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. ANi- and Co- sulfide co-doped g-C;N, photocatalyst (g-C;N,/Ni,Co, _,S,) was prepared by hydrothermal

: method and this photocatalyst, namely, g-C;N,/Ni,Co,_,S, shown excellent photocatalytic properties

. due to the special structure of Ni-Co-S with boundary different exposure to active site of transition
metal-metal (Ni-Co) active planes. With the introduction of Co atoms, the H, production amount

. reached the maximum about 400.81 pmol under continuous visible light irradiation for 4 hours

. based on the efficiently charge separation and greatly improved electron transfer resulted from the
presence of sufficient active exposure at the boundary. The serial studies shown that the existence of

. Ni-Co-S structure over g-C;N,, active surface is the key factor of activity affections by means of several

. characterizations such as SEM, XRD, XPS diffuse reflectance etc. and the results of which were in good

agreement with each other. A possible reaction mechanism over eosinY-sensitized g-C;N,/Ni,Co;_,S,

. photocatalyst under visible light irradiation was proposed.

. Increasingly environmental pollution and global energy shortage have attracted a lot of attention, so it is a priority
© to find a new type of energy to solve these problems. Hydrogen energy was considered to be one of the main-
. stream energy in the future, due to it is a kind of clean, low-cost, and environmentally friendly energy'. However,
© according to the reported so many semiconductor photocatalysts which be used to spilt water to product hydro-
© gen®* according to the report, it is disappointing that low utilization of solar energy can only reach 4% for those
- catalysis. For practical application requirement this utilization is far cannot be satisfied. So we have to find a new
. material which possesses high-efficiency, high utilization and more faster for the preparation of hydrogen evo-
. lution. Research had shown that by using of semiconductor photocatalysts under visible light to water splitting
. could improve hydrogen production rate greatly. Among them, TiO, as a photocatalyst had been used under
- ultraviolet (UV) light to water splitting at first time in 1972, but because of the low hydrogen production effi-
: ciency, low utilization of solar energy and high electron hole recombination rate limited its development poten-
: tial®. Like graphitic carbon nitride (g-C;N,), a metal-free polymeric which possessrs visible light active, energy
© conservation and environmental, had been reported in 2009 by Wang et al. which had attracted the interest of the
. researchers Yin et al. propose a straightforward method to create quantum superposition states of a living micro-
: organism by putting a small cryopreserved bacterium on top of an electromechanical oscillator®=.

: It was found that g-C;N, exhibits high surface and an appealing electronic band structure, high physicochem-
© ical stability, and “earth-abundant” nature®-'*. And different precursors like urea, thiourea melamine and so forth
. could transform to g-C;N, by heating directly. In short, the production method of g-C;N, was very simply, but
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it has outstanding performance. The other reasons choosed g-C;N, as catalyst due to the structures of g-C;N, is
different from other ordinary photocatalyst. According to the literature, we come to understand that g-C;N, with
a band gap of approximately 2.7 eV, because of the presence of sp>-hybridized carbon and nitrogen, the eatablish-
ment of the w-conjugated electronic structures and the likeness to lamellar structure of carbon materials. Guo
L.J and Shen S.H et al. reported polymer heterojunction (PHJ) photocatalysts consisting of polyfluorene family
poly mers and graphitic carbon nitride (g-C;N,) for efficient SHC'*-'°. These excellent properties make g-C;N,
as a heterogeneous catalyst and a semiconductor photocatalyst under visible light irradiation to split water?*2!,
Nevertheless, it cannot obtain good effect if only made pure g-C;N, as a main catalyst. The poor separation
efficiency of photogenerated electron-holes leads to limit the efficiency of hydrogen production, but this can be
promoted by means of chemical methods, such as design the construction of metal/semiconductor/lsotype/car-
bon/conducting polymer/sensitizer/multicomponent-g-C;N, heterjunctions’. There are many kinds of modified
methods, and the choice of co-catalyst is a key factor. There is no denying that Pt, Au, Ag and Pd?* as co-catalysts
have a good effect, because the precious metals for proton reducibility has high activity, while the potential for
development is finitude due to the reserves are too rare?. Therefore looking for a cheap co-catalyst is the main
research direction of the future. The content of the transition metal Ni is believed to be rich, Hong et al. used
nickel acetate and thioacetamide as raw material, making NiS, deposition on the g-C;N, through the hydro-
thermal method®. Lu et al. used the similar approach made NiS, deposition on the ultrathin e-C;N, nanosheets,
it was proved that the NiS, of doping could improve the photocatalytic reaction performance greatly and high
stability for hydrogen production under visible light**. It can be seen through infrared spectrum that after doping
NiS, on the g-C;N,, the edge was not red-shifted. Zhang et al. synthesized cobalt hydroxide/oxide on graphitic
carbon nitride whose morphology was stacked and formed floriform. After experiment it was found that slight
amount of Co could improve the activity of photocatalytic OER activities like positive effect on electron-hole
separation, charge carriers transfer rate and electronic conductivity of g-CsN,*. Although now about g-C;N,
modification method is very effective, but exploring a new method to improve the efficiency of hydrogen produc-
tion is still necessary.

The formation of the specific structure promotes the electron-hole separation and charge transportation
during the process of the hydrogen production. Compared with precious metals, doped transition metal Ni
could make hydrogen production efficiency increases, and Ni is a kind of high content of elements. The g-C;N,/
NiS, was prepared through an ion-exchange method at room temperature. Under the optimal conditions, the
hydrogen production rate can achieved 44.77 mol/h, which is similar to the photocatalytic of Pt/g-C;N, (2.0 wt%
Pt/g-C;N,) and through the different characterization methods such as photocatalytic hydrogen production, pho-
toluminescence (PL) analysis, and photoelectrochemical (PEC), it is indicating that when the NiS, after doped the
separation of photogenerated charge carriers was improved and hydrogen production activity had been greatly
improved. However, the yield of hydrogen is limited"?. Thus, the Ni is a kind of promising metal material.

