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ABSTRACT
Herein, g-GN4sand NiMoQ,, which are moderate energy band gap semicondutiave been
effectively hybridized to create Z scheme heterciiom for successful visible-light

photocatalytic converting COnto valuable products including GHCO, @ and HCOOH.

Ni(NO3),:6H,O and (NH)sM070.4-4HO were wused as precursors to synthesize

NiMoO, photocatalyst, which was continuously mixed witelamine before calcinating at 520
°C for 6 h to get NiMo@g-C3N4Z scheme heterojunction. We explored that NiMa@imately
contacted with g-€éN4. These band positions of the NiMp@ere also perfectly matched with
those of the g-€N4. Therefore, these photo-induceda conduction band of the NiM@©ould

easily travel to hon valence band of the g, (recombination); thereby, minimiz€ land é
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recombination in each material. Therefore, the NIMg-Cs;N4direct Z-scheme heterojunctions
could produce significant available” lon the valence band of the NiMg@nd é on the
conduction band of the gs8,. These #h" have suitable redox potential to effectively canve
CQO,. Finally, the optimized g-§l, mole ratio for maximum enhancing photocatalyticcefncy

of the NiMoQy/g-CsN4 heterojunction was 60 %. When the gNgcontent increased to 70 %,
the excess g-Bls amount would entirely cover NiMaoGurface leaded to form dense and closed
shell. The formed closed shell decreased contawtee® NiMoQ and CQ as well as the
interface charge transfer, which reduced thane i separation and transfer leading to decrease

in photocatalytic conversion efficiency.

Keywords: Z scheme heterojunction; NiMap g-GNg4; Photocatalytic C@ conversion;

Valuable products

1. Introduction

Currently, CQ has been considered as one of the main pollutamisibuting to the climate
change and greenhouse effects, which respondsfmus global problems [1]. Development of
suitable method utilizing C£as an efficient source to form valuable productsluding formic
acid (HCOOH), methanol (GJ®H) and methane (G etc., has recently received extensive
attention in scientists. The utilization not oniyna to reduce atmospheric g@vels but also
extend available carbon resources for chemical stiguproduction chain [2, 3]Various
techniques, such as chemical reduction (involvingtg- and electro- reduction), thermocatalytic
hydrogenation and biological conversion, have emducted for the purpose [4]. Among them,
photocatalysis for C©Oconversion has received great consideration becaiugs environmental

friendliness and its potential in utilizing solareegy [5-9]. In the photocatalytic G@onversion,
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the used photocatalyst could utilize solar or iaféf light as sources of photon energy to
accelerate photo-reactions to convert,@@o carbohydrates. Various photocatalysts, suich a
metal oxides (ZnO, Ti@) WO;), metal phosphides, nitrides or sulfides fNg CdS, ZnS, GaP)
and binary-metal oxides (BNOs, ZNGa0,4, CwV207, NIWO,, Zn,SnQ, and ZnGeQ,), have
been successfully applied for photocatalytic,€@nversion [10-13]. Nevertheless, most of them
could be used only under ultraviolet irradiatiord asuffered from high photogenerated charge
recombination, low conversion efficiency and photoosion during photocatalytic reactions,
which are huge challenges hindering commercialiegjpbns in this field [14].

Recently, several transition metal molybdates idiclg NiMoO, FeMoQ, Bi:MoOs,
CoMoQ, and CuMoQ have significantly attracted scientists’ attentionapply them in many
fields including photocatalysis, dehydrogenatiaon] aenergy storage/conversion [15, 16].
Among them, NiMoQ has been used as catalyst for oxidative dehydadgen
of propane and-butane [17]. More recently, NiMaChas been considered as an emerging
visible light photocatalyst because of its modegatergy band gap (~2.4 eV) and good electrical
conductivity [18]. The synthesized NiMa@Omaterials have been successfully used for
photocatalytic organic pollutant removal as welbasterial inactivation [19, 20]. However, the
application of NiMoQ photocatalyst for COconversion is limited because its conduction band
potential is quite low and rapid recombinationluit photo-excited eand H. Another emerging
photocatalyst, which has recently gained significttention of global scientists, is g, [21-
23]. The photocatalyst also has moderate band gapye and high stability. The conduction
band potential of the g«8l, is around -1.20 V. Therefore, the generatea»easting on the
conduction band of the gsN4 would have high potential to reduce £@to many valuable
hydrocarbon products [24-26]. Nevertheless, theslz(hotocatalytic efficiency is still away

