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Abstract

Cu- or Ni-decorated semiconductors represent a potential low-cost alternative to noble metal-
modified photocatalysts. Even more effective are bimetallic NiCu nanoparticles, which can
provide a remarkable photocatalytic H» evolution enhancement compared to single element
Cu- or Ni-systems. A main question of such alloyed co-catalysts is their activity with respect
to alteration of their elemental composition and oxidation state over reaction time. Ex-situ
characterization techniques provide controversial interpretations of the co-catalytic role of the
individual elements. Hypotheses such as the in-situ reduction of “native” Ni or Cu species
during photocatalysis, the oxidation of metallic Cu or Ni into oxides or hydroxides, or the
formation of p-n junctions or core/shell structures, have been proposed. Herein we present an
operando X-ray absorption spectroscopy study of a NiCu-TiO2 system under UV light
illumination in ethanol-water solutions, i.e. under photocatalytic H> evolution conditions. The
experimental approach and cell design allow for monitoring in real time chemical changes
that take place in the co-catalyst under intermittent illumination, i.e. under light on-off cycles.
We show that while Ni and Cu are partially oxidized in the as-formed NiCu co-catalyst (air
formed surface oxides or hydroxides), and undergo partial dissolution in the liquid phase
under dark conditions, such Ni and Cu oxidized and dissolved species are reduced/re-
deposited as bimetallic NiCu phase at the TiO2 surface under illumination. The dissolution/re-
deposition mechanism is triggered by TiO2 conduction band electrons. We not only prove a
UV light induced healing of the NiCu co-catalyst, but also unambiguously demonstrate that
the species responsible for the strongly enhanced photocatalytic Hx evolution of NiCu

nanoparticles are the metallic states of Ni and Cu.
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Introduction

The photocatalytic production of H, from water/organic mixtures is envisaged as a most
promising way to generate clean energy vectors for the future.® With the pioneering work of
Fujishima and Honda,? titanium dioxide (TiO2) has become a most widely investigated
semiconductor for photocatalytic and photo-electrochemical applications.®>~> However, from a
Kinetic point of view, pristine TiO2 shows performance limitations ascribed to trapping and
recombination of charge carriers, these causing inefficient transfer of CB electrons to suitable
precursors to react to H,.°

Particularly effective for improving the performance of a photocatalyst are localized
Schottky junctions, which can be formed by depositing noble metal nanoparticles (e.g. Pt, Pd
or Au NPs) on the TiO surface.”2® Noble metal NPs are highly active co-catalysts for
hydrogen evolution due to their ability to act as an electron sink and transfer mediator and,
particularly in the case of Pt, to provide catalytic sites for recombination of hydrogen
atoms.®° Their high-cost and low-abundance, however, question their use and have triggered
research efforts towards the identification of alternative earth-abundant co-catalysts.'**2 The
latter can enable promising activity enhancement effects particularly when used in the form of
bimetallic NPs,11:13-16

In this context, we have recently reported! on an efficient noble metal-free photocatalyst
for H2 evolution based on bimetallic NiCu NPs formed by solid-state dewetting'"*® on TiO2
nanotube (NT) arrays. Such NiCu-TiOz systems can not only exhibit a significantly higher
activity compared to monometallic counterparts (Ni-TiO2 and Cu-TiO2) but, even more
importantly, also display a photocatalytic performance approaching the values reported for Pt-

TiO2 benchmarks. !t



The poor chemical inertness of metal co-catalysts such as Ni or Cu is perceived however as
a main shortcoming. Cu or Ni co-catalysts may in fact undergo substantial chemical changes
not only under ambient conditions but also during the photocatalysis. Previous work on Cu'®-
26 and Ni?"-3* co-catalysts for photocatalysis shows that these metals undergo changes in their
oxidation states, crystallinity, as well as particle shape and size during photocatalytic
reactions. Some studies suggest the formation of Cu metal from “native” Cu oxidized species
via TiO2 photo-generated CB electrons.?®24% For example, Polliotto et al.® propose that
Cu,0 NPs are reduced to metallic Cu under illumination, and Hejazi et al.?? observed for Cu-
doped TiO2 nanotubes the formation of metallic Cu decorations via dissolution of Cu?* from
the TiO; structure. Other reports such as that of Jung et al.?® show that when starting from a
CuO co-catalyst (Cu(ll)), a reduction process that forms Cu20 (Cu(l)) occurs. Differently, the
oxidation of Cu® to Cu?* along with the formation of core-shell NPs (metallic core and
oxidized Cu?" shell) was observed during gas phase photocatalytic Hz evolution.®
Furthermore, Irie et al. (and Dozzi and coworkers in follow up works) proposed that since the
redox potential of the Cu?*/Cu* couple or the CB minima of crystalline CuO are less negative
than the CB energy of TiO2, Cu?* species on the TiO2 surface may capture TiO2 CB electrons
causing a consequent one-electron reduction of oxidized copper species (Cu?* to Cu")
meanwhile enhancing the charge carrier separation efficiency.*¢*" This effect was reported to
enable visible light activation, as electrons in the VB of TiO; are directly transferred to the
discrete energy levels of grafted Cu?* species.

