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Selective Photocatalytic Conversion of Benzyl Alcohol to Benzaldehyde or Deoxybenzoin

over lon-exchanged CdS

Sunggyu Lee

Department of Chemistry, The Graduate School,

Pukyong National University

Abstract

In catalysis, the optimization of the conversion efficiency of a catalyst to improve its
selectivity for the production of valued-added products is crucial. In this study, visible light
absorbing CdS nanoparticles were partially modified with AuS and Ag,S via a simple cation
exchange process to prepare heterostructure photocatalysts (denoted as AuS@CdAS and
Ag:S@CdS), which were employed for the conversion of aromatic alcohols to valued -added
products, such as benzaldehyde and C-C coupling products, including deoxybenzoin and
hydroxybenzoin. When Au;S@CdS was used as the photocatalyst,benzaldehyde was obtained
as the main product with a selectivity of 99%, and when AgS@CdS was used as the
photocatalyst, deoxybenzoin was obtained as the main product with a selectivity 0f95%. The
critical photogenerated electron and hole transfer occurring during the photocatalytic reaction
was systemically investigated by carrying out various control experiments and using in-situ
high-resolution X-ray photoelectron spectroscopy. In addition, with the photocatalytic system
proposed in this study, benzyl alcohol could be photoconverted into benzaldehyde or
deoxybenzoin almost completely with high selectivity by altering the cocatalyst component via
simple ion exchange. With the CdS photocatalytic system, the desired final product of the
photochemical conversion of aromatic alcohols could be obtained by varying the cocatalyst
cationic species. Thus, the simple ion exchange strategy proposed in this study can be applied

to various CdS-photocatalyzed reactions in the future.
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AR dAn| 7 (FE-SEM)  ©] 1] A = Schottky field emission scanning electron
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BELsorp-Max Al ~EI(BEL)S AbE3le] 77K SEolA A= B2
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A Zn}E 78 3] (Gas chromatography) 7]7](model 8860, Agilent Instruments)E
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OES(Inductively coupled plasma optical emission spectrometry)(Optima 7300 DV,
Perkin Elmer)E AF23lo] CdSolA] w ke o] &(Agh ¥ Au)S FHFHo=
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High-Power LED, Thorlabs, Inc., Newton, NJ, USA)E F YO = A&slal
=45 B9 AlHA 25eme] HEE Aol wjxste] MEZo At
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Ag,S(5%)@CdS

Au,S(5%)@CdS

S #01-080-0006 CdS

20 30 40 50 60 70

8 2. (a) CdS, (b) AusS(5%)@CdS, (c) Ag:S(5%)@CdSS| SEM
ola|X|Qt (d) Zt =NS99 XRD IHE! O|OIX|QF CdSQol BEHHA XRD

I &
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H 1. ICP-0OES M8 35t AusS(n%)@CdSe| Aut/Cd?" mol% H|&1t
Ag:S(n%)@CdS2 Ag*/Cd?" mol% H|&

Sample Au*/Cd? ratio (mol%o)
AuzS(1%)@CdS 0.9
AuzS(3%)@CdS 2.6
AuzS(5%)@CdS 4.7
AuzS(7%)@CdS 6.6

Sample Ag*/Cd?* ratio (mol%o)
Ag:S(1%)@CdS 0.9
Ag2S(3%)@CdS 238
Ag2S(5%)@CdS 47
Ag,S(7%)@CdS 6.8

2

] AuzS(5%)@CdS

—e—Abs  }
—o—Des

8

&

8
@

24.1 m3/g

5]

N wolume adsorbed({cm?/g)
N3 volume adsorbed (cm¥g)