Recently, the transition metals has attracted widely attention, Liu et al. have found the compound of the
Co-g-C;N,@rGO, it delivers great oxygen reduction reaction activity and kinetics, as well as better stability>;
Zhu et al. have synthesized a noble-metal-free photocatalytic system by modifying g-C;N, with CoS using
impregnation-sulfidation. The conclusion is that after doped the CoS, photocatalytic activity of g-C;N, was
strongly influenced?. Hence the transition metal—Co is a kind of catalyst which could be used to enhance the
photoelectric response of materials.

In this work we used cobalt and nickel respectively to decorate carbon nitride graphene (g-C;N,) by hydro-
thermal method in order to prepare g-C;N,/Ni,Co, .S, composite photocatalyst. In the process of reaction that
was joined Eosin Y, we find that hydrogen production quantity has been improved significantly, the reason may
be that due to the existence structure of Ni-Co active surface, which own a large number of different active sites,
inhibiting the recombination of electron-hole and the improvement of electron transfer rate. For this purpose,
we found that through the contrast experiment the addition of Co could further promote photocatalytic activity.
Similarly, the result of fluorescence spectrum is consistent with speculation. And through the experimental data,
the peak of Ni-Co-S structure is the lowest, indicating that the charge separation efficiency is higher than others.
The effects of the Co content on hydrogen generation were also be investigated. This report may provide new high
performance and low energy consumption catalysts for hydrogen generation.

Result and Discussion

XRD analysis. Through the X-ray diffraction (XRD) patterns we could know whether the g-C;N,/Ni,Co,_,S,
nanocomposite was synthesized successfully. Figure 1 has shown the patterns of pure g-C;N,, g-C;N,/NiS,,
g-C;N,/CoS, and g-C;N,/Ni,Co, _,S, composite. Figure 1(a) is pure g-C;N, patterns which shows two typical
peaks. The strongly diffraction peak at 27.35° could be assigned the (002) interplanar and the distance is 0.326 nm,
and the other weak peak at 13.1° corresponds to the (100), which is similar to the in-plane structure of tri-s-
triazine units of 0.672 nm. By means of XRD, to be sure that the pure g-C;N, sample has hexagonal phase, and
also be consistent with the JCPDS#87-1526%. The diffraction peak of pure NiS, could be indexed for JCPDS
80-0376,which own the main two diffraction peaks at 32.0°, and 54.4° were ascribed to be the (200), and (311)
diffraction signals. When the NiS, was doped in g-C;N,, the g-C;N,/NiS, sample shown three particular diffrac-
tion peaks, and one of the most to the right of the peak is belong to g-C;N,, other two peaks are ascribed to be
NiS,", which is similar to the standard cards.Due to the CoS, in this nanocomposite is a compound which maybe
contains of cubic Co;S, and hexagonal CoS, also the diffraction peaks could be indexed for JCPDS #42-1448 and
JCPDS #75-0605 respectively. According to the JCPDS file, the pure Co;S, has three discernable diffraction peaks
at 26.6°, 31.3° and 55.0° were ascribed to be the (220), (311) and (440) diffraction signals. And the pure CoS has
two peaks at 30.6° and 47.1° were attributed to (100) and (102) diffraction signals. Nevertheless compared with
pattern of g-C;N,/CoS,, when the Co was loaded g-C;N,/NiS,, the pattern of g-C;N,/Ni,Co, _,S, is similar with
the pattern of g-C;N,/NiS,. Similarly, the peak of cobalt species could not be found from the pattern. There is a
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Figure 1. X-ray diffraction (XRD) patterns of pure g-C;N,, g-C;N,/NiS,, g-C;N,/CoS, and g-C;N,/Ni Co, .S,
and the JCPDS of NiS,, Co;S, and CoS.
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reason of this phenomenon, maybe the low doped percentages of cobalt and small particle was dispersed on the
catalyst*>*°. Through the XPS could be evidenced the cobalt was doped on g-C;N,/NiS, successfully.

SEM characterization. The photocatalyst of g-C,N,/Ni,Co,_,S, nanocomposite could be analyzed by SEM.
An SEM image of pure g-C;N, and g-C;N,/Ni,Co, _,S, nanocomposite samples is shown in Fig. 2. It can be seen
that the structure of pure g-C;N, is similar to that of carbon, except that pure g-C;N, has a mesoporous structure
with w-conjugated structure. Also on the pure g-C;N, surface, there are a large number of observable hollow
structures (Fig. 2A). In the g-C;N,/Ni,Co, .S, composite catalyst (Fig. 2B) it can be observed that the morphol-
ogy of the g-C;N,/Ni,Co,_,S, composite catalyst is irregularly intertwined with g-C;N,.

TEM characterization. Through the Transmission Electron Microscopy (TEM) images, we could
observed subtle structural characteristic of the g-C;N,/Ni,Co,_,S, nanocomposite clearly. Figure 3(A) shows
the low-magnification of the g-C;N,/Ni,Co,_,S,, not only the g-C;N, and the Ni,Co,_,S, sheets are amorphous
structure. There are also a large number of Ni,Co, _,S, sheets on the layer structure of g-C;N,, and the sheets is
firmly bonded to g-C;N,, indicating that the two types of g-C;N, and Ni,Co, _,S, semiconductors are connected
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as special charge transfer channel. Likewise, this unusual structure is more efficient for the photoelectron trans-
port and the reduces the recombination efficiency of electron-hole pairs. Furthermore, it can be observed that
the g-C;N, sheets can limit the growth of the Ni,Co,_,S, sheets structure. And in the Fig. 3(B), we can know
that lamellar structure of the Ni,Co,_,S, sheets are overlapped together with the g-C;N, sheets which formation
multilevel interlaced structure. Nevertheless, due to the image are not clear enough to confirm the d values so it
is impossible to determine the crystal plane spacing and crystal type of g-C;N,/Ni,Co,_,S, nanohybrid, which
testifies that the g-C;N,/Ni,Co,_,S, was an amorphous material.

