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Abstract

In this work, two recyclable phosphotungstic acid salts/reduced graphene oxides were successfully prepared. The prepared samples
were characterized by X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS), thermo-gravimetric analysis (TGA), Raman spectros-
copy, and photoluminescence spectroscopy (PL). The structure and catalytic performance of two composites were comparatively
investigated, and the reduced graphene oxide mass ratios in K5[PW,04¢]/reduced graphene oxide (denoted as KPW-RGO) and
(NH4);[PW,04¢]/reduced graphene oxide (denoted as NH,PW-RGO) were optimized and their roles in them were explored. The
results indicate that the Keggin structures of KPW and NH4PW are still kept after being anchored on the RGO surface, but their
morphologies change a lot in composites. The photocatalytic activities of KPW-3RGO (0.01989 min ") are 5.42 times than that of
KPW (0.00367 min™"), and NH,PW-1RGO (0.0184 min™") is 2.26 times than that of NH,PW (0.00814 min™"). The enhanced
photocatalytic activity is mainly ascribed to photo-induced interfacial charge transfer on the heterojunction between RGO and
NH4PW or KPW and strong adsorption ability of RGO towards MO. Moreover, NH,PW-1RGO and KPW-3RGO had much better
photocatalytic activity, good recyclable ability, and stability compared to HPW-RGO, which cannot be recycled.
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Introduction challenge the worldwide energy shortage and environmental

pollution issue (Moniz et al. 2015, Pelaez et al. 2012). It is also

In the recent decades, semiconductor-based photocatalysis has
been considered as one of the promising techniques to
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recognized as a supplementary technique for conventional bi-
ological treatment to remove recalcitrant and non-
biodegradable micro-pollutants (Marsolek et al. 2014), and it
is also one of the potential techniques to treat dye or pharma-
ceuticals wastewater with a high concentration (Chowdhury
and Balasubramanian 2014, Kanakaraju et al. 2013). TiO, re-
mains the most suitable semiconductor choice for its great
capability to degrade contaminants, high stability, and cost-
effectiveness (Linsebigler et al. 1995). It can decompose or-
ganic pollutants into CO, and H,O using solar energy.
However, the rapid recombination of photogenerated
electron-hole pairs and narrow light response range restrict its
practical applications in wastewater treatment. Therefore, it is
significantly important and necessary to explore and investi-
gate new types of photocatalysts with extraordinary perfor-
mance, excellent visible-light response, and good recyclability.

Heteropoly acids (HPAs), especially those with Keggin
structure (H3PMo01,04¢, H3PW{,040, and H4SiW{,04(), have
been widely investigated as favorable catalysts in degradation
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of organic halides, dyes, and pesticides due to their excellent
redox properties, good chemical stability, nontoxicity, and low
cost (Antoniadis et al. 2010, Hori et al. 2008, Kormali et al.
2007, Troupis et al. 2009). However, traditional heteropoly acids
with high solubility in polar solvents would impede recovery and
reuse in industrial application. Moreover, the low surface area
would restrict their catalytic activity. In order overcome these
disadvantages, the researchers immobilized the HPAs onto the
supports including activated carbon (Xiao et al. 2014), alumina
(Méndez et al. 2011), amine-functionalized metal-organic frame-
work (Wang et al. 2014), mesoporous silica (Feng et al. 2012,
Luo et al. 2014a, Zhao et al. 2013), and mesoporous graphitic
carbon nitride (Zhu et al. 2015), which can improve certain
recycled ability and photocatalytic activity. Researchers also
combined heteropoly acids with large mono-valent cations in-
cluding K*, Rb*, Cs*, and NH," to form insoluble salts with
good recyclability (Corma et al. 1996, Holclajtner-Antunovic¢
et al. 2010, Liu et al. 2016).

Since 2009, graphene has been considered as a good sup-
port of photocatalysts to improve adsorption ability and per-
formance of photocatalysts for target pollutant removal
(Chowdhury and Balasubramanian 2014, Ji et al. 2014,
Morales-Torres et al. 2012, Yang et al. 2017) because of its
exceptionally high specific surface area (Meyer et al. 2007),
excellent conductivity (Khai et al. 2013), and good adsorption
ability for organic pollutants (Xu et al. 2012). Liu and co-
workers used the low-cost phosphotungstic acid loaded on
gamma-aminopropyltriethoxysilane-coated graphene oxide
(Liu et al. 2013). Tessonnier dispersed the polyoxometalates
(H3PM012040, H3PW12040, and H4PM011VO40) to oxygen-
and alkyl-functionalized graphene sheets. Zhang group syn-
thesized Keggin-type polyoxometalates (PMol1V)/reduced
graphene oxide nanocomposites film via layer-by-layer self-
assembly method (Zhang et al. 2017). Kooti group prepared
graphene/MnFe,O,@H3;PW,04¢ composites with the mag-
netic separable ability (Kooti et al. 2018). In the previous
work, we also anchored H;PW{,04¢ onto reduced graphene
oxide to improve its adsorption ability and photocatalytic deg-
radation ability for MO greatly (Xia et al. 2017). However, the
polyoxometalate component in composites has no recyclabil-
ity or will be lost during the usage process even it has been
anchored onto separable magnetic materials due to the soluble
nature. Hence, in this work, in order to obtain good recycla-
bility, stability, and improve photocatalytic activity for this
type of photocatalysts, we anchored two insoluble heteropoly
acid salts (K3[PW;,040-reduced graphene oxide] (denoted as
KPW-RGO) and (NH4);[PW;,040-reduced graphene oxide]
(denoted as NH4,PW-RGO)) to reduced graphene oxide
(RGO). The crystal phase structure, morphology, and chemi-
cal composition of two kinds of composites were compara-
tively investigated in detail. Most importantly, the roles of
RGO in these two composites (NH,PW-RGO and KPW-
RGO) were also comparatively investigated in order to probe

