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A B S T R A C T   

This work prepared a sulfur/nitrogen co-doped MXene (S/N-MXene) electrode material via a facile hydrothermal 
method. The electrode material has been specifically designed to recover palladium(II) from wastewater. 
Numerous S/N-containing functional groups were introduced into the MXene by S and N co-doping, with the 
contents optimized for the preferential recovery of Pd(II). These functional groups acted as pillars to expand the 
interlayer spacing of MXene, facilitating Pd2+ diffusion between MXene layers and enhancing accessibility to the 
anchor sites (–OH groups and heteroatom functional groups). The S/N-MXene electrode exhibited a high re
covery capacity of 2.92 mmol g− 1, high recovery efficiency of 96.4 % in 15 min and good long-term cycling 
performance with greater than 80 % capacity retained after 260 cycles. The S/N-MXene electrode showed 
preferential adsorption of Pd2+ from wastewater. The adsorption mechanism was elucidated through density 
functional theory (DFT) calculations showing that the downward shift of the p-band center of the MXene-OH 
groups induced by pyrrolic-N and -C=S in S/N-MXene (compared to single doping with S or N) favours 
enhancement of the soft ion-soft ion interactions. Furthermore, the adsorbed Pd2+ on the S/N-MXene electrode 
could be enriched by simple reversing of the applied voltage to strip the ions from the sorbent, thus avoiding the 
need to use harsh chemicals for regeneration and minimizing the amount of secondary waste.   

1. Introduction 

Due to its versatile physicochemical properties, palladium has found 
applications in medicine, electronics and catalysis [1,2]. Its excellent 
catalytic properties means that the material is abundantly used across 
sectors, which has unfortunately led to unintended environmental 
pollution [3]. Palladium pollution can come from direct (industrial 
effluent) and indirect (emissions from use) routes, but without tech
nologies to remove palladium from the environment, its accumulation is 
a cause for concern. 

Several processes have demonstrated the recovery of Pd(II) from 
wastewater such as solvent extraction [4], precipitation [5] and 
adsorption [6,7]. However, these processes often suffer from one or 

multiple compromises in their performance which can be attributed to 
for example: the use of secondary chemicals which adds cost and 
potentially leads to secondary pollution; small operational window 
within which performance is acceptable; often slow adsorption kinetics 
limiting treat rates [8]; and in the case of adsorption, often single use of 
the adsorbent which may be reused if harsh chemical treatment is 
applied to the adsorbent [9]. 

Capacitive deionization (CDI) is seen as a potential technology that is 
more versatile and can address many of the limitations of existing 
treatment strategies [9–11]. In the CDI process, target ions are captured 
by the electrodes within the electric double layer (EDL) when an 
external direct voltage is applied between oppositely polarized elec
trodes [10,11]. The electrode material is vital to the performance of CDI 
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as it transfers the electric current and forms the framework for the 
sorption surface, which affects adsorption capacity, kinetics, regener
ability and ion selectivity. An excellent CDI electrode should exhibit 
good conductivity, low fouling potential, high electro-adsorption ca
pacity and good electrochemical stability [9,11]. Various materials have 
been studied for CDI applications in desalination, water softening and 
heavy metal ion removal, including amorphous carbon [9,12], carbon 
nanotubes [13,14], graphene [15,16], MOF [17,18], and metal oxide 
[19]. However, the large-scale applications of these materials are hin
dered by insufficient removal capacity, high costs and complicated 
preparation methods [11]. 

Recently, MXene has attracted great interest as a promising CDI 
electrode material for aqueous detoxification and desalination [20–22]. 
MXene is a family of 2D transition metal carbides or nitrides derived 
from the corresponding MAX phase, wherein M is the transition metal 
(such as Ti, Mo, V, Cr), A and X represent the Al metallic bond layer and 
the carbon or nitrogen atoms, respectively. With its hydrophilic 
behavior, tunable chemistry and abundant functional groups on its 
surface, MXene has been considered as an adsorbent for the removal and 
recovery of Pb2+ [23,24], Cr(VI) [25], Cs+ [26,27] and U(VI) [28]. 

Mu et. al. [29] was the first to use titanium carbides as an adsorbent 
to recover Pd2+. The authors adjusted the etching temperature during 
the transformation from the MAX phase to MXene to expand the layer 
spacing for optimal recovery with a capacity of 184.56 mg g− 1. How
ever, the approach to regenerate the adsorbent used strong chemical 
agents to strip the Pd-ions which was complicated and produced sec
ondary waste. 

Surface functionalization using specific chemistries has been 
demonstrated as a method to enhance the adsorption capacity and 
selectivity for target ions [11,30]. Nitrogen and sulfur-containing groups 
are often added as they provide free non-bonding electrons that can act 
as a Lewis base for the preferential ion binding [11,30,31]. In addition, 
heteroatoms doping has been demonstrated to expand the interlayer 
spacing of layered materials, contributing to greater surface area and 
faster ionic diffusion [32,33]. 

In the current study, N and S co-doped carbon-coated MXene (S/N- 
MXene) has been successfully synthesized via a facile hydrothermal 
method (Fig. 1) as an electrode material for the selective recovery of Pd- 
ions. The synergistic effect of N and S co-doping endows MXene surface 
with higher contents of functional groups for the selective adsorption of 
Pd2+, especially via pyrrolic-N, -C=S and –OH groups. The excellent 
adsorption capacity, fast kinetics, improved selectivity and long-term 
cycling performance enable S/N-MXene to be a highly efficient, green 
and regenerable CDI electrode for the selective recovery of Pd(II) from 
industrial wastewater. 

