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G R A P H I C A L A B S T R A C T

Pd/NiAl-LMO as CDI electrode can effectively electro-sorb NO3
− and subsequently convert them to harmless N2 in the electrode regeneration process.
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A B S T R A C T

Capacitive deionization (CDI) is a promising candidate for the removal of nitrate (NO3
−) from water, but the

concentrated waste water inevitably produced in the electrode regeneration process would cause secondary
pollution. In the present study, a Pd/NiAl-LMO film electrode was successfully prepared and used as an in-
novative NO3

− electro-sorption/reduction electrode. Metallic Pd nanoparticles were uniformly doped into NiAl-
LMO nanosheets, which created a loose porous nanostructure for NO3

− electro-sorption and enabled catalytic
activity for NO3

− electro-reduction. Doping Pd nanoparticles into NiAl-LMO improved electron transport in the
film electrode. The Pd/NiAl-LMO film electrode possessed larger specific capacitance and lower ion diffusion
resistance than the pristine NiAl-LMO electrode. NO3

− was electro-adsorbed by the Pd/NiAl-LMO electrode with
concomitant reconstruction of the original hydrotalcite structure by the intercalation of NO3

−, then the ad-
sorbed NO3

− was electro-reduced to N2 by atomic H∗ during the electrode regeneration process. Our study
provides not only a novel CDI electrode but also a new concept for a CDI process to achieve a more en-
vironmentally friendly outcome.

1. Introduction

Capacitive deionization (CDI), also referred to as electro-adsorption
desalination, is a promising and fast-emerging electrochemical

desalination method that has been extensively investigated over the last
few years [1–3]. It employs electrodes to impose an electric field and
adsorb ions from water during a charging step, followed by release of
the ions to regenerate the electrodes by applying a reverse current or
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short-circuit during a discharging step. Electro-sorption was demon-
strated to be effective in removing nitrate (NO3

−) from water [4,5].
Pollution by NO3

− is currently prevalent in groundwater [6], which
leads to serious health risk since a high level of NO3

− in drinking water
(more than 10mgN/L) can cause methemoglobinemia in infants and
gastrointestinal cancer in adults [7].

NO3
− removal by CDI has been investigated through development

of new electrode materials [8,9] and novel cell architectures [10] to
improve the performance in terms of efficiency. In these electro-sorp-
tion processes, however, the NO3

− is simply concentrated onto the
electrode surface and then discharged as a concentrated solution, which
needs further treatment by denitrification to convert NO3

− into
harmless nitrogen gas before entering the environment. Unfortunately,
until now, there has been no effort to develop a benign treatment for
the concentrated wastewater, even though it is a crucial flaw in the
environmental friendliness of CDI [1,2].

Layered double hydroxides (LDH) have always been represented by
the formula

−

+ + −M M OH A mH O( ) ·X x x n
n

1
2 3

2 / 2 , which vividly reveals that LDH
layers are positively charged due to the substitution of divalent metals
by trivalent metals, with anions intercalated into the interlayer spaces
to achieve charge balance [11,12]. Layered metal oxides (LMO) have
been prepared by calcination of LDH, and can inherit the high active
surface areas of LDH [12,13]. LMO can adsorb anions from water with
concomitant reconstruction of the original layered structure [13,14],
and have been used as effective absorbents for NO3

− removal [15,16].
It has been reported that LMO have also been investigated as CDI
electrode materials [12], which exhibited significantly higher capacity
than carbon-based electrodes regarding electro-sorption of ions. In ad-
dition, LMO, with their high specific surface area and large anion ad-
sorption capacity, have favourable properties as catalyst (such as noble
metals) supports [17–19].