the contribution of RGO in two composites for the target pol-
lutant removal.

Experimental
Preparation of KPW-RGO and NH,PW-RGO

Graphite oxide was prepared by oxidizing natural flake graph-
ite powder (325 mesh) using the Hummers method (Hummers
1958, Stankovich et al. 2006). Two milligrams per milliliter of
graphene oxide (GO) was obtained by ultrasonic treatment of
self-made graphite oxide (0.60 g) in 300 mL of a mixture of
water-ethanol (2:1) for 6 h and centrifugation at 4000 rpm for
15 min. The supernatant (GO) was collected and stored in a
fridge for the following usage. The KPW-RGO and NH,PW-
RGO materials were synthesized via hydrothermal method. In
the typical preparation process of KPW-RGO (NH4PW-RGO)
containing different mass ratios of RGO, firstly, 1.985 g of
H;PW,0,40.xH,O was added into a certain volume GO solu-
tion (2 mg/mL) to form solution A. 0.1398 g of KC1(0.1042 g
of NH4Cl) was put into 10 mL of water to form solution B.
Then, the solution B was dropwise added into solution A at
the rate of 1 mL/min under stirring and then the suspension
was further stirred for 16 h (or 10 h). Finally, the suspension
was transferred into a 25-mL Teflon-sealed autoclave for hy-
drothermal reaction at 120 °C for 8 h. After the autoclave was
naturally cooled to room temperature, the suspension solution
was centrifuged and washed until CI' was not detected, and
then dried at 50 °C in vacuum. The chemical reaction equation
as follows:

H;3[PW15040] + 3KCl + xH0—K;3[PW1,049)xH,0 + 3HCI (1)
Hj; [PW12040] + 3NH,4Cl
+ XH20—>(NH4)3 [PW12040]‘)CH20 + 3HCI (2)

Characterization

The crystal phase structure of prepared materials was recorded
on a Bruker D8-advance A25X diffractometer (Germany)
using a copper K, radiation source (40 kV, 250 mA) in the
26 range from 5 to 70°. Morphologies of them were observed
on field emission scanning microscopy (FESEM, FEI, Nova,
NanoSEM 450) and transmission electron microscopy (TEM,
JEM-2100, JEOL, Tokyo, Japan). Fourier transform infrared
spectra (FT-IR) of them were obtained on a Nicolet iS10 FT-
IR spectrometer (Thermo Scientific, Germany) using KBr pel-
let technique over the wave number range of 4000-400 cm '
with a resolution of 2 cm ', Raman spectra were measured by
a Raman microspectrometer (Renishaw invia Raman
Microscope, Britain) with a 514.5-nm laser. X-ray
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photoelectron spectrum (XPS) measurements were performed
on a PHI5000 Versaprobe scanning XPS microprobe
(@ULVAC-PHI Inc.) using the Al K line. The thermal prop-
erty was examined using a thermal gravimetric analyzer
(TGA, NETZSCH, TG209FI, Germany), in which the sam-
ples were heated from room temperature to 700 at 20 °C/min
under a nitrogen flow. The photoluminescence emission spec-
tra were recorded on an F-70000 fluorescence spectra-
photometer (PL, Hitachi, Japan) at room temperature with
the exciting light of wavelength 350 nm.

Photocatalytic activity test

In order to investigate the adsorption and photocatalytic per-
formance of prepared materials for MO removal, photocata-
lytic activity tests were carried out in a photochemical reactor
(Xujiang electro-mechanical plant, Nanjing, China). A 20-W
UV lamp (A =254 nm) was put in the quartz immersion well
with cooling coils to make the suspension at room tempera-
ture. In a typical experimental process, 0.0050 g of catalyst
was put into a quartz tube containing 50.00 mL of MO solu-
tion (20 mg/L, Cy). Before UV light was switched on. The
suspension was firstly stirred in dark for some time to make
sure to reach the adsorption/desorption equilibrium and calcu-
late adsorption removal rate (at this time, the MO concentra-
tion was set as C,). Then, irradiation started and quartz tubes
containing reaction suspensions were taken out at scheduled
time intervals, immediately centrifuged at 4000 rpm for
10 min, and filtered through a 0.45-um glass fiber filter to
remove the catalyst particles (the MO concentrations were
determined as C;). MO samples were detected on UV-Vis
spectrometer (detection wavelength was 463 nm); the stan-
dard curve for MO was linearly best fitted (A =0.0561C +
0.0006, R*>= 0.9999) with the concentration of MO varied
from 1.0 to 20.0 mg/L.

