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Removal and recovery of ammonia from simulated wastewater
using T1;C, T, MXene in flow electrode capacitive deionization

Nagsh E. Mansoor @', Luis A. Diaz®?, Christopher E. Shuck®, Yury Gogotsi (>, Tedd E. Lister’® and David Estrada@®"***

Flowing electrode capacitive deionization systems (FE-CDI) have recently garnered attention because of their ability to prevent
cross contamination and operate in uninterrupted cycles ad infinitum. Typically, FE-CDI electrodes suffer from low conductivity,
reducing deionization performance. Utilization of higher mass loadings to combat this leads to poor rheological properties. Herein,
TisCT, MXene was introduced as 1 mg mL~" slurry electrodes in an FE-CDI system for the removal and recovery of ammonia from
simulated agricultural wastewater. The electrode performance was evaluated by operating the FE-CDI system with a feed solution
of 500 mg L~" NH,Cl running in batch mode at a constant voltage of 1.20 and —1.20V in charging and discharging modes,
respectively. Despite the low loading, TizC,T, flowing electrodes showed markedly improved performance, achieving 60% ion
removal efficiency in a saturation time of 115 min with an adsorption capacity of 460 mg g~'. To understand the high adsorption
performance of the electrodes, physiochemical and structural analysis was done via a variety of characterization techniques such as
SEM, TEM, XRD, DLS, and Raman spectroscopy. Cyclic voltammetry and galvanostatic charge/discharge profiles were obtained to
evaluate the electrochemical properties of the electrodes. The system proved to be an energy-saving technology by exhibiting a
charge efficiency of 58-70% while operating at an energy consumption of 0.45 kWh kg~". A 92% regeneration efficiency showed
that the electrodes were stable and suitable for long term and scalable usage. The results demonstrate that MXenes have the
potential to improve the FE-CDI process for energy-efficient removal and recovery of ammonia.
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INTRODUCTION

Energy and water exist in a complex symbiotic relationship;
energy production requires extensive use of water resources,
while water remediation and purification processes exert a strain
on energy sources. For example, nuclear and coal power plants
require between 20 and 60 gallons of freshwater for every
kilowatt-hour (kWh) of energy generated’. Correspondingly, water
remediation and recovery efforts consume 2% of the total energy
generated in the United States®3. Environmental efficiency and
economics encourage conservation of both resources. Water itself
is an abundant resource, but only 2.5% is readily accessible as
freshwater, and there are already countries that rely on remedia-
tion efforts to obtain their fresh water supply®. As the global
population continues to rise, energy and water consumption will
increase while existing natural sources will continue to be
depleted. In its annual 2019 report, the International Energy
Agency (IEA) predicts an 85% increase in energy-related water
usage in the upcoming years®. In light of this projection, it is
imperative that versatile, cost-effective, and energy-efficient water
technologies are developed. Wastewater reclamation is one step
in a multi-stage solution to solve the looming freshwater
availability crisis, proving to be both environmentally relevant
and fiscally smart, leading to both purified water and useful
industrial byproducts.

Ammonia is one of the most common contaminants found in
domestic and industrial wastewaters. Due to its importance in the
manufacturing and agricultural industries, ammonia is one of the
most industrially produced chemicals with over 14 million metric
tons produced in the United States alone in 20195, The
production of ammonia requires copious amounts of both energy

and water. While ammonia is undeniably a valuable building block
in the modern food production, excessive exposure is a valid
concern, due to its toxicity®’. The release of ammonia-rich
agricultural wastewater into aquatic ecosystems can cause
eutrophication, leading to disruptions in delicate ecological
balances®. Ammonia can also find its way into domestic water
supplies as a natural degradation byproduct of nitrogenous
organic matter®. Groundwater can have high ammonia levels in
certain regions due to geological permeability'®. Short and long-
term exposure to ammonia and ammonium salts have been
known to cause kidney damage, nervous system dysfunction, and
lung edema'’'2, Owing to these detrimental effects, the Clean
Water Act (CWA) prohibits industrial and agricultural facilities from
releasing nitrogen (as ammonia) rich wastewater to waterbodies'>.
Despite Federal and State level regulations, rural communities and
vulnerable population groups in particular remain at risk for water
quality standards violations due to a lack of infrastructure required
by traditional wastewater treatment facilities'*. Considerable
effort has been devoted to developing efficient ammonia removal
methodologies' =2, Despite such efforts, biological nitrification
remains the most widespread method for treating ammonia
wastewater?'. Biological nitrification and other similar processes
require heavy capital and infrastructure investments to be
effective?2. In addition, the process is not only cumbersome and
slow, but it also wastes embedded ammonia, which is otherwise a
valuable product. In pursuit of sustainability, product conservation
directly translates to energy conservation. Hence, there remains a
need for a water remediation technology that is energy, water,
and resource efficient while requiring minimal capital investments.
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Prevalent water remediation technologies such as aerobic and
anaerobic bio-treatment, multiple effect distillation, multistage
flash distillation, and physical-chemical treatments require up to
6.60 kWhkg™"' of direct energy input for the treatment of
municipal wastewater®>, Reverse osmosis (RO) is the most
common physical treatment technique, and typically uses
3.0-4.7 kWh kg~' of energy®*?®. Among purification technologies,
capacitive deionization (CDI) has been a promising contender??7,
It uses a small voltage (~1.20V) applied across two high surface
area electrodes to induce charge separation. Similar to a super-
capacitor, the charged ions are stored in the electric double layer
of the electrodes. Even though there has been increasing research
interest in CDI?®, the unavailability of adequate electrode materials
is a technological bottleneck. Since voltage reversal (or removal),
causes desorption of the immobilized ions, the technique can be
used for purification as well as retrieval. Several studies report high
water recovery (80-90%) and low energy utilization (0.6 kWh m~3)
for desalination using CDI>°-3",