2
Relative pressure (P/Py) Relative pressure (P/F,) Relative pressure (P/P,)

% 3. Brunauer—Emmett—TellerE 0| &¢t (a) CdS (b) Ag:S(5%) @CdS
(c) AuzS(56%)@CdSe| HEHAN =X A1}
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M o|u|A & FAsto] ZF iatel tist Ax FHe A 1A
=Asdrt. 18 4ol a8 5 cdS Y A= wurtzite I E]S
(100) FHel dfFats ~3.61A2 Wz 114 S Zh= AR FHE Bk
,CdS Y= 4A 9ol & yerE e
Ag S Au,S7F AL EAF
Ag,3(5%)@CdSS] HR-TEM o]u|X|elA] d +4 k& CdSe (100) 3
sl ~3.61A, Ag,Sel (-112) FHHel disl]l ~2.51A%0 Zo=x F4 =3
Au,S(5%)@CdSS] HR-TEM o] u] 2| = CdS2| (200) FHel digt d 114
~2.29 AQl Wb Au,S° (110) FWHe] dfd d-3tA Fe ~341
= EQThI S Ag,S(5%)@CdS E Au,S(5%) @CdS B=2] 94 B¥=S
BA817] 98 a4t % STEM-EDX 94Z tfx]a}o] 714«‘5}%42‘31(1‘%
4(b)), Ag,S E Au,St Ag,S(5%)@CdS E Au,S(5%)@CdSellA 2+ CdS
Ui Aol #A3HA T2 AT

Agt 4D AuY} o] g A] CdSe] AL I¥ 5(a)elA B SRl

27 A% @AM FEAD H2MoT WAL 1Y 5kl
gHeldt 4 9l CdS, Ag,S(5%)@CdS 2 Aw,S(5%)@CdS Ui 9l #}e] #st
Eo4 2 S WAL UV-Vis RS ALg St ZAFEISITE CdS vhie Ak

Cdsel 1 w P A} HoJof afFsti= ©F 510 nmollA 7HA B9l &

NAIE YEFATE €dSe o] 1A (Eg)S FAF HEARE UV-Vis AifollA I
Tauc plotoll A 2.42eVE FH = AT Ag' et Au'®E W3HsE & 550 nm ©]49]
bgol A okst B A H(tailing) 5 WME7F YERSEEE Ag,S(5%)@CdS
AwS(5%) @CdSe] HYE FFE AgS U AuSY e 1 u 7H49
oal AP cdS Fdo] FHE Ag,S U Au,S o e AT Row
A Eth Ag,S(5%)@CdS H Au,S(5%)@CdS2] w] 7+A(Eg)2 Z+7; 2.43 W
243 eVE AAE Gl OH o= CdS Y YA w 1+A 3 {ARStTE o]
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Ag,S(5%)@CdS M

3 4. (a)=%%t CdS, AuS(5%)@CdS, Ag.S(5%)@CdSS| HR-TEM
0|0|X| 2t AusS(5%)@CdSet Ag.S(5%)@CdSe| |IAHZ Cf 25t HAADF
—STEM o]O| x|
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(b) ——CdS
1.0 Au,S(5%)CdS
——Ag,S(5%)CdS _ |
— 084
g _ 08
> :
i ENE
§ 0.6 L
S ?‘-’ 04
8 04- E
§ T 02
0.2 - 0.0 ] ‘ ,
20 22 24 28 28
hv (eV)
L —
0.0 T T T T T
400 500 600 700 800 900

