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ABSTRACT: Laser processing of neat and gold-nanoparticle-functionalized ZnO and TiO2 nanoparticles by nanosecond-355-nm or picose-
cond-532-nm light enabled control of photocurrent generation under simulated sunlight irradiation in neutral aqueous electrolytes. We ob-
tained more than two-fold enhanced photoelectrochemical performance of TiO2 nanoparticles upon irradiation by picosecond-532-nm puls-
es that healed defects. Laser processing and gold nanoparticle functionalization of ZnO and TiO2 nanomaterials resulted in color changes that 
did not originate from optical bandgaps or crystal structures. Two-dimensional photoluminescence data allowed us to differentiate and quan-
tify surface and bulk defects that play a critical yet oft-underappreciated role for photoelectrochemical performance as sites for detrimental 
carrier recombination. We developed a detailed mechanistic model of how surface and bulk defects were generated as a function of laser 
processing parameters and obtained key insights on how these defects affected photocurrent production. The controlled healing of defects by 
pulsed-laser processing may be useful in the design of solar fuels materials.  

Photoelectrochemical water splitting by earth-abundant materi-
als has attracted much interest as a solution to the world's energy 
crisis.1-3 Non-precious transition metal oxides, such as ZnO or 
TiO2, are suitable semiconductor materials for photocatalytic water 
splitting.4-6 In spite of reported successes with ZnO and TiO2 pho-
toanodes, sunlight-driven current generation must be improved for 
use in a functional water-splitting device. Such advances require a 
deep understanding of the photophysical properties of these mate-
rials; of particular importance is the effect of bulk and surface de-
fects on photoelectrochemical performance.7, 8 

We systematically varied bulk and surface defect densities in 
ZnO and TiO2 nanoparticles by two laser processing protocols, 
using a homebuilt liquid-jet reactor (Figure S1):  laser-irradiation 
by nanosecond 355-nm pulses (ca. 65 mJ cm−², for efficient particle 
melting)9, 10 or by picosecond 532-nm pulses (ca. 30 mJ cm−², for 
efficient particle fragmentation).11  

We also irradiated composites that consisted of ZnO or TiO2 
nanoparticles with adsorbed laser-made plasmonic gold nanoparti-
cles (AuNPs), to shed further light on the mechanisms of defect 
generation in ZnO and TiO2 nanoparticles upon laser processing. 
Enhancement of photocatalytic activities by AuNPs on thin film 
TiO2 and hot pressed TiO2-Fe2O3 nanoparticle structures have 
been described.12, 13 Overall, we prepared seventy materials (Figure 
1) and assessed optical bandgaps, crystal phases, and surface and 
bulk defect densities. We measured photocurrent generation of our 
materials in aqueous electrolytes under virtually identical condi-
tions as a function of laser processing parameters, to ensure compa-
rability. 

 

Figure 1: Photos of laser-modified nanoparticles. The materials were 
irradiated by 355 nm, 40 ns, 228 µJ, 85 kHz, ca. 65 mJ cm−² pulses (ns 
columns) or by 532 nm, 10 ps, 75 µJ, 100 kHz, ca. 30 mJ cm−² pulses 
(ps columns) in free liquid jets. Depicted are neat TiO2 and ZnO 
photoanode materials, or with two nominal amounts of pre-irradiation-
physisorbed AuNPs; all materials were subjected to different laser 
energy doses (see SI for conversion of number of cycles into mass-
specific energy dose). 

Pulsed lasers are powerful tools for the time-efficient preparation 
and/or modification of functional materials.14-21 Recent investiga-
tions have shown that laser-modified TiO2 particles can be used to 
improve the light-driven water splitting to form hydrogen22 or 
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rhodamine B degradation.23 Irradiation by ns-532-nm pulses yield-
ed sub-micrometer TiO2 spheres, SMS.22 The materials appeared 
bluish, consisted of sub-oxide Magnéli phases, and exhibited en-
hanced light-driven hydrogen formation from water.22 Since the 
first reports on laser melting of particles in liquids,24-26 more mech-
anistic details of SMS generation have been obtained: experiments 
have demonstrated that laser fluence was crucial for SMS produc-
tion, in agreement with theoretical predictions. 9, 27 Pulsed laser 
melting in liquids (PLML) does not only permit fluence-controlled 
reduction of metal oxidation states,25 but it also provides access to 
new material combinations.10 

Besides melting, laser irradiation of particles in liquids can result 
in fragmentation. In contrast to PLML, pulsed laser fragmentation 
in liquids (PLFL) requires higher fluences, typically above ca. 40 – 
100 mJ cm−2.10, 11  

Pulse length plays a role too: Nanosecond lasers are known to 
cause thermal particle size and shape modifications, whereas pulses 
with durations of up to a few picoseconds mainly produce non-
thermal response at sufficiently high laser fluences.28, 29 The reason 
for the effect of pulse duration on particle generation is that the 
pulse length affects the temperature of the electron gas and solid 
lattice (of the target) and, hence, the chemical potential and ther-
mal load, respectively, according to the two-temperature model.30 
Therefore, nanosecond lasers are known to cause thermally medi-
ated modifications of structure, particle size, and shape. In contrast, 
pulses with durations that are comparable to the electron-phonon-
relaxation time (up to a few picoseconds) mainly induce high 
electron temperatures while the lattice remains cold, thereby caus-
ing non-thermal responses, such as electron spillage, electrostatic 
particle fission (Coulomb explosion), or lattice disordering, de-
pending on the applied laser fluences.31 

Importantly, both processes, PLML and PLFL, have been shown 
to generate defects in the particle bulk that can improve the photo-
catalytic activity of anatase and rutile TiO2.32 Surface defects also 
play a key role for water splitting mediated by TiO2.33 Besides de-
fects, modification of the optical bandgap improved the light-driven 
water-splitting performance of TiO2.34 Doping, such as by nitrogen 
of ZnO,35 by carbon of TiO2,36 or hydrogen treatment of TiO2,37 
enhanced photocurrents. And the effect of ball-milling time on 
ultraviolet-light-induced degradation of methylene blue at ZnO 
and TiO2 powders has recently been reported.38 Another interest-
ing route to advance photoanode materials is the utilization of 
plasmonic effects. Improvement of TiO2

39-41 and ZnO42 water split-
ting performance by plasmonic gold nanoparticles has been ob-
served.  

Enhancement of photocatalytic activity requires that deleterious 
recombination of charge carriers, e.g. at defect sites, must be mini-
mized.43 Carrier diffusion path lengths may limit catalytic activity, 
highlighting the importance of nanostructuring.44, 45 Surface modifi-
cations were found to enhance PEC performance by passivation of 
surface states.46 Carrier concentrations and non-radiative recombi-
nation rates also mattered.47 Meyer et al. reported electrical and 
optical properties of porous nanocrystalline TiO2 films and found 
that charge accumulated in Ti3+ trap states.48 Jaramillo et al. de-
scribed hierarchically branched TiO2 nanorod structures with 
enhanced carrier collection efficiency.49 Marschall et al. prepared 
TiO2 nanoparticle multiphase heterojunctions from ionic liquids 
that beneficially impacted charge carrier separation at interphase 
connections.50 And Gamelin et al. reported that electron confine-
ment in nanosized ZnO quantum dots led to delocalized electrons 

that behaved like conduction band electrons.51 Similarly, charge 
carrier separation was significantly enhanced in the presence of 
adsorbed nanoparticles, resulting in improved photocurrent gener-
ation.52  

Here, we combined gold nanoparticle adsorption with modifica-
tions of TiO2 and ZnO particles by laser irradiation and tested 
photocurrent generation as a function of laser process parameters, 
optical bandgap, crystal phase, and defect density. We developed a 
detailed model of how bulk and surface defects were generated and 
how they affected the photoelectrochemical performance of our 
laser-modified ZnO and TiO2 materials.  

Results and Discussion 
We prepared seventy materials to systematically study the effects 

of laser parameters or the presence of adsorbed gold nanoparticles 
during laser treatment and concomitant changes to bandgap, crys-
tal structure, and bulk and surface defect densities on photocurrent 
generation of ZnO and TiO2 photoanodes under simulated sun-
light irradiation in neutral aqueous electrolytes. We observed un-
ambiguous color changes of the ZnO and TiO2 nanoparticles as a 
function of laser irradiation and/or AuNP functionalization (Figure 
1) and were interested in (1) the physical origin of the individual 
colors, and (2) how pulsed-laser processing affected photoelectro-
chemical performance.  

For clarity, we first describe the photophysical and structural 
properties ZnO materials, followed by TiO2 nanoparticles, and 
finally close this section with a correlation of surface and bulk 
defects to photocurrent generation. 

ZnO Materials 
We measured the optical spectra of all ZnO preparations in dif-

fuse powder reflection mode (Figure S2), followed by Kubelka-
Munk analysis. We derived bandgaps by extrapolation of the ab-
sorption regime with linear increase. Pre-irradiation adsorption of 
AuNPs increased absorptions in the visible range, presumably due 
to AuNP plasmon resonances. We did not find significant changes 
of bandgaps as a function of applied laser irradiation or AuNP 
loading (Figure 2). We found the average ZnO bandgap was ca. 
(3.25 ± 0.01) eV, in agreement with reported values.53 

 

Figure 2: Optical bandgaps of neat ZnO particles (black squares), ZnO 
with nominally 1 (red circles) or 3 wt % (blue triangles) AuNPs, laser-
irradiated by ns-355-nm (A) or ps-532-nm (B) pulses.  

We collected XRD data to assess if laser irradiation and/or 
AuNP functionalization led to structural changes in ZnO upon 
laser treatment. We assigned the detected XRD patterns to wurtzite 
ZnO (PDF 36-1451; ICDD, 2012); no other crystal phases were 
present. Importantly, we found that the ZnO reflections did not 
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change as a function of laser irradiation or AuNP functionalization (Figure 3 and SI).  

 

Figure 3: XRD data of ZnO loaded with nominally 3 wt% AuNP as a function of laser irradiation by ns-355-nm (A) or ps-532-nm (B) pulses. Also 
shown are relative Au/ZnO peak area ratios (C, ns-355-nm pulses; D, ps-532-nm pulses) that indicate how much gold remained on the ZnO particles 
after laser treatment of ZnO–AuNP composites with nominally 1 (red circles) or 3 wt% (blue triangles) AuNPs; the lines are linear fits.  

