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Phototransformations of TiO2/Ag2O composites 
and their influence on photocatalytic water 
splitting accompanied by methanol 
photoreformingf
Anna Jak im ińska , 0 Kaja S p ila rew icz   0 and W o jc ie ch  Macyk 0 *
This w o rk  a im ed to  revise th e  m e chan ism  o f  p h o to c a ta ly tic  a c tiv ity  o f th e  T iO 2/A g 2O  system  in 

p h o to c a ta ly tic  w a te r sp littin g  a cco m p a n ie d  by m e th a n o l p h o to re fo rm in g . T he  tra n s fo rm a tio n  o f A g2O  

in to  s ilver nanopartic les (AgNPs) du ring  p h o to ca ta ly tic  w a te r s p littin g /m e th a n o l p h o to re fo rm in g  was  

m o n ito re d  using XRD, XPS, SEM, UV-vis, and DRS techn iques. The  im p a c t o f AgNPs, g ro w n  on  T iO 2, on  

its o p to e le c tro n ic  p roperties  was analysed th ro u g h  in te r alia sp e c tro e le c tro c h e m ic a l m easurem ents. The  

p h o to re d u c e d  m ateria l exh ib ite d  a s ig n ifica n tly  sh ifted  po s ition  o f th e  T iO 2 c o n d u c tio n  band edge. 

Surface p h o to vo lta g e  m easurem ents  revealed th e  lack o f p h o to in d u c e d  exchange o f  e le c tro n s  be tw een  

T iO 2 and A g2O, ind ica ting  th e  absence o f an e ff ic ie n t p - n  ju n c tio n . Fu rthe rm o re , th e  im p a c t o f che m ica l 

and s tru c tu ra l changes in th e  p h o to c a ta ly tic  system  o n  th e  p ro d u c tio n  o f C O  and C O 2 fro m  m e th a n o l 

p h o to re fo rm in g  was analysed. It was fo u n d  th a t fu lly  fo rm e d  AgNPs e xh ib it im p ro ve d  e ff ic ie n cy  in th e  

p ro d u c tio n  o f H2, w hereas th e  A g2O  p h o to tra n s fo rm a tio n , resu lting  in th e  g ro w th  o f  AgNPs, p ro m o te s  

s im u ltan eous ly  o n g o in g  p h o to re fo rm in g  o f m ethano l.

Introduction
Nowadays, commercial hydrogen production is mostly limited 
to steam methane reforming o f natural gas and electrolysis o f 
water by well-established technologies, i.e., alkaline, polymer 
electrolyte membrane, and solid oxide technologies.1 Novel 
perspectives for industrial hydrogen production are focused on 
three main technologies: electrochemical water splitting, bio
logical processes using biomass and processing o f fossil 
resources.2 Global trends toward sustainability set the direction 
to use renewable energy sources. In this case, photocatalytic 
water splitting and photoreforming o f organics (e.g., polyols 
and sugars) appear as especially valuable pathways due to the 
possibility o f solar energy utilization. These processes are based 
on the abilities o f semiconductors to convert quantum solar 
energy conversion and involve redox reactions utilizing sepa
rated charges.

The water splitting process produces H2 and O2 using highly 
energetic electrons (conduction band) and holes (valence band) 
originating from photoexcited semiconductors. Design o f 
a photocatalytic system that is able to effectively perform this 
process is challenging due to the necessities o f (i) achieving
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adequate energy o f the semiconductors' band edges, (ii) inhib
iting the e- /h+  pair recombination, and (iii) hindering back- 
reactions.3 A commonly selected strategy to overcome the last 
two problems is the addition o f easily oxidizable sacrificial 
agents, which replace the water molecules in reaction with 
photogenerated holes. Methanol exhibits the highest propen
sity among other additives to donate electrons to scavenge the 
holes and prevents photo-generated charge recombination.4 
The efficiency o f H 2  evolution exhibits a logarithmic growth 
with the increase in the amount o f used alcohol.5 For processes 
where the amount o f alcohol is significant, and the process is 
performed in anaerobic conditions, the term ‘photoreforming’ 
is advised.6’7 This is the consequence o f the fact that H 2 in these 
processes can also originate from the transformation o f alcohol 
molecules during photocatalysis.8

Titanium dioxide is considered a potentially universal 
material that photocatalyzes a wide range o f processes, 
including H 2  production.9 However, this material is not free o f 
limitations.10 For example, the energy required to excite this 
semiconductor is confined to UV light. Moreover, it is known 
that fast e- /h+  recombination is one o f the main issues causing 
limited TiO 2  activity inter alia towards H 2  production in pho- 
tocatalytic water splitting and photoreforming o f organics.11’12 
Therefore, a strong effort is being made to find effective strat
egies to overcome these problems. Meanwhile, Ag2 O is consid
ered a potential p-type semiconductor in a p-n heterojunction 
with TiO2  for harvesting solar light.1318 It is believed that Ag2O
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can sensitize titania due to its narrow band gap o f 1.1-1.3 eV, 
which determines visible light absorption.19 However, it is 