As a result of an increased research activity around CDI%¢,
several different cell architectures have been developed including
inverted-, hybrid-, ultrafiltration-, flow-by-, desalination battery,
membrane-, flow-through-, cation intercalation desalination, and
flow-electrode CDI (FE-CDI)32-3*, Apart from FE-CDI, all of these
CDI cell architectures utilize stationary electrodes and hence
require an additional regeneration step for ion desorption, leading
to non-continuous operation®?3>, Additionally, the regeneration
step can cause cross-contamination between the effluent streams,
resulting in reduced water recovery. This step negatively affects
the fundamental motivators for CDI technology: cost, time, and
energy efficiency. Due to simultaneous electrode regeneration
ability, FE-CDI is a pioneering electrochemical technology that
promises continuous and infinite remediation even for high
concentration feed waters®’. The adsorption capacity of the
system is controlled by regulating the flow rate, channel design,
and the nature and loading of the electrode material®8.

The flow electrode is an important component of the FE-CDI
cell. The rheological properties and flowability of the electrode
contribute to the adsorption capacity, stability, and cyclability of
the system. Due to homogeneity, stable colloidal slurries perform
better as flow electrodes. Carbon and its derivatives such as
graphene sponges, graphene oxide, carbon nanotubes (CNTs),
and various composites have been investigated as CDI electro-
des3®. Carbon serves as an excellent prototype material due to its
high surface area, electrical conductivity, and electrochemical
stability®. Previous experimental studies have determined the
suitability of carbon and its derivate materials as CDI electrodes by
exploring properties via microscopy imaging and porosity
analysis*®*'. While carbon materials have been shown to perform
well in stationary electrode cell architectures®?, they suffer from
insufficient electrical conductivity in slurry based flow-electrode
systems®. In prior studies***>, and in our experimental experi-
ence, remediating the conductivity problem by increasing carbon
content (>15wt%) leads to clogged flow channels, halting
operation of an FE-CDI system.

To overcome such limitations, we turn to MXenes, which are a
class of two-dimensional (2D) transition metal carbides, nitrides
and carbonitrides with the general formula M, 1X,T, where M is
an early transition metal (Ti, V, Nb, etc), X is carbon and/or
nitrogen, T, represents the surface terminations (=0, -F, -Cl, and
-OH), and n = 1-4%, MXenes are highly conductive, hydrophilic,
form stable colloidal solutions, and their production can be easily
scaled-up with no loss of properties*’*%, MXenes have already
been proposed as materials useful for environmental remediation,
including heavy metal adsorption, pollutant adsorption, and
desalination, amongst others**=>'. Ti;C,T, was the first MXene
discovered and is the most widely studied®2. Furthermore, TisC,T,
was shown to pose no ecological risk to aquatic ecosystems®3.
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Recently this material has been applied to conventional CDI owing
to high surface area and electrical properties®*->2,

Many studies have shown that TisC,T, is a promising
pseudocapacitive negative electrode for supercapacitors®®2,
Similarly, ideal materials for aqueous electrochemical energy
storage should have high specific capacitance, charge efficiency,
and electrochemical stability at water's electrolysis potential
(~1.23V)53%4 These features are also required in high performance
CDI electrodes, suggesting that TizC,T, will be appropriate for CDI
systems. Bao et al. demonstrated the use of aerogel-like TisC,T,
MXene electrodes in a conventional desalination CDI cell to report
an unprecedented salt adsorption capacity of 45mgg™" *>. In a
recent publication, Ma et al. used binder free pristine Ti;C,T, films
to achieve a salt adsorption capacity of 68 mgg~' >4 However,
conventional CDI cells consistently experience co-ion expulsion,
which limits the amount of ions that can be adsorbed and reduces
their charge efficiency®®. High charge efficiency leads to low
operating energy and the use of ion exchange membranes in FE-
CDI cell reduces co-ion expulsion. However, the necessity of a
regeneration step in conventional CDI invariably increases energy
consumption3>3%, For CDI to be considered an energy-efficient
technology, it is necessary to account for the total operating
energy, including regeneration.

This study aims to evaluate and understand the performance of
TizC,T, flow electrodes in an FE-CDI system. While TisC,T, has
been previously explored as a stationary electrode in conventional
CDI architectures, this is the first reported investigation pertaining
to its suitability in a flow electrode cell architecture®*>>°8, We use
a variety of characterization techniques to show that the MXene's
unique set of properties, including high electrical conductivity,
high negative zeta potential, layered structure, and the ability to
form stable colloidal solutions render it highly desirable to be
employed as flow electrodes®®. Using de-ammonification of
simulated wastewater as an example, we demonstrate the
suitability of TisC,T, as a high-performance, low loading flow
electrode in FE-CDI systems for water purification. A schematic of
the FE-CDI system is shown in Fig. 1. With energy, water, and
resource conservation, FE-CDI holds the promise to surpass
limitations of preceding water remediation technologies including
the widespread RO systems. This work opens avenues for further
investigations of MXenes in FE-CDI technology for applications
including but not limited to critical materials recovery, water
softening, desalination, and selective nutrient removal.