Wurtzite is the thermodynamically most stable polymorph of 
ZnO.54 Since the XRD reflections remained virtually unaltered as a 
function of laser processing, we conclude that our laser fluences 
were not far from or within the thermodynamic equilibrium below 
the threshold for bulk restructuring. Our findings are in agreement 
with results on laser-generated ZnO by millisecond laser ablation 
(operating in the thermal equilibrium regime) and pulsed laser 
deposition experiments, in which wurtzite was the predominantly 
formed crystalline species.55, 56 

We detected an additional reflection at ca. 44.5° in ZnO materi-
als that were immersed in laser-generated AuNP colloids prior to 
laser treatment, attributable to Au(200). Quantification of this Au 
signal revealed how laser irradiation of ZnO–AuNP composites 
affected the AuNPs on ZnO. The Au(200)/Au(111) ratio re-
mained constant, suggesting that AuNP faceting did not play a role 
in the detected changes of the Au(200) reflection; the Au(111) 
reflection appeared at 38.4°. We integrated the Au(200) peak and 
normalized it to the peak area of the ZnO reflection with highest 
intensity, ZnO(101), to obtain the relative amount of Au(200) per 
preparation (Figure 3 C and D). We found that ns-355-nm irradia-
tion of ZnO–AuNP composites with nominally 1 wt% Au did not 
result in significant changes of the relative Au(200) signal. For 
materials with nominally 3 wt% Au, we observed a U-shaped de-
pendence. Less gold was detectable as the energy dose rose, and 
only ZnO irradiated at the highest dose exhibited a gold amount 

that was similar to that of un-irradiated ZnO (Figure 3 C). We 
explain this U-shaped dependence by an energy-dose-dependent 
combination of laser-induced AuNP detachment, i.e. gold loss, and 
inclusion of AuNPs into ZnO at high ns-355-nm energy doses, in 
line with previous results,10 that counteracted gold loss. 

We obtained different trends with ps-532-nm pulses: Irrespec-
tive of the AuNP colloid concentration, the amount of gold that 
was detectable on ZnO linearly decreased with increasing irradia-
tion dose, more so for nominally 3 than 1 wt% Au (Figure 3 D). 
Our results indicate that ps-532-nm pulses caused laser-induced 
detachment of gold from ZnO–AuNP composites, in line with 
reports on nanoparticle stripping from surfaces by laser irradiation 
due to plasma-induced shock; this surface purification technique 
has found use in semiconductor technology applications. 57-59 Ab-
sorption cross sections of AuNPs are significantly higher at 532 
than 355 nm.60 Conservation of mass dictates that the detached 
gold must remain within the laser-preparation vessel. Most likely, 
this laser-detached gold adsorbed to the glass walls of this vessel, as 
suspended AuNPs would readily re-adsorb onto ZnO. We ob-
served a linear dependence of gold loss as a function of ps-532-nm 
laser cycles (Figure 3 D), suggesting that gold loss scaled with the 
number of contacts the irradiated ZnO–AuNP composite suspen-
sion had with the glass walls of the laser-preparation vessel. Frag-
mentation of AuNPs by 532-nm laser pulses30, 60-62 could also be at 
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play, but the laser fluences used here were too low to explain the 
gold loss by fragmentation.60  

Our observed absence of changes in bandgaps (Figure 2) and 
crystalline structure (Figure 3) suggests that the color changes we 
detected in ZnO materials upon laser irradiation (Figure 1) must 
have a different origin.  

We turned to photoluminescence (PL) experiments that reveal 
information on bulk and surface defect densities to explain the 

observed color changes and AuNP physisorption characteristics of 
laser-irradiated ZnO particles. We excited our materials by UV light 
in the range of 290 – 390 nm and collected the emission in two-
dimensional (2D) fashion as a function of the excitation wave-
length. We did not detect any PL signal with excitation wavelengths 
>390 nm. A graph of 2D PL data of un-irradiated neat ZnO is 
shown in Figure 4; 2D PL data of all other ZnO preparations are 
shown in Figures S5 and S6. 

 

Figure 4: 2D PL raw data (A) and simulation (B) of un-irradiated neat ZnO particles; data processing details are in the SI. The dotted lines indicate 
optically active defects used for the fitting process.  

In addition to strong bandgap PL centered at ca. 385 nm (3.22 
eV) attributable to excited electrons near the band edge,63, 64 we 
observed a green emission, in agreement with previous reports.63, 65-

69 We chose the z-scale of the graphs such that weaker emissions are 
visible; as a result the strong bandgap emission appears white.  

The origin of the blue-green PL has been controversially dis-
cussed in the community. This PL in ZnO has been ascribed to the 
presence of impurities,70 or oxygen71-73 or zinc67-69, 73-75 based defects. 
A recent report aimed at distinguishing Zn from O defects ex-
plained the blue-green emission by oxygen features present in zinc 
vacancies that stemmed from dangling oxygen bonds and induced 
an oxygen-like defect character of zinc vacancies.74 Red lumines-
cence (at ca. 655 nm) has been assigned to true oxygen vacancies 
using PL and electron paramagnetic resonance (EPR) data.68 This 
red PL is consistent with the reported transition energy of the 
oxygen vacancy donor state located at 1.8 eV (688 nm).67 We did 
not detect significant emission in the orange-red spectral region 
(Figure 4 and SI).  

Annealing of ZnO in oxygen-rich atmosphere has been predicted 
to predominantly form oxygen interstitials and/or zinc vacancies67, 

76; these Zn vacancies are thought to give rise to the observed blue-
green PL.53, 69, 74, 75 Formation of oxygen vacancies, zinc interstitials 
and antisite defects is unlikely due to high formation energies above 
6 eV in such oxygen-rich conditions.67, 76  

We assign the blue-green PL to zinc vacancies, in line with re-
ported work.53, 69, 74 Oxidation processes during pulsed-laser abla-
tion in liquids or pulsed-laser post-processing have been ob-
served.15, 62, 77, 78 In ZnO–AuNP composites, formation of oxygen 
interstitials may be favored in close proximity to the AuNP76 due to 
a reduced Fermi level caused by electron transfer from ZnO to the 
AuNP.79 Interstitial defects have been reported to exhibit low diffu-
sion barriers in ZnO.67, 80 As a result, fast curing of oxygen intersti-

tials, which may have formed directly after laser treatment, is likely, 
especially at ZnO–AuNP interfaces. Note that we collected PL data 
weeks after we laser processed our materials. Moreover, since we 
did not observe any additional PL signals in ZnO–AuNP compo-
sites compared to neat ZnO (Figure S5 and S6), we rule out oxygen 
interstitials as PL centers.  

Two different types of zinc vacancies (type I and II) have been 
identified by positron annihilation spectroscopy (PAS).69, 81 The Zn 
vacancies exhibited emissions at 536 nm (2.31 eV, type I, below 
600 °C) and 501 nm (2.47 eV, type II, above 600 °C).69 Janotti and 
Van de Walle performed DFT calculations on point defects in ZnO 
and reported two charge-state transitions for Zn vacancies with 
energy levels at 0.18 eV, VZn

(0/–), and 0.87 eV, VZn
(–/2–), below the 

bandgap.67 Based on these findings we deconvoluted our observed 
blue-green PL signal using four contributions: type I and type II Zn 
vacancies with two separate transitions per type at 0.18 eV and 0.87 
eV below the bandgap. 

We found a constant bandgap of 3.25 eV (Figure 2). Therefore, 
in line with ref. 67, we assign PL at 404 nm (3.07 eV, #1 in Figure 
4) to type II VZn

(0/–) and PL at 521 nm (2.38 eV, #3 in in Figure 4) 
to type II VZn

(–/2–). We detected two additional signals at 428 and 
544 nm during the fitting process (#2 and #4 in Figure 4); good fits 
required the inclusion of this additional red-shifted peak pair that 
we ascribe to type I zinc vacancies. In summary, we assign the four 
distinguishable signals to type I and type II Zn vacancies with sepa-
rate VZn

(0/–) and VZn
(–/2–) transitions (Table 1). 
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Table 1: Optically active defects in ZnO and associated emis-
sion wavelengths and photon energies. 

Origin of PL  Type of 
transition 

Emission 
wavelength 
(nm) 

Photon energy 
(eV) 

Bandgap 
recombination 

63, 64 
– 385  3.22  

VZn(II)69 VZn
(0/–) 404 

3.07 

(Eg – 0.18 eV)67 

VZn(I)69 VZn
(0/–) 428  2.90  

VZn(II)69 VZn
(–/2–) 521  

2.38  

(Eg – 0.87 eV)67  

VZn(I)69 VZn
(–/2–) 544  2.28  

 

We modeled our 2D PL spectra as a function of emission wave-
length by a global fit function that consisted of five Gaussians, with 
the aim to deconvolute PL contributions attributable to emissions 
from bandgap states and individual defect types. The centers of 
these Gaussians were constrained to the wavelengths given in Table 
1, with a variation of ± 2 nm, as we used a 2-nm bandpass during 
data acquisition. We stepped the excitation wavelengths in 2-nm 
increments. For our fitting, we integrated the peak intensities, 
which were recorded at each individual excitation wavelength, over 
the entire excitation range (290 – 390 nm). More details regarding 
data processing and fitting are in the SI. The fits matched the 2D 
PL data well and allowed us to quantify zinc vacancy defect contri-
butions. The VZn

(0/–) and VZn
(–/2–) transitions in each Zn vacancy 

type originate from the same defect centers.69 We obtained two 
separate PL contributions for type I and type II Zn vacancies by 
adding integrated peak intensities of VZn

(0/–) and VZn
(–/2–) transitions 

for each type, denominated VZn(I) and VZn(II). The results as a 
function of material preparation are shown in Figure 5. 
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6 

 

Figure 5: Contributions of bandgap states (A, B) and different ZnO defects to the measured PL signal as a function of material preparation, i.e. laser 
type and irradiation energy dose. ZnO particles were irradiated by ns-355-nm (left) or ps-532-nm (right) pulses; neat ZnO (C, D), ZnO with nomi-
nally 1 (E, F) or 3 wt% (G, H) AuNPs. Lines are included to guide the eye. The gray background serves as a reference to aid visual comparisons of 
panels.  