known that Ag2O suffers from low stability -  it is photosensitive 
and prone to degradation.20 For example, corrosion o f Ag2O 
particles during photocatalytic degradation o f methyl orange 
was observed by Chen et al.21 Therefore, the efforts are directed 
towards the protection o f Ag2 O by inhibition o f Ag+  reduction. 
Some authors claim that the presence o f Ag clusters and 
nanoparticles prevents Ag2O from further photodecomposition 
since the metallic structures act as the electron sinks and collect 
the electrons that could otherwise reduce more Ag2O.20’22 
Another suggested approach to increase Ag2O stability is the 
application o f organic compounds for scavenging photo
generated holes more rapidly than lattice oxygen. At the same 
time, the photogenerated electrons should be transferred to 
other compounds (especially O2) via initially formed Ag clusters 
preventing further reduction o f Ag+ .23

It is also well known that the decoration o f the photo
catalyst's surface with noble metal nanoparticles enhances its 
activity. These nanoparticles show the ability to behave as 
electron traps, promote interfacial charge transfer and limit e- / 
h+  recombination. They are also applied to inhibit the back- 
reaction o f hydrogen and oxygen formed in water splitting, 
which is usually the main reason for the low efficiency o f this 
process.24’25 The probability o f back-reactions at the catalyst's 
surface is enhanced, when both hydrogen and oxygen are 
produced at the active sites lying nearby. However, the use o f 
noble metal nanoparticles as co-catalysts changes the adsorp
tion properties and transfers the hydrogen evolution reaction 
from the semiconductor's surface to the surface o f the nano
particles.26 In this way, the production o f H 2 and O2  is spatially 
separated. These aspects lead to the application o f noble metal 
nanoparticles as an eagerly selected approach for increasing the 
efficiency o f H 2  production, which is explored up-to-date. For 
example, Strapasson et al. demonstrated the significant 
enhancement o f hydrogen evolution from photoreforming o f 
methanol (from 1 mmol g - 1 h- 1 for bare TiO2  up to 7 mmol g - 1 

h- 1) with the increase o f silver nanoparticle loading (1-5%).27 
Temerov et al. showed that TiO2 in an inverse opal structure 
exhibits no activity in H 2  evolution in gas-phase water-splitting 
under visible light irradiation, but after modification with silver 
nanoparticles, it exhibits H 2 production up to 0.86 
ppm min- 1 .28 Moreover, Gogoi et al. reported outstanding 
results in H 2  production from water splitting, achieving a rate o f 
23.5 mmol g - 1 h- 1 (with an apparent quantum yield o f 19%), 
using TiO 2  decorated with silver nanoparticles with 1.5% 
nominal concentration.29 Since the presence o f metal nano
particles reveals such a boost o f activity and there is a possibility 
o f Ag2O phototransformation into silver nanoparticles (AgNPs), 
it should be examined which o f these components is respon
sible for the enhanced photocatalytic performance o f the TiO 2/ 
Ag2O system.

A few studies discuss the phototransformation o f Ag2O into 
AgNPs during photocatalytic processes. For example, Mandari 
et al. studied systems o f TiO 2/Ag2O in photocatalytic water- 
splitting/photoreforming (using glycerol in water) under simu
lated solar light irradiation, where Ag2O was synthesized in situ

on TiO2  particles in different amounts.30 They proved the 
formation o f AgNPs in the samples during photocatalytic tests 
and proposed multiple-step mechanisms o f photocatalytic 
reactions. The initially fabricated p-n  junction changes into 
a three-component system, where silver nanoparticles act as 
a bridge in the photoexcited electron transfer from Ag2O to TiO 2  

by forming a Schottky barrier between Ag and TiO 2 . A similar 
role o f AgNPs in such systems was also reported by Liu et al.31 
On the contrary, Xue et al. proposed a different mechanism for 
a similar system studied in toluene oxidation.14 First, photoex
cited electrons are transferred from TiO 2  to Ag2 O creating silver 
nanoparticles on its surface, and then AgNPs serve as the sinks 
for photoexcited electrons from both Ag2 O and TiO 2 , and 
reduction sites. Analysis o f these studies shows that the mech
anism o f photocatalytic performance o f TiO2/Ag2O remains 
unclear.

In the present work, TiO 2  was combined with Ag2 O to reveal 
the mechanism o f photocatalytic water splitting accompanied 
by methanol photoreforming, taking place at TiO 2 /Ag2 O under 
simulated solar light and visible light irradiation. The role o f 
silver oxide phototransformations and the growth o f silver 
nanoparticles in both processes was established. This paper 
revises the mechanism o f TiO 2/Ag2 O photocatalytic activity.

Experimental
Reagents

AgNO3  (Merck, 99.8%), methanol (Sigma-Aldrich, for HPLC, 
>99.9%), anhydrous LiClO4 (Sigma-Aldrich), acetonitrile ACN 
(Avantor, HPLC/MS grade), tetrabutylammonium perchlorate 
(TBAP) (Sigma-Aldrich), NaOH (Chempur, pure for analysis, 
99.8%) and titanium(IV) dioxide P25 Aeroxide (P-25) (ACROS 
Organics, $99.5%) were used without further purification. 
Water was deionized using a Hydrolab deionizer HLP 10UV 
(0.05 mS, t =  20 °C).