X-ray photoelectron spectroscopy (XPS). By XPS spectra could clearly understood the information of
surface and the characteristics of the composite catalyst element valence state. Figure 4(A) provided the survey
spectrum of the composite and showed that the catalyst is composed of Ni, Co, S, C and N elements. As shown
in From Fig. 4(B) Ni 2p in the fine spectra could find that it had two characteristic peaks of Ni 2p,,, and 2ps),
respectively, and the corresponding peak was 873.66 eV and 855.98 ¢V, other two peaks was shake-up satellites,
therefore in the g-C,;N,/Ni,Co, _,S, nanocomposite photocatalyst are characteristic of Ni*?* and Ni** 3., In the
Co 2p spectrum (Fig. 4C) appeared two characteristic peaks of Co 2p,,, and Co 2p;, respectively, the position of
characteristic peak at 794.68 eV and 779.3 eV, which could be identified in this photocatalyst the Co exists in form
of Co*" valence state. Figure 4(D) presents the binding energies of 163.25eV and 161.78 eV were belong to S 2p,,,
and S 2ps,, which was the core-level spectrum of the S 2p. And other peak of S 2p which at around 168.68 eV was
ascribed to the SO,*~ or SO5*7, the reason of the formation maybe was the S>~ of Na,S be oxidized in the process
of reaction®. In the Fig. 4(E), C 1 s presents two single peaks at 284.75 ¢V and 288.7 eV respectively. The first peak
is a specialized standard which show the carbon was the catalyst, however the last peak could be attributed to the
carbon atoms bonded with three N atoms in the g-C;N, lattice®. In Fig. 4F, N 1 can be deconvoluted into two
peaks, at 399.26 eV, which represent the tertiary N bonded to carbon atoms in the form of N-(C); or H-N-(C),
and the other weaker peak at 401.6 eV was assigned quaternary N bonded three carbon atoms in the aromatic
cycles*. According to the XPS results, on surface of the nanocomposite contained Ni, Co, and also dopant g-C;N,
photocatalyst successfully.

Photocatalytic activities over EosinY-sensitized g-C;N,/Ni,Co,_,S, for H, evolution.  Figure 5A
shows hydrogen production performance curve of Eosin Y-sensitized pure g-C;N,, g-C;N,/Ni,Co, _,S, (Co con-
tent were 0%, 3%, 5%, 7%, 8%, 9%) nanocomposites under visible light (A >420nm). In 100 ml of 15% TEOA
(pH = 10) aqueous solution we could clearly know that the production hydrogen capacity of pure g-C;N, under
visible light irradiation after four hours is only 44.12 umol, which could clearly manifest the capacity of pure
g-C;N, to produce hydrogen is the lowest. The reason is that the separation efficiency of its own electron-hole
pairs are low exceedingly, leading to the number of electron that escape from its internal to the surface are few.
Finally, it will make the probability of electron combined with H* decrease in the catalyst surface, so the amount
of H, is less. We doped of Ni elements on the pure g-C;N, in order to get a kind of chemical compounds g-C;N,/
NiS,. Given the same experimental conditions like light irradiation and the reagent, the hydrogen production
after 4hours could reach 147.77 pmol, indicating the catalytic activity of hydrogen production ability have got
improved compared with pure g-C;N,. We added Co elements during the preparation process of the catalyst,
receving g-C;N,/Ni,Co, .S, nanocomposites. The results show that the hydrogen production activity of catalyst
had been significantly improved, and when the Co content reached 3%, 7%, 8%, 9%, corresponding to the amount
of hydrogen production were 234.88 pmol, 206.00 pmol, 189.21 pmol, and 79.21 pmol. For the same conditions,
when Co content reached 5%, the capacity of H, production had reached the maximum value 400.81 pmol, which
was 9.08 times than pure g-C;N, and 2.71 times than g-C;N,/NiS, catalysts, respectively. The experimental results
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Figure 4. (A) XPS survey spectra of the g-C;N,/Ni,Co, _,S, sample. (B) Ni 2p, (C) Co 2p, (D) S 2p, (E) C 1s
and (F) N 1s scan spectra of the g-C;N,/Ni,Co,_,S, sample.

suggesting that the cobalt (Co) is a key factor to improve the activity of produce hydrogen, it can also indirectly
prove the existence of g-C;N,/Ni,Co, _,S, system.