We did not observe significant changes in bandgap emissions of 
neat ZnO particles that were irradiated by ns-355-nm pulses, irre-
spective of energy dose (Figure 5 A, black squares). ZnO–AuNP 
composites showed enhanced bandgap emission with nominally 1 
wt% Au (Figure 5 A, red circles). Materials with nominally 3 wt% 

Au exhibited bandgap emissions similar to those of neat ZnO. We 
obtained similar trends in emission intensities as a function of gold 
loading for individual defect contributions as for bandgap states 
(Figure 5 C, E, and G). 

Page 6 of 22

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 

Enhanced bandgap PL upon AuNP adsorption (Figure 5 A) has 
been reported and was attributed to synergetic electronic effects, 
such as near-field-mediated plasmon coupling, between nanoparti-
cle and support materials.63, 64 Other work described PL quenching 
as a function of increased AuNP loading.63, 65, 66 Zhang et al. dis-
cussed PL quenching as a result of a combination of surface plas-
mon enhancement effects (local amplification of the incident field) 
by adsorbed AuNPs and a quenching effect via direct energy trans-
fer (damping of dipole oscillations) between ZnO and gold.63 In 
their study, the authors used insulating Al2O3 layers of varying 
thickness that laterally separated ZnO and AuNP surfaces; this way, 
they were able to demonstrate that damping occurred when ZnO 
and AuNP were in direct contact.63 Damping weakened with in-
creasing separation distance, whereas plasmon enhancement was 
active even at large separations of up to 30 – 40 nm.63 In our work, 
the surfactant-free laser-generated AuNPs were in direct contact 
with the ZnO particles, as depicted in Figure 6.  

 

Figure 6: Illustration of the physical origins of the different PL intensi-
ties that we observed in ZnO–AuNP composites as a function of laser 
irradiation dose. Different electric field contributions arise from the 
interaction of the AuNP with the transition metal oxide support, shown 
in A, adapted from ref. 63. The penetration depth of UV light is ca. 40 
nm in ZnO.82 Upon irradiation with UV light, e.g. by the excitation 
source in our PL studies, the surface-plasmon resonance (SPR) of the 
AuNP induces an electric field enhancement that reaches up to 30 nm 
into ZnO,63 whereas the dipole oscillation damping is strongest within 
the first few surface layers.63 SPR field enhancement amplifies PL, and 
dipole oscillation damping attenuates PL.63 Hence, defect PL from the 
bulk is strong (B), whereas defect PL from sites at or near the transition 
metal oxide support surface is weak due to short-range dipole oscilla-
tion damping (C).  

We reconcile our results on ZnO–AuNP composites that had 
ZnO and gold in direct contact with Zhang et al.'s findings by con-
sideration of the location of defects as a function of laser treatment, 
i.e. within the ZnO bulk or at the surface. We expect little dampen-
ing but much plasmon enhancement, ergo strong PL, if the ZnO–
AuNP composite material exhibits high bulk but low surface defect 
densities (Figure 6 C). Albeit counterintuitive, the scenario of few 
surface defects, while the majority of defects is located in the bulk, 
is comparable to a high separation distance in ref. 63. If, however, 
the majority of defects is located near or at the ZnO surface we 

anticipate strong damping of dipole oscillations and concomitant 
low PL (Figure 6 B), comparable to small Au–ZnO separations 
described in ref. 63. Additionally, AuNPs are able to absorb the PL 
excitation light, according to Mie theory, and green emission light 
due to their plasmon resonance (Figure 5 C – F).63, 64, 83 This para-
sitic light absorption by AuNPs explains the observed loss in PL 
intensity with higher AuNP loading. 

We found that ns-355-nm laser processing of ZnO particles al-
tered the densities and blue-green emission of zinc vacancy defects 
with increasing laser energy dose: PL signals for VZn(I) slightly 
increased whereas those for VZn(II) remained constant in neat ZnO 
(Figure 5 C). Comparison of PL data of neat ZnO with those of 
ZnO–AuNP composites with nominally 1 wt% Au (Figure 5 C and 
E, both irradiated by ns-355-nm pulses) allowed us to assign the 
location of the laser-generated type I zinc vacancies, VZn(I), as 
primarily within the ZnO bulk. At low ns-355-nm laser energy dose, 
we obtained higher VZn(I) PL intensities for ZnO–AuNP compo-
site nanoparticles than for neat ZnO. As mentioned above, strong 
PL intensities of ZnO–AuNP composites are indicative of high 
bulk defect densities, where dipole damping is low but SPR en-
hancement is very pronounced (Figure 6). At higher energy doses, 
we observed regeneration or diffusion of VZn(I) defects to the 
surface in ZnO–AuNP composites with 1 or 3 wt% AuNP. We note 
that Lau et al. have described isochoric melting of neat ZnO, in-
cluding formation of spherical particles during ns-355-nm laser 
irradiation at high energy doses; at energy doses comparable to the 
present work, only minor changes to the ZnO particle shape were 
previously detected.10 But isochoric melting may benefit defect 
mobility, diffusion, and curing. 

Our observation of zinc vacancy defect regeneration in ZnO–
AuNP composites upon irradiation by ns-355-nm pulses with high 
energy doses is in agreement with reported Zn vacancy formation. 
Positron annihilation experiments of high-temperature-calcinated 
ZnO (550 °C) by Wang et al.69 and time-correlated single photon 
counting experiments of ZnO that was calcinated at 900 °C by 
Kavitha et al. 86 evidenced Zn vacancy formation. We explain our 
results by AuNP-supported isochoric melting of ZnO by ns-355-
nm laser treatment, consistent with refs. 10 and 11. 

We obtained a different picture for laser irradiation of ZnO par-
ticles by ps-532-nm pulses (Figure 5, right). We found the bandgap 
emission intensity decreased for all three materials (neat ZnO, or 
ZnO with nominally 1 or 3 wt% Au) as a function of laser energy 
dose (Figure 5 B). We observed similar results for defect emissions 
(Figure 5 D, F, and H): Laser treatment of neat ZnO led only to 
small changes of the defect structure; the contributions of both 
defect centers only slightly decreased. We surmise that ps-532-nm 
pulses induced only a small driving force (e.g. thermal load) in 
ZnO, consistent with the small absorption cross section of ZnO at 
532 nm (Figure S2); the absorptivity of ZnO at 532 nm is ca. 2 – 3 
orders of magnitude smaller than that at 355 nm.87 Kavitha et al. 
attributed the absorption of green light (532 nm) to prevalent zinc 
vacancies.86 Our data (Figure 5 C and D, at 0 kJ g−1) suggest that 
such zinc vacancy defects existed in our neat ZnO nanoparticles 
before laser processing, similar to ref. 86. Thus, we infer that energy 
transfer of 532-nm pulses to ZnO occurred near preexisting defect 
sites that occupy energy states within the bandgap. PL data analysis 
showed that the defect density shown in Figure 5 C did not signifi-
cantly change upon ps-532-nm laser treatment of neat ZnO, sug-
gesting that ps-532-nm laser pulses primarily altered the preexisting 
defect structure instead of creating new defects. 
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Our ZnO–AuNP composites exhibited strong quenching of de-
fect PL, even with the lowest applied ps-532-nm energy dose, con-
sistent with the mechanism shown in Figure 6. High surface defect 
densities and parasitic absorption of excitation and emitted light by 
AuNPs led to low PL. We observed the largest decrease of PL 
intensity after one laser cycle, followed by a less steep decrease at 
higher energy doses (Figure 5 F and H), indicating diffusion of bulk 
defects towards the ZnO surface. Upon excitation by green light, 
such as the 532-nm pulses used here, the strong plasmon resonance 
of AuNPs can cause near-field enhancements12 that may facilitate 
electron transport and concomitant defect formation and/or diffu-
sion. Hot electron injection from AuNPs to semiconductor sup-
ports has also been discussed.88-90 

Our results point to two different defect modification mecha-
nisms, depending on irradiation laser properties: Nanosecond 355-
nm pulses induced massive thermal loads within the ZnO nanopar-
ticles, as the UV light was strongly absorbed by ZnO; 355-nm 
photons have an energy of 3.49 eV, which is well above the 
bandgap of ZnO (3.25 eV, Figure 2), giving rise to strong absorp-
tion, independent of the defect density before laser irradiation. 
Additionally, the long pulse length of 40 ns was 4 orders of magni-
tude larger than typical electron-phonon-relaxation times (ca. 0.5 
ps).91 As a result, we expect a thermal equilibrium between electron 
temperature and lattice temperature, according to the two-
temperature model.61 Therefore, only moderate electron tempera-
tures exist, but isochoric melting occurs, which causes bulk defects 
to emerge during the cooling process. Our results on ns-355-nm-
irradiated ZnO–AuNP composites provide further evidence for 
isochoric melting of ZnO. 

Our ps-532-nm laser generated pulses with a duration of 10 ps, 
which is only one order of magnitude longer than typical electron-
phonon-relaxation times.91 Together with the low absorption coef-
ficient of ZnO at 532 nm,87 we expect low thermal load in the bulk, 
but significantly higher local electron temperatures compared to 
ns-355-nm laser pulses.61 Additionally, because of the non-linear, 
defect-mediated absorption characteristics of ZnO, absorption of 
532-nm photons predominantly occurred at intra-bandgap elec-
tronic states attributable to preexisting defect sites. If the intrinsic 
defect density is low, such as in our un-irradiated neat ZnO parti-
cles,86 few light–matter interactions occur; hence, we observed less 
pronounced changes in PL intensities and concomitant defect 
densities than with ns-355-nm pulses. Moreover, ps-532-nm-
irradiated ZnO–AuNP composites exhibited low PL intensities due 
to strong dipole damping by AuNPs; the PL intensity decrease was 
most pronounced after the first laser cycle. Our results suggest 
defect diffusion towards the ZnO surface. 

TiO2 Materials  
We obtained even more pronounced color changes in TiO2 na-

noparticles than in ZnO materials (Figure 1). Analogous to our 
approach with ZnO, we determined the bandgaps of all our TiO2 
preparations (Figure 7) from diffuse-reflectance-mode optical 
spectra (Figure S7). 