from satisfactory due to the high recombinatiore rat photo-excited charges and low surface
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area, which are usually considered as major baroérthe single component semiconductor
photocatalyst [27]. Recently, Z-scheme heterojamstj which have been formed from
combination of g-6N4 with another narrow band gap photocatalyst has egely studied [28-
31]. In the formed Z scheme heterojunction, thesiy&nd the combined photocatalyst could be
simultaneously excited by suitable incident lighhen, the photo-excited ef the combined
component could transfer to the g\G to combine with hon its valence band (recombination).
Therefore, residual photo-excitedad the g-GN4 would exhibit strong reduction capacity while
the h in coupled photocatalyst present strong oxidatiapacity. Consequently, the formed Z-
scheme heterojunction could show great photocatapgrformance [32, 33]. To effectively
form a Z-scheme heterojunction, the conduction baoigntial of the combined photocatalyst
should be more positive than the conduction bardntial of the g-@N4 while the valence band
potential of the g-eN4 should be more negative than that of the couptedqgeatalyst. Thus, the
NiMoO, is considered as perfectly suitable photocatdtystombination with g-eN4 to create
Z-scheme heterojunction. However, until now, thess no reported study combining ghG
and NiMoQ to form Z-scheme heterojunction (NiM@@-C3N4). Thus, the study aims to
combine NiMoQ and g-GN4to create NiMoQ@g-CsN4 Z-scheme heterojunction. The formed
heterojunction is expected to greatly prevent diaathges of each single component to exhibit

novel photocatalytic performance for efficiency £0nversion to valuable products.

2. Experiments
2.1. Material preparation

Ni(NO3):6H,0O and (NH)sM070.4-4H,0O were precursors for synthesis of
NiMoO, photocatalyst. In a typical experiment, these ywmsars were dissolved in deionized

water to obtain 1 M solutions. Then, these obtaiseldtions were mixed by drop wise under

4
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magnetic stirring condition. Citric acid (0.1 M) twidouble molar weight of Ni used as
chelating agent. Then, the suspension was newdaiy ammonium hydroxide (0.1 M). The
obtained greenish yellow precipitate was centritluge collect and washed adequately with
water/ethanol. Then, the washed precipitate wasidat 80°C for a half day. The obtained dried
greenish yellow powder was mixed with melamine. db&ined mixture was robustly mixed in
order to achieve a homogeneous mixture, which wasirsuously transported to a crucible. The
crucible was continuously calcinated at 820for 6h with 5°C min™* heating rate to achieve
NiMoO4/g-CsN4 Z-scheme heterojunction. The melamine amounts wamilated to synthesize
series of heterojunction photocatalysts, which wabeled as NiMo@g-CsN4-X (X represented
the mole ratios of g-{l, in the heterojunction photocatalysts=%0, 60, and 706). A parallel
experiment without adding melamine was also camgtdto synthesize NiMof Melamine was

also calcinated at 52T for 6 h to obtain g-§N,.

2.2. Conversion experiments

These photocatalytic GOconversion tests have been carried out in a cooti®n model
containing a reactor with volume of 40 mEig. S1 in the supplementary material). Quartz was
used to make bottom and top of the reactor plaringe center of a 24 L cask. The cask has
dark cover to use as a reaction chamber. A 30 Wabedh (SBNL-830) bulb was hanged from
the ceiling and another was put on the bottom efréaction chamber were used as light sources
generating visible light in range from 400 to 70@.nThe calculated power density of the
provided visible light was approximately 0.15 Wfci.1 g synthesized materials was uniformly
spread onto floor of the reactor to photocataly@e @O, conversion. For photocatalytic GO
conversion, high purity Cgas (99.9 %) was constantly supplied with floverat 30 mL/min.

