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Abstract: The preparation of clean energy is an effective way to solve the global energy crisis and reduce
environmental pollution. The decomposition of water can produce hydrogen and oxygen, which is one of
the effective ways to prepare clean energy. However, water oxidation is a bottleneck for water decomposi-
tion, thus, developing a water oxidation catalyst can accelerate the process of water decomposition to gen-
erate clean energy. Nickel-substituted polyoxometalate [Ni25(H2O)2(OH)18(CO3)2(PO4)6(SiW9O34)6]50−

(Ni25) is proven as an excellent water oxidation photocatalyst. To develop the effective photoelectro-
catalyst for water oxidation, in this work, we constructed two composite films containing Ni25 on ITO,
[PDDA/Ni25]n, and PDDA/[Ni25/(PDDA–rGO)]n, by layer-by-layer self-assembly, which is the first
combination of nickel-substituted polyoxometalates and reduced graphene oxide (rGO). The study
on the photoelectrocatalytic performance of the two films indicates that the water oxidation current
of the film PDDA/[Ni25/(PDDA–rGO)]n-modified electrode is increased by 33.7% after light irradia-
tion, which is 1.71 times that of the film [PDDA/Ni25]n-modified electrode. Moreover, the transient
photocurrent response of the film PDDA/[Ni25/(PDDA–rGO)]n-modified electrode demonstrates that
there is a synergistic effect between rGO and Ni25, and rGO-accelerated electron transport and inhibited
charge recombination. In addition, the film PDDA/[Ni25/(PDDA–rGO)]n-modified electrode exhibits
good stability, indicating its great potential as an effective photoelectrocatalyst for water oxidation in
practical application.

Keywords: polyoxometalate; nickel; reduced graphene oxide; photoelectrocatalysis; water oxidation

1. Introduction

In order to meet the large amount of energy required for human beings’ daily activities,
the continuous use of fossil fuel has led to excessive emissions of carbon dioxide and other
greenhouse gases. This led to consequences such as global warming, rising sea levels, and
the energy crisis; thus, exploring clean energy for human activities attracted researchers’
attention and became the focus of current research [1]. As is well-known, the amount
of energy released by the sun in a few hours is far more than the energy consumed by
humans all over the world throughout the year. Hence, the rational utilization of solar
energy, and the decomposition of water to generate hydrogen and oxygen through sunlight,
are regarded as some of the most promising ways for providing clean energy to meet
the needs of sustainable development [2–4]. The decomposition of water is composed
of two half reactions: the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER). The kinetic process of OER is slow and requires the participation of four
electrons. This reaction process includes two important steps: O–H bond breaking and O–O
bond formation, which leads to a slow reaction speed and low conversion efficiency [5–7].
Therefore, the most urgent task is to find the effective water oxidation catalysts to achieve a
higher catalytic water oxidation efficiency.

In fact, some transition metal compounds with good catalytic water oxidation activity
show poor catalytic stability. Nevertheless, polyoxometalates (POMs), constructed by
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different transition metal–oxo clusters, not only exhibit good catalytic activity towards
water oxidation, but also possess high stability, including thermal stability, pH stability, and
environmental stability [8–10]. More importantly, POMs exhibit fast and reversible redox
behaviors while maintaining their structural integrity. Up to now, Co- [11,12], Mn- [13,14],
Cu- [15,16], and Ru- [17,18] containing POMs displayed their electrocatalytic activity for wa-
ter oxidation in a solution, or after assembly into films. Based on our previous research, the
Mn-containing POMs Mn4, Mn6, Mn14, and Mn16, exhibit excellent potential for photoelec-
trocatalytic water oxidation [19–22]. Being similar to Co and Mn, nickel (Ni), as a non-noble
metal with abundant reserves and low price, is proven to have high electrocatalytic activity
in the OER, which attracted widespread attention [23]. However, Ni-containing POMs
(Ni-POMs)-based water oxidation catalysts are rarely reported. In 2015, Li et al. synthesized
a Ni-POM, [Ni25(H2O)2OH)18(CO3)2(PO4)6(SiW9O34)6]50− (Ni25), and prove that Ni25 has
excellent photocatalytic water oxidation activity [24], and simulated photosynthesis II (PSII)
by solar energy to realize water splitting. To date, no reports were found using Ni25-POMs
to investigate their electrocatalytic activity, as well as photoelectrocatalytic performance,
for water oxidation in a solution or composite film. Therefore, developing the scientific and
practical study of an Ni25-based composite film makes it possible to photoelectrocatalyze
water oxidation.

