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Abstract: Developing photocatalysts with molecular recognition function is very interesting and
desired for specific applications in the environmental field. Copper ferrite/N-doped graphene
(CuFe;O4/NG) hybrid catalyst was synthesized and characterized by surface photovoltage
spectroscopy, X-ray powder diffraction, transmission electron microscopy, Raman spectroscopy,
UV-Vis near-infrared diffuse reflectance spectroscopy and X-ray photoelectron spectroscopy.
The CuFe;O4/NG catalyst can recognize ammonia from rhodamine B (RhB) in ammonia-RhB mixed
solution and selectively degrade ammonia under visible near-infrared irradiation. The degradation
ratio for ammonia reached 92.6% at 6 h while the degradation ratio for RhB was only 39.3% in a mixed
solution containing 100.0 mg/L NH3-N and 50 mg/L RhB. Raman spectra and X-ray photoelectron
spectra indicated ammonia adsorbed on CuFe;O4 while RhB was adsorbed on NG. The products of
oxidized ammonia were detected by gas chromatography, and results showed that N, was formed
during photocatalytic oxidization. Mechanism studies showed that photo-generated electrons flow
to N-doped graphene following the Z-scheme configuration to reduce O, dissolved in solution,
while photo-generated holes oxidize directly ammonia to nitrogen gas.

Keywords: molecular recognition; selective photocatalysis; N-doped graphene; copper ferrite;
Z-scheme configuration; Ammonia

1. Introduction

The selectively photocatalytic oxidization of specific pollutants in practical multicomponent
systems such as waters contaminated by organics and ammonia is of significance for the removal of
specific pollutants. The World Health Organization recommends that the total amount of ammonia
(NH3) in drinking water should not exceed 1.5 mg/L [1]. Therefore, the development of the
photocatalysts with the specific response to NHj is very vital for the removal of ammonia in water
treatments, which involves the molecular recognition to NHj3.

CuFe;0y is an interesting material with the band gap of 1.7 eV due to its unique electronic
configuration of valence shell (Cu 3d'%4s!) [1]. It has been widely applied in magnetic memory,
high-frequency devices, sensors, drug delivery, anode materials, and catalysts owing to its advantages
of environmental benignity, moisture insensitive, high dispersion, high reactivity, low price,
large abundance of Cu and easy separation with an external magnet [2-5]. CuFe,O,4 was coupled

Catalysts 2018, 8, 405; doi:10.3390/ catal8100405 www.mdpi.com/journal/catalysts


http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
https://orcid.org/0000-0002-3774-4180
http://www.mdpi.com/2073-4344/8/10/405?type=check_update&version=1
http://dx.doi.org/10.3390/catal8100405
http://www.mdpi.com/journal/catalysts

Catalysts 2018, 8, 405 2 of 19

to graphene [6], TiO; [7], AgBr [8] and AgsPO4 [9] to fabricate composites for degrading organic
pollutants. Wang and co-workers utilized CuFe;O, as a photocatalyst to selectively degrade methylene
blue in the presence of methylene orange, rhodamine B and rhodamine 6G, and the authors attributed
the selective degradation to the specific interaction of active sites of catalyst with the methylene blue
molecule [10]. To the best of our knowledge, however, the coupling of CuFe,O, to nitrogen-doped
graphene (NG) for the selective photocatalytic oxidization of NH3 has not been reported.

Graphene is a two-dimensional sp2-hybridized carbon material with unique properties such
as excellent charge transport, outstanding transparency, huge specific surface area, high mechanical
strength and superior thermal conductivity, so it was often used as a co-catalyst [11-17]. Moreover,
molecular tailoring (nitrogen atoms were doped into graphene framework) can module its intrinsic
properties to meet the rapidly increasing demand for practical applications in various fields.
For example, nitrogen doping can tailor its electrical properties, open a band gap and allow it to show
semiconducting properties. As a result, nitrogen doping can significantly improve the catalytic activity
toward photocatalytic reactions due to the enhanced electron transportation from semiconductors
to NG and the reduced recombination of the photogenerated electron-hole pairs [18-20]. In the
work, we coupled CuFe;O4 to NG to prepare CuFe;O4/NG hybrid catalyst, it is expected that the
Cu-based hybrid catalyst can recognize ammonia via coordination effect since the formation constant
of Cu(NHj)42* approached 1.1 x 10'3. This large constant implies a strong trend to form a complex
between NH3 molecules and Cu sites, and also capturing capacity of NH; from aqueous solutions.