2. Materials and methods 

Synthesis of MXene: Ti3AlC2 (99 %, 400 mesh, Ningbojinlei) was 
etched by aqueous HF solution (48 %, Aladdin) at a solid-to-liquid mass 
ratio of 1:10 under gentle stirring at 60 ◦C for 12 hr. The suspension was 
centrifuged and vacuum filtered to leave a black cake that was washed 
using deionized water until the filtrate was pH 7, before drying at 60 ◦C 
in a vacuum oven for 12 hr. 

Preparation of doped-MXene: The process to prepare S/N-MXene is 
shown in Fig. 1. First, 0.5 g of MXene was dispersed in 100 mL deionized 
water by magnetic stirring to form a homogeneous suspension. Thiourea 
and melamine were then dissolved into the suspension using ultra
sonication; the MXene-to-melamine-to-thiourea mass ratio was 1:1:2. 
After that, the suspension was transferred to a 100 mL Teflon-lined 
autoclave and heated to 200 ◦C for 6 hr using a ramp rate of 5 ◦C/min 
but naturally cooled to room temperature. The reacted suspension was 
washed with deionized water and vacuum filtered to remove any re
sidual reactants before finally drying in a vacuum oven at 80 ◦C for 24 
hr. For comparison, nitrogen-doped MXene (N-MXene) and sulfur-doped 
MXene (S-MXene) were also prepared by using only melamine or thio
urea following the same method but for N-MXene the mass ratio of 
MXene to melamine is 1:1 and for S-MXene the mass ratio of MXene to 
thiourea is 1:2. 

Scanning electron microscope: A TM3030Plus scanning electron 
microscope (SEM) (Hitachi) with energy dispersive X-ray spectroscopy 
(EDX, Oxford Instruments, X-stream-2) was used to determine the 
morphology and elemental composition of each sample. The accelera
tion voltage was set at 10 kV with a working distance of 8 mm. Samples 
were dispersed in ethanol by ultrasonication and one drop of the sus
pension was placed onto a single-crystal silicon wafer and dried under 
an infrared lamp for 30 min. 

Transmission electron microscope: High-resolution transmission 
electron microscopy (HR-TEM) images of the prepared samples were 
collected using an FEI Titan Themis Cubed 300 microscope (Thermo 
Fisher Scientific) operated at 300 kV acceleration voltage. The samples 
were dispersed in ethanol via ultrasonication for 15 min and one drop of 
the suspension was then deposited onto a copper grid of an amorphous 
carbon film (Beijing Zhongjingkeyi Technology Co., Ltd.) and dried 
under an infrared lamp for 30 min. 

Nitrogen adsorption/desorption analysis: A TriStar 3000 
analyzer (Micrometrics, UK) was used to measure the nitrogen adsorp
tion/desorption isotherms of samples degassed at 200℃ for 6 hr. The 
specific surface area of each sample was calculated by the Bru
nauer–Emmett–Teller (BET) method. 

Fourier transform infrared spectroscopy: Fourier transform 

Fig. 1. The sequence of steps to prepare S/N-MXene powder used to form the CDI electrode. The chemical structures of MXene and S/N-MXene show the expanded 
interlayer after chemical doping. 
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infrared spectroscopy (FTIR) was used to determine the chemistry of 
MXene and doped MXene. The samples were mixed with KBr by strong 
vibration and the mixture was pressed into a 10 μm thick pellet. A 
Nicolet iS10 FT-IR spectrometer equipped with a deuterated triglycine 
sulphate (DTGS) KBr detector was used to obtain the FTIR spectra. 

X-ray photoelectron spectroscopy: X-ray photoelectron spectros
copy (XPS) spectra were collected using a VG Multilab 2000 apparatus 
with a monochromated Al K-alpha X-ray source of 1486.6 eV (Thermo 
Fisher, Escalab 250Xi, USA). Charge build-up on the sample during the 
measurement was compensated by an electron/ion gun. Samples were 
coated on Cu conductive adhesive and placed in vacuum chamber 
(pressure < 10− 7 Pa). All spectra were calibrated against the C 1 s peak 
(285 eV) and deconvoluted by the Avantage software using Powell 
fitting algorithm with Gauss-Lorentz mix product and 0.0001 conver
gence value. 

Electrode preparation and ion adsorption: The CDI electrode was 
prepared by milling the active material, super P (Kejing Ltd.) and pol
yvinylidene fluoride (PVDF, Sigma Aldrich) at a mass ratio of 8:1:1 in N- 
methyl-pyrrolidone (NMP) in an agate mortar for 1 hr. The prepared 
slurry was then coated onto a 50-μm thick graphite paper (Jilong Special 
carbon) using a film applicator machine (MSK-AFA-ES200, Kejing Ltd.) 
with a gap spacing of 100 μm and a coater speed of 3 mm/s. The elec
trode was dried in a vacuum oven at 80 ◦C for 12 hr and cooled naturally 
to room temperature. Finally, the electrode was cut into a square of 80 
× 80 mm so that each electrode had 200 mg of active material. 