Pd-based catalytic reduction has exhibited high efficiency in the
reduction of NO3

− [20,21]. Previous studies revealed that LMO-sup-
ported Pd catalysts not only adsorbed NO3

− effectively but also

reduced NO3
− to nitrogen by electrocatalytic reduction [22]. More-

over, it has been recently reported that the introduction of NiO into the
supports can alleviate the poisoning of Pd catalysts [23,24]. Therefore,
if Pd nanoparticles were doped into LMO (Pd/NiAl-LMO) and used as a
CDI electrode, NO3

− electro-sorption and electro-reduction could be
expected to take place in the charging and discharging process, re-
spectively. NO3

− could be adsorbed on the NiAl-LMO surface under a
positive potential, and subsequently reduced under a negative bias,
which would enable the harmless removal of NO3

− during electrode
regeneration in the CDI process. Thus NO3

− could be completely re-
moved by the Pd/NiAl-LMO electrode from water without secondary
pollution. The Pd/NiAl-LMO electrode would be a particularly pro-
mising candidate to cleanly remove NO3

− through electro-sorption/
reduction.

In the present study, a Pd/NiAl-LMO film electrode was successfully
prepared and used as an innovative NO3

− electro-sorption/reduction
electrode. The morphology, structure and electrochemical properties of
the Pd/NiAl-LMO electrodes were characterized to illuminate the key
role of Pd nanoparticles in the CDI performance. The NO3

− electro-
sorption/reduction by the Pd/NiAl-LMO electrodes during the CDI
process was investigated to optimize the electrochemical parameters
and Pd loading amount. Our study provides not only a novel CDI
electrode but also a new concept for a CDI process to achieve a more
environmentally friendly NO3

− removal.

2. Experimental

2.1. Synthesis of Pd/ NiAl-LMO film electrodes

Pd-NiAl-LDH film electrode was obtained by an in-situ hydro-
thermal method. Nickel foams (3∗2∗1) were used as the Pd-NiAl-LDH
substrates. Solution A (100mL), containing 0.12mol NiCl2, 0.04mol
AlCl3 and a certain amount of PdCl2, was firstly prepared. Solution B,
(100mL) containing 0.32mol NaOH and 0.08mol Na2CO3, were

Fig. 1. Schematic illustration of the fabrication of the Pd/
NiAl-LMO film electrode.
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prepared to regulate the pH of solution A to reach 9.5–10.5. The aqu-
eous mixture with a substrate was allowed to react in a 100mL Teflon-
lined autoclave at 100 °C for 10 h. After cooling down to room tem-
perature, the sample was dried in oven at 60°Cfor 12 h to get the Pd-
NiAl-LDHs film. The obtained Pd-NiAl-LDHs film electrode was calcined
at 500 °C for 4 h, and reduced at 250 °C for 3 h under flowing H2. The
fabrication process of the Pd/NiAl-LMO film electrode is displayed in
Fig. 1.

2.2. Material characterization

The surface morphology of Pd/NiAl-LMO film electrodes were ob-
served by a scanning electron microscopy (SEM, SU8020, Hitacm,
Japan). The structure and chemical compositions of the electrodes were
characterized with a high resolution transmission electron microscopy
(HR-TEM, JEM2010F, JEOL, Japan). X-ray powder diffraction (XRD)
patterns were collected using an X-ray diffractometer (X’Pert PRO MPD,
PANalytical, Netherland) with a copper Kα source (λ=0.15 nm) at a
constant scanning rate (5° min−1) over a 2θ range 10–90°. Fourier
transform infrared (FTIR) spectras were recorded on a TENSON 27
(BRUKER, Germany) spectrometer over the range of 400–4000 cm−1.
X-ray photoelectron spectroscopy (XPS) characterizations were per-
formed using an ESCA-Lab-220i-XL spectrometer (Thermo Electron)
with monochromatic Al K radiation (1486.6 eV). The surface area of the
samples was measured by the Surface Area and Porosity Analyzar
(ASAP 2020 HD88, Micromeritics, USA) according to the Brunauer-
Emmetl-Teller (BET) method. NiAl-LMOs and Pd/NiAl-LMO powder
samples were scraped from the film electrodes to analyze with XRD,
FTIR and XPS.