 

Figure 7: Bandgaps of neat TiO2 particles (black squares), or with 
nominally 1 (red circles) or 3 wt% (blue triangles) gold nanoparticles, 
laser-irradiated by ns-355-nm (A) or ps-532-nm (B) pulses. Expected 
material color based on bandgap alone (C). 

Upon irradiation by ns-355-nm pulses, we obtained a linear de-
crease of bandgaps from 3.1 to 2.6 eV (Figure 7 A), similar to ob-
servations by Chen et al.23 We did not detect significant changes in 
the bandgap energies for neat TiO2 that had been subjected to ps-
532-nm pulses. Bandgaps became smaller for TiO2–AuNP compo-
sites upon ps-532-nm irradiation, and the decrease was more pro-
nounced with more gold. We obtained slightly lower bandgaps for 
TiO2 with nominally 3 wt% AuNPs compared to neat TiO2, even 
without laser processing, indicative of rutilization by AuNP phy-
sisorption, in line with observations by Strunk et al.92 and Jovic et 
al.52 We explain the observed decrease of TiO2 bandgaps as a func-
tion of AuNP loading and ps-532-nm laser energy dose by electric 
field enhancements that are most pronounced near the interface 
between AuNP and TiO2, similar to our ZnO results (conceptual 
details are illustrated in Figure 6). 

The bandgap reductions we observed redshifted the light ab-
sorption of TiO2 into the visible spectral range but, importantly, 
cannot explain the blue colors we detected upon laser processing 
(Figure 1). For clarity, we included in Figure 7 C a color gradient 
that displays what color any material would have if its appearance 
were solely due to bandgap absorption. In other words, the bar in 
Figure 7 C shows the complementary color of each color that cor-
responds to a certain bandgap energy. For example, our un-
irradiated TiO2 nanoparticles exhibited a bandgap of 3.1 eV, thus 
the material would appear almost white with a light green hue if its 
color were exclusively a result of its bandgap. Laser irradiation by 
ns-355-nm pulses decreased the bandgap to 2.6 eV, corresponding 
to absorption of blue light; hence, the material would look yellow-
orange, like the color depicted in Figure 7 C for 2.6 eV, if its 
bandgap were the only source of color. But our materials turned 
deep blue upon laser irradiation. Ergo, the physical origin of color 
in laser-irradiated TiO2 nanoparticles must be something other 
than bandgap.  

Next, we assessed how the crystal phases of our P25 TiO2 parti-
cles evolved upon laser irradiation and AuNP adsorption. We 
assigned the detected XRD patterns to a mixture of rutile (PDF 1-
1292; ICDD, 2012) and anatase (PDF 21-1272; ICDD, 2012) 
TiO2; no other crystal phases were present (Figures S8 – S13). We 
observed slight peak shifts of maximal ± 0.085° but could not detect 
trends as a function of irradiation energy dose. Therefore, we sur-
mise that a Doppler effect due to vibrations during the measure-
ment caused the shifts rather than changes of lattice parameters. 
Our initial P25 TiO2 was a mixture of 80 % anatase and 20 % ru-
tile,93 complicating structural analysis compared to phase-pure 
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ZnO. We note that rutile is the thermodynamically more stable 
polymorph,94 and anatase has been found to exhibit higher photo-
catalytic activity.95  

We analyzed the rutile-to-anatase ratio as a function of laser irra-
diation, by integrating the anatase(101) peak and dividing the 
resulting area by the integrated rutile(110) reflection (Figure 8).  

 

Figure 8: Relative rutile-to-anatase ratio after ns-355-nm (A) or ps-
532-nm (B) irradiation, from XRD data. The lines are linear fits.  

We found that the relative rutile-to-anatase ratio of neat TiO2 
increased linearly with increasing energy dose of ns-355-nm pulses, 
consistent with laser-induced high thermal loads, as the relative 
amount of the thermodynamically more stable rutile rose linearly. 
We attribute our finding of linearly decreased bandgap as a func-
tion of ns-355-nm irradiation (Figure 7 A) to this linear increase of 
the relative rutile-to-anatase ratio. In contrast, the relative rutile-to-
anatase ratio did not significantly change upon irradiation by ps-
532-nm pulses (Figure 8 B), consistent with low thermal loads due 
to the low absorptivity of TiO2 at the longer wavelength, analogous 
to the situation with ZnO.  

Interestingly, ns-355-nm irradiation of gold-modified TiO2 na-
noparticles led to a behavior opposite of that of neat TiO2: the 
rutile-to-anatase ratio of TiO2–AuNP composites decreased linear-
ly with increasing energy dose, albeit with less than half the slope of 
that of neat TiO2 (Figure 8 A). We hypothesize that the presence of 
AuNP suppressed rutile formation during ns-355-nm laser pro-
cessing. Tang et al. recently showed that anatase had a significantly 
higher susceptibility for AuNP encapsulation than rutile.96 Accord-
ingly, the higher affinity of AuNP towards anatase suppressed the 
formation of rutile in our composite materials. We surmise that the 
additional rutile that had been generated upon laser irradiation of 
neat TiO2 was located at the TiO2 particle surface, as AuNP phy-
sisorption in composites most impacts surface structures. High-
lighting the complex interactions of AuNPs on TiO2, Strunk et al. 
reported rutilization of pure anatase surfaces after AuNP deposi-
tion.92 Also at play may be a strain-driven mechanism that reaches 
deeper into TiO2 nanoparticles and causes dislocations to migrate 
and restructure, consistent with results by Zhou et al., who reported 
migration and clustering of dislocations in AuCu nanoparticles as a 
function of temperature.97 We note that the penetration depth of 
UV light in TiO2 is ca. 125 nm, estimated as the inverse absorptiv-
ity, which is ca. 80,000 cm–1 at 3.5 eV,98 and our P25 TiO2 nanopar-
ticles had sizes of ca. 25 – 50 nm. 

We quantified the gold content of TiO2–AuNP composites as a 
function of laser irradiation, analogous to our ZnO data. We found 
that faceting of AuNPs was unlikely because the Au(200)/Au(111) 
ratio remained virtually constant. We integrated the Au(200) 
reflection and normalized it to the sum of the peak areas of the 
anatase(101) and rutile(110) reflections, to obtain the relative 

amount of Au(200) per preparation, irrespective of the rutile-to-
anatase ratio changes upon laser processing (Figure 9 and S10 – 
S13).  

 

Figure 9: Relative Au(200)-to-TiO2 ratios that indicate how much gold 
remained on the laser-treated TiO2 nanoparticles. A, ns-355-nm pulses; 
B, ps-532-nm pulses. Gold percentages are nominal amounts; the lines 
are linear fits. 

We found that ns-355-nm irradiation of TiO2–AuNP composites 
led to a steady or slightly decreasing relative gold content for nomi-
nally 1 or 3 wt% Au, respectively (Figure 9 A). In contrast, we 
observed similar trends as with our ZnO materials with ps-532-nm 
pulses: Irrespective of the nominal AuNP loading, the amount of 
gold that remained on TiO2 linearly decreased with increasing 
irradiation dose, more so for more gold (Figure 9 B). We explain 
the observed gold losses from TiO2 nanoparticles upon laser irradi-
ation by laser-induced, shock-wave-mediated surface cleaning, 
analogous to the discussion of our ZnO results.57-59 

Overall, measured bandgap changes and XRD data cannot ex-
plain the observed colors of TiO2 nanoparticles upon pulsed-laser 
irradiation (Figure 1), akin to the situation with ZnO. Therefore, 
we once more turned to PL experiments to quantify defects and 
identify their locations, i.e. within the TiO2 bulk or at its surface. 

The PL intensities of TiO2 were much lower than those of ZnO. 
We applied a deconvolution process similar to that described above 
(see SI for more details). Serpone et al. reported seven PL transi-
tions for TiO2.99 Significant uncertainty would arise from a fit with 
seven convoluted Gaussians; therefore, we limited the number of 
unknowns in our fit routine to four main defect families (Table 2), 
analogous to published work.32, 100-102  
 

Table 2: Optically active defect families in TiO2 and associated 
emission wavelengths and photon energies. 

Origin of PL  Emission wave-
length (nm) 

Photon energy 
(eV) 

Bandgap transition 390  3.18 

Self trapped exciton 
(STE) 

406  3.05 

Shallow trap (ST#1) 456  2.72 

Shallow trap (ST#2) 510  2.43 

 
Reported defect-family energies varied. We took the bandgap PL 

to be centered at 390 nm, in keeping with a recent report by Kunti 
et al.103. According to Strunk et al., self trapped exciton (STE) and 
shallow trap (ST) contributions are located at 406 and 456 nm, 
respectively.32, 102, 103 We detected an additional green emission 
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10 

centered at 510 nm, which is close to values reported by Song and 
Gao.104 As an example, 2D PL data and defect assignments of un-
irradiated neat TiO2 are shown in Figure 10. We denote shallow-
trap emissions centered at 456 and 510 nm ST#1 and ST#2, respec-

tively. The fits matched the 2D PL spectra well and allowed us to 
quantify contributions from bandgap states and individual defect 
types. 

 

 

Figure 10: 2D PL data of un-irradiated neat TiO2 particles (A) and simulated spectra (B); data analysis details are in the SI. The dotted lines indicate 
known optically active defects, as described in the text and Table 2. 

Locations of TiO2 defects (surface or bulk) have been inferred 
from relative defect emission intensities in TiO2 whose surface was 
in contact with quenchers.32, 100-102 The precise emission energies of 
individual defect sites, such as Ti or O interstitials or Ti or O va-
cancies, are unknown to date. But low-energy emissions, assigned 
to shallow traps, were reported to be sensitive to adsorbed species 
and, therefore, thought to be located near the TiO2 surface.32, 100-102 
In contrast, higher-energy PL has been attributed to self-trapped 

excitons, which was insensitive to the environment around TiO2, 
indicative of originating from deep within the TiO2 bulk.32, 101, 102 
Contributions of bandgap states and different TiO2 defects to the 
detected PL signal as a function of material preparation (laser type 
and irradiation energy dose) are depicted in Figure 11; all meas-
ured and deconvoluted 2D PL data and fits are shown in Figures 
S15 and S16.  
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Figure 11: Contributions of bandgap states (A, B) and different TiO2 defects to the measured PL signal as a function of irradiation parameters (laser 
type and irradiation energy dose). TiO2 nanoparticles were irradiated by ns-355-nm (left) or ps-532-nm (right) pulses; neat TiO2 (C, D), TiO2 with 
nominally 1 (E, F) or 3 wt% (G, H) AuNPs. Lines are included to guide the eye. The gray background serves as a reference to aid visual comparisons 
of panels. 
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We found that pulsed-laser irradiation, irrespective of wave-
length and pulse duration, did not significantly alter bandgap emis-
sions (Figure 11 A, B). Gold functionalization affected bandgap 
and defect emissions of un-irradiated TiO2 (0 kJ g−1) in a similar 
way as in ZnO: We detected enhanced bandgap and near-surface 
ST emissions in TiO2–AuNP composites with nominally 1 wt% Au, 
whereas TiO2 with nominally 3 wt% Au exhibited decreased PL, 
presumably due to higher absorption of excitation and emitted light 
by AuNPs. We note that gold functionalization did not modify the 
bulk STE PL intensity. 

