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Effect of Sulfur Contents in NiZnS Composite Photocatalysts on Solar Water Splitting

Joo Hyun Kim, Eun seon Kang, and Jung Hyeun Kim*

Department of Chemical Engineering, University of Seoul, Seoul 02504, Republic of Korea.

Abstract: Solar energy is attracting much attention as an eco-friendly source for future energy needs. Herein,
NiZnS photocatalysts were synthesized with a hydrothermal method at various sulfur contents. The ZnS
material is widely used as a photocatalyst because of its high stability, low toxicity, and excellent charge
separation characteristics. Nickel is considered a co-component in the ZnS base to improve hydrogen evolution
efficiency, because nickel sulfide has a narrow band gap. Field emission scanning electron microscopy analysis
was used to observe particle size and shape. As the sulfur ratio increased, the particle size increased, and
relatively uniform particle sizes were obtained at the 2:2 molar ratio of NiZn:S. X-ray diffractometer analysis
showed the formation of ZnO crystals at low sulfur contents in the NiZnS photocatalysts. Among the various
NiZnS compositions, the NiZn:S ratio of 2:2 resulted in the highest hydrogen production rate (1541.5 pmol/
g/h) with stable reproducibility. UV-vis spectroscopy was used to analyze light absorbance, and the band gap
changed with different sulfur contents due to the oxygen vacancies in ZnO, as identified by X-ray
photoelectron spectroscope. High amounts of thiourea used to introduce the sulfur increased the particle sizes
and blocked sunlight coming to NiZnS surfaces, thereby degrading photocatalytic performance. Therefore,
changing the sulfur content when fabricating the NiZnS composite photocatalysts affected the crystalline
structures and band characteristics of the materials, and it finally resulted in improved light absorption,
charge separation, and the hydrogen production rate of the photocatalysts.
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B4 8 FZuoAE ZnCdS[10,11], Znln,S,[12],
CuZnS[13] 55 e AFE°] FagToly F2 o
AE 7 E AR EFOR ] 1Al o] 7HA]
B G99 FHES THIE dFee] HaEd =
3 FdME 55 B 2 HEE E25 MRSt A
st o, WM (platinum, Pt)[14], Z(iron, Fe)[15], &
E(cobalt, Co)[16]9} & &4 EFS AR Hxule]
NUAE w3 F(sulfur, S)[17], FZx(nitrogen, N)[18]
o 22 vl EAS AMESH dArhge oluAlE =
o W7HEE Zole 3t dgol BAFHTh

B At e QoA 7Ieet A B T EIAIE
Zojjo] EXS ARgsle] zZnSe] W] 7148 Fo] A5
A1 2AL gt ZnSE nd WEEAIR FAdo] A A
st 744, 9-gk Ast 2ok Boyr] §4 58 7K ¢
oA i At FEuE e Ayt AL vk

oo ofd

[19]. =3 YA 52 u 7HHe] Fi, 1 F
NiS,(nickel disulfide)e] 75 E2do] 3 o] F:a}
H QPgA BEAE T Sle AeE dHA U
[20]. ol=lgt ZnSot YA 3l=o] S &8sh] fIal
YA, o}, & Al 7 24 EFsl] A2 SAE
FE=u)5 st} skoh NiZnS EE0 342 Y&
nitrate A|E2e] YA} o}Ade] H-EA (precursor)s ©]-8-3151

o 3 HFAZE thioureas ARSI Al 7HA] AEZ
L3 (hydrothermal method)yS F3f A|=ZsF3ic}. &
o ke WakAA PSRN F4 A Folg gl
3l9em FE-SEM, XRD, XPS, UV-vis 52 ©]-&3}¢]
YEule) B4 BAS sl mi BE0o) S A
WA Belst] TS Bkl ¥ AdE =
vl el el BEule] T YR Bl 54l
HAE gl sl ZAsla RS BEsidt.

