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ABSTRACT

In this work, Ag and Pt were compared as a co-catalyst on graphitic carbon nitride (g-C,N,) for the
enhanced photocatalytic activity of water spilitting into hydrogen generation. In order to prepare
Ag/g-C,N,and Pt/g-C,N,, initial adsorption of noble metal ions was performed on the g-C,N, sur-
face, followed by reducing them by using NaBH,. Decoration of Ag or Pt nanoparticles on g-C,N, can
extend the visible light adsorption and promote segregation of the photogenerated carriers, which
contribute to an improved photocatalytic performance. Pt/g-C,N, has a higher photocatalytic activ-
ity in water spilitting for H, generation (841 umol g h™) than that of Ag/g-C,N, (305 pmol g h™),
however, almost no H, generation for pure g-C,N,. For checking the photogenerated holes, *OH gen-
eration rate was tested by using the reaction of terephthalic acid (TA) with *OH to form 2-hydroxy-
terephthalic acid (TAOH). On the basis of experimental results and theoretical calculation, a possible
photocatalytic mechanism is put forward. It is suggested that Pt can play a better role as the co-cata-
lyst than Ag can, due to the d-centre of Pt is closer to Fermi level than that of Ag on the g-C N, surface,
which can promote the charge separation and accelerate the electron transformation.
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1. Introduction positions of conduction band (CB) and valence band (VB)
[29-34]. Nevertheless, g-C.N, possesses only a weak photo-
catalytic activity for hydrogen generation, owing to the low
usage of solar energy and the fast recombination of photo-
generated charge carriers.

The deposition of noble metals as co-catalysts on the
photocatalyst surface is an effective way to enhance the
photocatalytic activity in many cases [35-37]. The deposited
noble metals mainly have two functions, one is to promote
the segregation of photogenerated carriers, another is to be
worked as the reaction active sites [38—40]. For example,
Maeda et al. loaded g-C N, with Pt, Pd and Au to improve
*Corresponding author. the photocatalytic performance of water splitting into

Environmental pollution and energy crisis have brought
a threat to human survival [1-12]. It is urgent to develop a
green and renewable energy, for example, hydrogen energy
[13-20]. Photocatalytic water splitting to produce hydrogen
that uses of the solar energy and water is one of the most
advanced technology [21-28]. Graphitic carbon nitride
(g-C,N,), being a promising photocatalyst, has gotten
the worldwide attention, due to its satisfaction of the funda-
mental needs for the water-splitting, because of its suitable
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hydrogen generation [41]. The results shows that the pho-
tocatalytic performance of g-C)N, is extensively enhanced
after the decoration of noble metals especially, with Pt dec-
oration [42]. Although the g-C,N,-based photocatalysts with
Pt and Ag as the co-catalyst have very successfully been put
in use for the photocatalytic water splitting, the systematical
investigation on the comparison of these two co-catalysts of
Pt and Ag for enhancing the activity of g-C,N, is very few.

In this work, preparation of g-C,N,samples with Ag and
Pt loading has been performed by the methods of the pyrol-
ysis of urea and liquid-phase reduction of noble metal ions.
After Ag or Ptloading, the photocatalytic efficiency of g-C N,
regarding water splitting is obviously improved. The pho-
tocatalytic activity for water splitting for Pt/g-C N, is much
greater than that of Ag/g-C,N,. The generation rate of holes
on Pt/g-C N, is faster than that on Ag/g-CN,, as monitored
by the generation rate of *OH. The supreme of loading of Pt
nanoparticles (NPs) on g-C N, than that of loading Ag can be
explicated with the enhanced visible light response and the
speeding up of the segregation of the photogenerated carri-
ers. On the basis of the density functional theory (DFT) cal-
culation and experimental results, a possible photocatalytic
mechanism is proposed, and the underlying reason that Pt is
a better co-catalyst than Ag, is that d-centre of Pt is closer to
Fermi level than that of Ag on the g-C,N surface, that acceler-
ates the charge separation and electron transformation.