The electrode materials were tested using a continuous CDI system 
which included a custom-built CDI cell, direct power source (RXN-605D, 
Zhaoxin), peristaltic pump (BT100-2 J, Lange), conductivity meter 
(Type 308A, Leici Company), feed and discharge beakers. For each CDI 
test, 200 mL of feed solution was cycled around the CDI system at flow 
rate of 20 mL/min while applying a direct voltage of either 0 V (open 
circuit) or 1.2 V (closed circuit). 1.2 V was chosen for the studies as the 
voltage-dependent adsorption capacity plateaued beyond this voltage, 
see Fig. S1 of the Supporting Information. The CDI system operated with 
an asymmetric electrode configuration of a working electrode (con
taining the active material) and counter electrode (graphite paper, 
Jilong Special Carbon) separated by a 1 mm thick silicon rubber seal. 
The initial concentration of Pd2+ in aqueous solution was varied from 
0.2 to 3.0 mmol/L at pH = 6.0 ± 0.1. At this condition, Liu et al. [34,35] 
reported that Pd is predominantly in the form of hydrated complexes, 
with [Pd(H2O)4]2+ being the major species and [Pd(NO3)(H2O3)]+ the 
minor species. Following each test, the equilibrium concentration was 
measured by atomic absorption spectrophotometry (AAS, 200 Series AA, 
Agilent Technologies) and the adsorption capacity of the active material 
determined by: 

q =
(C0 − Ce)V

m
(1)  

where C0 and Ce (mmol/L) represent the initial and equilibrium ion 
concentrations, V (L) and m (g) are the solution volume and the mass of 
active material (not including the mass of binder and conductive agent) 
incorporated into the electrode, respectively. 

The adsorption isotherm data at 0 V was fitted using the Langmuir 
adsorption model [11]: 

Qe =
Q0KLCe

1 + KLCe
(2)  

with the fitting parameters determined by transforming Eq. (2) into its 
linear form: 

1
Qe

=
1

Q0
+

1
Q0KLCe

(3)  

where Qe and Qo (mmol/g) are the equilibrium and theoretical 
maximum capacities of the adsorbent, respectively, KL (L/mmol) is the 
Langmuir constant related to the affinity coefficient of the binding sites, 

and Ce (mmol/L) is the equilibrium solution concentration. The data at 
1.2 V was not fitted using the Langmuir adsorption model due to the 
effect of an expanded EDL in the electrical field. 

Electrochemical performance: Electrochemical testing of the as- 
prepared electrodes was performed using a CHI 604E electrochemical 
workstation (CH Instruments, Inc, China) with a three-electrode setup 
which included a working electrode, a Pt mesh counter electrode and an 
Ag/AgCl reference electrode. The test solution was 0.5 mmol/L Pd2+. 
For cyclic voltammetry (CV), the voltage was varied between 0 and 1.2 
V at a scan rate of 20 mV s− 1. Electrical impedance spectroscopy (EIS) 
was conducted in the frequency range of 0.01 Hz to 100 kHz with an 
alternating current (AC) amplitude of 5 mV. Galvanostatic char
ge–discharge (GCD) measurements were performed between 0 and 1 V 
at a current density of 0.5 A/g. The specific capacitances of MXene, S- 
MXene, N-MXene and S/N-MXene were determined from the GCD 
curves using, C = I× Δt/ΔV, where I, Δt, and ΔV represent the current 
density (A/g), discharge time (s), and voltage change (V) during the 
discharge process. 

Adsorption kinetics: Using the CDI system the electrodes were 
tested at 0 V and 1.2 V with 0.5 mmol/L (C0 – initial concentration) Pd2+

solution being cycled through the CDI electrode for 30 min at a flow rate 
of 20 mL/min (pH = 6). The concentration (Ct – time dependent con
centration) of Pd2+ in the 200 mL test solution was measured (using 
AAS) at 5, 15, 30, 45, 60, 90 and 120 min. The adsorption kinetic data is 
fitted using the pseudo-second order rate equation (PSORE) [11]: 

t
Qt

=
1

k2Q2
e
+

t
Qe

(4)  

where Qt (mmol/g) is the adsorbed Pd2+ quantity at time t and k2 (g 
mg− 1 min− 1) is the sorption rate constant. 

Competitive adsorption: Test fluids with competing ions (Na+, 
Ca2+, K+, Mg2+ and Al3+) were prepared so that each competing ion was 
20 mmol/L and the concentration of Pd2+ was 0.5 mmol/L. With the CDI 
voltage set to 1.2 V the test fluid (v = 100 mL) was pumped through the 
CDI cell at a flowrate of 0.8 mL/min for 125 min. Compared to the 
adsorption tests, a lower flowrate was used because of the single-pass 
treatment of the effluent which mimics the industrial application of 
the CDI technique [36–38]. Furthermore, the effect of HNO3 concen
tration on the CDI performance of the as-prepared materials was studied. 
100 mL of effluent with 0.5 mmol/L Pd2+ (fixed concentration of the 
target ion) and varying concentrations of HNO3 from 0 to 3 mol/L was 
flowed through the CDI setup at 0.8 mL/min with the voltage fixed at 
1.2 V. The residual ions concentrations in the fluid effluent were 
measured by AAS. 

Electrode durability: The regenerability of the S/N-MXene elec
trode was assessed by cycling the applied voltage between 1.2 V 
(adsorption) and − 1.2 V (desorption). A 0.5 mmol/L Pd2+ test solution 
was cycled through the CDI system for 30 min at a flow rate 20 mL/min. 
For each adsorption and desorption step the external voltage was kept 
constant for 30 min (1 hr per cycle). After each 10 cycles the test solution 
was sampled to measure the mass of Pd2+ adsorbed by the electrode (qx). 
The capacity retention was calculated by qx/q1st, where qx is the 
adsorption capacity at x cycles, and q1st is the adsorption capacity after 
the first cycle. 

