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In this work, the application o f highly defective cobalt and copper tungstates was proposed for photocatalytic 
CO2  reduction. The materials were synthesized by hydrothermal method and characterized with SEM, EDS, XRD, 
XPS and DRS techniques. Studied materials were examined in photocatalytic CO2  reduction to CO in the gas 
phase, as bare photocatalysts and in mixtures with TiO 2 . The behavior o f the junctions between the mixture 
components was determined using photoelectrochemical, spectroelectrochemical and surface photovoltage 
measurements. These studies reveal different types o f junctions for the synthesized materials (disturbed S-scheme 
for CoT/TiO2  and type-I for CuT/TiO2 ). It was found the CuT/TiO2  mixture is more effective than CoT/TiO2  due 
to lower recombination rates o f photogenerated charge carriers and the presence o f a larger number o f W 5+ and 
Cu2+ active centers.

Introduction

Photocatalytic reduction o f  C O 2 is a prom ising solution to the 

g ro w in g  C O 2 prob lem  w h ich  a llow s for its transform ation  into va lu ab le  

fuels or chem icals using sunlight as the energy  source. Researchers w o rk  

on deve lop ing  efficient and  robust photocatalysts, that can harness solar 

energy to drive the conversion  o f  C O 2, thereby  reducing greenhouse gas  

em issions and, therefore, the effects o f  clim ate change. Im proved  m a

terials w ith  enhanced light absorption, charge separation, and  catalytic  

activity are crucial for achieving h igh  conversion  rates and  selectivity, 

m aking the search for better m aterials a critical avenue o f  research in 

our quest for sustainable and  ren ew ab le  energy  solutions.

Tungsten  oxide  is a w e ll-k n o w n  m ateria l in photocatalysis [ 1 - 3 ] , 

h ow ever, it w as  found that the pristine m ateria l is scarcely active in C O 2 

reduction [ 4 ,5 ]. Nevertheless, the presence o f  unoccupied  d orbita ls in 

transition m etals m ay activate the C O 2 m olecule, e.g., b y  an  adduct  

form ation  [ 6 ] . Several studies con firm ed that tungstate an ion  serves as a 

hom ogeneous catalyst for C O 2 fixation, form ing carbam ic acid [ 7,8 ],  

w h ich  indicates that tungsten can b e  recogn ized  as an  active site for C O 2 

chem ical transform ations.

It w as  found  that in contrast to the ba re  tungsten oxide its hydrated  

form , W O 3^0 .33H 2O, is effective as the photocatalyst for C O 2 reduction  

to C H 4 [9 ] and acetate [1 0 ] . The photocatalytic perform ance o f  the

m ateria l can b e  affected b y  the presence o f  W 5+ and, therefore, oxygen  

vacancies [ 10, 11 ]. O xygen  vacancies are reported inter alia to prom ote  

charge separation  in the Z -schem e [1 2 ] and  are considered the active  

sites for C O 2 bon d in g  [ 13, 14 ]. Such defects can b e  engineered  b y  the 

control o f  the synthesis conditions, e.g., the solution pH , as the tung

states anions can  exist in various form s [1 5 ] w h ich  can affect the un i

form  crystal g ro w th  [1 6 ] .

The hydrated  form  o f  tungsten oxide, W O 3» H 2O , can be  form ally  

considered as tungstic ac id  H 2W O 4. H ow ever, the ac id  is not h igh ly  

stable, their salts e.g., N a 2W O 4, C a W O 4, and C d W O 4 are know n  for de 

cades [ 17, 18]. T ransition  d ivalent m etal tungstates w ith  a genera l fo r

m u la  M 2+W O 4 (M 2+ =  Cd, Cu, Co, M n  and  N i etc.) constitute an  

interesting class o f  photocatalysts offering  exceptional optical and  

electronic features. M an y  tungstates are attractive o w in g  to their lo w  

cost, h igh  stability, n a rrow  b an d  gap, and  easy operation  [1 9 ] . The  

presence o f  accom panying m etal induces changes in the electronic  

structure o f  the tungstate w h en  com pared  to W O 3 [2 0 ] . M oreover, the 

selection o f  m etals introduces various active sites for particu lar chem ical 

reactions and  enables ban dgap  engineering, as a consequence o f  m ixing  

o f  the M  s-orbita ls and O  2p-orbitals [ 21,2 2 ]. These factors are crucial for 

tailo ring  photocatalytic and  electronic properties o f  tungstates. This w as  

proved  so far for such applications as hydrogen  evolution  [2 3 -2 5 ] and  

photocatalytic oxidation  o f  organics [ 26,2 7 ]. In recent literature, there
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has been  a g ro w in g  interest in the app lication  o f  these m aterials. In 

particular, reports on  the use o f  C o W O 4 and  C u W O 4 in C O 2 reduction  

appeared  [ 28,29 ].