2. Experimental
2.1. Photocatalyst synthesis

The g-C,N, nanosheets were prepared by a method of
thermal polycondensation of urea. 15 g urea was placed into
a covered ceramic crucible, followed by heating at 500°C for
5 h in air with the heating rate of 10°C/min. After reaction,
the product naturally cooled down to the room tempera-
ture, followed by grinding to the powder. Ag/g-C.N, was
prepared by a liquid-phase reduction method. First, 0.5 g
of g-C\N, powder was put in 50 mL water, and ultrasonic
treating for 5 min. Second, a specific amount of AgNO, (5
mM) aqueous solution was put into the above g-C,N, sus-
pension solution, maintained stirring. Third, dissolution
of a specific quantity of NaBH, (the molar ratio of n(Ag-
NO,):n(NaBH,) = 1:5) was made into H,O amounting to 30
mL, and then put into the solution mentioned above, and
stirred it forl h. Finally, the product was centrifuged and
then its washing was done using the absolute ethanol and
purified water, which proceeded to drying in the vacuum
oven at a temperature of 70 °C for 5 h. The sample, with the
ratio of Ag and g-C,N, is 3%, was prepared and labelled as
Ag/g-C,N,. For synthes1z1ng the same amount of Pt load-
ing (3%) as Ag loading on g-C,N,, i.e. Pt/g-C|N,, a similar
procedure as done for Ag/g-C, N was followed except that
AgNO, was replaced by H,PtCl, 6H 0.

2.2. Characterizations

Examination of the crystal phase of products was carried
out by using the X-ray diffraction (XRD) (Bruker D5005 X-ray
diffractometer, Cu Ko, and A = 1.54056 A). Fourier transform
infrared (FTIR) spectra were conducted by a Nicolet Magna

560 spectrophotometer. X-ray photoelectron spectroscopy
(XPS) was carried out on a PHIQ uantum1600 XPS instru-
ment. The high resolution transmission electron microscopy
(HRTEM) was measured by using a JEOL JEM-2100F electron
microscope. Collection of the UV-vis absorbance spectra was
conducted on a Shimadzu UV-3100 spectrophotometer, which
made use of BaSO, as a reference. Investigations of the pho-
toluminescence (PL) spectra of g-C,N, and Ag/g-C,N, sam-
ples were carried out on a Varian Cary Eclipse spectrometer,
which had an excitation wavelength amounting to 325 nm.

2.3. Photocatalytic activity

The photocatalytic water splitting for H, production was
carried out in a Pyrex flask with a volume of 100 mL that
had 3 openings under the seal of rubber plugs. The simu-
lated sunlight source was shining from a 350 W Xe lamp,
the distance between the reaction solution and lamp is 15
cm. 10 mg photocatalyst was dispersioned into an aqueous
solution amounting to 80 mL that contained 10 ml trietha-
nolamine under continuous magnetic stirring. Before irra-
diation, the reaction solution was bubbled by N, for 30 min
to remove air. Sampling of the photocatalytic generated H,
was carried out by 0.4 mL gas from the reaction system, fol-
lowed by the analysis by a gas chromatograph (GC-14C, Shi-
madzu, Japan, TCD , N, was put to use as the carrier gas).

2.4. Photoelectrochemical property

The photoelectrochemical efficiency was investigated on
a CHI 660D electrochemical work station by means of a stan-
dard 3-electrode system. g-C,N,, Ag/g-C\N, and Pt/g-CN,
were put on the ITO glass surface, respectively, as the func-
tional electrode. Pt wire and a calomel electrode were used
as the counter electrode and reference electrode, respectively.
The electrolyte amounts to 0.1 mol/L Na,SO, aqueous solu-
tion. An amount of 5 mg photocatalysts was mixed with 1
mL quantity of ethanol, subsequently coating of the mix on 2
cm x 4 cm ITO glass in order to utilize as an electrode.