Pd2+ enrichment tests were conducted using the setup shown in 
Fig. 7c inset. The feed tank values were opened to cycle 500 mL of 0.5 
mmol/L Pd2+ around the CDI system at 20 mL/min for 30 min while the 
CDI voltage was fixed at 1.2 V. Then the values were switched to the 
enrichment tank so the Pd2+ ions could be desorbed into 50 mL of 
deionized water as the fluid was cycled around the CDI system with the 
CDI voltage at − 1.2 V for 30 min. The process was repeated 30 times and 
each time a fresh feed solution was used to ensure that the performance 
was not limited by depleting Pd2+. 

Density-functional theory simulations: All DFT spin-polarization 
calculations were performed with Vienna Ab-initio Simulation 
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Package (VASP) using the general gradient approximation (GGA) 
Perdew-Burke-Ernzerhof functional (PBE). The van der Waals DFT-D3 
correction was applied for noncovalent interactions [39–41]. A plane 
wave cutoff energy was set at 520 eV, and the convergence thresholds 
were set as 10-5 eV and 0.05 eV/Å for the energy and force, respectively. 
To avoid interactions between periodicity layers, a vacuum space be
tween the top and bottom surfaces was fixed at 20 Å. The (001) facet of 
MXene was modeled with a p(4 × 2) periodic slab and five atomic layers, 
and the 3 × 3 × 1 k-point meshes were used for the surface slabs with all 
atoms relaxed during optimization. 

Only the interactions between the major functional groups in the 
interlayer, such as C-S-C and -C=S, pyridinic-N and pyrrolic-N (deter
mined by XPS characterization, see Table S1) with Pd2+ were studied. 
Fig. S3 shows the chemical structures of the functional groups calculated 
by the DFT method. Specifically, C-S-C (dimethyl sulfide, DS) and -C=S 
(thioacetone, TA) and represent the predominant S species, and 
pyridinic-N the predominant N species, while 1 h-pyrrole-2-carbo
thioaldehyde, 5-methyl- (PCM) was included to mimic the presence of 
both pyrrolic-N and -C=S in S/N-MXene. 

Fig. 2. SEM images and corresponding elemental maps of S-MXene (a); N-MXene (b); S/N-MXene (c); and pristine MXene (d).  

Fig. 3. HR-TEM images of pristine MXene (a), S-MXene (b), N-MXene (c) and S/N-MXene (d). The stacking of Ti3C2 layers is clearly visible with the mode interlayer 
spacing shown inset. 
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3. Results and discussion 

Fig. 2 shows the SEM images of MXene and S/N-MXene materials 
with the corresponding EDX maps. All materials exhibited a 3D 
accordion-like layered structure confirming the successful exfoliation of 
Ti3AlC2 to stacks of 2D layered Ti3C2 via HF etching [29]. The elemental 
mapping (Fig. 2c) of S/N-MXene showed uniform distributions of S and 
N throughout the material, indicating the successful inclusion of het
eroatoms. Fig. 2a and b show the EDS images of sulfur-doped MXene (S- 
MXene) and nitrogen-doped MXene (N-MXene) materials, again 
showing the good distribution of the single element. 

TEM images of all prepared samples are shown in Fig. 3 and confirm 
that all samples exhibit the stacking of Ti3C2 layers [42]. The interlayer 
spacings of MXene, S-MXene, N-MXene and S/N-MXene were 0.98, 1.25, 
1.39 and 1.59 nm, respectively, demonstrating the significant interlayer 
expansion of the material doped with both S and N. The observed 
interlayer expansion agrees with previously published studies, where 
phosphorous, nitrogen and sulfur doping have been shown to promote 
expansion of MXene interlayers by heteroatoms forming “pillars” be
tween Ti3C2 layers [43,44]. The expanded interlayer spacing corre
sponded to an overall increase in the specific surface area (SSA) of the 
material, with BET isotherm SSA values of 49.5, 59.8, 66.4 and 83.2 m2/ 
g for MXene, S-MXene, N-MXene and S/N-MXene, respectively 
(Fig. S2a). The expanded interlayer and greater SSA are favorable for the 
recovery of target ions as the ion diffusion through the interlayer 
network is less hindered and the number of accessible binding sites 
increased. Both characteristics have been shown to lead to improved 
recovery capacity and kinetics [29,45]. 

XRD confirmed the crystalline structure of the pristine MXene and 
chemically doped materials, see Fig. 4a. Interlayer expansion of the 
chemically doped MXene is observed by the gradual shift of the (002) 
facet peak of MXene from 9.0◦ to 7.6◦ for the S/N-MXene. The interlayer 
spacings of the (002) plane of MXene, S-MXene, N-MXene and S/N- 
MXene were 0.91, 1.12, 1.17 and 1.33 nm, and in good agreement 
with the trend and values determined by HR-TEM. 

Fig. 4b compares the FTIR spectra of all four materials and the S/N- 

MXene sample after Pd2+ adsorption (to be discussed later). The peaks at 
1730 cm− 1 and 1620 cm− 1 are characteristic of C=O and C=C [30]. For 
the nitrogen-doped samples, N-MXene and S/N-MXene, peaks are seen 
at 1034 cm− 1 and 1360 cm− 1 which are characteristic of C-N and Ti-N 
[16,46], and verify the successful doping of nitrogen into the MXene 
crystal structure. The C-S stretching is exclusive to the S-MXene and S/ 
N-MXene spectra and is seen in the region of 1245 cm− 1 and 690 cm− 1 

[30]. Furthermore, a weak peak at 1380 cm− 1 corresponds to C=S [47]. 
Similar to nitrogen, these characteristic sulfur peaks confirm its suc
cessful doping into the structures of S-MXene and S/N-MXene. 