2. Results and Discussion

2.1. X-ray Photoelectron Spectroscopic Characterization

X-ray photoelectron spectroscopic (XPS) determination indicated the as-prepared NG sample
is composed of C, N and O elements (Figure 1A), in which C 1s, N 1s and O 1s peaks appeared at
~284.6,400.0 and 534.0 eV, respectively. The percentages of C, N and O atoms are 83.24%, 7.84% and
8.92% in NG, respectively. The high-resolution XPS spectra of N, C, and O elements revealed the
presence of the N 1s peaks at 398.7, 399.9, and 401.9 eV, which corresponded to the pyridinic, pyrrolic,
and graphitic nitrogen atoms, respectively [21-23]. The pyridinic and pyrrolic nitrogen atoms are
bonded with two carbon atoms and donate one or two p-electron to the aromatic 7-system. Graphitic
nitrogen, also called “quaternary nitrogen”, indicates that nitrogen atoms have substituted the carbon
atoms in graphene layers [24]. The further studies showed the percentage of pyridinic, pyrrolic,
and graphitic nitrogen atoms was 25.06%, 68.84% and 6.10%, respectively, which is consistent with
those reported [25,26]. The atom ratios of copper to iron in both pure CuFe;O4 and CuFe,O4/NG
samples were also determined, the results are 1:2.17 and 1:2.31, respectively, indicating very close to
the 1:2 stoichiometry.
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Figure 1. A wide-scan XPS spectrum of as-synthesized NG sample (A) and the high-resolution
spectrum of N 1s in NG sample (B).
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2.2. X-ray Powder Diffraction Characterization

Figure 2 presented the X-ray powder diffraction (XRD) patterns of the as-prepared CuFe,O4/NG,
CuFe;O4 and NG samples, with CuFe,O4 exhibiting the typical peaks of spinel ferrites with five
prominent peaks occurring at 20 = 30.28°, 35.75°, 57.80° and 62.83°. These diffraction peaks are
indexed to Bragg planes (220), (311), (511) and (440), respectively. CuFe,;Oj is the major crystal
phase, which is in good agreement with JCPDS 25-0283 for the cubic spinel CuFe,O4 [27,28]. Peaks at
26 =32.90° [plane 110] and 39.11° [plane 111] suggests a small fraction of CuO. The diffraction peak at
26.43° is indexed to Bragg plane (002) assigned to N-doped graphene. The peak at 30.28° from the
CuFep;O4/NG sample, as seen in curve a in Figure 2, is attributed to plane (220) of CuFe;O4 [29,30].
But, the peak did not appear in the single CuFe,O, sample. It showed that NG component makes
CuFe;O4 more regular. In addition, plane (002) assigned to N-doped graphene did not appear in
the CuFe;O04/NG sample, because the amount of NG is very small in the CuFe;O4/NG sample.
The average diameters (D) of the as-prepared CuFe;O4 and CuFe,O4/NG crystal sizes are 12.1 and
14.5 nm, respectively, which were determined using the Scherrer equation D = KA/(Wcos) at a
diffraction angle of 35.75° (26). The average size of CuFe;O4/NG crystals is enlarged by the surface
self-assembly of Cu®* or Fe** ions on NG sheets.
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Figure 2. XRD patterns of the as-prepared CuFe;O4/NG (a), CuFe;O4 (b) and NG (c) samples.

2.3. Transimission Electron Microscope Characterization

Figure 3A,B showed that the CuFe;O, particles were dispersed on a layered structure of NG
sheets. The high-resolution transmission electron microscopy (HRTEM) image displayed the lattice
fringes. The d-spacing value between the adjacent lattice fringes is 0.25 nm (Figure 3C), which is
characteristic of (211) spinel planes [27,28]. The size of CuFe,Oy4 crystals looked uniform; the diameter
of most crystal particles is distributed about 25-30 nm, which is in the scope of the average particle
size of CuFepOy crystals that was estimated by XRD.

Figure 3. TEM image of CuFe;O4 /NG samples (A,B) and HRTEM image of CuFe;O4/NG sample (C).
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2.4. Ultraviolet-Visible Near-Infrared Diffuse Reflectance Spectroscopy

UV-visible near-infrared diffuse reflectance spectra were measured to elucidate the enhanced
photocatalytic activity of the CuFe;O4/NG hybrid catalyst. Compared with curve b (CuFe;Oy4) in
Figure 4, curve a (CuFe;O4/NG) underwent a red-shift, indicating the CuFe;O4 /NG hybrid catalyst
can harvest more incident light energy.