2.3. Electrochemical measurements

The electrochemical properties of the Pd/NiAl-LMO electrodes were
evaluated using a CHI660D electrochemical workstation (ChenHua,

China). Electrochemical measurements were conducted at room tem-
perature using Pd/NiAl-LMO electrode as the working electrode, pla-
tinum electrode and Hg/HgCl electrode as the counter and reference
electrode, respectively. 1M KOH was used to be the electrolyte. Cyclic
voltammograms (CV) tests were measured from 0 to 0.45 V (vs. SCE) at
various scanning rates. Galvanostatic charge/discharge (GCD) curves
were conducted from 0 to 0.3 V at various current densities. For elec-
trochemical impedance spectroscopy (EIS) tests, the AC perturbation
amplitude was 0.3mV and the operating frequency range from 0.01 Hz
to 105 Hz.

2.4. Electro-sorption/reduction tests

Batch-mode experiments were carried out in two-electrode cells
with a DC power supply. Pd/NiAl-LMO and graphite were placed in a
100mL beaker and the distance between these two electrodes was kept
at 2 cm.100mL 0.003mol/L NaNO3 solution was put into the beaker.
For each electro-sorption/reduction test, NO3

− electro-sorption was
carried out by applying voltage of 1.0 V until an equilibrium reached,
and then short-circuiting for 10min, after which NO3

− electro-reduc-
tion was conducted by applying a reserve voltage of −1.0 V. NO3

−

electro-sorption on the Pd/NiAl-LMO occurred in charging step (i.e.
under positive voltage), and then the adsorbed NO3

− would be electro-
reduced on the electrode during discharging step (i.e. under negative
voltage). 2 mL solution was regularly sampled and then analyzed by Ion
Chromatography (ICS-2000, Thermo, USA) to determine the NO3

−

concentration.

3. Results and discussion

3.1. Morphology and structure characterization

The surface morphology of Pd/NiAl-LMO film electrodes was
characterized by scanning electron microscopy (SEM) and transmission

Fig. 2. SEM images of (a) Pd/NiAl-LMO electrode and (b) Pd/NiAl-LDH electrode. (c) TEM image of Pd/NiAl-LMO. Elemental mapping: (d–f) correspond to Ni, Al, and Pd maps,
respectively.
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electron microscopy (TEM). From Fig. 2a, a nanosheet micro-structure
with petaliform morphology can be observed on the Pd/NiAl-LMO
electrode surface. The Pd/NiAl-LMO film was grown vertically and
homogeneously on the nickel foam. By comparison with the SEM image
of Pd-NiAl-LDH shown in the Fig. 2b, it can be seen that the mor-
phology of Pd/NiAl-LMO is similar to that of the precursor (i.e. Pd-NiAl-
LDH). This meant that the basic morphology was conserved during the
conversion of the LDH sample into LMO. Fig. 2c shows that Pd/NiAl-

LMO nanosheets are nearly hexagonal crystals, which is the typical
micro-structure of LDH and LMO [12]. As these petal-like nanosheets
were mutually interlaced, Pd/NiAl-LMO had abundant nanometer-size
pores as active sites to adsorb anions [13]. Fig. 2d–f shows the Ni, Al,
and Pd atomic maps, respectively. These figures show that the mapped
elements (Ni, Al, and Pd) were dispersed uniformly in the hexagonal
crystals. It was notable that Pd had a homogeneous distribution on the
nanosheets, which would be beneficial for the catalytic activity of the
Pd nanoparticles [19].

Fig. 3a displays the X-ray powder diffraction (XRD) patterns of Pd-
NiAl-LDH. From the observation of sharp and symmetric peaks corre-
sponding to (0 0 3), (0 0 6), (1 1 0), and (1 1 3) planes, along with wide
and asymmetric peaks corresponding to (0 1 2) and (0 1 8) planes, it
could be concluded that LDH-CO3

2− was present. The disappearance of
the above characteristic peaks demonstrated that the layered compound
was destroyed after calcination, while new peaks at 43° and 63° in-
dicated the generation of LMO (Ni(Al)O) (Fig. 3a). The XRD results
characterizing the transformation were consistent with the previous
literature [25,26]. Two small characteristic peaks of Ni hydroxides

Fig. 3. (a) XRD patterns and (b) FTIR spectra of the prepared samples; Pd 3d XPS spectra of (c) Pd-NiAl-LDH and (d) Pd/NiAl-LMO.

