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Abstract: In this work, we present a systematic study on the influence of Cu2+ ion concentration in 
the impregnation solution on the morphology, structure, optical, semiconducting, and photoelectro
chemical properties of anodic CuOx-TiO2 materials. Studied materials were prepared by immersion 
in solutions with different concentrations of (CH^COO^Cu and subjected to air-annealing at 400 °C, 
500 °C, or 600 °C for 2 h. The complex characterization of all studied samples was performed using 
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), 
reflectance measurements, M ott-Schottky analyses, and photocurrent measurements. It was found 
that band gap engineering based on coupling CuO w ith TiO2 (Eg~3.3 eV) is an effective strategy 
to increase the absorption in visible light due to band gap narrowing (CuOx-TiO2 materials had 
Eg~2.4 eV). Although the photoactivity of CuO-TiO2 materials decreased in the UV range due to the 
deposition of CuO on the TiO2 surface, in the Vis range increased up to 600 nm at the same time.
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1. Introduction

P h oto electroch em ica l w ater sp littin g  is con sid ered  a p ro m isin g  m ethod  for the g en er
a tio n  o f c le a n  energy. H o w ev er, th ere  are  still m a n y  p ro b lem s co n n ecte d  w ith  th is  to p ic , 
su ch  as th e  lo w  e ffic ie n cy  o f sy stem s an d  th e ir  lim ited  u sa b ility  fo r u ltra v io le t ra d ia tio n  
only. Sem ico n d u ctin g  nan o m ateria ls seem  to be v ery  attractive for th is type o f application , 
esp ecia lly  due to their u n ique geom etry  and resu ltin g  properties. A n od ic titan iu m  d ioxid e 
n an o tu b es are often  used  as p h o toan o d es in the u n ch an g ed  or m od ified  form  w ith  m etals, 
ox id es, and o th er sem ico n d u cto rs [1- 3 ] .

A  v e ry  a ttra c tiv e  s tra te g y  in v e stig a te d  v ia  a v a r ie ty  o f  sy n th esis  m e th o d s [4- 11] is 
to  co u p le  a w id e  b a n d  g ap  m a te ria l w ith  co p p er o x id e s  s in ce  b o th  o f th e m  (C u 2O  an d  
C u O ) h av e  a n arro w  b an d  g ap  (~2 eV ) [12], w h ich  w o u ld  b e  b en e fic ia l fo r w id e n in g  the 
a b so rp tio n  sp ectra  o f T iO 2-b ased  m ate ria ls  in to  th e  v is ib le  reg io n . O v er th e  y ears, m u ch  
a tten tion  w as d ev oted  to the d ep osition  of co p p er or its ox id es on  anod ic T iO 2 n an o tu b es 
a n d  s tu d y in g  th e ir  p ro p e rtie s . T ab le  1  p resen ts  ex am p les  o f co p p er-m o d ified  T iO 2 n an 
o tu b es  sy n th esized  b y  d iffe ren t m e th o d s , m ateria l co m p o sitio n s , an d  ch a ra cteris tics . A s 
can  be  seen , the optical properties o f C u O x-TiO 2 m aterials are enhanced  and the absorption  
e d g e  p o sitio n  is o b serv e d  in  th e  v is ib le  ran g e  a t a ro u n d  6 5 0  n m , w h ich  is b en e fic ia l fo r 
p h o to ch e m ica l p ro cesses  u n d e r so lar illu m in a tio n . T h e  a p p lica tio n  o f C u O x-T iO 2 in  the 
p h o toelectro ch em ica l w ater sp littin g  exp erim en ts requires co n sid erin g  other cop p er oxide 
p roperties, such as cond u ction  and valence band  alignm ent and its conductiv ity . A n atase or 
ru tile  TiO 2 stru ctures are k now n for their large band  gaps of 3.2 eV  and 3.0 eV, respectively, 
and the fact th at th ey  can operate only  under U V  light to excite  an electron  from  the valence 
band  to  the cond u ction  band  [13]. T herefore, su itab le band  gap engineerin g  is n ecessary  to 
u tilize  v is ib le  lig h t for excita tion . B o th  co p p er oxid es en su re  th e  n arrow ed  b an d  gap , and 
th o se  p -ty p e  sem ico n d u cto rs are p erfect can d id ates fo r creatin g  a ju n ctio n  w ith  an n -typ e
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T iO 2 fo r e n h a n ce d  p h o to e le ctro ch e m ica l p ro p erties  [14] . M o reover, i t  is w e ll k n o w n  th a t 
th erm al tre a tm e n t is o ften  n e cessa ry  to  co n v e rt a m o rp h o u s an o d ic  o x id es  to  p h o to activ e  
stru ctures and has a s ign ificant influence on the m orphology, crystallin ity , and sem icon d u c
to r p ro p erties . F o r in stan ce , M a su d y -P a n a h  e t al. [15 ] rep o rted  th a t th e  c ry sta llin ity  and  
g ra in  size  of th e  C u O  th in  film s are s ig n ifican tly  in flu en ced  b y  th e  an n ealin g  tem p eratu re . 
It w as sh ow n  th at h igher heat treatm en t con d ition s cau se a decrease in  the grain  b ou n d ary  
area over a g iven  d istance and enhance p hotocataly tic w ater sp litting  due to  a red uction  in 
g ra in  b o u n d a ry  sca tterin g  and ch arg e  carriers recom b in atio n  rate.