Wavelength (nm)
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Deoxybenzoin
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(a) " hydrobenzoin ~100% ~100% (b)
100 benzoin 1007 @ penzyl alcohol
= deoxybenzoin » * *
& . /
E a0 . benzaldehyde 0] "\ .""—deoxybenzom
> —_ \ /
5 B A
ﬁ = 60 \ o
& 1 2
P 8 0] w
9 404 3 .,r\\
g 204 P i "\‘.\ benzyaldehyde
8 = ~
o] ¢ o —= e -9 e
o cds AUS(5%)@CAS Ag,S(5%)@CAS 0 1 2 3 4 5 &
Reaction time : 4hour ( d) Reaction time (hour)
(c) 100 :ydrol'ienzcin e Y 1004 :ydrul.':enzoin e
— [ ] d::::::enzoin & [ d::)zc:;:r:enzoin
§ 0] 0 benzaldehyde < g I benzaldehyde
= -y
£ 2
§ 60 - § 60 -
g E
o 404 40 +
4 [«
g £ ]
8 S
1 1 3 5 7 0 1 3 5
Ag,S(x%)@CdS Au,S(x%)@CdS
a8 7. (a) &5 CdS, AuS@CdS & Ag.S@CdS Au.SOi| CHEH HHIA
dA2o Het U MYgE 50 25t Jdefz=et (b) AgeS(5%)@Cdsel
HtS AlZtol 2 #M3k, d2l3 (c) Ag.Se HIEX (d) Au.S2l H|E0]
e d4d= +20| oist def=
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B 2. Zinc Indium Sulfide(ZnInS) &Md &9 CIst &t diHof Cf St
B x

HE RSO HMe Hlw. (a2t be 22 ref 49

Entry Catalyst Conversion yield (%) Product Yield (%)
benzaldehyde C—C coupling product
benzoin hydrobenzoin deoxybenzoin
1 Zno2In2S3.2? 50 13 12 24 1
2 Znosln2Sae? 74 - - 71 3
3 ZnlnzSs® 47 - - 44 2
4 ZninzSs 22 8 - 13 -
5 Zn2InzSs® 31 10 1 19 -
6 Zn3InzSe® 25 4 - 19 -
7 ZnalnS7° 28 2 10 10 1
8 ZnsInzSs® 41 9 2 30 -
9 ZnsInzSe® 24 4 - 19 -
10  AgzS(5%)@CdS 100 3 - - 97
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4. BBS AAIE 79

ALS(5%)@CdS % AgS(%@CdSe] AE A FHu] whge] gt
HAYUSS AHstr] flste] thafet 27eA] FFv vk Aol
$HAA 07 AgSG%@CdSe] F3h WAYES Aty 94

C BAS HAHEY sfol=mul x9S ARgdte] F7hA o

TEEZ v e BT WY, AuS(%@CdSE £ HE FRE
FAarstE Fof stol== wlEeleld Wlzle® HASEHE 100% TES
Bolth 53, £5% cds e QAE sol=zmzalelA Wzl
Az oz Mol wis oF 40%2] F&= Ho CcC AY
Aol HeE AdEAgel  FA ok SHAIRE AuS(5%)@CdS B
AgS(5%)@CdS EA stellA dto]l=R wlzle] Fukgel oidh Ay
Hd d3ed] e A

FEm) olld BAEE o37] A A(excited electron) X 7 F(excited
hole)5 9] Whg- F&e] o5 ddkalr] 9jste] thekd A7 AE 7kt
AAYSES FEsiith dutgoz 0, &l 7] HdAx AAARE
2hg-sk 4= Qi 1" 99 2ol EAE Ag,S(5%)
@Cdsell that C-C #HA5 A= F4= &ds] AT v wl=
ddtol s AUdoer W2 HdE FE-10%=E A4 t}. Au,S(5%)
@Cds® B¢ W7l & 0, =AsHe Abst Fukgolx g mdo] oF

55% oF7F aakA vt ddlate] mof Bk A B2 o] W8] 100%3A T o]
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+
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~
NO reaction - @r\o ——» NO reaction
Au,S@CdS Ag.S@CdS

benzaldehyde
e 0
NO reaction - —_— >
Au,S@CdS 0 Ag.S@CdS 0
~50%
benzoin deoxybenzoin
gy gQ ¢
- R
ol Au,S@CdS OH Ag.S@CdS o}
100% 100%
benzoin hydrobenzoin deoxybenzoin