The cobalt tungstate (C o W O 4) w ith  a ban dgap  o f  2.2 to 2.8 e V  [ 19, 

25,3 0 ] is know n  for its great optical, electrical and  m agnetic properties  

[ 19,30 ,31 ],  and  the copper tungstate is an  n-type sem iconductor ph o 

tocatalyst [ 32,33 ] w h ich  has advantageous optical properties due to its 

ban dgap  (2 .2 -2 .4  e V ) [3 2 -3 7 ] . M oreover, copper tungstate, depend ing  

on the synthesis conditions, can  crystallize in the form  o f  copper tung- 

state hydrates or other m ixed  phases. These form s are obta ined most 

often during  precipitation synthesis [3 8 -4 2 ] . A m o n g  them , copper  

tungstate h ydrox ide  is a ve ry  sparsely studied m aterial. O ne publication  

b y  Sahdost-Fard et al. describes its app lication  in  the aptasensing o f  

bacteria  [4 3 ] . Another one indirectly m entions the m aterial as a p re 

cursor o f  C u W O 4 and  describes its use in phenol degradation  [4 4 ] .

The efficiency o f  photocatalytic processes relies inter alia on  the 

ability  o f  the m aterial to absorb  light, separate charges efficiently and  

transfer them  via redox  reactions tow ard  substrates. It is d ifficu lt to 

develop  a single-com ponent sem iconductor w ith  a ll o f  the requ ired  

properties, w h ich  is often raised in the literature, and  thus this is the 

cause for a p lethora  o f  investigations into different strategies to optim ize  

the m aterials [4 5 ] . The m ain  d isadvantage o f  ba re  tungsten oxides in 

photocatalysis is their h igh  charge recom bination  rate, bu t this p rob lem  

can be  overcom e b y  the add ition  o f  a co-catalyst [4 6 ] or b y  creating a 

heterojunction [ 19,47 ]. Another solution is to create S-schem e systems 

by , for exam ple, com bin ing tungstates w ith  T iO 2 [4 8 -5 1 ] .

T o  the best o f  ou r k now ledge , there are no reports o f  photocatalytic  

CO 2 reduction  in the gas phase w ith  H 2O  as a hole  scavenger on the 

m ixtures o f  copper or cobalt tungstate w ith  T iO 2. In this w ork , the cobalt  

tungstate (den oted  as CoT ) and copper tungstate hydroxide  (denoted  as 

CuT ) w e re  synthesized and  com bined w ith  T iO 2 anatase for a gas phase 

photocatalytic C O 2 reduction  to CO, and  the m echanism s o f  these p ro 

cesses w e re  exam ined. It w a s  found  that one o f  the studied tungstates 

com bined w ith  T iO 2 fo rm ed  a d isturbed  S-scheme, w h ile  the other 

produced  a type-I heterojunction. This a llo w ed  for the com parison  o f  

these tw o  strategies and the determ ination  o f  the factors that influence  

the efficiency o f  the fo rm ed  junctions.

E x p e r im en ta l

Reagents

C o pper (II) nitrate hem i(pentahydrate ) C u (N O 3) 2^5H 2O  (S igm a- 

Aldrich , 9 8 % ), cobalt nitrate hexahydrate C o (N O 3) 2^6H 2O  (C hem pur, 

pu re ), sod ium  tungstate N a 2W O 4^2H 2O  (M erck , for analysis), sod ium  

h ydroxide  N a O H  (P O C h , pu re ), and T iO 2 anatase p o w d e r (T R O N O X , 

A K -1 ) w e re  used w ithou t further purification. D eion ized  H 2O  w as  o b 

tained using a H yd ro lab  system (H L P  10U V , 0.05 pS, t =  20 °C ).

Synthesis o f  studied materials

C opper and cobalt tungstates w e re  obta ined through  the precip ita

tion m ethod fo llo w ed  b y  hydrotherm al treatment.

In typical synthesis 0 .001 m ol o f  C u (N O 3) 2^5H 2O  o r C o (N O 3) 2^6H 2O  

w as  disso lved  in 20  m l o f  de ion ized  (D I ) H 2O. A t the sam e time, 0.001  

m ol o f  sodium  tungstate w as  disso lved  in another 20  m l o f  deion ized  

H 2O  and  add ed  dropw ise  to the previously  p repared  precursor solution. 

The reaction m ixtures w e re  stirred for 20  m in, and  their p H  w as  adjusted  

to 8 w ith  an  aqueous N a O H  solution. O btained  precipitates w e re  heated  

to 180 °C  for 12 h in T eflon -lined  autoclaves and  then, left to coo l do w n  

to room  tem perature. Then, the products w e re  w ash ed  severa l times 

w ith  deion ized  H 2O  to neutralize the p H  and  rem ove post-synthetical 

im purities.

