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ABSTRACT: In situ modulated excitation X-ray absorption
spectroscopy (ME-XAS) at the Pt L3- and Cu K-edges has been
successfully used in this work to shed light on the controversial role
that Pt and Cu nanoparticles (NPs) on TiO2 have in photo-
catalysis. TiO2 photocatalysts, either bare or modified by Pt and Cu
NPs, synthesized in a single step by flame spray pyrolysis, were
tested in the gas-phase photocatalytic oxidation of methanol to
CO2 under both aerobic (CH3OH + 3/2O2 → CO2 + 2H2O) and
anaerobic (CH3OH + H2O → CO2 + 3H2) conditions. Both Pt-
and Cu-containing TiO2 showed lower activity than bare TiO2
under aerobic conditions, while higher H2 and CO2 production
rates were attained under anaerobic conditions in the presence of
the Pt co-catalyst, with copper-containing TiO2 having in this case
an activity similar to that of bare titania. ME-XAS, coupled with phase-sensitive detection, proved in fact that Pt NPs efficiently
capture the electrons photopromoted in the conduction band of TiO2 and are the active sites for H2 or H2O evolution under
anaerobic or aerobic conditions, respectively. Much more complex is the role of Cu-NPs on titania, with ME-XAS revealing that
copper is simultaneously present in different oxidations states, depending on the reaction conditions. Cu NPs are not the reaction
active sites under anaerobic conditions, while a Cu(II)/Cu(I) redox switching occurs under chopped irradiation under aerobic
conditions.
KEYWORDS: photocatalytic methanol oxidation, hydrogen production, in situ modulated excitation X-ray absorption spectroscopy,
flame spray pyrolysis, Pt nanoparticles, Cu nanoparticles

1. INTRODUCTION
The activity of heterogeneous catalysts, including photo-
catalytic materials, is strongly affected by the structure, the
oxidation state, and the redox dynamics of surface active sites,
particularly when a key role is played by co-catalyst
nanoparticles (NPs) dispersed over the support surface. For
instance, titanium dioxide surface modification by metal NPs,
able to capture photopromoted electrons, may lead to an
increased photoactivity with respect to that of the bare
material.1−3 However, the effect on photoactivity produced by
the same metal NPs on the titania surface may largely depend
on the reaction conditions, for example, if the modified
photocatalyst is exploited in hydrogen production under
anaerobic conditions or in the mineralization of organic
pollutants under aerobic conditions.
Platinum NPs on the TiO2 surface are known to increase the

rate of hydrogen production from methanol photoreforming
with respect to bare TiO2,

3−5 whereas Pt NPs can have either

limited beneficial6,7 or even detrimental effects in the
photocatalytic oxidation of organics.8 Moreover, the oxidation
state and the size distribution of metal NPs largely depend on
the method employed to prepare the photocatalyst.5,9,10

Copper, which has been recently investigated as co-catalyst
of TiO2, being nontoxic and relatively inexpensive with respect
to noble metals, can be present in different oxidation forms on
the TiO2 surface, either as Cu(II), Cu(I), or as metallic Cu,
which are easily convertible one into the other, especially
under irradiation. All of these different forms of copper may
play completely different roles in photocatalysis.11,12
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In this context, information on the surface redox dynamics
occurring in metal NPs on the photocatalyst surface under real
working conditions is crucial for understanding any catalyst
structure versus activity relationship and getting a deeper
insight into the photocatalytic reaction mechanism, which are
of outmost importance for the design and development of
novel and more active materials. Several operando spectro-
scopic techniques can be exploited to pursue this goal,13,14

including Fourier transform infrared spectroscopy
(FTIR),15−17 diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS),18−22 attenuated total reflectance
(ATR),23 nuclear magnetic resonance (NMR),24 Raman
spectroscopy,17,25,26 X-ray absorption spectroscopy
(XAS),5,21,22,24,26−29 and X-ray diffraction (XRD).26,30 How-
ever, the main challenge consists in discerning between the
signal contributions of active sites from the static signal due to
the background, the bulk, and the spectator species. The
exploitation of XAS delivers the intrinsic advantages of being
element-specific, with a large penetration depth, and provides
information on the local coordination and on the oxidation
state of chemical elements.31 Moreover, X-ray absorption near-
edge structure (XANES) spectroscopy is also sensitive to the
adsorption of adsorbates, such as H, CO, O, or OH,32 affecting
the local coordination around the absorber atoms at the
surface. Moreover, the sensitivity to surface species can be
significantly improved by the high-energy-resolution fluores-
cence detection (HERFD-XAS) technique,21 although it
requires higher photon flux and is available only in few
beamlines. Due to the low surface to bulk atomic ratio, the
presence of adsorbates on the surface causes only subtle
changes in the XANES spectrum, which can be extracted, for
example, through the so-called Δμ XANES analysis proce-
dure,32 consisting in the subtraction of the reference XANES
spectrum of the bare metal from that of the metal in the
presence of the adsorbate. The so-obtained difference
spectrum is a “signature” of the nature of the adsorbate and
provides information on the coverage and on the binding site
geometry.
However, Δμ XANES spectroscopy presents some critical

