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Abstract: The development of visible-light-responsive (VLR) semiconductor materials for effective 
water oxidation is significant for a sustainable and better future. Among various candidates, bismuth 
tungstate (Bi2WOg; BWO) has attracted extensive attention because of many advantages, including 
efficient light-absorption ability, appropriate redox properties (for O2 generation), adjustable morphol­
ogy, low cost, and profitable chemical and optical characteristics. Accordingly, a facile solvothermal 
method has been proposed in this study to synthesize two-dimensional (2D) BW O nanoplates after 
considering the optimal preparation conditions (solvothermal reaction time: 10-40 h). To find the key 
factors of photocatalytic performance, various methods and techniques were used for samples' char­
acterization, including XRD, FE-SEM, STEM, TEM, HRTEM, BET-specific surface area measurements, 
UV/vis DRS, and PL spectroscopy, and photocatalytic activity was examined for w ater oxidation 
under UV and/or visible-light (vis) irradiation. Famous commercial photocatalyst-P25 was used as a 
reference sample. It was found that BWO crystals grew anisotropically along the {001} basal plane 
to form nanoplates, and all properties were controlled simultaneously by tuning the synthesis time. 
Interestingly, the most active sample (under both UV and vis), prepared during the 30 h solvothermal 
reaction at 433 K (BW O -30), was characterized by the smallest specific surface area and the largest 
crystals. Accordingly, it is proposed that improved crystallinity (w hich hindered charge carriers' 
recombination, as confirmed by PL), efficient photoabsorption (using the smallest bandgap), and 2D 
mesoporous structure are responsible for the best photocatalytic performance of the BW O-30 sample. 
This report shows for the first time that 2D mesoporous BWO nanoplates might be successfully 
prepared through a facile template-free solvothermal approach. All the above-mentioned advantages 
suggest that nanostructured BW O is a prospective candidate for photocatalytic applications under 
natural solar irradiation.
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1. Introduction

E nvironm ental technology  has received  socioeconom ic and scientific atten tion  becau se 
o f the g lobal crises in  energy, environm ent, w ater, and clim ate. A ccordingly, photocataly tic 
w ater sp littin g  (e sp e cia lly  u n d er n a tu ra l so lar rad ia tio n ) h as  b ee n  su g g ested  as a p ro m is­
in g , su sta in ab le , an d  eco -frie n d ly  "g r e e n "  tech n o lo g y  fo r h y d ro g e n  fu el p ro d u ctio n  [1- 4 ] . 
R eg rettab ly , p h o to ca ta ly tic  w a te r  o x id a tio n  (i.e ., p rim a ry  an d  k e y  h a lf-re a c tio n  o f  w a ter 
sp littin g) is a m a jo r ch a llen g e  b ecau se  o f th e  h ig h  en erg y  b arrier and th e  d ifficu lty  in both  
th e rm o d y n a m ics  an d  k in etics  [1- 3 ] . T h ere fo re , th e  d ev e lo p m en t o f n o v e l p h o to ca ta ly sts  
fo r  e ffe ctiv e  w a te r  o x id a tio n  is  o f h ig h  im p o rta n ce , an d  n u m e ro u s  s tu d ie s  fo cu se d  on  
th e  d ev e lo p m e n t o f e ffe ctiv e  p h o to ca ta ly sts , su ch  as W O 3  [5 ,6 ], B 1V O 4  [7 ,8 ], B iF e O 3  [2 ], 
an d  F e 2 O 3  [9 ,10 ], h av e  a lrea d y  b e e n  p e rfo rm e d . F o r ex am p le , D ja to u b a i e t  al. p rep ared
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T i-d o p e d  B i2F e O 3 n a n o p la tes  (w ith  o x y g e n  v aca n c ie s) b y  u sin g  a s im p le  h y d ro th erm al 
m eth o d  th a t w as fo llo w ed  b y  an n e a lin g  in  a h y d ro g e n  a tm o sp h ere , an d  created  e ffic ien t 
p h o to ca ta ly tic  w a ter  o x id a tio n  u n d e r v is  irra d ia tio n  [2 ] . I t  w a s  p ro p o sed  th a t im p ro v ed  
activ ity  co u ld  b e  a ttrib u ted  to  th e  m o d u la tio n  o f the e lectro n ic  stru ctu re  o f B i2F eO 3 b y  in ­
corp oratin g  titan iu m  (doping) and form in g  oxygen  vacan cies, w h ich  resulted  in enhanced  
lig h t h arv estin g  ab ility  and ch arge  ca rrie rs ' sep aration .

B ism u th  tu n g sta te  (B i2W O 6; B W O ), as one o f th e  o u tstan d in g  A u riv illiu s oxid es, has 
received  sign ificant atten tion  becau se of its tuned  stru ctures and com p ositions, as w ell as its 
o u tstan d in g  p erfo rm an ce , w h ich  m akes it a p ro m isin g  V L R  p h o to cata ly st fo r d ifferen t ap­
p lication s, specifically  w ater ox id ation  [11,12] . G enerally, ru ssellite  BW O  (A urivillius oxide 
w ith  an  orth o rh o m b ic  stru ctu re) is  b u ilt u p  b y  a ltern a tin g  (B i2O 2)2+ slab s an d  p ero v sk ite - 
lik e  (W O 42 - ) lay ers [12 ] . T h e  lay ered  stru ctu re  is ad v an tag e o u s fo r b o o stin g  th e  e lectro n  
co n d u ctiv ity  an d  im p ro v in g  th e  v is -h a rv estin g  ab ility  (b an d g ap  o f ca . 2 .6 -2 .9  eV ) [11, 12] . 
K u d o  e t al. w ere  th e  first to  p rep ared  B W O  fo r o x y g e n  e v o lu tio n  re actio n  [13], an d  sin ce 
th e ir w o rk , s ign ifican t in terest has b een  d ed icated  to  the sy n th esis , estim atio n  of p ro p erty ­
controlled  activ ities, m echanism  in vestigation , im p rovem en t of photocataly tic p erfo rm an ce, 
an d  v a r io u s  p o ten tia l ap p lica tio n s o f B W O  p h o to ca ta ly sts . I t  sh o u ld  b e  p o in te d  o u t th a t 
B W O  is consid ered  to be  a s ign ificant cand id ate  fo r w ater oxid ation  (i.e ., oxygen generation) 
b ecau se  of its red ox prop erties (valence band  p osition ), cost-effectiv en ess, nontoxicity , and 
ad ju stab le  m o rp h o lo g y  [11,12] . H ow ever, its fu rth er a p p lica tio n s are ex trem ely  restricted  
b ecau se of its inherent lim itations, such  as p oor capability  to absorb v isib le  light and speed y 
re co m b in a tio n  o f ch arg e  carriers . To re m o v e  th e se  d raw b ack s, v a r io u s  B W O  m o d ifica ­
tio n  stra teg ies  h av e  a lrea d y  b e e n  p ro p o se d , su ch  as th e  e le m e n ta l d o p in g  [14- 21], su r­
face  m o d ifica tio n  (e .g ., w ith  n o b le  m eta ls  [19,22- 2 5 ] an d  ca rb o n -b ased  m ateria ls  [26- 32 ]), 
th e  stru ctu ra l o p tim iz a tio n  [23,27,33- 4 0 ], an d  th e  co n stru ctio n  o f h e te ro ju n ctio n s  w ith  
o th er  m a te ria ls , su ch  as B i2W O 6 /TiO 2 [4 1 ], B i2W O 6 / g-C 3N 4 [4 2 ], B i2W O 6 / M o S 2 [4 3 ], 
B i2W O 6 /FeS2 [44 ], B i2W O 6 / C o In 2S4 [4 5 ], B i2W O 6 / A gIO 3 [4 6 ], B i2W O 6 / C N T / T iO 2 [47 ], 
B i2W O 6 / g -C 3N 4 /TiO 2 [4 8 ], and B i2W O 6 / B iO I/ g -C 3N 4 [4 9 ] .