Preparation o f  mixtures with TiO2

The m ixtures o f  synthesized m aterials w e re  obta ined b y  sim ply  

m ixing and  grinding  the sam ple w ith  T iO 2 in an  agate m ortar in a 1:1 w t  

ratio.

D RS

The Tauc m ethod described  b y  M ak u ła  et al. [5 2 ] w as  used to esti

m ate the ban dgap  o f  m aterials. D iffuse reflectance (D R S ) spectra w ere  

recorded  and  transform ed using K ubelka-M unk  and Tauc functions. The  

m easurem ents w e re  perform ed  w ith  a Shim adzu  U V -3 6 0 0  U V -V is -N IR  

spectrophotom eter equ ipped  w ith  a 10 cm dia. integrating sphere, and  

pure  BaSO 4 w as  used as a reference. The sam ples w e re  m ixed  w ith  

B aSO 4 in quantities determ ined b y  the strength o f  the reflectance signal.

SEM  and  EDS

SEM  m icrographs w e re  obta ined on  Helios 5 H ydra  D ualBeam , using  

T LD  in im m ersion  m ode. EDS analysis w as  perform ed  using Tescan  V ega  

3 m icroscope and O x fo rd  Instrum ents detector (X -act, SDD  10 m m 2).

X R D

X -ray  d iffractom eter (X R D ) R igaku  M in iF lex  (P A N a ly tic a l) w ith  

nickel-filtered copper Ka rad iation  (X =  0 .15406  nm, 40  kV, 15 m A ) w as  

app lied  to study the crystalline structure o f  the p o w d e r m aterials. Data  

w e re  recorded  in the range o f  20 =  1 0 -90 ° w ith  0 .02° step at a scan rate 

o f  2 °/m in . Analysis w as  perfo rm ed  using Q ualX  so ftw are  [5 3 ] and  the 

P O W _C O D  database  [5 4 -5 7 ] .

XPS

T o  determ ine surface com positions and oxidation  states o f  copper 

and  cobalt tungstates X -ray  photoelectron  spectroscopy m easurem ents  

w e re  perfo rm ed  w ith  a Prevac photoelectron  spectrom eter w ith  a 

hem ispherical V G  Scienta R3000 analyser (1 00  eV  energy pass), using  

the A l Ka (X =  1486.6 e V ) rad iation  source, and  the b ackgroun d  pressure  

in  the analysis cham ber w as  10_ 8 m bar. Static charg ing  o f  the sam ples  

w as  corrected b y  shifting b ind in g  energies to m atch the C 1 s peak  o f  

adventitious carbon  peak  to 248.8 eV.

S P V

Differences in the contact potential difference (C P D ) o f  the sam ple  

irrad iated  w ith  interm ittent light w e re  m easured  on  an  environm ental 

Kelvin  probe  (Instytut F o ton ow y ) to obta in  surface photovoltage. The  

electrode w ith  respect to w h ich  the potentia l w a s  m easured  w as  the A u  

2.5 m m  diam eter m esh. A  xenon  lam p w ith  a m onochrom ator w as  used  

as the ligh t source.

Photoelectrochemical measurements

T o  m easure the transient photocurrents [5 8 ] , the three-electrode cell 

w ith  potentiostat, 150 W  xenon  lam p and  m onochrom ator, supp lied  by  

Instytut Fotonow y, w as  used. The electrodes w ere : the w ork in g  elec

trode -  a thin layer o f  studied m ateria l sp read  on  a transparent ITO  foil 

(6 0  fi/sq, S igm a-A ldrich ); counter electrode -  Pt w ire ; reference elec

trode -  A g / A g C l electrode w ith  3 M  KCl electrolyte. The cell e lectrolyte -  

0.1 M  K N O 3 -  w as  pu rged  w ith  A r  during and be fo re  the experim ent.

Spectroelectrochemical measurements

The density o f  states m easurem ents w e re  perform ed  using a Shi- 

m adzu  U V -3 60 0  spectrophotom eter and B ioLogic SP-150 potentiostat. 

In the experim ent, DRS spectra w e re  m easured  for different potentials 

app lied  in a three-electrode cell w ith  A g / A g +  reference electrode (0 .01  

M  A g N O 3 and 0.1 M  T B A P  in A C N ), Pt w ire  counter electrode, and Pt foil



covered  w ith  the exam ined m ateria l w o rk in g  electrode. The potential 

step betw een  each  DRS m easurem ent w as  50 m V  w ith  20  m in equ ili

bration  tim e and  the range o f  app lied  potentials w as  0 to -2 .7  V  vs. 

reference electrode. A  solution  o f  L iC lO 4  0.1 M  in acetonitrile w as  used  

as an  electrolyte. The resulting g raph  depicts differences in the K ubelka

M unk  function for a selected w ave len gth  be tw een  the tw o  fo llow ing  

potentials vs . app lied  potential.