Before reaching to the reactor, the £fdw was oriented passing water (X5) to produce a

5
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mixture of CQ and HO. By this condition, relative humidity of inlet gareaching to
photocatalyst was around 60 %. Finally, the prosl@étconversion processes were determined
by a gas chromatography (GC) system (Agilent 7890viich equipped with both a flame
ionization detector (FID) and a thermal conducyindetector (TCD). 10QL gaseous products
was automatically injected into the GC system &trirals of 20 min.Ar gas was used as a
carrier gas. Standard curves of CO, .GHCOOH and @ have been built to calculate the

concentration of produced gases.

3. Results and discussion
3.1. Material characteristics
3.1.1. Morphology, microstructure and surface areas

A Tecnai G2 F30transmission electron microscopy (TEM) has bemsed to determine
microstructures and morphologies of these syntkdsigiMoQ,, g-GN4 and NiMoQ/g-CsN4
materials. As presented in théig. 1A, the synthesized gs8,existed as lamella. The
synthesized NiMo@were nano-particles, which average size was appsigly 1700hm (Fig.
1B). In case of the synthesized NiMg@® CsN, material, the g-€N, lamellar entirely twined
these NiMoQ particles (the dark part). More TEM images of Ki&00./g-CsN, materials have
been additional provided in the supplementary nedtéo clearly show the distribution of the
NiMoO4 on the g-GN4 lamella Eig. S2 in the supplementary material). The obtained high
resolution TEM image presented a lattice fringe®D@7nm, which corresponded to the (220)
plane of the NiMo@ while another lattice plane space of 82 was compatible with (002)
planes of the g-N, [34-36]. The obtained high resolution TEM imageoyad strong
hybridizing between g-§D, and NiMoQ. Nitrogen adsorption desorption isotherms comlgnin
with BET equations were used to determine surfaeasaof the synthesized NiM@Qg-GsN4

6
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and NiMoQy/g-C3;N4 heterojunctions. These obtained results shownanTdble 1 indicated that
the surface areas of these NiM@§CsN4 heterojunctions were greater than those of NilyloO
and g-GNgsingle components. The distribution of NiMp0n the g-GN, diversified pore size
and increased pore number leading to increaseeirstinface area of the NiMa@-C3N4 as
compared to those of both NiMa@nd g-GN4 (Fig. S3 in the supplementary material). The
increase in surface areas of the NiM@RCsN,4 heterojunction would effectively enhance their

CO, absorption leading to increase in conversion iefficy (if any).

Fig. 1. TEM images of the g-Bl4 (A), NiMoO, (B), NiMoO4/g-CsN4 heterojunctions (C) and

HRTEM of the selected area in the TEM image ofNiidoO4/g-CsN4 (C1).



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

3.1.2. Phase structure

A Bruker AXS D8 Advance diffractometer was useddiotain X-ray diffraction (XRD)
patterns of these synthesized materials. These Xpddterns of these NiMafy-
CsN4 heterojunctions with different gs4 contents have been shownHFm. 2 together with
these patterns of the pristine NiMg&hd g-GN4. The major diffraction peaks observed from the
NiMoO4 XRD pattern were well indexed to monoclinic sturetofa-NiMoO,4 (JCPDS Card No.
86-0361) [37, 38]. The g48l, XRD pattern presented two typical peaks appeaatnt3.2° and
27.4°, which corresponded to (100) and (002) latptanes of the g-4Bls, respectively [39].
These diffraction peaks related to the gN¢Cas well as the monoclinic structure NiMp€ould
be seen from XRD patterns of these synthesized RMpCsN, heterojunction. No impurity
diffraction peaks and noticeable peak shift wereéected in the XRD patterns of these
synthesized NiMo@g-CsN4 heterojunction indicating that the distributioniMoO,4 on the g-

CsN4 has not affected crystallinity of both NiM@@nd g-GNa.