Yet, pulsed-laser irradiation and, importantly, the type of laser 
light, to which the TiO2 nanoparticles were exposed (Figure 11 C, 
D) very much affected defect emissions. Increasing energy doses of 
ns-355-nm pulses led to a steady increase of green color centers in 
neat TiO2, attributable to near-surface shallow traps, ST#2, whereas 
the density of self-trapped excitons, STE, in the bulk decreased; 
shallow traps emitting at 456 nm, ST#1, remained largely constant 
(Figure 11 C). Gold-functionalized TiO2 materials that were irradi-
ated by ns-355-nm pulses showed markedly quenched PL from 
shallow traps (Figure 11 C, E, and G), both ST#1 and ST#2, 
whereas the STE signal remained largely unaffected, compared to 
neat TiO2.  

The PL intensities of ST#2 without and with AuNP functionali-
zation are consistent with our XRD data of TiO2: We observed 
steadily increasing surface rutilization as a function of ns-355-nm 
energy dose of neat TiO2 particles (Figure 8 A). Rutile was gener-
ated during laser processing under high thermal load conditions 
(up to 77 kJ g−1) because of the large absorption cross-section of 
TiO2 in the UV spectral range.98 We concluded from our XRD 
results that rutilization occurred mainly at the TiO2 nanoparticle 
surface (Figure 12) and was suppressed when AuNPs were present 
during laser treatment. 

 

Figure 12: Schematic of surface rutilization of TiO2 nanoparticles upon 
ns-355-nm irradiation. The structures are based on crystal structures of 
anatase105 and rutile106 TiO2. Defects (d) are illustrated by purple 
spheres, whose sizes are indicative of observed defect densities; dark 
purple, bulk defects, light purple, surface defects.  

The ST#2 PL was significantly lower in TiO2–AuNP composites, 
both for nominally 1 and 3 wt% Au (Figure 11 E, G), compared to 
neat TiO2. This PL quenching is consistent with our detection of 
more anatase upon ns-355-nm irradiation of TiO2–AuNP compo-
sites in our XRD data. And we delineated above that AuNPs were 
capable of quenching surface defect PL in ZnO materials due to 
damping of dipole oscillations;63 note that in case of ZnO, ns-355-
nm light generated mainly bulk defects and almost no surface de-
fects, most likely due to the absence of a phase transition in ZnO. 

Oxygen vacancies are typical defects in TiO2 and have extensive-
ly been studied,7 mainly by DFT calculations.107-110 Oxygen vacan-
cies were found to be most stable on the surface of rutile structures, 

whereas in anatase oxygen vacancies exhibited lower energy states 
in subsurface layers.107-110 EPR studies on surfaces of hydrated P25 
TiO2 in the presence of adsorbed oxygen revealed that several 
oxygen and hydroxide species formed upon UV-irradiation; oxygen 
anion, O–, superoxide, O2

–, hydroxide radicals, and oxygen vacan-
cies, manifesting as Ti3+, were identified.111 Perturbation of a regular 
Ti4+ site by trapping of a photoelectron from the conduction band 
after UV irradiation at low temperature to form a Ti3+ center and 
capture of holes in the form of reactive oxygen species have been 
thoroughly investigated by EPR methods.112, 113 These Ti3+ centers 
turn titania blue and have been reported to enhance photocatalytic 
activity.114-116  

Accordingly, we attribute the blue coloration of our ns-355-nm 
irradiated TiO2 materials to the formation of Ti3+ defects, con-
sistent with our observations of (1) bandgap reduction as a func-
tion of ns-355-nm energy dose, (2) surface rutilization of neat TiO2 
nanoparticles derived from XRD data (Figure 8 A), and (3) in-
creased ST#2 emission in our PL data (Figure 11 C). We found 
that our laser processing generated stable Ti3+ defects, as we could 
not detect any decolorization upon heating to 450 K in nitrogen or 
oxygen atmosphere.  

In ns-355-nm-irradiated TiO2–AuNP composites, we observed 
shrinking bandgaps (Figure 7 A), a slightly decreasing rutile-to-
anatase ratio (Figure 8 A), and decreasing ST#2 defect emissions 
(Figure 11 E and G). The experimentally determined bandgap 
energy of TiO2 anatase is higher (3.2 eV)117, 118 than that of rutile 
(3.0 eV).117, 119, 120 Our observation of a decreasing bandgap without 
rutilization in TiO2–AuNP composites upon ns-355-nm irradiation 
indicates that defects created in-gap states that reduced the 
bandgap.  

As mentioned above, Tang et al. reported that the strong metal–
support interaction of gold on titania, mediated by electron transfer 
from the reducible oxide TiO2 to AuNPs and gold encapsulation by 
a TiOx overlayer, markedly improved the redox stability of TiO2–
AuNP composites; anatase was most susceptible to encapsulation.96 
Accordingly, we surmise that AuNPs stabilized surface defects in 
anatase during ns-355-nm-laser treatment, thus preventing the 
rutilization we observed in neat TiO2. The ST#2 PL of TiO2–AuNP 
composites originated initially from UV-light-induced bulk and 
surface defects, analogous to those in neat TiO2. These defects 
were stabilized by the close proximity of the AuNPs, in agreement 
with work by Strunk et al.;92 activation of oxygen to peroxo species 
has also been reported at Au–TiO2 materials and was applied to 
selective oxidation reactions.121 We note that strong dipole damp-
ing by AuNPs quenched surface ST#2 PL (Figure 6 B). Enhanced 
absorption of excitation and emitted light by AuNPs may also 
contribute to lower detected PL intensities. 

We obtained very different results upon ps-532-nm irradiation of 
TiO2 (Figure 11 D, F, and H): PL intensities of all defect types in 
neat TiO2 first rose and then returned to initial values as a function 
of applied energy dose (Figure 11 D). Our data at lower energy 
doses (0 – 20 kJ g–1) suggest formation of additional luminescent 
STE and ST sites during the first laser pulses. At higher energy 
doses (≤ 80 kJ g–1), we observed curing of these defects (Figure 
13), in agreement with reports by Yang et al. and Kernazhitsky et 
al., who described lower PL after calcination of TiO2 and concomi-
tant decrease of surface area or hydration.32, 122 

Page 12 of 22

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 

 

Figure 13: Schematic of defect healing at TiO2 nanoparticle surfaces 
upon ps-532-nm irradiation. The structure is based on the crystal 
structure of anatase TiO2.105 Defects (d) are illustrated by purple 
spheres, whose sizes are indicative of observed defect densities; magen-
ta, preexisting defect, dark purple, laser-generated bulk defects, light 
purple, surface defects. 

We presume that mainly in-gap states from preexisting TiO2 de-
fect sites contributed to the absorption of ps-532-nm pulses, similar 
to our ZnO results.86 We did not detect significant changes of the 
bandgaps (Figure 7 B) or the relative rutile-to-anatase ratio (Figure 
10 B) of neat TiO2 irradiated by ps-532-nm pulses. Positron-
annihilation experiments by Yan et al. demonstrated increased 
defect densities at TiO2 surfaces after calcination, indicative of 
migration of sub-surface intra-grain monovacancies towards grain 
boundaries.32 Accordingly, we attribute the stronger PL signal 
(Figure 10 D) to the formation of more defects in the vicinity of 
preexisting defects. In other words, our ps-532-nm pulses induced 
new defects close to initially present defective sites, and these new 
defects ultimately diffused towards the surface during further laser 
irradiation. We found that above 20 kJ g–1, laser-induced defects 
reached the TiO2 surface and most likely reacted with water110, 123, 124 
that surrounded the nanoparticles during laser processing; this way, 
defects were cured. This defect healing led to a net attenuation of 
detected defect PL at high laser energy dose (Figure 11 D). 

TiO2–AuNP composites with nominally 1 or 3 wt% AuNPs ex-
hibited quenched PL of all defect types (Figure 11 F and H) upon 

ps-532-nm laser processing. Presumably, near-field enhancement 
by AuNPs increased defect formation close to the TiO2–AuNP 
interface, evidenced by the shrinking bandgap as a function of ps-
532-nm-laser energy dose (Figure 7 B). Our spherical TiO2 nano-
particles had diameters of ca. 25 – 50 nm; therefore, the maximum 
distance of a defect to the TiO2–AuNP interface was ca. 12.5 – 12 
nm, well within the range of dipole damping by AuNPs (Figure 6). 
As a result, we observed low PL intensity. 

Summary of Defect Generation in Laser-Processed ZnO and 
TiO2 Materials 

A schematic illustrating defect generation mechanisms upon ns-
355-nm or ps-532-nm irradiation of neat ZnO or TiO2 is shown in 
Figure 14.  

 

Figure 14: Schematic of the type of defect generation upon laser irradi-
ation of ZnO or TiO2 nanoparticles. The structures are based on crystal 
structures of wurtzite ZnO,125 anatase TiO2,105 and rutile TiO2.106 
Defects (d) are illustrated by purple spheres, whose sizes are indicative 
of observed defect densities; dark purple, bulk defects, light purple, 
surface defects.  

Laser processing of neat and gold-nanoparticle-functionalized 
ZnO and TiO2 nanoparticles by ns-355-nm or ps-532-nm light 
created defects in the nanomaterials, as summarized in Table 3.  

 
Table 3: Summary of defect generation by laser processing. 