XPS survey spectra revealed C 1s, Ti 2p, O 1s and F 1s peaks in all 
samples, while the S 2p and N 1 s peaks appeared in only those samples 
doped by S or N, see Fig. S2b. The N 1s spectra of N-MXene and S/N- 
MXene (Fig. 4c) could be deconvoluted into three peaks with peak po
sitions at 397, 398.6 and 399.9 eV that correspond to Ti-N, pyridinic-N 
and pyrrolic-N [11]. The pyrrolic-N content in N-MXene is 14.7 at% but 
significantly higher (55.3 at%) in S/N-MXene (Table S1). 

As a highly active agent, the reaction of thiourea is highly exothermic 
causing the reaction temperature of the mixture (melamine + thiourea 
+ MXene) to be 246 ◦C and much higher than the reaction temperature 
of N-MXene (200 ◦C). Previous research demonstrated an inverse rela
tion between the reaction temperature and formation of pyridinic-N 
[48]. Thus, the higher reaction temperature inhibits the formation of 
pyridinic-N during the S/N co-doping process, contributing to the sig
nificant differences between the pyridinic-N and pyrrolic-N contents of 
N-MXene and S/N-MXene. 

The S 2p spectra of S-MXene and S/N-MXene could be split into two 
peaks of -C-S-C at 164.0 eV and -C=S at 165.1 eV [30,49], see Fig. 4d. 
The ratio of -C=S (49.3 at%) to -C-S-C (50.7 at%) for S-MXene is about 
1:1, while in S/N-MXene the -C=S content is more abundant (84.5 at%) 
with only 15.5 at% being -C-S-C. Interestingly, the content of S in S/N- 
MXene is 3.24 at%, almost double that in S-MXene (1.66 at%), indi
cating more S-containing species were introduced in S/N-MXene. James 
et al. [50] studied a series of thioaldehyde functional groups conjugated 
with pyrrole species, in which carbothioaldehyde ligand acts as biden
tate to form various complexes. Based on this, the authors reasonably 

Fig. 4. XRD patterns (a); FTIR spectra (b); N 1 s core-level spectra and deconvolution of N-MXene, S/N-MXene before and after 260 cycles (c); and XPS S 2p core- 
level spectra and deconvolution of the S-MXene, S/N-MXene S/N-MXene before and after 260 cycles (d). 
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speculate that dissociative thioaldehyde-like species generated by the 
decomposition of thiourea react with pyrrolic species formed by pyrol
ysis of melamine to produce pyrrole-carbothioaldehyde species (for the 
molecular structure see Fig. S3d; further discussion is given in the 
modeling section), thus more dissociative thioaldehyde-like species 
were immobilized on MXene surface to contribute higher S content and 
more -C=S groups. 

As shown in Fig. 5a, all 0 V data for Pd2+ adsorption could be fitted 
using the Langmuir isotherm with the fitting parameters summarized in 
Table S2. The adsorption capacity was enhanced by S or N doping and 
performance increased in the following order: MXene < S-MXene < N- 

MXene < S/N-MXene, with the trend appearing to correspond to the 
changes in interlayer spacing and SSA. For S/N-MXene the maximum 
theoretical adsorption capacity of Pd2+ was 1.54 mmol g− 1. 

The adsorption isotherms at 1.2 V are shown in Fig. 5b and trend in 
the same order as that seen at 0 V. However, the adsorption capacities 
are greatly enhanced, particularly for S/N-MXene which had the highest 
adsorption capacity of 2.92 mmol g− 1, almost double that measured at 0 
V, and superior to many other adsorbent materials previously reported 
(Table 1). Compared to pristine MXene, which had an adsorption ca
pacity of 1.1 mmol g− 1, the S-MXene capacity was 1.6 mmol g− 1 and that 
of N-MXene was 2.1 mmol g− 1. Assuming a summative contribution to 
S/N-MXene, that would mean its capacity is 2.6 mmol g− 1, yet the actual 
capacity was higher at 2.9 mmol g− 1. This likely suggests a synergistic 
effect generated by S and N co-doping. 

Fig. S2c shows the FTIR spectra between 1000 and 1500 cm− 1 

making visible the peaks at around 1380 cm− 1 (-C=S), 1210 cm− 1 (-C-S) 
and 1034 cm− 1 (-C-N) of S/N-MXene being shifted to 1397 cm− 1, 1242 
cm− 1 and 1056 cm− 1 after Pd2+ adsorption, indicating these functional 
groups are significant in the electroadsorption of Pd2+. As previously 
reported, the S or N doping introduces abundant functional groups, such 
as pyrrolic-N, -C-S-C and -C=S, which impose stronger basicity to the 
MXene surface for soft acid ions recovery [11,30,51]. For S and N co- 
doped MXene, the presence of melamine acts as the nitrogen source to 
generate abundant pyrrolic species which interact with dissociative 

Fig. 5. Adsorption isotherms of MXene, S-MXene, N-MXene and S/N-MXene for Pd2+ recovery at 0 V with the Langmuir fits (a) and at 1.2 V (b); the initial con
centration of Pd2+ was increased 0.2 to 3.0 mM at pH = 6.0 ± 0.1. Adsorption kinetics at 0 V (c) and 1.2 V (d) with the corresponding PSORE fits. Cyclic vol
tammograms at 20 mV s− 1 (e); galvanostatic charge/discharge at 0.5 A/g (f); and Nyquist plots (g) of the as-prepared electrodes in 0.5 mmol/L Pd2+ solution. The 
circuit model shows the equivalent series resistance (ESR) with charge transfer resistance (RCT) at the high-frequency region, Warburg (W) in parallel with real 
capacitance (Q1), and the mass capacitance (C3) in parallel with the leakage resistance (RL) at the low-frequency region. 