Synthesis of Ag2O and TiO2/Ag2O

In a typical synthesis o f the Ag2 O material, 1 M solutions o f 
AgNO3  and NaOH were mixed in equal volumes in a beaker 
under vigorous stirring. The solution was stirred for 3 hours and 
then the brown precipitate was collected by centrifugation and 
washed with DI water several times. The obtained material was 
left for drying at 60 °C overnight to remove any residual silver 
hydroxide. To obtain TiO 2/Ag2O, the Ag2O material was mixed 
gently with P-25 in the w/w ratio o f 1 : 9.

Characterization

X-ray diffractograms (XRD) were recorded using a Rigaku Min
iFlex 600 diffractometer equipped with a Cu lamp (Ka radiation 
wavelength -  1.5406 À) with a Ni Kp filter. The scan step was 2° 
(20), and the scan speed was 10° min- 1.

SEM analysis was performed at 30 kV using a Tescan Vega 3 
microscope with a LaB6 gun equipped with SE and BSE detec
tors. The size o f particles visible in SEM images was determined 
by measuring the maximum Feret diameter (linear dimension)
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o f each particle in the images. The particle size distribution 
histogram was obtained from the measurements o f 100 objects.

Diffuse reflectance spectra were collected using a Shimadzu 
UV-3600 UV-vis-NIR spectrophotometer equipped with a 15 cm 
diameter integrating sphere. BaSO4 was used as a reference and 
samples were ground with BaSO4 at a 1 : 10 w/w ratio. Obtained 
spectra were subsequently transformed using the Kubelka
Munk function and Tauc function to estimate absorption edges 
and band gap energies o f examined materials.

UV-vis measurements were conducted using an HP8453 
diode array spectrophotometer.

Surface photovoltage (SPV) measurements were performed 
on an Instytut Fotonowy environmental Kelvin probe equipped 
with a Xe lamp (Instytut Fotonowy, 150 W ) and a mono
chromator. The contact potential difference (CPD in mV) was 
measured in the cycle: 50 times in the dark and the next 50 
times under irradiation with a particular wavelength. The irra
diation was established in the range o f 500 to 240 nm with 
a 20 nm interval.

Spectroelectrochemical measurements (SE-DRS) were per
formed on a Shimadzu UV-3600 UV-vis-NIR DRS spectropho
tometer equipped with a 15 cm integrating sphere. The 
electrochemical setup consisted o f a three-electrode system. A Ag/ 
Ag+ electrode (filled with 0.01 mol per dm3 AgNO3 and 0.1 mol 
per dm3 tetrabutylammonium perchlorate in acetonitrile) was 
used as the reference electrode, a Pt wire as the counter electrode 
and Pt foil covered with a layer o f the examined material as the 
working electrode. Tests were performed in 0.1 mol per dm3 
LiClO4 in acetonitrile as the electrolyte with argon purged 
through it during the measurements to remove the oxygen. The 
range o f applied potential was from OCP to -2.7 V versus the 
reference electrode with a step o f 0.05 V. The potential was 
applied using a BioLogic SP-150 potentiostat. For observation o f 
changes in the spectrum o f the material during reduction, the 
DRS spectrum o f the working electrode covered with the material 
was taken after each potential was applied. The spectrum o f the 
electrode before the potential application was used as the refer
ence. Reflectance spectra obtained during measurements were 
transformed using the Kubelka-Munk function, and the differ
ence in the value o f this function for two subsequent potentials 
was used to estimate the density o f electronic states in the 
material at the given wavelength. In this case, 780 nm was chosen 
due to the occurrence o f maximum absorption o f conduction 
band electrons in titania in this range. The photostability o f the 
materials during the SE-DRS measurements was confirmed and 
has been described in the ESI (Fig. S1f).

Photocatalytic setup and TiO2/Ag2Ohn preparation

To perform photocatalytic tests, the tested materials were 
dispersed in 10 ml o f water (obtaining 1 mg m l-1) with the 
addition o f 100 ml o f methanol. The suspension was then 
deoxygenated by purging Ar for 20 min. The used light source 
was a Xe lamp (Instytut Fotonowy, 150 W ) with an air mass filter 
(AM 1.5G) or a cut-off filter o f 420 nm. During the irradiation, 
the reaction mixture was continuously stirred using a magnetic 
stirrer. The amounts o f hydrogen, carbon monoxide and carbon

dioxide, which have been evolving to the gaseous phase, were 
measured by gas chromatography (GC) (Thermo Scientific, 
Trace 1300). To prepare TiO2/Ag2Ohn, the mixture was irradiated 
for 30 s or 2 h with the air mass filter (AM 1.5G) and then 
separated and washed several times with water for further use. 
I f  not denoted otherwise TiO2/Ag2Ohn means the composite after 
2 h o f irradiation.