Nanomaterial Increasing energy doses of ns-355-nm pulses Increasing energy doses of ps-532-nm pulses 

ZnO, neat 
Bulk defects, VZn(I) 

Zn vacancy defects ↑ 

Small changes because of small absorption cross section, 
preexisting Zn vacancy defects absorbed the laser light 

Bulk defects ↓, surface defects ↑ by defect diffusion 

ZnO–AuNP 
composites 

Bulk defects, VZn(I) 

Zn vacancy defects ↑ 

High energy dose: Zn vacancy defects ↓ by isochoric- 
melting-assisted diffusion 

Surface defects ↓ due to dipole damping by AuNPs 

TiO2, neat 
Surface rutilization, formation of many defects, e.g. Ti3+  

Surface ST#2 defects ↑, bulk STE defects ↓ 

Generation of new defects close to preexisting defects 

Surface and bulk defects ↑, then ↓ by diffusion of bulk defects to 
the surface and laser-induced reaction with surrounding water, 
resulting in defect healing 

TiO2–AuNP 
composites 

Steady rutile-to-anatase ratio 

Surface defects ↓, bulk defects steady 
Surface defects ↓ by dipole damping 

 

Overall, our laser processing induced bulk and surface defects in 
TiO2 nanoparticles, and we derived the following mechanisms from 
optical spectra, XRD, and PL data: Irradiation by ns-355-nm pulses 

induced bandgap contraction and surface rutilization, due to the 
high absorptivity of TiO2 at 355 nm and the long laser pulse dura-
tion (compared to the timescale of electron-phonon relaxation 
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dynamics). Oxygen vacancies and reactive oxygen species formed 
during structural rearrangements to rutile, and near-surface shallow 
traps were enhanced (strong green PL). The presence of AuNPs 
during ns-355-nm laser processing suppressed rutile formation; 
newly formed defects that were stabilized by nearby AuNPs led to 
smaller bandgaps. Due to the small size of our TiO2 nanoparticles, 
all defects were close enough to adsorbed AuNPs to experience 
dipole damping, and the PL of all defect types was quenched. 

In contrast, irradiation of neat TiO2 nanoparticles by ps-532-nm 
pulses did not cause structural rearrangements or bandgap changes, 
due to the low absorptivity of TiO2 for 532-nm light. Absorption of 
532-nm pulses occurred at preexisting TiO2 defects, and new de-
fects appeared near those preexisting defects (increased PL as a 
function of applied ps-532-nm energy dose). At highest energy 
doses, defect diffusion to and healing at the TiO2 surface occurred 
(weaker PL). Presence of AuNPs during ps-532-nm laser pro-
cessing lowered the PL intensities of all defect types and led to 
linearly shrinking bandgaps as a function of energy dose, more so 
with more gold. We assigned these defects to surface locations.  

We note that our results for TiO2 and ZnO are not directly com-
parable, as the materials had very different sizes and morphologies; 
our TiO2 nanoparticles were ca. 25 – 50 nm spheres, and the ZnO 
consisted of ca. 250 nm × 125 nm rods. In the much smaller TiO2 
nanoparticles, defects were always in much closer proximity to the 
surface. Because of these short defect diffusion distances in our 
TiO2 nanoparticles and the surface rutilization upon ns-355-nm 
laser irradiation, defects were created within the bulk and at the 
surface of TiO2. In contrast, the same laser conditions generated 
only bulk defects in the larger ZnO nanorods. Irradiation by ps-
532-nm pulses resulted in surface defects in both transition metal 
oxides (Figure 14). 

Correlation of Surface and Bulk Defects in ZnO and TiO2 
Nanoparticles to Photoelectrochemical Performance 

We collected photoelectrochemical (PEC) data, as we wanted to 
understand how laser-induced bulk and surface defects affected 
photocurrent generation in neutral aqueous electrolytes without or 
with sulfite as sacrificial hole acceptor under simulated 1 sun, 
AM1.5G illumination and anodic polarization. We quantified 
photocurrent densities at 0.7 V vs the reversible hydrogen elec-
trode, RHE, as photocurrents exhibited a plateau at this applied 
potential. Photocurrents as a function of ZnO or TiO2 material 
preparation are shown in Figure 15; corresponding linear sweep 
voltammograms are shown in Figures S17 – S20. Dark currents 
were flat at moderate potentials and did not differ much between 
materials. We note that we assessed thin TiO2 and ZnO films and 
used front-side illumination. We did not chase record PEC perfor-
mances but wanted to observe relative trends as a function of laser 
processing and AuNP functionalization.  

We found that PEC performance decreased for almost all ZnO 
material preparations as a function of pulsed-laser irradiation, 
regardless of laser parameters, or presence of AuNPs or sulfite. 
Only one ZnO material (neat ZnO, irradiated by 7.7 kJ g−1, ps-532-
nm pulses, 1 cycle) showed slightly increased photocurrent genera-
tion in the presence of sulfite.  

Interestingly, photocurrent densities did not differ much in elec-
trolytes with or without sacrificial hole acceptor (Figure 15 A – D). 
Typically, photocurrents are much larger in aqueous electrolytes 
with a sacrificial hole acceptor; the hole-acceptor oxidation reaction 
is much faster than water oxidation, leading to more efficient deple-

tion of photogenerated holes at the photoanode–electrolyte inter-
face and thus higher currents.126, 127 Our observation of near-
constant photocurrents with or without sulfite suggests that the 
kinetics of holes reacting at the ZnO–electrolyte interface were not 
limiting photocurrent generation, but that most photogenerated 
holes were lost before they reached the electrolyte. In the following, 
we call this scenario the “carrier transport limitation regime”.  

 

Figure 15: Photocurrents jph at 0.7 V vs. RHE of neat ZnO or TiO2 
particles (black squares), and with pre-irradiation-adsorbed nominally 
1 (red circles) or 3 wt% (blue triangles) AuNPs. The materials were 
subjected to up to 10 cycles of ns-355-nm (A, C, E, and G) or ps-532-
nm (B, D, F, and H) laser pulses. Electrolytes were 0.1 M aqueous pH 
7.0 sodium phosphate buffer (no SO3

2–; A, B, E, and F) or 0.1 M aque-
ous pH 7.0 sodium phosphate buffer with 0.5 M Na2SO3 as sacrificial 
hole acceptor (with SO3

2–; C, D, G, and H).  

Long diffusion distances from bulk defect sites to the ZnO sur-
face existed in ZnO nanoparticles because they had a size of ca. 250 
nm × 125 nm. Since the photocurrent densities were very similar in 
electrolytes with or without sacrificial hole acceptor, we surmise 
that even in electrolytes without sulfite the reaction of holes at the 
ZnO surface outpaced carrier transport, i.e. the carrier transport 
limitation regime was operational. Photocorrosion of ZnO in 
aqueous electrolyte may also be at play. 

Physisorption of AuNPs after irradiation of ZnO reduced photo-
currents in most cases. Addition of nominally 3 wt% Au had a 
greater effect than 1 wt% Au, and the decrease was much more 
pronounced with ps-532-nm pulses, which induced mainly near-
surface defect density, than with ns-355-nm irradiation, which 
primarily produced bulk defects. In fact, ZnO–Au composites that 
were irradiated by ns-355-nm pulses performed about as well as 
neat ZnO in electrolytes with sulfite (Figure 15 C), and photocur-
rents of ZnO–Au composites were only slightly lower than those of 
neat ZnO in aqueous buffer without sulfite (Figure 15 A).  

We explain these observations by considering our findings on 
how pulsed-laser irradiation affected structure and defect for-
mation. PL was lowest for ZnO–Au composites with nominally 3 
wt% AuNPs that were exposed to ps-532-nm pulses; defects were 
mostly located near the ZnO surface, and AuNPs preferentially 
quenched dipole oscillation and exciton generation. Hence, the 
number of excitons near the surface was lowered. AuNPs at the 
ZnO surface also absorbed incident simulated sunlight and detri-
mentally affected PEC performance. As a result, we found a strong 
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attenuation of photocurrent production of AuNP–ZnO compo-
sites, regardless of the presence or absence of sulfite (Figure 15 B 
and D). 

In contrast, ns-355-nm pulses interacted with aqueous suspen-
sions of ZnO particles such that high bulk defect densities 
emerged; the nanosecond pulse duration and large absorption 
cross section of ZnO for 355 nm induced high thermal loads and 
caused isochoric melting of ZnO. As defect–AuNP interactions 
must necessarily occur near or at the ZnO surface, and since we 
obtained only minimally different photocurrents of ZnO irradiated 
by ns-355-nm pulses as a function of adsorbed AuNPs (0, nominal-
ly 1, or 3 wt%, Figure 15 A and C), we conclude that the low photo-
currents resulted from defects that were predominantly located in 
the ZnO bulk. Note that ZnO had rod shape and was up to 10 
times larger than the sphere-shaped TiO2 nanoparticles, giving rise 
to long hole transport distances through ZnO. As a result, photo-
currents were limited by bulk-to-electrolyte-interface hole 
transport, independent of the presence or absence of hole acceptor. 
As the bulk defects and AuNPs were spatially separated, AuNP 
loading played only a minor role for photocurrent generation. 
More physisorbed gold attenuated photocurrents slightly more, 
presumably due to parasitic light absorption (Figure 15 A and C). 

For TiO2, we observed at least four times higher photocurrents 
in electrolytes with sacrificial hole acceptor (Figure 15 E and F), 
compared to sulfite-free conditions (Figure 15 G and H). PEC 
performance decreased steadily for ns-355-nm-irradiated TiO2, 
whereas ps-532-nm irradiation of TiO2 yielded markedly higher 
photocurrents in sulfite-free electrolytes as a function applied 
energy dose; in sulfite-containing electrolytes, the measured pho-
tocurrents were fairly stable. 

We explain our observations by taking into account how the ki-
netics of different chemical reactions (i.e. with or without hole-
accepting sulfite) at the TiO2–electrolyte interface affected surface 
defects and how bulk defects impacted hole transport within TiO2. 
Depending on electrolyte conditions, we propose two different 
rate-limiting steps: With sulfite, the reaction of holes at the TiO2 
surface was very fast, and only hole transport characteristics, such 
as hole mobility, trapping, and diffusion distances, within the TiO2 
bulk limited PEC performance. Ergo, the steadily decreasing pho-
tocurrents of laser-treated TiO2 in the presence of sulfite (Figure 15 
G and H) were likely caused by less efficient hole transport, e.g. due 
to increased material strain; the carrier transport limitation regime 
was operational.  