Table 1 
Comparing the Pd2+ removal performance of S/N-MXene to other commonly 
studied adsorbents.  

Materials Adsorption capacity (mg/g) Voltage 
(V) 

Ref. 

Mesoporous silica 164.2 0 [54] 
MOF 226.1 0 [6] 
Silica gel/graphene oxide 154.3 0 [7] 
MXene 184.5 0 [29] 
S/N-MXene 166.6 

309.5 
0 
1.2 

This work  
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thioaldehyde-like species to form pyrrole-carbothioaldehyde functional 
groups, not only introducing more S-containing functional groups on 
MXene surface, but increasing the relative content of -C=S. As previ
ously discussed, the abundant pyrrolic-N and -C=S of S/N-MXene 
probably contribute to more charge transfer for the formation of 
soft–soft products [52], enhancing the adsorption capacity and selec
tivity for Pd2+. Such synergistic effect between pyrrolic-N and -C=S is 
further considered in the modeling section. 

To better understand the interactions between S/N-MXene and the 
target ion, the O 1s high resolution XPS spectra of S/N-MXene before 
and after adsorption of Pd2+ are shown in Fig. S2d, and the proportions 
of chemical species listed in Table S1. The XPS O 1s spectra of both S/N- 
MXene materials can be separated into three peaks at binding energies of 
529.9, 531.2 and 532.4 eV, corresponding to the chemical species of Ti- 
O-Ti, C-Ti-Ox and C-Ti-(OH)x, respectively [26]. An exclusive peak at ~ 
529.0 appeared in the O 1s spectrum of S/N-MXene adsorbed Pd, 
ascribed to the Pd-O bond [53] which accounts for 19.49 at% of the total 
content. Interestingly, the proportion of C-Ti-(OH)x for S/N-MXene 
adsorbed Pd (12.46 at%) is significantly less than fresh S/N-MXene 
(28.38 at%), which the difference approximately equivalent to the 
content of Pd-O, demonstrating the –OH groups interact with Pd2+ to 
form Pd-O bond. 

All adsorption kinetics were well-fitted by PSORE with R2 co
efficients > 0.99, see Fig. 5c and Table S2 for the fitted parameters. 
While all materials showed good adsorption kinetics, plateauing within 
60 min, when applying 1.2 V the kinetics more than doubled (Fig. 5d), 
the slight exception being S-MXene which only doubled. The best per
forming material S/N-MXene had a k2 value of 0.067 g mg− 1 min− 1 and 
removed 96.4 % Pd2+ within 15 min at 1.2 V. Similar to our previous 

observations regarding performance, the k2 values were higher for those 
materials with more expanded interlayers which facilitates enhanced 
ion diffusion and more accessible binding sites. 

The electrochemical performance of the different materials was 
assessed by cyclic voltammetry (Fig. 5e), galvanostatic char
ge–discharge (Fig. 5f) and electrical impedance spectroscopy (Fig. 5g). 
For MXene, the CV curve is rectangular, albeit slightly distorted, with 
the shape distortion due to the charging dynamic, which is a conse
quence of the thick MXene electrode. When doped with single hetero
atoms (S or N), the shape becomes less distorted due to the higher 
specific capacitance of the materials (Fig. 5e). However, weak and broad 
peaks in the region of 0.2 and 0.9 V were observed, which confirms that 
ion-binding in the heteroatom-doped materials is not purely electro
adsorption, but there is a contribution from chemisorption. The effect is 
even more pronounced in the co-doped electrode material. Based on the 
GCD curves the specific capacitances of MXene, S-MXene, N-MXene and 
S/N-MXene are 93.4, 119.1, 142,5 and 174.5 Fg− 1, respectively, in good 
agreement with the adsorption performances seen in Fig. 5f. Fig. 5g 
shows the Nyquist plots for all electrodes, with the width of the semi
circle describing the charge transfer resistance which decreases in the 
order of MXene > S-MXene > N-MXene > S/N-MXene. The lowest 
charge-transfer resistance was 3.2 Ω, which can be attributed to the 
strong pseudo-capacitance induced by the chemical modification. 

To further understand the origin of Pd selectivity, DFT calculations 
were performed to study the adsorption behaviors of Pd on S-MXene, N- 
MXene and S/N-MXene. In line with the XPS results, see Fig. 4 for de
tails, pyridine and 1 h-pyrrole-2-carbothioaldehyde, 5-methyl-(PCM) 
were selected as the functional groups in the N-MXene and S/N- 
MXene. For the S-MXene, the two functional groups were dimethyl 

Fig. 6. Atomic structures and differential charge density analysis for MXene with (a) dimethyl sulfide (top panel) and thioacetone (bottom panel), (b) pyridine and 
(c) PCM. D is the interlayer spacings of MXene. (d) Schematic illustration of alignment of d-orbitals of Pd and p-orbitals of OH groups. Ef represents the Fermi level. 
(e) The correlation between the adsorption energy of Pd and the p-band center. 
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sulfide (DS) and thioacetone (TA) in a ratio of 50.7 % and 49.3 %, 
respectively. The incorporation of these functional groups into MXene 
resulted in interlayer spacings of 7.16–7.30,7.64 and 7.70 Å for the S-, 
N- and S/N-MXene, respectively (Fig. S4). These observations are 
consistent with the trend observed in the TEM images (Fig. 3). 