2.5. DFT calculation

All calculation is carried out by VASP package software
[43,44]. The generalized gradient estimation is used by
means of the functional of Perdew and Wang (GGA-PW91)
[45]. Description of the electron-ion interaction is performed
using the projector-augment wave (PAW) scheme [46,47],
with regard to the plane wave set, the cutoff energy of 450
eV was used in calculation. A Pt or Ag cluster contained
four atoms was put in a 30x30x30A%box. In calculation, all
the four atoms are allowed to relax. Spin-polarized com-
putations were carried out as required. With regard to the
integration in the Brillouin region, the Monkhorst-Pack [48]
meshes of (3x3x3) was used. The d-band center ( ;) is used
to study the electronic structure of the pristine tetrahedral
Ag or Pt cluster, which can be calculated by the formula:

L Enea
[" pu(B)iE

where p, represents the density of states projected onto the
d-band.
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3. Results and discussion
3.1. XRD

As confirmed by the XRD data (Fig. 1), graphite carbon
nitride (g-C,N,, JCPDS87-1526) was formed. The peaks at
13.1° and 27.5° correspond to the (100) and (002) facets of
g-C,N,, respectively. The peak at 13.1° corresponds to the
in-plane structural packing theme of the tris-triazine units.
The peak at 27.5° is in line with the interlayer loading of
the fragrant segments [49]. Moreover, because no apparent
diffraction peak of Pt or Ag over g-C,N, appeared, these
two noble metals should exist as small NPs and extremely
disseminate on the surface of g-C.N, [36]. Among these
three samples, the intensity and position of the related XRD
diffraction peaks did not show obvious difference, suggest-
ing that the loading of Ag and Pt metals did not make any
changes on the g-C,N, structure.

3.2. FTIR

The chemical structure of as-prepared samples was car-
ried out by using FTIR measurement (Fig. 2). The peak at
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Fig. 1. XRD patterns of the pure g-C
C,N, samples.
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Fig. 2. FTIR spectra of the pure g-C
C,N, samples.

Ag/g-C,N, and Pt/g-

3N4’

1639 cm™'is ascribed to the stretching vibration C-N groups.
The peaks at 1249, 1319 and 1433 cm™ are assigned to the
fragrant C-N stretching vibration [50]. The peak at 804 cm™!
is in line with the breathing manner of the triazine units
[51]. The peak at 3255 cm™ is attributed to stretching vibra-
tion of N-H group [52]. The FTIR spectra of the g-C,N, sam-
ple show no apparent difference after loading of Pt and Ag,
which indicates that both the Pt and Ag loading have not
changed the layer stucture of g-C,N,, which is consistent
with the XRD result.

3.3. UV-DRS

Fig. 3 shows the UV-vis absorbance spectra of the
as-prepared samples. For pure g-C,N,, the location of the
absorption edge is at 440 nm that is consistent the band gap
of the bulk g-C N, (2.8 eV) [53]. On the deposit of Ag or Pt
on the surface of g-C,N,, the absorption edges show a red-
shift. In comparison with pure g-C\N,, both the Pt/g-C N,
and Ag/g-C.N, samples show an apparent absorption in
the visible light region. Compared with pure g-C.N,, Ag/g-
C,N, has an additional weak and a wide absorption peak at
450-600 nm that constitutes the attribute of the silver sur-

face plasmon resonance (SPR) band [54].