Photocatalytic activity

T o  study the photocatalytic activity in C O 2 reduction  in the gas  

phase, a thin layer o f  the studied m ateria l (1 5  m g ) w as  spread on  a glass  

plate (4  cm 2 )  and p laced  in a glass test tube (13  m l) covered  w ith  a 

silicone septum  cap. The reactor atm osphere w as  C O 2  in A r  in the ratio  

o f  1:5 saturated w ith  H 2 O  vapo r (from  340 pl o f  D I H 2 O  pu rged  w ith  A r  

placed  on  the bottom  o f  the tube ) at am bient pressure. The reactor w as  

irrad iated  b y  ligh t from  a 150 W  xenon  lam p light passing through  a 100  

m m  H 2 O  filter (3 0 0  m W /cm 2 ). The glass m aterial o f  the tube absorbs  

b e lo w  3 40  nm. The tem perature rem ained  at 36  ° C th roughout the 

experim ent. Gas from  the reactor w as  sam pled  w ith  a 50 pl syringe and  

then analyzed  w ith  Therm o-Scientific  T race 1300 gas ch rom atograph  

equ ipped  w ith  a m ethanizer (R estek ), FID  and T C D  detectors and Car

boxen  1010 colum n for m ethane, ethane, carbon  m onoxide, C O 2 , and  air 

analysis. U ltra -pure  (ppm  leve l o f  im purities) A r  from  A ir  Products w as  

used as the carrier gas. The C O 2  reduction  to CO  w as  p roved  b y  the b lank  

experim ents (i.e., w ithou t C O 2 ). A ll experim ental series w e re  b lank - 

corrected. For m ore details p lease see Supporting Inform ation.

T o  confirm  the H 2 O  oxidation  to h ydroxy l radicals, experim ents w ith  

terephthalic acid  w e re  carried  out. In these tests, 12 m g o f  a CoT, CuT or 

T iO 2  w as  suspended in 12 m l o f  the 3 m M  terephthalic acid  (T A ) and  0.1 

M  N a O H  m ixture and  w as irrad iated  b y  the sam e light source setup as in 

the aforem entioned experim ent o f  C O 2 reduction w ith  the use o f  Xe 

lam p. Sam ples w e re  taken every  10 m in for 60  m in  and  the fluorescence  

spectra w e re  recorded using a Perk in  E lm er LS-55 fluorim eter (Xe x  =  

315 nm ). The hydroxyterephthalic  acid  (T A O H ) form ation  w as  m on i

tored as the increase o f  the m axim um  at 425 nm.

R esu lts  a n d  d isc u ss io n

Solvotherm al synthesis is a com m on approach  for obtain ing crys

talline m aterials, how ever, solvents or other agents used are often  

organic. I f  the obta ined  product is not p roperly  purified , the rem ain ing  

carbon  m ay produce false results in photocatalytic tests o f  C O 2  reduc

tion. Therefore, the hydrotherm al synthesis o f  cobalt tungstate (C o T ) 

and copper tungstate (C u T ), in w h ich  the carbon -free  inorgan ic sub

strates w e re  used, w as  selected. The syntheses resulted in dark  v io let  

CoT and  brigh t green  CuT solids. O btained  m aterials w e re  pu rified  and  

subsequently characterized. The m aterials w e re  further g roun d  w ith  

com m ercial T iO 2 (anatase  phase ) to form  the junctions and  their 

beh av io r in photocatalytic processes w as  exam ined. The com m ercial

T iO 2  w as  selected to avo id  the post-synthetic im purities. This he lped  to 

ensure that the carbon  in the product o f  photocatalytic C O 2  reduction  

does not com e from  any other undesired side process.

S E M

The m orph o logy  o f  obta ined  m aterials w as  exam ined using SEM  

revea ling  agg lom erated  nanoparticles ( Fig. 1). Synthesized CoT form s  

nanorods w ith  an  average  dim ension  in the longitudinal axis in the 

range  o f  1 5 -1 5 0  nm  and  ca. 15 nm  in the transverse direction. A  sim ilar 

m orph o logy  o f  C o W O 4  obta ined b y  the hydrotherm al m ethod w as  re

ported  b y  Zhen  et al. [5 9 ] . CuT exhibits a po lygon a l structure resulting  

from  the aggregation  o f  fine nanoparticles. The average  diam eter o f  

fo rm ed  nanoparticles is ca. 25 nm.

Add itiona lly , EDS analysis confirm ed the presence o f  the constituent 

elem ents in both  m aterials (F ig . S2 ). For CoT, the approxim ate  atom ic  

ratio  o f  Co to W  w as  1 to 1 and  for CuT the ratio o f  Cu to W  w as  2 to 1.

X R D

The X R D  patterns o f  both  m aterials ( Fig. 2 )  exh ib it the peaks 

w iden in g  indicating the form ation  o f  sm all crystallites. From  the 

Scherrer equation, an  average  crystallite size o f  13 and  12 nm w as  

estim ated for CoT and  CuT respectively. The diffractogram  o f  T iO 2 

anatase is presented in F ig . S3.