Results and discussion
Silver oxide was selected as the precursor for modification o f the 
TiO2  (P25) surface with silver nanoparticles due to its simple 
chemical composition and low solubility in water (0.0225 g  m l- 1 

at 25 °C).32 It may act as a silver source under photoreduction 
conditions. The simple precipitation method in the absence o f 
organic compounds was applied to obtain bare Ag2 O. Subse
quently, it was mixed with TiO 2  and studied in water-splitting/ 
photoreforming.

XRD

The precipitation method leads to Ag2O in the form o f a dark- 
brown powder. The crystal structure o f as-prepared Ag2O was 
confirmed using the XRD method (Fig. 1). The XRD pattern o f 
Ag2O exhibits peaks characteristic o f the cubic phase at 26.9°, 
32.9°, 38.2°, 55.2°, 65.7°, and 69.2°, corresponding to (100), 
(111), (200), (220), (311), (222) crystal planes, respectively 
(JCPDS #41-1104). In addition, Fig. 1 and 2 show XRD patterns 
o f P25, Ag2O and their mixture before and after irradiation. In 
the XRD pattern o f TiO 2/Ag2 O before irradiation, only two 
characteristic peaks o f Ag2O are present at 32.9° and 65.7° 
corresponding to the (111) and (311) planes, respectively. The 
other peaks o f Ag2O are covered with TiO2 peaks.33’34 These two 
peaks vanish after 30 s irradiation o f the H 2O/MeOH suspen
sion with simulated solar light. However, after 2 h o f irradiation 
two new peaks emerge at 44.2° ad 64.4° which are attributed to 
the (200) and (220) planes o f the Ag0  cubic phase, respectively 
(JCPDS #04-0783). Similar results were observed by Wang et al.23 
During irradiation with visible light, they observed an increase

Fi9 - 1 X -ra y  d iffra c to g ra m s  o f  th e  T iO 2/A g 2O  co m p o s ite : as-prepared  
and m o d ifie d  u n der irrad ia tion. Raw co m p o n e n ts  (P25 and as- 
synthesized A g2O) are sh o w n  fo r  re ference.
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Fi9. 2 Selected areas o f  X -ra y  d iffra c to g ra m s  exposing  changes  
indu ced  by irrad ia tion  (XBO lam p, AM  1.5G filter).

in the intensity o f the XRD peak around 44°, which was attrib
uted to the (200) plane o f metallic Ag. Moreover, analysis o f the 
spectrum area between 37° and 39° provides additional infor
mation confirming the presence o f metallic silver in the system 
after prolonged irradiation. In the as-prepared mixture o f P25 
with Ag2O, the peaks at 37.8° and 38.2° (Fig. 2) originating from 
the (004) plane o f the anatase phase34 and the (200) plane o f 
Ag2O,35 respectively, overlap. After 30 s o f irradiation, the peak 
o f Ag2O disappears, while after prolonged irradiation (2 h) near 
the peak o f the anatase (37.8°) a new one at 38.1° appears, 
indicating the formation o f metallic silver (plane (111)).36

XPS

The XPS measurements were used to further confirm the Ag 
oxidation states in the studied materials. Fig. 3 presents XPS 
deconvoluted spectra o f the Ag 3d line (3d5/2 and 3d3/2 doublet) 
for TiO2/Ag2O, TiO 2/Ag2Ohn30s and TiO2/Ag2Ohn2h, revealing the 
diminution in the AgI  contribution with the irradiation 
prolongation. The binding energy o f Ag 3d5/2 shifted from 368.6 
to 368.3 eV; these energies can be assigned to Ag3 and Ag0, 
respectively.37 Therefore, it is clear that Ag2O turns to metallic 
silver, which is the evidence o f its phototransformation. After 
2 h o f irradiation, the signal from AgI  is negligible, as its 
intensity does not exceed the noise level. This also supports the 
fact that the secondary oxidation o f Ag nanoparticles is inhibi
ted due to the highly reductive reaction environment (H 2 release 
in an inert atmosphere).

SEM

SEM analysis using SE imaging reveals changes in the 
morphology o f the photocatalyst induced by irradiation. Bare 
Ag2O, presented in Fig. 4a, exhibits rounded particles (approx
imately 200-500 nm in size) gathered in large aggregates 
exceeding 1 mm in size. Fig. 4b shows Ag2O mixed with P25 and 
reveals two distinct phases. The agglomerates o f P25 with an 
average size o f 25 nm are noticeably separated from Ag2O 
aggregates. After 30 s o f irradiation, only the characteristic

Fig. 3 XPS spectra  (Ag 3d line) o f  T iO 2/A g 2O, T iO 2/A g 2O hn30s and  
T iO 2/A g 2O hn2h com posites .

structure o f P25 is visible, whereas aggregates o f Ag2O disappear 
(Fig. 4c). It corroborates with XRD analysis pointing at Ag2O 
transformation into metallic silver, which forms clusters 
observed as brighter spots. Therefore, silver clusters and 
methanol are found not to prevent Ag2O photoreduction. After 
prolonged irradiation, the structure o f the photocatalyst 
became uniform (Fig. 4d). To prove the photocatalytic trans
formation o f Ag2O into metallic silver, BSE imaging was 
applied. Fig. 5 presents the same area imaged using SE and BSE 
detectors. The emerging white objects in the image area are 
quasi-spherical nanoparticles in the size range o f 20-200 nm 
and the average nanoparticle size is 30 ±  11 nm. As observed, 
silver nanoparticles are uniformly distributed in the whole 
volume o f the photocatalyst.
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Fig. 4  SEM im ages o f  bare A g2O  (a), T iO 2/A g 2O  (b), T iO 2/A g 2O hn30s  
(c), and T iO 2/A g 2O hn2h (d).