RESULTS
Material characterization

X-ray powder diffraction (XRD) results shown in Fig. 2a confirm the
successful etching of Aluminum (Al) from the TizAIC, MAX phase.
It can clearly be seen that the non-basal plane peak at 26 =39°
visible in the MAX phase XRD pattern disappears as a result of
flake formation®%%7. In addition, the shift in the (002) peak from
9.60° to 7.29° is indicative of the expansion of the c-lattice
parameter due to successful etching®*%’. In the MILD method,
etching and delamination happen simultaneously, with delamina-
tion occurring through intercalation of water (H,0), and lithium
ions (Li*). The ion removal mechanism in FE-CDI is dependent on
the type of electrode material used?®. Carbon electrodes operate
through ion adsorption on the charged surface of the particles,
while MXenes function by allowing ion insertion between the
individual sheets®®. Hence, the interlayer spacing has a pro-
nounced effect on the charge storage and the ionic transport
properties of MXenes®. The etched Ti;C,T, has a total interlayer
spacing of 2.70 A, due to the intercalated water and lithium ions
coupled with successful etching. This results in the characteristic
expanded structure of MXenes.
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Fig. 1 Schematic illustration of capacitive deionization operation. Schematic illustration for a FE-CDI module for deionization testing, and
b FE-CDI unit cell assembled with: (i) titanium current collectors; (ii) vitreous carbon; (iii) carbon cloth; (iv) rubber gaskets; (v) anion and cation

exchange membranes; (vi) spacer; (vii) polyester filter felt.
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Fig. 2 Materials characterization of FE-CDI electrodes. a XRD patterns of TisAlC, (bottom) and TisC,T, (top) before and after etching,
respectively; b Raman spectra of TizC,T, flow electrode; ¢ TEM image of as-etched TisC,T, with arrows highlighting separated layers;
Scale bar = 0.2 um. d SEM image of as-etched TizC,T, with SEM image of TizAlC; (inset); Scale bar(s) = 5 um. e SEM image of activated carbon

(AC) powder particle. Scale bar =5 pum.

The Raman spectrum of TizC,T, in Fig. 2b shows four distinct
characteristic peaks at 202, 384, 570, and 726 cm ™. The A4 peak
at 202 cm~ and the E4 peak at 384 cm~" correspond to vibrations
due to surface groups on titanium”®. The sharp and high intensity
Aqg peak at 202 cm™" indicates low defect flakes, as is expected
from the chosen etching method’®. The E;, and A4 peaks
observed at 570 and 726 cm~', respectively, can be attributed
to carbon vibrations”®. The relatively low intensity E; peak at
279 cm™ corresponds to the presence of —~OH termination groups
on the MXene surface and is a characteristic feature of the MILD
synthesis method®2’°, Line broadening and merging in the
spectra is indicative of exfoliation and delamination and is hence
consistent with the XRD data. Raman spectroscopic investigation
of activated carbon (AC) to reveal structural information has been
limited in its scope as the initial spectra produces broad and
obscure peaks”'. The initial relative D and G band intensities are
insufficient to characterize the structural order of the material”"72,
Since AC is desirable for its high surface area’®, other character-
ization techniques such as scanning electron microscopy (SEM),
porosity, and particle size analysis are more informative.

Published in partnership with King Fahd University of Petroleum & Minerals

The transmission electron microscopy (TEM) image in Fig. 2c
shows stacked multilayer MXene sheets that are thin and electron
transparent. The morphology and surface structure of the FE-CDI
electrode particle materials have a significant effect on ion
adsorption capacity. The highly accessible MXene surfaces,
characterized by the expanded and open interlayer structure,
allow for rapid ion adsorption within the MXene sheets’*. The
characteristic fanned out basal planes of etched MXenes can be
seen in Fig. 2d. Moreover, the unfurled morphology is evidence for
successful etching of TizAIC, (Fig. 2d inset) and is hence in
agreement with the aforementioned XRD and Raman results. It
can be witnessed visually that the spread out, open structure of
MXenes has significantly more intercalating space than the porous
structure of AC (Fig. 2e). The AC also exhibits an irregular block
morphology, with particle size ranging in a few microns.

Flow electrode slurry characterization

Figure 3a shows particle size profiles obtained via DLS measure-
ments of the 10wt% AC slurry and the TisC,T, electrodes.
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Fig. 3 Rheological properties of FE-CDI electrodes. a Particle size analysis of 10wt% AC slurry electrode and TizC,T, flow electrode;
b Viscosity measurements of DI water, TizC,T, flow electrode, and 10 wt% AC slurry electrode respectively; ¢ Zeta () potential measurements
of 10 wt% AC slurry before sonication, 10 wt% AC electrode after sonication, and TisC,T, flow electrode, respectively. Error bars represent

standard deviation.