It  is w ell recognized  th at one- and tw o-d im en sional nanom aterials m ight efficiently  im ­
prove ph o tocata ly tic  p erfo rm an ce b ecau se of th e ir d istinct stru cture and ap p ealing  ch arac­
teristics, p rom oting  the charge carriers ' tran sfer [11,50 ,5 1 ]. A ccordingly, 2D  n anostructu res 
(n a n o sh ee ts/ n a n o p la tes) o f B W O  h av e  a lso  b e e n  sy n th esized , e .g ., b y  th e  ce ty ltrim eth y - 
lam m o n iu m  b ro m id e  (C T A B )-assisted  so lv o / h y d ro th erm al m eth o d  [35 ,52- 60] . H ow ever, 
C T A B  (o rg an ic  su rfactan t) is e x p e n siv e , an d  th e  rem o v a l o f  its  res id u es re q u ires o rg an ic  
so lv en ts  lik e  ch lo ro fo rm . A cco rd in g  to  o u r k n o w le d g e , a  te m p la te -fre e  sy n th e sis  o f 2 D  
B W O  p h o to ca ta ly sts  h a s  n o t b ee n  rep o rted  yet. T h ere fo re , th is  is th e  first p ap er in  w h ich  
th e  facile  te m p la te -fre e  so lv o th erm al ro u te  (a t d iffe ren t d u ra tio n s) is p ro p o se d  fo r the 
p rep aratio n  o f 2D  m esop o rou s B W O  nan o p lates.

2. Materials and Methods
2.1. M ateria ls

Bism u th(III) n itrate  pen tah yd rate  (B i(N O 3)3 5H 20 , 99.9% ), sod iu m  tu ngstate(V I) d ih y­
drate (Na2W O 4 -2H20 , 99.9% ), acetic acid (CH 3C O O H , 99% ), ethanol (EtO H , 99.5% ), and silver 
fluorid e (AgF, 99% ) w ere  purchased  from  W ako Pure C hem ical Co., Ltd. (O saka, Japan). N o 
further purification w as perform ed on any of the chem icals. A ll experim ents w ere conducted 
w ith  ultrapure w ater (U P -H 2O) obtained from  a D irect-Q  M illipore system .

2.2. S ynthesis

Tw o-d im ensional m esoporou s B W O  nanop lates w ere prepared  using a facile  tem plate­
free  so lv o th erm al m e th o d , as fo llo w s: B i(N O 3 )3 5 H 2O  (0 .002  m o l) an d  N a 2W O 4 -2 H 2O  
(0.001  m o l) w ere  sep a ra te ly  d isp e rse d  in  40  m L  o f a ce tic  acid  an d  U P -H 2O , resp ectiv ely . 
Su b seq u en tly , N a 2W O 4 2 H 2O  so lu tio n  w a s  s lo w ly  d ro p p ed  to  B i(N O 3)3 5 H 2O  so lu tio n  
un d er continu ou s agitation , stirred  fo r 2 h, and then  sonicated  for 30  m in. The final m ixture 
w as p laced  in to  a 1 0 0 -m L  T eflon -lin ed  sta in less-stee l au to clav e  an d  th en  h e a te d  a t 433  K



fo r  d iffe ren t d u ra tio n s  (10 , 15, 2 0 , 25 , 30 , an d  4 0  h). A fte r co o lin g  d o w n , th e  o b ta in ed  
su sp en sio n s w ere  cen trifu g ed . T h e  re su lta n t so lid  sam p les  w ere  w ash ed  fo u r tim es w ith  
U P -H 2O  an d  E tO H  an d  fin a lly  d ried  o v e rn ig h t a t 33 3  K . T h e  o b ta in ed  sam p les  w ere  
abbreviated  according  to  the d u ration  of the so lvotherm al reaction , e .g ., B W O -1 0  indicates 
th e  B W O  sam p le  p rep ared  d u rin g  10 h syn th esis.

2.3. C haracterization  o f  P hotocata lyst

T he p h y sico ch em ica l ch aracteristics  o f syn th esized  B W O  p h o tocata ly sts  w ere in vesti­
gated  v ia  d ifferent m ethod s, as described  fu rther below . The crystalline com p ositions w ere 
e x a m in e d  b y  X -ra y  p o w d er d iffra c tio n  (X R D  w ith  a cce le ra tin g  v o ltag e : 40  kV, e m iss io n  
cu rren t: 30  m A ; R ig ak u  in te llig e n t X R D  S m artL ab  w ith  a C u  target, R ig ak u , LTD ., Tokyo, 
Japan). Sam p les w ere analyzed  betw een  10° and 90° at 1° /m in scan  speed  and scan  step of
0 .0 0 8 1 ° . T h e  cry sta l stru ctu re  p a ra m ete rs  w ere  d eterm in e d  w ith  R ig a k u  P D X L  softw are  
(V ersion  2 .6 .1 .2 , R ig a k u , L T D ., T okyo , Jap an , 2 0 0 7 -2 0 1 5 ) . To d eterm in e  th e  cry sta llin ity  
o f B W O  sam p les , a n  in te rn a l stan d ard  m eth o d  w a s  ap p lied  u sin g  co m m e rcia l N iO  as a 
s tan d ard . T h e  stan d ard  w ith  th e  cry sta llin ity  o f 9 6 .6 %  w as th o ro u g h ly  m ixed  in  an  agate  
m o rta r  w ith  B W O  p o w d er (20/ 80  w e ig h t ra tio  o f N iO  to  B W O ), an d  th e  re su lta n t m ix ­
tu re  w a s  a n a ly zed  w ith  an  X R D  d iffra c to m e ter ; th en , th e  c ry sta llin ity  o f B W O  sam p les 
w as ca lcu lated .

T h e  m o rp h o lo g y  w as ch aracterize d  b y  field  e m iss io n -sca n n in g  e le ctro n  m icro sco p y  
(F E -S E M ) u n d e r a h ig h  v a cu u m  (JS M -7 4 0 0 F , JE O L , T okyo , Ja p a n ). T h e  im ag es w ere  
cap tu red  in  a w id e  ran g e  o f m ag n ifica tio n s in  seco n d ary  e lectro n  im a g in g  m o d e  (SE I). 
Furtherm ore, scanning  tran sm ission  electron  m icroscop y (STEM ; H D -2 0 0 0 , H itachi, Tokyo, 
Ja p an ) w a s  a lso  co n d u cte d  in  th ree  d iffe ren t m o d es: seco n d ary  e lectro n  im ag e  (SE ), Z  
c o n tra s t im ag e  (Z C ), an d  p h ase  co n tra st im a g e  (T E ). A d d itio n ally , tra n sm iss io n  e lectro n  
m icro sco p y  (T E M ) w ith  an  a cce le ra tin g  v o lta g e  o f u p  to  200  kV, m a g n ifica tio n  p o w e r o f 
up  to 600 k X  an d  reso lu tio n  p o w er d o w n  to  0.2 n m  (JE O L -JE M  1230, Tokyo, Jap an ), h ig h ­
re so lu tio n  T E M  (H R -T E M ), an d  selected  area  (e lectro n ) d iffra ctio n  w e re  a lso  ap p lie d  fo r 
th e  ch a ra c teriz a tio n  o f  th e  m o st activ e  sam p le . T h e  sp ecific  su rface  a rea  (SSA ) an d  the 
pore  size  (PS) d istrib u tio n  w ere  estim ated  b y  N 2 ad so rp tio n -d eso rp tio n  iso th erm s at 77 K 
em p loying  B ru n au er-E m m ett-T eller  (BET), and  B ru n au er-Jo y n er-H allen d a  (B JH ) analysis, 
resp ectiv ely  (Q u an ta  C h rom e In stru m en ts, N O V A  2000 series, P eterb o ro u g h , U K ).