Table 1. Different synthesis methods of copper-modified TiO2 nanotubes and their optical properties.

Method Final Material Optical Properties Ref.

Electrochemical
deposition Cu2O-TiO2 Eg~2.17 eV [4]

SILAR Cu NPs-TiO2 absorption peak at ~570 nm [5]

Electroplating Cu-TiO2 - [6 ]

Sonoelectrochemical TiO2-Cu2O
enhanced absorption in the 

visible range [7]

Electrodeposition followed by anodization Cu2O-TiO2 absorption peak at ~620 nm [8 ]

SILAR CuO-TiO2 Eg~2.44 eV [9]

In-situ anodization CuO-TiO2 Eg~2.65 eV [10]

Dip-coating followed by calcination CuO/Cu2O/Cu-TiO2 adsorption edge at ~650 nm [11]

In  th is  w o rk , w e  p re se n t a sy stem a tic  s tu d y  fo cu sin g  o n  th e  in flu e n ce  o f C u 2+ io n  
co n c e n tra tio n  in  th e  im p re g n a tio n  so lu tio n  o n  th e  m o rp h o lo g y , stru ctu re , o p tica l, sem i
co n d u ctin g , a n d  p h o to e le c tro ch e m ica l p ro p e rtie s  o f a n o d ic  C u O x-T iO 2 m ateria ls . S tu d 
ied  m a te ria ls  w e re  p rep ared  b y  im m e rs io n  in  so lu tio n s w ith  d iffe ren t co n cen tra tio n s o f 
(C H 3C O O )2C u  (1 0 -1 0 0  m M ) an d  su b jected  to  a ir-a n n e a lin g  a t 4 0 0  °C , 50 0  °C , o r 60 0  °C  
fo r 2  h. A  co m p lex  ch aracteriza tio n  of all stu d ied  sam p les w as p erfo rm ed  u sin g  scan n in g  
electron  m icroscop y (SEM ), energy d ispersive sp ectroscop y (ED S), X -ray  d iffraction  (XRD ), 
reflectance m easu rem ents, M o tt-S ch o ttk y  analysis, and photocu rrent m easurem ents under 
m o n och ro m atic and so lar rad iation .

2. Materials and Methods

Titaniu m  foil (95.5%  purity, th ickness 0.25 m m , A lfa  A esar) w as polish ed  electro ch em 
ica lly  and ch em ica lly  before  e lectro ch em ical ox id ation . T he e lectro ch em ical p o lish in g  w as 
co n d u cte d  in  a m ix tu re  (6 0 : 1 5 :2 5  in  v o lu m e ) co n ta in in g  a ce tic  acid  (98  w t.% ), su lfu ric  
ac id  (98  w t.% ), an d  h y d ro flu o ric  acid  (40  w t.% ) a t a  co n sta n t te m p e ra tu re  (~ 10  ° C ) and  
cu rren t d en sity  (1.4 A -cm - 2 ) fo r 1 m in . A fterw ard , th e  ch em ica l p o lish in g  w as perform ed  
b y  im m e rsio n  o f Ti sam p les in to  a m ix tu re  o f h y d ro flu o ric  acid  (40  w t.% ) an d  n itr ic  acid  
(65 w t.% ) (1:3 in  volu m e) for 10 s. T hen, Ti sam p les w ere rinsed  w ith  w ater and ethanol, and 
d ried  in th e  stream  o f h o t air. N an op oro u s anod ic titan iu m  ox id e  layers w ere  sy n th esized  
in  an ethylene glycol-based  so lu tion  contain ing  N H 4F (0.38 w t.% ) and H 2O  (1.79 w t.% ) [16]. 
Three-step  electro lysis w as carried  ou t at the constan t vo ltage of 40 V  at 20 °C. The first and 
second  anod izing steps w ere perform ed  for 3 h. A fter each  step , an  ad hesive tape w as used 
fo r  th e  m e ch a n ica l re m o v a l o f g ro w n  o x id e  lay ers . T h e  th ird  a n o d iz in g  step  w as carried  
o u t for 10 m in  in  a fresh ly  p rep ared  e lectro ly te . D u rin g  each  step , a  co n sta n t s tirrin g  rate  
o f 20 0  rp m  w as p ro v id ed . A s-rece iv ed  an o d ic  T iO 2 lay ers  w ere  so ak ed  in  co p p er aceta te  
so lu tio n s (10 , 25 , 50 , an d  100  m M , p H ~ 6 .2 ). E ach  sam p le  w a s  im m e rsed  fo r 10 m in  and  
then  dried  at 80 °C  for 20 m in. T he d escribed  p roced u re con stitu ted  one fu ll im pregnation  
cy cle , w h ich  w as rep eated  five tim es. A fterw ard , o b ta in ed  m ateria ls  w ere  an n ealed  in  air 
at 400 ° C , 500 ° C , and 600 °C  for 2 h  u sin g  a m u ffle  fu rn ace  (FC F 5SH M  Z , C zy lok) w ith  a 
h ea tin g  rate  o f 2 °C -m in - 1 .