Controversial mechanisms are reported also for Ni. Some reports suggest that “native” Ni
oxide or hydroxide are reduced by photo-generated CB electrons to metallic Ni.2’~?° For this,
dissolution of oxidized Ni species precedes Ni ion reduction and photo-deposition.®! This, in

general, takes places if holes in the illuminated semiconductor are rapidly consumed by a hole



scavenger (organics e.g. methanol, ethanol etc.) and Ni decorations can trap TiO> CB
electrons and maintain a metallic state, or undergo reduction to a metallic phase if Ni oxidized
species are initially present. In this scenario, the resulting metal NPs act as co-catalyst for the
hydrogen evolution reaction (HER). However, an absence of chemical changes for Ni NPs,*
or oxidation or disproportionation reactions forming both Ni and NiOy sites*® or Ni/NiOx
core-shell NPs®® were also proposed. Such NiOx compounds or Ni/NiOx core-shell
nanostructures are reported to form in the case of overall water splitting photocatalysts
investigated in pure water. In the absence of a “fast” sacrificial agent, photo-generated holes
can oxidize Ni metal decorations at the semiconductor surface forming (“conditioning”™) in-
situ a NiOx co-catalyst for water oxidation to O2 (oxygen evolution reaction, OER).

Besides the nature of the metal co-catalyst (noble vs. non noble) and the reaction
conditions (presence of a hole scavenger), the discrepancy between such interpretations may
originate from the fact that most studies were based on indirect observations from ex-situ
techniques, i.e. the characterization of Cu and Ni co-catalysts was performed before and/or
after photocatalysis, while chemical changes taking place during photocatalysis could not be
observed in real time or were not detected at all.

Herein, we explore the chemical state of Cu and Ni in a NiCu-TiO photocatalyst by a
combination of ex-situ techniques (before and after photocatalysis) and operando X-ray
absorption spectroscopy (XAS). We adopted a spectroscopic cell that allows for XAS
measurements in fluorescence mode, under UV light illumination of the photocatalyst in
water-ethanol solutions, hence allowing us to monitor the Ni and Cu chemical state in real
time under photocatalytic H> evolution conditions. This experimental design provides solid
evidence that the co-catalyst responsible for Hz evolution is a NiCu phase, where Ni and Cu

exist in their reduced metallic state.



Experimental section

Fabrication of TiO2 nanotube arrays

Ti foils (Advent Research Materials, 0.125 mm thickness, 99.6+% purity) were degreased
by sonication for 15 minutes in acetone, ethanol, and deionized water and then they were
dried in a N2 stream. The degreased Ti foils were anodized in a 3M HF/0-H3PO4 (Sigma-
Aldrich) electrolyte at 100°C to fabricate highly ordered TiO> nanotube arrays. A two-
electrode configuration was used for the anodic growth: the Ti foil (25 mm x 15 mm) and a Pt
sheet were the working and counter electrode, respectively. The anodization experiments were
performed by applying a constant voltage of 15 V (for 2 h) using a DC power supply (VLP
2403 Voltcraft). After anodization, the TiO2 nanotube arrays supported by Ti metal substrates

were rinsed with ethanol, soaked in ethanol overnight and then dried in a N2 stream.

Metal film sputter-coating and solid-state dewetting

A plasma-sputtering machine (EM SCD 500, Leica) was used to sputter-coat Cu and Ni
thin metal films on the TiO2 nanotube arrays. A 99.90% pure Cu target (Baltic Praeparation
e.K.)) and a 99.98% pure Ni target (Hauner Metallische Werkstoffe) were used for the
sputtering process. The applied sputtering current was 16 mA for both metals and the pressure
of the sputtering chamber was set at 102 mbar of Ar. The amount of sputtered material was
in-situ determined by an automated quartz crystal monitor built in the sputtering machine; the
amount of deposited metal is expressed as nominal thickness of the metal film in nanometers.
After sputtering, the samples were annealed at 450°C (1 h) in Ar (Ar flux = 10 L h}) to

induce both dewetting of the metal films (and Ni-Cu intermixing) and crystallization of TiOx.



Ex-situ characterization of the photocatalysts

A field-emission scanning electron microscope (FE-SEM, Hitachi S4800) and a
transmission electron microscope (TITAN 60-300, FEI, USA) were used to characterize the
morphology (by SEM and HAADF-TEM) and chemical composition (by EDS-TEM) of the
samples. X-ray diffraction (XRD) with an X'pert Philips MPD (equipped with a Panalytical
X’celerator detector) was employed to examine the crystallographic properties of the
materials. The chemical composition of the samples, particularly of the co-catalyst NPs, was
analyzed by X-ray photoelectron spectroscopy (XPS, PHI 5600, US) and peak positions were
calibrated with respect to the C1s peak at 284.8 eV. The deconvolution of the XPS peaks was
performed by using Origin 2016 software (OriginLab®, Northampton, USA) and the fitting of

the signals was done by adopting symmetric Voigt profiles.

Photocatalytic measurements

Photocatalytic measurements for H> generation were carried out by irradiating the TiO»-
based photocatalysts in a 20 vol% ethanol-water solution in a quartz tube sealed with a gas-
tight cap. As light sources we used a LED UV light (Opsytec, A = 365 nm, beam size = 0.785
cm?, power of 100 mW cm?).