T h e  p h o to a b so rp tio n  ch a ra cteris tics  w ere  in v e stig a te d  o n  a d iffu se  re flectan ce  sp ec­
tro sco p e  (D R S; JA S C O  V -670) eq u ip p ed  w ith  a P IN -7 5 7  in teg ra tin g  sp h ere  (JA SC O , LTD ., 
P fu n g sta d t, G e rm a n y ) an d  u sin g  B a S O 4 as  a  re feren ce . T h e  d iffu se  re flec tan ce  m o d e  (R) 
w as tran sfo rm e d  in to  th e  K u b e lk a -M u n k  fu n ctio n  F (R ) to  d is tin g u ish  lig h t a b so rp tio n  
fro m  sca tterin g . T h e  en erg y  g ap  (E g) v a lu e s  w ere  estim a ted  b y  p lo ttin g  th e  (F (R ) h v )0.5) 
versu s the light energy  (hv), w here F(R ) x  E a5 = ((1 — R )2 /2R x  hv )a5 [6 0 ]. The p h otolu m i­
n escen ce  (PL) em issio n  sp ectra  w ere  record ed  w ith  a S h im ad zu  sp ectro flu o ro p h o to m eter 
(R F -5301P C ; Aex = 420 nm ).

2.4. P h otocata ly tic  A ctiv ity  Tests

T h e p h o to cata ly tic  w a ter o x id atio n  w as carried  out u n d er U V  an d / or v is irrad ia tion  
in  th e  p resen ce  o f in  s itu  d ep o site d  silv er as an  e le c tro n  scav en g er. T ypically , 0 .0 5  g  o f 
B W O  sam p le  w as d isp e rse d  in  5 m L  o f an  aq u eo u s su sp e n sio n  o f A g F  (0 .05  m o l L —*) in  
a  35  m L  P y rex  te s t tu b e . T h e  su sp e n sio n  (p h o to ca ta ly st an d  A g F ) w a s  so n ica ted  fo r ca. 
1 0  m in , d eaera ted  w ith  a rg o n , an d  th en  th e  testin g  tu b e  w as sealed  w ith  a ru b b er sep tu m  
an d  exp o sed  to  U V / v is (H g  lam p , À > 290  n m ) o r v is  (450  W -X e  lam p , À > 4 0 0  n m ; w a ter 
IR  filter, a  co ld  m irror, an d  a c u t-o f f  filter: Y -4 2 ) irrad ia tio n . D u rin g  th e  reactio n , the 
su sp e n sio n  w as co n sta n tly  a g ita ted  in  a th e rm o sta te d  w a te r  b a th  to  k eep  th e  re actio n  
tem p eratu re  con stan t (about 298 K ). The generated  oxygen  w as quantified  b y  em p loy in g  a 
Sh im ad zu  G C -8 A  chrom atograp h  (Shim ad zu C orp oration , K yoto, Jap an ), equ ipp ed  w ith  a 
th erm al co n d u ctiv ity  d etecto r (T C D ) an d  P o ra tak  Q  co lu m n  (A g ilen t T ech n olog ies, San ta



C lara , C A , U SA ). The recyclab ility  tests w ere also p erform ed  (five repetitions) for the m ost 
activ e  p h o tocata lyst.

3. Results
3.1. C haracterization

T he su ccessfu l fab ricatio n  o f B W O  w as con firm ed  b y  X R D  analysis, and th e  obtained  
X R D  p attern s are sh ow n  in  F igure 1a . The characteristic peaks at 2 -th e ta  o f ca. 28 .4 ° , 32 .8°, 
47 .4 ° , 55 .8 ° , 58 .8 ° , 68 .7°, 75 .9°, and 78.5° cou ld  be assigned to (113), ((200) (020)), ((221) (206) 
(026)), ((313) (133)), (226), ((400) (040)), (333), and ((406) (046)) p lan es o f B W O , respectively. 
T h ese  cry sta l p lan es are  ch a ra cteris tic  fo r  th e  o rth o rh o m b ic  m o rp h o lo g y  o f B W O  (w h ich  
resem b les  a p e ro v sk ite -lik e  stru ctu re  w ith  la ttice  p a ra m ete rs  o f a  = 5 .456 À , b = 5 .436  A , 
an d  c  = 16.428  À , card  n o . 66579), an d  are  co n sis te n t w ith  p rev iou s fin d in g s [14,38 ,61- 63] . 
M oreover, the lack  of other d iffraction  peaks ind icates the h igh  crystal pu rity  of the prepared 
sam p les . A lth o u g h  th e  d u ra tio n  o f th e  so lv o th erm al re actio n  sh o w s n o  e ffe c t o n  the 
p o sitio n  o f d iffra ctio n  p eak s, th e  in crease  in  p e a k s ' in te n sity  an d  p e a k s ' sh arp en in g  w ith  
the p ro longation  of reaction  d u ration  in d icates the crystal grow th  and the im p ro vem en t of 
crystallin ity . In d eed , th e  cry sta llin ity  o f B W O , e stim ated  b y  an  in tern a l stan d ard  m eth o d , 
is im p ro v ed  b y  p ro lo n g in g  th e  reactio n  d u ra tio n  u p  to  3 0  h  (Table 1 ). H ow ever, a  fu rth er 
increase in  the reaction  tim e (40  h ) cau ses a s ligh t d ecrease in  the crystallin ity , w h ich  could  
be  cau sed  b y  the h igher d en sity  o f crystalline defects. Therefore, it m ight be conclu ded  that 
th e  b e s t cry sta llin e  p ro p e rtie s  are  ach iev ed  d u rin g  30  h  tre a tm e n t (B W O -3 0 ), i.e ., lo n g er 
and shorter so lvotherm al tim e results in  the form ation  of an im p erfect crystalline struc ture. 
Sim ilarly, Z hang et al. have also confirm ed  the influence of reaction  d uration  (hydrotherm al 
process) on  th e  cry sta llin ity  o f B W O  [3 3 ].

Figura 1. (a) XRD patterns; and (b) the ceerelation between crystallinity and average crystallite size 
(ACS) of BWO samples.



Table 1. The crystalline properties of BWO samples.

Sam ple ID
Hydrothermal Time 

(h)
1 d (113)

(À)
2 FWHM

(À)
3 ACS 
(nm)

Crystallinity
(%)

BW O-10 10 3.162 1.0371 7.8 48.2

BW O-15 15 3.160 1.0104 8 52.9

BW O-20 20 3.159 0.9450 8.6 56.1

BW O-25 25 3.157 0.7149 11.5 75.2

BW O-30 30 3.156 0.6847 11.8 77.8

BW O-40 40 3.158 0.7191 11.2 74.6

1 d: d-spacing; 2 FWHM: full-width half-maximum; 3 ACS: average crystallite size.