Graphene is a single atom thick sheet composed of a single layer of sp2 hybrid carbon
atoms, and its thickness is only 0.32 nm. Since graphene was discovered, it attracted
extensive attention because of its unique structure [25,26]. The honeycomb structure of
reduced graphene oxide (rGO) endows it with many excellent physical and chemical
properties, such as high electrical conductivity, high specific surface area, fast mobility of
charge carriers at room temperature, and low production cost, which makes it an excellent
acceptor/transporter. Since its discovery, rGO has been regarded as a cocatalyst in the field
of photocatalysis due to its excellent carrier mobility, which can effectively promote the
separation and transfer of carriers, and its high light transmittance, which does not affect
the light absorption of catalysts. It is an ideal platform for photogenerated charge carriers,
and an ideal carrier for immobilizing electrocatalytic water oxidation catalysts [27,28]. rGO
has risen as a promising candidate for photoelectronic applications, due to its excellent
optical, electronic, and physical properties [29]. Thus, in this work, we chose rGO as the
carrier to fix Ni25. This aimed to enhance the photoelectrocatalytic performance for water
oxidation, via the synergism of Ni25 and rGO.

Since Fujishima et al. first proposed using TiO2 as a catalyst for photoelectrocatalytic
(PEC) water oxidation in 1972 [30], PEC was regarded as a very promising and sustainable
method for the conversion and utilization of solar energy. Various photoelectrocatalytic
materials were extensively studied to simulate the process of photosynthesis [31,32]. In
2017, Xu’s group used POM CoW12 with a Keggin structure to modify photoanode BiVO4,
which significantly improves the performance of the BiVO4 photoanode and the efficiency
of photoelectrocatalytic water oxidation [33]. Recently, our group fabricated Mn6 and C3N4
composite film, with good photoelectrocatalytic performance for water oxidation [22]. The
reported results indicate that the fabrication of POMs with reversible redox properties, good
electrochemical stability, and semiconductors with visible light responses is an effective
method to prepare a photoelectrocatalytic water oxidation catalyst with high-efficiency.

The layer-by-layer (LBL) self-assembly method is a very useful technique to construct
the composite films, due to the low operation cost, simple process, and easy control of
film thickness. Its working principle is based on the electrostatic attraction between pos-
itive and negative charges. As the surface of POMs have rich negative charges, most
POMs-based composite films are constructed using the LBL method, showing that the
property of POMs can be maintained in the composite films, and the composite films have
very good stability [34,35]. Therefore, in this work, we used the LBL method to make a
composite film on the ITO electrode, by alternately adsorbing negatively charged Ni25 and
positively charged PDDA or PDDA–rGO. PDDA–rGO gives rGO excellent dispersibility
and positive charge [36], which can enhance the loading amount of Ni25. Furthermore,
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XPS, SEM, EIS, UV–visible spectroscopy, and electrochemistry techniques were used to
characterize the composite films modified electrodes. The photoelectrocatalytic perfor-
mances of the composite films modified electrodes were assessed for water oxidation under
light illumination.

2. Result and Discussion
2.1. Electrochemical Property of Ni25 in Solution

The electrochemical feature of Ni25 was studied in buffer solution at pH 6. Figure 1
shows the CV curves of 0.1 mM Ni25 solution at −1.2 to 0 V and 0 to 1.5 V, respectively. It
is seen that in the negative potential range of −1.2 to −0.5 V, the redox peaks of W appear,
whereas in the positive potential range of 1.0 to 1.4 V, the redox peak of Ni is observed,
corresponding to Ni2+ → Ni3+/Ni4+ at ca. 1.2 V. In addition, in the potential range of 1.3 to
1.5 V, a sharp oxidation peak indicates that the oxygen evolution process originates from
the electrocatalytic water oxidation of Ni25. The same observation is described during the
generation of radicals, including O*, *OH, and *OOH [23].