We used ethanol as a sacrificial electron donor (or hole scavenger). Due to the lower
oxidation potential of ethanol compared to water, ethanol can efficiently capture TiO2> VB
holes. This leads to ethanol oxidation (finally to CO.) and, most importantly, limits the
recombination of electron/hole pairs in TiO2, increasing the lifetime of CB electrons and thus
the overall hydrogen evolution reaction (HER) rate. The oxidation of ethanol is comparably

fast and takes place likely via direct VB holes at the free TiO; surface.



The ethanol-water solution (kept under static conditions during the runs) and the cell head-
space (volume = 3.5 mL) were purged with Ar gas for 30 min dark conditions prior to
photocatalysis. The experiments lasted in average 4 hours. Ar-purging (in the dark) is needed
to remove O from the liquid phase and from the head space. O, if present, undergoes
reduction to Oz radicals mediated by TiO2 CB electrons, hence limiting the Hz evolution
efficiency. In the present study, the photocatalysts were investigated by in-situ XAS
experiments (outlined below) not only during photocatalysis, but also under dark conditions.
In our view, there is somehow a lack of in-situ studies for photocatalytic systems although it
is essential to understand the physicochemical state and morphological features of the co-
catalyst before, during and after operation. That is, a better understanding of transient changes
ongoing under intermittent illumination can pave the way for a more rational photocatalyst
design. Perspective wise, photocatalytic systems are in fact required to operate under solar
light and thus under intermittent irradiation. A photocatalyst that shows poor stability and
degrade in the dark without healing under illumination is obviously not a promising material
for real photocatalytic applications.

The amount of produced H. (accumulated in the head space of the tube during irradiation)
was measured by a gas chromatograph (GCMSQO2010SE, Shimadzu) equipped with a
thermal conductivity detector and a Restek micropacked Shin Carbon ST column (2 m x 0.53
mm). GC measurements were carried out at a temperature of the oven of 45°C (isothermal
conditions), with the temperature of the injector set at 280°C and that of the TCD fixed at

260°C. The flow rate of the carrier gas (Ar) was 14.3 mL min™.



Operando synchrotron experiments and spectroscopic cell design

The operando XAS experiments were carried out at DESY — Petra Ill, P65, Hamburg,
Germany. For these experiments we designed a liquid-phase cell as shown in Figure S1. The
cell has a Mylar window to grant transparency for both X-rays and UV light, thus allowing X-
rays collection under UV light illumination of the photocatalyst. The photocatalyst was
immersed in a 20 vol% ethanol-water solution. The solution was purged with nitrogen gas
(saturated with ethanol-water vapors) prior and during the entire investigation time. We used
for illumination the same UV LED light source as in the photocatalytic experiments. We used
a Passivated Implanted Planar Silicon (PIPS) detector that allowed for collecting a full XAS
spectrum in ca. 15-20 min (depending on the energy range) and thus to perform time-resolved
experiments, since the timescale of the phenomena we detected (shifts in Cu and Ni chemical
state) happened to be in the order of e.g. some to a few tens of minutes. This specific cell
design allows to work with a minimized thickness of the solution film in front of the sample,
this to cope with the penetration depth of X-rays at the target edges (ca. 1 mm) and hence to
enable an adequate amount of photons to reach the detector.

The X-ray absorption near edge structure (XANES) spectra shown in Figures 3 and 4 were
obtained by subtracting the pre-edge background. The spectra were then fitted with a straight
line and without any further manipulation. The quantification of the relative amount of Cu
and Ni in the different oxidation states was obtained by fitting the normalized XANES spectra
(absorption equals the unit at 500 eV after the edge, where the EXAFS oscillations are not
visible anymore). The fitting was carried out by using proper linear combinations of
normalized spectra measured for the reference compounds (Cu, Cu20, CuO, Ni, NiO). NiO,

CuO and Cu20 phases detected by XANES should be considered as indicative of the presence
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of Ni(Il), Cu(ll) and Cu(l). Information such as the oxide vs. hydroxide surface composition

of the co-catalyst NPs are complemented by XPS data.

Results and discussion

In the present work anodic TiO, NT arrays®#383° with a short aspect ratio were employed
as a photocatalytic platform due to their morphological features, i.e. their high level of self-
ordering and defined periodicity that make them a suitable substrate for templated
dewetting.184041

NiCu bilayers with a nominal total thickness of 10 nm were deposited by Ar-plasma
sputtering onto the TiO> NT substrates. Ni was sputtered directly on TiO2 and Cu was
deposited afterwards over the Ni film. Then, a thermal treatment was carried out to induce
solid-state dewetting of the metal bilayer in an inert atmosphere.*?*> Upon annealing in Ar,
Ni and Cu atoms inter-diffuse forming NiCu bimetallic NPs at the semiconductor surface. The
NP composition was controlled by adjusting the initial thickness of the Ni and Cu films.1%18
As a reference, 10 nm thick Ni or Cu films were also sputter-dewetted yielding pure Ni or Cu
NP decorations.

