideal for enhancing boron selectivity as boron binding is reversible
during the electrosorption process.

Overall, this study highlights the promise of functionalized elec-
trodes in enabling BPM-assisted boron-selective electrosorption,
while also providing mechanistic understanding of selective boron
electrosorption. Inthe meantime, we acknowledge that further optimi-
zation of the process holds the key to unlocking its full potential. Engi-
neeringstrategies, such as separating the BPM-assisted electrosorption
processinto abipolar membrane electrodialysis process for acid/base
generation and aflow-through electrosorption process, may enhance
overall performance and lower the energy consumption. We note that
the current cost of BPM membranes may hamper the large-scale appli-
cation of the BPM-assisted boron electrosorption process*s. However,
we anticipate thatadvancements in BPM manufacturing methods will
reduce these costs, enabling real-world application of this technology.
We also envision this platform being used beyond boron removal. With
the capability of our platformtoinduce pH variation, enable electrode
functionalization and optimize operational parameters, it has the
potential for highly selective removal of other contaminants and for
resource recovery.
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Fig. 4| Mechanisms exploration. a, Simulated electrosorption system.

b, lllustration of the models used in the simulations for H,O (blue), Na* (purple),
CI™ (green) and B(OH),” (red). The slit-pore is composed of three layers of carbon
atoms with its basal plane exposed. ¢, Boron removal capacity of electrodes
with different hydroxyl density, normalized by the pristine electrode (that is, no
hydroxyl group).d, B(OH),/Cl " selectivity. e, B(OH), surface adsorption free
energy as a function of surface functional group density. The inset shows the
free energy profile for moving aB(OH), ionin the pristine slit-pore as a function
of distance from the pore entrance. AF represents the ion surface adsorption

free energy. Zrepresents the distance from the pore entrance; negative values
indicate being outside the pore, while positive values indicate being inside the
pore.f, Number density profiles of B(OH), and CI” inside the slit-pore at hydroxyl
group density of 1.71 umol m™. p and y represent the number density and the
distance from the last layer of the slit-pore (which is unexposed), respectively.

g, Hyong distribution of B(OOH),” inside a slit-pore normalized by the number

of hydrogen bonds made by B(OH), inside the pristine slit-pore surface asa
function of surface functional group density.

Methods

Materials

The materials and chemical reagents used in this study are listed in
Supplementary Text 3.

Electrode preparation

Sixtypesof electrode were prepared viatwo chemical functionalization
methods. The first method involved using thermal annealing, ultravio-
letirradiationand acid treatment to introduce basic oxygen-containing
groups to the pristine electrode. Different thermal annealing tem-
peratures (100-300 °C), ultraviolet exposure time (10-60 min) and
acid types (H,SO,, HNO; and HCI) and treatment durations (3 h to
2weeks) were used for electrode preparation. The second functionali-
zation method introduced boron-selective groups (thatis, DP, NMDG
and MAPD) to the pristine electrode. More details can be found in
Supplementary Text 1.

Electrode characterization

Boehmtitration was carried out to quantitatively determine the surface
functional groups on the functionalized electrodes using a pH auto
titrator (Orionstar T910, Thermo-Fisher Scientific). In this method,

the surface functional groups are neutralized with a base. On the
basis of the pK, of the base, the molar concentration of different func-
tional groups can be determined. NaHCO, (pK, = 6.4) reacts only with
carboxylic groups, Na,CO; (pK, =10.3) reacts with both carboxylic and
lactonicgroups and NaOH (pK, =15.7) reacts with carboxylic, lactonic,
and phenolic/hydroxyl groups. The preparation of the samples and
corresponding titration measurements were performed through the
following steps:

1. Fromeach functionalized electrode, ~ 0.1 g of sample was
weighed, cut into small pieces and added to a 50 ml solution
of any of the three reaction bases, that is, NaOH, NaHCO; or
Na,CO,, each having concentration of 0.05 M.

2. Each mixture was stirred for 30 min to uniformly disperse the
small electrode pieces in the medium. After this period, the
stirring was stopped, and the mixture was left undisturbed
for 24 h to completely neutralize the functional groups on the
electrode surface.

3. After the equilibration period, the samples were filtered using
asyringe filter (polyethersulfone, 0.45 pm) to remove the
dispersed pieces. For the case of NaOH and NaHCO,, an aliquot
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of 10 ml was taken and acidified by addition of 20 ml of 0.05 M
HCI. For Na,CO,, an aliquot of 10 ml was acidified by addition of
30 ml of 0.05 M HCI.

4. The acidified solutions were back titrated with 0.05 M NaOH us-
ing the auto titrator. The titration curve (solution pH vs volume
of NaOH added) for each sample was generated and further
analysed to determine the neutralization point (NaOH needed
to attain neutral solution pH).

5. Thefollowing equation was used to determine the quantity of
surface groups:

Vi
nese = (59 181 Vs — (IHC] Vi ~ [NaOH] Vaao)(72)

where [B]is the concentration of reaction base mixed with electrode,
Vzisthe volume of reaction base mixed withelectrode, V, is the volume
ofaliquot taken from V;, [HCI]is the concentration of HCladded to the
aliquot taken fromthe original sample, V,,¢ is the volume of acid added
tothealiquot taken from the original sample, [NaOH] is the concentra-
tionof thetitrantin the back titration, Vy,q,is the volume of the titrant
in the back titration, ( %< ) is the molar ratio of acid to base and nc; is
molar concentration 'of surface functional groups (mol g™ of
electrode)*',

Details of the other characterization methods can be found in
Supplementary Text 4.