Catalysts 2022, 12, 696 3 of 14 
 

 

POMs-based composite films are constructed using the LBL method, showing that the 

property of POMs can be maintained in the composite films, and the composite films have 

very good stability [34,35]. Therefore, in this work, we used the LBL method to make a 

composite film on the ITO electrode, by alternately adsorbing negatively charged Ni25 

and positively charged PDDA or PDDA–rGO. PDDA–rGO gives rGO excellent 

dispersibility and positive charge [36], which can enhance the loading amount of Ni25. 

Furthermore, XPS, SEM, EIS, UV–visible spectroscopy, and electrochemistry techniques 

were used to characterize the composite films modified electrodes. The 

photoelectrocatalytic performances of the composite films modified electrodes were 

assessed for water oxidation under light illumination. 

2. Result and Discussion 

2.1. Electrochemical Property of Ni25 in Solution 

The electrochemical feature of Ni25 was studied in buffer solution at pH 6. Figure 1 

shows the CV curves of 0.1 mM Ni25 solution at −1.2 to 0 V and 0 to 1.5 V, respectively. It 

is seen that in the negative potential range of −1.2 to −0.5 V, the redox peaks of W appear, 

whereas in the positive potential range of 1.0 to 1.4 V, the redox peak of Ni is observed, 

corresponding to Ni2+ → Ni3+/Ni4+ at ca. 1.2 V. In addition, in the potential range of 1.3 to 

1.5 V, a sharp oxidation peak indicates that the oxygen evolution process originates from 

the electrocatalytic water oxidation of Ni25. The same observation is described during the 

generation of radicals, including O*, *OH, and *OOH [23]. 

 

Figure 1. CVs of 0.1 mM Ni25 in 1 M NaAc + HAc (pH 6) at the scan rate of 50 mV s−1 using the ITO 

electrode. 

The redox processes of Ni exhibit pH-dependent behaviors, as shown in Figure 2. 

Three buffer solutions of pH 4, 5, and 6 were used for testing, and it is found that the redox 

peak of Ni moves to the negative potential direction with the increase of pH, which 

indicates that protons participate in the redox process of Ni. In the acidic environment, 

the higher the pH, the better the electrocatalytic effect of Ni25, so the buffer solution with 

pH 6 was selected for subsequent experiments. 

Furthermore, we also studied the changes in the redox current of the Ni25 solution 

(0.1 mM) at different scan rates, from 40 to 200 mV s−1, and the current of the Ni oxidation 

peak is proportional to the square root of the scan rate (Figure S1). The results indicate 

that this is a diffusion-controlled process. 

Figure 1. CVs of 0.1 mM Ni25 in 1 M NaAc + HAc (pH 6) at the scan rate of 50 mV s−1 using the
ITO electrode.

The redox processes of Ni exhibit pH-dependent behaviors, as shown in Figure 2.
Three buffer solutions of pH 4, 5, and 6 were used for testing, and it is found that the
redox peak of Ni moves to the negative potential direction with the increase of pH, which
indicates that protons participate in the redox process of Ni. In the acidic environment, the
higher the pH, the better the electrocatalytic effect of Ni25, so the buffer solution with pH 6
was selected for subsequent experiments.
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Furthermore, we also studied the changes in the redox current of the Ni25 solution
(0.1 mM) at different scan rates, from 40 to 200 mV s−1, and the current of the Ni oxidation
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peak is proportional to the square root of the scan rate (Figure S1). The results indicate that
this is a diffusion-controlled process.