T h e  m o rp h o lo g y  an d  ch em ica l co m p o sitio n  o f sy n th esized  m ateria ls  w ere  ch aracter
ized  u sin g  a field  e m iss io n  sca n n in g  e le ctro n  m icro sco p e  (F E -S E M / E D S , H itach i S -4700  
w ith  a N o ra n  S y ste m  7, T okyo , Jap an ). T h e  m o rp h o lo g y  o f n o n -m o d ified  a n o d ic  T iÜ 2 

lay ers  o b ta in ed  a t d ifferen t te m p era tu res  w ith  co rresp o n d in g  o x id e  th ick n e sse s  a re  p re 
sen ted  in  F igure S1  (Su p p lem en tary  M ateria ls). T he phase com p osition  w as d eterm ined  by 
u s in g  a R ig a k u  M in i F lex  II (R ig ak u , Tokyo , Ja p a n ) d iffra c to m e ter  w ith  C u  K a  ra d ia tio n  
(1 .54060  A ) a t th e  2 0  ran g e  o f 2 0 -6 0 ° . U V -V is d iffu se  re flectan ce  sp ectra  w ere  m easu red  
u s in g  a L a m b d a  75 0 S  sp e ctro p h o to m eter (P erk in E lm er, W alth am , M A , U S A ) e q u ip p ed  
w ith  an in teg ratin g  sphere.

E le ctro ch em ica l a n d  p h o to e le c tro ch e m ica l m e asu re m e n ts  w ere  p e rfo rm e d  in  a 
th ree-e lectro d e  sy stem , w h ere  a sa tu ra ted  ca lo m e l e lectro d e  (SC E ), p la tin u m  fo il, an d  
C u O x-T iO 2 sam ples w ere used  as a reference, counter, and w orking  electrodes, respectively. 
T h e  sem ico n d u ctin g  p ro p erties  o f m o d ified  a n o d ic  T iO 2 lay ers  w e re  s tu d ied  b a se d  on  
M o tt-S ch o ttk y  an aly ses p erfo rm ed  in  th e  d ark , a t th e  co n stan t freq u en cy  o f 2 0 0 ,5 0 0 , and  
1000 H z in  a 0.1 M  K N O 3 so lu tio n  u s in g  a G am ry  In stru m en t R eferen ce  3000  p o ten tio sta t 
(G am ry  In stru m en ts , W arm in ster, PA , U SA ). P h o to elec tro ch em ica l tests  w ere  carried  o u t 
u s in g  a p h o to e le c tr ic  sp e ctro m ete r  (In sty tu t F oton ow y , K rakó w , P o la n d ) eq u ip p ed  w ith  
a 150 W  x en o n  arc  lam p  in  a T eflon  ce ll w ith  a q u a rtz  w in d ow . T h e  p h o to cu rre n t vs. 
tim e  cu rv es  w ere  reco rd ed  a t 1 V  v s. SC E  u n d e r so lar o r m o n o ch ro m a tic  lig h t. A  p u lse  
illu m in atio n  in  th e  ran g e  o f 3 0 0 - 6 0 0  n m  w ith  a 1 0  n m  w a v ele n g th  step  an d  1 0  s lig h t and  
10 s d a rk  cy cles w ere  u sed . So lar illu m in a tio n  e x p e rim e n ts  w e re  carried  o u t u sin g  A M  
1.5 G  stan d ard  su n lig h t filter and a x en o n  light sou rce  150 W  (Insty tu t Fotonow y, K raków , 
P olan d ) com bin ed  w ith  P alm Sen s4  (P alm Sen s BV, H ou ten , T h e  N eth erlan d s) poten tio stat.