Electrode performance examination
The electrode performance was tested with a custom-built bipolar
membrane (BPM)-assisted electrosorption cell. Detailed structure of
the BPM-assisted electrosorption cell is presented in Supplementary
Fig.10. The fabrication of the cell is detailed in Supplementary Text 5.
Feedwater containing 5 mM NaCland1 mM B(OH), was delivered to the
cell froma 201 polypropylene reservoir using a MasterFlex L/S peri-
staltic pump at a flow rate of 3.0 ml min™ in single-pass mode, without
recirculation. Whereas this boron concentration exceeds typical RO
permeate levels, the B/Cl ratio reflects realistic conditions'***. Both
the anode and cathode received identical influent solution. The pH,
conductivity and dissolved oxygen of the effluent from the anode side
were continuously measured and recorded in 20 sintervals usingin-line
probesinserted into a custom-madeacrylic probe holder witha cylindri-
cal flow path. Time series effluent samples were collected by opening
an in-line four-way stopcock for 20 s (1 ml samples). Before sample
collection, the system underwent an overnight equilibration period,
during which the same solution, without applied potentials, was fed to
eliminate any pure adsorption effects. Additionally, three consecutive
charging/discharging cycles were conducted before theinitial sampling
event. Boron removal/release capacity was determined by integrating
the changes in boron concentrations with time during the charging
(electrosorption) and discharging (desorption) sessions. The amounts
of boron removed during charging and released during discharging
closely agree (>95%, Supplementary Fig.17) under all testing conditions.
A CH Instruments 660E potentiostat was used to regulate the
applied potential throughout the experiments, with the current being
recordedinlsintervals. The boron concentration of the collected sam-
ples was measured using the Azomethine-H colorimetric method****.
Detailed information regarding the preparation of azomethine-H
solution, buffer solution, boron standard solutions and its analysis is
describedinthe Supplementary Text 6. Chloride concentrations were
obtained using a Metrohm 940 Professional IC Vario ion chromato-
graph. All samples were collected and stored in polypropylene con-
tainers toavoid potential contamination fromborosilicate glassware.

Calculation of specific energy consumption
Specific energy consumption (SEC) represents the energy consumed
per unit of boron removed and serves as a crucial parameter for

assessing process efficiency. Energy consumption is calculated by
multiplying the applied voltage (V) by the integral of the current (/) over
the charging duration (¢.), representing the total charge transferred
during the process:
tC
SEC = % )
QS (Cgo—Cp)dt

To determine the SEC, we normalize the energy consumption by
the totalamount of boron removed. This is achieved by integrating the
difference between theinitial boron concentrationin the feed (C; o) and
the effluentboron concentration (C;) over the charging step and then
multiplying by the volumetric feed flow rate (Q). Itisimportant to note
thatin our calculations, energy consumptionis normalized by the mass
of boron removed rather than the volume of water treated. This deci-
sionwas based onthe relatively small extent of boron removal achieved
by our laboratory-scale system and the transient effluent condition
inherentin constant voltage operation of electrosorption systems.

Molecular dynamics simulations
Slit-pore simulations. The charging simulations of the slit-pore sys-
tems were conducted in the constant potential ensemble® at fixed
temperature T and system volume. The simulation setups are com-
prised of molecular models of aqueous sodium tetrahydroxyborate
(INal'[B(OH),]") and sodium chloride ([Na]*[CI]") solutions confined by
slit-pore electrodes (Fig. 4a). TIP3P water model was used to describe
water molecules®®. The topology files and molecularly optimized geo-
metric structures of moleculesin this study were constructed usingan
automated topology builder”. Theslit-pores are composed of three par-
allelhoneycomb lattices of carbon atoms with adistance between layers
at 3.38 A. The parameters for electrode carbon atoms were adopted
from Cole and Klein*®. Harmonicbond, angle and dihedral parameters
for the hydroxyl groups were taken from the OPLS-AA/L forcefield™.
Crossed parameters were calculated by Lorentz-Berthelot mixing rules.
The distance between slit-pore surfaces was set to 18 A. MD simu-
lations were conducted under a constant number of particles, vol-
ume and temperature (NVT) ensemble using a time step of 1fsand a
Nose-Hoover thermostat with arelaxation time constant of 0.1 ps. The
systems were constructed to target the density of the bulk aqueous
solution region of the simulation setups to be equal to the respective
density of the bulk solution fromisothermal-isobaric ensemble simula-
tionatlatmand 7=300 K. The systems were first equilibrated without
applying a potential difference between the electrodes for10 ns (that
is, setting charges of the electrode atoms to zero), followed by 5 ns
equilibration at A¥ =0V in the constant potential ensemble. After
equilibration, a constant potential difference of AY =1V was applied
between the electrodes followed by 10 ns production runs until the
electrodes fully charge.

Bulk electrolyte simulation. MD simulations of the bulk aqueous
solution were performed in the isothermal isobaric (NPT) ensem-
ble at 1atm and 300 K using a 1fs time step. In these simulations,
Nose—-Hoover thermostat and barostat with relaxation time constants
of 0.1and 0.5 ps, were used, respectively. The system was first equili-
brated for1ns, followed by a10 ns production run.

Data availability

The datasupporting the findings of this study are available within the
paper andits Supplementary Information. All datafiles in .xIsx format
are available as Supplementary Data 1-3. Source data are provided
with this paper.
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