We obtained higher photocurrents in TiO2 nanoparticles that 
had been irradiated by ps-532-nm pulses (Figure 15 H), compared 
to those of ns-355-nm-treated TiO2 (Figure 15 G); we explain this 
finding by the rutile-to-anatase ratio we established by analysis of 
XRD data. Anatase is photocatalytically more active than the ther-
modynamically more stable rutile polymorph.94 Our ns-355-nm 
pulses caused surface rutilization (Figure 8) and concomitant 
formation of a photoelectrochemically less active layer. In the 
carrier transport limitation regime, where surface defects play a 
minor role, it was this polymorph activity difference that governed 
PEC performance. In contrast, TiO2 nanoparticles that had been 
subjected to ps-532-nm pulses contained higher amounts of more 
active anatase and thus exhibited higher photocurrents and a less 
steep decrease as a function of irradiation dose (Figure 15 G and 
H).  

Without sulfite in the electrolyte, PEC performance appeared 
rate limited by slow oxidation kinetics; hole transport through the 
solid was faster, particularly through the ca. 25 – 50 nm TiO2 
spheres, whose small size led to short maximum diffusion distances; 
note that in case of the much larger ZnO nanoparticles, bulk defects 
instead of oxidation kinetics limited photocurrent generation. In 
case of the smaller, ns-355-nm-irradiated TiO2 nanoparticles, the 
number of luminescent surface defects determined PEC perfor-
mance, which we denote the “surface defect limitation regime”.  

We obtained similar trends in our PL (Figure 11 C, E, G and D, 
F, H) and PEC (Figure 15 E and F) data for TiO2 in sulfite-free 
electrolytes. According to our proposed mechanism, defect densi-
ties, assessed by PL analysis, rather than hole mobilities, primarily 
controlled photocurrent generation, for both laser processing 
conditions (Figure 15 G and H).  

Defect formation in TiO2 upon laser irradiation by ns-355-nm 
pulses was different from our ZnO results, presumably because of 
the TiO2 nanoparticle size of ca. 25 – 50 nm, which allowed the UV 
light to completely penetrate the TiO2: increasing energy doses of 
ns-355-nm pulses primarily induced near-surface shallow traps 
(ST#2) at the expense of bulk self-trapped excitons (STE) in neat 
TiO2. In line with our arguments above, we explain the observed 
decrease of PEC performance as a loss of photogenerated holes at 
surface ST#2 defects, compounded by rutilization. The presence of 
AuNPs during laser treatment markedly quenched PL from shallow 
traps but did not modify the defects themselves; photocurrents 
remained low (Figure 15 E and G). 

With ps-532-nm irradiation, PL intensities of bulk and surface 
defects in neat TiO2 as a function of applied energy dose first rose 
and then returned to initial values, as a result of defect healing at 
high laser energies (Figure 15 D and F). Photocurrent generation 
in sulfite-free electrolytes significantly increased first and then 
plateaued at 33.5 kJ g−1 (5 cycles). We note that we obtained lower 
ST#2 defect densities with ps-532-nm than with ns-355-nm irradia-
tion, in line with our observation of higher photocurrents in TiO2 
after exposure to green compared to UV laser light. Photocurrent 
generation in sulfite-containing electrolytes remained almost con-
stant, with a slight downward trend at energy doses above 23.1 kJ 
g−1 (3 cycles).  

Our TiO2–AuNP composites exhibited lowered photocurrents 
in most cases for all irradiation conditions; more gold had more 
effect. As in case of ZnO, ns-355-nm-irradiated TiO2–Au compo-
sites performed in electrolytes with sulfite (Figure 15 G) similarly 
well as neat TiO2, and photocurrents of TiO2–Au composites were 
only slightly lower than those of neat TiO2 in aqueous buffer with-
out sulfite (Figure 15 E). TiO2–AuNP composites that were irradi-
ated by ps-532-nm pulses exhibited low or rapidly decreasing PEC 
performance, more so with more gold, in electrolytes without or 
with sulfite, respectively. We found more bulk STE and surface 
ST#1 defect emission in TiO2–AuNP composites that were irradi-
ated by ps-532-nm pulses than those exposed to ns-355-nm light. 
As described above, presence of AuNPs strongly quenched PL, 
exciton formation, and in turn photocurrent generation by dipole 
damping.63 

Our results demonstrate that we were able to more than double 
photocurrent production of neat TiO2 nanoparticles by ps-532-nm 
laser processing. Detailed structural, bandgap, and defect type 
analyses allowed us to explain this photocurrent generation im-
provement by defect healing upon laser irradiation. We established 
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the mechanisms by which laser processing generated surface and 
bulk defects in ZnO and TiO2 photoanodes and shed light on the 
key role these defects play for PEC performance. 

 

Conclusions 
Laser processing of neat ZnO and TiO2 nanoparticles and ZnO 

or TiO2–AuNP composites by ns-355-nm or ps-532-nm pulses 
created surface and bulk defects in the nanomaterials that directly 
correlated with photocurrent production. We obtained more than 
two-fold enhanced PEC performance of TiO2 nanoparticles upon 
irradiation by ps-532-nm pulses. 

Laser irradiation and gold functionalization of ZnO and TiO2 
materials changed their absorption characteristics as a result of 
defect formation, not bandgap or crystal structure changes. Two-
dimensional photoluminescence data allowed us to differentiate 
and quantify surface and bulk defects. Depending on laser parame-
ters, we developed two defect formation mechanisms.  

Irradiation by ns-355-nm pulses induced high thermal loads in 
ZnO and TiO2 and generated mainly bulk defects due to isochoric 
melting, regardless of the absence or presence of AuNPs. In neat 
TiO2, we observed rutilization, which was accompanied by the 
formation of surface defects in addition to bulk defects. The pres-
ence of AuNPs during laser processing prevented this phase transi-
tion, consistent with a stronger metal–support interaction between 
AuNPs and anatase than rutile, in agreement with reported work.96 
The PEC performance of neat and AuNP-functionalized ZnO and 
TiO2 photoanodes decreased as a function of increasing ns-355-nm 
energy dose. Laser-generated bulk defects served as sites for detri-
mental carrier recombination in ZnO materials and photogenerat-
ed carriers were lost before they reached the photoanode–
electrolyte interface, as evidenced by similar photocurrents with 
and without hole acceptor in the electrolyte. PEC performance was 
low in ns-355-nm-irradiated TiO2 materials because of a combina-
tion of bulk and surface defects. 

Laser processing by ps-532-nm pulses led predominantly to the 
formation of surface defects. The ps-532-nm light had a photon 
energy below the bandgaps of all materials and was mainly ab-
sorbed by preexisting defects that gave rise to in-gap states. We did 
not observe significant defect density changes in neat ZnO. But in 
TiO2 we obtained first higher, then lower defect densities as a 
function of ps-532-nm energy dose. We explain this trend by for-
mation of new defects at preexisting sites, followed by diffusion of 
bulk defects to the surface and laser-induced reaction with sur-
rounding water that resulted in defect healing. We observed more 
than two-fold enhanced photocurrent generation upon this defect 
healing. We detected gold loss in ps-532-nm-irradiated ZnO and 
TiO2–AuNP composites, more so with higher AuNP loading and 
energy doses, attributable to AuNP detachment due to the high 
absorption cross section of AuNPs for green light. Laser processing 
of ZnO and TiO2–AuNP composites by ps-532-nm pulses led to 
increased surface defect densities, which we rationalized by AuNP-
mediated defect formation due to near-field enhancement effects. 
High surface defect densities correlated with low photocurrents. 

Overall, our data provide key insights about (1) the defect types 
and mechanisms that laser processing generated in ZnO and TiO2 
photoanodes, (2) the critically important yet often unacknowl-
edged role that defects play for PEC performance, and (3) how 
controlled laser-induced healing of defects may be useful in the 
design of optimized solar fuels materials.  

Materials and Methods 
Laser processing, preparation of gold nanoparticles and phy-

sisorption on TiO2 or ZnO nanoparticles was conducted at the 
University of Duisburg-Essen in the Faculty of Chemistry, Depart-
ment for Technical Chemistry I. PL and diffuse reflectance experi-
ments were carried out at the Center for Nanointegration Duis-
burg-Essen (University of Duisburg-Essen). Electrode preparation 
and photoelectrochemical measurements were performed at the 
Molecular Materials Research Center of the Beckman Institute at 
the California Institute of Technology. X-ray diffraction data were 
collected at the California Institute of Technology. All chemicals 
were used as received. Deionized water was obtained from MilliQ 
or Barnstead Diamond Nanopure systems and had a resistivity of 
≥16 MΩ cm. Data analysis, unless otherwise noted, and graphing 
were performed with Igor Pro 6.37 (WaveMetrics, Inc.), Matlab 
R2017b, or OriginPro 2015G. 

Laser irradiation of TiO2 and ZnO particles. We started with 
commercially available titanium dioxide (TiO2, P25 Aeroxide 
Evonik, ca. 25 – 50 nm spheres) or zinc oxide (ZnO, Sigma Aldrich, 
ca. 250 nm × 125 nm rods) powders; sizes were determined by 
electron microscopies (Figure S21). We processed 500 mg powder 
for each of the 70 samples (photos of dried laser-modified materials 
are shown in Figure 1). We laser-irradiated 500 mL of the aqueous 
particle dispersions (1 g L−1) in a homebuilt liquid-jet flow reactor 
(Figure S1), which is described in detail in refs. 10, 11, 27, 128, 129. 
For conditions of high thermal load and isochoric melting, we 
employed a diode-pumped solid-state laser system (AVIA, Coher-
ent Inc.) that operated at 85 kHz with 40 ns pulse length and emit-
ted 355-nm pulses at a power of 19.4 W (denoted as ns-355-nm 
laser). For conditions of low thermal load and surface modification, 
we used 532-nm 10-ps pulses provided by an Ekspla picosecond 
Nd:YAG laser (Atlantic series) that emitted 7.5 W at the second 
harmonic (denoted as ps-532-nm laser). A Coherent Field MaxII-
TOP power meter was used to measure average laser powers. 