Fig. 4. Nitrogen adsorption-desorption isotherm and pore size distribution curves of the
Pd-NiAl–LDH and Pd/NiAl–LMO.

Table 1
Specific surface area and pore size on various films electrodes.

Samples Specific surface area (m2/g) Pore size (nm)

NiAl-LDH 83.31 9.98
Pd-NiAl -LDH 115.91 12.21
NiAl-LMO 33.31 17.65
Pd/NiAl-LMO 44.52 12.60
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appearing at 2θ of 61° and 62° were observed in the XRD patterns of Pd-
NiAl-LDH, which indicated that the prepared materials have a layered
structure belonging to a hexagonal system [27]. There were no peaks of
Pd in the XRD patterns, as Pd was dispersed uniformly and its con-
centration was low. The peak intensities of samples after loading Pd
were lower than those for samples without Pd, which indicated that the
crystallinity of both LDH and LMO decreased when Pd was added into

the materials. In the Fourier transform infrared (FTIR) spectra of Pd-
NiAl-LDH and Pd/NiAl-LMO samples (Fig. 3b), the strong broad band
around 3500 cm−1 reflected O/H stretching vibrations of various O/H
bonds in the system. After calcination, the bands of intercalates, such as
H2O and CO3

2− as confirmed by the peaks at 1640 (δH2O) and
1342 cm−1 (νCO3

2−), were weakened or disappeared because the Ni-
CoAl-LDHs were thermally activated.

X-ray photoelectron spectroscopy (XPS) analysis was carried out to
explore the nature of the Pd species on the prepared electrodes. As
shown in the XPS spectrum of Pd/NiAl-LDH (Fig. 3c), the peaks with
binding energy at 336.4 eV and 341.6 eV were assigned to PdO 3d5/2
and PdO 3d3/2, respectively, while the peaks at 334.7 eV and 340.3 eV
correspond to Pd(0) 3d5/2 and Pd(0) 3d3/2, respectively [29]. The Pd(0)
in Pd/NiAl-LDH might result from the partial reduction of PdCl2 during
the hydrothermal synthesis process. Fig. 3d shows the XPS spectrum of
Pd/NiAl-LMO, in which the binding energies of 335.1 eV and 340.2 eV
can be attributed to Pd(0) 3d5/2 and Pd(0) 3d3/2, respectively, and two
small peaks at 336.1 and 341.8 eV are characteristic of PdO [28,29].
From the XPS results we can deduce that most Pd(II) was successfully
reduced to Pd(0) by hydrogen reduction, and Pd(0) was the pre-
dominant Pd species dispersed onto the NiAl-LMO nanosheets. The
surface area of the Pd/NiAl-LMO electrode was investigated by N2 ad-
sorption- desorption measurements (Fig. 4). The type IV isotherm with
H3 type hysteresis loop (p/p0 > 0.4) proved the existence of meso-
porous pores, which arise from interconnected NiAl-LDH or NiAl-LMO

Fig. 5. (a) CV and (b) GCD curves of the prepared electrodes at a scan rate of 50mV/s and
at a current density of 0.5 A/g, respectively. (c) EIS spectrum of NiAl-LMO and Pd/NiAl-
LMO.

Fig. 6. Electrochemical characterization of Pd/NiAl-LMO electrode: (a) CV curves at
various scan rates; (b) GCD curves at various current densities.
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sheets[30]. The BET specific area results are displayed in Table 1,
which show that the surface area of both Pd-NiAl-LDH and Pd/NiAl-
LMO are higher than those of samples without loading Pd. The in-
creased specific surface area of samples benefited from the regular
morphology and homogeneous size of the Pd nanoparticles [19].