It is evident that the average particle size is lower for MXene
electrodes (1.20 um) than AC (4.50 um). It is well established in
the Rayleigh-Gans-Debye (RGD) theory that aggregates and
large colloidal particles result in peak broadening in light
scattering spectra’>~’’. The AC profile shown in Fig. 3a exhibits
a wider distribution and longer tail end, hence indicating particle
flocculation. Higher molecular weight flocculated particles are
more prone to sedimentation which can lead to uneven
electrode flow’®. This was mediated to some degree by
sonicating the AC slurry to reduce particle size. However, the
AC slurry still required continuous stirring during the experiment
to prevent sedimentation.

Furthermore, the viscosity of a suspension has a strong
correlation with system performance. Higher viscosity contributes
to poor flowability and dispersion of the slurry. Figure 3b shows
that the TizC,T, solution has a viscosity very close to deionized
(DI) water (1.50 and 1.40 mPa s, respectively). Experimentally, this
resulted in excellent flowability and zero hindrance during the
cell operation. As previously discussed, the MILD method results
in the presence of hydrophilic functional groups on the surface of
MXene layers which result in electrostatic repulsion that leads to
a stable colloidal solution not prone to flocculation”®=8'. The
presence of the hydrophilic surface terminations was confirmed
by observing the surface group region (230-470cm™") in the
Raman spectra (Fig. 2b). Comparatively, the AC slurry had a
higher viscosity (3.20mPas) and larger particle size (Fig. 3a)
resulting in poor flowability and frequent clogging of the narrow
cell channels in our conductor design. Zeta ({) potential is a
quantitative measure of the electrical potential in the interfacial
double layer and is an important guide to determine suspension
stability®2. Low (more negative) {-potential values indicate a
lower probability of the suspension forming aggregates®3. AC
forms lyophobic colloids, which is reflected in its high (less
negative) (-potential value of —5mV. {-potential is affected by
many factors including temperature, viscosity, and particle size®*.
To illustrate this, pristine and sonicated samples of AC slurry were
compared against the TisC,T, flow electrodes for (-potential
measurements as shown in Fig. 3c. As-received pristine 80 mesh
AC powder was compared against the solution that was probe
sonicated for 1h to yield the particle size distribution given in
Fig. 3a. It can be seen that particle size affects the (-potential
between the two AC samples (—5 vs. —13 mV). In addition, the
reduced particle size coupled with continuous stirring had a
positive impact on fluid flow, as the cell channels were less likely
to get clogged. As shown in Fig. 3¢, the TizC,T, solution had a
considerably lower (more negative) (-potential of —27 mV, which
resulted in electrode stability and better flowability throughout
the FE-CDI operation. This eliminated the need for any additional
measures such as solution stirring to ensure an uninterrupted
system operation.

npj Clean Water (2022) 26

Deionization performance test

Figure 4a shows the change in conductivity ratio of the effluent
solution as a function of time when the system was operated in
batch mode. The observed cyclic conductivity change is repre-
sentative of the ion capture and release steps during the
regenerating operation. It is imperative to note that effluent
conductivity change (C¢/C,) and current response of the FE-CDI cell
system are primarily a result of the properties of the electrode
slurries. In the absence of any electrode system, using DI water in
place of the flowing slurries, the baseline cell measurement shows
insignificant current response and effluent conductivity change
(Supplementary Figs. 1 and 2). In this study, the 10 wt% AC slurry
was used as control electrodes to evaluate the performance of
TizC,T,. The conductivities of both deionization systems show a
significant decrease with the application of 1.20 V external voltage.
The open structure and intercalation capture mechanism in TizC,T,
resulted in a shorter saturation time of 115 min compared to AC
(233 min), and saturation times previously reported in other
studies*'8>86 A similar phenomenon is observed when MXenes
and other 2D materials are used for energy storage applications.
The layered morphology and multiple storage sites lead to fast
storage kinetics and high cycling rates®”~%, Due to the shorter
charge-discharge times, TisC,T, delivered 10 stable long-term
cycles during the ~30h run time. This manifested in twice the
number of cycles as AC (5 cycles). As saturated electrosorption is
achieved, the charging (ion capture) profile for TisC,T, plateaus at
an average conductivity ratio of 0.410 £ 0.002, which is lower than
the obtained value for AC (0.500 + 0.001). It is interesting to note
that the conductivity ratio of the first run in cycle with Ti;C,T, is
markedly lower (0.250) than the following cycles. In the first cycle,
the system has not yet achieved dynamic equilibrium and the
increased deionization can result from permanent chemical
interactions on the defect sites on the MXene flakes’. These ions
are not desorbed upon voltage reversal (or removal). This is further
evident by the fact that the subsequent regeneration cycle does
not reach the initial conductivity ratio of 1. Hence, the first cycle is
not representative of the electrode performance. This is reflected in
Fig. 4b which shows electrode regeneration efficiency (n,). After
achieving dynamic equilibrium in the second cycle (TisC,T, after
stabilization), n, is upwards of 92%. If we take the first cycle into
account, n, drops to 69% which is evident of the suggestion that
after the initial cycle, some adsorption sites are permanently
occupied by chemical interactions. It is imperative to note that n,
for AC is slightly higher at 96%. This can be attributed to the
oxidative and aqueous degradation of TisC,T, over time®'.
However, researchers have been working to increase the oxidative
stability of MXenes®?93 so that this problem can be mitigated by
employing environmentally stable MXenes. In addition, the use of
MXenes in non-aqueous solvents as flow electrodes can also be
explored in the future®.
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Fig. 4 Electrode(s) performance during deionization testing. a Effluent conductivity ratio as a function of time, showing
electrosorption-desorption cycles; b Electrode regeneration efficiency (n,) of TisC,T, before stabilization, TisC,T, after stabilization, and AC
respectively; Error bars represent standard deviation. ¢ Electrode adsorption capacity (/) at each electrosorption-desorption cycle for 10 wt%
AC (bottom, circles) and TisC,T, (top, triangles); d Adsorption rates (Quae) for 10wt% AC and TisC,T, flow electrodes at each

electrosorption-desorption cycle.