002
(110) Crem .,
1o A 112) f\n H (430) 204y NiMoO /g-C,N,-70
_ ,.1 — . AA ] NiMoO,/g-C,N,-60
=
S
N’
e A ! ,A f ' NiMoO,/g-C,N 50
G
=
L
N
= -
C NiMoO,
T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60

2 Theta

Fig. 2. The XRD patterns of NiMog&) g-GN, and NiMoQ/g-C;N,4 heterojunctions.
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3.1.3. Elemental states

The elemental status of nickel and nitrogen irs¢hg-GN4, NiMoO, and NiMoQ/g-CsN4
were determined using an X-ray photoelectron spewter (XPS). First, the Gaussian fitted
XPS spectrum of N of g-4Bl, presented three peaks at 398.4, 399.8 and 4¥1(Eig. 3). The
fitted peak at 398.4V can be attributed to nitrogen in C=NC while the obtained peak at
399.8eV corresponded to N in N-(€fbridging N atoms) building the fundamental g-
CsNy4 structure [40, 41]. The peak at 40&\ could be corresponded to N positive charge of
heptazine rings resulted from incomplete thermdyqamdensation process [42]. In contrast, N
peaks of the NiMo@g-CsN,4 heterojunctions shifted to 398.6, 40@rid 401.&V. The 401.6
peak intensity of the NiMoglg-CsN4 heterojunction also significantly decreased aspamed to
the peak of the g-Bl,. The results indicated that chemical bonds ocdutvetween the
NiMoO,4 and g-GN4 [43-47].

The XPS spectrum of Ni of the NiMa(presented four peaks, which included two major
peaks accompanying with their satellite pedkig.(3). The major peak (at 854e¥) and its
shakeup type peak (at 862Y) corresponded to Ni 2porbital while the major peak (at
872.5eV) and its shakeup type peak (at 88)/3 corresponded to Ni 2p orbital [48-51]. The
Ni 2ps2 and Ni 2, peaks were separated by 1&8showing the nickel state in the NiMgO
was NFP*. However, these Ni 2pand Ni 2p,, peaks of the NiMo@g-Cs;N, heterojunction
shifted a little. The Gaussian fitting analysis al@eluted the 2p spectrum into peaks indicating
the co-existence of both Niand NF* in the synthesized NiMogy-C;N, heterojunction [51-53].

In detail, these peaks at 856.3 and 884/4ould be appointed to Ni2ps;, and NF* 2py, status,
respectively; while these peaks at 854.7 and 832.5itill corresponded to Rli2ps,and
Ni?* 2py; status, respectively. The new occurrence of Nitate in the NiMo@g-CsN,

heterojunction confirmed the existence of chemiimaiding (Ni and N) between NiMo@nd g-

9
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CsN4. The XPS analysis of C also confirmed that NiMaghd g-GN4 were not just connected
physically, but forming a tight interface via cheali bonding (C-O) between C of the ghG

and O of the NiMoQ (Fig. $4 in the supplementary material).

NiMoOy/g-C;3N,4 | A NiMoO./g-C3Ny | B

g-C3N, NiMoO,

NiZp  __ NiMoO,

— NiMoO./g-CsN,

— g-(TsN.;
—— NiMoO4/g-C3N4

- T T - - T T T T T T T T T T T T T T T T
404 403 402 401 400 399 398 397 396 395 394 884 882 880 878 876 874 872 870 868 866 864 862 860 858 856 854 852 850
Binding energy (eV) Binding energy (eV)

Fig. 3. XPS spectra of N 1s in gs84 and NiMoQ/g-C3sN4 (A) and XPS spectra of Ni 2p of
NiMoO,4 and NiMoQ/g-CsN,4 (B).
3.1.4. Optical properties
The UV-Vis absorbance of these synthesizedsN;C NiMoO, and NiMoQ/g-CsN4
heterojunctions were presentedHig. 4. In pristine NiMoQ, the coordination environments of
Ni?* and M&"* responded for its optical absorption [54]. Fitee absorption in region of 205 to

400nm was due to the electron transfers from nonbantigand orbitals to antibonding metal
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218

219

220

221

222

223

orbitals (from G~ 2p to MJ* 5d) [55]. Secondly, the d-d transitiof8,4(F) — *T1(P) of the
nickel in octahedral symmetry and charge trandienm these occupied Ni 3d orbitals to these
unoccupied anti-bonding Mo 5d orbitals respondedatasorption in region of 400 to 55
[56]. Finally, the optical absorption in region @0-800 nm centered at 700 nm was attributed

to Ni** (Oy) species [57].