The d iffractogram  o f  obta ined  CoT corresponds w ith  the JCPDS card  

1 5 -0 8 6 7  (C o W O 4 ). A l l peaks m atch c losely w ith  on ly  slightly shifted  

positions. This show s that the m ateria l m ay exh ib it som e irregu larities in 

the crystal lattice caused m ost likely b y  the sm all crystallite size.

The diffractogram  o f  obta ined  CuT reveals peaks characteristic o f

Fig. 2. XRD diffractograms o f obtained materials. Intensities were normalized.

Fig. 1. SEM micrographs o f CoT (left) and CuT (right).



both  C u W O 4-2H 2O  (JCPD S  card 3 3 -0503 ) and  Cu2W O 4(O H )2 (JCPDS  

card  0 3 4 -1 2 9 7 ) phases. Both m aterials, w h en  the particles are o f  su ffi

ciently sm all d iam eters, m ay exh ibit sim ilar diffractogram s as reported  

b y  Cheng [6 0 ] and Souza et al. [6 1 ] . P recip itation  o f  the m aterial from  

the basic solution  o f  W O 4~ and  Cu2+ ions m ight result in the form ation  

o f  both  C u W O 4-2H 2O  and  Cu2W O 4(O H )2 [3 8 ] . Peaks o f  these tw o  phases 

lie m ostly at the sam e positions, excluding the peaks at 19°, 38 °, and  40° 

characteristic o f  the second phase. The presence o f  these peaks in the 

diffractogram  o f  synthesized m aterial (m arked  w ith  asterisks) confirm s 

the existence o f  the Cu2W O 4(O H )2 phase. M oreover, the Cu2W O 4(O H )2 

phase exists as the cuprotungstite m ineral [6 2 ] w h ich  has a green  color, 

w hilst pristine C u W O 4 is pa le  y e llo w  o r am ber [6 3 ] . Thus, the color o f  

obta ined m ateria l corroborates w ith  the color o f  the m inera l indicating  

the presence o f  the m entioned phase.

XPS

X -ray  photoelectron  spectroscopy w as used to analyze the oxidation  

states o f  elem ents in CoT and  CuT ( Fig. 3Fig. 4). D econvo lu ted  W  4f7/2 

and 4 f5/2 reg ion  o f  both  m aterials show s tw o  doublets o f  peaks char

acteristic o f  W 5+ and  W 6+ species, respectively [ 64,6 5 ]. This confirm s  

the presence o f  expected W 5+ centers in the m aterials w h ich  are sup

posed  to be  advantageous for C O 2 adsorption  and  reduction.

For CoT the Co 2p3/2 and 2p1/2 signals are present at b ind in g  energies  

o f  781 and  797 eV  and are separated b y  16 eV  characteristic o f  Co2+, 

w h ich  excludes the presence o f  Co3+ in the sam ple ( Fig. 3 )  [6 6 ] . 

Furtherm ore, strong shakeup satellites are present in the spectrum , 

characteristic o f  C o W O 4 sam ples [6 7 ] . In the W  line, tw o  doublets w e re  

observed  at 34.4  and  36.0  eV. The presence o f  W 5+ in this m ateria l m ay  

be  correlated w ith  oxygen  defects, as the XPS spectrum  o f  O  1 s depicts a 

significant peak  at 531.7 e V  characteristic o f  defects and  O H  groups  

along w ith  the m ain  lattice oxygen  peak  at 530 .0  eV.

The XPS survey spectrum  o f  CuT (F ig . S4 ) show s the Cu to W  ratio o f  

2:1 w h ich  points to the presence o f  the Cu2W O 4(O H )2 phase in the 

synthesized m ateria l w h ich  is in good  agreem ent w ith  the X R D  and  EDS  

results.

For the CuT sam ple, the Cu 2p spectrum  consists on ly  o f  Cu2+ as 

evidenced b y  the strong satellite peak  in the vicin ity  o f  the 2p 3/2 peak  

( Fig. 4 ). The W  4f7/2 and  4 f5/2 reg ion  in this case also show s tw o  do u 

blets o f  peaks at 34.4  and  35.6  e V  indicating the presence o f  W 5+ and  

W 6+ species, respectively. The presence o f  W 5+ m ay be  related  to the 

oxygen  defects and  O H  groups, as the XPS spectrum  o f  O  1 s depicts both  

the peak  at 531.9  eV , characteristic o f  O H  groups and  defects, and  the 

m ain  lattice oxygen  peak at 530.5 eV. H ow ever, in com parison  to CoT, 

in CuT the W 5+ species constitutes the m ajority  o f  tungsten. It m ay result 

from  the synthesis conditions, as the initial solution  o f  copper nitrate  

w as  m ore acidic than the cobalt nitrate. Therefore, m ore [W 2O 7(O H ) ]3- 

ions cou ld  have been  form ed after the add ition  o f  sodium  tungstate  

be fo re  a lkalization , and  m ore  O H  groups cou ld  have been  inserted into  

the structures, as W O 4 -  ions are prevalent in pH  above  9 [1 5 ] .