From Fig. 5(B), we could seen that different pH values have a great influence on catalytic hydrogen produc-
tion in this catalytic reaction system. The catalyst activity of g-C;N,/Ni,Co, S, photocatalysts become negative
extremely in weak acid or strong base environment, contributing to the production of hydrogen has been greatly
suppressed. However, in the reaction solution of TEOA as sacrifice electronic agent as well as pH was 8 to 10, the
photocatalytic hydrogen production activity was much better. When the pH of solution was 8, the photocatalytic
hydrogen production activity reached 428.30 umol after 4 hours. This phenomenon can be explained as follow-
ing: 1. In the reaction solution of pH was 8, the special structure of Ni-Co active surface can better exist so that
a large number of active site can be more favorable for growth in the edge of transition metal-metal (Ni-Co). 2.
Contributing to the favorable growth, the dye molecules could fully effectively adsorbed on the surface of the

SCIENTIFICREPORTS|7:7710 | DOI:10.1038/541598-017-08163-y 5



www.nature.com/scientificreports/

450 500

== pure g.csu‘
400 {—e—gc N M, Co, _8,(Co0%) A 428.3pm<‘%l1 5.0k B
350 T4 9N Mo, 8;Co3%) 400+ 400.8umo
° =¥ 9C3N N, Co, ,S;(Co 5%) [*]
Esoo'—‘—qcnnuCo_ (Co7%) g
- 9 374 lsl "300 1l
E’ 250 4> 9-CyNNi,Co, S,(Co9%) é —
200 5
% 9 200
& 150+ &
r N 119.5pumol
T 100+ .
504
0 T T T T 0-
’ L - 8 4 10 1

Time(h)

Figure 5. (A) Hydrogen evolution over Eosin Y-sensitized catalyst (10 mg) in 15% TEOA aqueous solution
(pH=10) and (B). The influence of pH on photocatalytic activity over the g-C;N,/Ni,Co, _,S, (Co content 5%
and reaction time: 4h).
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Figure 6. Fluorescence spectra of the g-C;N,/Ni,Co,_,S, system.

catalyst, at the same time, increasing the reaction area. 3. The solution of TEOA can restore completely quenched
triplet (EY?")", making the reaction efficiency to obtain enhances greatly*>. When the pH of solution decreased
to below 7, the hydrogen production performance of the catalyst inclined gradually, guessing the reason is maybe
due to reduced hydroxyl ions makes the stability of Ni-Co structure decline, therefore the electronic transmission
was obstructed, resulting in the decrease of hydrogen production amount.

Photoluminescence (PL) analysis. By steady-state fluorescence spectrum test, we further research the
Eosin Y-sensitized g-C;N,/Ni,Co, S, reaction mechanism (Fig. 6). Under the condition of irradiation, the nano-
meter compound was triggered, and the ground state electrons will absorb energy to transmit from a low energy
level to a higher level, at the same time, the electron-hole pairs were appeared*. Then due to the excited electrons
were unstable, contributing to they return to ground state right away through the decay of radiative transition
process. And the decay of radiative transition process is accompanied by the emission of photons, which pro-
duced fluorescence. During this process, the first electronic excitation singlet is returned to the ground state also
returned to the electron hole. As shown in Fig. 6, EY-g-C;N, produced strongest fluorescence under the excita-
tion of 480 nm light, and its largest emission peak was at 540 nm. When other compounds are sensitized by EY,
it can be found that the fluorescence intensity was droped sharply, especially the g-C;N,/Ni,Co, _,S, (Co content
5%), reached the peak valley. This kind of phenomenon could have the following explanation: the fluorescence
intensity was different which showed that the different compound degree of electron-hole about the different
active exposure site in this catalyst system. When the fluorescence intensity is, the peak is higher, showed that the
amount of excited electrons returned to ground state which are transited by radiation decay was more, resulting
in higher electronic recombination efficiency. On the contrary, the different composites the fluorescence intensity
is gradually become low for the different composites, the efficiency of excited electrons transition by radiation
decay back to electronic-hole is very poor. The phenomenon is stated that the emission of photons were little and
the compound of composite electronic-hole pairs were given a certain inhibition. In this reaction process, we
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Table 1. Decay parameters of EY in the presence of g-C;N,/NiS,, g-C;N,/CoS,, and g-C;N,/Ni,Co,_,S, in 15%
(v/v) TEOA aqueous solution at pH 10. *Decay of TEOA aqueous solution (15% v/v) of 1.0 X 10" *mol L' EY

at pH 10 was recorded in the presence of 0.15mgmL ! EY, EY-g-C;N,, EY-g-C;N,/NiS,, EY-g-C;N,/CoS,, and
EY-g-C;N,/Ni,Co, _,S,. The excitation and emission wavelengths were 480 nm and 540 nm, respectively. "Single-
exponential fit for EY, EY-g-C;N,, “Double-exponential fit for EY-g-C;N,/NiS,, EY-g-C;N,/CoS,, EY-g-C;N,/
Ni,Co,_.S,.

s \x
|H ’ g h* VB o EY3*
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Figure 7. The proposed photocatalytic mechanism for hydrogen evolution over EY-g-C;N,/Ni,Co, _,S,
photocatalysts under visible light irradiation.

conclude that the photo-generated electron will shift to the conduction band?®. The reason of the formation is that
due to the special Ni-Co-S structure, which have different boundary active sites. It could more fully adsorbed the
dye molecules on the catalyst surface, greatly to facilitated the transmission of electrons, improving the charge
separation efficiency and photocatalytic hydrogen production activity.

In order to further investigate the interaction between the excited dye EY and the catalyst, the fluorescence
lifetime of EY, EY-g-C;N,, EY-g-C;N,/NiS,, EY-g-C;N,/CoS,, and EY-g-C;N,/Ni,Co, .S, were detected respec-
tively. It can be clearly seen that the fluorescence quenching efficiency was not identical due to different semicon-
ductor catalysts from Table 1. The fluorescence quenching efficiency of EY-g-C;N, is the lowest (about 13.3%)
among them. When the Ni-Co-S structure was added, the fluorescence quenching rate of EY-g-C;N,/Ni,Co,_,S,
reached the highest (84.8%). Because of the dye molecules EY and g-C;N, have weaker interactions, the com-
plexes formed have weaker fluorescence. The result of lifetime decay following double-exponential indicated the
fluorescence quenching of EY-g-C;N,/NiS,, EY-g-C;N,/CoS,, and EY-g-C;N,/Ni,Co, _.S, belongs to the dynamic
quenching, which indicated that the interaction between EY and complex is strong. In addition, due to the strong
interaction force, the more dye molecules can be adsorbed on the surface of composite, and formed two kinds
of luminescent bodies. It is well known that the greater transmission efficiency of the photogenerated electrons
result the lower recombination efficiency of the electron hole pair, as a result of that, the photocatalytic activity of
hydrogen production was improved by the adsorption of more dyes on the catalyst.