Fig. 5 SEM im age o f th e  se lected  area o f th e  T iO 2/A g 2O hn2h 
c o m p o s ite  re co rde d  w ith  SE (left) and BSE (m iddle) de te c to rs  a long  
w ith  th e  p a rtic le  size d is trib u tio n  (right).

DRS UV-vis

The DRS UV-vis spectrum o f non-irradiated TiO 2/Ag2O exhibits 
features characteristic o f bare P25 and Ag2O (Fig. 6). The 
absorption edge after materials mixing follows the edge o f bare 
P25. However, the absorption in the whole range o f visible light 
increases which is consistent with the absorption o f bare, 
brown Ag2O.38 After irradiation for 30 s (TiO2/Ag2Ohn30s), 
a significant hypsochromic shift in the absorption edge can be 
observed and the material turns dark violet, indicating the 
nucleation o f metallic silver and growth o f metallic clusters.39’40 
This is an intermediate step in the growth o f silver nano
structures. Prolonged irradiation (TiO2 /Ag2Ohn2h) leads to 
a change in the material colour to red ochre and the formation 
o f the absorption band with a maximum o f ca. 430 nm on the 
DRS spectrum, whereas the absorption edge remains the same 
as for the material irradiated for 30 s. These results further 
confirm the growth o f metallic clusters during irradiation and

Fig. 6 DRS spectra  o f exam ined m aterials: K u b e lk a -M u n k  fu n c tio n  
(upper p ic tu re) and T a uc tra n s fo rm a tio n  (low er p icture). T he  inset 
show s th e  m a g n ifica tio n  in th e  range o f th e  SPR band o f  silver 
nanopartic les.

the formation o f silver nanoparticles.35’41 The band between 350 
and 550 nm can be attributed to the surface plasmon resonance 
(SPR) o f these nanoparticles.31’35

UV-vis

UV-vis absorption spectra o f the aqueous suspension o f Ag2O 
before and after irradiation were collected to complete the 
spectral analysis o f this material (Fig. 7). Similar to DRS 
measurements, the absorption in the whole range o f visible 
light is noticeable. Moreover, two peaks at 210 and 225 nm are 
present. After irradiation o f bare Ag2O, the broad peak with 
a maximum o f around 430 nm appears, confirming the

Fig. 7 U V -v is  ab so rp tio n  spectra  o f bare Ag2O  b e fo re  and a fte r irra 
d ia tion  (2 h).
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formation o f Ag nanoparticles. This process can be facilitated by 
P25. To reveal the progress o f Ag nanoparticle growth in TiO 2/ 
Ag2O, UV-vis spectra were recorded before and after selected 
irradiation times (Fig. 8). As depicted in Fig. 8, the absorption 
edge o f as-prepared TiO 2 /Ag2 O is the same as for P25. This 
observation is consistent with DRS measurements. Moreover, 
the peaks at 210 and 225 nm characteristic o f bare Ag2O are also 
present. During irradiation, these peaks disappear already after 
30 s, and the SPR peak around 420 nm arises (after 5 min). Then 
it shifts bathochromically and separates from TiO2 absorption 
after 2 h, indicating a continuous growth o f silver nanoparticles 
which is completed after 2 h (Fig. 8 and S2f).

SE-DRS

Spectroelectrochemical measurements (SE-DRS) indicate that 
the conduction band edge o f the bare P25 material lies around 
-0.8 V vs. Ag/Ag+  electrode which equals -0.5 V vs. SHE (Fig. 9). 
It is consistent with the data presented in the literature.42’43 In 
comparison, for the TiO 2 /Ag2O material, increased density o f 
states around the conduction band edge o f P25 can be observed. 
As this range corresponds to the surface states o f titania, this 
result reveals that in the as-prepared TiO2/Ag2O material (i.e., 
directly after mixing P25 with Ag2O), the new states are created. 
However, after material phototransformation, a significant shift 
in the state distribution towards lower potentials (higher 
energy) can be observed. It points to the possible enhanced 
reducing ability o f the material after the phototransformation. 
Furthermore, no significant amount o f additional isolated

Fig. 9 SE-DRS results revealing c o n d u c tio n  band edge positions o f  
exam ined m aterials.

states within the bandgap, originating from the silver nano
particles present in the TiO 2/Ag2Ohn2h material, is created. On 
this basis, it can be concluded that states near the conduction 
band edge, often attributed to the surface states and defects, are 
consumed during nanoparticle growth. This observation reveals 
the role o f these states as nucleation centres for AgNPs. 
Therefore, upon phototransformation o f TiO 2 /Ag2 O, the mate
rial gains better performance in reduction processes.