Adsorption capacity () is an integral criterion to evaluate the
electrode performance in an FE-CDI cell. The average adsorption
capacities exhibit great disparity between the two electrode
systems. The I for Ti;C,T, is 460 + 12 mg g~', which is more than 2
orders of magnitude higher than AC, which has an average I of
4.20+0.07 mg g~ . The values for each charge-discharge cycle are
shown in Fig. 4c. It can clearly be seen that I” decreases after the
first cycle but then eventually stabilizes and remains nearly
constant in the subsequent cycles. However, for TizC,T, the lowest
I (10th cycle) can still achieve a value of 440 mg g~’, suggesting
excellent regeneration stability (Fig. 4b). In aqueous environments,
the solvated ammonium (NH4*) ions have an average radius
ranging from 2.50 to 3.20 A°>~7, which is larger than the initial
interlayer spacing (2.70 A) of MXene sheets. However, due to the
hydrophilic nature of both the TizC,T, and ammonia, intercalation
will readily and spontaneously occur®®. Furthermore, with each
cycle, the preintercalated lithium ions will be released, leading to
more active sites on the TisC,T, basal plane, accounting for the
increasing ammonia adsorption rate (Fig. 4d). The significantly
higher value of ammonia I follows the trend of previous
studies*'°, where 2D materials, particularly graphene, show
enhanced adsorption for ammonia compared to sodium chloride
(NaCl) desalination. Graphene and graphene oxide (GO) possess
similar structural features as MXenes but they lack surface
functional groups and the negative surface charge present in
MXenes. It has been established that ammonia interacts via a
combination of ion intercalation, physisorption, and chemisorp-
tion%°, The presence of the -OH and -O functional groups on the
TizC,T, surface facilitate surface reactions with the NH,™ ions. The
surface chemistry and functional groups affect reactive adsorption
as well as physical adsorption mechanisms'®. Higher initial ionic
concentrations, such as the 500 mg L~ feed solution used in this
study, have been shown to enhance ["°'. First principle
calculations on adsorption behaviors have revealed that NH; has
a very small (more negative) adsorption energy (E.qs) of
—0.078 eVatom™~', which results in strong interactions with
TisC,T, MXene'%2, Sensor studies have revealed that of all the
considered compounds, ammonia is the only one to interact via
chemisorption on the surface of MXene'?. The calculations also
show high charge transfer (C; -0.153e) between NH; and TizC,T,,

Published in partnership with King Fahd University of Petroleum & Minerals

hence lending credibility to the hypothesis that the high I value is
a consequence of multiple charge transfer mechanisms'®2,

The adsorption rate (Qate) values for the run are shown in
Fig. 4d. The average adsorption rate for AC is lower (0.0021 +
0.0003 mg min~'cm™2) than Ti;C,T, (0.0054 + 0.0090 mg min~"
cm~2) owing to the lower plateau time and higher deionization
efficiency of the latter. It is interesting to note that the adsorption
rate for AC changes very little across cycles, but it shows an
upward trend for TisC,T, (not including the first cycle). This is a
consequence of decreasing plateau times for TisC, T, electrodes. In
batch system operation, C, for each subsequent cycle is different.
The value of C, affects the kinetic accessibility of the dissolved
ions, and hence has an effect on the adsorption rate. As discussed
earlier, n, of AC electrodes is marginally higher than Ti;C,T,
electrodes (Fig. 4b). This manifests as consistent C, and resultant
adsorption rate for AC.

The change in total charge of the system agrees with the
change in the conductivity of the effluent solution. As shown in
Fig. 5a, the cell current decreases and total charge increases as
ions are removed from the feed solution. During the discharging
step, the current gradually rises back to its initial value, as partial
charge is recovered. The current response in the system was
observed at 30 mA (Fig. 5a) and is dependent upon various factors
including feed solution concentration, electrical conductivity of
the electrodes, contact area, and flow rates®®. Diffusive flux
between the feed solution and the flowing electrodes is shown to
have a negligible effect on the current response of the system.
(0.7 mA, Supplementary Fig. 1). High response current reduces
overlap effect and causes an increase in the rate of ion transfer,
which positively impacts the capacitance behavior and "%, The
charge efficiency (A) and total Coulombic loss (Ncoyr) in the system
(Supplementary Egs. (6) and (7)) are shown in Fig. 5b. The values
for A range from 58% to 70% over the course of the CDI test, while
roughly increasing with each subsequent cycle. This is consistent
with the observed trend of increasing adsorption rate for each
cycle (Fig. 4d), as A varies with varying C,'%. The reported values
align well with results reported in literature’®. A A value of 100%
has never been reported. It has been theorized that the relatively
low A values are an inherent consequence of pseudocapacitive
behavior because of the presence of co-ion repulsion and
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(Ncow) onN right axis (triangles); ¢ Energy consumption (Econsumption) ON left axis (bars) and energy recovery on right axis (line and symbols).