The adsorption and photocatalytic degradation removal
rates of MO over photocatalysts were calculated according
to Egs. 3 and 4, respectively.

Co—C

0

Removal rate by adsorption(%) = 1% 100% (3)

C,~C
0

Removal rate by photocatalytic degradation(%) = x 100% (4)

In order to further assess the photocatalytic activity
of KPW-RGO and NH4PW-RGO, the experimental data
were fitted by the pseudo-first-order model (Eq. (5)).

C
In— = —xt 5
an K (5)

The slope of the fitted line of In (C/C,) versus irradiation
time is the rate constant (k).
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Results and discussion
Characterization of photocatalysts
Crystal phase of as-samples

In order to investigate the crystalline phase structure of pre-
pared materials, the XRD patterns of GO, RGO, KPW, KPW-
3RGO, NH4PW, and NH,PW-3RGO were recorded and are
shown in Fig. 1. As seen in the picture, GO has a sharp and
strong characteristic peak at 260 =10.8° ascribed to (001) of
GO, which disappears, and no obvious peak appears because
of its low intensity. In order to observe it clearly, we inset a
XRD pattern of RGO and a new weak characteristic peak of
RGO at 20 =24.5° can be observed after hydrothermal treat-
ment in the solvent of ethanol-water (1:2) (Fig. 1, inset). This
result implies that the GO may be reduced to RGO when
ethanol was as a reductant in a hydrothermal environment
(Luo et al. 2014b, Zhang et al. 2010). As for the XRD patterns
of KPW, KPW-3RGO, NH,PW, and NH,PW-3RGO, we can
see that all of them have the similar crystal phase at the atomic
scale except that the peak intensities of KPW and NH,PW are
much stronger than those of KPW-3RGO and NH4PW-
3RGO, respectively. KPW, KPW-3RGO, NH4PW, and
NH4PW-3RGO have major diffraction peaks located at 26 =

10.8°, 15.2°, 26.5°, and 36.2°, corresponding to P]2W4O37
(JCPDS no. 50-0305). However, the diffraction peak of
RGO in two composites at 24.5° cannot be observed obvious-
ly, mainly because the diffraction intensity of RGO with low
contents in composites is weak and the stack of RGO sheet has
been suppressed by NH,PW and KPW in the composites. The
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Fig. 1 XRD patterns of graphite oxide (GO), reduced graphene oxide
(RGO), phosphotungstic acid potassium (KPW), phosphotungstic acid
potassium 3wt%/reduced graphene oxide (KPW-3RGO),
phosphotungstic acid ammonia (NH,PW), and phosphotungstic acid
ammonia 3 wt%/reduced graphene oxide (NH4PW-3RGO). Inset
picture is the XRD patterns of RGO
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similar phenomenon can be seen in the 3-D TiO, @RGO ma-
terials (Ding et al. 2016).

Morphology of as-samples

The microstructures of the prepared materials are studied by
FESEM and TEM. Figures 2 and 3 show the FESEM of GO,
RGO, KPW, NH,PW, KPW-3RGO, and NH,PW-3RGO. It can
be seen that bare GO and RGO (Fig. 2a, b) have a flake-like
structure with wrinkles, but RGO sheet is integrated and relative-
ly smooth, whereas GO has an evident crack in the sheet.
Figure 2¢ and d show the morphologies of bare KPW and
NH4PW materials, KPW materials are mono-dispersed spheres
with some irregular pores in them and their diameters range from
500 to 800 nm, and the average diameter is about 600 nm (Fig.
2¢). NH4,PW materials have a smooth spherical structure with a
larger diameter than KPW ranging from 400 nm to 1.3 pum (Fig.
2d). As for the morphologies of KPW-3RGO and NH,PW-
3RGO, it is easy to find platelets of RGO sheets among the
particles. But interestingly, most of mono-dispersed KPW
spheres change into particles with smaller size; the diameter of
KPW in KPW-3RGO ranges from 100 to 600 nm. The main
reason may be that introduced RGO makes the irregular pores
crack into particles (Fig. 2e, f). The resulting smaller particles
will contact closely with reduced graphene oxide and provide
more sites to target pollutants, which may make the KPW-3RGO
composite have higher photocatalytic activity. As for NH,PW-
3RGO, smooth spherical structure of NH,PW almost keeps in
the NH4PW-3RGO composite, but the size of them ranges from
250 to 400 nm, which is smaller than pure NH,PW. The major
reason maybe that the introduction of GO will suppress the
growth of NH,PW during the hydrothermal process; the similar
experimental were results reported before (Li et al. 2017a, b). In
all, the photocatalysts with a smaller size will necessarily result in
good photocatalytic activity.