2. EXPERIMENTAL

o] el mE NiznS ZEFwE FAsH7] Sl§)
nickel nitrate hexahydrate(Ni(NOs),-6H,O, >97.0%, Sigma
Aldrich), zinc nitrate hexahydrate(Zn(NO;), 6H,O, 98%,
Sigma Aldrich), thiourea(CH4N,S, >99.0%, Sigma
Aldrichys ZH7F YA, oA, o] A= ARSIt
<F3d 9 (hydrothermal method) 2 Z /3317 $l8 &ul=
Z5 2 (resistivity>18MQ) 160 mLE AR-319101, Sujd|
7t AFAE £ 19 AAE HEE FJrReE & X7 53t
W HH(stirringyS P sATE UAF ofdE 1:99 = H]
(molar ratio)® st 0™, o] o] wE WsE &

A 588 A A61HE A435 (2023 49)

Table 1. Formulation and sample notations for NiZnS
photocatalysts
. Precursors
Samples ({71 NiNOy),  Zn(NOy, .
(NiZn:S) 6H,0 6H,0 Thiourea
NZS1 2:1 8.00 mmol
NZS2 2:2 16.00 mmol
NZS3 2:3 0.16 mmol 15.84 mmol 24.00 mmol
NZS4 2:4 32.00 mmol
NZS5 2:5 40.00 mmol

ofR 7] fs YA oA HpAle] FE FLsH st
thiourea®] -2 WIAIZTE wuto] 2 8948 200 mL
|| HIZE foldol &4 B2 F, QLEZH|HE o]
83to] 719 2 (furnace) =% 200 °CollA] 244]7F < &
A st o] Ad2olA 5AZF FRF Wbk & A4E
Z71E A3t B3 dego =z A A Hzolrb
AL 60 °C LEoA FHFE AxEA

NiZnS F5m ] FaA4 58S SRlshy] 28 570l
FETo 7 o]Fo)x 250 mLe] pyrex &7]° FEFujE
GG ARgste] AAS st NiZnS F50 0.01
S 40 mL SRl 307 220 At gAE &
2EA1Z1 F, sodium sulfide nonahydrate(Na,S-9H,0,
>98.0%, Sigma Aldrich) 0.35 M3} sodium sulfite
(Na,SO;, 97.0%, Samchun) 0.25 ME F715l & 60mL
g0z Tttt o] ¥ 1027F A ¥4 (purging)
T AT FeE A AR AFES sk o gl
B3 AJEd o8 (solar simulator, PEC-L11, Peccell
technologies, 150 W Xe lamp with an AM 1.5G
filter)S AHE-SI1CO™ FF BYE A (1 kWm?)S 7]
TO 2 ARSI & AIZF 7HH SR AlX](syringe)= 7]
AL 25l 712~ Z2vE T (gas chromatography,
Agilent 7890B)E ©]-g&3st i AAFS A
A RS T ERY EFE 71 vol% H, 4 vol%
H)E ol&3ate] SA3 S 71 o2 SISttt NiznS
FE= olUA] B2+ Xeray #4](energy dispersive X-
ray spectrometer; EDX) 71717} ZA&E Az} FA} dn)A
(field emission scanning electron microscopy; FE-SEM,
SU8010, Hitachi, 10 kV)S AM-sted W 4 zl8)s}
Aot A4 S Y8 Xray A B4 7] (X-ray
diffractometer; XRD, D/Max-2500, Rigaku, Cu Ka
radiation)& ARE-3l] 45 kV, 200 mAZ 15°~70° H$]ol
A 20 rangeZ 5%min®] £EZ ST FEuje]
2 A oAUAIE 271 98l Xeray FAA; 3 2471
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(X-ray photoelectron spectroscope; XPS, Nexsa, Thermo
Fisher)S AFE3IR o ztzko] ¥ H(peak)= C 1s QMg
(orbital)2] 284.6 eVE 7|2 Z|H# o)X (calibration)
HAh NiZnS FFmj¢] F3Ha 545 FAlsk7] 218 #F
M 7FAA B33 7](UV-visible spectrometer; UV-vis,
S-4100, Scinco)E ARE-3IITH.

3. RESULTS AND DISCUSSION

AhollA FEm) dAte] =719t FHE S8 B
2 JFS FTh SEM oA E &85t Y=k o Z 500
I dele] YAE Fall Ha AR5 BT 19
o2 NZS2 #=n]e] SEM ¥ EDX o|uA|&
At FjE ojujxe FE0] B o] F

— h [}

r
[0
o o

o

= NZzZS1°] 71 A Yepdorn tiAdez & 3
o] I7VdFE YA A717F SUFSEATE NZS49} NZS5+
FARE 2715 7B o NZS59] HA7F 1.90 ym=z 7Hg

Particlesize (um)

WAL 7.78 £ 1.58
2 776 + 1.90

Fig. 1. Typical SEM images from the NZS2 photocatalyst,
corresponding EDX elemental mapping image including Zn, S, Ni
and O elements and particle sizes of NiZnS photocatalyst samples.
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2 Aoz vegnt. Yaalel WAt ate RS Y
Pl AES Aol AST B9 2 PP 2 P
o = ol Is) WAL He A