— NiMoO,/g-C;N,- 70
_ — NiMoO /g-C,N, - 60
;; — 23N,
g — NiMoO /g-C,N, - 50
=
2 NiMoO,
fi
2
=
<
200 | 360 | 460 | 560 | 660 | 760 | 800

Wavelength (nm)
Fig. 4. UV-Vis absorption of these synthesized gN& NiMoO, and NiMoQ/g-CsN4
heterojunctions.

The UV-Vis absorption of the gsN, presented an absorption edge at 460 nm. As cochpare
to these NiMoQ@ and g-GN; samples, these synthesized NiM&PC3N,4 heterojunctions
presented great increase in visible-light absorbaiite energy band gappgEof g-GN4 and
NiMoO4, which were estimated via Kubelka-Munk functionsere 2.68 and 2.4&V,
respectively Fig. S6 in the supplementary material). The estimatggl d& these synthesized

NiMoO4/g-CsN4 heterojunctions were great lower than those aflsinomponentsi(able 1).
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224  Table 1. Surface areas,»f production rates and efficient used chargesr(&) of the NiMoQ,

225  g-GNgand NiMoQy/g-CsN4 heterojunction.

Sutaseress B T oty g ges s orth
CH, CO 0O, HCOOH (Hmolgcath)
0-CsNy 68.5 2.68 0 0 0 0 0
NiM0O4 10.4 2.45 0 0 0 0 0
NiMo0O4/g-C3N4- 50 97.5 237 512 349 1449 578 5950
NiM 004/g-C3N4- 60 98.7 231 635 432 1853 647 7238
NiM004/g-C3Ng4- 70 96.2 234 567 414 1637 625 6614
226
227 The visible-light absorption increase and thg @ecrease of these synthesized NiM@©O

228  CsN4 heterojunctions as compared to single componemt® \attributed to direct Z scheme
229 effects. The Mott-Schottky plots were applied tdedmine these maximum valence bands
230 (MVB) and minimum conduction bands (MCB) of thes€4N, and NiMoQ in order to clearly
231  explain the direct Z-scheme mechanism of these IMpC3N,4 heterojunctionsKig. S7 in the

232 supplementary material). These determined MVB andBMof the g-GN, were 1.64 and
233 -1.04V, respectively; while these determined M aMCB of the NiMoQ were 2.57 and
234  0.12 V, respectively. In addition, gsl8, and NiMoQ, was intimately contacted (see the obtained
235 HRTEM results). Therefore, gs84 and NiMoQ, have been suitable hybridized to form a novel
236  Z direct schemeHig. 5). Electrochemical impedance spectra (EIS) were abgried out to
237 confirm electron transfer between NiMgp@nd g-GN,4. The obtained EIS Nyquist plots, which
238 was provided in the supplementary ddteg( S8), showed that the charge transfer resistance of

239 the NiMoQy/g-CsN4 was much lower than those of single NiMoé@nd NiMoQ/g-CsN4. This

12



240 verified these findings indicating that the Z scleelnas been successfully established to enhance

241  electron transfer between NiMg@nd g-GN,.

Potential energy

(V vs. NHE) 2 CH,, CO, HCOOH
(
.. - co,
=1 1 E !
: - 1 s
T Qul2ue Com e (SN2
e Fast : I D : :
1 - ! : reomconbination: ! ; 1
T / - e ' - |
€ B - h+ A P
2 “ Vhaud . I _1 = ! O H+
LA -GN, v
3 &GN il Ve BN s
NiMoO, NiMoO, H,O0
™, Single photocatalysts Z direct scheme heterojunction
243 Fig. 5. Mechanism for Z direct scheme heterojunction.
244 In the formed direct Z-scheme, narrow, §-CsN4 and NiMoQ photocatalysts could absorb

245  visible light to excite efrom valence band to conduction band leavifigoh the valence band.
246 Then, these excited en the conduction band of the NiMg@ould easily transfer (migrate) to
247  the valence band of the g to fill these i there. This effectively minimized recombination of
248  photo-excited charges in each material. Thus, th&eént visible light was efficiently used for
249 separation of ‘eand H or visible-light absorption of these synthesizedMdO4/g-CsN, was
250 greater than those of single components. The ploiokescence (PL) characterization was also
251 used to determine recombination status of phot@texkcharges in the synthesized sampieg. (
252 6). It is known that the higher the PL peak intensitdicates faster recombinatidfig. 6