Speculation on the mechanism for H, evolution. Results from the above discussion, the reaction
mechanism of hydrogen evolution over Eosin Y-sensitized g-C;N,/Ni,Co,_,S, photocatalysts under visible light
irradiation could be explained in Fig. 7. With the addition of transition metal cobalt, the activity of photocata-
Iytic hydrogen production has been greatly improved. The more the active surface of Ni-Co-S structure is more
exposed, the more the EY dye molecules can be adsorbed on the surface of the catalyst. These active surface have
varying degrees of unsaturation. Simultaneously, these unsaturation will provide more active sites, in order to
facilitate the adsorption of dye molecules in the reaction®. Under the visible light irradiation, about g-C;N,,

SCIENTIFICREPORTS|7:7710 | DOI:10.1038/541598-017-08163-y 7



www.nature.com/scientificreports/

the electrons in the valence band (VB) are excited to the conductive band (CB), and the electrons which were
excited would be transferred to g-C;N, surface but most excited electrons will reach Ni,Co, _,S, structure through
g-C;N,. Then the H" in the reaction solution would combine with the excited electrons to form hydrogen, and the
electron hole pairs what been left by electron excitation, would react with TEOA in the solution and TEOA would
be oxidized become TEOA*. Similary, at the reaction aqueous solution the Eosin-Y (EY) was absorbed on the
surface of the g-C;N, sheets and the Ni,Co, _,S, sheets in the reaction aqueous solution respectively, which would
make the EY molecule jump to the singlet excited state EY'" through absorbing photons. Then the lowest-lying
triplet excited state EY>" was generated via an efficient intersystem crossing (ISC). Subsequently the excited state
EY?" can be reductively quenched by TEOA to form EY~ In addition, the TEOA was oxidized to TEOA* *’. And
the electrons which belong to EY~ were captured by the conduction band (CB) of g-C;N, and then transmitted
to the Ni,Co,_,S, directly to product hydrogen. Meanwhile the reduced state dye species get back to the ground
state®®. At present, the process of decomposition of water to hydrogen production has completed. To conclude, the
g-C;N, after sensitized and doped, could be better as an electronic receiver and transporter, therefore the electron
hole recombination efficiency and photocatalytic hydrogen evolution has been significantly improved.

Conclusions

In summary, a new type of photocatalyst prepared by using transition metal was shown. In this reaction system,
the structures of nanocomposite g-C;N,/Ni,Co, _,S, and Ni-Co own different boundary exposed active surface
and we detected its photocatalytic hydrogen production activity under the visible light irradiation and eosin
dye(EY) sensitizion conditions. With the different addition of Co content, the activity of Ni-Co boundary active
surface activity has been improved to varying degrees, especially when the Co content reached 5%, the activity
of the catalyst reaches the highest value. The synergistic effect between these two different transition metal Ni
and Co, which could restrain the recombination of the electron-hole pairs, and improve the electron transfer
efficiency. After a series of basic characterization such as XRD, SEM so forth, the catalyst was successfully synthe-
sized, and it is kind of a amorphous material. By the fluorescence spectra(PL) study, we further analyze the sep-
aration of photogenerated charge and electron transfer efficiency with the addition of different Co content. And
according to the above analysis results, the possible reaction mechanism was proposed. The reason is that con-
tributing to the existence of a special structure Ni-Co with boundary exposure of active surface for this catalyst,
the EY dye molecules were fully adsorbed on the catalyst surface, and greatly improve the electronic transmission
efficiency. Therefore, under the influence of Ni-Co-S special structure and g-C;N,/NiS, the photocatalytic activity
of nanocomposite g-C;N,/Ni,Co, _,S, has been greatly improved. We believe that it is feasible to use transition
metal as a metal-free catalyst for the purpose of synthesizing to synthesize a new type of photocatalyst with high
performance.

Experimental section.  Preparation of g-C;N,/Ni,Co, _,S, nanocomposite photocatalysts. The reagent used
in the experiment was of analytical grade and was used without any further purification. The preparation of
mater-free g-C;N,: 5 g of melamine was placed on a crucible with crucible cap and directly heated at 550 °C for
4h in a muffle furnace. The heating reaction was terminated and the muffle furnace was allowed to cool to room
temperature, the reaction product was yellow solid and then collect and ground into a powder.

The preparation of g-C;N,/Ni,Co, S, nanocomposite photocatalysts were used hydrothermal method.
Preparations are as follows, 0.125 g of the prepared g-C;N, sample was dissolved in 40 mL of ultrapure water
and the ultrasonically homogeneously dispersed in an aqueous solution. In order to prepare CoSO,#7H,0 solu-
tion at a concentration of 0.0014 mol/L, 0.1 g CoSO,e7H,0 was add to a 250 mL volumetric flask and main-
tained at a constant volume. Then 0.125 g Ni(NO;),06H,0 and 6.25mL of the prepared CoSO,e7H,0 were add
to the g-C;N, dispersed solution under magnetic stirring. Waiting for all solid have dissolved, we add 25 mL of
0.533 mol/L aqueous Na,Se9H,O solution to the mixture, and continue stirring. After the mixture was stirred at
room temperature for 30 min, the resulting homogeneous solution was transferred to a 100 mL Teflon reaction
kettle, heated to 160 °C and kept 10h. When the reaction time was over, the autoclave was naturally cooled to the
room temperature. Finally filtrated to get the reaction production and then washed several times with ultrapure
water and ethanol. Dried the production at 40 °C for 5h. The nanocomposite was fabricated. Also pure g-C;N,/
NiS, was synthesized through the same method.