3. Results
3.1. M orp h o log y  an d  C om position  o fC u O x-T iO 2 M ateria ls

A n od ic T iO 2 layers w ere  im p reg n ated  w ith  1 0 -1 0 0  m M  co p p er acetate  so lu tio n s and 
annealed  at 400 °C , 500  ° C, and 600 ° C for 2 h  in  the air to obtain  C u O x crystals on the top of 
nan o p oro u s layers as it is presen ted  in  F igure 1 . A t the low er con cen tratio n  o f the so lu tion  
(10 m M  C u 2+, F ig u re  1A - C ) ,  a  p o ro u s T iÜ 2 su rface  is e x p o sed  an d  ra th er  sm all cry sta ls  
ca n  b e  fo u n d . S im ila r  m o rp h o lo g y  w a s  fo u n d  fo r sam p les a fte r tre a tm e n t in  th e  so lu tio n  
w ith  o v er tw o  tim es h ig h er co n cen tra tio n s  (25  m M  C u 2+, F ig u re  1D -F ) .  F o r  th e  h ig h er 
co n cen tra tio n  u sed  (50 an d  100 m M  C u 2+ F ig u re  1G - L ) ,  th e  su rface  is p artia lly , o r  to ta lly  
co v ered  b y  th e  d ep o site d  C u O x. M o reo v er, h e a t tre a tm e n t a t 600  ° C  e n a b les  th e  b e tter  
fo rm a tio n  o f C u O x cry sta ls  o n  th e  su rface , w h ich  is b e s t  p re sen ted  in  F ig u re  1L . S im ila r 
heterogeneou s m o rp h ology  w as found  fo r anodic TiO 2-F e 2O 3 m aterials synthesized  b y  the 
an o d izatio n -im p reg n atio n -an n ealin g  p ro ced u re  [17, 18] .

To in v e stig a te  th e  ch an g es in  co p p er co n te n t a n d  d istr ib u tio n  o v e r  th e  T iO 2 su rface , 
E D S  m a p p in g  w a s  p e rfo rm e d  in  th ree  d iffe ren t p arts  o f e ach  sam p le  fo r  th ree  d ifferen t 
m o rp h ology  types (i) nanoporous (Figure 2 A ), (ii) p artially  covered  w ith  C u O x (Figure 2 B ), 
a n d  (iii) a  co m p a ct la y e r  (F ig u re  2 C ). T h e  a v e ra g e  a to m ic  p e rce n t o f co p p er d etecte d  fo r 
d ifferent im p reg n ation  concentrations o f 10 -1 0 0  m M  and annealed  at 400 °C  are presented  
in  F igure 2D . A s can be seen , cop per d istribu tion  over a porou s surface is the m ost hom oge
nou s, w h ich  is ind icated  by  b lu e m arks in SE M  m icrop h oto g rap h s presen ted  in F igure 2 A , 
an d  d a rk  b lu e  b a rs  in  F ig u re  2 D  in d ica tin g  th e  C u  co n te n t o f  ~ 0 .9  a t.%  reg ard less  o f the 
annealing tem peratu re. B y  com paring  the cop p er total am ount in  p artially  covered  areas of 
th e  sam p les , it  ca n  b e  co n c lu d ed  th a t th e  co n ten t is v e ry  s im ila r an d  d o es n o t d ep en d  on  
th e  co n cen tra tio n  o f th e  im p re g n atio n  so lu tio n , h ow ev er, su ch  a re la tio n sh ip  can  b e  seen  
fo r sites w ith  a co m p act m o rp h o lo g y  (F ig u re  2D ). T h e  e ffect of the an n ealin g  tem p eratu re  
w as tested  a t th e  h ig h e st co n cen tra tio n  o f th e  im p re g n a tio n  so lu tio n  (100  m M  C u 2+) in  
o rd er to  m in im iz e  th e  d eterm in a tio n  errors. In  a d d itio n , as e x p e cte d , th e  co p p er co n ten t 
fo r each  ty p e  o f tested  m o rp h o lo g y  is v e ry  co m p arab le  (F ig u re  2E ).



Figure 1. FE-SEM top views of anodic TiC°2 samples annealed at 400 °C (A ,D,G,J), 500 °C (B,E,H ,K), 
and 600 °C (C ,F,I,L) after impregnation in 10 mM (A- C), 25 Mm (D- F), 50 mM (G- I), and 100 mM 
(J- L) (CH3COO)2Cu solutions.