Het 24 B&ME FHAR

1 Fge 2 7Psyol Ak
wWeh] Hjg EEARE A BB e 2ol 3
98 58S =

[e]
=o]7] SlsliME vigAlel Wakolgtar dthE
o} ZnSe] AN & TS ST QI8 AR
thioureaS O 2 3715 thiourea®] capping Ao =
Aall Har YA+ 277t ARtk AAsrE Ba H9e
H21] £ A3 Aoy 27 1o AdE HolA B
ol A o]l FARSE AES Hole Aoz Yehdth
9 2% NiznS #5059 A41x5 4% XRD 2
5 HAFA ok 7H S =g Hole A& ZnSe
wurtzite -39} sphalerite *27} $EE= TR e
oM, 2q YAZ 28.57°, 47.61°, 56.42°= 27t wurtzite®]
(002), (110)H, (112)™ 223 sphalerite®] (111)H,
(220049, G1H)HEe YeplE Aoz BIFEY [22]. o=
NiZnS 2357} Az== A Aoz 7nS 24
Fx7F AAREE v =25 ondt. FUHH R
27.19° 30.60°, 51984 YEht= F|F= ZnS wurtzite
T2£] (100)3, (101)H, (103)HS Yehe A& ¢n)st
o} [23]. E3, 33.12%0A4 oFskAl Uehes Y3E ZnS
sphalerite (200)H 2% V=™ SO H|&o] F7lslHA 1]
9] intensity’} S78Hs A& HolF w2 9low I 20
Shj) AYE efzellx] BRIE 4 Qlth. ol= 89| I &
717} sphalerite 7872 A Fg= L A= ofvl
3, ZnS T4 Al S Hlgol Wl wurtzite TFEOA]
sphalerite 22 WIS UERTh= 218 & 4 3

-
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Fig. 2. XRD patterns of the NiZnS photocatalyst samples with
various sulfur contents.
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Fig. 3. XPS spectra of (a) survey scan, (b) Zn 2p, (¢) S 2p, (d) O 1s from the NZS2 photocatalyst.

S7t #=F 82 739 sphalerite crystal =717} S715PAA
wurtzite® W3} A eths A7AdE Bud b 9l
[22]. F7FE 22 NZS13 NZS2E 34.40%04 1719 543
st 37t s, ole e 2o ZnS AAo=
A=) S8 gk S o] HEste] FE9EA whe
o EAlsks At} Ade ZnO ZAo] AHE Aoz
ZnO (002)H9] ¥3E YERNIL Ut} [24,25]. ZnO ZA ]
BHE A= WhgAE ool o] vl 4 Sl

H20 H20
CHN,S — H,S + NH; + CO, — S*

+ H;O+ + NH; +CO, (1)

@
(©)

2l (1) thiourea’t FHH XA alelEle As
yeplom, o]2 ¢laf 2] ()0l AAE thz A" o
RUOKNH;)7F E3 whgste] 4kt o] 2(OH)E A4 et
AS Aozt ATt 2 3)l A&3 tE thiouread)
F=o7 Qs Zn*E Zn(OH)L,E AA ZnOZE FAHE A
o2 ddEH, ojgt o] ojn] RiH7|E ST
[26]. EE3h, ZnO7}F A =EATRE 31 Zn™" 3 w3 3o
FEEE oviske e @ 5 Aok 2™ 2004 Nisk &