DRS

DRS m easurem ents a llow ed  for the estim ation o f  optical ban dgaps o f  

the synthesized m aterials (F igs . S5 and Fig. 5 ). The va lues w e re  esti

m ated using the Tauc approach , and  the transform ation for the indirect 

transition w as a pp lied  [6 8 ] . The indirect gaps w e re  m ore su itable  as they  

m atched the absorption  edges energy  (F ig . S5 ). O btained  va lues are  

2.66  e V  for CoT, and 2 .30  eV  for CuT indicating absorption  in the U V  

and  v isib le  ligh t range  ( Fig. 5).

Photocurrents

T o  understand the photoactivity o f  the ba re  m aterials and  possible  

changes in com bination  w ith  T iO 2 , the photocurrent response w as  

m easured  ( Fig. 6 ). For T iO 2 , a strong anodic photocurrent (w h ich  in 

form s about the oxidative properties, particu larly  usefu l for H 2 O  

oxidation ) appears in the w h o le  range o f  a pp lied  potentials w ith in  the 

m ateria l absorption  range. For ba re  CoT, the photocurrents are very  

w e a k  w h ich  m ay indicate fast recom bination  o f  photogenerated  charge  

carriers. The photocurrents are anodic in the range o f  positive poten 

tials, w h ereas b e lo w  zero, the response is cathodic (w h ich  show s the 

ab ility  o f  the m ateria l to reduce species present in the electrolyte so lu 

tion, e.g., C O 2 ). The spectral range o f  photocurrent generation  b y  these 

m aterials corresponds w ith  the absorption  range determ ined using DRS 

(com pare  SI). For CuT, its photoresponse m atches the absorption  edge, 

although  the photocurrents are anodic in the w h o le  potential range. 

M oreover, the currents above  400  nm  are ve ry  w eak , ind icating not 

efficient charge separation  in this range. A fter com bin ing the synthe

sized m aterials w ith  T iO 2 , the photoresponse changed. The change is 

m ore pronounced in the case o f  CuT than CoT. For CoT, the change is 

v isib le  as the decrease in anodic photocurrent in the range o f  -1 0 0  to 

200  m V, w h ereas in the case o f  CuT, the cathodic photocurrents em erge  

in  the negative potentials range after m ixing w ith  T iO 2 . Therefore, the 

form ation  o f  heterojunctions betw een  the synthesized m aterials and  

T iO 2 can be  assum ed.

Photocatalytic activity

M ixtures o f  the synthesized m aterials and  T iO 2 w ere  exam ined in the 

photocatalytic C O 2 reduction  in the gas phase. Fig. 7 depicts plots o f  CO  

evo lu tion  during  the tests. In both  cases, the activity in CO  production  is 

enhanced com pared  to the activity o f  ba re  T iO 2 and  ba re  tungstates. 

T iO 2  is know n  for its photocatalytic efficiency, h ow ever, its activity in 

C O 2  reduction  is not ve ry  im pressive. Synthesized ba re  m aterials are  

active in the reduction  process, bu t in com parison  to T iO 2 , CoT exhibits  

lo w e r  y ie lds o f  C O  evolution. Li et al. reported that a lo w  photoactivity  

o f  pristine C o W O 4  in C O 2 reduction  can b e  enhanced in the presence o f  

an  electron donor and  photosensitizer ([R u (b p y )3 ] 2 + , b p y  =  2 ,2 '-bipyr- 

id ine ) [2 8 ] . Therefore, to im prove CoT perform ance, it shou ld  b e  com 

b in ed  w ith  another photo- or redox-active m aterial. W h en  CuT or CoT  

are com bined w ith  T iO 2 , the photoactivity increases, w h ich  confirm s the

Fig. 3. XPS spectra o f Co 2p, W  4 f and O 1 s regions o f CoT sample.



Fig. 4. XPS spectra of Cu 2p, W  4/, O 1 s regions o f CuT sample.

Fig. 5. Tauc plots for CoT and CuT samples for indirect bandgap estimations.

Fig. 6. IPCE maps of TiO2, CoT, CuT and their mixtures.

successful perform ance o f  such junctions. The activity o f  CuT/T iO 2 

com pared  to pure  CuT is on ly  slightly h igher. H ow ever, it w as  consis

tently and  rep roducib ly  h igher for every  po int for every  sam pling time  

and so is considered significant and  points to a h igher activity.