issues related to the difficulty of recording the reference
spectrum of the bare metal and the need of smoothing the
spectrum noise. Modulated excitation XAS (ME-XAS)30,33−36

represents a valid alternative to Δμ XANES, overcoming the
above-mentioned drawbacks. ME-XAS is achieved through the
cyclic variation of the experimental conditions (e.g., gas
composition or concentration, pressure, pH, potential,
irradiation, etc.),37,38 while recording time-resolved XAS
spectra. The cycles are then merged into a single set of
averaged time-resolved spectra with an improved signal to
noise ratio. This can be applied only to fully reversible
processes (such as catalytic reactions). ME-XAS exploits the
phase-sensitive detection (PSD) algorithm to extract the
response of the active species by filtering the signals of
spectator species (including the background) and the
noise.37,39 Hence, the obtained demodulated spectra are
formally similar to difference spectra but have a significantly
improved signal to noise ratio.
ME-XAS has been successfully employed to largely enhance

the spectra quality and to highlight even tiny variations of
oxidation state occurring in metal NPs (Pd, Pt, Rh, and Ru)
under several modulation experiments of gas-phase composi-
tion switch, such as CO vs NO,33 H2 vs O2,

40 and CH4 versus

O2.
41 Gaur et al. probed the active sites of MoS2 catalysts by

MES-XAS under H2O vs H2S modulation.
28

In this work, ME-XAS has been exploited in the in situ study
of the surface dynamics of Pt or Cu NPs deposited on TiO2
during the photocatalytic oxidation of methanol to CO2 under
either aerobic (2CH3OH + 3O2 → 2CO2 + 4H2O) or anaerobic
(CH3OH + H2O → CO2 + 3H2) conditions. By this way, a
deeper insight has been obtained on the reaction mechanisms
involving Pt and Cu NPs on TiO2 under irradiation in the
presence of O2 or H2O vapor and on the origin of their effects
on photoactivity with respect to bare TiO2.

2. EXPERIMENTAL SECTION
2.1. Photocatalysts Synthesis. The bare (FP-TiO2) and

metal NP-modified TiO2 powders (FP-Pt/TiO2 and FP-Cu/
TiO2) were prepared in a single step by flame spray pyrolysis
(FP).42 All chemicals were purchased from Sigma-Aldrich and
used as received. 50 mL of 0.6 M titanium tetraisopropoxide in
xylene solution was mixed with 25 mL of propanoic acid
eventually containing the proper amount of Cu or Pt
precursors (copper acetate monohydrate or hexachloroplatinic
acid) in order to have a final nominal 2 wt % metal loading on
TiO2. Such a relatively high metal loading was chosen in order
to improve the time-resolved XAS spectra quality. The so-
obtained solutions were injected into the burner nozzle at 4
mL min−1 by means of a syringe pump, sprayed with 5.0 L
min−1 of O2 and burned through a methane/oxygen flame ring
(1.0 and 2.0 L min−1 flow rates for CH4 and O2, respectively).
The so-produced powders were collected on glass fiber filters
(Whatman) placed above the burner.

2.2. Photocatalyst Characterization. The effective Cu or
Pt loading of FP-Cu/TiO2 and FP-Pt/TiO2 powders was
determined by inductively coupled plasma (ICP) analysis
employing a Perkin Elmer Optima 8000 IPC-OES apparatus
after their complete dissolution in 10 mL of aqua regia (3:1
HCl/HNO3 molar ratio) and 2.5 mL of saturated HF solutions
at 378 K for 4 h. Alternatively, the samples were treated with
hot aqua regia only (no hydrofluoric acid) to dissolve surface
Cu or Pt only. The obtained suspension was filtered to remove
the undissolved oxide and then analyzed. The BET specific
surface area (SSA) was measured by N2 adsorption at 77 K
with an ASAP 2020 apparatus after out-gassing in vacuo at 150
°C for at least 2 h. XRD patterns were recorded using the
copper Kα radiation (λ = 1.54056 Å) in a Philips PW3020
powder diffractometer, operating at 40 kV and 40 mA. Phase
analysis was performed using the “Quanto” software,43 applying
the Rietveld refinement method.44 The mean anatase and
rutile crystallite size was estimated through the Scherrer
equation45 from the full width of half-maximum value of the
most intense reflections (2θ = 25.4° and 2θ = 27.4° for the
anatase and rutile phases, respectively).
UV−vis diffuse reflectance spectra were recorded with a

Jasco V-670 spectrophotometer equipped with a PIN-757
integrating sphere using barium sulfate as the blank. The
spectra are reported as both absorption (A) spectra (A = 1 −
R, R being the reflectance) and Tauc plots of the Kubelka−
Munk transform to estimate the band gap.