SPV

Surface photovoltage measurements (SPV) were performed to 
elucidate the fate o f charges photogenerated within the mate
rial. The studies were conducted using tablets made o f bare and 
layered materials to reveal the direction o f the charge transfer. 
The photoresponse o f examined materials results in a change o f 
the CPD during irradiation. Fig. 10 shows normalized SPV 
measurements for pristine TiO2, Ag2O and layered materials - 
Ag2O on the top o f TiO2  and TiO2  on the top o f Ag2O (Scheme 1). 
Ag2O exhibits features o f a p-type semiconductor (ACPD < 0), 
whereas TiO2  is an n-type semiconductor (ACPD > 0). The range 
o f photoactivity o f both materials differs significantly. TiO 2

Fig. 8 U V-vis spectra  o f  th e  T iO 2/A g 2O  co m p o s ite  and its c o m p o 
nents (upper p ic tu re); UV-vis spectra  re co rde d  at decisive tim e  in te r
vals o f  T iO 2/A g 2O  irrad ia tion  (low er p icture).

Fig. 10 SPV fo r  T iO 2, A g2O  and layered system s: T iO 2 o n  to p  o f  Ag2O  
and vice versa.
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Scheme 1 V isualiza tion o f  p h o to g e n e ra te d  charge  tra n s fe r in SPV 
m easurem ents fo r  T iO 2 (a), A g2O  (b), A g2O  o n  th e  to p  o f  T iO 2 (c) and  
T iO 2 o n  th e  to p  o f  A g2O  (d).

shows photoresponse in the range o f 400 to 280 nm, while the 
photoresponse o f Ag2O is pronounced in the whole range o f 
incident light (500-280 nm), and |ACPD| decreases with the 
increase o f the photon energy. This indicates that charges are 
photogenerated in Ag2O upon irradiation with both UV and 
visible light. These observations are consistent with the spectral 
features o f the materials. In comparison to TiO2, |ACPD| for 
Ag2O is in general higher, which points to a better separation o f 
the photogenerated charges in this material. However, after the 
deposition o f both materials, the impact o f TiO2 prevails over 
Ag2O. For TiO2 covering Ag2O, the sign o f ACPD changes when 
the irradiation wavelength crosses 400 nm, which is specific to 
the TiO2 absorption edge. In comparison, when Ag2O is applied 
on top o f TiO2, the effect is similar but more discrete. In this 
case, the switch appears at 340 nm. These observations show 
that effective ACPD results from the features o f both compo
nents, however, the features o f the top material prevail, as it is 
better exposed to light. The top material acts at the same time as 
an optical filter governing the light absorption by the bottom 
layer. An effective junction, which would enhance charge 
separation, could be identified by the | A CPD| increase. Our 
results do not confirm the formation o f any junction facilitating 
a charge transfer between both components. To verify the effect 
o f created AgNPs on charge transfer, SPV measurements were 
conducted for layered materials: Ag2O on the top o f TiO2 with 
the surface decorated with AgNPs and Ag2Ohn on top o f TiO2 
(Fig. S3f). These systems reveal the same trends as Ag2O on top 
o f TiO2, proving that AgNPs do not act as charge transfer 
mediators between TiO2 and Ag2O.

The photoresponse o f the TiO2/Ag2O system changes 
dramatically after phototransformation. Fig. 11 depicts SPV 
measurements o f TiO2/Ag2Ohn30s and TiO2/Ag2Ohn2h compared 
with those o f bare TiO2. Both materials consisting o f Ag clusters 
exhibit photoinduced charge separation under irradiation in 
the range o f ca. 380-280 nm.44 Compared to bare TiO2, modi
fication with small Ag clusters (TiO2/Ag2Ohn30s) results in 
a decrease in ACPD under irradiation with wavelengths longer 
than 340 nm. For TiO2/Ag2Ohn2h a similar effect is observed, but 
this material exhibits a better charge separation in the range o f

Fig. 11 SPV m easurem ents fo r  T iO 2 (b lack line), T iO 2/A g 2O hn30s  
(v io let line) and T iO 2/A g 2O hn2h (o range line).

340-300 nm compared to bare TiO2 . The photoresponse o f bare 
TiO2 in the range o f ca. 440-380 nm can be attributed to the 
excitation involving surface states and defects (within the 
Urbach tail), whereas for modified materials, in which these 
states serve as the nucleation centres, the excitation in this 
range does not occur. Nevertheless, irradiation within the SPR 
band o f Ag (600-400 nm), does not lead to charge separation. 
The ACPD signal is enhanced for the TiO 2/Ag2Ohn2h sample, 
indicating that larger Ag nanoparticles act effectively as electron 
sinks for eC B -  from TiO2 . Therefore, decoration with nano
particles enhances photoresponse in the UV range and leads to 
better charge separation in the 340-300 nm range. This effect is 
not valid for visible light irradiation.