Two Tauc-curves of the CuFe;O4/NG and CuFe;Oy catalysts for the direct transition were
obtained using transformation data from Figure 4 and are presented in Figure 5, respectively.
Extrapolation of linear portions of the curves towards absorbance axis to zero (y = 0) gave a band
gap (Eg) of direct transitions. The direct band gap estimated for the CuFe,O4 sample is equal to
1.70 eV, which is in very good agreement with that reported [31]. As expected, the band gap for the
CuFe;O4/NG sample shifted to 1.50 eV, the red-shift of 0.20 eV exhibited a strong electron-orbital
interaction between NG and CuFe;O4 and a widened absorption scope of solar irradiation. In fact,
the absorption edge for the CuFe,O4/NG composite catalyst was extended to 870 nm as indicated in
curve a in Figure 4. This wavelength falls in the scope of near-infrared light irradiation, which revealed
the CuFe;O4 /NG composite catalyst can utilize near-infrared irradiation for photocatalysis.
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Figure 4. UV-visible near-infrared diffuse reflectance spectra of CuFe,O4/NG (a), CuFe;Oy (b) catalysts.
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Figure 5. Tauc-plots for direct transition of CuFe;O4 /NG (a), CuFe;Oy (b) catalysts.

2.5. Molecular Recognition and Selective Photocatalysis

Figure 6 presented the separate degradation of ammonia and RhB using CuFe;O4/NG as the
photocatalyst under visible near-infrared irradiation. The degradation ratios of 96.3% for ammonia
and of 63.6% for RhB were achieved, respectively, at 5 h under visible-near-infrared irradiation in
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100 mg/L ammonia solution alone and 50 mg/L RhB solution alone (for the blank or controlled tests,
see Figure S1 in Supplementary Materials). The facts show that the photocatalyst can degrade both
ammonia and RhB in a single-component solution. The degradation for organic pollutants is consistent
with the references reported by Qu and Wang [32,33]. In a mixture of ammonia and RhB with the same
concentration of ammonia and RhB as that in Figure 6, however, the degradation ratio for ammonia
reached 92.6% at 6 h whereas the degradation ratio for RhB decreased to 39.3% as shown in Figure 7.
The high degradation ratio for ammonia but low one for RhB in the mixed solution confirms the
CuFepO4/NG photocatalyst prefers to degrade ammonia in mixed solution containing ammonia and
organic compounds under visible near-infrared irradiation. The phenomenon also occurred between
ammonia and methyl orange. The preference indicates that the CuFe,O4/NG photocatalyst can
selectively eliminate ammonia.
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Figure 6. Photocatalytic degradation of ammonia (a) and RhB (b) in 100 mg/L ammonia-N solution

alone and in 50 mg/L RhB solution alone, respectively. The CuFe;O4/NG catalyst of 0.1 g was used in
50 mL volume with pH 9.5 under visible light irradiation.
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Figure 7. Selective degradation of ammonia (a) and RhB (b) in a mixed solution containing 100 mg/L
ammonia-N plus 50 mg/L RhB. The other conditions are the same as those in Figure 6.
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2.6. Effect of NG Content

In order to obtain the optimal degradation conditions, the mass ratio of NG to CuFe,O4 was
optimized, the results were shown in Figure 8 (see detailed information in Figure S2 in Supplementary
Materials), the mass percentage of 6% for NG to CuFe,O;, resulted in an optimal degradation ratio
(96.3%) at 5 h. Comparative studies showed that the CuFe;O4/NG catalyst possessed the highest
activity for ammonia, compared with those of the CuFe;O4 and CuFe;O4/1rGO catalysts (see Figure S3
in Supplementary Materials). Therefore, NG can enhance the photocatalytic activity of CuFe,Oj.
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Figure 8. Dependence of photocatalytic activity for the as-prepared CuFe,O4/NG photocatalyst on
NG percentage.

2.7. Degradation Kinetics

The different initial concentrations of ammonia were used as desired while the dosage of 0.1 g
catalyst in 50.0 mL solution with pH 9.5 was kept constant. The degradation kinetic curves for
the various ammonia concentrations were shown in Figure 9. The parameter In(Cy/Cy) is linearly
proportional to the irradiation time t, following a pseudo-first order kinetic equation

In(Cy/Ct) = Kapp t + b 1)

The average value of the apparent rate constant kpp can be estimated as 0.3224 h™!, the standard
error is equal to 0.01278.
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Figure 9. Dependence of In(Cy/C;) on irradiation time in 50 mL solutions at pH 9.5 during the
photocatalytic degradation of ammonia at different concentrations of 25, 50, 75, 100 mg/L with 0.1 g
CuFe;O4/NG catalyst.
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2.8. Stability of CuFe,Oy4/NG Catalyst