3.4. Photoluminescence

In order to study the effect of Ag and Pt loading on the
segregation of photogenerated electrons and holes, the PL
measurement was performed (Fig. 4). All samples show a
wide PL peak between 420 and 500 nm, centered at 460 nm,
which is attributed to the band-band PL mechanism and the
energy of light almost equivalents to the band-gap energy
of g-CN,. Interestingly, after the deposition of Ag or Pt, a
declination of PL intensity is observed, which indicates that
an enhancement in the separation rate of the photogene-
rated carriers is realized. In addition, the Pt/g-C,N, sample
shows the lower PL intensity than that of Ag/g-CN,and of
pure g-C.N,. This greater segregation effectivity of the pho-
togenerated carriers in the Pt/g-C,N, sample is expected to
cause an enhanced photocatalytic activity.
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Fig. 3. UV-vis DRS spectra of the pure g-C,N
Pt/g-C,N, samples.

Ag/g-C)N, and

v



K. Qi et al. / Desalination and Water Treatment 153 (2019) 244252

3.5. Morphologies analysis

Figs. 5A and 5B show typical TEM images of Ag/g-
C,N, and Pt/g-CN,, respectively. Both the Ag and Pt NPs
have a homogenous dispersion on the surface of g-CN,
nanosheets. The size distribution of the Ag and Pt NPs has
been calculated, which have been presented in Figs. 5C and
5D, respectively. Regard to the size of depositing NPs on
the g-C N, surface, the Pt NPs is between 3 and 8 nm, while
the Ag NPs is in the range of 8-18 nm. The Ag and Pt NPs

Pure g-C N,

Intensity (a.u.)

450 500 550

Wavelength (nm)

350 400 600

Fig. 4. PLspectra of the pure g-C,N,, Ag/g-C\N, and Pt/g-C,N,
samples.
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can function as the active sites in catalytic reaction process,
which will promote the photocatalytic reaction.

3.6. Surface chemical states

XPS measurement was used to study the surface chemi-
cal compositions of the as-prepared samples. Fig. 6A shows
the XPS survey spectra of the pure g-CN,, Pt/g-C,N, and
Ag/g-C N, samples. As revealed by the XPS survey spec-
tra of the Pt/g-C,N, and Ag/g-CN, samples, there are
strong signals from Pt and Ag, respectively, which reveal
that loading of both Ag and Pt is successfully performed on
the g-C,N, surface. As shown in Figs. 6B and 6C, the struc-
tures of the high-resolution XPS of C and N on the sam-
ples show no apparent variation after loading of Ag and Pt,
which suggests that the integrity of attribute layer structure
of g-C N, is kept, without being impacted by the Ag or Pt
modification. Nevertheless, it is observed that both the C
1s and N 1s binding energies are moved towards an higher
binding energy than the pure g-C N, that is ascribed to the
existence of a strong interfacial contact between the Ag and
Pt with g-C,N, that is capable of increasing the transfer of
the charge [55]. The spectrum of Ag 3d has been shown in
Fig. 6D. It is assigned the peaks at 367.4 eV and 374.0 eV as
Ag 3d*? and Ag 3d*?[56,57]. This validates that Ag NPs
are effectively coasting on the g-C,N, surface. With regard
to the Pt 4f XPS spectra (Fig. 6D), the 2 peaks are located
at binding energy of 71.11 and 74.30 eV that are indexed as
Pt 4f7/2 and Pt 4f5/2, respectively, indicating that it is the

G
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Fig. 5. TEM images of (A) Pt/g-C,N, and (B) Ag/g-C,N,, corresponding the size distribution of Pt NPs (C) and Ag NPs (D).
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Fig. 6. XPS spectra of Ag/g-C,N, composites: survey XPS spectrum (A), high resolution of C 1s (B), N 1s (C), Pt 4f (D) and Ag 3d (E)

spectrum.

metallic Pt which is on the g-C,N, surface [58]. Based on
the XPS analysis, it is confirmed that the Pt and Ag NPs are
adsorbed on the g-C N, surface.