Adsorption energies of Pd (Eads) were calculated using the following 
equation with the bulk Pd as the reference: 

Eads = Ex− MXene+Pd − Ex− MXene − Ebulk/n (5)  

where Ex− MXene+Pd and Ex− MXene are the total energies of the x-MXene (x 
= DS, TA, pyridine and PCM) systems with and without the adsorption 
of Pd. Ebulk is the energy of the bulk Pd with n Pd atoms in the unit cell. 
With this definition, a smaller value suggests stronger Pd adsorption. 

As shown in Fig. 6, it is evident that Pd interacts with the functional 
groups N or S as well as neighboring OH groups on MXene. In the case of 
DS- and TA-MXene, corresponding to the S-MXene system, Pd forms 
bonds with S at distances of 2.40 and 2.50 Å, resulting in adsorption 
energies of 0.35 and 0.60 eV, respectively (Fig. 6a). For the pyridine- 
MXene, corresponding to the N-MXene system, Pd interacts with N 
resulting in an adsorption energy of 0.49 eV (Fig. 6b). In the PCM case, 
corresponding to the S/N-MXene system, Pd interacts with both S and N 
with distances of 2.37 and 3.20 Å, respectively (Fig. 6c), with an overall 
adsorption energy of 0.33 eV for the PCM system. Considering a fixed 
number of functional groups, the S/N-MXene potentially exhibits the 
strongest adsorption capacity, followed by N-MXene and S-MXene. This 
trend aligns with the experimental results. It is worth noting that 
although S-MXene has dimethyl sulfide functional groups that bind Pd 
with adsorption energies comparable to PCM, the presence of 49.3 % 

thioacetone significantly impacts the adsorption capacity. 
To gain a deeper understanding of the Pd adsorption trend of x- 

MXene, differential electron density analysis, the projected density of 
states (PDOS), and Bader charge analysis were performed. The results 
indicate that the adsorption energy difference primarily stems from the 
synergistic effect of OH groups and functional groups. Through the 
PDOS (Fig. S5), an obvious coupling between the p-orbitals of OH groups 
and the d-orbitals of Pd is observed. This interaction enables electron 
transfer from the d-orbitals of Pd to the p-orbitals of the OH groups 
(Fig. 6d and Table S3). However, it is important to note that the upward 
shift of the p-band center of the OH groups hinder electron transfer, thus 
weakening the binding strength of Pd. Fig. 6e illustrates the correlation 
between the p-band center and the adsorption energy. Thioacetone ex
hibits the most pronounced upward shift of the p-band center, followed 
by pyridine, resulting in weaker Pd binding strength. Conversely, 
dimethyl sulfide and PCM exhibit the most negative p-band center, 
leading to a strong Pd binding and the smallest adsorption energy. 
Overall, a downward shift of the p-band center is advantageous for Pd 
binding with MXene, thus enhancing Pd capacitive recovery ability. In 
general, the chemical hardness (the soft or hard acid) determines 
second-order contributions to the electron-transfer energy [52]. 

The effect of common ions (mono-, di- and tri-valent ions) competing 
against Pd2+ extraction is summarized in Fig. 7a. These ions were chosen 
as they are typically present in industrial wastewater, while Al3+ is 
found in spent Pd catalyst wastewater due to using aluminum oxide as 
the catalyst support [7]. The recovery of Pd2+ by pristine MXene was 
poor, less than 20 %, but following chemical doping by single and dual 
species, the recovery efficiency markedly increased to greater than 60 % 

Fig. 7. Pd2+ recovery by all materials from a solution of competing ions (a). The Pd2+ concentration was fixed at 0.5 mmol/L and mixed with five competing ions 
each of 20 mM concentration; Influence of HNO3 concentration on recovery capacity and efficiency of as-fabricated electrodes (b); Sequential enrichment of Pd2+

through step-wise adsorption (@ 1.2 V) from the test fluid and desorption (@-1.2 V) into the enriched effluent (c). The limit for enrichment is 120 mmol/L; HR-TEM 
image of S/N-MXene following Pd2+ desorption after the 22nd cycle (d). Inset of Fig. (c) shows a block flow diagram of the CDI setup used for the enrichment tests. 
For Pd2+ recovery the feed is continuously pumped through the CDI cell before switching the feed to the enrichment stream for ion removal and regeneration of 
the electrode. 

J. Lu et al.                                                                                                                                                                                                                                        



Separation and Purification Technology 332 (2024) 125631

9

and 70 % for S-MXene and N-MXene, and > 98 % for S/N-MXene. The 
very high recovery of Pd2+ by S/N-MXene demonstrates it high selec
tivity for Pd2+ over other competing ions, with recovery efficiencies of 
all competing ions being less than 10 %. Such selectivity is attributed to 
the strong and selective interaction between the soft-acid (Pd2+) and 
soft-base groups of S/N-MXene (pyrrolic-N and -C=S) [51,55]. 