a8 8. #ixgh ool =, M2l SIO|E2H EQIE A[A S EE ALESHH
oS dE2S ZAShY| gk Mo 25 24t
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AuS(5%)@CdS 2 Ag,S(5%)@Cdse] AE Al FFHu] W-go]
o] REgolet= AS S flste] gz AAAE skl Eu
k8ol AdS AR AgS(5%)@CdSel 93t Cc-C¢ AA o gt
FE5u A #fuZd 544 #HyZ AAAJ]  2,2,6,6-Tetramethyl
piperidinyloxy(TEMPO) (&4 Axt AAANE o] §sto] FAtatd ok
TEMPOE & &9 5uf XsHA sfo] F7hst 5 22 Wew
Adstdly a7 10914 &1 7bsdkke]l TEMPOS] A shellA
AZS(5%)@CdSS] FFvl W &S 5% v|wo R Aassia, ddd F
e CC A5 A=) ofd 2, 2,
EEo o3 Fuje] FAkst A o] fHastn WA dIE Aks)
5o] AujAo]7] wE o ® S Hr,

S ¥bg w9t #YZ £33 AlekRl 2-Hydroxy-5,5-dimethyl-1-
pyrrolidinyloxy(DMPO) & At-g-3sto] A€ ezt & 2
323 FHEESR)S ARSI " 11X E R0l Ag.S(5%)
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N
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L

ol

@CdS Y= JAE A= o F5w &
ol slfdoh= A A 5 927 =R o] H A= Ag,S(5%)@CdS H
ALS(5%)@CdS Ui IAE ARgst WA 4389 #HEw] Ho] Oz
MAUS S &3 Ay AS

FE5u whg b oz xE Aokl 2-Hydroxy-5,5-dimethyl-1-
pyrrolidinyloxy(DMPO) & Ah&-3ste] A H etz && #&str] f13 A=t
A FH(ESR)S AFEITEIT T 1194 B S d50] Ag,S(5%)
@CdS Y =YAHE AHE8S ol 5w Jb8 &< &42-DMPO 2tz Fol
ks A 2~ 3 =7F AE ol dvk= AgS(5%)@CdS
ALSGG%)@CdS Wi IAE AMEE WAl 43&9 FEn) dge] gz
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Ag>S(5%)@CdS
light
S
8
>
‘D
c
9
=
dark
3320 3340 3360 3380 3400

Magnetic field (G)
18 11. DMPO A E —-Eg| ™ (spin—trapping) ESR AHEH =X Z1}.
HM LED(BW) AL & 4= MEFC] 1 mL2 CHsCNOIM 10 mg2l DMPO,

10mgel 2|14 2™ o2 % 1 mg2l Ag.:S(5%)@Cdsel Z . »
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3 (Photoluminescence, PL) A &2 &3le] =3k CdS, Ag,S(5%)@CdS
2 AwLS(5%)@CdS i YAbellA FABA Aa dolE FAbsEIATE I9
1214 2 4 %o FE=wjo PL WE AFERS 410 nm2 97
ol A 470-50 nme] g Hole] AAH 7]FEHUTh AgS(5%)@CdS X
AwS(5%)@CdS Y A WE e M7= = CdS Y Ak
WE el wlel F48] Hasdon, o= CdS Uk dA= I
Al 2Hlo A CdSelA Ag,S B Au,SE FAAAEE AAel Fyo] olsshe
AFS vERdITE TR CdS, Ag,S(5%)@CAS E Au,S(5%)@CdSell T g A7k
I &3 =4 dole= AIRF A & 33 Al5(TCSPC) 4o 28
ojxom PLE E3] & 7t (¥ 13 2 % 3) AgS(5%)@CdS 2
AwS(5%)@CdSe] it PL &3 T2 717 3.77 2.7 ns= CdS(5.3 ns)E.Th
sokth olgfd F A Ast Aol 8 HAE 53 CdS AlAEolA
CdS9 Ag,S & Au,S Atole] &% st ool 7]
FA3 Ak AMElel e Fas 5 CdS AlAEA CdSet AgS

= AuS ARol Y] st ol ss FEAIZIZ] wEolE A 4 3

rlr

r°*'

ML
ol

ne

o
s
>,
o
.ﬂ
7
o
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Intensity (a.u.)