3.7. Photocatalytic water splitting

The photocatalytic activity test is carried out through
water splitting into hydrogen generation under the simu-
lated sunlight irradiation. Fig. 7 shows the H, production
over the pure g-C N, Ag/g-C,N,, Pt/g-C.N, samples under
the irradiation for 5 h. There is almost no hydrogen pro-
duction for pure g-C,N,. Pt/g-C.N, (841 umol g' h™') has a
higher photocatalytic activity of H, production than that of

Ag/g-C.N, (305 pmol g™' h™'). After the loading of Ag and
Pt on the surface of g-C,N,, the hydrogen yield has been
substantially increased, which is due to the formation of
Schottky barrier between the noble metal and g-C,N, that
has been effectively promoting the segregation of photo-
generated carriers.

3.8. Hydroxyl radical generation

The reaction of terephthalic acid (TA) to the 2-hydroxy-
terephthalic acid (TAOH) is an useful method for the
investigation of the hydroxyl radical (*OH) generation rate
[59]. In this work, the reaction solution is constituted by 3
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Fig. 7. (A) Plots of photocatalytic hydrogen evolution under sim-
ulated sunlight irradiation for different photocatalysts within 5
h, (B) Comparing hydrogen evolution rate for the pure g-C,N,,
Ag/g-C,)N, and Pt/g-CN photocatalysts.

mmol/L TA and 10 mmol/L NaOH. The simulated sunlight
is used as light source. Under the irradiation, TA is capable
of reacting with *OH and forming TAOH, TAOH can gen-
erate fluorescence at an emission band at A__ = 425 nm by
the excited light of A_ = 315 nm. TAOH concentration is
monitored in a range of 30 min (Fig. 8). It is known that *OH
generates from h* reacted with OH". So, the reaction TA to
TAOH is tested for checking the *OH generation rate, which
can in turn reflect the h* generation rate. Pt/g-C,N, shows
a higher *OH generation rate than that of pure g-C,N, and
Ag/g-CN,. The loading of Pt NPs on g-C,N, promotes the
OH" oxidation by photogenerated holes. Pt/g-C,N,shows a
greater activity than that of g-C,N,, and enhanced the effi-
ciency of *OH formation.

3.9. Photoelectric response

The photogenerated e™-h* separation efficiency of pure
g-CN,, Ag/g-C N, and Pt/g-C.N, is studied by the pho-
toelectrochemical tests. Under the simulated sunlight irra-
diation, the photocurrent response is measured over four
on-off cycles, as presented in Fig. 9. The photocurrent value

— 0.6
= —&— Pure g-C,N,

&8 05 —e—PtgCN,
—A—Ag/g-C N,

5 10 15 20 25 30
Time (min)

O«

Fig. 8. Photocatalyticly TA reacts with *“OH to form TAOH by
pure g-C,N,, Ag/g-C,N, and Pt/g-C,N, under the same simulat-
ed sunlight irradiation.
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Fig. 9. Photocurrent response of pure g-C.N,, Ag/g-C,N,, and
Pt/g-C,N,samples.

is zero when the light is turned off, and the photocurrent
restarts again on turning on the light. Pt/g-C,N, shows the
largest photocurrent density (~0.9 pA/cm?) among these
three samples, which is higher than that of pure g-C,N, (0.07
pA/cm?) and that of Ag/g-C,N, (0.5 pA/cm?). The higher
photocurrent value comes from the better performance of
charge segregation in Pt/g-C.N,. The greater segregation
effectivity of the photogenerated e-h* pair for Pt/g-C|N,
is in good agreement with its higher photocatalytic activity
regarding to the hydrogen generation and *OH formation.

3.10. DFT calculation

The electronic structure difference between Ag and Pt
cluster was investigated by the DFT calculation. Hammer
et al. [60] and Mavrikakis et al. [61] have revealed that the
pivotal parameter for the reactivity is the relative location of
the d-band centre in relation to the Fermi level. An extensive
use of the idea of the d-band centre has been accepted as
a measure for the characterization of activity of solid met-
als. Fig. 10 presents the projected density of states onto the
d-band of Ag and Pt clusters. The d-band centre of Pt cluster
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(-1.91 eV) is closer to the Fermi level than that of Ag cluster
(—4.08 eV), which is consistent with the results obtained by
Hammer and Norskov [62], and is recognized that the closer
to the Fermi level of the d-band center, the greater the activ-
ity, due to making it quite convenient to provide electrons.
So, this is one of the main reasons why Pt/g-C,N, possesses
a bigger photocurrent and higher photocatalytic activity in
water splitting than that of Ag/g-C N,, as shown in Table 1.