counter-ion adsorption'®, Some efforts have been made to
increase the charge efficiency in CDI systems'%”. However, further
work is needed in the area. The charge recovered during the
discharging step is lower than the charge transferred during the
charging step, resulting in a neoy increasing from 8% to 21%
(Supplementary Eq. (7), Fig. 5b). This is a consequence of leakage
current and is typical for supercapacitors and CDI systems. It should
also be noted that current increases with each cycle
(Fig. 5a), which leads to more pronounced electrode polarization
and hence results in an increase in N with each cycle®®
Pronounced electrode polarization is also responsible for decreas-
ing I" (Fig. 4c)>*. Barring the first cycle, the energy consumption and
recovery trends (Fig. 5¢) agree with N, and A. This is in line with
theoretical studies'®”. Energy recovery ratio is defined as the ratio of
energy recovered during the release of the ions stored in the
electrical double layer of the electrodes to the energy consumed
during ion charge (Supplementary Eq. (10)). Over the course of ten
cycles, 8-21% of energy was not recovered by the system. The
profile closely resembles n... The average energy consumption for
the system was 045+0.01kWhkg~'. This is higher than the
0.24 kWh kg~ obtained by Ma et al.>*, using TisC,T, films in flow-by
CDI for NaCl removal. However, the adsorption capacity achieved in
this work is higher, compensating for the marginally higher energy
consumption. For comparison, commercial wastewater treatment
plants require 4.60kWhkg~' of energy for ammonium ion
removal'®, It is imperative to note that in commercial treatment
plants the contaminant concentration varies widely depending on
the source of wastewater. Despite the discrepancy in comparison,
FE-CDI requires 10 times less energy, hence alluding to the
possibility of FE-CDI being a more energy-efficient alternative.
Structure, properties, and processing correlations influence how
a material will perform in a system. When comparing the structural
and electrochemical properties of TisC,T, with other materials
previously used for FE-CDI systems (Supplementary Table 1), it can
clearly be seen that its properties allow Ti;C,T, to achieve high
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performance when employed as flow electrodes. As shown in
Table 1, materials such as activated carbon, graphite, and
graphene have been studied for ammonia removal in FE-CDI
systems?041:109110 The adsorption capacity of TizC,T, MXene
shows several orders of magnitudes improvement over 1.5 wt%
graphite®. It is apparent that Ti;C,T, show markedly higher
performance for ammonia removal when compared with pre-
viously researched electrode materials and CDI systems.

Mechanisms of FE-CDI electrode performance

The capacitive charge storage mechanisms have a direct
correlation with the adsorptive performance of the electrodes''’.
Figure 6a shows cyclic voltammograms (CVs) for the TisC,T,
electrodes in 1M NH4Cl aqueous electrolyte at periodically
increasing scan rates. The CVs exhibit the classic quasi-
rectangular shape characteristic of MXenes and other pseudoca-
pacitive materials''%. A broad redox peak is observed in the range
of —0.35 to —0.45 V at lower scan rates of 5 and 10 mV s~ . This is
indicative of the fast and reversible redox reactions occurring at
the electrode surface and is a typical characteristic of pseudoca-
pacitive behavior''®. In the case of layered nanomaterials like
MXenes, the broad redox peaks and low peak-to-peak separation
can also be indicative of intercalation because of the shortening of
the ion diffusion length and all reactions being surface charge
transfer dependent as opposed to solid-state diffusion, due to
increased specific surface area''. The broad redox dip disappears
at higher scan rates owing to limited diffusion and contact time.
The peak broadening and flattening is a result of fast scan rate and
slow kinetics of the reaction'’. The CV curves retain their quasi-
rectangular shape even at increasing scan rates, indicating the
high-rate, reversible performance of Ti;C,T, electrodes. This
agrees with the repeatable behavior shown during deionization
testing (Fig. 4a), and is further substantiated by the almost linear
galvanostatic charge-discharge (GCD) profiles shown in Fig. 6b.
The near linear nature of the GCD curves indicates rapid and

Published in partnership with King Fahd University of Petroleum & Minerals



N.E. Mansoor et al.

npj

Table 1. . Comparison of adsorption capacity and deionization efficiency between different electrode materials and operational modes of capacitive
deionization.
Electrode material lon Cell architecture Applied Current Initial Deionization  Adsorption Reference
species voltage (V) concentration efficiency, capacity,
(mgL™") nr (%) r(mgg™
K,Ti,Os-Activated NH,"  Flow electrode 1.2 - 53.5 65 - 40
Carbon
Graphene Laminates NH,Cl  Membrane assisted 2.0 0.17 A 400 99 15.30 e
TisC,T, MXene NaCl Flow by 1.2 Constant current 585 - 68 54
-20 mA
Porous TizC,T, MXene NaCl Flow by 1.2 - 10000 - 45 55
TisC,T, MXene NaCl Flow by 1.2 - 0.085 - 13 56
Ar-TizC,T, MXene NaCl Flow by 0.8-1.6 - 500 - 26.80 57
Graphite (1.5 wt%) NH,Cl  Flow electrode 0.2-1.2 - 20 87 1.43 85
Carbon Cloth NH4 =N Flow by 1.2-3.0 - 68.8 60.5-95.7 - 109
Vertically Oriented Nacl Flow through 1.0 - 5000 98.1 165 o
Graphenes
TisC,T, MXene NH,Cl Flow electrode 1.2 30 mA 500 60 460 This Work
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Fig. 6 Post-mortem analysis of FE-CDI electrodes. For TisC,T, electrode in TM NH,Cl: a cyclic voltammograms at varying scan rates;
b galvanostatic charge/discharge profiles at varying scan rates; ¢ specific capacitance as a function of scan rate; and d XRD patterns before

and after FE-CDI operation.

reversible charge and discharge in the electrical double layer''®,
The double layer storage effects can also be observed in CVs
(Fig. 6a) as the ends of the forward and reverse scans taper off
(informally referred to as “curves taking off”)'"”.