A d d itio n ally , it  has b e e n  fo u n d  th a t th e  ra tio  o f I(113) /I(200) (in te n s ity  o f resp ectiv e  
peaks) is low er than  the stand ard  value of 5, im ply ing  an anisotropic grow th along the {001} 
b asa l p lan e , w h ich  su g g ests  the fo rm ation  of sq u are-p la te  m o rp h o lo g y  (2D ), as d iscu ssed  
later. I t  h as a lread y  b ee n  su g g ested  th a t larg e  cry sta llites  co u ld  b e  fo rm ed  b y  an  in crease  
in  so lv o / h y d ro th e rm a l tim e (as o b serv e d  b y  in ten se  an d  sh arp  X R D  p e ak s) [33 ,62 ,6 4 ] . 
A cco rd in g ly , th e  a v e ra g e  cry sta llite  size  (A C S ) h as b e e n  estim a ted , u s in g  th e  fu ll-w id th  
h a lf-m a x im u m  (F W H M ) o f (113) d iffractio n  p eak  w ith  th e  D e b y e -S ch e rre r  e q u a tio n  [38 ], 
an d  o b ta in ed  d a ta  are  listed  in  T ab le  1 . T h e  A C S  in creases  fro m  7 .8  to  1 1 .8  n m  w ith  an  
in crease  in  th e  re a c tio n  d u ra tio n  till 30  h , an d  th e n  s lig h tly  d ecrease s  to  11.2 n m  fo r 4 0  h 
tim e. T h ere fo re , it  m ig h t b e  p ro p o se d  th a t cry sta l g ro w th  is a sso c ia ted  w ith  cry sta llin ity , 
as co n firm ed  in  F ig u re  1b . A cco rd in g ly , it  h as b e e n  fo u n d  th a t b o th  cry sta llin ity  and  
crystallite  size are m ain ly  controlled  by  the d uration  of the solvotherm al reaction . Sim ilarly, 
Li and cow orkers found a correlation  betw een  the cond itions of hyd rotherm al reaction  and 
cry sta llin e  p ro p erties  of B W O  sam p les, i.e., an  in crease  in cry sta llite  sizes from  13.6 nm  to 
16.2 nm  as the tem peratu re of the hyd rotherm al reaction  increased  from  413 K to  433 K [2 5 ].

Su m m arizing , it m ight be conclu ded  that the d uration  of the solvotherm al reaction  has 
a s ign ifican t im p act on  the crysta llin e  prop erties o f B W O  ph o tocata ly sts. M oreover, the es­
tim ation  of op tim al cond itions for ph o tocata lysts ' prep aration  is cru cial for the preparation  
o f p e rfe c t c ry sta ls . S im ila r  fin d in g s h av e  a lrea d y  b e e n  fo u n d  fo r b o th  B W O  [3 3 ,62 ,65 ,66] 
and o th er p h o to cata ly sts , su ch  as T iO 2 [67- 71], Z n O  [7 2 ], M o S 2 [73 ,7 4 ], and g -C 3N 4 [75 ] .

The m icroscopic observations (Figure 2 ) have confirm ed  the self-assem bly  of nanoplate 
subunits d uring so lvotherm al grow th, resulting in  the form ation  of a layered  m icrostructure. 
T h e  o b v io u s d iffe ren ce  b e tw e e n  B W O -1 0  an d  B W O -3 0  (a an d  b  im a g es , resp ectiv e ly ) 
in d ica te s  th a t th e  sm all n a n o p a rtic le s  ten d  to  ag g re g a te  an d  co a le sce  (fo rm in g  larg er 
p artic les  w ith  a c le a r -c u t a p p earan ce), w h ich  is co n sis te n t w ith  th e  X R D  resu lts  (Table 1) . 
T h e  2 D  stru ctu re  o f th e  B W O -3 0  sam p le  is a lso  c lea rly  seen  in  S T E M  (F ig u re  2 c ) and  
TE M  (Figure 2 d ) im ages. It shou ld  be  noted  th at the B W O -3 0  sam p le consists o f un iform ly  
d ispersed  square n anop lates w ith  sm ooth  and tran sp arent surfaces. To elu cid ate  the grow th 
orientation  of the nan op lates, an  H R TEM  observation  w ith  SA E D  analysis w as also carried  
o u t, an d  th e  o b ta in ed  o b serv a tio n s  are  d isp la y ed  in  F ig u re  2 e ,f. A cco rd in g ly , tw o  sets o f 
la ttice  frin g es  co u ld  b e  c lea rly  o b serv e d , as see n  b y  a m a rk e d  in te rp la n a r sp acin g  o f ca.
0.273 nm  and 0.272 nm , indexed  to the (200) and (020) p lanes, respectively, o f orthorhom bic 
B W O  (Figure 2 e). M oreover, the SA E D  pattern  exh ibits a regular d iffraction  sp ot array  w ith  
a sp acin g  o f 0 .273  an d  0 .272  n m , co rresp o n d in g  to the (200) an d  (020) p lan es, resp ectiv ely  
(F ig u re  2 f ). T h ere fo re , it  m ig h t b e  co n c lu d e d  th a t 2 D  B W O  n a n o p la tes  p re fe ra b ly  g ro w  
a lo n g  th e  {001} face ts , w h ich  is co n s is te n t w ith  X R D  resu lts . T h is  m ig h t b e  cau se d  b y  a 
h igher atom  d en sity  on the {001} facets, lead ing  to a slow er grow th  along the {001} of BW O  
nan o p la tes [3 3 ,53- 5 5 ,76 ,77] .
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Figure 2. (a) FE-SEM of BW O-10 sample; (b) FE-SEM, (c) STEM, (d) TEKI, (e) HRTEM, and (f) SAED 
images of BW O -30 sample.

To in v e stig a te  tlee te x tu ra l p ro p e rtie s , B E T / B JH  m e a su re m e n ts  were; p e rfo rm e d  at 
77  K , an d  th e  o b ta in ed  resu lts  are  sh o w n  in  F ig u re  3 an d  Table 2 . A ll sam p les  e x h ib it 
sim ilar iso therm s, categorized  as type IV  (according; to IU PA C ), w ith  sm all hysteresis loops 
w ith  a  re la tiv e  p ressu re  o f ca . 0 .7 -0 .9 , as sh o w n  in  F ig u re  3 a . T h is  m ig h t b e  ca u se d  b y  
irreg u lar v o id s , remulting fro m  la rg e  p a tt ic le s ' (p lates) p ack in g . M e a n w h ile , th e  su rface  
ch a ra cteris tics  w e re  fu rth e r e stim a ted , an d  th e  o b ta in ed  re su lts , in c lu d in g  th e  sp ecific  
su rface  area  (SSA ), p o re  v o lu m e  (P V ), an d  p o re  size  (P S), are  p re sen ted  in  F ig u re  3b and  
Table 2 . It  h as b e e n  fo u n d  th a t tire la rg est v a lu e s  o f S S A  (55 .3  m 2 g - 1 ) -n d  P V  (5 .8 -6 .2  x  
1 0 - 4  cm 3 g - 1 ) are ob ta ined  for the B W O -1 0  sam p le, p repared  d u rin g  the sh ortest reaction  
(10 h). C learly, the SSA  and P V  v a lu es d ecrease  w ith  in creasin g  the reaction  d u ration  up  to 
30  h  (43 .9  m 2 g -1  an d  4 .1 -4 .4  x  1 0 - 4  cm 3 g - 1 , re sp ectiv e ly ). A ll o b ta in ed  d a ta  co rre la te  
w ell w ith  A C S , i.e ., a n  in crease  in  A C S  (p ro lo n g ed  reactio n ) co rresp o n d s to  a  d ecrease  in  
SSA . T h e  lo n g er reactio n  tim e m ig h t s ig n ifican tly  a ffect th e  cry sta l g ro w th  sin ce it  a llow s 
sm aller g ra in s  to  grow , fo rm in g  b ig g e r cry sta llite s . T h e se  la rg e  n a n o cry sta llites  m ig h t 
a lso  b e  p u sh ed  in to  th e  ch a n n e ls  o f m e so p o res , d ecrea s in g  th e  p o re  v o lu m e . It is c learly  
o b serv e d  th a t all sam p les  e x h ib it a  m e so p o ro u s  stru ctu re  (P S  = 3 .9 -1 3 .7  n m ). F ig u re  3 c 
show s a  clear co rrela tio n  b etw een  SSA  an d  pore  size.