The cyclic tests were performed in order to evaluate the catalytic stability during a series of
experiments. The catalyst of 0.1 g CuFe,O4/NG was tested in six consecutive experiments using the
fresh ammonia solutions. The reaction time was about 5 h for each run. At the end of the previous
experiment, the catalyst was collected using an external magnetite, and then separated and washed
with deionized water for three times. It was observed that the sixth photocatalytic degradation
ratio of ammonia using the same CuFe;O4 /NG catalyst still achieved 92% (Figure 10), showing the
CuFe;O4/NG catalyst is very stable. The spent catalyst was taken out after 6 runs and it was measured
by TEM to confirm the stability. As seen in Figure 54 in Supplementary Materials, the nanoparticles
were still distributed on NG sheets, the d-spacing value of 0.25 nm indicated that the adjacent lattice
fringes of (211) spinel planes remained.
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Figure 10. Cyclic tests for checking CuFe,O, /NG stability. The volume of the test solutions is 50 mL,
which contained 100 mg/L ammonia-nitrogen at pH 9.5 under visible-near-infrared irradiation.

2.9. Identification of Products

According to Chio’s and Butler’s investigations [1,34], ammonia was oxidized into N, and
NO;™ (NOz ™) by two paths. One is through a series of NHp, 'NH, NaH,y(x+y =0,1,2) intermediates,
giving out N, as a consequence. The other is to form the HONH; and NO,~ intermediates,
finally generating NO3 ™. NO3™ or NO, ™ ions will appear the absorption band in the wavelength
range of 200 to 260 nm if there exists NO3~ or NO; ™ in aqueous solution [33] (see Figures S5 and S6 in
Supplementary Materials).

In our case the ultraviolet—visible spectroscopic measurements displayed that there is not any
absorption band from 200 nm to 260 nm except noise wave during the photocatalytic process as shown
in Figure 11, suggesting neither nitrite nor nitrate were formed during the degradation process since
NO;~ and NO3~ can generate the absorption peaks at 211 nm and 206 nm, respectively [34-36].
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Figure 11.
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Ultraviolet-visible absorption spectra of ammonia solution during photocatalytic

degradation process at 0, 1, 2, 3, 4, 5 h, respectively. Experimental conditions as follows:
the concentration of ammonia-nitrogen, 100 mg/L; catalyst mass of CuFe;O4/NG, 0.1 g; solution
volume: 50 mL with pH 9.5.

In order to confirm the product of oxidized ammonia, the detection of nitrogen gas (N;) was
performed during the photocatalytic degradation of ammonia in the sealed photocatalytic reaction
system mentioned previously, in which a 50 mL aqueous solution containing 100.0 mg/L NH;3-N was
irradiated under visible-near-infrared light, the mixed gas of oxygen and argon was cycled, and the
released N, was detected with gas chromatograph. The results were displayed in Figure 12. During the
visible-near-infrared light irradiation, the peak of O, gas in the sealed reaction system was declining
with irradiation time, while the peak of N, gas was boosting with the irradiation time, indicating the
generation of Nj gas during the photocatalytic decomposition of ammonia.
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Figure 12. Gas chromatograms during the photocatalytic degradation of ammonia under visible
near-infrared light irradiation at t = 0.0, 2.0, 4.0, 6.0 and 8.0 h, respectively.
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2.10. Molecular Recognition Evidence

In order to explore the mechanism for the selective degradation of ammonia, Raman spectroscopic
measurements were performed before and after the CuFe,O4/NG catalyst was immersed in NHj
solution and NH3-RhB mixed solution, respectively. Figure 13 displayed the Raman spectra of the
CuFep;O4/NG catalyst (a) itself and NH3 adsorbed on the CuFe,O,4/NG catalyst (b) and both NH3
and RhB adsorbed on the CuFe;O4 /NG catalyst (c). As to the assignments of the Raman shifts of
the CuFe,O4 component in the composite catalyst, they were listed in Table 1 based on the FeO4
symmetry [37].

Besides the Raman peaks of CuFe,O4/NG itself, a new peak at 1100 cm ™! appeared in Raman
spectra both (b) and (c) after the CuFe,O4 /NG catalyst was immersed in NHj3 solution and NH;3-RhB
mixed solution, respectively. This Raman shift at 1100 cm ! was assigned to the bending vibration of
NH;3-H;O complex [38]. Thus, it unambiguously revealed that NHj3 was adsorbed on the CuFe;O4 /NG
catalyst in both cases.