Photoactivity

The photocatalytic activity has been tested in hydrogen 
production during water-splitting accompanied by methanol 
photoreforming. Two aspects were taken into account: (i) the 
progress o f Ag2O transformation and (ii) the amount o f released 
H 2 , CO, and CO2 , o f which the last two originate from the 
oxidation o f methanol. Therefore, TiO 2, Ag2O, TiO2/Ag2O and 
TiO2/Ag2Ohn2h (with complete transformation to silver nano
particles) were selected to establish the factors determining the 
enhancement o f the photoactivity under simulated solar (AM 
1.5G) and visible ( l  > 420 nm) light irradiation. Fig. 12 presents 
the photocatalytic performance o f the studied materials. It was 
found that under simulated solar irradiation bare Ag2O is 
almost inactive (Fig. S4f). Instead, other samples exhibit H 2, CO 
and CO2  release, which confirms the progress o f water splitting 
and photoreforming o f methanol. The activity o f TiO 2  (anatase/ 
rutile mixed phases) in H 2  production is well known, therefore, 
P25 was selected as a reference for establishing the impact o f 
the surface modifications.45 Silver oxide enhances the activity o f 
titanium dioxide after phototransformation due to the forma
tion o f silver nanoparticles. It can be seen that TiO2/Ag2Ohn 
exhibits the highest H 2  evolution rate. It can be attributed to the 
conduction band edge shift (as confirmed by SE-DRS
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Fig. 12 E vo lu tion  o f p ro d u c ts  o f w a te r sp littin g  and m e th a n o l p h o 
to re fo rm in g  un d e r s im u la ted  solar lig h t irrad ia tion (AM 1.5G).

measurements), which is the result o f a completed process o f Ag 
nanoparticle growth. As confirmed by SPV measurements, silver 
nanoparticles acting as electron sinks introduce active sites for 
hydrogen evolution. The amounts o f released CO and CO2  are 
lower for the TiO2/Ag2Ohn composite compared to those o f bare 
TiO 2 , which indicates the enhancement o f water-splitting 
performance compared to the photoreforming o f methanol. It 
is worth mentioning that H 2  can be a product o f water-splitting 
as well as photoreforming processes, but CO and CO2  can only 
originate from methanol oxidation.

Photogenerated electrons can be used not only for hydrogen 
generation but also for Ag+  reduction. TiO2/Ag2O exhibits slightly 
lower activity in H 2  evolution than TiO2/Ag2Ohn, which is the effect 
o f competition between the mentioned reduction reactions. This 
difference in the photoactivity o f decorated materials originates 
also from the worse charge separation for TiO2/Ag2O, as confirmed 
by SPV measurements. The growth o f silver nanoparticles can also 
be enhanced by the consumption o f a part o f produced H2  in the 
chemical reduction o f Ag2O. Schimo et al. performed thorough 
studies on the effects o f the exposure o f variously shaped and sized

Ag2O particles to gaseous H 2 . It turned out that such exposure led 
to the reshaping and shrinkage o f the particles due to their 
reduction and formation o f metallic silver.46 However, TiO2/Ag2O is 
still more active than bare TiO2, since growing silver nanoparticles 
act as electron sinks. The reducing ability o f this material evolves 
in time. It is worth noting that for TiO2/Ag2O the highest amounts 
o f released CO and CO2 were observed. Interestingly, their evolu
tion rates decrease over time, simultaneously with AgNP forma
tion. Since the H2  production in the presence o f TiO2/Ag2O is more 
efficient than that at bare TiO2, we postulate that oxygen origi
nating from Ag2O decomposition is not transformed into O2  (its 
reduction would compete with hydrogen evolution47), but may 
participate in methanol oxidation.

The activity o f Ag2O, TiO 2, TiO 2/Ag2O and TiO2/Ag2Ohn was 
also verified under visible light irradiation ( l  > 420 nm). It was 
found that after 6 h o f irradiation the amounts o f products were 
very low, therefore prolonged irradiation (20 and 24 h) was 
applied. The as-prepared TiO 2 /Ag2 O material shows slight 
evolution o f H 2  (480 and 870 ppm, respectively). It is worth 
noting that bare component materials and TiO2/Ag2Ohn 
remained inactive under the same conditions. Varapragasam 
et al. also reported the lack o f activity o f the TiO2 photocatalyst 
decorated with Ag nanoparticles under visible light irradiation 
despite the SPR band.48 Moreover, despite the strong photo
response o f Ag2 O under visible light confirmed by SPV 
measurements, this material is not photocatalytically active in 
hydrogen evolution. Thus, the activity o f TiO 2 /Ag2 O originates 
neither from Ag2O nor AgNP excitation. However, SPV 
measurements reveal weak photoresponse in the range o f 420
460 nm for bare P25. SE-DRS data indicate that in the case o f 
TiO2/Ag2O there is a higher density o f electronic states close to 
the conduction band edge. These states, populated upon 
material excitation with visible light, can be responsible for 
silver reduction reactions. In the case o f TiO2/Ag2Ohn, where 
AgNPs have already grown, a lack o f activity under visible light 
irradiation is observed due to the altered position o f the CB 
edge (Fig. 8). These results indicate that visible light plays only 
a marginal role in photocatalytic processes and is limited only 
to TiO 2 /Ag2 O. Therefore, under solar light irradiation, UV light 
is responsible for hydrogen evolution.