NH; + H,0 — NH* + OH

heat
Zn®* + 2(0H) = Zn(OH), — ZnO + Hy0

He 4 = YERA n ol Hls}
of FFoR ulg A o] SAlste] A EA oA
= JES Yehle Ao dAde 5= Qo

S AoE NZS2 FE5u wwe] U 2
3t YRS #AgE Afoltt, 2 3(ay= AA| A XPS
2HEHS el Zo= old, 4ka, i, Fe] 93 s
:&lO]ﬁP 2= Oh:} /bh:gxqgj uHO AT ;‘<47]-Q 14741_0_ Ni
2p Mg 93 F 7PE st L}E}‘Jr** Ni 2p;, ¥=RE
856.38 eVollA oFshAl ER1E S [27], 29 3(a)l A
H agoA] HolFa it} 1?; 3(by= Zn 2FEGO 2
Zn 2p3p2t Zn 2pi, JIE 1022.01 eVeF 1045.05 eVol
A UEten ole zn? oWE vz dAdEdg. ¥ 2
g oUix] 2ol 23.04 eVOR Zn 2pe] T AA LER}
' 54 F shvoltt [28]. 2 3(c)9] S 2p eHES
161.51 eV, 162.70 eVollA =7} Yehgon ol bzt
S 2psn, S 2pip FAE AFEHET [29]. 28 3(d)9] O
Is I3 M = 371 F AF&7F obd lattice oxygen®]
531.66 eVelx WAEI F7FH SR 53339 eVolA
oxygen vacancy’} YEP}EE NZS2 FZvjo] zZnO7} &
e & 4 Atk [30]. Oxygen vacancyw= 27 ARl
Al AR7F WA FEle] AT g, o2 Qs ] 7hAo]
adhe ddo] WAst e A AarE RaEdnh [31].
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Fig. 4. (a) UV-vis absorbance spectra from the NiZnS composite photocatalysts, (b) Tauc plots to calculate band gaps of NiZnS

photocatalysts.
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Fig. 5. Photocatalytic H, production from NiZnS

photocatalysts with various sulfur contents.
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Fig. 6. Reproducibility of H, evolutions from NZS2 photocatalyst
with the four cycles after purging the reactor with nitrogen gas
between cycles.
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Fig. 7. Schematic illustration of the band potential energies for the
NiZnS composite photocatalysts.
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of Hojrls 4 ddel F= IHEU13], NZ82=
Fa YA Fago] ulg don®w FRA dife] 79
e ZoR wdEn BlawA bgeh Al e
T8 72 NiZnS Z5rje] o A3} oy W 39
<=(energy band potential level)oll W& 73} o]5 ulj#
Y& Uehd 7igieelth. XRDeF XPS #4102 NZS2
FEFuoA ZnO7F FAEHS EIENCRE NZS2 35
e ZnO%t ZnS7t AEAgsly Je AR AdE
o}7)7F Aot AJEjellA Zn02] e AR} wel =

Aeol Brh ¥ ZnSo| AL W2 g, ZnSe]
E2 A wo] Sle ARt Bop W Zn09] AE wE
&7t} ol= 28 o] (type-2 heterojunction)el] 71
o

A Aol w 7+ s °F7]°}Uﬂ TEAR0 ke
£ Bl ALl ok dxte] E4S Hastste] A
SE71d] Aget 22 ek g, A HrkE UA
o] &% =3 fARE 28-S slo] Ax WE WEHFH
o ZHAS gAsH =9 (33], AAE 2oe o

< sl A Akl ARSE F AEE HEAQ 9

5 o X 7_}_1:}, F7FH 02 7Zn09 oxygen
7 2ol Aot o= HAekEn 48
Aoz Yol A F-$(reaction site)E ZF&3HH i
o] &3} Hhgate] Far Ake] Uojubm, ZnSe] YA o
o A= ZFo] B vhEsh s A £ e B

2720 A3k} ol Rl Aow BEHL,
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5. CONCLUSIONS

2 d7elde Ui, ok, & Al 7 =2E ARS-ste]
53O T NiZnS FE|E A|Z2slgom, 3] e
ol

O
O

=

Ge BEde WA Fa PLFE Ve,
NiznsS = 22 2 W12 w i Aaee] 7b B4 Vel
ko, 7 o) Fe] gl FTIASE s FAE

Bk SEM #4102 8ol ugo] HoldysE YRy
7} Z7k5h, NiZn:S = 22 2 Hle|] zp27]e] B
7P 2A P EASL HEHA ] W J4S ERITH
i]—g] 61—3(}0] Z o 73_?40]]‘— 3} ?H?—xﬂﬂ- o}o:] ZnO7}
T EAE BAsilon 8o fhgo] WoldrE ZnSe]
sphalerite 727} --AlskAl WERdTE ZnO9ke] o4 St
XPSollA elE Zn02] oxygen vacancy® <13l w] 74
o] Ztiste] FEuje] APl F8g &S ST
5] thiourea= FEF YAA7|E FT7H7IL WH=E
YAk WS At BsS AT AR AR
A= i Aite] vl AR fA|EE B B
Rom FRAA B3 e Aow Uit AEHoR
NiznS EAE FFujol|x & 3haFo] Wslslol] wje} A
AE= AR dske mRPom HA ] & sro|r] I
Aetns o Hoijol a4 LS ek % o AU
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