T h e  d iffra cto g ra m s o b ta in ed  fo r sam p les u n m o d ifie d  an d  m o d ified  w ith  C u 2+ ions 
an d  an n ea led  a t 4 0 0  °C , 500  °C , an d  600  °C  are  p resen ted  in  F ig u re  3 A - C ,  resp ectiv ely . 
C h aracteristic signals from  the m etallic su bstrate  (JC PD S car'd no. 05-0682), onatase (JCPD S 
card no. 21-1272), ru tile (JC PD S card no. 21-1276), and cop p er (II) oxide (JC PD S 05-0667) are 
m arked . The results show  that the crystal stru cture of the m odified  and n on -m od ified  TiO 2 
layers is v e ry  sim ilar. R eflection s .ro m  titan iu m  (100), (002), (101.), (102), (110), (103), (112), 
an d  (2 0 rt p lan es, an d  an atase  (1010, (0 0 -0 ), (2 0 0 ), (105), an d  (116) p lan es w ere  d etected . .Ait 
the 2 0  - 3 8 - 3 9 ° ,  the change in  the in tensity  of the anatase p lane (00-4) w as observed. The re
flection  ratios o f (004):(002) p lan es w ere  ca lcu lated  for b are  and co p p o r-m o tifie d  sam p les 
annealed  at d ifferent tem peratu res for m ateriols im pregnated  w ith  100 m M  (C H 3C O O )2 Cu 
and p re se n te r  in F igure 3 D . A s can  be seen , results indicate the increase in the in tensity  oU 
the (00-4) p la n t, w h ich  can  be  ascribed  to the anatase p lane, how ever, the m axim um  overlap 
w ith  th e  C u O  (111) p lane. M oreover, W o jcieszak  e t al. [19] stu d ied  th e  e ffo cl o f an n ea lin g  
tem p eratu re  on the prop erties od cop p er o x ite  th in  film s and show ed  thut cop p er (I) oxide 
tran sform ation  into C u O  startod at 300 °C , w h ile  the th in  film  annealed  at 350 °C  consisted  
o f a sin g le  C u O  phase. It is w id ely  recognized  th a t an atase  to ru tile  tran sform atio n  occu rs 
ab o v e  4 0 0  °C , an d  th is stru ctu re  is  in d ica ted  b y  p lan es (110), (101), (111), (210), (211), and  
(220) in F igu re  3 B ,C.



Figure 2. EDS maps showing copper distribution over TiCh surface w ith different morphologies: 
nanoporous (A), partially covered (B), and a compact layer (C). The estimated atomic content of 
copper in different parts of materials as a function of copper acetate concentration (D), and annealing 
temperature (E) for samples impregnated in a 100 mM (CHaCOO^Cu solution.

Figure 3. XRD patterns of T1O2 samples impregnated in (CHaCOO^Cu and annealed at 400 °C (A), 
500 °C (B), and 6)00 °C (C). Estim ated reflection (004):(002) ratio for unmodified and modified 
m aterials obtained as a result of impregnation in a 100 Mm solution and annealed at different 
temperatures (D ).



3.2. O ptical P roperties

T h e o p tica l p ro p erties  o f th e  tested  m a te ria ls  w e re  p e rfo rm e d  u s in g  U V -V is d iffu se  
re flectan ce  sp ectrosco p y . B an d  g ap  en erg ies  w ere  d eterm in e d  fro m  th e  o b ta in ed  sp ectra  
u sin g  E q u ation  (1):

( ^ h v ) 1/Y =  B ^ h v  -  E g) (1)

w h ere : a  is th e  a b so rp tio n  co effic ien t; h  is th e  P la n ck  co n sta n t; v  is th e  fre q u e n cy  o f the 
p hoton ; y  is a con stan t, w h ich  takes a valu e o f 2 for ind irect and 2 for d irect tran sition ; B is 
a  co n sta n t; Eg is th e  b an d  g ap  e n erg y  [20 ] . T h e  D R S  sp ectra  w e re  tra n sfo rm e d  u s in g  the 
K u b e lk a -M u n k  fu n ction  g iv en  b y  (2):

F (R - > =  i 1 - R r !  (2)

w here: R M is reflectance, F (R M) is the K u b elk a -M u n k  function. Band gaps of the tested  m a
terials w ere d eterm ined  from  Tauc p lots by  d eterm ining the in tersection  p o in t o f tw o linear 
segm en ts of the fu n ction , as sh ow n  in F igu re  4A ,B. M ateria ls obtained  b y  im p reg n ation  in 
so lu tio n s w ith  d ifferen t co n cen tra tio n s and h eated  at 400 °C  h av e  a b an d  gap  o f ~ 3.45 eV. 
A n a ly z in g  th e  ch an g es in  th e  b an d  g ap  fo r h ig h e r  a n n e a lin g  tem p era tu res, it  can  b e  seen  
th a t b an d  g ap  n arro w in g  tak es  p lace  (F ig u re  4 B ), an d  fo r 600  ° C  a seco n d  b a  nd  g ap  can  
b e  o b serv ed . M oreover, C u 2+ ions m ay  fo rm  su b -b an d  states in  th e  b an d  gap  o f T iO 2 [21] . 
A long w ith  C u 2+, oxygen d efects band  states are also form ed in  the band  gap. In pure TiO 2, 
the electronic tran sition  occurs d irectly  from  the valen ce to  the cond u ction  band. H ow ever, 
w h ile  co n sid erin g  th e  C u  doping;, th e  e lectro n s are n o t d irectly  exc ited  to  th e  co n d u ctio n  
b an d , since th e u n o ccu p ie d  C u 2+ s-d  states and oxygen vocancies m ay capture the electrons, 
w h ich  resu lts in a red u ction  in the e ffectiv e  b an d  gap  of H O 2 [21,2 2 ] ,

Figure 4. Tauc plots for TiO2-CuOx materials obtained in solutions w ith different (CH3COO)2Cu 
concentrations and annealed at 400 °C ( A). Tauc pilots for TiC^ layers impregnated in a 10 mM 
(C H3COO)oCu and annealea at different temperatures ( B). Estimated optical band gap energies as a 
function of (CH^COO^Cu concentration used for impregnation (C).