Table 2. Textural and optical properties of BWO samples.

Catalyst ID 1 SSA/m2 g -1 2 PV/cm3 g -1  x 10-4 3 PS/nm 4 AE/nm 5 Eg/eV

BW O-10 55.3 5.8-6.2 3.9-9.9 433.0 2.87

BW O-15 51.5 5.7-6.0 4.3-10.8 442.2 2.77

BW O-20 48.7 5.3-5.7 4.7-11.7 440.0 2.75

BW O-25 414. 8 4.5-4.8 5.4-13.4 4-0.3 2.67

BW O-30 43.9 4.1-4.4 5.5-13.7 474.1 2.65

BW O-40 46.6 4.9-5.4 5.1-12.8 452.8 2.70

1 SSA: specific surface area; 2 PV: pore volume; 3 PS: pore size; 4 AE: absorption edge; 5 Eg: energy bandgap.



Figure 3. (a) N2 adsorption-desorption isotherms; (b ) pore size (PS) distribution; and (c) correlation 
between the specific surface area (SSA) and PS of the BWO samples.

T h e  p h o to a b so rp tio n  fea tu res  o f B W O  p h o to ca ta ly sts  are  d isp la y ed  in  F ig u re  4  and  
Table 2 . In d ee d , a ll p h o to ca ta ly sts  co u ld  a b so rb  a s ig n ifica n t p o rtio n  o f v is ib le  lig h t,
i.e . , th e  ab so rp tio n  ed g e  (A E ) ran g es  f r o m 4 3 3 .0  n m  to  474 . 1 n m  tF ig u re  4 a ). T h ere fo re , 
p rep ared  E5WO sam p les are  exp ected  to  a c t as V L R  p h o to cata ly sts . M oreover, an  ob v iou s 
b a th o ch to m ic  sh ift in  th e  A E  (and  th e  co n se q u e n t b a n d g a p  n a rro w in g , as  d isp la y ed  in  
F ig u re  4 b ) w ith  an  in crease  in  th e  so lv o th erm a l tim e  corre la tes  w e ll w ith  an  in crease  in  
p article/ crystallite  size (size-depend ent lig ht absorption), as the phonon  frequency constant 
in cre ase s  w ith  a n  in cre a se  in  c ry sta l s ize  [78- 81 ] . T h e  co m p a riso n  o f p h o to a b so rp tio n  
p ro p erties  d em o n stra te s  th a t th e  ab so rp tio n  ed g e  a l  th e  sh o rtest w a v e le n g th  (43)1 n m ), 
an d  th u s th e  samplet w ith  th e  la rg e s t e n erg y  b a n d g a p  (2 .87  eV ), w as p rep ared  d u rin g  
th e  sh o rtest d u ra tio n  o f  so lv o th erm al re actio n  (B W O -1 0 ), w h ere a s  B W O -3 0  exh ib its  lh e  
n arrow est energy  band gap  anp the absorp tion  edge at the longest w av elen g th  (i.e., 2 .65 eV  
and 474.1 n m , resp ectiv ely ), as p resen ted  in F igu re  4 and Table 2 .



Figure 4. (a) UV-vis diffuse reflectance spectra; (b) the corresponding K ubelka-M unk reflectance 
spectra for BWO samples.

3.2. P h otocata ly tic  O2 E volu tion

T h e p h o to ca ta ly tic  a c tiv ity  o f B W O  sam p les  in  co m p a riso n  to  th a t b y  fam o u s P 25  
(co m m o n  an d  stan d ard  p h o to ca ta ly st [82 ,83 ]) w a s  ev a lu a te d  th ro u g h  p h o to ca ta ly tic  O 2 
g en eratio n  in an aq u eou s so lu tio n  u n d er U V  an d / or v is illu m in ation  in th e  p resen ce  o f in 
situ  d ep osited  silv er as an e lectro n  scavenger. It w as found th at O 2 gas w as n o t generated  
in th -  absence of e ith er a p h o to c-ta ly st (d irect p hotoly sis) or light (u nd er d ark  cond itions). 
H e n ce , i t  m ig h t b e  co n c lu d e d  th a t w a te r  o x id a tio n  m u st p ro ceed  v ia  a p h o to ca ta ly tic  
m ech an ism , i.e ., the; form aeion  o f ch arg e  carriers  u n d e r irrad ia tio n . In d ee d , O 2 evoluOion 
w ae o b serv e d  in  th e  p re sen ce  o f p h o to ca ta ly sts  (B W O  an d  P 25) u p o n  U V / v is  an d  vis 
irra d ia tio n , as  p re sen ted  in  F ig u re  5 (an d  'Table; 3 ) . A  lin e a r  e v o lu tio n  o f o x y g e n  fo r sill 
sam p les d u ring  the w h ole  d u ratio n  of tire reaction  confirm s ihe  ph o tocata ly tic  m echanism  
(not a  "light-inilriated" dark reacIrion), also revealing  the higlr p hotostab ili ty  of all m aterials.

Figure 5. The photocatalytic O2 generation: )a) under UU/vis; and (b) vis irradiation over BW-10, 
BWO-15, BWO-20, BWO-25, BWCD-30, BWO-40, and I2-25 photocatalysts.



Table 3. Photocatalytic activity over P25-TiO2 and BWO photocatalysts.

Under UV-Vis Irradiation Under Vis Irradiation

Catalyst ID Evolved O2 
Amount/ 

U mol

Evolved O2 Rate/ 
U mol h - 1

R2
Evolved O2 

Amount/ 
U mol

Evolved O2 Rate/ 
U mol h - 1

R2

BW O-10 18.99 9.54 0.9998 4.55 2.27 0.9999

BW O-15 20.45 10.24 0.9999 6.78 3.40 0.9999

BW O-20 22.89 11.44 0.9997 9.31 4.66 0.9999

BW O-25 25.87 13.00 0.9999 11.22 5.62 0.9999

BW O-30 26.78 13.40 0.9999 15.45 7.74 1.0000

BW O-40 24.98 12.53 0.9998 12.89 6.43 0.9999

P25 14.13 7.10 0.9998 0.011 0.006 0.9999

R2: regression coefficient.