2.2. Characterization of the Composite Films Containing Ni25

The UV–vis spectra of the Ni25 solution, PDDA–rGO suspension, and the composite
film PDDA/[Ni25/(PDDA–rGO)]1 between 200–800 nm are shown in Figure 3. It is seen
that the spectrum of Ni25 (red curve) exhibits an absorption peak at 252 nm, which is the
feature of POMs corresponding to transition of W–O. The UV–vis spectrum of PDDA has
no absorption peak between 200–800 nm, but the spectrum of PDDA–rGO (blue curve)
exhibits a shoulder at 266 nm; this is the same as the characteristics of rGO in the UV–vis
spectrum, which is attributed to the n-π* transition of the C=O bond [36]. The composite
film PDDA/[Ni25/(PDDA–rGO)]1 (black curve) shows a characteristic absorption peak
at 256 nm, which is attributed to overlap of the Ni25 and PDDA–rGO bands, indicating
Ni25 and rGO are encapsulated in the composite film. Moreover, in the visible region, the
component PDDA–rGO and the composite film PDDA/[Ni25/(PDDA–rGO)]1 both display
obvious absorption, confirming that the introduction of rGO enhances the adsorption of
visible light for the composite film.
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Figure 3. UV−vis spectra of Ni25 solution (red curve), PDDA−rGO suspension (blue curve) and the
composite film PDDA/[Ni25/(PDDA−rGO)]1 (black curve).

The UV–vis spectra of the two composite films, [PDDA/Ni25]n and PDDA/[Ni25/
(PDDA–rGO)]n (n = 1~6), during the fabrication process are shown in Figures 4 and 5. It
is observed that as the number of assembled layers increases, the absorbance of the characteristic
peak increases linearly, which proves that these two composite films achieve uniform growth
on the quartz slides.
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Moreover, the molar absorption coefficient of Ni25 in solution was calculated according
to the Lambert–Beer law, A = εcL (ε is the molar absorption coefficient, c is the solution
concentration, and L is the optical path). According to the characteristic absorption peak of
Ni25 at 256 nm in UV–vis spectrum (Figure S2) (A = 0.686), the molar absorption coefficient
of Ni25 is calculated to be εNi25 = 686,000 (mol−1 cm2). The data were used to calculate the
surface coverage of Ni25 on the composite films. The calculation results of surface coverage
(Γ) are listed in Table S1, from which it is found that, as expected, the surface coverage (Γ) of
Ni25 on the film PDDA/[Ni25/(PDDA–rGO)]n (1.03× 1017 mol cm−2) is more than that on
the film [PDDA/Ni25]n (0.278 × 1017 mol cm−2), proving that the presence of PDDA–rGO
enhances the loading amount of Ni25 definitely.

Two composite films, [PDDA/Ni25]6 and PDDA/[Ni25/(PDDA–rGO)]6, were con-
structed on ITO, and their morphologies examined using the SEM technique. As shown in
Figure S3, the SEM micrographs reveal that the Ni25 is deposited on the composite films. In
addition, Figure S3b displays a typical image of graphene with a crumpled sheet, on which
the species of Ni25 are uniformly dispersed. Further, the chemical composition of the two
composite films were analyzed by XPS, as presented in Figure S4 for the full spectrum,
confirming the presence of the elements, such as Ni, W, O, and Si for Ni25, and C, O, and N
for PDDA and rGO. For clarity, Figure 6 shows the high-resolution spectra of Ni 2p and C
1s orbits, respectively. For the Ni 2p spectrum, two peaks located at 856.1 eV (Ni 2p3/2) and
873.5 eV (Ni 2p1/2) accompanied by two satellite peaks indicate the presence of Ni2+. The
signal peaks of C1s appear at 284.8, 286.4, and 288.1 eV, corresponding to the C–C, C–O,
and O–C=O groups in the PDDA–rGO, respectively. Based on above results, it is concluded
that the composite film PDDA/[Ni25/(PDDA–rGO)]n is successfully constructed.
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2.3. Study on Electrocatalytic Water Oxidation for Two Composite Films