SEM images that illustrate the formation of Cu and Ni dewetted particles are shown in
Figure la-e. Samples are named according to the co-catalyst composition: “xNiyCu-TiO”,
where “x” and “y” are the nominal thicknesses of the sputtered metal films expressed in nm.

We examined the particle size distribution for samples 10Ni, 5Ni5Cu and 10Cu in our
previous work — see ref.!! (Figure S3a-c therein). The average size of the dewetted metal NPs
appears independent of the initial metal film composition. Ni (10 nm) and Cu (10 nm) films,
as well as NiCu bilayers (5+5 nm), dewet into ~ 30-40 nm sized NPs. Compared to dewetted

Ni NPs that grow relatively close to each other, dewetted Cu NPs show a slightly lower
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distribution density at the TiO2 NT surface. This may suggest that Ni and Cu exhibit different
dewetting modes, due e.g. to their different melting point, surface diffusion or substrate
wettability, and the dewetting behavior of NiCu bilayers may hence depend on the initial
composition of the bilayer.

In line with previous work,13162 the photocatalytic activity of TiO, decorated with
bimetallic NiCu NPs is substantially higher than that of monometallic counterparts (i.e. Ni-
TiO2 or Cu-TiOz) due to the synergistic interaction between Cu and Ni (see the photocatalytic
hydrogen evolution rates reported in Figure 1f). Cadenhead et al.*® proposed that the
enhanced activity of NiCu NPs is due to their bifunctional surface: the fast
adsorption/recombination of H atoms at Ni centers synergizes with favorable H> gas
desorption at adjacent Cu sites. Other authors concluded that the crucial factor is the higher
work function of NiCu NPs with respect to that of Cu (4.65 eV for Cu and 5.15 eV for Ni),
which can enable a more efficient electron-hole separation.*”*° Nonetheless, these
interpretations are valid only if Cu and Ni exist in the co-catalyst NPs in their metallic state.

However, as reported in the literature,’®2027-3035 Nj and Cu NPs undergo significant
chemical transformations not only under ambient conditions (they are susceptible to oxidation
by oxygen in the environment>*°!) but also when exposed to a reaction phase, in the dark or
under illumination (e.g. during photocatalysis). As a preliminary indication of such
phenomena, one can notice that, when comparing the as-prepared photocatalyst (Figure 1c-€)
with a sample after 4 hours of photocatalytic activity (Figure 1g-i, samples labelled xNiyCu-
P), some clear morphological changes for the Ni and NiCu NPs have occurred. Figure S2
shows a direct comparison of high-magnification SEM images for sample 5Ni5Cu before and

after photocatalysis. The pure Cu NPs, on the contrary, appear almost unchanged.
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Ex-situ XPS and XRD measurements performed prior and after photocatalytic
experiments, and ex-situ as well as in-situ XAS measurements were adopted to gain relevant
information on co-catalyst transformations occurring during photocatalysis — see supporting
information (page S2 and S3) for further discussion.

The XRD patterns (shown in Figure 2a-b) prove that as-prepared 10Cu-TiO2, 10Ni-TiO2
and 5Ni5Cu-TiO2 are decorated with dewetted pure Cu, pure Ni and alloyed NiCu NPs,
respectively. The peaks observed in the pattern of sample 10Cu-TiO- at 43.3° and 50.4° can
be indexed to the Cu 111 and Cu 200 reflections,® whereas the presence of Ni in sample
10Ni-TiO2 is confirmed by the presence of the peak at 44.4° that can be assigned to the Ni
111 reflection.® Dewetted-alloyed NiCu NPs can be identified in sample 5Ni5Cu-TiO; by the
presence of the peak at 43.9°, i.e. NiCu 111 reflection, which falls between the pure Cu and
pure Ni 111 reflections, hence fitting well to Vegard's law.'*>* A comparison of XRD
patterns (Figure 2a-b) recorded for fresh (continuous lines) and tested materials (dotted lines)
reveals that the crystallographic features of Ni, Cu and NiCu NPs are not significantly
influenced by the photocatalytic process, i.e. the corresponding diffractograms are virtually
identical and no crystalline Ni or Cu oxide phase could be detected. Moreover, for NiCu NPs
no peaks of pure Ni or Cu metal phase can be seen after photocatalysis.

The peaks at 25.3° and 27.4° confirm, for samples 10Ni-TiO2 and 5Ni5Cu-TiOg, that the
NTs are composed of anatase TiO., with minor contents of rutile phase. Such peaks can be
attributed to the 101 and 110 reflections of anatase and rutile TiO, phases, respectively.
Differently, the XRD pattern of sample 10Cu-TiO2 shows rutile TiO; to be the dominant
phase. This is in line with what observed in previous work!! and may suggest that, during

thermal dewetting, pure Cu films better stabilize the TiO- rutile phase with respect to the
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anatase phase.>>*® Besides, the peaks at 38.5° and 40.2° present for every sample can be
assigned to the Ti metal substrate.