Figure 5. M ott-Schottky plots recorded for samples obtained by impregnation in a 10 mM Cu2+ 
solution and annealed at 400 °C at different frequencies -with calculated the flat band potential and 
donor density for eachcurve.

3.3. S em icon du ctin g  P roperties o f  C uO x-TiO 2 M ateria ls

In  o rd er to  s tu d y  th e  sem ico n d u ctin g  b e h a v io r  o f sy n th e size d  m a te ria ls , th e  M o tt-  
S ch o ttk y  a n a ly sis  w a s  p e rfo rm e d . T h e  re la tio n sh ip  b e tw ee n  se m ico n d u cto r-e le c tro ly te  
in terfacia l cap acitan ce  and p o ten tia l fo llow s the F o rm u la  (3) [16,23 ] :

c - = ( 4 *  ) ( e  -  M  f )  (3)

w h ere: C sc is th e  cap acitan ce  o f th e  sp ace  ch arge reg ion  (F -cm - 2 ), Nd is th e  d on o r d en sity  
(c m - 3 ), eis th e  d ie lec tr ic  co n sta n t o f  T iO 2 (100) [16], e0 is th e  p erm ittiv ity  o f free  sp ace 
(8.85 x  10 -14 F -cm - 1 ), q is the electron  charge (1.602 x  10-19  C ), E is the applied  potential 
(V), T is the absolute tem peratu re (K), and k is the B oltzm ann constan t (1.38 x  1 0 -23 J-K - 1 ). 
T h e  p o sitiv e  s lo p e  o f th e  lin e ar d ep en d e n ce  o f C sc- 2  o n  th e  p o ten tia l in d ica tes  n -ty p e  
sem ico n d u ctin g  b eh av io r, w h ich  is ty p ica l fo r an o d ic  T iO 2, w h ile  th e  n e g a tiv e  s lo p e  su g 
gests p -typ e behavior, w h ich  is conn ected  to the presen ce of CuO x in  the stud ied  m ateria ls . 
The flat band  potential for each  m aterial w as estim ated  at 2 0 0 ,5 0 0 , and 1000 H z. The M o tt-  
Sch ottk y  p lots recorded for the sam ple obtained  by  im pregnation  in  a 10 m M  C u 2+ solu tion  
and annealed  at 400 °C  m easured  at d ifferent frequencies are presented  in  F igure 5 . The flat 
b a n d  p o ten tia ls  v s. SC E  (p H ~ 5.9 ) w ere  estim a ted  a t  stu d ied  fre q u e n cies , an d  th e  resu lts  
are  g a th ered  in  T able 2 . M o reo v er, fo r e ach  p lo t, th e  d o n o r d en sity  w as ca lcu la ted  and  
a v erag ed  for e ach  sam p le, as sh o w n  in  F ig u re  5 . It  is co m m o n  fo r n an o cry sta llin e  p orou s 
e le ctro d e s to  o b serv e  so m e d ifferen ces  in  E fb o v er th e  stu d ied  fre q u e n cy  ran g e  d u e  to  
e lectro d e  p o rosity  and the m eta l co m p o n en ts, w h ich  form  th e  co n d u ctio n  band  [16,23,24] . 
M o reo v er, in  so m e cases , th e  M o tt-S c h o ttk y  p lo t m a y  b e  ch aracterize d  b y  th ree  sp ecific  
reg io n s d escrib ed  fro m  n eg ativ e  to  p o sitiv e  p o ten tia ls  th a t co rresp o n d  to  th e  d ep le tio n  
layer m odel for sem icon  d uctor electrodes. The first linear reg ion  correspond s to low er ba nd 
b e n d in g  an d  sm a lle r  p e n e tra tio n  d ep th , so  E o  v a lu e s  mays b e  c lo se r  to  a rea l v a lu e , b u t 
ca lcu la tin g  Nd fro m  thts s lo p e is o ffected  b y  th e  su rface  m o rp h o lo g y  an d  ca n  b e  dtCferent 
fro m  th e  d o n o r d en sity  in  th e  b u lk . T h e  seco n d  lin e a r  p a rt o f th e  cu rv e  ca n  b e  o b serv e d , 
w h ich  is p reced ed  b y  a p la teau  reg ion  related  to th e  p resen ce  o f su rface  states [23 ,25 ].



Table 2. Flat band potential estimated at different frequencies (V vs. SCE).