U n d er U V / v is irrad iation , all B W O  sam p les exh ib it m u ch  h ig h er activ ity  th an  th at of 
o n e  o f th e  m o st activ e  titan ia  p h o to ca ta ly sts  (P 25) w ith  s im ilar su rface  p ro p erties  (B E T  of 
ca. 50 m 2 g - 1  [8 4 ]) (F igure 5a ). H ow ever, the cry sta llin ity  o f B W O  sam p les is m u ch  w o rse  
th a n  th a t in  P 25  (> 90%  estim a ted  b y  th e  sam e m eth o d  [8 4 ]), b u t A C S  o f B W O  is sm aller 
th an  th at in  titania (25.3 and 39.6 nm  for anatase and ru tile , respectively) [84 ]). A ccordingly, 
i t  m ig h t b e  co n c lu d e d  th a t a  w e ll-o rg an ized  n a n o stru ctu re  (2D ) m ig h t b e  re sp o n sib le  fo r 
the better p erform ance of BW O . M oreover, as expected , P 25-T iO 2 is hard ly  active under vis 
irrad iation  due to a m u ch w id er b and gap  (>3.0 eV) and, thu s, a shorter w av elen gth  edge (A 
< 400 nm ) (Figure 5b ). The photocataly tic activ ity  of B W O  p hotocatalysts enhances w ith  an 
in crease  in  th e  sy n th e sis  tim e  u p  to  30  h , re a ch in g  13 .40  pm ol h - 1  an d  7 .74  pm ol h - 1  o f 
oxygen  ev o lu tio n  rate  u n d er U V / v is and v is , resp ectiv ely  (B W O -3 0  sam p le), as sh ow n  in 
F igu re  5 and Table 3 .

N otab ly , th e  sp ecific  su rface  area  is co m m o n ly  co n sid ered  o n e  o f th e  m a in  facto rs 
c o n tro llin g  p h o to ca ta ly st p e rfo rm an ce  (s im ila r to  " d a r k "  ca ta ly tic  reactio n s). In  th is  co n ­
tex t, a  larg e  sp ecific  su rface  area  co u ld : (i) e n h a n ce  th e  in c id e n t lig h t-h a rv e stin g  ability , 
(ii) create surface-active sites, (iii) prom ote the reactant m olecu les' ad sorption  on the surface 
o f th e  p h o to ca ta ly st, (iv ) in crease  th e  ra te  o f  re a c ta n ts ' fo rm a tio n  (e .g ., reactiv e  o x y g e n  
sp ecies), an d  th u s s ig n ifican tly  b o o s t th e  p h o to ca ta ly tic  p e rfo rm an ce  fo r v ario u s ap p lica ­
tio n s (sp ecifica lly , p h o to ca ta ly tic  d eg ra d a tio n  o f h azard o u s o rg an ic  co m p o u n d s) [85- 8 8 ] . 
S u rp risin g ly , th e  m o st activ e  sam p le  (B W O -3 0 ) is ch a ra cteriz e d  b y  th e  sm a lle s t sp ecific  
surface area (Table 2 ), im ply ing  that the specific surface area of the fabricated  photocatalysts 
is n o t the reason  b eh ind  in creasin g  the ph o tocata ly tic  activ ity  in the cu rren t study. S im ilar 
fin d in g s h av e  a lso  b e e n  o b serv ed  e lse w h e re  [89- 9 2 ] . I t  m ig h t b e  p ro p o sed  th at, in  the 
case o f d irect redox reactions v ia  p hotogenerated  charges (here, silver red u ction  and w ater 
o x id a tio n  b y  p h o to -fo rm ed  electro n s an d  h o les, resp ectiv ely ), in stead  o f th e  in v o lv e m e n t 
o f in term ed ia tes  (su ch  as reactiv e  o x y g e n  sp ecies fo rm ed  o n  th e  su rface  o f p h o to ca ta ly st; 
cru cial for oxid ative d ecom posing o f organic com pou nds), the specific surface area does not 
g ov ern  p h o tocataly tic p erform ance. Therefore, other prop erties shou ld  be d ecisive for p ho- 
to ca ta ly tic  p erfo rm an ce . A m o n g  th em , crysta llin ity , n an o p la te  m o rp h ology , m eso p o ro u s 
stru ctu re  (P S = 5 .5 -1 3 .7  n m ), an d  im p ro v ed  lig h t ab so rp tio n  a b ility  (esp ecia lly  u n d er v is) 
m u st b e  co n sid ered . In d ee d , th e  p h o to ca ta ly tic  a c tiv ity  o f th e  fa b rica ted  B W O  m ateria ls  
co rre la te s  w e ll w ith  o th er  p ro p e rtie s  (F ig u res  6 - 8 ) , i.e ., c ry sta llite  s ize , cry sta llin ity , p o re  
s ize , ab so rp tion  ed ge, and en erg y  b an d gap .



Figure 6. The correlation between photocatalytic activity and average crystallite size (ACS ) (a,b ); and 
crystallinity% (c,d) of BWO samples.

Figure 7. The correlation between photocatalytic activity and pore size (PS) of BWO samples: under 
(a) UV/vis; and (b )vis irradiation.



Figure 8. The correlation betw een photocatalytic O2 evolution (under UV/vis and vis irradiation) 
and (a,b ) absorption edge (AE); and (c,d) bandgap energy (Eg) of BWO samples.

In trig u in g ly , c ry sta llite  s ize  an d  cry sta llin ity  are  tw o  o f th e  m o st cru cia l facto rs  th a t 
s ig n ifican tly  im p a ct th e  p h o to ca ta ly tic  a c tiv ity  o f sem ico n d u cto r p h o to ca ta ly sts  [9 3 ,9 4 ] . 
H o w ev er, co n tra ry  resu lts  ca n  b e  fo u n d  in  th e  lite ra tu re  re g a rd in g  th e  in flu e n ce  o f c ry s­
ta llite/  p a rtic le  s ize  o n  p h o to ca ta ly tic  p e rfo rm a n ce , i.e ., th e  p o sitiv e  [9 3 ,95 ,9 6 ] a  nd  n e g a ­
tiv e  [94 ,97- 9 9 ] im p acts . In  th is study/, th e  re actio n  ra te  u n d r r  b o th  UV/-vis an d  v is  irra d i­
a tio n  in creases  u p o n  an  in crease  in  th e  cry sta llite  size , an d  th e  B W O -3 0  sam p le  w ith  the 
la rg est cry sta llites  a lso  exh ib its  th e  b e r t  p h o to ca ta ly tic  activity , as d ep icted  in  F igu re  6 a ,b. 
T h e se  fin d in g s co u ld  b e  a ttr ib u te d  to  en h a n c in g  th e  o p tica l ch a ra c teris tics  an d  p ro m o t­
in g  th e  ch arg e  c a rria rs ' sep a ra tio n  s n d  m o b ility  [9 3 ] . M o reo v er, i l  h as b e e n  p o in ted  o u l 
th a t th e  op tim al v a lu e  o f cry sta llite  s ize  lies in  th e  ran g e  o f 7 -1 5  n m  fo r d iv erse  p h o to ca t­
a ly tic  ap p lica tio n s [93 , 100,101] . In  co n tra st, th ere  is n o  d isa g re e m en t a b o u t th e  im p a ct o f 
cry sta llin ity  o n  p h o to ca ta ly tic  activ ity , a  s it is w e ll-d o cu m  en te  d th a t h ig h er  cry sta llin ity  
m eans better photocataly tic p erfo rm an te . The im proved  crysta llin ity  correlates 'with low er 
con ten t o l crystalline d efects, and thu s a low er ra tr o t charge carriers ' aecom bination (as con ­
firm ed  also here , b y  PL d ata; d iscu ssed  fu rther). S im ilarly , the d ep en d en ce  o f cry sta llin ity