253 presented that these PL peaks of these synthedizEldO./g-C3N, heterojunction were
254  obviously lower than those of the ghG and NiMoQ meaning that the direct Z-scheme

255  heterojunction remarkably restrainechad H recombination.
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264
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266

267

— g-C3Ny

— NiMoOx4
— NiMoO4/g-C3N4 — 30
— NiMoO4/g-C3N4 - 70
NiMoO4/g-C3N4 - 60

400 425 450 475 500 525 550
Wavelength (nm)
Fig. 6. Photoluminescence spectra of these synthesizeflg-NiMoO, and NiMoQ/g-CsN4
heterojunctions.

3.2. CQ conversion

No carbon-containing products was detected in bexperiments, which used a mixture of
N, and HO vapor as inlet gas to feed into the irradiateatt@ involving synthesized gsN,,
NiMoO4 and NiMoQ/g-C3N4 heterojunctions. This observation verified thaboa products (if
any) could be generated from g€@recursor rather than from carbon componentsdwes) of
these synthesized photocatalysts. After blank exyerts, CQ and HO vapor mixtures were
fed to the reactor, which contained these syntkdsg-GN4, NiMoO, and NiMoQ/g-CsNg,
under both visible light and dark conditions. Thes&s no converted product was noticed when

tests were conducted under darkn@s$ss indicated the necessary of incident visibghtias
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286

excitation source for photocatalytic performanclee Bingle component photocatalysts (NiMoO
or g-GN,) could not also exhibit any activity for convensiof CQ, when they were excited by
visible light. This result was due to rapid reconation of photo-excited’hand & which was
one of major disadvantages of single componentquiatailyst. Interestingly, these NiM@@-
CsN4 heterojunctions effectively converted €0nto various carbon-containing products
including CO, CH and HCOOH. Huge ©gas have been also found as by-product from
photocatalytic C@ conversion. The production rates of CO,,HCOOH and @ were shown

in Table 1. The C@ conversion efficiency of the NiMafl3-CsN4 photocatalyst was much
higher than those of recent reported materials IET&4 in the supplementary material). When
NiMoO,4 was coupled with g-§), to create NiMo@g-CsN4 heterojunctions, both NiMof£and
9-CsN4 could absorb large amount of incident visible tifiecause of their narrow,f to excite

of € from the valence band to the conduction band oh ematerial leaving 'hat the valence
band. Because of suitable potential energy levdliatimate contact between NiMg@@nd g-
CsN4, the photo-excited ®n the conduction band of the NiMg€an travel to hon the valence
band of the g-eN4 (to recombine); thereby, effectively minimize chamgcombination in each
material. Therefore, the NiMofy-CsN4 direct Z scheme heterojunctions could produce
significant available ‘eat the conduction band of the g\G and H at the valence band of the
NiMoO,. These produced charges presented suitable remexrt@l to convert COdescribing

by following equations [32, 58, 59].