For RhB Raman shifts, it is known that the spontaneous Raman shift range of RhB is from 500 to
1700 cm ! [39], thus, the shift at 602 cm ™! from Raman spectrum (c) in Figure 13 was attributed to
the C-C bending vibration of xanthene ring in the molecular structure of RhB [40,41]. For the NG
component, there were two Raman shifts located at 1372 and 1580 cm !
respectively, which were attributed to D (defect-induced mode) and G (in-plane vibration mode) bands.
The G band (1580 cm ™ !) derived from the G (1610 cm ') of the pristine graphene, which also confirmed
that nitrogen atoms were incorporated into graphene framework [42,43]. Compared with curve (b),
the significant shifts occurred of D and G bands after the CuFe;O4 /NG catalyst was immersed in
NH;3-RhB mixed solution, as seen curve (c). The D and G bands were shifted from 1372 and 1580 cm ™!
to 1308 and 1560 cm !, respectively, which indicated the strong interaction between NG sheets and
RhB, thereby RhB being adsorbed on NG sheets. It is reasonable that the 7--rt interaction between NG
and RhB occurs because there are 7 bonds in their planar aromatic moieties [44,45] (for RhB structure,
see Figure S7 in Supplementary Materials). However, compared with curve (a) in Figure 13, no shift of
the D and G bands appeared in curve (b) after the CuFe,O4/NG catalyst was immersed in the single
NHs; component solution. It suggested that NH; was adsorbed preferentially on CuFe;O4 moiety;,
but not NG, in the composite catalyst.

as seen in curves (a) and (b),
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Figure 13. Raman spectra of the CuFe;O4/NG sample (a), the CuFe,O4/NG sample after being
immersed in 100 mg/L NH3-N solution for 4 h (b) and the CuFe;O4/NG sample after being immersed
in 100 mg/L NH;3-N and 50.0 mg/L RhB mixed solution for 4 h (c).
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Table 1. Assignments of Raman shifts for CuFe,O4/NG.

Mode T (F2g) T/L v2 v4 v4 v3 v3 vl
a* 170 223 285 378 452~472 565 684 722
b 180 241 285 378 472 565 684 725

c - 216 285 397 489 - 656 693

* (a), CuFe;04/NG; (b), CuFe;04 /NG after being immersed in 100 mg/L NHj solution; (c), CuFe;O4 /NG after
being immersed in 100 mg/L NHj3 and 50 mg/L RhB mixed solution.

In order to confirm ammonia adsorbed on CuFe;Oy, the single CuFe;O4 sample (to avoids
interference of nitrogen from NG) was synthesized and immersed in 100 mg/L NH3-N solution
for 4 h for adsorption, then it was taken out and washed with deionized water for three times to
remove ammonia adsorbed physically. Finally, it was dried at 60 °C in a vacuum chamber for XPS
measurement. For the sake of contrast, other CuFe,O4 component that was not immersed in NH3
solution was also used for XPS measurement. Figure 14 displayed the high-resolution XPS spectrum
of N 1s in the CuFe;O4 sample after it was immersed in a 100 mg/L NH3-N solution. It indicated
evidently the presence of nitrogen atoms, whereas an N 1s peak was not detected out when the
CuFepO4 sample was not immersed in such 100 mg/L NH3-N solution. The dissimilarity implies
that ammonia was adsorbed on the CuFe,O4 sample when it was immersed in ammonia solution.
Deconvolution of the XPS spectrum of N 1s may be ascribed to the Eb of NHj3 (399.97 eV), copper-NHj3
(398.30 eV) and NO, ™ [46], which implied ammonia is partly oxidized in air atmosphere.

399.62
b

Intensity / a.u.

302 396 400 404 408 412
Binding energy / eV

Figure 14. High-resolution XPS spectrum of N 1s on the CuFe,O4 sample after it was immersed in 100
mg/L NH;3-N solution.