In order to further observe the microstructure of KPW-
3RGO and NH,PW-3RGO, the TEM images of them are pro-
vided in Fig. 3. Some of KPW particles in KPW-3RGO are
larger blocks (Fig. 3a), but most of them become smaller par-
ticles with around 20-nm diameter and they are homogenously
anchored onto the reduced graphene oxide with few layers
(Fig. 3b). The NH4PW components in NH4,PW-3RGO com-
posites keep spherical structure with large size (100-600 nm,
Fig. 3c), but their sizes are smaller than pure NH,PW
(400 nm—1.3 wm). Moreover, it is easy to see that the forma-
tion of heterojunction structures between NH,PW and RGO
(Fig. 3d), which will accelerate photo-induced interfacial
charge transfer and result in better photocatalytic activity.

Fourier transform infrared and Raman spectra analysis

In order to obtain the functional groups information and re-
duction degree from GO to RGO in KPW-3RGO and

NH4PW-3RGO during the hydrothermal reaction, the
Fourier transform infrared spectra of GO, RGO, KPW,
KPW-3RGO, NH4PW, and NH4PW-3RGO materials were
measured and are shown in Fig. 4a. It is clear that GO shows
many absorption peaks corresponding to various oxygen func-
tional groups such as —OH stretching vibrations (3443 cm ™),
overlapping peaks (1646 cm ') of C=0 stretching vibration
(1720 cm—1) and C=C stretching vibration (1580 cmfl), the
epoxide C—O stretching vibrations (1135 cm™ '), and C-OH
stretching vibrations (1069 cm™"). After the reduction in the
ethanol-water environment, the spectra of RGO has weaker
absorption-peak intensities of the oxygen functional groups at
500-1700 cm™' compared to those of GO, which indicates
that the GO has been reduced to RGO greatly during hydro-
thermal process. As we know, the typical Keggin anion skel-
etal vibration bands are P-Oa, W—-Ot, W—Ob—W, and W—Oc—
W bonds. Among them, Oa is oxygen belongs to the central
tetrahedral POy, Ob is the oxygen in W—Ob—W bridges be-
tween two different W30,3 groups, Oc is the oxygen in W—
Oc—W bridges of the same W50 groups, and Ot is the ter-
minal oxygens linked to a lone tungsten atom. From the FT-IR
spectra of KPW, NH,PW, KPW-3RGO, and NH;,PW-3RGO
materials, we can see that 1080 cm™ ! for asymmetric stretch
vibration of P-Oa, 987 cm™ ! due to asymmetric stretch vibra-
tion of W=0t, 890 cm ! for bending vibration of W-Ob-W,
and 804 cm™! for bending vibration of W—Oc—W, respectively
(Essayem et al. 2001),which shows the presence of the
PW,,040> anion in these materials. There are also two broad
absorption bands for KPW, NH,PW, KPW-3RGO, and
NH,PW-3RGO at around 3443 cm ! and 1643 cm ' indexed
to the v (OH) and (), H,0, respectively, which confirms that
crystallization water exists in the KPW, NH4,PW, KPW-
3RGO, and NH,PW-3RGO materials. Besides these bands,
the NH4PW and NH,PW-3RGO composite have two bands
at around 1418 cm™! and 3220 cm !, which are characteristic
peaks of (5)NH,* ion and v(N—H) (Corma et al. 1996). In all,
the intensities of absorption bands of KPW-3RGO and
NH,PW-3RGO are weaker than those of KPW and NH,PW,
respectively, because of the existence of RGO. Raman spec-
troscopy is one of the most widely used techniques to under-
stand the nature of the graphitic character in graphene-based
materials. The Raman spectra of KPW, KPW-3RGO,
NH4PW, and NH,PW-3RGO were recorded and shown in
Fig. 4b. KPW and NH4PW show Raman bands at 212, 233,
988, and 1003 cm ' assigned to the Keggin structure of the
PW,,040°> anion in pure KPW and NH4PW materials
(Holclajtner-Antunovié¢ et al. 2010, Liu et al. 2013).
Compared with pure KPW and NH4PW, the extra strong
bands occurred at around 1605 ¢cm '(G band) and
1348 cm ™' (D band) in KPW-3RGO and NH4PW-3RGO
composites; the D and G bands are common feature for sp’
and sp? in-plane vibrations of bonded carbons of graphene
(Rao et al. 2011), which indicated that the reduced graphene
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Fig. 2 FESEM images of a
graphite oxide (GO), b reduced
graphene oxide (RGO), ¢
phosphotungstic acid potassium
(KPW), d phosphotungstic acid
ammonia (NH4PW), e, f
phosphotungstic acid potassium
3 wt%/reduced graphene oxide
(KPW-3RGO) and g, h
phosphotungstic acid ammonia
3 wt%/reduced graphene oxide
(NH4PW-3RGO)

@ Springer



Environ Sci Pollut Res (2019) 26:34248-34260

34253

Fig. 3 TEM images of a, b
phosphotungstic acid potassium
3 wt%/reduced graphene oxide
(KPW-3RGO) and ¢, d
phosphotungstic acid ammonia
3 wt%/reduced graphene oxide
(NH4PW-3RGO)

A
4 B

oxide exists in the composites and the results are similar to
those in the F-TiO,-10RGO composite we reported in our
previous work (Luo et al. 2015).