The changes in specific capacitance as a function of varying
scan rates are depicted in Fig. 6c. TisC,T, electrode in NH,CI
aqueous electrolyte delivers a high specific capacitance of 148 F
g~ ' at 5mVs~'. The total capacitance in pseudocapacitive
materials is a combination of redox (Faradaic and non-Faradaic)
reactions and intercalation pseudocapacitance''. Owing to
combined effect, per atom charge storage is greater than for
electrical double layer based capacitors''. Lower scan rates
exhibited higher C, values with continuous decrease reaching the
minimum of 73Fg~' at 90 mV s~ ". lon adsorption in CDI is a time
intensive and flow-rate-dependent process. Hence, higher scan
rates do not reflect all the mechanisms at play. This is because the
electrolyte ions can easily access the electrode surface at lower
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scan rates resulting in significant enhancement in the electro-
sorption capacitance''. The reported specific capacitance values
are in agreement with previous studies that show that Ti;C,T,
electrodes exhibit maximum charge storage capacities in the
presence of polar protic electrolytes’.

Figure 6d shows the post-mortem XRD pattern of the TizC,T,
positive and negative electrodes before and after the partial charge
cycle. No significant difference in the diffraction intensity of the
peaks was observed (Supplementary Fig. 3). Using Bragg’s law, the
position of the (002) peak is used to calculate the d-spacing of
the MXene crystal structure®”. Typically, dry TizC,T, exhibits a (002)
peak at 9.40° (d-spacing of 9.41 A); for the pristine TisC,T, in this
study, the (002) peak is initially at 7.29°, corresponding to a d-
spacing of 12.11 A, or an interlayer spacing of 2.70 A. The primary
peak shifts to a lower angle of 5.85° (d-spacing of 15.09 A) for the
anode. The cathode peak also shifts to a smaller 26 value of 6.20°
(d-spacing of 14.20A). This corresponds to an increase in the
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interlayer spacing of 2.98 and 2.09 A (total interlayer spacing of 5.68
and 4.79 A) for the anode and cathode, respectively. The expanded
crystal structure is due to ion entrapment and intercalation in
between the MXene layers. The anodic side has slightly greater
expansion due to the presence of like repulsive charges®”. Based on
the expanded interlayer spacing and ionic sizes, it can be estimated
that on average there are ~2 layers of ions entrapped between the
MXene layers. This agrees with previous studies on capacitive
deionization and adsorption®”""'8120, This supports the pseudoca-
pacitive behavior observed in CVs (Fig. 6a), that no single charge
storage mechanism is dominant and the capacitive behavior of
TizC,T, electrodes is a combination of surface redox, electrical
double layer, and ion intercalation phenomena.

DISCUSSION

In this study, we demonstrated an FE-CDI system with high
ammonia removal performance based on flow electrodes consisting
of TisCoT, MXene. An average adsorption capacity of 460 mgg™"
along with a low-energy consumption of 0.45kWhkg~' was
measured. Electrochemical analysis revealed a high specific
capacitance of 148Fg~' in ammonia electrolyte. The increase in
interlayer spacing revealed by XRD investigations show evidence for
intercalation-assisted ion storage. The results reinforce the strong
dependence of FE-CDI performance on the characteristics of the
electrode material. Owing to its high conductivity, colloidal stability,
high surface area, and unique surface chemistry TizC,T, is a
promising candidate for ammonia removal and recovery from
industrial and commercial wastewaters.

While the results presented are promising, further research,
including theoretical modeling of the kinetic analysis, and testing
different MXenes is needed to further improve the process. Due
to the non-uniform surface chemistry on MXene surfaces, it is
important to consider how different etching approaches will
change the adsorption process. Finally, MXenes have been
shown as viable for many adsorption processes, but the studies
are still in their infancy, TisC,T, and other MXenes should be
tested for adsorption of more pollutants. However, based on
these results, TisC,T, is among the most promising environ-
mental remediation materials for ammonia removal from waste-
water systems. We expect that the demonstrated work will open
new avenues for realizing high performance, energy-efficient,
large-scale pollutant removal systems.

METHODS

Preparation of activated carbon flow electrodes

The 10 wt% control (carbon) flow electrodes were prepared by mixing
1.20 g of 80 mesh activated carbon (AC) powder (Cabot Norit® A Ultra E
153) in 12mL of ultrapure water (18 MQ-cm) and stirring for 2 h. The
mixture was probe sonicated for 1 h at 55 W to reduce the particle size by
breaking up agglomerates, increasing the flowability. During cell
operation, the electrodes were continuously stirred in the electrode
solution containers, using a magnetic stir bar to prevent sedimentation of
the carbon particles.