2.3. Photocatalytic Tests. The photocatalysts were tested
in the gas-phase photocatalytic oxidation of methanol under
either aerobic or anaerobic conditions. In the former case, the
photoreactor was fed with a 3.6% CH3OH/3.8% H2O/N2 gas
stream (photo-steam reforming reaction); in the latter case, the
photoreactor was fed with 18% CH3OH/20% O2/N2. The gas
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stream was obtained by bubbling 60 mL min−1 pure N2 into a
20 vol % CH3OH in H2O solution kept at 30 °C or 60 mL
min−1 synthetic air in pure methanol kept at 0 °C. The amount
of methanol and water vapors in the obtained gas stream were
calculated with AVEVA PRO/II Simulation software for a non-
ideal solution. The gas flow rate was controlled by means of a
mass flow meter (EL-FLOW Base, Bronkhorst).
The photocatalytic tests were performed using a stainless-

steel setup similar that described elsewhere46 but operating in
the continuous gas flow feeding mode. The photocatalyst
powder (15 mg) was dispersed onto ca. 7 g of 20−40 mesh
(0.42−0.85 mm) quartz grains by adding a few droplets of
water, followed by mixing and drying in an oven at 70 °C for at
least 1 h. The so-obtained photocatalytic bed was then loaded
into a home-made stainless-steel photoreactor (50 mm
diameter and 2 mm depth), closed with a Pyrex glass optical
window with a ca. 320 nm cutoff edge. The outlet of the
photoreactor was connected on-line to a gas chromatograph
(Agilent 6890N) through a six-way injection valve, followed by
a bubbler filled with a NaHCO3/Na2CO3 aqueous solution
acting as a trap of photoproduced formic acid and form-
aldehyde.
The gas chromatograph was equipped with two capillary

columns (MoleSieve 5A and HP-Plot U), two detectors
(thermal conductivity detector and flame ionization detector),
and a Ni-based catalyst for CO and CO2 methanation. Prior to
any analysis, the system was thoroughly purged with pure N2
for 20 min in the dark (in the case of the steam reforming
reaction, to remove any trace of O2) or with air. The
irradiation source was a 300 W Xenon arc lamp (LOT-qd)
placed at 20 cm from the reactor. The irradiation intensity on
the reactor was 120 mW cm−2 as measured with a calibrated
Thorlabs S130VC photodiode. The photoreactor was irradi-
ated for 190 min during a typical run, while the gas-phase
composition was monitored by gas chromatography (GC)
analysis, starting 2 min after the beginning of irradiation and
then at 19 min intervals.
The overall amount of produced formic acid was determined

at the end of the run by ion chromatography analysis of the
aqueous solution contained in the trap using a Metrohm 761
Compact IC instrument. Formaldehyde was determined by the
Nash method.47,48 Briefly, after dilution, the solution contained
in the trap flask was added to an equivalent volume of Nash’s
reagent (25 g of ammonium acetate, 2.1 mL of acetic acid, and
0.2 mL of acetylacetone, dissolved in ultrapure water, up to
100 mL total volume) and stirred for 1 h. Formaldehyde
concentration was determined by spectrophotometric analysis
at 413 nm after calibration.

2.4. ME-XAS Experiments. Time-resolved XAS spectra
were recorded in the energy-dispersive mode at either the Cu
K-edge (8979 eV) or the Pt L3-edge (11,564 eV) at the ID24
beamline of ESRF in Grenoble (France). The experiments
were performed using a 1.5 mm quartz capillary in situ cell.49