3.2. Electrochemical properties

The potential utility of the Pd/NiAl-LMO as a CDI electrode was
evaluated, and the electrochemical properties were investigated by
Cyclic voltammograms (CV), Galvanostatic charge/discharge (GCD)
and Electrochemical impedance spectroscopy (EIS) measurements.
Fig. 5a shows a typical CV curve of the NiAl-LMO electrode within the
potential window of 0–0.45 V in 1M KOH aqueous solution. It can be
observed that the CV curve of the NiAl-LMO electrode exhibited two
obvious redox peaks, which were related to the Ni-O/Ni-O-OH reaction:

+ −→ + +
−Ni(OH) OH NiOOH H O e2 2 (1)

It can be seen that the integrated area of the CV curve for Pd/NiAl-
LMO is larger than that for pristine NiAl-LMO, suggesting that Pd
loading in NiAl-LMO enhances the specific capacitance. The improve-
ment of the capacitive properties can also be proved by GCD tests. As
shown in Fig. 5b, the required charge/discharge time for the Pd/NiAl-
LMO electrode was longer than for the NiAl-LMO electrode, implying
that Pd loading in NiAl-LMO plays an important role in improving the
volumetric capacitance. Metallic Pd has good electrical conductivity
and may serve as a conductive matrix to improve the electron transport
for the redox reaction process. Moreover, loading with Pd nanoparticles
may facilitate the accessibility of ions to the electrode/electrolyte in-
terface. EIS tests further confirmed the enhanced electrical conductivity
of the Pd/NiAl-LMO electrode. As shown in Fig. 5c, the Nyquist plots of

the EIS spectra of both NiAl-LMO and Pd/NiAl-LMO contain an almost
straight line in the low frequency range and a semicircle in the high
frequency range. The semicircle diameter and the slope of the line re-
present the electron transfer kinetics of the redox reaction (Ni2+/Ni3+)
and the pure capacitive behavior, respectively [31,32]. The semicircle
diameter for the Pd/NiAl-LMO electrode was smaller than that for the
NiAl-LMO electrode, suggesting a lower charge transfer resistance, and
the line slope for the Pd/NiAl-LMO electrode was larger than that for
the NiAl-LMO electrode, indicating lower ion diffusion resistance onto
the electrode.

Fig. 6a presents the CV plots for the Pd/NiAl-LMO electrode at scan
rates from 1 to 50mV/s. Well-defined redox peaks, which increase with
the increase of scan rate and are mainly attributed to the redox reaction
of Ni2+/Ni3+, can be observed in all CV curves, suggesting that pseudo-
capacitance contributes to the electrochemical capacitance of Pd/NiAl-
LMO. The GCD curves of Pd/NiAl-LMO electrodes at current densities
ranging from 0.5 to 3.0 A/g are shown in Fig. 6b. The specific capaci-
tance of Pd/NiAl-LMO electrode reached 667, 600, 567, and 530 F/g at
the current densities of 0.5, 1, 2 and 3 A/g, respectively, which are
competitive with those of reported LMO electrodes [33]. The nearly
symmetric charge/discharge curves and specific capacitance values
indicate that the Pd/NiAl-LMO electrode, with high capacitance and
good rate capability, is a highly promising candidate material for CDI
electrodes.

3.3. Performance and mechanism of nitrate electro-sorption/reduction

The electro-sorption and subsequent electro-reduction of NO3
− by

the Pd/NiAl-LMO electrode were investigated to illuminate the role of
doped Pd nanoparticles. As shown in Fig. 7a, for the Pd/NiAl-LMO
electrode, the NO3

− concentration dropped continuously during the

Fig. 7. (a) Nitrate electro-sorption/reduction by Pd/NiAl-LMO electrode. (b) Products from nitrate electro-reduction by Pd/NiAl-LMO electrode during discharging process. Schematic
diagram of (c) nitrate electro-sorption and (d) nitrate electro-reduction by Pd/NiAl-LMO electrode. Applied voltages during electro-sorption and electro-reduction were 1.0 V and−1.0 V,
respectively. Pd loading amount was 3%. Initial nitrate concentration was 42mg N/L. Water pH=6.5.
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charging step, and reached a steady-state concentration of about
25mg/L, which was markedly lower than that obtained with the NiAl-
LMO electrode.