Furthermore, the coordination between NH3 and Cu(Il) or Fe(IIl) was identified by XPS technique.
The high-resolution XPS measurements of Cu 2p and Fe 2p in the CuFe,O4 sample were conducted as
shown in Figures 15 and 16 before (a) and after (b) the CuFe;O4 sample was immersed in 100 mg/L
NH3-N solution, respectively. Very interestingly, the shifts of Eb at 933.10 eV for Cu 2p 3/2 (0.75 eV)
and at 953.06 eV for Cu 2p 1/2 (0.50 eV) were observed [47], implying that the chemical surroundings
of copper in the CuFe,O4 sample were altered after it was immersed in 100 mg/L NH3-N solution.
However, the shifts of Eb at 710.56 eV for Fe 2p 3/2 and Eb at 724.10 eV for Fe 2p 1/2 were not
observed as shown in Figure 15 [48]. It is well known that the formation constant of Cu(NHj3),%*
is up to 1.1 x 10'3. Thus, it is reasonable that the CuFe;O, /NG catalyst can recognize ammonia
via a coordination effect between copper atoms in the catalyst and nitrogen atoms in ammonia; it is
concluded that the coordination interaction occurred between copper, but not iron and ammonia.
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Figure 15. High-resolution XPS spectra of Cu component in the CuFe,O, sample before (a) and after
(b) it was immersed in 100 mg/L NHj3-N solution, respectively.
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Figure 16. High-resolution XPS spectra of Fe 2p in the CuFe,O; sample before (a) and after
(b) adsorbing ammonia.

2.11. Reaction Mechanism

The surface photovoltage spectroscopy (SPV) was utilized to explore the transfer of the
photo-generated holes and photo-generated electrons in order to elucidate the degradation mechanism
of ammonia. As known, the surface photovoltage is defined as the illumination-induced change in the
surface potential [49], being equal to the difference between the surface potential under illumination
and the surface potential in dark given by Equation (2)

SPV = Vsgiy — VS(dark) @

As far as the band-to-band transitions are concerned, a positive response of SPV means that
the photo-generated holes move to the irradiation side of the sample, whereas the photo-generated
electrons move into the bulk of the sample [50,51]. That is, the semiconductor material is an n-type
semiconductor in this case. On the contrary, a negative response represents a p-type semiconductor.
In the present case, the SPV responses measured for the CuFe,O4 sample were shown in Figure 17.
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Figure 17. SPV spectra of the CuFe,O4 sample biased by an external electrical field at zero (a), +0.1 V (b)
and —0.1V (c).

Curve (a) in Figure 17 presents a positive response under incident light illumination, suggesting
that the photo-generated holes move to the illuminated surface of the CuFe,O4 sample. Applying a
positive bias of 0.1 V to the CuFe,O4 sample suppressed the holes moving to the surface, resulting
in a decreased SPV response (b); whereas a negative bias of 0.1 V promoted the holes moving to the
surface, leading to an increased SPV response (c). It can be concluded from these facts that the CuFe;O4
material is an n-type semiconductor in the case [52,53]. The XPS valence band spectra for the CuFe;O4
and NG semiconductor materials have been determined as shown in Figure 18A,B. The valence bands
are equal to 1.7 eV and 1.4 eV for CuFe,O,4 and NG [54], respectively. The conduction bands are equal
to 0.2 eV and —0.1 eV for CuFe;O4 and NG, respectively, based on their measurements of band gaps.
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Figure 18. XPS valence band spectra of CuFe;O4 /NG (A) and NG (B).

UV-visible near-infrared diffuse reflectance spectrum of NG sheets has been measured as shown
in Figure 19. As seen, the absorption edge of NG sheets extended to near-infrared region, the insert
indicated a direct band gap of 1.50 eV for the as-synthesized NG sheets, corresponding to 826 nm
near-infrared incident light. As Eda and Chai have postulated that isolated sp2 nanodomains are likely
to exhibit quantum confinement-induced semiconducting behavior [55,56]. The local energy gaps of
m-7t* transition then vary depending on the size, shape and fraction of these sp2 domains. The smaller
this sp2 domain, the higher the outcome of the energy gap [53]. The calculated energy gap between
HOMO and LUMO for a cluster of 37 rings is ~2 eV, and this energy gap progressively increases to
~7 eV for a single benzene ring [57]. Therefore, it is reasonable that the as-synthesized NG sheets
work as a semiconductor with a band gap of 1.50 eV in the present case. The conduction band of NG
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sheets can thereby be estimated as —0.10 eV based on its band gap of 1.50 eV and valence band of
1.40 eV measured in Figure 18B.
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Figure 19. UV-visible near-infrared diffuse reflectance spectrum of the NG sample. Tauc-plots for the

direct band-gaps of the NG sample.

Under consideration of the standard electrodes (E? for N, /NHj redox is 0.057 V vs. NHE, E for
0,/Hy01is 1.23 V vs. NHE), a Z-scheme mechanism can be suggested as demonstrated in Scheme 1 [2,8].

E vs NHE
A Visible-near-infrared irradiation
O
e 2
Ec=-0.10V
H,O
vA ¢
Ec=0.20 V - . -
P
A\
Ev=140V

«-0h
Ev=1.70V NH;

N,

Scheme 1. Z-scheme photocatalytic mechanism of CuFe;O4/NG. The photo-generated holes leave on
CuFe; Oy to oxidize NHj to Ny, while the photo-generated electrons on the conduction band of CuFe;O4
flow to NG sheets along the Z-scheme configuration to reduce O, molecules under visible-near-infrared

light irradiation.