We stored 500 mL of particle suspension for up to 5 days until all 
particles had precipitated by ambient gravity to obtain powders; 
400 mL of the clear supernatant was removed and the particles 
were re-dispersed by shaking, filled into 50 mL Falcon tubes, and 
centrifuged for 10 minutes at 4000 rpm in a Hettich Universal 32R 
centrifuge at 2701 RCF. The clear supernatant was decanted and 
the wet pellets were stored for 12 hours in an oven at 50 °C to 
gradually dry the laser-processed particles. We also determined the 
retrieval rate of the materials after this processing (Figure S22), as 
this rate is of interest from a materials processing point of view. 

Physisorption of gold nanoparticles on ZnO and TiO2 nano-
particles. We prepared ZnO or TiO2–AuNP composites by phy-
sisorption of nominally 1 or 3 wt% laser-generated gold nanoparti-
cles (wt% with respect to the mass of TiO2 or ZnO) on the metal 
oxides before laser irradiation by ns-355-nm or ps-532-nm laser 
pulses. We fabricated colloidal gold nanoparticles by laser ablation 
of a gold target (Allgemeine 99.5% purity) immersed in 100 mL 
water, using the fundamental wavelength of an Nd:YAG picose-
cond laser (Ekspla, Atlantic Series, 10 ps, 100 kHz, 13.5 W). The 
gold colloids were produced by batch-wise ablation for 1 h in 100 
mL, resulting in ca. 0.5 g L−1 gold. We added 25.0 or 8.3 g L−1 TiO2 
or 25.0 or 8.3 g L−1 ZnO to 500 mL of the gold colloid to obtain 
nominal gold mass loadings of nominally ca. 1 or 3 wt%, respective-
ly. 
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Electron microscopy imaging. Scanning electron microscopy 
(SEM) images were collected with a FEI Quanta 400 instrument. 
We immobilized ZnO powder on a carbon adhesive pad mounted 
on a SEM sample holder. For transmission electron microscopy 
(TEM) imaging of P25 TiO2 nanoparticles, we placed a droplet of a 
sonicated TiO2 dispersion (0.1 g/L) on a carbon coated copper 
grid and let it dry in ambient conditions. We collected TEM images 
using a Philips EM400 instrument with an acceleration voltage of 
120 kV. 

Optical bandgaps. We determined optical bandgaps from dif-
fuse powder reflection data, which we acquired using a Varian Cary 
spectrometer, equipped with a Spectralon reference (PTFE). We 
used the Kubelka-Munk formula to calculate absorptions. The 
bandgaps were determined by extrapolation of the absorption 
regime with linear increase. We took measurements in triplicates to 
obtain standard deviations for all un-irradiated and ns-355-nm-
irradiated ZnO and TiO2 nanoparticles. 

X-ray diffraction (XRD) data. We used a Bruker D2 PHASER 
diffractometer with Cu Kα radiation (1.5418 Å; tube power 30 kV, 
10 mA) to obtain XRD patterns. The instrument was equipped 
with 0.1° divergence, 2.5° Soller, and 0.6 mm detector slits. Addi-
tionally, a 3-mm secondary anti-scatter screen and a Lynxeye detec-
tor were applied. We used a resolution of 0.02° in 2θ and a counting 
time of 1 s per step, resulting in a data acquisition time of 54 min 
per sample. We mounted ~20 mg of each sample with Vaseline (X-
Alliance GmbH) on a zero-diffraction silicon plate (MTI Corpora-
tion). Background subtraction, and XRD pattern matching was 
carried out using the Bruker DIFFRAC.SUITE software coupled to 
the International Centre for Diffraction Data powder diffraction 
file database (ICDD, PDF-2 Release 2012).  

Photoluminescence (PL) data.  We recorded PL spectra using 
a HORIBA Fluorolog 3 spectrometer equipped with a solid sample 
holder. The sample was placed in the focus of the collimated excita-
tion light, titled at a 30° angle. According to the specification by 
HORIBA, a minimal amount of scattered light will reach the detec-
tor at this angle, which we verified experimentally. We covered the 
sample holder by alumina foil to prevent PL signals from the sam-
ple-holder coating that had been detected in preliminary tests. 
Before measurements, each sample was ground by a pestle in a 
mortar to homogenize the dried powders. About 20 mg of the 
ground powder was poured onto the sample holder, evenly dis-
persed and covered by a quartz lid, to form a uniform powder layer 
of about 1 mm thickness. After each measurement, the lid was 
extensively cleaned to avoid PL signals stemming from dust or 
residual fibers from cleaning cloths. We note that the cleaning 
process is of utmost importance, especially with materials like TiO2 
that have only weak PL. We used the spectral ranges and settings 
given in Table 4.  

The ZnO PL signal was very distinct and broad, therefore we re-
duced the excitation bandpass, and thus increased accuracy and 
simultaneously limited the count rate (to about 105 counts per 
second) to prevent detector saturation. In case of TiO2, we ob-
tained only weak PL, therefore we used a larger bandpass to in-
crease the count rate at the detector (to about 103 – 104). The 
integration time was set to 0.05 or 0.01 s for ZnO or TiO2, respec-
tively, in accordance with values recommended by the spectrome-
ter manufacturer. In all TiO2 spectra, an extra signal was visible in 
addition to the weak TiO2 photoluminescence. We used non-
luminescent silver powder (1 µm) as a control to identify the 
source of this unexpected peak and found it was a biasing signal 

caused by internal scattering of excitation light. The contribution of 
this scattering signal was reproducible and constant for all meas-
urements; as a result, it did not affect relative changes in PL signals.  
Table 4: Parameters for photoluminescence experiments.  

Parameter ZnO TiO2 

Excitation range (nm) 290 – 390 300 – 400 

Excitation increment (nm) 2 2 

Excitation Bandpass (nm) 2 5 

Emission range (nm) 350 – 700 350 – 600 

Emission increment (nm) 1 1 

Emission Bandpass (nm) 2 2 

 
We recorded emission spectra as a function of excitation wave-

length and baseline-corrected them. We determined the contribu-
tions of different defect centers (bulk or surface) to the overall 
spectrum by peak deconvolution, assuming Gaussian peak shapes. 
More details regarding analysis and deconvolution procedures are 
described in the SI.  

Photoanode preparation. All photoelectrodes were prepared 
following a protocol established by Sinclair et al.127 Briefly, 2 mm 
thick FTO-coated glass slices were cut into 0.9 cm × 2.4 cm pieces, 
treated for 10 min each in an ultra-sonication bath first in water, 
then in a 1:1 mixture of methanol and acetone (both EMD, HPLC 
grade). The bare FTO-glass pieces were dried in ambient air, brief-
ly dipped in concentrated hydrochloric acid (Macron), and rinsed 
with copious amounts of water. After these cleaning steps, each 
FTO-glass piece was fitted with a circular working electrode area of 
0.159 cm² and a contact for the wire lead by masking two FTO 
areas with 4.5-mm diameter disks and coating all remaining bare 
FTO with a black high-temperature spray paint (McMaster-Carr). 
A silver-coated copper wire was attached with silver paint (SPI, 
high purity) to the bare FTO at one short edge of the FTO-glass 
piece, and a glass tube surrounding the wire lead was glued to the 
FTO glass with a two-component epoxy resin (Loctite Hysol 
9460). Overall, we fabricated more than 356 electrodes for our 
photoelectrochemical studies (Figure S23). 

Each bare FTO working electrode area was coated with aqueous 
particle dispersions of the materials shown in Figure 1. We estab-
lished that 20 µL of the aqueous dispersion covered our circular 
FTO area best. The 20 µL droplets of aqueous particle dispersions 
that contained 134 µg ZnO or 12.9 µg TiO2, were dried for 5 min 
under an infrared heat lamp, followed by adding 5 µL of Nafion® 
solution (Sigma-Aldrich, 5 wt % Nafion® 117 solution in a mixture 
of lower aliphatic alcohols and water, diluted with water to obtain 
an active material to Nafion® mass ratio of 40/1), which was dried 
for 10 min under the heat lamp. We used a 1/1 mixture of as is and 
Na-exchanged Nafion® solution that we prepared according to ref. 
130, to prevent ZnO and TiO2 corrosion by acidic un-exchanged 
Nafion®. 

Photoelectrochemical performance data. Linear sweep volt-
ammograms were measured in a standard one-compartment three-
electrode cell fitted with a flat quartz window for illumination. The 
electrolytes were 0.1 M aqueous pH 7.0 sodium phosphate buffer 
or 0.1 M aqueous pH 7.0 sodium phosphate buffer with 0.5 M 
Na2SO3 as sacrificial hole acceptor. Phosphate buffer was prepared 
by dissolving 12 g of NaH2PO4 in 900 mL water and titrated with 
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HCl and NaOH until pH 7.0 (measured with a SympHony SB70P 
pH meter and a Thermo Scientific electrode model Orion 
9102BNWP) was reached and then filled with water to 1 L. The 
counter electrode was nickel gauze (Alfa), and the reference elec-
trode was a calibrated 3 M NaCl Ag/AgCl electrode (BASi). Cur-
rents were acquired with a Gamry 600 potentiostat at room tem-
perature and in ambient air (scan rate 10 mV s−1). Linear sweep 
voltammograms were obtained with rapid stirring of the liquid, to 
minimize mass transport effects and remove nucleated bubbles 
from the electrode surface; the data were not corrected for any 
uncompensated resistance losses.  

We used an Oriel Instruments model 66902 halogen light source 
with an ozone-free bulb with an AM1.5G filter between the lamp 
and the photoelectrochemical cell to supply simulated sunlight. 
The light source was placed at a distance from the electrode surface 
such that an incident photon flux equivalent to 1 Sun illumination 
was achieved; the illumination intensity at the sample plane was 
measured to be 100 mW cm–2 by a calibrated Si photodiode 
(Thorlabs). Photocurrent values were averaged using three elec-
trodes per sample, in electrolytes without or with sulfite, respective-
ly; the given error bars are standard deviations. We obtained good 
reproducibility between electrodes. We acquired photoelectro-
chemical data without and with front-side illumination; photocur-
rents are the difference between light and dark currents.  
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