Au,S(5%)@CdS
Ag,S(5%)@CdS

N T T T AN e e T TR T
500 550 600 650 700 750

Wavelength (nm)
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1000 A

Ag,S(5%)@CdS
Au,S(5%)@CdS

Intensity

100

T T ' | ’ '

0.0 05 1.0 1.5 2.0
Time (ns)

2l =43t CdS, AusS(5%)

E-28 @7 PL ZA d=

A8 13, Ae=410nm Aen=530nmoIlM S5F
@CdS ¥ Ag:S(5%)@CdS2| Il 2 (pico)

HE 3. A2=410nm2} Aen=530nmAlAM ZSH™E CdS, AgS(B) %
AuzS(5%)@CdSel m|Zx A7t 26l =7+ PL S&9] £+HS LIEtH H
a Ti (ps) a T (ps) a3 Ts (ps) avg t

Ag>S(5%)@CdS 0.75 4.7 0.19 47 0.060 3900 3.7ns

AwS(5%)@CdS 0.71 5.2 0.23 44 0.062 2900 2.7ns

Cds 0.79 6.7 0.18 61 0.032 5800 53ns
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43 CdS, AgS(53%)@CAS H Au,S(3%)@CdS H= 1A old A
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HASA Sk7] Wt W 1HAE AAste] 79T 7 UUTH (~2.4eV)
(23 15) =73 CdS, AgS(53%)@CdS 2 Au,S(5%)@CdS = JAH9]
A2 F95 Ads7] HAdl 19 149 Zo] UPS 4ol =T
T3 CdS Y YA ol e #A o] Fof nhl
S AT F Aot &5 cdS Y YA #HE2w F4e S o
A 919 221 evel A Y g7 AF AR 0¥ 54 UERS
ATHISIAg,S(5%)@CdS 2] F| =1 F9+= Ag,Sel W 1HA o A7} CdSe]
T owol 7H7kg7] Wil o A w vpE of#i]l 0.14 eV(2.35 eV)
gzo 7 olEFh CdS AolA Ag,Se AAES €dSe AL uwl uefA
AgSE FFE¥ AR olFE frEstel H'E H,E $dA|n
stoltzwlzsl AY Huzs uSAdEdore] dFE5 3§30tk
ol AgS(5%)@CdSe] EAste =2 d%
UL THEE B HESe] 7ild 4 Sl FEFv] S Aes
A gtk WHE ] Au,S(5%)@CdS Y YRS w20 F=95 CdSe] At
Aol o ZHEA oF#lZ(0.15 eV) 2 E o] %3 th CdS A2 Au,S9
2 Cdse] AR Yol A Au,SEC] HO FfHE olFss FE3H3ith
ol AuS(5%)@CdSe] WAL FE bslsEo] FAAHASS st
G5 54 Aol AR st
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(a) (b)

Valence edge region
2.35eV
I 2.21eV

2.06 eV E,

) Au,S@CdS
0o ‘ | b=
B [N}
2z o
()] ) [
S PN Iy
-— [N
= AgES@CdS III 1l
| | 11
LT ) Au,S@CdS
| 9.
— Ag,S@CdS
Cds Fr !
| ! cds
i1t S
LELELELEN B L i | IR B T TRl R IR T T

T IR R L
20 15 ™M@ / 5 S JSI00 215 Weom 1.5 10" 05 00 05
Binding Energy (eV)

% 14. (a) UPS 2= E&H 1} (b) Valance edge regions2 CdS, Ag-S(5%)
@CdS2t AuS(5%)@CdS =d Z21}