X-ray photoelectron spectroscopy analysis

In order to further investigate chemical composition and ele-
ment chemical states of as-samples, X-ray photoelectron spec-
troscopy (XPS) measurement for GO, KPW-3RGO, and
NH4PW-1RGO materials was performed and results are
shown in Fig. 5. According to the XPS survey spectra (Fig.
5a), the KPW-3RGO and NH,PW-1RGO composites contain
W, O, P, and C elements corresponding to the binding energies
of W4f, Wad, W4p, W4s, Ols, P2s, P2p, and Cls. Besides
those elements, KPW-3RGO and NH,PW-1RGO contain K
and N corresponding to K2p, K2s, and Nls, respectively.
Figure 6b is the Cls spectra comparison of GO, KPW-
3RGO, and NH4PW-1RGO. The main Cls peaks for GO
located at 287.3 eV and 284.3 eV belong to oxygen-
containing groups (C—OH/C=0/C(0)0) and C—C/C=C/H-C
bonds of Sp? carbon of GO, respectively (Luo et al. 2015).
The peaks of KPW-3RGO and NHPW-1RGO at 287.3 eV
exist, but their intensities obviously weaken compared to GO,
which indicates that GO has been partly transformed to
graphene after hydrothermal treatment. The similar result
was obtained in the previous work (Xia et al. 2017).

Figure S5c is the Ols spectra comparison of GO, KPW-
3RGO, and NH4PW-1RGO; the Ols peak of GO around
532 eV is ascribed to C-O and C=0. The Ols peaks of
KPW-3RGO and NH,PW-1RGO are around 530.9 eV and
530.6 eV, which correspond to inorganic O bond (P-O and
W-0) and residue oxygen-containing groups (C—O and
C=0). Two composites have same signals; the peak at
36.6 eV is ascribed to W4f, and the peak at 135 eV can be
ascribed to P2p (Fig. 5d, e) (Li et al. 2017a, b). KPW-3RGO
has a peak located at 293.1 which is indexed to the K2p (Fig.
5f) and the N1s features peak of NH4PW-1RGO locates at
402.1 eV (Fig. 5g). The peaks extend from 400.3 to
403.6 eV. There is no N-doped TiO, because there is no peak
located at 399.5 eV attributed to N-TiO,.The above XPS anal-
ysis results show that the KPW-3RGO and NH,PW-1RGO
materials have been successfully prepared and GO can be
reduced to RGO by ethanol in the hydrothermal environment
greatly.

PL analysis

The photoluminescence (PL) spectra are related to the transfer
behavior of the photo-produced electrons and holes so that it
can reflect the separation and recombination of the electron-
hole pair inside the semiconductors. Figure 6 shows the PL
spectra of KPW, KPW-3RGO, NH,PW, and NH4,PW-3RGO
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Fig. 4 FT-IR spectra of graphite oxide (GO), reduced graphene oxide
(RGO), phosphotungstic acid potassium (KPW), phosphotungstic acid
potassium 3 wt%/reduced graphene oxide (KPW-3RGO),
phosphotungstic acid ammonia (NH,PW), and phosphotungstic acid
ammonia 3 wt%/reduced graphene oxide (NH4PW-3RGO) materials (a)
and Raman spectra of phosphotungstic acid potassium (KPW),
phosphotungstic acid potassium 3wt %/reduced graphene oxide (KPW-
3RGO), phosphotungstic acid ammonia (NH4PW), and phosphotungstic
acid ammonia 1 wt%/reduced graphene oxide (NH,PW-1RGO) (b)

materials. As can be seen in Fig. 6, the four materials exhibit
the same sharp emission bands at about 469 nm when the
excitation wavelength is 350 nm. The PL intensity of KPW-
3RGO is weaker than that of KPW, and the NH,PW-3RGO
has weaker PL intensity than NH4,PW, which indicates that the
recombination of electron-hole produced on the surface of two
composites reduces compared with counterpart pure KPW and
NH4PW. The introduction of RGO into KPW and NH,PW
effectively suppress the recombination of electron-hole pair
because the RGO can transfer electron produced from the
conduction band of pure KPW and NH4PW. The effective
suppression of the electron-hole produced on the KPW-
3RGO and NH4PW-3RGO will improve the photocatalytic
activity greatly.