The Ni2p and Cu2p XPS spectra (reported in Figure 2c-f and Figure S3) reveal the
presence of large amounts of surface oxides/hydroxide species in all as-prepared
photocatalysts (relative Ni and Cu compositions with a speciation that is summarized in
Figure 2g and Table S1). By fitting the XPS signals of sample 5Ni5Cu-TiO> (Figure 2c,d) it is
possible to identify the bands at 851.9 and 932.4 eV that can be attributed to Ni and Cu
metals, respectively. The peaks at higher binding energies are ascribed to the presence of Ni
and Cu oxides/hydroxides.>’~®° The high degree of surface oxidation is likely due to sample
storage under atmospheric conditions (air formed oxidized metal species).

Interestingly, the comparison of Cu and Ni speciation before and after photocatalysis (see
Figure 2g) shows that the relative amount of metal significantly increases after photocatalytic
H. evolution, at the expense of the content of oxide/hydroxide species. This trend may
suggest, for all the samples (10Ni- 10Cu- and 5Ni5Cu-TiO.), the occurrence of a partial
reduction of Ni and Cu NPs under photocatalytic conditions. Nonetheless, the content of Ni
and Cu oxides/hydroxides after photocatalysis is still significant.

To evaluate if the relatively high content of oxygen in the photocatalyst may originate from
adsorbed oxidized species formed by ethanol oxidation during photocatalysis, we measured,
for the different photocatalysts, XPS spectra in the C 1s region before (as-formed samples)
and after photocatalysis. The spectra are shown in Figure S4, while quantitative data are
summarized in Table S2. We found no evident correlation between the carbon content results
and the amount of oxidized Ni and Cu compounds after photocatalysis. The C content is
always about 3 at% or lower, and appears to decrease or to remain unaffected after

photocatalysis. Hence, to account for the large content of Ni and Cu oxidized species
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observed by XPS for the samples after photocatalysis, we propose that even if at the end of
the photocatalytic experiments Ni and Cu are mainly present in their metallic state, as
determined by the operando XAS experiments detailed below, the co-catalyst NPs may
undergo partial oxidation when the samples are no longer illuminated and are transferred
under ambient conditions to the XPS chamber.

Energy dispersive spectroscopy-transmission electron microscopy (EDS-TEM) data
(Figure 2h-j) show that NPs dewetted at the TiO> NT surface from NiCu bilayers feature a
partially mixed Ni-Cu composition (Figure 2i).114661 Apparently, Cu is mostly exposed to the
environment while Ni seats in direct contact with the TiO2 phase, i.e. mirroring the sputtering
sequence. Additionally, oxygen is distributed over the entire NP surface (Figure 2j), but its
concentration seems to be higher in the outermost ~ 5 nm of the NP and at the Ni-rich zones.
The presence of the outer thin oxide layer “wrapping” the Cu-rich zone, as mentioned above,
may be explained by sample exposure to ambient conditions,®®>! whereas the oxygen
distribution over the Ni-rich region can be ascribed to a strong interaction between Ni and
TiO2 during dewetting.5?

Summing up, ex-situ XRD, XPS and EDS-TEM analysis evidence for the co-catalyst NPs
the presence of oxidized surface Cu and Ni species with a metallic NP core. Moreover, the
data apparently suggest that the content of metallic Cu and Ni relative to that of their oxides is
higher after photocatalysis than in the as-formed samples.

For these reasons, we used a spectroscopic cell (Figure S1) for operando XAS
measurements to monitor in real time the co-catalyst evolution during photocatalysis. The cell
allows to work with a thin liquid solution film (< 1 mm-thick) in front of the sample. The cell
design and experimental conditions reproduce as accurately as possible the working

conditions adopted for the photocatalytic H. evolution experiments.
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Prior to the operando measurements, the composition of the as-prepared photocatalysts was
assessed in order to obtain a reference of the starting Ni and Cu speciation for all the samples.
The samples were measured in air and in the dark. Figures 3a,b show the Cu and Ni K-edge
spectra of as-prepared 10Cu, 10Ni and 5Ni5Cu samples (the spectra of standards for the
different oxidation states are also shown for comparison). All the spectra of the standards
show the expected chemical shift, i.e. the X-ray absorption edge is shifted to higher energy for
higher oxidation states of the photo-absorber. In addition, the spectra of metallic Cu and Ni
display a characteristic peak of the absorption coefficient at low energy (~ 8983 and ~ 8333
eV, respectively) due to transitions from the 1s core level to bound empty levels in the
conduction band of the metals. At both the Cu and Ni K-edges, the spectra of the 5Ni5Cu
sample show remarkable differences if compared to those of 10Cu and 10Ni. In particular, for
5Ni5Cu, the peak at lower energy displays a lower intensity at the Ni K-edge and a larger
intensity at the Cu K-edge, demonstrating that 5Ni5Cu contains a larger fraction of metallic
Cu and a lower fraction of metallic Ni if compared to the 10Ni and 10Cu parent materials. For
a more precise quantitative assessment of the phase composition, linear combination fittings
by using the standard spectra were performed at both edges for all the samples. An example
showing the fit quality is shown in the Supplementary Information (Figure S5). The resulting
compositions are compiled in Figure 3a,b and in Table S3.