As mentioned previously, NH3 molecules were selectively adsorbed on the CuFe,O4 component,
while RhB molecules were dominantly adsorbed on the NG sheets by 7-7 interaction. Therefore,
NH3 molecules were oxidized by photo-generated holes on the valence band of copper ferrite to N,.

2NH3 +6ht = Ny + 6H"* (3)

At the same time, photo-generated electrons reduce O, dissolved in solution to H,O, through
O, - first, then continue to reduce H,O, to H,O [58].

Oy+e =0y 4)

02_~ +2H" +e” = H202 (5)
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H202 +2H" +2e” = ZHZO (6)

Thus, the overall photocatalytic reaction can be formulated as follows in Scheme 1.
2NHj3 + 3/20; = N + 3H,O (7)
3. Experimental Section
3.1. Synthetic Procedures

3.1.1. Synthesis of N-Doped Graphene

Hummers” method was initially adopted to synthesize graphene oxide (GO) as our group has
previously synthesized [59] and NG was synthesized as the reference [25]. The as-synthesized GO
(0.1000 g) was ultrasonically dispersed in 25.0 mL of deionized water. Urea (30.0000 g) was dissolved
in 25.0 mL of deionized water under stirring. The urea solution was added dropwise to the GO
suspension solution under stirring. Subsequently, deionized water of 10 mL was added in the mixture
and ultrasonicated for 2 h. After that, the mixture was transferred to a Teflon-lined stainless-steel
autoclave with a volume of 60 mL, sealed and heated to 170 °C for 12 h to form NG. Finally, the resulting
product was filtered, washed and dried in a vacuum chamber for use.

3.1.2. Synthesis of CuFe,O4/NG

A one-step hydrothermal route has been used for preparing CuFe,O4/NG samples [60].
Cu(NO3),-3H,0 (1.2080 g, 0.005 mol) and Fe(NO3)3-9H,O (4.0400 g, 0.01 mol) were separately
dissolved in 10.0 mL of deionized water. NG (0.072 g, 6.0% of the CuFe,O4 mass) was dispersed in
10.0 mL of deionized water by an ultrasonic vibrator. The Cu(Il) and Fe(III) solutions were added to
NG suspension solution under stirring. NaOH (1.6 g, 0.04 mol) was dissolved in 10.0 mL of deionized
water, and this solution was added dropwise to the mixed suspension solution described above under
continuous stirring. Deionized water was also added to the suspension to obtain a final volume of
60 mL. The suspension solution was then transferred to a 100 mL Teflon-lined stainless-steel autoclave
that was subsequently sealed and maintained at 180 °C for 10 h. The solution was cooled to room
temperature and filtered to obtain CuFe,O,/NG precipitates. The CuFe,O4 nanoparticles can be
formed by reaction Equation (4). The products were rinsed thrice with water to remove excess NaOH
and other electrolytes and dried at 60 °C in a vacuum chamber for use.

Cu(NOs), + 2Fe(NO3); + 8NaOH = CuFe,O; + 8NaNOj; + 4H,0 8)

3.2. Photovoltage Characterization

Surface photovoltage spectra were recorded using a lock-in amplifier (SR830, Stanford Research
Systems, Sunnyvale, CA, USA). The measurement system was composed of a 500 W xenon lamp,
a monochromator (SBP500, Zolix Instruments Co., Ltd., Beijing China), a lock-in amplifier with a
light chopper (SR540, Stanford Research Systems, Sunnyvale, CA, USA), and a sample chamber.
The xenon lamp emitted incident photons with various wavelengths, which then passed through the
monochromator to provide monochromatic light. The light was chopped with a frequency of 23 Hz,
and its intensity depended on the spectral energy distribution of the lamp. The monochromator and
the lock-in amplifier were controlled by a computer. The input resistance of the lock-in amplifier was
set as 10 MQ). SPV spectra were recorded by scanning from low to high photon energy. A UV-cutoff
filter (A > 420 nm) was employed at incident photon energy hv < 2.14 eV (A > 580 nm) to remove
the frequency and double the amount of light generated by the grating monochromator (doubled
frequency of A > 580 nm). The system was calibrated by a DSI200 UV-enhanced silicon detector
to eliminate possible phase shift not correlated with the SPV response; thus, any phase retardation
reflected the kinetics of SPV response [61].
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3.3. Molecular Recognition and Selective Photocatalysis