@ Springer

Thermogravimetric analysis

In order to investigate the thermal stability of as-samples,
thermogravimetric analysis of RGO, KPW, KPW-3RGO,
NH4PW, and NH,PW-RGO was performed and results are
shown in Fig. 7. KPW and NH4PW lose water up to 100 °C
in a single step followed by a mass loss which corresponds to
adsorbed and crystallization water molecules. The weight loss
ratio for KPW is only 2.82 wt% and there is no obvious sec-
ond mass loss for KPW between 450 to 620 °C, which indi-
cates that KPW has no protons and its chemical formula must
be K3P1, W40 (Holclajtner-Antunovi¢ et al. 2010). In the case
of NH4PW, there is another obvious mass loss from 450 to
620 °C, and the weight loss ratios of NH4,PW at 20-100 °C
and 450-620 °C are 2.26 wt% and 2.43 wt%, respectively. As
for KPW-3RGO and NH4PW-1RGO, except for the above
weight loss, it clearly shows rapid decomposition of the
oxygen-containing groups of RGO at about 200 °C in these
two composites compared to those of pure KPW and NH,PW
(He et al. 2013, Zhang and Choi 2012), which indicates that
GO has not completely been reduced to graphene. The weight
loss ratios of NH4,PW-1RGO at 20-100 °C, 100-450 °C, and
450-620 °C are 3.0 wt%, 1.69 wt%, and 5.13 wt%, and the
weight loss ratios of KPW-3RGO at 20-100 °C, 100—450 °C,
and 450-620 °C are 3.35 wt%, 3.89 wt%, and 3.85 wt%,
respectively. Comparatively, the weight loss ratios of RGO
at 20-100 °C, 200-450 °C, and 450-620 °C are 19.0 wt%
and 5.2 wt%, which indicates that RGO has the evaporation of
water molecules around 100 °C and rapid decomposition of
the oxygen-containing groups from 200 to 620 °C. The above
weight loss analysis indicates that GO is transformed to RGO
partly.

Adsorption and photocatalytic performance
Adsorption equilibrium experiment

In the whole photocatalytic degradation process, adsorption,
photocatalytic degradation, and photolysis may have specific
contributes to the removal of target pollutants. As the photo-
catalytic reactions predominantly occur on the surface of cat-
alysts, adsorption abilities of KPW-3RGO and NH,PW-RGO
towards MO are key factors that can affect their photocatalytic
efficiency. Therefore, it is necessary to determine adsorption
equilibrium time and comprehend the contribution of adsorp-
tion ability to photocatalytic activity. Under the experiment
condition (0.6 g/L for KPW-3RGO and KPW, 0.4 g/L for
NH4PW-RGO and NH4PW), MO adsorption experiments
(20 mg/L MO solution, pH 4.0) were carried out and the
results are shown in Fig. 8. We can see from Fig. § that the
adsorption removal ratios of MO on KPW and NH,PW in-
creases gradually and reaches adsorption equilibrium of less
than 60 min. Adsorption removal rates of MO over KPW and
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«Fig.5. XPS survey spectra of graphite oxide (GO), phosphotungstic acid
potassium 3 wt%/reduced graphene oxide (KPW-3RGO), and
phosphotungstic acid ammonia 1 wt%/reduced graphene oxide
(NH,PW-1RGO) (a). Cls and Ols spectra comparison of graphene
oxide (GO), phosphotungstic acid potassium 3 wt%/reduced graphene
oxide (KPW-3RGO), and phosphotungstic acid ammonia 1 wt%/
reduced graphene oxide (NH,PW-1RGO) (b, ¢), P2p (d), and WA4f (e)
spectra comparison of phosphotungstic acid potassium 3 wt%/reduced
graphene oxide (KPW-3RGO) and phosphotungstic acid
ammonial wt%/reduced graphene oxide (NH,PW-1RGO), K2p (f) and
N1ls (g) spectra of phosphotungstic acid potassium 3 wt%/reduced
graphene oxide (KPW-3RGO) and phosphotungstic acid ammonia
1 wt%/reduced graphene oxide (NH,PW-1RGO), respectively

NH4PW are 5.39% and 4.15%, respectively, which implies
that the KPW and NH4PW materials have little adsorption
ability for MO, which may result in low transferring rate for
MO from solution to the surface of catalysts. However, after
RGO sheets are introduced into these two catalysts, adsorption
removal rates of MO on KPW-3RGO and NH,PW-1RGO
roar to 19.6 % and 12.0 % in the first 10 min, respectively,
and the adsorption equilibriums have been established by
30 min. The result indicates that the RGO in the composites
has strong adsorption ability and rapid adsorption rate for MO,
which will enhance the transferring rate of MO from solution
to the surface of catalysts and then improve the photocatalytic
activity. In order to make sure that the adsorption equilibrium
has been established, adsorption time in the dark for all the
prepared materials will be set at 120 min.