The influence of HNO3 concentration in the effluent on the recovery 
of Pd was studied (Fig. 7b). For low nitric acid concentrations (<0.1 M) 
the removal capacity was between 2.5 and 3.0 mmolg− 1, before per
formance gradually declined in higher nitric acid concentrations. At 3 M 
the removal capacity was 0.83 mmolg− 1. The gradual decline can be 
attributed to two effects: i) competition between H+ and Pd cationic 
complexes for the available binding sites; and ii) the loss of Pd cationic 
complexes in strongly acidic solutions. Liu et al. [34,35] published a 
speciation diagram for Pd(II) nitrate for increasing concentrations of 
nitric acid. At low nitric acid concentrations Pd is predominantly in the 
form of hydrated complexes of [Pd(H2O)4]2+ and [Pd(NO3)(H2O3)]+. 
The neutral complex of [Pd(NO3)(H2O2)] is formed with increasing ni
tric acid concentration, and anionic species are formed only in strongly 
concentrated nitric acid solutions (the fraction being less than 20 % in 3 
M HNO3). The gradual loss of cationic complexes will lower removal 
capacity, with the neutral complex not being removed, and anionic 
complexes retained on the non-working electrode that has negligible 
adsorption capacity. 

One advantage of the CDI treatment method is the ability to 
repeatably decontaminate the feed and enrich the effluent. As shown in 
Fig. 7c, this approach has been tested following the method previously 
described and shows enrichment of adsorbed Pd2+ into the same effluent 
over 22 cycles, beyond which the residual concentration in the feed 
increases. The increasing residual concentration signifies poor removal 
of ions into the enriched effluent during electro-desorption, i.e. the 
number of available binding sites created during electrode regeneration 

is low. Based on the current test conditions, the limit for successful 
electro-desorption was 120 mmol/L at − 1.2 V. 

After 22 cycles the S/N-MXene material was imaged by HR-TEM 
(Fig. 7d). The mode interlayer spacing was 1.55 nm and slightly 
reduced compared to the pristine S/N-MXene material (D = 1.59 nm). 
While the change in the interlayer spacing is small, it does highlight the 
possibility of electrode material degradation with continuous cycling. 
The material robustness to continual cycling was assessed by measuring 
its performance until the capacity retention dropped to 80 %, which in 
this study was after 260 cycles, see Fig. 8a. During the first 100 cycles 
the capacity retention remained relatively stable and then began to 
gradually decline thereafter. It is noted that the solution concentration 
of Pd2+ remained unchanged during the measurement (Fig. 8a) and 
therefore is not a factor in the gradual loss of electrode capacity. The 
root cause of this capacity fade was determined from the HR-TEM im
ages, see Fig. 8d. We have shown that for pristine-S/N-MXene the 
interlayer spacing is 1.59 nm, which expands to 1.71 nm (Fig. 8b) with 
Pd2+ intercalated and shrinks to 1.59 nm with Pd2+ desorbed (Fig. 8c). 
However, after 260 cycles and with Pd2+ desorbed, the interlayer 
spacing was 1.29 nm. This interlayer is significantly collapsed compared 
to the pristine material and is thought to result from the gradual removal 
of the doped functional groups from the interlayer, noting that those 
groups act as pillars to provide interlayer expansion relative to pristine- 
MXene (Fig. 3). The atomic amounts of S and N on the surface of S/N- 
MXene after 260 cycles were confirmed by XPS to be 2.36 at% for S 
and 3.37 at% for N, both lower than the fresh S/N-MXene material (3.24 
at% for S and 4.46 at% for N), further demonstrating the loss of S and N 
containing functional groups, which is the main reason of capacity fade 
during long-term cycling. It is noted that the relative amounts of the 
different chemical species (Ti-N, Pyridinic-N, Pyrrolic-N, -C-S-C, -C=S) 
remained almost unchanged during prolonged cycling, see Fig. 4c and 
4d, and Table S1 of the Supporting Information. 

Fig. 8. Long-term cycling performance of S/N-MXene in 0.5 mmol/L Pd2+ solution. The black and red symbols represent the electrode capacity and solution 
concentration of Pd2+ following ion desorption from the electrode (a); HR-TEM image of S/N-MXene adsorbed Pd2+ after 1st cycle (b); desorbed Pd2+ after 1st cycle 
(c); and after long-term cycling – 260 cycles with Pd2+ desorbed (d). 
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4. Conclusions 

Sulfur/nitrogen co-doped MXene was successfully synthesized by 
facile hydrothermal method to form an electrode material for the se
lective recovery of Pd ions. Numerous N/S-containing functional groups 
were introduced to the MXene surface by S and N co-doping, with the 
chemical composition optimized to be preferential for Pd-ion recovery. 
These functional groups not only acted as pillars to expand the interlayer 
spacing of S/N-MXene, improving the accessibility of anchor sites and 
facilitating Pd2+ diffusion between MXene layers, but also endowed 
MXene with high selectivity for Pd-ion recovery via the CDI method. As 
a result, an excellent sorption capacity of 2.92 mmol g− 1 Pd2+ was 
achieved by S/N-MXene at 1.2 V, superior to most other reported ma
terials. The sorbent showed a high recovery efficiency of 96.4 % in 15 
min and satisfactory long-term cycling performance with > 80 % ca
pacity retention after 260 cycles. S/N-MXene material showed prefer
ential adsorption of Pd ions when mixed with other competing ions. 
Finally, the Pd2+ adsorbed on S/N-MXene could be easily enriched by 
reversing the applied voltage, thus stripping the adsorbed ions and 
avoiding the use of harsh chemical treatment. The method is shown to be 
efficient, environmental benign, easy to operate and economical for the 
practical recovery of Pd2+ from aqueous wastes. 
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