o n  ch arg e  ca rr ie rs ' sep a ra tio n  e ffic ie n cy  (a n d  th u s p h o to ca ta ly tic  a c tiv ity ) h as a lread y  
b e e n  p ro v e n  fo r o th er  p h o to ca ta ly sts , e .g ., B iF e O 3 [8 1 ] an d  TiO 2 [102] . T h ere fo re , the 
B W O -3 0  sam p le  p o sse ssin g  th e  la rg est cry sta llin ity  sh o w s th e  b e s t a c tiv ity  to w ard s O 2 
ev olu tio n  u n d er U V / v is and v is  irrad iation  (F igure 6c ,d). H ere , d u rin g  th e  fo rm ation  a of 
2 D  stru ctu re , i t  m ig h t b e  p ro p o sed  th a t th e  larg e  size  o f B W O -3 0  in d ica te s  th e  p e rfectly  
form ed  cry sta l, and thu s th e  larg est s ize  corresp o n d s to th e  b est crystallin ity .

Rem arkably, the m esoporou s structure in trod u ces efficient paths for reactants' transfer 
to  reactiv e  sites (m a ss  tra n sfe r) an d  a lso  im p ro v e s m u ltip le  sca tte rin g  o f  lig h t, resu ltin g  
in  e ffectiv e  p h o to n  ab so rp tio n  an d , h e n ce , b o o stin g  p h o to ca ta ly tic  a c tiv ity  [103- 105] . A s 
d isp la y ed  in  F ig u re  7a ,b , th e  p h o to ca ta ly tic  O 2 e v o lu tio n  ra te  (u n d er U V / v is  an d  vis 
irra d ia tio n ) im p ro v e s u p o n  a n  in crease  in  th e  p o re  size  o f th e  sy n th e size d  B W O  sp e ci­
m e n , an d  th e  B W O -3 0  sam p le  w ith  th e  la rg est p o re  size  e x h ib its  th e  b e s t  p h o to ca ta ly tic  
activity. T his m ig h t b e  cau sed  b y  im proved  w ater ad sorp tion  and en h an ced  light p en etra ­
tio n  in to  th e  p h o to ca ta ly s t in  th e  p resen ce  o f la rg er p o res, as a lrea d y  su g g ested  in  o th er 
reports [103- 105] .

M oreover, p h o to cata ly tic  a ctiv ity  firm ly  relies  on  th e  o p tica l p ro p erties  o f p h o to ca ta ­
ly sts. In  th is sense, the photocataly tic O 2 generation  rate (under U V / vis and vis irrad iation) 
in cre ase s  u p o n  an  in crease  in  th e  ab so rp tio n  ed g es (th e  e ffic ie n t u se  o f m o re  p h o to n s) 
a n d , th u s, a  d ecrease  in  e n erg y  b a n d g a p s  (E g) o f fa b rica ted  B W O  (th e  B W O -3 0  sam p le  
sh o w s the su p erio r p h o to cata ly tic  p erfo rm an ce) (F igure 8 a-d ) . In ad d ition , th e  n an o p late  
m o rp h o lo g y  is b en e fic ia l fo r  ch arg e  ca rrie rs ' sep a ra tio n / tra n sfer  an d  e ffic ie n t lig h t h a r­
v e stin g  ability , a llo w in g  m u ltip le  irrad ia tio n  reflectio n  (sim ilar to  p h o to n ic  cry sta ls  [106] ). 
T herefore , it shou ld  b e  con clu d ed  th at th e  p h o tocata ly tic  activ ity  o f B W O  m igh t b e  sign ifi­
ca n tly  en h an ced  b y  ch an g in g  th e  p h y sica l p ro p erties  v ia  reach in g  th e  o p tim al co n d itio n s 
o f so lv o th erm al reaction , e .g ., reaction  tim e (here: 30 h). H ow ever, th e  p ro lo n ged  reaction  
m ig h t also cau se  a d ecrease  in p h o tocata ly tic  activ ity  b ecau se  o f a red u ction  in the q u ality  
o f m a te ria ls . F o r  e x a m p le , a  4 0  h  so lv o th erm al re actio n  cau ses  a d ecrease  in  cry sta llin ity  
(a h ig h er d en sity  o f cry sta llin e  defect).

To co n firm  th a t p ro p erties  (m ain ly  cry sta llin ity ) in flu e n ce  th e  h + / e-  re co m b in a tio n  
a n d , th u s, th e  p h o to ca ta ly tic  efficiency , P L  sp e ctro sco p y  w as carried  o u t, an d  th e  fin d ­
in gs are p resen ted  in  F ig u re  9 . A ll B W O  p h o to ca ta ly sts  d isp lay  p h o to lu m in e scen ce  a t ca. 
468 .7  nm  (after excitation  at 420 nm ), w h ich  correlates w ell w ith  charge carries ' recom b in a­
tio n  [107] . H o w ev er, th e  P L  in te n sities  b e tw ee n  sam p les  d iffer  sign ifican tly . In d ee d , the 
B W -3 0  sam p le  w ith  th e  h ig h e s t c ry sta llin ity  (an d  p h o to ca ta ly tic  activ ities) p o ssesses  the 
w eak est PL in ten sity  (i.e., th e  b est effic ien cy  of p h o to in d u ced  ch arge  ca rrie rs ' sep aration ), 
w h ereas  th e  s tro n g est P L  s ig n a l (i.e ., th e  fa s te s t ch arg e  ca rr ie s ' re co m b in a tio n  ra te ) is o b ­
ta in e d  b y  th e  B W O -1 0  sam p le  w ith  th e  w o rs t c ry sta l p ro p e rtie s . It  h as b e e n  co n firm ed  
th at reach in g  op tim al con d ition s of so lv oth erm al reaction  is im p ortan t for g e ttin g  the b est 
p h o to ca ta ly tic  p e rfo rm a n ce , an d  th u s, p ro lo n g ed  re actio n  (h ere  > 30  h ) m ig h t ca u se  the 
p rep aratio n  o f sam p les w ith  u n fav o rab le  cry sta llin e  d efects.

To co n firm  th e  lo n g -te rm  p h o to stab ility , th e  re cy c la b ility  e x p e rim e n ts  w e re  carried  
o u t fo r  th e  m o st activ e  sam p le  (B W -3 0 ) d u rin g  five  cy cles  u n d e r v is  irra d ia tio n , an d  the 
o b ta in ed  d ata  a re  d isp lay ed  in  F ig u re  10a . T h e  h ig h  p h o to ca ta ly s is  s ta b ility  h as b ee n  
co n firm ed  w ith  o n ly  a s lig h t ch a n g e  in  o x y g e n  g e n era tio n  b e tw e e n  th e  firs t an d  fifth  
cy cles  (from  15 .45  pm ol to  14 .89 p m ol). F u rth e rm o re , X R D  a n a ly sis  o f a  recy cled  sam p le  
in d ica te s  th a t cry sta llin e  p ro p erties  h av e  n o t b e e n  ch an g ed  (F ig u re  10b ). T h ere fo re , it 
cou ld  be p roposed  th a t 2D  m esop o rou s B W O  nan o p lates are p ro m isin g  p h o tocata lysts  for 
v is  ap p lica tio n s , e sp ecia lly  o x id a tio n  reactio n s). In d ee d , 2 D  B W O  p h o to ca ta ly sts  e x h ib it 
su p e rio r  p h o to ca ta ly tic  a c tiv ity  to w ard  O 2 e v o lu tio n , as  co m p ared  to  re ce n tly  rep o rted  
p h o tocata ly tic  m ateria ls  (Table 4 ) [2, 108- 110] .