In our studies, the UV-vis measurements (Fig. 6 and 7) prove 
the formation o f AgNPs both on bare Ag2O and TiO2/Ag2O under 
solar light irradiation. Inefficient Ag2O excitation (mainly by 
visible light) is possible and can lead to Ag+  reduction accom
panied by Ag2O decomposition (Scheme 2). It seems that both 
semiconductors operate separately under simulated solar light 
irradiation because there is no evidence for the transfer o f 
photogenerated charge between them, as confirmed by SPV 
measurements. TiO2 is excited by the UV component o f the solar 
spectrum -  photogenerated electrons from the CB participate in 
the reduction o f H +  and Ag+ , while photogenerated holes take 
part in the oxidation o f water, methanol and intermediates. The 
formation o f AgNPs enhances Ag2 O dissolution, observed as 
a rapid disappearance o f Ag2O particles (compare Fig. 3). 
Therefore, the photocatalytic performance o f Ag2 O is observed 
only at the beginning o f irradiation, as TiO 2 /Ag2O rapidly 
changes into TiO2  decorated with AgNPs. Noteworthily, the
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Scheme 2 P roposed m e chan ism  o f p h o to c a ta ly tic  a c tiv ity  o f  the  
T iO 2/A g 2O  system  in w a te r-s p litt in g /m e th a n o l p h o to re fo rm in g  un der  
solar lig h t irradia tion.

photogenerated charges are not transferred between Ag2 O and 
TiO 2 , even when AgNPs are formed. Nanoparticles can boost 
photoactivity only by acting as electron sinks for electrons 
photogenerated within TiO 2 . The mechanism o f photocatalytic 
activity o f the TiO 2 /Ag2 O system is summarized in Scheme 2.

Conclusions
The TiO2/Ag2O system was examined in water splitting/methanol 
photoreforming processes to establish the mechanism o f its pho- 
tocatalytic activity. It turned out that the p-n junction is not 
created, as confirmed by the surface photovoltage measurements. 
Moreover, it was found that upon irradiation with simulated solar 
light, Ag2O in such systems turns into metallic silver in the form o f 
plasmonic nanostructures as confirmed by UV-vis and UV-vis-DRS 
spectroscopy, X-ray diffractometry, and scanning electron micros
copy. The obtained results indicate that the growth o f silver clus
ters does not increase the stability o f Ag2O in the presence o f TiO2. 
The presence o f the formed plasmonic metallic nanostructures is 
also not responsible for the enhanced composite activity upon 
visible light irradiation. This is partially due to the significant 
change in the state distribution and conduction band shift caused 
by the growth o f nanostructures, which was measured using the 
spectroelectrochemical method. Moreover, the lack o f photo
response o f the material decorated with nanostructures in the 
range o f the Ag SPR band is observed in the SPV measurements 
and is pronounced also in the lack o f material activity in this range. 
Nevertheless, it is confirmed that under solar light irradiation, the 
nanostructures act as electron sinks which is beneficial for pho- 
tocatalytic activity. The phototransformation o f Ag2O in the pres
ence o f TiO2  accompanies the H 2  evolution, increasing the activity 
in comparison to that o f bare TiO2 . After the complete formation of 
AgNPs, due to the CB edge shift towards lower potentials, the 
reduction processes (inter alia reduction o f water) are more plau
sible. Therefore, it can be stated that during phototransformation, 
TiO2/Ag2O gains better photocatalytic activity in reduction 
processes which is correlated with its new intrinsic properties, but 
not with the formation o f the junction or enhancement o f activity 
by the SPR effect. These findings are in contrast to the previous 
reports.13-18’30

The application o f Ag2O can rather be considered a benefi
cial precursor for in situ AgNP growth. This approach enables 
AgNP formation without contamination o f the environment 
with organic or inorganic residues. When this process is

performed in the presence o f methanol, photocatalytic water 
splitting/methanol photoreforming occur simultaneously. 
Therefore, this method can also be perceived as process opti
mization, which enables the modification o f TiO2 and H2 
production in a one-pot procedure at the same time. This 
approach eliminates the one time-consuming preparation step, 
and thus it can be useful in the design o f a novel technology.
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P ho to trans fo rm a tions  o f T iO2/A g 2O com posites  and the ir 
in fluence on p h o to ca ta ly tic  w a te r s p littin g  accom pan ied  by 
m ethano l p h o to re fo rm in g

P ho toca ta ly tic  w ater sp litting  and pho to re fo rm ing  o f 
m ethanol by a TiO2/A g 2O system  was explored. The lack o f 
exchange o f charge carriers be tw een T iO2 and A g 2O and the 
fast p ho to trans fo rm a tion  o f A g2O into silver nanopartic les 
were evidenced. Silver oxide can be considered a beneficia l 
p recursor fo r in s itu  p h o to ca ta ly tic  g ro w th  o f silver 
nanopartic les, w hich boost the  p h o to a c tiv ity  o f the  system 
by acting  as e lectron  sinks fo r e lectrons pho togenera ted  
w ith in  T iO2.
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