Optimization of RGO mass contents in KPW-RGO
and NH,4PW-RGO composites

Based on the above adsorption analysis, we can see that RGO
in the composites will play a significantly important role in
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Fig. 6 Photoluminescence spectra of phosphotungstic acid potassium
(KPW), phosphotungstic acid potassium 3wt %/reduced graphene oxide
(KPW-3RGO), phosphotungstic acid ammonia (NH4PW), and

phosphotungstic acid ammonia 1 wt%/reduced graphene oxide
(NH,PW-1RGO)
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Fig. 7 Thermo-gravimetric analysis for phosphotungstic acid potassium

(KPW), phosphotungstic acid potassium 3 wt%/reduced graphene oxide

(KPW-3RGO), phosphotungstic acid ammonia (NH4PW), and

phosphotungstic acid ammonia 1 wt%/reduced graphene oxide
(NH4PW-1RGO)

removing MO. Therefore, it is necessary to optimize the
amount of RGO in KPW-RGO and NH4PW-RGO compos-
ites. The adsorption and photocatalytic degradation time
course of MO over a series of KPW-RGO and NH4,PW-
RGO samples with different RGO contents are shown in
Fig. 9. We can see that adsorption removal rates of MO on
KPW-1RGO, KPW-3RGO, and KPW-5RGO are 9.05%,
29.63%, and39.36%, respectively (Fig. 9a). The adsorption
removal rates of MO on KPW-RGO go up rapidly from 9.05
to 39.36% with the increasing mass ratios of RGO from 1.0 to
5.0% in the composites. Photocatalytic degradation removal
rates of MO on KPW-1RGO, KPW-3RGO, and KPW-5RGO
are 58.16%, 66.33%, and 44.67%, and the total removal rates
of MO on them are 67.21%, 95.96%, and 84.03%,
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Fig. 8 Adsorption removal of MO on phosphotungstic acid potassium
(KPW), phosphotungstic acid potassium 3 wt%/reduced graphene oxide
(KPW-3RGO), phosphotungstic acid ammonia (NH4PW), and
(phosphotungstic acid ammonia 1 wt%/reduced graphene oxide
(NH4PW-1RGO) materials
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Fig. 9 Time course of the adsorption and photocatalytic degradation
removal rate of MO (initial concentration 20 mg/L, pH 4.0) over
phosphotungstic acid potassium 1 wt%/reduced graphene oxide (KPW-
1RGO), phosphotungstic acid potassium 3 wt%/reduced graphene oxide
(KPW-3RGO), and phosphotungstic acid potassium 5 wt%/reduced
graphene oxide (KPW-5RGO) (a, catalyst dosage 0.6 g/L) and

respectively. From the view of photocatalytic degradation and
total removal rates of MO, the optimal mass ratio of RGO in
KPW-RGO is 3.0 wt%. As for the NH4PW-RGO composites,
adsorption removal rates of MO on the NH4PW-0.5RGO,
NH4PW-1RGO, NH4PW-3RGO, and NH4PW-5RGO are
9.44%, 11.30%, 33.03%, and 58.67%, respectively. The ad-
sorption removal rates of MO on NH4,PW-RGO roar from
9.44%t0 58.67% with the increasing mass ratios of RGO from
0.5 to 5.0 wt% in the composites. Photocatalytic degradation
removal rates of MO on NH,PW-0.5RGO, NH,PW-1RGO,
NH4PW-3RGO, and NH4PW-5RGO are 45.04%, 83.44%,
62.16%, and 37.38%, and the total removal rates of MO on
them are 54.48%, 94.74%, 95.18%, and 96.05%, respectively
(Fig. 9b). From the view of photocatalytic degradation remov-
al rate, the optimal mass ratio of RGO to NH4PW-RGO is
1.0 wt% for MO removal.

The evaluation of photocatalytic activity

In order to compare the photocatalytic activity of two prepared
phosphotungstic acid salts/reduced graphene oxide composites
under optimal degradation conditions and investigate the role of
RGO in two composites, the photocatalytic degradation of MO
over KPW, KPW-3RGO, NH,PW, and NH,PW-1RGO, and
photolysis of MO was carried out and the results are shown in
Fig. 10. The optimal degradation conditions of MO over KPW
and KPW-3RGO are 20 mg/L MO initial concentration, 0.6 g/L
dosage, and pH value of 4.0. The optimal degradation conditions
of MO over NH,PW, and NH,PW-1RGO are 20 mg/L MO
initial concentration, 1.0 g/L dosage, and pH value of 4.0. The
adsorption removal rates of MO on the KPW, KPW-3RGO,
NH4PW, and NH,PW-1RGO are 6.35%, 29.63%, 4.48%, and
11.30%, respectively. Photocatalytic degradation removal rates
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phosphotungstic acid ammonia 0.5 wt%/reduced graphene oxide
(NH4PW-0.5RGO), phosphotungstic acid ammonia 1 wt%/reduced
graphene oxide (NH4PW-1RGO), phosphotungstic acid ammonia
3 wt%/reduced graphene oxide (NH4PW-3RGO), and phosphotungstic
acid ammonia 5 wt%/reduced graphene oxide (NH4,PW-5RGO) (b, 1.0 g/
L). The arrow indicates the beginning of UV light irradiation