Afterwards, we carried out a series of operando XAS experiments for the most active
photocatalyst, i.e. SNi5Cu-TiOz. As a first experiment, the fresh photocatalyst was immersed
in a degassed water-ethanol solution in the cell. The spectra at both Ni and Cu K-edges were
acquired at subsequent times under dark conditions (no UV light). The results are shown in

Figure 3c,d (see also normalized spectra in Figure S6).

16



At the Cu K-edge, the spectra show: i) a disappearance of the peak at 8983 eV, that
indicates a reduction of the fraction of Cu in the metallic state, ii) a progressive decrease of
the value of the absorption coefficient (edge jump), which is related to the amount of sample
in the X-ray beam, and iii) a slow shift of the absorption edge towards higher energy, that is
indicative of a slight increase in the oxidation state of Cu. Quantification of this last
phenomenon can be obtained by using the same linear combination fitting procedure as
described above. The results are summarized in Table S4. The progressive decrease of the
amount of sample in the X-ray beam (reduction of edge height) indicates dissolution of Cu
(species). The geometry of the operando cell used for these experiments is such that the
largest portion of the liquid phase is behind the sample in the back of the cell, i.e. upon
dissolution, the metal (Cu or Ni) ions reside behind the sample, thus outside the optical path
of the X-ray and cannot therefore contribute to the detected fluorescence signal. In other
words, with this configuration, the collected signal mainly originates from Cu and Ni species
close or at the TiO; surface.

The kinetics of the Cu dissolution process can be estimated by evaluating the difference of
the absorption coefficient (Ap) at 9020 eV measured for the sample in air (black curve in
Figure 3c) and for the same sample in solution in the dark at different exposure times. The
1-(Aw/p) values (which provide a straightforward indication of the Cu co-catalyst loss due to
dissolution) are plotted in Figure 3e as a function of time of exposure to the solution and
prove that Cu dissolution is a slow process that continuously proceeds over the entire
investigation time of 120 minutes.

For what concerns Ni, by following an approach similar to that used for Cu, a comparable
dissolution process can be measured, i.e. reduction of the absorption coefficient at 8370 eV.

The remarkable difference is that here the dissolution process stops after 20 minutes of

17



exposure to the solution as shown by the trend of 1—(Aw/p) values in Figure 3e (blue dots).
Moreover, it is noteworthy that the hump at 8333 eV is increasing in relative amplitude,
leading to the conclusion that the mean oxidation state of Ni is decreasing and that a
significant fraction of Ni is in the metallic state after exposure to the solution (see Table S4
for quantification).

The EDS-TEM image in Figure 2i may suggest that the morphology of the dewetted NiCu
NPs is such that the Cu-rich part “protects” most of the Ni-rich side, thus explaining the long-
lasting, progressive dissolution of Cu upon exposure to the liquid phase. In other words, based
on data in Figures 3c-e and Table S4, one can conclude that i) after synthesis, the NiCu NPs
undergo surface oxidation when air-exposed; ii) in ethanol-water, the dissolution of surface
Cu oxides exposes fresh Cu metal to further oxidation and consequent partial dissolution, iii)
the dissolution of Ni oxides occurs to a comparably small extent (likely because the exposed
Ni phase is less), and iv) the Ni phase left behind on the TiO2 NTs and protected by Cu is not
corroded.

In a following experiment, after sample exposure to the ethanol-water mixture under dark
conditions, the illumination was switched on (UV light, 365 nm) and spectra were recorded at
the Cu and Ni K-edges. The results are shown in Figure 4a,b (see also normalized spectra in
Figure S6).

At both edges, an increase of the absorption coefficient is detected after the first 20
minutes of illumination, and thereafter & remains constant. This leads to the conclusion that
during this period a photo-induced re-deposition of both Cu and Ni from the solution takes
place. In addition, the increase in amplitude of the peaks at 8983 and 8333 eV with increasing
time demonstrates that Cu and Ni are in the metallic state when re-depositing on the TiO2> NT

surface. Note that, as evident from Figure 4c,d and Table S5, already after 40 minutes under
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illumination, Cu is entirely metallic (100%) while Ni is almost all in the metallic state (85%).
This proves that metallic Cu and Ni are the species present under photocatalytic H> evolution
conditions, that is, a bimetallic NiCu phase (and not Ni or Cu oxides or hydroxides) is
responsible for the co-catalytic effect enabling H, evolution.?® This result, as discussed in the
introduction for Ni based co-catalysts, may also be caused by the presence of a hole scavenger
(ethanol) in the reaction phase — that is, Ni may undergo reduction to its metallic state when in
the presence of a hole scavenger (as in our experiments) and act therefore as a co-catalyst for
H2 evolution, while in pure water (no hole scavenger) it may undergo oxidation forming a
Ni/NiOy phase, operating hence in an oxidized state to promote the Oz evolution reaction,3%-32

Operando XAS results for reference Cu-TiO2 and Ni-TiOz structures are shown in Figure
S7, Table S6 and Table S7. The data for Cu-TiO> (Figure S7a, Table S6) and Ni-TiO>
structures (Figure S7b, Table S7) show a behavior analogous to that observed for NiCu-TiO:
the as-formed co-catalysts (Cu or Ni NPs) show a sizeable content of oxidizes species, likely
due to air formed oxides and hydroxides at the NP surface as shown by ex-situ XPS and XAS
data of the as-formed samples (Figure S3a,b and 3a,b, respectively). However, under
illumination, Ni and Cu oxidized species undergo reduction to Cu and Ni metallic states in
few tens of minutes (Tables S6 and S7). Hence, under UV light illumination and under
photocatalytic Ho evolution conditions, not only the bimetallic NiCu co-catalyst but also Ni
and Cu NPs on TiO; are active in their metallic state and can promote H, evolution via a
Schottky junction type mechanism (i.e. CB electron trapping and transfer to H* for H;
evolution).