Cyclic voltammetry was further used to test the changes in the currents of water
oxidation during the fabrication process of the composite films on the ITO electrode. As
depicted in Figure 7, in the potential range of 0 to 1.5 V, with the number of assembled
layers increased, the water oxidation currents have a good linear relationship with the layer
number, proving the uniform growth of the composite film on the ITO electrode. At the
same time, the CVs at 0 to 1.2 V were recorded using different scanning rates, from 50 to
500 mV s−1. It is found that there is good linear relationship between the peak currents
and scanning rates for the redox peaks of Ni25, suggesting a surface-confined process of
Ni25 on the composite film (Figure S5), which is different from the redox behavior of Ni25
in solution, suggesting that Ni25 is successfully fabricated on the composite films.
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Additionally, when compared with each other, it is observed that the composite
film PDDA/[Ni25/(PDDA–rGO)]n exhibits higher catalytic currents compared to the
film [PDDA/Ni25]n. For instance, when the number of assembled layers of the two
composite films is six, the electrocatalytic current of the film PDDA/[Ni25/(PDDA–rGO)]n
is three times more than that of the film [PDDA/Ni25]n. This may be attributed to the
synergistic effect of rGO and Ni25, which greatly improves the electrocatalytic water
oxidation performance.

2.4. Visible-Light-Driven Photoelectrocatalytic Water Oxidation

The UV–vis absorption spectrum of PDDA–rGO in aqueous solution is shown in Figure 3
(blue curve). PDDA–rGO exhibits a wide absorption peak in the UV–vis region, indicating that
PDDA–rGO possesses the ability to absorb the visible light. Therefore, it is expected that the
composite film PDDA/[Ni25/(PDDA–rGO)]n will show a good photoelectrocatalytic perfor-
mance for water oxidation. Hence, taking an incandescent lamp as the visible light source, we
investigated th photoelectrocatalytic performance of the two composite films for water oxida-
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tion under dark conditions and illumination for 15 min. The results are described in Figure 8,
which clearly shows that when the two composite films have the same number of assembled
layers of Ni25, the film PDDA/[Ni25/(PDDA–rGO)]6 exhibits a better photoelectrocatalytic
performance (the current is increased by 33.7% after illumination) than the film [PDDA/Ni25]n
(the current is increased by 19.7% after illumination); that is, the water oxidation current values
increase about five times more after illumination for the film PDDA/[Ni25/(PDDA–rGO)]n
(225 µA) than for the film [PDDA/Ni25]n (45 µA). For clarity, comparing the water oxidation
currents of the two composite films under light and non-light conditions together is presented
in Figure 8c, showing the obvious difference between them. Furthermore, we calculated
the quotient (I’∆p) of the photo-generated current (I∆P = Ilight − Idark) of the sixth layer of
films and the surface coverage, which is (I’∆p = I∆P/Γ). The data I’∆p = 1.62 × 10−21 for
Ni25 on [PDDA/Ni25]6, and I’∆p = 2.18 × 10−21 for Ni25 on PDDA/[Ni25/(PDDA–rGO)]6
were obtained (see Table 1). It indicates that the photogenerated current per mole in the
PDDA/[Ni25/(PDDA–rGO)]6 film is more than that of the [PDDA/Ni25]6 film, further con-
firming that the presence of rGO enhances the photoelectrocatalytic performance of Ni25.
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Figure 8. The comparison of the photoelectrocatalytic water oxidation of the composite films
[PDDA/Ni25]6 (a), PDDA/[Ni25/(PDDA−rGO)]6 (b), and the combination of (a,b) (c). The blue
curves represent the electrocatalytic water oxidation under dark conditions, red curves represent the
electrocatalytic water oxidation under illumination for 15 min, the black curves represent the electro-
catalytic water oxidation of bare ITO electrode, in 1 M NaAc + HAc (pH 6). Scan rate: 50 mV s−1.

Table 1. IPCE of two films [PDDA/Ni25]6 and PDDA/[Ni25/(PDDA–rGO)]6.