Both CoT and  CuT have W 5+ active sites exh ibiting the affin ity to 

bon d in g  carbon -containing species [6 9 ] , w h ich  can be  benefic ia l in the 

CO 2 reduction  process, as it can increase substrate adsorption. The  

higher activity o f  CuT m ay originate from  the W 5+ preva lence and  

presence o f  Cu, w h ich  is a lso discussed in the literature as an effective

center o f  C O 2 adsorption  and  reduction  [ 70,7 1 ]. The presence o f  the 

m entioned sites is advantageous but also leads to surface po isoning  

(especia lly  w ith  CO  and H C H O ) and thus inh ibiting the reduction  o f  C O 2 

over time. Therefore, the stability o f  photoactivity o f  CoT /T iO 2 and  

CuT /T iO 2 w as  verified  in three consecutive runs (Fig. S6). For both  

C oT /T iO 2 and  CuT/T iO 2, the activity lo w ers  b y  ca. 50%  after three runs, 

how ever, in the case o f  CoT/T iO 2, this d rop  takes p lace a lready  during  

the second run, w h ile  for the CuT/T iO 2 the decrease is gradual. These  

results m ay indicate severe surface po ison ing or photocorrosion  -  an



Fig. 7. Plots depicting the changes in the CO concentration during the photocatalytic tests with CoT/TiO2 (left) and CuT/TiO2 (right).

explanation  o f  the activity d rop  w o u ld  require further exam ination. 

S P V  and D O S

For further elucidation  o f  the heterojunctions’ form ation  and  

m echanism s o f  their photoactivity, SPV  m easurem ents w e re  conducted  

( Fig. 8 ). The change in the CPD  (A C P D ) caused b y  irrad iation  w as  p re 

sented (the absolute va lue  o f  CPD , w h ich  w as  the baseline, w as  sub

tracted). The change in the CPD  is related to the accum ulation  o f  net 

charge on  the surface during  irrad iation  w h ich  changes the w o rk  func

tion o f  the m aterial. T o  determ ine the electrons f lo w  be tw een  the m a

terials in the junctions the fo llo w in g  approach  w as  adopted  -  the layer o f  

one m ateria l w a s  p laced  on  top o f  the layer o f  the other m aterial, e.g., the 

CoT layer on  the top o f  the T iO 2 layer, and  vice versa [ 72 ,73 ]. O btained  

data indicate that in the case o f  C oT/T iO 2, the junction  is fo rm ed  w h ich  

is evident as the change o f  CPD  va lues com pared  to the changes o f  CPD  

for b a re  m aterials under irradiation. H ow ever, the electrons f lo w  is 

possible from  CoT to T iO 2 as w e ll as in the opposite direction w h en  the 

sem iconductors are excited as can  b e  seen b y  the decrease in CPD  values  

both  during irrad iation  periods w h en  the CoT layer is on  the top and  

w h en  the T iO 2 layer is on  the top. In the case o f  CuT /T iO 2 instead, w h en  

T iO 2 is on  the top, the CPD  va lues are positive, ind icating the charge  

transfer from  T iO 2 to CuT. W h e n  CuT is p laced  on top o f  the T iO 2, the 

sw itch  from  the positive va lues to negative is observed  in the range  o f  

m ain  absorption  o f  T iO 2 (X <  380 ), w h ich  is related  to the transfer o f  

electrons from  excited T iO 2 to CuT. W h e n  T iO 2 is not excited, the excited  

CuT m ay  transfer electrons to T iO 2. H ow ever, the process is not effec

tive, as a relatively  neg lig ib le  increase o f  A C P D  under the 3 8 0 -4 0 0  nm  

range o f  ligh t is observed. Such beh av io r indicates the creation o f  a 

higher barrier be tw een  CuT and  T iO 2 than in CoT and  T iO 2.

T o  determ ine the reason for the f lo w  o f  charges indicated b y  SPV  

results, the SE-DRS m easurem ents w e re  perform ed. This technique

a llow s for the estim ation o f  the conduction  ban d  edge  o f  exam ined  

m ateria l b y  filling the em pty electronic states w ith  electrons b y  app lying  

the negative potential, and  therefore, changing  the m ateria l absorption  

spectrum . The data are presented as the va lu e  o f  d ifferences be tw een  the 

K ubelka-M unk  function at a g iven  w ave len gth  recorded for tw o  subse

quent potentials. This va lu e  corresponds to the density o f  states o f  the 

m ateria l [7 4 ] . Fig. 9  presents the results for synthesized m aterials and  

T iO 2 .
A s  can  be  seen, the CB edge for CoT lies at a significantly lo w er  

potentia l than the CB o f  T iO 2 , w h ereas the CB for CuT alm ost overlaps  

w ith  the one o f  T iO 2 . Despite the CuT CB edge lies at a slightly lo w er  

potentia l than the edge  o f  T iO 2  CB, there are som e loca lized  states under  

the CuT CB edge. This find ing  is in agreem ent w ith  the literature reports 

[ 75,7 6 ]. These states shou ld  be  ab le  to accept electrons from  excited  

T iO 2 . It is consistent w ith  SPV  m easurem ents that indicate a favourab le  

electron  transfer from  excited CuT to T iO 2 . These outcom es led  us to 

propose  different m echanism s o f  the tw o  heterojunctions’ activity  

( Fig. 10).