NiMoOJ/g-CsNg O YIETET & & 4 pt )
2H,0 + 40 —> 4H" + O, (2)
CO, + 8H + 86 —>CH, + 2H0 (E%edox= - 0.24 V) (3)
CO,+2H +26 —=>CO + HO  (Fregox= - 0.48 V) (4)
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CO, + 2H" + 26 —> HCOOH  (Bregox= - 0.61 V) (5)
287 Based on the equations 2, 3, 4 and 5, it can he tbe¢ the [produced = 2 x [produced
288 CH4 +1/2x [produced HCOOH] + 1/® [produced CO] = 1,809 (umol. gat. h'). The
289 calculated @ products mostly matched with the detected produge(irable 1). Therefore, the
290 proposed mechanism for photocatalytic C€bnversion following equations (1 to 5) was
291  scientifically correct. In addition, equations 2,43and 5 also indicated that these efficient used
292 charges (eor h) = 4 x [produced G = 8x [produced CH] + 2x [produced CO] + X
293 [produced HCOOH]. These efficient used charges de h') of these NiMoQg-CsN,4
294  heterojunctions were also shown in Table 1. Thieiefit used charges of the NiM@@-C3N,-
295 60 was approximately 7,238 (umol’agt. h'), whichwas the highest among those of these
296  synthesized NiMo@g-CsN, heterojunctions (5,950 (umol cat. h') for NiMoO4/g-CsN4-50
297 and 6.614 (umol. trat. K for NiMoO4/g-CsN4-70). The observation greatly matched with
298 these characterized results. Thus, theslsCcontents significantly affected photocatalytic
299 efficiency and the optimal g48l, molar ratio was 60 %. When g, content was increased to
300 70 %, the excess gz, amount would entirely cover NiMoGurface leaded to form dense and
301 closed shell [41, 42]. The formed closed shell dased contact between NiMp@nd CQ as
302 well as the heterojunction interface effects, whiebuced eand H separation and transfer
303 efficiency leading to decrease in photocatalytiovasion efficiency.
304 Recycling experiments were conducted to determime s$tability of the synthesized
305  NiMoO4/g-C3N,4 during the CQ conversion processes. The NiM@@CsN4, which was used for
306 CO, conversion for 4 h, was collected and vacuum dise®4 h under dark condition and then
307 continuously applied for next cycle. The €€&nversion efficiency of the NiMafy-CsN4 was
308 constantly over five cycles (Table 2). The resuldicated the high stability of the NiMa@-

309 C3Ng4 material in the C@conversion process.
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310 Table 2. Production rates and efficient used clsarfgem CQ conversion of the recycled
311 NiM0O,4/g-C3Na.
Production rates Efficient used charges
(umol. g'cat. h') (umol. g*cat. KY)
CH,4 co 0, HCOOH

Cycle#1 635 432 1853 647 7238

Cycle#2 617 430 1802 680 7156

Cycle#3 625 414 1705 630 7088

Cycle#4 608 407 1754 618 6914

Cycle#5 612 397 1673 595 6880
312
313 4. Conclusions
314 We successfully combined g, and NiMoQ, which are moderate,Ematerials, to create Z
315 scheme heterojunction to effectively use for visilight photocatalytic C@conversion to
316  valuable products involving GHHHCOOH, CO and © The intimate contact between NiMpO
317  with g-GN4 in NiMoO,4/g-CsN,4 direct Z scheme heterojunctions have been well gitovhe
318 material characterization also indicated that tHemed position of NiMo@was also perfectly
319 matched with those of gs84. Thus, these photo-excited & the conduction band of the
320 NiMoOj4could easily recombine with'tat the valence band of the ghG to preserve significant
321 available amounts of @t the conduction band of the g\NG and H at the valence band of the
322 NiMoO,. These preserved land épresented suitable redox potential to effectivegvert CQ
323  to produce Chl HCOOH, CO and @ Finally, we determined that the optimized gN¢ molar
324 ratio in the NiMoQ/g-CsN4 heterojunction for the highest G@onversion efficiency was 60 %.
325  This was because the excessafffamount (when the g«8l4 content increased to 70 %) would
326  entirely cover NiMoQ surface leaded to form dense and closed sheledsicrg contact between

17



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

NiMoO4 and CQ as well as the heterojunction interface effectgjctv reduced eand H

separation and transfer efficiency resulted in e@se in photocatalytic conversion efficiency.
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Highlights

Successfully created NiMoO,4/g-C3N,4 Z scheme heterojunction for CO, conversion
Hybridization of NiMoO, and g-C3N4 prevented recombination of €/h* in each material

The created NiMoO4/g-C3N4 converted CO, into HCOOH, CH, and CO even under visible
light

The optimal molar ratio of g-CsN4/NiMoO, for the best photocatal ytic conversion was 60%



Declaration of interests

Thanh Dong Pham, Ph.D.

VNU Key Laboratory of Advanced Materials for Green Growth,
University of Science, Vietnam National University,

334 Nguyen Trai, Thanh Xuan, Hanoi, Vietnam

Phone: +84-988-239-630,
E-Mail: dong2802@vnu.edu.vn

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

X The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