Film J@1.5V vs. RHE IPCE

[PDDA/Ni25]6 0.60 mA cm−2 11.92%
PDDA/[Ni25/(PDDA–rGO)]6 2.1 mA cm−2 41.73%

This may be attributed to the difference in the photogenerated electron–hole recom-
bination rate of the two composite films. In the film [PDDA/Ni25]n, the photogenerated
electron–hole recombination rate is fast, whereas in the film PDDA/[Ni25/(PDDA–rGO)]n,
the photo-induced electron and hole recombination is suppressed by rGO, leading to
a lower photogenerated electron–hole recombination rate than the film [PDDA/Ni25]n,
which promotes the transfer of photogenerated electrons. On the other hand, the well-
matched band energies and impact interaction between rGO and Ni25 highly promote
the charge separation property, and shorten the migration distance of photogenerated
carriers, which effectively improves the charge transfer efficiency, thereby enhancing the
photoelectrocatalytic performance for water oxidation, via the synergistic effect of rGO and
Ni25 [37].

In addition, in order to investigate the response of the composite films to the light, the
transient photocurrent curves were recorded when the irradiation was switched on and
off. As presented in Figure 9, it is clearly noted that the two composite films are sensitive
to light, and both composite films show steady and reproducible photocurrent responses
during several light on/off cycles using the incandescent lamp.
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Figure 9. Transient photocurrent response of the film [PDDA/Ni25]n (n = 1, 3, 5) (left) and the film
PDDA/[Ni25/(PDDA−rGO)]n (n = 1, 3, 5) (right) at 1.0 V vs. time (i−t) curve with a 30 s light on/off.

Further, it is obviously seen in Figure 9 that on the films assembled with different
layers, the photogenerated currents increase as the number of layers increases regularly,
and the change trend of the curves remains unchanged. This observation indicates that, on
the one hand, the fabrication and performance of the two composite films have repeatability,
and the two composite films are assembled uniformly, that is, the photogenerated currents
versus the number of film layers have a good linear relationship, as shown in Figure S6; on
the other hand, the catalytic activity can be easily controlled by the number of the layers.

Interestingly, the photocurrent curves of the two composite films show different
change trends during the illumination. For the film [PDDA/Ni25]n, after the illumina-
tion, the photogenerated currents rapidly rise, and then slowly decrease. This behavior
can be attributed to a classical onset of recombination [38]. On the contrary, after the
illumination, the photogenerated currents of the film PDDA/[Ni25/(PDDA–rGO)]n con-
tinuously increase with the extension of time, which may be caused by a trap filling [38].
The trap-induced recombination is hampered when traps are filled with the extension of
time, thus, the presence of trap filling can increase the lifetime of carriers. Therefore, as the
number of filled traps increases, the photocurrent gradually increases. Photoelectrocatalytic
measurements show that the recombination between photo-induced holes and electrons
can be suppressed by the presence of rGO. This is the reason why the photoelectrocatalytic
water oxidation is more effective in the film PDDA/[Ni25/(PDDA–rGO)]n than in the film
[PDDA/Ni25]n.

According to the method reported in the literature [39], the effective surface areas
(Aeff) of the two composite films were measured in 1.0 mM [Fe(CN)6]3−/[Fe(CN)6]4− solu-
tion containing 0.1 M KCl, as shown in Figure S7. Based on the Randles–Savcik equation:
Ip = 2.69× 105 ×A× n3/2 ×D1/2 × c× ν1/2, Ip represents the peak current (A), A represents
the effective electrode area (cm2), n is the number of electrons transferred (n = 1), c is the
concentration (mol/L), and ν is the scan rate (V/s), D = 7.6 × 10−6 cm2 s−1; the Aeff of the
film PDDA/[Ni25/(PDDA–rGO)]4/ITO is 0.399 cm2, and the Aeff of [PDDA/Ni25]4/ ITO
is 0.456 cm2, calculated from the slope of Ip and ν1/2 curves. Taking the film PDDA/[Ni25/
(PDDA–rGO)]6/ITO as an example, its photocurrent density reaches 2.1 mA cm−2 when
the applied voltage is at 1.5 V vs. Ag/AgCl (see Figure 10). Compared with the water ox-
idation effect of the electrode AgPW11-TiO2/ITO, prepared by You et al. in 2018 with the
photocurrent density of 1.4 mA cm−2 at 1.5 V vs. Ag/AgCl using a Xe lamp source (a widely
used incandescent lamp with a low price) [40], the photoelectrocatalytic water oxidation effi-
ciency of the electrode PDDA/[Ni25/(PDDA–rGO)]6/ITO reaches 1.5 times of the electrode
AgPW11-TiO2/ITO, showing a better photocatalytic water oxidation performance. Therefore,
this study indicates that the developed composite film PDDA/[Ni25/(PDDA–rGO)]6 is a
promising photoelectrocatalyst for water oxidation.
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The photoelectric catalytic performance of the composite films were further evaluated
by the incident photocurrent conversion efficiency (IPCE), which is calculated by the
following equation [41]:

IPCE =

electrons
cm2

s
photons

cm2
s

=
J
(

mA
cm2

)
× 1240(V× nm)

P
(

mW
cm2

)
× λ

where J is the photocurrent density (mA/cm2), λ is the excitation wavelength (nm), and P
is the incident light intensity (mW/cm2). The IPCE of the two films, [PDDA/Ni25]6 and
PDDA/[Ni25/(PDDA–rGO)]6, were calculated according to that the lowest wavelength
(400 nm), and the intensity of incident light is 0.156 mW/cm2. The results are listed in
Table 1; it is clear that the film PDDA/[Ni25/(PDDA–rGO)]6 shows higher IPCE than the
film [PDDA/Ni25]6, which confirms the enhanced photoelectrocatalytic performance of
the film PDDA/[Ni25/(PDDA–rGO)]6 after combining with rGO.

Electrochemical impedance spectroscopy (EIS) can reflect the transfer resistance
and separation efficiency of charge carriers, thus, we measured EIS of the two films,
as shown in Figure 11. It is observed that the arc radius on the Nyquist plot of the film
PDDA/[Ni25/(PDDA–rGO)]6 is smaller than the film [PDDA/Ni25]6. This represents a
lower charge-transfer resistance, which ensures the faster electron transfer. Namely, the
composite film PDDA/[Ni25/(PDDA–rGO)]6 can effectively inhibit the recombination of
photogenerated electron–hole pairs, thereby enhancing the PEC performance.
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2.5. Plausible Mechanism of Photoelectrocatalytic Water Oxidation

In order to achieve efficient charge separation, and satisfy the activation energy re-
quired for this non-spontaneous reaction under solar irradiation, the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of catalysts
must be lower than 0 V and higher than +1.23 V (vs NHE, pH = 0), respectively [42]. The
band gap of Ni25 is 2.23 eV, the HOMO is +1.74 V, and LUMO is −0.49 V, reported in
the literature [24]. The LUMO of rGO at −0.08 V vs. NHE [43] is slightly lower than the
conduction band (CB) of Ni25 (−0.49 V vs. NHE), and this indicates that rGO acts as an
electron acceptor and transporter to inhibit the recombination of photo-induced electrons
and holes on Ni25. The positive holes in valence band (VB) of Ni25 (+1.74 V vs. NHE) have
sufficient redox potential for the oxidation of H2O to O2. rGO also has sufficient redox
potential to reduce H+ ions to H2. In this process, rGO not only accelerates electron trans-
port and inhibits charge recombination, but also improves the visible light absorption and
photoelectric conversion efficiency of the film PDDA/[Ni25/(PDDA–rGO)]n, facilitating
the photogenerated hole oxidation reaction, and improving the PEC performance. (see
Figure 12).
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2.6. Stability Study of Ni25 in Solution and on the Composite Films

In order to check the stability of Ni25 in solution, Ni25 was dissolved in different pH
buffer solutions and stored in air for 24 h, and then their UV–vis spectra were recorded.
Their UV–vis spectra are shown in Figure S8, and it is seen that the absorbance of Ni25
in solution remains almost unchanged, proving the excellent stability of Ni25 in solution.
Further, the stability of Ni25 in the two composite films was evaluated by electrochemistry.
The two films were placed in the buffer solution (pH 6), and cyclic voltammetry was used
to scan for 100 cycles, as shown in Figure S9. By calculating the percentage of current
decrease before and after scanning for the two films, [PDDA/Ni25]6 and PDDA/[Ni25/
(PDDA–rGO)]6, the oxidation current of Ni2+ → Ni3+/Ni4+ decreases by 4.1% and 3.8%,
respectively. The results indicate that both films have good stability, and have potential use as
water oxidation photoelectrocatalysts.
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3. Materials and Methods
3.1. Materials