AU,S(5%)@CdS Cds Ag,S(5%)@CdS

a8 15, Au.S@CdS % Ag.S@CdS 2 mHZn| =% O|sol Cist
HEFE2F CdS H| i
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Ag:S(5%)@CdS 2 Au,S(5%)@CdSell A 7l
7Vede wela Altd T 7HA] FE5v) whe AR EAE s
2 &l In-situ HR-XPS #4&
el ¥ FAE ¢l W =% CcdS U YAl HR-XPS EEujde
Z+7F Cd 3ds;, 2 Cd 3ds,0 D3 404.8 L 411.6 eV AT of L %] o] A]
F 7 dgAQ vaE B old v A& CdSel EAEHE cd
ol & AAE FFo|thBN FTuFAE AgS (5%@CdS U
AwS(53%)@CdSS] HR-XPS Cd 3d 232 43k CdS(ZH 16(a)9t
Hlw e u 27} 406.0/412.8¢V(12eV O =7 574) 2 403.7/410.5eV(1.1 eV
o A SA)elA F A F7F ol S BoF]rh &8 cdSE A%
S 2psn X 2pinol AFEE 1611 1623 eVelA 2709 S 2p ¥AE
Ho]FULBI Cd 3d HR-XPS Z23A3 FALSHA Ag,S(5%)@CdS
Au,S(5%)@CdSe] S 2p ZEuAL ZHZE 162.4/163.6 eV 2 162.0/163.1
eVolal 2719 o]lFdE& BT olgst A3t ouA= I¥ 160b)9}
2ol cdse s 2p HAKHT =t} Y AHE Sl 2 FAE AgS(5%)
@CdS 2 AwS(5%)@CdS °lF T FAde 7lod slolHEl=
Aol A CdS9t Ag,S T Au,S Ao 4 F #ES skl

19 16(c)olA Holx AgS(5%)@CdS+ 2+ Ag 3ds, 2 Ag 3di°l
gt 3742 2 3683 eVolA T JHe UHE Agt I AE K UhBU kA
I8 16(d)°lA Hol% AuS(3%)@CdSE= Au 4f,, E Au 4f,0 27t
S Fol= 86.2 W 89.8eVelA F 719 Aut I AE HATFBIAg 2 Au9
2b3E Zbefoll o) $ HR-XPS #2412 Ag,S(5%)@CdS B Au,S(5%)@CdS ©]F
T AFAJ] FE4S T+ 8T AgS(5%@CdS ¥
AuS(5%)@CdS F5mlelA A" Axkel Aol AW olee AN
LED(445nm) ZAF  &FelAl HR-XPS =4S Hdgsto]  g=mQck
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ftjo

AgS3%)@CASE ZAFES Wl Cd 3d 2 S 2p HA9 AF AUYA=
ZAFE A k2 vl Aol vldl 2 0.2eV 571l 0.4 eV FAF AL FA
Ag 3d ¥39 AF A= AP Qs AHEClA dEE g9 A9
iAo} Blwate] oF 0.4 eVREE FFAFTE o] A= Folr] A A
AZS(5%)@CdSON A Ag,Sel HAA WE7F Frkskes ®bd cdrel HA)
U= Aashs AAbeTh Ag,SSF Cd el dA WEQ olegh Wgh=
% 16(d)e ol LED FAF stellA cdSe #A3A WAE AgSE
olFdth= AHARl SAE AFTTH Ag.Sel FAAHE HA FAE
Ag:S(5%)@CdSe Akt 58S FYA o, ol TI¥ 6o EAE
Ag:S(5%) @CdSe =l F5 N A=t & AT
HHE | Au,S(5%)@CdSE= Wit o] A akS

3dsp 2B S 2psp $F 2pi, WA AZ olUAIE 0.1 eV FHASHIL 04
7tk eV W AL §lo] €& A Hlaste] 242 B Au 4f, U
Au 4fs, F 0] AF oyA = ¢ 2]

Foi7] HA oA Au,Se AA WE7E ZHAE Wb cdre] A dWxrt
S-S AAST ol Ed] CdSe fAUE woA B E Fo
AwSE o] F3tHA Au,Sol FAAHE FFol FHHH Au,S(5%) @CdS2]
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