of MO on KPW, KPW-3RGO, NH4,PW, and NH,PW-1RGO
are 37.58%, 67.23%, 68.32%, and 83.44% and the total removal
rates of MO on them are 43.93%, 96.86%, 72.80%, and 94.74%,
respectively. The total removal ratio of photolysis is only 11.55%
(Fig. 10a). The contributions of RGO to the total removal rates of
MO are 52.93% and 21.88% in KPW-3RGO and NH,PW-
IRGO. Among them, the contributions of total RGO in KPW-
3RGO and NH4PW-1RGO to photocatalytic degradation remov-
al rates are 26.35% and 15.12%. However, the RGO content in
KPW-3RGO is 3 times that in NH,PW-1IRGO. Therefore, the
contribution efficiency RGO in NH,PW-1RGO is better than that
in KPW-3RGO. Figure 10b shows that the kinetic rate constant of
MO over KPW-3RGO (0.01989 min ") is 5.42 times of that of
KPW (0.00367 min "), and NH,PW-1RGO (0.0184 min ") is
2.26 times of that of NH,PW (0.00814 min ). The rate constant
of photolysis is only 8.4 x 10°*. The enhanced photocatalytic
activity is ascribed to photo-induced interfacial charge transfer
on the heterojunction between RGO and NH4PW or KPW and
strong adsorption ability of RGO towards MO. In addition, the
total RGO amount in KPW-3RGO plays a much more important
role in enhancing the pure KPW than that in NH,PW-1RGO. The
major reason may be that KPW particles are much smaller than
pure KPW because the introduced RGO into KPW-3RGO makes
the KPW crack and RGO has better contact with smaller KPW
(seen in Fig. 3 TEM). Compared with the HPW-RGO
(0.00892 min ') which was reported in the previous work (Xia
et al. 2017), the KPW-3RGO and NH4PW-1RGO composites
have extraordinary excellent photocatalytic activity.

The recyclable experiment

In order to investigate the photochemical stability of the pre-
pared KPW-3RGO and NH4PW-1RGO photocatalyst, the
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Fig. 10 Direct photolysis (20 W UV light, main wavelength 254 nm) and
adsorption and photocatalytic decomposition time courses of MO (initial
concentration 10 mg/L) on KPW (phosphotungstic acid potassium),
phosphotungstic acid potassium 3 wt%/reduced graphene oxide (KPW-

repeated experiments were carried out and are shown in Fig.
11. After each photocatalytic reaction, the photocatalyst was
centrifuged and washed by anhydrous alcohol for reuse and
then the next cycle started with initial MO concentration of
20 mg/L. We can see that after three cycles, the removal rates
of MO on KPW-3RGO photocatalyst decrease from 89.19 to
63.77%, and the removal rates of MO over NH,PW-1RGO
photocatalyst decrease from 90.48 to 49.98%. The experiment
results show that the removal rate of MO on two composites
decrease gradually because MO has not been removed after
the first cycle finishes (for this kind of composites, the
decoloration rate does not reach 100% even although the deg-
radation time is lengthened) and the residue MO on the cata-
lyst surface is still into next cycle even after washing with
ethanol. Moreover, it is possible that the reduced graphene
oxide sheet can be photocatalytically degraded by KPW and
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Fig. 11 Recycled degradation of MO over phosphotungstic acid
potassium 3 wt%/reduced graphene oxide (KPW-3RGO) and
phosphotungstic acid ammonia 3 wt%/reduced graphene oxide
(NH,PW-1RGO)
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3RGO, 0.6 g/L), phosphotungstic acid ammonia (NH4PW), and
phosphotungstic acid ammonia 1 wt%/reduced graphene oxide
(NH4PW-1RGO, 1.0 g/L) (a) and the corresponding first-order plots (b)

NH4PW, which also make the photocatalytic activity of com-
posites decrease (Akhavan et al. 2010). In all, the results sug-
gest that the two composites can be separated via centrifuga-
tion and it can be reused even if the stability of photocatalytic
performance will decrease with the increasing of reuse time
compared to polyoxometalates/RGO reported in the
references.

Conclusion

In conclusion, in order to improve recyclability, stability,
and the photocatalytic activity of polyoxometalates, we
successfully prepared two kinds of KPW-3RGO and
NH4PW-1RGO composites via hydrothermal treatment.
The crystal phase structure, morphology, and chemical
composition of them were comparatively investigated in
detail. The result shows that the prepared materials have
extraordinary excellent photocatalytic activity and good
adsorption ability for MO. The enhanced photocatalytic
activity is ascribed to photo-induced interfacial charge
transfer on the heterojunction between RGO and NH,PW
or KPW and strong adsorption ability of RGO towards
MO. In addition, the total RGO amount in KPW-3RGO
plays a much more important role in enhancing photocat-
alytic activity of pure KPW than that in NH4,PW-1RGO.
Most importantly, KPW-3RGO and NH4,PW-1RGO have
excellent recyclability and relatively good stability com-
pared with polyoxometalates/RGO, which cannot be
reused.
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