In heterogeneous catalysis, operando XAS studies are commonly carried out, e.g. to
investigate catalysts (in the form of powder pellets or thin films) typically in gas phase

reaction spectroscopic cells.®>%35 The adoption of such experimental configuration was
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reported for example to study the oxidation state of Pt in Pt-TiO2 photocatalysts.®® More
relevant to our work is a recent report by Munoz-Batista and co-workers,® who used a
comparable approach to investigate in a gas phase cell a NiCu-TiO. photocatalyst powder for
H. evolution.® When the photocatalyst was exposed to methanol-water vapors, they observed
that Cu is under dark conditions in its metallic state, while oxidizes to Cu(ll) under
illumination. On the contrary, Ni was found to be in an oxidized Ni(ll) state, and negligible
changes of its oxidation state took place when switching from dark to light conditions. The
conclusions by Munoz-Batista et al. differ significantly from our findings but the reason is
simply that our experimental conditions, i.e. in ethanol-water solutions, allow for dissolution
and re-deposition while this of course is not possible in a vapor phase process.

The interpretation of our XAS results is also confirmed by an experiment carried out as
follows: a fresh 5Ni5Cu-TiO, sample was placed in the photocatalytic cell and the
composition of the cell head space was sampled and analysed by gas-chromatography to
determine the amount of evolved H> (i) after 2 hours during which the photocatalyst was kept
in the dark; (ii) after another 2 hours of illumination; and (iii) after a further illumination time
of 4 hours.

The Hz evolution results are compiled in Figure 4e. After 2 hours under dark conditions (i),
no significant amount of hydrogen could be detected. Based on XAS data, during this period
(i) Cu and Ni species are proved to partially dissolve.

Hydrogen evolution was clearly observed after 2 (ii) and 6 h (iii) of UV light illumination.
Nevertheless, the extrapolated H> evolution rates for these two illumination periods appear
substantially different, i.e. 4.9 pL h™ cm? in the first 2 hours and 7.4 pL h™* cm? in the
following 4 hours of illumination. The lower Hz evolution rate observed during period (ii) is

likely because TiO2 CB electrons are partially consumed to reduce (photo-deposit) Cu and Ni
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ions in the liquid phase. The suboptimum H2 evolution rate can also be ascribed to a non-

optimized co-catalyst composition.

It is important to point out that the H> evolution rate measured under illumination in the
last 4 hours is virtually identical to that measured when illuminating a fresh photocatalyst that
remained in the ethanol-water in the dark for only 30 minutes (for Ar purging and O> removal
— see Experimental). These results suggest that a short illumination time (tens of minutes of
illumination based on XAS data) allows the photocatalyst to recover its photo-activity due to
a light induced conditioning (“healing”) process where Cu and Ni ions in the ethanol-water
solution undergo photo-deposition at the catalyst surface. This conditioning effect is also
visible from the SEM images of the sample 5Ni5Cu-TiO; after photocatalysis (cf. Figures 1g
and 4f with 1c and see direct comparison in Figure S2): one can see the photo-induced Ni and
Cu re-deposition process forming small protrusions (a few nm sized, circled in purple in
Figure 4f) on the bimetallic NPs at the TiO, surface. The fact that these deposits are found
only at the surface of the dewetted NPs (and not directly on TiOz), suggests that during
illumination:

o First, oxides or hydroxides of Cu and Ni in the co-catalyst NPs on TiO; are converted to
their metallic state, leading to metallic NiCu NPs;

o The NiCu NPs act then as cathodic sites, i.e. electron trap sites, that lead to photo-
reduction of Ni and Cu ions present in the liquid phase due to dissolution in the
previous dark period; such Ni and Cu ions deposit in their metallic state on the
bimetallic NPs at the photocatalyst surface;

o Photocatalysis proceeds at highest rates when photo-deposition of Cu and Ni is
completed, and the H> evolution is enabled by NiCu NPs where Ni and Cu are in their

metallic state.
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The XRD data in Figure 2b suggest that such re-deposition does not alter the bimetallic
nature of the NiCu NPs, i.e. no evident formation of pure Ni or Cu phase seem to take place.

The data, overall, provide thus an in-situ evidence that the NiCu co-catalyst NPs (but also
monometallic Ni and Cu NPs) operate in a metallic state and promote H> evolution via a
Schottky junction type effect. For the highly active NiCu co-catalyst, which outperforms
single element Cu or Ni systems, a crucial factor is the higher work function of NiCu NPs
with respect to that of pure Cu (4.65 eV for Cu and 5.15 eV for Ni) as ascribed to the
incorporation of Ni to Cu. This can improve the electron-hole separation (due to a higher
Schottky barrier) and enable a more efficient electron transfer for H. evolution.*
Moreover, the enhanced activity of NiCu NPs can be also due to their bifunctional surface,
i.e. due to a fast H atom adsorption/recombination at surface Ni sites that synergizes with a
more favorable H, gas desorption at adjacent surface Cu sites.*® Note that these two
mechanisms can be proposed exclusively because we prove the metallic nature of the active

NiCu co-catalyst state.