Concentration of
(CH3COO)2Cu

Annealing
Temperature/°C

200 Hz 500 Hz 1000 Hz

10 400 -0 .6 2 -0 .6 2 -0 .6 0
25 400 -0 .7 0 - 0.63 - 0.66
50 400 -0 .7 8 -0 .7 6 - 0.83

100 400 -0 .8 0 -0 .8 0 -0 .8 5
100 500 -0 .7 0 -0 .7 4 -0 .7 5
100 600 - 0.66 -0 .6 5 -0 .6 0

W ith increasing  the con cen tratio n  o f cop p er acetate  in  the so lu tion  used  for the p rep a
ra tio n  o f C u O x-T iO 2 m ate ria ls , th e  co n d u ctio n  b a n d  ed g e  sh ifts  to w ard s m o re  n eg ativ e  
p o ten tia ls , an d  Efb o f - 0 .6 0 ,  - 0 .6 6 ,  - 0 .8 3 ,  an d  - 0 .8 5  V  v s. SC E w ere  d eterm in ed  a t 1 kH z 
for the (C H 3C O O )2C u  so lu tio n  o f 10, 25 , 50 , an d  100 m M  (F igu re  6 A  an d  Table 2 ), resp ec
tively . T h is  e ffe ct is  in  a g re em en t w ith  th e  d ata  rep o rted  for F eO x -T iO 2 m ate ria ls , w h ere  
in cre a sin g  th e  co n cen tra tio n  o f fe rric  ch lo rid e  so lu tio n  in d u ce s  a  sh ift o f th e  co n d u ctio n  
b a n d  ed g e  to  n e g a tiv e  v a lu e s  [17 ]. A s can  b e  seen , th e  fla t b a n d  p o ten tia l o f C u O x-T iO 2 
annealed  a t 4 00  °C  is m ore negativ e  ( - 0 .8 5  V  vs. SCE) th an  those  obtained  for the sam p les 
annealed  at h ig h er tem p era tureis ( - 0 .7 5  V  and - 0 .6 0  'V vs. SC E  for the sam p le  ann ealed  at 
500  °C  an d  600  °C , resp e  c tie e ly ). T h is  o b serv a tio n  is in  o p p o sitio n  to  fla t b a n d  p o ten tia l 
ch an g e s ov er th e  a n n e a lin g  te m p e ra tu re  o f an o d ic  T iO 2 [16 ] an d  is d irectly  co n n ecte d  to  
th e  in tro d u ctio n  o f th e  C u O  p h ase . A s sh o w n  earlier, th e  m o rp h o lo g y  o f th e  m ateria ls  
o b ta in ed  is h e tero g en eo u s, an d  p ro b ab ly  if larger ag g reg ates o f C u O  are p ro d u ced  o n  the 
m aterial eurface, the cd aracter o f the sam p le  chan g es to the p -typ e  conductiv ity , as it is p re 
sen ted  in  F igu re 6 B inset. M ereov er, the d on o r d en sity  in  creases from  3.00 x  10 19 c m - 3 to 
4 .55 x  1019 ( ± 0 .2  x  1 0 19) c m - 3 w ith  increasing  the C u 2+ concentration  in thief im pregnation  
so lu tion  for the annealing  tem peratu re o f 400 °C . W h en  the annealing  tem peratu re changes 
to 600 °C , an  Nd d ecrease  to 1.50  x  10 19 (± 0 .2  x  10 19) c m - 3 is ob served .

Potential vs. SCE I V Potential vs. SCE / V

Figure 6. Moft-Sehottky plots recorded for samples obtained by impregnation in 10-100 mM Cu2+ so
lutions and aunealed at 400 °C (A) and imprecnated in 100 mM Cu2+ and annealed at 400-600 °C (B).



3.4. P hotoelectrochem ical P roperties o f  C uO x-T iO 2 P hotoelectrodes

P hotocu rrent d en sity  vs. w av elen gth  cu rves for anodic TiO 2 and C u O x-TiO 2 m aterials 
an n ealed  at 400  °C , 500  °C , and 600 °C  w ere  record ed  at 1 V  v s. SC E  and are p resen ted  in 
F ig u re  7A -C , resp ectiv ely . D ark  g rey  sp ectra  rep resen t th e  p h o to resp o n se  o f an o d ic  T iO 2 
annealed  at each  tem peratu re. It  is v isib le , th at im p regnation  in the C u 2+ so lu tion  changed 
the m aterial properties. D ue to the d ep osition  of C u O  on the TiO2 surface, the photoactiv ity  
in  th e  U V  ran g e  d ecreased , w h ile  th e  activ ity  ran g e  o f C u O -T iO 2 m ateria ls  w as ex ten d ed  
up  to  600 nm  (F igure 7D ,E). A  sim ilar ten d en cy  w as observed  in o th er w o rk , fo r m ateria ls 
im p re g n a te d  w ith  v a r io u s  F e C l3 co n cen tra tio n s  [17] . P h o to cu rren t sp ectra  h av e  b ee n  
extend ed  for m ateria ls im p regnated  in the so lu tion  w ith  the h ig h est con cen tra tio n  o f C u 2+ 
(100  m M ), an d  th e ir  co m p a riso n  fo r  d iffe ren t te m p era tu res  is sh o w n  in  F ig u re  7D . I t  is 
c lea rly  seen  th a t h ig h er p h o to cu rre n t d en sities  are  g e n era ted  fo r m a te ria ls  an n ea led  a t 
600 ° C , and the cu rren t generated  in the v isib le  lig h t range is better established  (Figure 7E ) 
th a n  in  th e  o th er  cases. T h is  is p ro b a b ly  re la ted  to  th e  ch an g es  in  th e  cry sta llin ity  o f the 
C u O  phase w ith  the annealing tem peratu re and form ation  of the n -p  ju n ctio n  (as indicated  
b y  the M o tt-S ch o ttk y  m easurem ents for the h ighest tem peratu re treatm ent, p lease see inset 
in F igu re  6B ).