Na50[Ni25(H2O)2OH)18(CO3)2(PO4)6(SiW9O34)6]·85H2O was synthesized according to
the published paper [24]. Graphene oxide was prepared according to the literature by a
modified Hummers method, originally presented by Kovtyukhova and colleagues [44]. Then,
it was modified in this experiment [45]. Poly(diallyldimethylammonium chloride) (PDDA
Mw = 100,000–200,000, 20 wt% in water) was purchased from Aldrich. PDDA-modified
reduced graphene oxide (PDDA–rGO) was synthesized according to the literature [27].

3.2. LBL Assembled Composite Film
3.2.1. Preparation of the Composite Film [PDDA/Ni25]n

In the experiment, ITO electrodes or quartz plates were used as the substrates. Before
the experiment, they were placed in a PDDA solution with a concentration of 8% and soaked
for 2 h to form positively charged surfaces, followed by washing with deionized water and
drying with N2. The PDDA-coated substrates were then alternately and repeatedly soaked
in Ni25 solution (1 mM) and PDDA solution for 20 min to obtain the composite film, which
were then washed and dried. The composite film was described as [PDDA/Ni25]n.

3.2.2. Preparation of the Composite Film PDDA/[Ni25/(PDDA–rGO)]n

The composite film PDDA/[Ni25/(PDDA–rGO)]n was constructed using the same
process as [PDDA/Ni25]n. After soaking the substrate in PDDA solution (8.0 wt%) for 2 h,
washing the surface with deionized water, and drying with N2, the PDDA-coated substrate
was alternately and repeatedly soaked in Ni25 solution (1 mM) and PDDA–rGO solution
(1 mg mL−1) for 20 min to construct the composite film, followed by washing and drying.
The composite film was described as PDDA/[Ni25/(PDDA–rGO)]n.

4. Conclusions

Through reasonable design, two composite films containing Ni25 were prepared by
the LBL self-assembly method, [PDDA/Ni25]n (film 1) and PDDA/[Ni25/(PDDA–rGO)]n
(film 2), which were characterized by XPS, SEM, and UV–vis spectra, proving their uni-
form assembly. The results of the electrocatalytic and photoelectrocatalytic performance
towards water oxidation indicate that (1) both composite films exhibit high electrocatalytic
water oxidation activity, due to the structure of the Ni–O cluster in Ni25 that is similar to
the natural oxygen evolution center; (2) the photoelectrocatalytic performance of the two
films increases linearly with the number of assembled layers, suggesting the uniformity
and sustainability of the two films; (3) film 2 displays better catalytic activity than film 1,
which is attributed to the presence of rGO in film 2. Introducing rGO to film 2 not only
increases the loading amount of Ni25, but also reduces the photogenerated electron–hole
recombination rate, owing to the structural feature and property of rGO. This observation
is further supported by the transient photocurrent response curves, showing the case
of trap filling, which greatly improves the photoelectric conversion efficiency and pho-
tocurrent response of film 2. Further, the EIS measurements demonstrate that the film
PDDA/[Ni25/(PDDA–rGO)]n inhibits the recombination of photogenerated electron–hole
pairs, thereby promoting the charge transfer process at the electrode/electrolyte interface.
The calculation of IPCE confirms the positive effect of bandgap engineering on light uti-
lization. In addition, the two films possess good stability and repeatability, confirming
their research value. Compared to the light source used in the literature, we utilized a
common incandescent lamp with a low price as a light source, but the developed film 2
exhibits an excellent photoelectrocatalytic performance for water oxidation, demonstrating
that film 2 is a promising photoelectrocatalyst for application to the splitting of water to
produce clean energy.
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