The Pd/NiAl-LMO electrode performed better regarding NO3
−

electro-sorption than the NiAl-LMO electrode. Most of the NO3
− ab-

sorbed by the NiAl-LMO electrode was released back to the solution
during the discharging step, and the maximal desorption reached about
70%. In contrast, except for a short increase during the initial period,
the NO3

− declined quickly and reached 16.6mg/L at 240min (110min
of discharging step) for the Pd/NiAl-LMO electrode under negative bias
of −1.0 V. Denitrification occurred in the regeneration process of the
Pd/NiAl-LMO electrode; this could be proved by the results shown in
Fig. 7b, which shows the products from NO3

− conversion detected in
solution. Ammonium was generated in the electrolyte solution during
the NO3

− electro-reduction as a by-product, which was consistent with
previous works [34,35]. It was observed that the ammonium con-
centration kept increasing, as it is a final product of NO3

− electro-re-
duction, while nitrite appeared as an intermediate product. Possible
gaseous products from NO3

−- electro-reduction are NO, N2O and N2,
but the concentrations of NO and N2O formed were very low and could
be neglected in comparison with N2.

NO3
− was electrically adsorbed by the Pd/NiAl-LMO electrode,

leading to deionization in discharging step. Meanwhile, NiAl-LMO
could reconstruct the original hydrotalcite structure (LDH) due to ad-
sorbing NO3

− in water (Fig. 7c), and this behaviour was the so-called
“memory effect”, which is the particular character of LMO to recover
LDH precursor through intercalating anions [13,33]. From Fig. 8a, the
applied negative potential achieving the highest NO3

− electro-

reduction was −1.5 V for the Pd/NiAl-LMO electrode, after which the
NO3

− electro-reduction began to decrease. It has been thought that
electrochemical reduction by Pd-based catalysts mainly follows a me-
chanism of indirect reduction by atomic H∗ [36]. An intense side re-
action, i.e. water electrolysis, would occur at a voltage of 2.0 V, and
evolved oxygen from the anode would significantly inhibit the NO3

−

reduction reaction [34], leading to a decrease in NO3
− electro-reduc-

tion. As shown in Fig. 7d, the absorbed NO3
− in the charging step was

catalytically reduced by the doped Pd nanoparticles in the discharging
step when a negative bias was imposed on the Pd/NiAl-LMO electrode.
The concentrated NO3

− was converted to harmless N2, and the Pd/
NiAl-LMO electrode was simultaneously regenerated. The results shown
in Fig. 8b indicate that the Pd loading amount on Pd/NiAl-LMO elec-
trodes played a crucial role in the NO3

− electro-reduction. The NO3
−

electro-reduction increased with increasing Pd loading from 1% to 3%,
and the lowest residual NO3

− concentration was achieved when the Pd
loading amount the decrease of catalytically active sites as a result of
the aggregation of excessive Pd nanoparticles.

4. Conclusions

A Pd/NiAl-LMO film electrode was successfully prepared and used
as an innovative NO3

− electro-sorption/reduction electrode. Metallic
Pd nanoparticles were uniformly dispersed onto NiAl-LMO nanosheets,
which created a loose porous nanostructure for NO3

− electro-sorption
and enabled catalytic activity for NO3

− electro-reduction. After loading
Pd particles on NiAl-LMO, the specific capacitance was significantly
enlarged, and the charge transfer and ion diffusion resistance was
lowered. The specific capacitance of the Pd/NiAl-LMO electrode
reached 600 F/g at the current density of 1 A/g. The optimal loading
amount of Pd and applied voltage were 3% and 1.5 V, respectively. The
Pd/NiAl-LMO as CDI electrode could effectively electro-sorb NO3

− ions
and subsequently convert them to harmless N2 in the electrode re-
generation process.
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