In accordance with the same method, the g-C;N,/Ni,Co,_,S, nanocomposite with different content of Co
from 3 to 9% was fabricated.

Characterization. The X-ray diffraction (XRD) patterns of the samples were recorded using a Rigaku B/
Max-RB diffractometer with nickel filtrated Cu Ko radiation operated at 40kV and 30 mA. Field emission scan-
ning electron microscopy (FESEM) images were recorded using a JSM-6701F scanning electron microscope
operated at an accelerating voltage of 5.0kV. Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were taken using a Tecnai-G2-F30 field emission transmission electron microscope operated at
an accelerating voltage of 300kV. X-ray photoelectron spectroscopy (XPS) measurements were performed using
K-Alpha-surface analysis (Thermon Scientific) using X-ray monochromatization. Photoluminescence data (PL)
were acquired using a FLUOROMAX-4 spectrophotometer at room temperature.

Photocatalytic H, evolution experiments. The photocatalytic experiment was carried out by
Prefectlight PCX50 A multipass light catalytic reaction system. In this representative photocatalytic experiment,
10 mg of the catalyst was added to 30 mL of a 15% (v/v) triethanolamine (TEOA) aqueous solution. Meanwhile,
20mg of Eosin Y (EY) dye was added. And then stirred for about 30 min by a magnetic stirrer to allow the EY
to be completely adsorbed on the catalyst. The reaction bottle was a cap with a rubber stopper, forming a closed
space. The reaction mixture was ventilated with high purity N,, with the aim at replacing N, with the gas in the
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reactants and then followed by continuous light under magnetic stirring condition and measured photocata-
Iytic hydrogen production activity. The amount of hydrogen evolution was measured using gas chromatography
(Tianmei GC7900, TCD, 13Xcolumn, N, as carrier).

Before start of the experiment, all glass are was strictly cleaned and washed with ultrapure water.

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Osterloh, E. E. Inorganic nanostructures for photoelectrochemical and photocatalytic water splitting. Chemical Society Reviews. 42,
2294-2320, doi:10.1039/C2CS35266D (2013).

Zhang, Y., Mori, T., Ye, ]. & Antonietti, M. Phosphorus-doped carbon nitride solid: enhanced electrical conductivity and
photocurrent generation. Journal of the American Chemical Society. 132, 6294-6295, doi:10.1021/ja101749y (2010).

Jun, Y. et al. Stucky, G. D. & Thomas, A. From Melamine-Cyanuric Acid Supramolecular Aggregates to Carbon Nitride Hollow
Spheres. Advanced Functional Materials. 23, 3661-3667, doi:10.1002/adfm.201203732 (2013).

. Jin, Z., Hao, X., Min, S., Xu, J. & Yuan, H. Efficient Photocatalytic Hydrogen Evolution over Platinum and Boron Co-doped TiO,

Photoatalysts. Materials Science. 20, 392-395, d0i:10.5755/j01.ms.20.4.6412 (2014).

. Ong et al. Graphitic carbon nitride (g-C;N,)-based photocatalysts for artificial photosynthesis and environmental remediation: are

we a step closer to achieving sustainability? Chemical reviews. 116, 7159-7329, doi:10.1021/acs.chemrev.6b00075 (2016).

. Zhao, Z., Sun, Y. & Dong, F. Graphitic carbon nitride based nanocomposites: a review. Nanoscale. 7, 15-37, d0i:10.1039/

C4NR03008G (2015).

. Wang, X. et al. A metal-free polymeric photocatalyst for hydrogen production from water under visible light. Adv Mater. 8, 76-80,

doi:10.1038/nmat2317 (2009).

. Jie Chen, ], Zhao, D. M., Diao, Z. D., Wang, M. & Shen, S. H. Ferrites boosting photocatalytic hydrogen evolution over graphitic

carbon nitride: a case study of (Co, Ni) Fe,O, modification. Sci. Bull. 61(4), 292-301, doi:10.1007/s11434-016-0995-0 (2016).

. Cao, S. & Yu, J. g-C;N,-based photocatalysts for hydrogen generation. The journal of physical chemistry letters. 5, 2101-2107,

doi:10.1021/jz500546b (2014).

Wang, X., Blechert, S. & Antonietti, M. Polymeric graphitic carbon nitride for heterogeneous photocatalysis. Acs Catalysis. 2,
1596-1606, d0i:10.1021/cs300240x (2012).

Low, J., Cao, S., Yu, J. & Wageh, S. Two-dimensional layered composite photocatalysts. Chem. Commun. 50, 10768-10777,
doi:10.1039/C4CC02553A (2014).

Butchosa, C., Guiglion, P. & Zwijnenburg, M. A. Carbon Nitride Photocatalysts for Water Splitting: A Computational Perspective. J.
Phys. Chem. C. 118, 24833-24842, doi:10.1021/jp507372n (2014).

Zhang, H., Zuo, X, Tang, H., Li, G. & Zhou, Z. Origin of photoactivity in graphitic carbon nitride and strategies for enhancement of
photocatalytic efficiency: insights from first-principles computations. Physical Chemistry Chemical Physics. 17, 6280-6288,
doi:10.1039/C4CP05288A (2015).