Figure 7. Photocurrent density vs. wavelength curves obtained for anodic TiO2 and CuC*x-TiO^ 
materials annealed at 400 °C (A), 500 ° Cl (B), and 600 °C (C) recorded ei 1 1 V vs. SCE. Photocurrent 
density vs. time curves recotded at 1 V vs. SCE for CuOx-TiC)2 materials impregnrted with a 100 mM 
Cu2+ solution and heat-treated at different temperatures during its sequential illumination with the 
w avelengthrange og 300-600 nm tD) anti 430-600 nm tE).

A t the final stage, m aterials im pregnated  w ith  a 100 m M  C u 2+ so lu tion  xnd heat-treated  
a t d iffe ren t te m p era tu res  w e re  tested  u n d e r so lar illu m in a tio n  in  o rd er to  e v a lu a te  th e ir 
o v era ll p h o toelectro ch erm cal p erfo rm an ce  (F igu re 8 ). Als exp ected , the m ateria l an n ealed  
et 600 °C  genera tes tw ice h igher photoc u rrent th an  the m aterial h ert-treated  at 500 ° C and 
o v e r  te n  tim es h ig h er  th a n  tire sam p le  o b ta in ed  a t 4 0 0  ° C . T h is  o b serv a tio n  is  in  th e  lin e  
w ith  ch an g es in th e  flat b an d  p o ten tia l o f tested  m ateriale .



Figure 8. Photocurrent density registered during sequential illumination w ith white light using 
AirMass1.5 filter at 1 V vs. SCE for CuOx-TiO2 materials impregnated with a 100 mM Cu2+ solution 
and heat treated at different temperatures.

4. Conclusions

T h e m o rp h o lo g y  o f a n o d ic  T iO 2 sam p les  im m e rsed  in  a co p p er a ce ta te  so lu tio n  o f 
d iffe ren t co n cen tra tio n s an d  a n n e a le d  a t 4 0 0 -6 0 0  °C  w a s  in v e stig a te d . I t  w a s  fo u n d  
th a t o b ta in ed  sam p les w ere  h e tero g en eo u s an d  th ree  d ifferen t ty p es o f m o rp h o lo g y  w ith  
d iffe ren t co p p er co n ten ts  are  o b serv e d : (i) n a n o p o ro u s , (ii) p a rtia lly  co v ered  w ith  C u O x, 
an d  (iii) a  co m p a ct lay er). T h e  X R D  an a ly sis  rev ea led  th e  p re sen ce  o f a n a tase , ru tile  
(w ith  d ifferen t ratios d ep en d in g  on  th e  ap p lied  an n ea lin g  tem p eratu re), and C u O  phases. 
T h e  b a n g  g ap  e n erg ies  w ere  stu d ied , an d  n o  d ifferen ces  in  th e  Eg v a lu e s  w ere  o b serv ed  
w ith  in cre a sin g  th e  co n c e n tra tio n  o f co p p e r (II) ion s in  th e  im p re g n a tin g  so lu tio n , w h ile  
w ith  in cre a sin g  th e  a n n e a lin g  te m p e ra tu re , a  g ra d u a l n a rro w in g  o f th e  b an d  g a p  en erg y  
w as o b serv ed  (from  3 .3  eV  to  2 .4  eV  fo r th e  m ate ria ls  a n n e a le d  a t 4 0 0  °C  an d  6 0 0  °C , 
re sp ectiv e ly ). D u e  to  th e  d ep o sitio n  o f C u O  o n  th e  T iO 2 su rface , th e  p h o to a ctiv ity  in  the 
U V  range d ecreased  (grad u ally  w ith  in creasin g  the C u 2+ ions con cen tration  in  the solution  
used  for im p regnation), w h ile  the p h otoactiv ity  of C u O -TiO 2 m aterials w as extend ed  up to 
600 nm . Clearly, the band  gap engineerin g , b ased  on cou pling C u O  w ith  TiO 2, is an effective 
stra teg y  to in crease  th e  ab so rp tion  o f w id e  b an d  gap  sem ico n d u cto r in v is ib le  light.
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