Tak ing into account the photocatalytic tests, it is possible, that the 

lo w e r  activity for CoT in the junction  w ith  T iO 2 is the result o f  the 

com petition  be tw een  the electron f lo w  directions denoted as Ie -,1 

(m a jo r ) and  Ie -,2  (m in o r) in Fig. 10. H ow ever, such com petition  w o u ld  

not be  observed  for the CuT /T iO 2  junction , as the Ie - ,1 and  Ie -,2  have the 

sam e direction, and  the junction  can  possib ly  w o rk  as the type-I heter

ojunction  or an  S-schem e heterojunction m aking the charge carriers 

separation  m ore efficient and therefore prom oting  C O 2  reduction. Tak 

ing into account the enhanced activity in C O 2  reduction  it can be  

concluded that CoT/T iO 2  exhibits rather an  S-schem e behav ior, h o w 

ever, due to the com peting, n on -neglig ib le  Ie -,2  current, the classical S- 

schem e can b e  considered disturbed.

T o  exclude the possibility o f  H 2 O  oxidation  to h ydroxy l rad icals at 

the tungstates, add itional photocatalytic tests o f  oxidation  o f

Fig. 8. SPV measurements o f bare and layered tungstates and TiO 2 : systems with CoT (left) and CuT (right).



Fig. 9. SE-DRS measurements of TiO 2 compared with CoT (left) and CuT (right).

Fig. 10. Mechanisms of heterojunctions photoactivity of CoT/TiO2 (left) and CuT/TiO2 (right).

terephthalic ac id  to hydroxyterephthalic  ac id  w e re  m ade on ba re  m a

terials. A s expected, T iO 2  exhibits h igh  activity in  h ydroxy l rad ical 

form ation, w h ereas the studied tungstates have no detectable  activity  

(Fig. S7). M ontini et al. com pared  selected M e W O 4  (M e  =  Cun, Con, N in, 

Zn n) in the photocatalytic degradation  o f  organ ic  dyes and  concluded  

that on ly  Z n W O 4  is effective in  this process [7 7 ] , w h ich  indicates inef

ficient h ydroxy l rad icals form ation  on  C u W O 4  and C o W O 4 . Therefore, in 

the case o f  CuT/T iO 2  and C oT/T iO 2  the active site for the H 2 O  oxidation  

reaction can  be  assigned directly to T iO 2 , w h ich  corroborates w ith  the 

proposed m echanism s.

Conclusions

T w o  different m aterials from  the class o f  tungstates w e re  synthesized  

and characterized. It w as  found, that the cation precursor has a strong  

effect on  the resulting m ateria l properties. The synthesis conditions  

enab led  achieving a large  num ber o f  oxygen  vacancies and  W 5+  centers 

that are advantageous in term s o f  C O 2 bon d in g  and  reduction.

Both m aterials sh ow  activity in C O 2  reduction  w h ich  is enhanced in 

m ixtures w ith  T iO 2 . The activity o f  CuT/T iO 2 turned out to be  better 

than that o f  CoT /T iO 2  w h ich  m ay b e  ascribed  to lo w er recom bination  

rates o f  photogenerated  charge carriers and to the presence o f  a larger  

num ber o f  defects and  Cu 2 +  centers active in C O 2  reduction. The d if

ferences in the activity o f  both  m aterials and their m ixtures w e re  further 

elucidated w ith  spectroelectrochem ical and  surface photovo ltage  m ea

surements. It w a s  found  that depend ing on  the electronic properties o f

the m aterials, the height o f  the barrier differs, determ in ing the type o f  

junction  betw een  the m aterials (here: the d isturbed  S-schem e and  the 

type-I heterojunction for CoT /T iO 2  and CuT/T iO 2 , respectively ). In the 

case o f  CuT /T iO 2  the transfer in on ly  one direction w as  observed, 

w h ereas  for CoT/T iO 2  the charge f lo w  in both  directions (i.e., from  CoT  

to T iO 2 and  reverse ) can take place. Such beh av io r m ay disturb the 

efficient perform ance o f  the CoT /T iO 2  system. Therefore, CuT is 

considered to be  a m ore prom ising candidate to create usefu l m ixtures 

w ith  T iO 2  for photocatalytic C O 2  reduction.

O u r analysis show s, that it is necessary to exam ine the nature o f  the 

contact be tw een  the com ponents and  electronic structure o f  the m ate

rials creating the m ixtures to establish  the possibility o f  charge carriers 

f lo w  be tw een  them  for the correct determ ination  o f  the junction  type.
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