3Ty

3.11. Reaction mechanism

Fig. 11 shows a possible photocatalytic mechanism for
Pt/g-C,N,and Ag/g-C,N, in photocatalytic water splitting to
H, generation. On the irradiation of the Pt/g-C N, photocata-
lyst by the simulated sunlight, electrons are excited to g-C,N,
CB while holes leave at VB. The CB edge of g-C\N, is higher
than the Fermi level of Pt [63], so, the photoexcited electrons
on g-C,N, CB are expected to dominate the Schottky bar-
rier, and transferring to the Fermi level of Pt, which results
in increasing in the segregation of e™-h* pairs. The coordina-
tion band developed between Pt and g-C,N, is expected to
increase the conductivity of g-C,N,, also enhancing the elec-
trons transfer from g-C,N, to Pt. It is important that it is the
electrons transfer from the g-C N, to Pt that results in the Pt

K. Qi et al. / Desalination and Water Treatment 153 (2019) 244252

Table 1

Comparation of H,-generation rate, d-band center and
photocurrent for the pure g-C,N,, Ag/g-C.N,, and Pt/g-C,N,
samples

v

Photocatalyst H,-generation d-band center Photocurrent

rate (umol g h') (Ag, Pt) (eV) (pA/cm?)
Pureg-C.N, 0 ~ 0.1
Ag/g-CN, 305 -4.08 04
Pt/g-CN, 841 -191 ~09
CB ¢ — PtorAg H*
—_— e
£ H
hy N o | e 2
‘e ik

“\d-band center

VB h* ‘ ™ Oxidation Product
TEOA

Fig. 11. Schematic diagram on the photocatalytic mechanism for
H, generation over Pt/g-C,N, or Ag/g-CN,.

Fermi level more negative [64].Therefore, loading of Pt not
only speeds up the electron transformation, but also increases
the separation efficiency of photogenerated e -h* pairs. With
regard to the Ag/g-C.N, photocatalyst, the reaction mecha-
nism is quite similar, but the d-band centre of Ag is farther
away (more negative) from the Fermi level than that of Pt,
the ability of Ag cluster provide electrons to g-C,N, is weaker
than that of Pt. So, Pt/g-C,N, shows a higher photocatalytic
activity for the water splitting than that of Ag/g-C\N,.

4. Conclusion

In this work, Pt or Ag NPs modified g-C N, nanosheets
has been successfully prepared via a simple liquid-phase
reduction method. Pt or Ag NPs uniformly adsorbed
on the g-C N, surface, the size of Pt NPs was between 8
and 10 nm and the size of Ag NPs was between 10 and
20 nm. Loading of Ag or Pt can enhance the visible light
absorbance of g-C,N,, and also improve the photocatalytic
efficiency on the water splitting into H, generation under
simulated sunlight irradiation. Particularly, the loading
Pt NPs brings to the higher photocatalytic rate of H, gen-
eration (841 pmol/g/h for Pt/g-C N, and 305 pmol/g/h
for Ag/g-C,N,), while there is almost no H, generation
for pure g-C)N,. Pt as a co-catalyst is better than that of
Ag, due to the d-centre of Pt is closer to Fermi level than
that of Ag on the g-C,N, surface, which can promote the
charge separation and accelerate the electron transforma-
tion. This investigation reveals that Pt/g-C,N, constitutes
a high active photocatalyst for the water splitting, and
developing hydrogen energy.
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