Figure 9. PL spec tra of BWO samples.

(a) (b)

Figure 10. (a) Recyclability of the BW-30 in the photocatalytic O2 generation under vis irra diation; 
(b) XRD patterns of BWO-30 before and after the photocatalytic reaction.



Table 4. Comparison of photocatalytic O2 evolution efficiency over the prepared BWO photocatalyst 
and other photocatalysts in recent w orks.

Catalyst/ 
Dose (g)

Light Source Rerctant Suspension
Irradiation 
Time (min)

O2 Rate 
(prtiol h -1 )

Ref.

g-C3 N4 /
Ag3 PO 4 /

0.3
white LED light 100 mL aq. solution 

(1g A g N O 3 )
60 3.30 [ro8]

g-C3 N4 /
MoS2

Ag3 PO4 /
0.3

white LED light
100 mL aq. solution 

(1g A g N O 3 )
40 6.99 [109]

Ti/ 
BiFeO3 / 

0.01

300-W Xe lamp, A > 420 nm; 
UV Lut—off filter: Y-42)

80 mL aq. solution 
(0.14 g AgNO3 + 0.16 g La2<3>3)

3C0 2.74 [ ]

MoS2/
MnWO4/

0.05

300-W )ie lamp, A > 420 nm; 
UV Lut—off filter: Y-42)

200 mL aq. solLtion 
(0.03 M A gN 03 + 0.2 g La20 3)

180 5.19 [11 C]

2D Bi2WO6/ 
0.05

Hg lamp, Ai > 290 nm 13.40
This
work300-W Xe lamp, A > 420 nm; 

UV cut-off filter: Y-42)
(0.05 M AgF) 120

7.74

Finally, the mechanism of photocatalytic water oxidation on BWO photocatalyst 
(BWO-30) might be proposed (Figure 11). The edge potentials of the valence band (Ev b ) 
and conduction band (ECB) have been estimated using the Mulliken electronegativity theory 
(Equations (1) and (2)) [111]: + +

Ec b  = X -  E -  0.5Eg 

ev b  = e c b  + Eg

( 1 )

(2 )

Figure 11. Schematic diagram of the proposed mechanism of photocatalytic O2 generation over BWO 
(BWO-30) photocatalyst.

Here, Eg is the energy bandgap of BWO-30 (2.65 eV); x is the absolute electronega­
tivity of Bi2W06 (6.36 eV); and Ee is free electrons energy in the hydrogen scale (4.5 eV). 
Accordingly, estimated Ecb and Evb are equal to 0.54 and 3.19 V, respectively. Therefore, 
ir is possible to reduce silver cation (Ag+) into silver aOom (Ag)i as the ECt  (0.54 V) of



th e  p h o to ca ta ly st is less p o sitiv e  th an  th e  stan d ard  red ox  p o ten tia l o f A g+ / A g  (0 .7996  V ). 
M o reover, w a ter  ca n  b e  o x id ized  in to  O 2, as th e  EVB (3 .19  V ) o f th e  p h o to ca ta ly st is m o re 
p ositive  th an  the stand ard  redox p o ten tia l o f H 2O / O 2 (1.23 V ). B ased  on  the above results, 
the m echanism  of photocataly tic w ater oxid ation  over B W -30  (in the presence of A gF as an 
e le c tro n  scav en g er) has b e e n  p ro p o se d  as th e  fo llo w in g : T h e  h + / e-  p a irs  are  g en era ted  
u n d er irrad ia tion  (both U V  and vis cou ld  be used ) since e lectrons (e- ) are tran sferred  from  
th e  V B  to  the C B , leav in g  h o les (h+) at V B  o f th e  p h o to cata ly st (E q u ation  (3)).

T h e  p h o to g e n e ra te d  ch a rg e  carrie rs  (e - cB an d  h+vB) m ig ra te  to  th e  p h o to ca ta ly st 
su rface. F inally , th e  A g + ca tio n  (from  A g F  in  th e  reactio n  su sp en sio n , E q u a tio n  (4)) reacts 
w ith  e - CB to produ ce zero-v alen t silver (E qu ation  (5)) and h+VB oxid izes w ater to  form  O 2 
(E quation  (5)). Fu rtherm ore, the obtained  A g  nan o p articles, load ed  on the su rface  of BW O , 
m ig h t im p ro v e  th e  p h o to ca ta ly tic  activ ity  an d  p e rfo rm an ce  (w o rk in g  as a co -ca ta ly st). It  
sh ou ld  b e  po in ted  out th at th e  released  p roton  (from  w a ter ox id ation , E q u atio n  (6)) cou ld  
not be  red uced  into  H 2, b ecau se the E CB of B W O -3 0  p h otocata lyst (0.54 V) is m ore positive 
th a n  th e  stan d ard  red o x  p o ten tia l o f H + / H 2 (0 .0  V ). T h ere fo re , a c id ifica tio n  o f  re actio n  
su sp en sio n  is p ro p osed , e .g ., as su m m arized  in exem p lary  E q u ation  (7).

B i2W O 6 + h v  ^  e CB + h+vB (3)

A gF ^  Ag+ + F -  (4)

e - CB + Ag+ ^  A g  (5)

1
2h+vB + H 2O  ^  2H+ + 2  O 2 (6)

H+ + F -  ^  H F (7)

4. Conclusions
T h e fa c ile  te m p la te -fre e  so lv o th erm a l re a c tio n  h as p ro v e n  to  b e  a n  e ffic ie n t m eth o d  

fo r th e  p re p a ra tio n  o f a  2 D  p o ro u s B W O  p h o to ca ta ly st. B W O  m a te ria l sh o w s s ig n ifican t 
a c tiv ity  in  p h o to ca ta ly tic  w a te r  o x id a tio n  u n d e r b o th  U V  an d  v is  irra d ia tio n . T h e  co n ­
d itio n s o f th e  so lv o th erm a l re actio n  are  critica l fo r th e  p ro p e rtie s  o f B W O  an d , th u s, the 
resu ltan t p h o to cata ly tic  p erfo rm an ce . I t  h as  b ee n  fo u n d  th a t a  30  h  so lv o th erm al reactio n  
at 433 K results in  the prep aration  o f the m ost active p h otocata lyst w ith  the b est properties,
i.e ., n an o p la te  m o rp h o lo g y  (2D ), m eso p o ro u s stru ctu re, h ig h  cry sta llin ity  (lo w  co n ten t of 
d efects) and efficien t ligh t h arv estin g  ability. To th e  b est o f ou r k n o w led g e, th is is the first 
w o rk  d isp laying that 2D  m esoporou s B W O  nanoplates could  be su ccessfu lly  synthesized  by 
a tem p late-free  so lv o th erm al m eth o d  and su b seq u en tly  u sed  for en h an ced  p h o tocata ly tic  
w ater oxid ation  under U V / vis and v is irrad iation . T herefore, th is stud y opens the door for 
o th er ap p lica tio n s of B W O  p h o to cata ly sts  u n d er n atu ra l so la r rad iation .
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