Photocatalytic experiments were conducted under visible-near-infrared irradiation (A > 400 nm).
A 300 W UV-visible lamp (OSRAM, Munich, Germany) was used as a light source. Photocatalytic
degradation was performed in a 100 mL beaker at room temperature (25 £ 2 °C). The distance
between the lamp and test solution was approximately 10 cm, and the wall of the beaker was
shielded from surrounding light by aluminum foil. Visible-near-infrared light was allowed to pass
through a A > 400 nm cut-off filter covering the window of the beaker; this filter absorbed UV light
and allowed visible-near-infrared light of A > 400 nm to pass through. In a typical photocatalytic
experiment, 50 mL of test solution was used. The NHj solutions were prepared according to the
desired concentrations, and the CuFe;O4/NG catalyst of 0.1 g was used for the photocatalytic
experiments. NaHCO3-Na;COj3 (0.1 mol/L) buffer was used to control the pH of the test solutions.
For the selective photocatalytic degradation, the CuFe,O4/NG catalyst of 0.1 g was immersed in
NH3-RhB mixed solution for 2 h first, then the visible-near-infrared light source was turned on for the
photocatalytic tests.

A double-beam TU-1901 spectrophotometer (PGENERAL Instrument Limited-liability Company,
Beijing, China) was used to determine the concentration of NHj3 by reaction with Nessler
reagent during the photocatalytic process. Nessler reagent is an alkaline solution of dipotassium
tetraiodomercurate(ll), this reagent was prepared by dissolving 10 g of Hgl, and 7 g of KI in water,
adding to NaOH solution (16 g NaOH in 50 mL of water), and then diluting with deionized water to
100 mL. The reagent was stored in dark bottles and diluted properly before analysis. NHj reacts with
this reagent to yield colored solutions via Reaction (2) previously. As the absorbance of the solutions
showed a maximum value at 392 nm, the absorbance was measured at the wavelength of 392 nm.

The procedures for the stability tests are follows: The CuFe;O4/NG catalyst was sunk by
a magnetic field outside due to the CuFe,O, magnetism after the last test finished. And then,
the supernatant solution tested was poured out, the solid catalyst was kept in. Finally, a 50 mL
fresh NHj3 solution was poured into the reactor. Subsequently, the next test was carried out again.

4. Conclusions

The composite photocatalyst composed of copper ferrite and N-doped graphene enables to
recognize ammonia from NH3-RhB mixed solution. The measurements of gas chromatography show
that the composite photocatalyst oxidizes NHj selectively to non-toxic N, under visible near-infrared
light irradiation, thereby fulfilling the removal of nitrogen, the effect solar use and purification of
water. The mechanism studies indicate that the photo-generated electrons flow to N-doped graphene
following the Z-scheme configuration to reduce O, dissolved in solution.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344 /8 /10/405/s1,
Figure S1: Blank test. (a) visible-near-infrared irradiation without the photocatalyst; (b) 0.1 g CuFe;O4 /NG catalyst
used in solution without irradiation; (c) 0.1 g CuFe,O4 /NG catalyst used in solution under visible-near-infrared
irradiation. The solution used is a 50 mL solution containing 100 mg/L ammonia-nitrogen at pH = 9.5.
Figure S2: Effects of NG percentage on the photocatalytic activity of the as-prepared CuFe,O4/NG photocatalyst.
0.1 g photocatalyst in 50 mL solution at pH 9.5 containing 100 mg/L ammonia-nitrogen. Figure S3: Photocatalytic
degradation of ammonia using different catalysts: CuFe,O4 /NG (a), CuFe;O4/rGO (b), and bare CuFe; Oy (c)
in 100 mg/L ammonia-N solution, respectively. The catalyst of 0.1 g was added in 50 mL solution containing
100 mg/L ammonia-N with pH 9.5 under visible-near-infrared irradiation. Figure S4: HRTEM image of the
CuFe;O4 /NG catalyst after it was tested for 6 runs. Figure S5: The absorption spectra of nitrate and nitrite standard
solutions containing 1 mg L.~! of nitrogen. It is from the reference (see reference: D. L. Miles, C. Espejo, Comparison
Between an Ultraviolet Spectrophotometric Procedure and the 2,4-Xylenol Method for the Determination of Nitrate
in Ground waters of Low Salinity, Analyst, 1977,102, 104-109). Figure S6: The calibration curve of NO3 ™ in the
concentration range of 0.2-5.0 mg/L. Figure S7: The chemical structure of Rhodamine B.
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