Conclusions

We present an operando X-ray absorption spectroscopy study of a nanostructured NiCu-TiO-
photocatalyst. For this, we use a liquid-phase spectroscopic cell for XAS measurements in
fluorescence mode to monitor in real time the NiCu co-catalyst composition and oxidation
state during photocatalytic H> generation from ethanol-water mixtures. We demonstrate that
under illumination, oxidized Ni and Cu species (native oxides and hydroxides at the co-
catalyst surface) are reduced to a bimetallic NiCu phase via dissolution/re-deposition. We
observe light induced conditioning of the NiCu nanoparticles (“healing”) that causes an

increase of the H» evolution activity. The results clearly show that elements in the metallic
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state in the co-catalyst are responsible for the enhanced photocatalytic H> generation observed
for this catalyst.

Overall, our study demonstrates that, despite an apparent thermodynamic instability of non-
noble co-catalysts such as Ni, Cu and bimetallic NiCu NPs, healing effects under operation
conditions “repair” such instability.

Besides, the present work highlights the importance of in-situ techniques to investigate in
operando the photocatalyst chemical nature, its dynamics, and transient changes under
intermittent illumination. The results can be relevant not only for the mechanistic

understanding but also for future design of efficient earth abundant metal co-catalysts.
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Figure Captions

Figure 1

(@) SEM top-view and (b) cross-section images of 5Ni5Cu-TiO2 NTs. (c-e) Magnified
SEM top-view of as-prepared (c) 5Ni5Cu-, (d) 10Ni- and (e) 10Cu-TiO,. (f) Hz evolution
rates for 10Ni- (blue), 5Ni5Cu- (purple) and 10Cu-TiO2 NTs (red) measured during 4h-long
photocatalytic experiments. (g-i) Magnified SEM top-view of (g) 5Ni5Cu-, (h) 10Ni- and (i)
10Cu-TiO after a 4h-long photocatalytic experiment.

Figure 2

(@) XRD patterns of 10Cu- (red), 5Ni5Cu- (purple) and 10Ni-TiO2 (blue) acquired before
(solid lines) and after (dotted lines) a 4h-long photocatalytic experiment. (b) Detail of the
XRD patterns in the 42-46° 26 region. (c) Ni2p and (d) Cu2p XPS spectra for the as-prepared
5Ni5Cu-TiO: photocatalyst. (e) Ni2p and (f) Cu2p XPS spectra for 5Ni5Cu-TiO; after a 4h-
long photocatalytic experiment. (g) Relative surface composition and speciation of Ni and Cu
species for different samples before and after photocatalysis (determined from XPS data, for
10Ni and 10Cu see Figure S3). (h) HAADF-TEM image and (i, j) EDS-TEM maps showing
the (i) Cu, Ni, Ti and (j) O elemental distribution.

Figure 3

(@) Normalized Cu K-edge XAS spectra of 10Cu- and 5Ni5Cu-TiO2 exposed to air in the
dark (standard XAS spectra of Cu, Cu20 and CuO are reported as references) and histograms
showing the Cu phase compositions. (b) Normalized Ni K-edge XAS spectra of 10Ni- and
5Ni5Cu-TiO2 exposed to air in the dark (standard XAS spectra of Ni and NiO are reported as
references) and histograms showing the Ni phase compositions. (c) Cu K-edge and (d) Ni K-
edge XAS spectra of 5Ni5Cu-TiO2 immersed in a water-ethanol solution in the cell (in the
dark) for different times (5Ni5Cu-TiO> exposed to air in the dark is reported as reference,
black curves). (e) 1-(Au)/n) values determined at 9020 eV and at 8370 eV for sample

5Ni5Cu-TiO2 in solution for different exposure times.
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Figure 4

(@) Cu K-edge and (b) Ni K-edge XAS spectra of 5Ni5Cu-TiO2 immersed in the cell in a
water-ethanol solution under UV light illumination for different exposure times; the last
recorded XAS spectra for 5Ni5Cu immersed in water-ethanol solution under dark conditions
are reported as reference and defines the sample condition prior to UV illumination, see black
curves. (c) Cu and (d) Ni phase composition determined by operando XAS measurements for
5Ni5Cu-TiO2 immersed in a degassed ethanol-water solution under UV light irradiation. (e)
Volume of hydrogen gas evolved during a photocatalytic experiment performed using
5Ni5Cu-TiO.. The Hz amount was measured at different times (after 2 hours under dark
conditions and after 2 and 6 hours under UV light illumination). (f) Magnified SEM top-view
image of 5Ni5Cu-TiO»-P, i.e. after photocatalysis. A few nm sized metallic NPs deposited

under illumination are evidenced with purple circles.
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Figure 3
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Figure 4
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