Preparation of Ti;C,T, flow electrodes

TizC,T, MXene was etched from TizAlC, MAX phase powder using the
minimally intensive layer delamination (MILD) synthesis method'?". This
method was selected because of its reduced toxicity, and the ability to
produce low-defect, larger MXene flakes'?%'%3, The fluoride containing
wet etching process results in -0, -OH, and -F surface terminations which
contribute to the hydrophilic nature of the MXene flakes®'. 20 mL of 9 M
hydrochloric acid (HCl, Alfa Aesar) was stirred with 1.60g of lithium
fluoride (LiF, 99.85% Alfa Aesar) using a Teflon coated magnetic bar at
300 rpm for 10 min prior to addition of the MAX. 1 g of TisAlC, was added
to the in-situ synthesized HF solution in four increments to prevent
overheating of the solution. The reaction was allowed to run for 24 h at
room temperature and ambient pressure (RTP). The resultant mixture was
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then washed using ultrapure water (18 MQ-cm) via centrifugation at
3500 rpm until the acidic supernatant became neutral (pH 5-6). The
presence of lithium ions (Li") with the etching solution causes
simultaneous etching/delamination resulting in an electrostatically stable
colloidal solution. The stable supernatant was vacuum filtered with a glass
microfiber filter (0.45um, Whatman) to separate the MXene clay. To
prepare the flow electrode solution, the MXene residue was re-dispersed
in ultrapure water (18 MQ-cm) via manual shaking to obtain a solution
with concentration of 1 mgmL~".

Characterization of Ti;C,T,

To evaluate the morphology and structure of the samples, several
characterization techniques were employed. X-ray diffraction (XRD) was
conducted on a Rigaku Smartlab XRD system equipped with a Cu K,
source, a step size of 0.03° 26, and a holding time of 0.5s from 3° to 90°
26. The characteristic expanded structure of the MXenes was observed
via scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) imaging on a FEI Teneo field emission SEM and JEOL
JEM-2100 HR analytical TEM, respectively. Microscopic imaging was also
used to map out lateral size of the flakes, which was further confirmed by
dynamic light scattering (DLS) performed on a Brookhaven NanoBrook
Omni. The obtained measurement is the hydrodynamic diameter, where
the particle is assumed to be spherical in nature’**. The measured
diameter is a function of the diffusion coefficient according to the
Stokes-Einstein relation'?*. The measurement is an effective average,
and hence can deviate from actual lateral flake size. The tool was also
used to measure the zeta ({) potential of the colloidal suspension. All
measurements were taken at RTP (25°C, 1atm) and at a pH of 7. The
viscosity of the colloidal suspension was measured on a RheoSense pVisc
viscometer with 300 uL of solution to obtain five repeated measure-
ments. Raman spectra were obtained using a 532 nm He—Cd laser on a
Horiba LabRAM HR Evolution Raman after drop casting the electrode
solution on a glass slide.

Capacitive deionization experiments

To evaluate the performance of the electrodes a self-assembled FE-CDI unit
with titanium current collectors (6.35 cm X 6.35 cm) containing serpentine
flow channels was operated in batch mode in constant voltage (1.20V)
cycle in both charging and discharging stages. The power was sourced
from a Biologic SP-50 potentiostat. The effective transfer area was 10 cm?.
As shown in Fig. 1b, the cell was assembled with vitreous carbon (Duocel
Reticulated Vitreous Carbon 100 ppi), carbon cloth (AvCarb 1071 HCB),
rubber gaskets (Neoprene, 1.5mm), along with pre-treated anion and
cation exchange membranes (Fumasep FAA-3-PK-130 and Nafion™ 115,
respectively). These were separated by a non-conductive porous spacer
(Nylon 3/64") with a polyester filter felt (50 um) that allowed the feed water
to pass through. 20 mL of 500 mg L~" ammonium chloride (NH,CI) solution
was prepared by dissolving analytical grade NH4Cl (99.99% Sigma Aldrich)
in ultrapure water (18 MQ-cm). The solution was circulated through the cell
at a flow rate of 2mL min~" while a conductivity meter (HACH H1440d
Benchtop Meter) monitored the conductivity of the NH,Cl solution. 6 mL
each of the two electrode solutions were circulated in the cell channels at a
flow rate of 3mLmin~".

Electrochemical characterization

The electrochemical response of the TizC,T, electrodes was studied using
a three-electrode cell setup with 1M NH,4Cl electrolyte. MXene flow
electrode solution was used to prepare a freestanding film via vacuum-
assisted filtration onto a polyvinylidene fluoride (PVDF) filter (0.22 um,
Durapore). To yield a freestanding film, the residue was peeled from the
filter after drying in vacuum at room temperature for 24 h. 1 cm? of the
freestanding film was employed as the working electrode, with a
standard platinum wire counter electrode, and Ag/AgCl (SYC Technolo-
gies) in 1M KCl (Sigma Aldrich, 99%) as the reference electrode. The
cyclic voltammetry (CV), using scan rates of 5 to 90mVs~', and
galvanostatic charge-discharge (GCD) tests were conducted using the
Biologic SP-50 potentiostat.
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The data used to support the findings of this study is included within the article (and
its supplementary information files).
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