Chen, Z., Sun, P, Fan, B., Zhang, Z. & Fang, X. In situ template-free ion-exchange process to prepare visible-light-active g-C,N,/NiS
hybrid photocatalysts with enhanced hydrogen evolution activity. J. Phys Chem. C. 118, 7801-7807, doi:10.1021/jp5000232 (2014).
Maeda, K. et al. Photocatalytic activities of graphitic carbon nitride powder for water reduction and oxidation under visible light. J.
Phys Chem. C. 113, 4940-4947, d0i:10.1021/jp809119m (2009).

Duan, J., Chen, S., Jaroniec, M. & Qiao, S. Z. Porous C;N, nanolayers@ N-graphene films as catalyst electrodes for highly efficient
hydrogen evolution. ACS nano. 9, 931-940, doi:10.1021/nn506701x (2015).

Zhang, J. et al. Synthesis of a Carbon Nitride Structure for Visible-Light Catalysis by Copolymerization. Angewandte Chemie
International Edition. 49, 441-444, doi:10.1002/anie.200903886 (2010).

Maeda, K. (Oxy) nitrides with d 0-electronic configuration as photocatalysts and photoanodes that operate under a wide range of
visible light for overall water splitting. Physical Chemistry Chemical Physics. 15, 10537-10548, doi:10.1039/C2CP43914] (2013).
Chen, J., Dong, C. L., Zhao, D., Huang, Y. C,, et al. Molecular Design of Polymer Heterojunctions for Efficient Solar-Hydrogen
Conversion. Advanced Materials. 29, doi:10.1002/adma.201606198 (2017).

Wang, X., Chen, X., Thomas, A., Fu, X. & Antonietti, M. Metal-Containing Carbon Nitride Compounds: A New Functional
Organic-Metal Hybrid Material. Advanced Materials. 21, 1609-1612, doi:10.1002/adma.200802627 (2009).

Goettmann, E, Thomas, A. & Antonietti, M. Metal-Free Activation of CO, by Mesoporous Graphitic Carbon Nitride. Angewandte
Chemie International Edition. 46, 2717-2720, doi:10.1002/anie.200603478 (2007).

Chen, J., Dong, C. L., Du, Y., Zhao, D. & Shen, S. Nanogap Engineered Plasmon-Enhancement in Photocatalytic Solar Hydrogen
Conversion. Advanced Materials Interfaces. 2, doi:10.1002/admi.201500280 (2015).

Walter, M. G. et al. Solar water splitting cells. Chem Rev. 110, 6446-6473, d0i:10.1021/cr1002326 (2010).

Wang, X., Blechert, S. & Antonietti, M. Polymeric graphitic carbon nitride for heterogeneous photocatalysis. Acs Catal. 2,
1596-1606, d0i:10.1021/cs300240x (2012).

Lu, Y,, Chu, D., Zhu, M., Du, Y. & Yang, P. Exfoliated carbon nitride nanosheets decorated with NiS as an efficient noble-metal-free
visible-light-driven photocatalyst for hydrogen evolution. Phys. Chem. Chem. Phys. 17, 17355-17361, doi:10.1039/C5CP01657F
(2015).

Zhang. et al. Flower-Like Cobalt Hydroxide/Oxide on Graphitic Carbon Nitride for Visible-Light-Driven Water Oxidation. ACS
Applied Materials & Interfaces, doi:10.1021/acsami.6b10918 (2016).

Liu, Q. & Zhang, J. Graphene supported Co-g-C;N, as a novel metal-macrocyclic electrocatalyst for the oxygen reduction reaction
in fuel cells. Langmuir. 29, 3821-3828, do0i:10.1021/1a400003h (2013).

Zhu, Y. et al. Cobalt sulfide modified graphitic carbon nitride semiconductor for solar hydrogen production. International Journal
of Hydrogen Energy. 39, 11873-11879, doi:10.1016/j.ijhydene.2014.06.025 (2014).

Ge, L. et al. Synthesis and efficient visible light photocatalytic hydrogen evolution of polymeric g-C3N4 coupled with CdS quantum
dots. J. Phys Chem. C. 116, 1370813714, d0i:10.1021/jp3041692 (2012).

Chen, J., Shen, S., Guo, P, Wu, P. & Guo, L. Spatial engineering of photo-active sites on g-C;N, for efficient solar hydrogen
generation. Journal of Materials Chemistry A. 2, 4605-4612, doi:10.1039/C3TA14811D (2014).

Hao, X,, Jin, Z., Min, S. & Lu, G. Modulating photogenerated electron transfer with selectively exposed Co-Mo facets on a novel
amorphous g-C;N,/Co,Mo, _,S, photocatalyst. RSC Adv 6, 23709-23717, doi:10.1039/C5RA22102A (2016).

Lamiel, C. & Shim, J. J. Hierarchical mesoporous graphene@ Ni-Co-S arrays on nickel foam for high-performance supercapacitors.
Electrochimica Acta. 161, 351-357, doi:10.1016/j.electacta.2015.01.227 (2015).

Zhang, G. et al. Iodine modified carbon nitride semiconductors as visible light photocatalysts for hydrogen evolution. Advanced
Materials. 26, 805-809, doi:10.1002/adma.201303611 (2014).

Liu, J., Zhang, T., Wang, Z., Dawson, G. & Chen, W. Simple pyrolysis of urea into graphitic carbon nitride with recyclable adsorption
and photocatalytic activity. J. Mater. Chem. 21, 14398-14401, doi:10.1039/C1JM12620B (2011).

Chen, J. et al. In-situ reduction synthesis of nano-sized Cu,O particles modifying g-C;N, for enhanced photocatalytic hydrogen
production. Appl. Catal. B: Environ. 152, 335-341, doi:10.1016/j.apcatb.2014.01.047 (2014).

Byskov, L. S., Norskov, J. K., Clausen, B. S. & Topsee, H. Edge termination of MoS2 and CoMoS catalyst particles. Catalysis letters.
64, 95-99, d0i:10.1023/A:1019063709813 (2000).

SCIENTIFICREPORTS|7:7710 | DOI:10.1038/541598-017-08163-y 9


http://dx.doi.org/10.1039/C2CS35266D
http://dx.doi.org/10.1021/ja101749y
http://dx.doi.org/10.1002/adfm.201203732
http://dx.doi.org/10.5755/j01.ms.20.4.6412
http://dx.doi.org/10.1021/acs.chemrev.6b00075
http://dx.doi.org/10.1039/C4NR03008G
http://dx.doi.org/10.1039/C4NR03008G
http://dx.doi.org/10.1038/nmat2317
http://dx.doi.org/10.1007/s11434-016-0995-0
http://dx.doi.org/10.1021/jz500546b
http://dx.doi.org/10.1021/cs300240x
http://dx.doi.org/10.1039/C4CC02553A
http://dx.doi.org/10.1021/jp507372n
http://dx.doi.org/10.1039/C4CP05288A
http://dx.doi.org/10.1021/jp5000232
http://dx.doi.org/10.1021/jp809119m
http://dx.doi.org/10.1021/nn506701x
http://dx.doi.org/10.1002/anie.200903886
http://dx.doi.org/10.1039/C2CP43914J
http://dx.doi.org/10.1002/adma.201606198
http://dx.doi.org/10.1002/adma.200802627
http://dx.doi.org/10.1002/anie.200603478
http://dx.doi.org/10.1002/admi.201500280
http://dx.doi.org/10.1021/cr1002326
http://dx.doi.org/10.1021/cs300240x
http://dx.doi.org/10.1039/C5CP01657F
http://dx.doi.org/10.1021/acsami.6b10918
http://dx.doi.org/10.1021/la400003h
http://dx.doi.org/10.1016/j.ijhydene.2014.06.025
http://dx.doi.org/10.1021/jp3041692
http://dx.doi.org/10.1039/C3TA14811D
http://dx.doi.org/10.1039/C5RA22102A
http://dx.doi.org/10.1016/j.electacta.2015.01.227
http://dx.doi.org/10.1002/adma.201303611
http://dx.doi.org/10.1039/C1JM12620B
http://dx.doi.org/10.1016/j.apcatb.2014.01.047
http://dx.doi.org/10.1023/A:1019063709813

www.nature.com/scientificreports/

37. Chen, J., Shen, S., Wu, P. & Guo, L. Nitrogen-doped CeO x nanoparticles modified graphitic carbon nitride for enhanced
photocatalytic hydrogen production. Green Chemistry. 17, 509-517, doi:10.1039/C4GC01683A (2015).

38. Hao, X. et al. Behavior of borate complex anion on the stabilities and the hydrogen evolutions of Zn,Co;_,O, decorated graphene.
Superlattices and Microstructures. 82,599-611, doi:10.1016/j.spmi.2015.02.028 (2015).

Acknowledgements
This work was financially supported by the Chinese National Natural Science Foundation (41663012, 21603274)
and the Post-graduated Innovation Research Program of North Minzu University (YCX 1777).

Author Contributions

The following statements should be used Kai Fan and Zhiliang Jin conceived and designed the experiments;
Kai Fan performed the experiments; Kai Fan, Duanduan Liu and Hao Yang analyzed experimental data and
characterize datadate; Yingpu Bi and Hongyan Hu contributed reagents/materials and analysis tools; Kai Fan
wrote the paper.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:7710 | DOI:10.1038/541598-017-08163-y 10


http://dx.doi.org/10.1039/C4GC01683A
http://dx.doi.org/10.1016/j.spmi.2015.02.028
http://creativecommons.org/licenses/by/4.0/

	Promotion of the excited electron transfer over Ni- and Co -sulfide co-doped g-C3N4 photocatalyst (g-C3N4/NixCo1−xS2) for h ...
	Result and Discussion

	XRD analysis. 
	SEM characterization. 
	TEM characterization. 
	X-ray photoelectron spectroscopy (XPS). 
	Photocatalytic activities over Eosin Y-sensitized g-C3N4/NixCo1−xS2 for H2 evolution. 
	Photoluminescence (PL) analysis. 
	Speculation on the mechanism for H2 evolution. 

	Conclusions

	Experimental section. 
	Preparation of g-C3N4/NixCo1−xS2 nanocomposite photocatalysts. 

	Characterization. 
	Photocatalytic H2 evolution experiments. 

	Acknowledgements

	Figure 1 X-ray diffraction (XRD) patterns of pure g-C3N4, g-C3N4/NiS2, g-C3N4/CoSx and g-C3N4/NixCo1−xS2 and the JCPDS of NiS2, Co3S4 and CoS.
	Figure 2 SEM patterns of pure A g-C3N4 and B g-C3N4/NixCo1−xS2 nanocomposite samples.
	Figure 3 The TEM images of the samples.
	Figure 4 (A) XPS survey spectra of the g-C3N4/NixCo1−xS2 sample.
	Figure 5 (A) Hydrogen evolution over Eosin Y-sensitized catalyst (10 mg) in 15% TEOA aqueous solution (pH = 10) and (B).
	Figure 6 Fluorescence spectra of the g-C3N4/NixCo1−xS2 system.
	Figure 7 The proposed photocatalytic mechanism for hydrogen evolution over EY-g-C3N4/NixCo1−xS2 photocatalysts under visible light irradiation.
	Table 1 Decay parameters of EY in the presence of g-C3N4/NiS2, g-C3N4/CoSx, and g-C3N4/NixCo1−xS2 in 15% (v/v) TEOA aqueous solution at pH 10.