The photocatalyst powder was placed at the center of the

capillary, fixed between two quartz flakes, and then connected
to the gas manifold. A 300 W Xe arc lamp connected to a water
filter, an automatic shutter, and a liquid light guide (all
purchased by Quantum Design Europe) was employed to
irradiate the photocatalyst bed with UV−vis light. The water
filter helps to keep the temperature of the catalyst constant
during the experiment because it removes the IR region of the
incident spectrum. Two modulation experiments were
performed, switching the gas atmosphere from 3.6%
CH3OH/He in the dark to (i) 5% O2/He under UV−vis
irradiation or to (ii) 3.8% H2O/He under UV−vis irradiation.
By this way, methanol pre-absorbed on the photocatalyst in the
dark reacted with oxygen (aerobic conditions) or with water
(anaerobic conditions) under UV−vis irradiation. Inlet water
and methanol vapor flows were attained by bubbling He in
each of the two liquids. An automatic four-way valve was
employed to switch the inlet gas composition. The
composition of the outlet gas from the capillary was
continuously monitored by means of an OmniStar Pfeiffer
Vacuum mass spectrometer (MS).
Prior to the modulation experiment, the set up was purged

with He (40 mL min−1) under dark conditions until the O2
(m/Z = 32) and N2 (m/Z = 28) MS signals were stable. A total
of 40 consecutive time-resolved XAS spectra (5 s per
spectrum) were recorded in each 200 s-long modulation
period, which consisted of 20 XAS spectra recorded under
CH3OH in the dark and 20 XAS spectra recorded under O2
(or H2O) under UV−vis irradiation. Both the switching four-
way valve and the shutter of the Xe lamp were synchronized
with XAS spectra acquisition. A full ME-XAS experiment
consisted in 15 consecutive modulation periods.
The averaged time-resolved and PSD transformed (phase-

resolved) spectra were obtained using a MATLAB routine.
The first five modulation periods were always discarded to
ensure that steady-state conditions were achieved.

3. RESULTS AND DISCUSSION
3.1. Photocatalyst Characterization. The same 1.61 wt

% Pt loading in the FP-Pt/TiO2 photocatalyst was obtained by
ICP−optical emission spectroscopy (ICP-OES) elemental
analyses (Table 1) after dissolving either the whole powder
or the surface Pt only. This demonstrates that Pt NPs are on
the photocatalyst surface and not in the TiO2 bulk. On the
other hand, a 1.92 wt % copper loading was obtained after
complete FP-Cu/TiO2 dissolution, but when the TiO2 support
was not dissolved, the amount of copper determined by ICP-
OES analysis was 1.49 wt %. This indicates that copper is in
part within the titanium dioxide bulk. Indeed, the Cu(II)
radius, 0.87 Å, is only slightly larger than the Ti(IV) radius,
0.745 Å. Thus, copper may partially substitute titanium in the
lattice50 during the one-step flame synthesis.
The XRD patterns identify anatase as the main crystallo-

graphic phase of the three flame-made TiO2 photocatalysts
(Table 1), as already observed with similar materials with

Table 1. Characterization of the As-Prepared Flame-made Samples: Metal Loading Obtained by ICP-OES, SSA, Crystalline
Phase Distribution, Anatase (da) and Rutile (dr) Crystallite Average Size, and Band Gap Values of the Investigated
Photocatalysts

sample Pt or Cu (wt %) SSA (m2 g−1) anatase (%) da (nm) rutile (%) dr (nm) band gap (eV)

FP-TiO2 110 86.1 14.4 13.9 9.3 3.12
FP-Pt/TiO2 1.61 151 86.3 14.1 13.7 16.6 3.15
FP-Cu/TiO2 1.92 132 77.3 26.8 22.7 16.5 3.05
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lower metal loading.51 No reflections related to copper or
platinum, in either the oxide or metal form, could be detected
due to the low metal loading. The presence of Pt had almost
no effect on the phase composition of the material, while
copper slightly promoted the formation of rutile during the
single-step synthesis. Indeed, doping TiO2 with Cu(II) may
generate oxygen vacancies inside the crystalline structure,
resulting in a favored growth of rutile crystallites.50,52,53

Bare TiO2 possesses a high SSA of 110 m2 g−1, typical of
flame-made powders. The addition of Cu and Pt during the
flame synthesis led to larger SSA values (132 and 151 m2 g−1,
respectively, see Table 1), despite the larger crystallite size.
Thus, the presence of metal NPs appears to reduce crystallite
aggregation.
The UV−vis absorption spectrum of FP-TiO2, reported in

Figure 1a, shows the usual profile of flame-made bare TiO2
with an absorption threshold below 400 nm.

As expected, in the case of FP-Pt/TiO2, an extended
absorption is present in the visible range, compatible with the
dark-gray color of this sample. The absorption spectrum of FP-
Cu/TiO2 exhibits the d−d transition in the 600−800 nm range
typical of stable oxidized copper in the CuxO form. The extra
absorption tail at 400−500 nm can be ascribed to interfacial
charge transfer (IFCT), resulting in the reduction of Cu(II) to
Cu(I) by electrons photopromoted directly from the valence
band (VB) of TiO2.

52,54−56

The band gap of the three photocatalysts, estimated from
the Tauc plot of the Kubelka−Munk transform, as shown in
Figure 1b, are very similar, that is, 3.12 and 3.15 eV,
respectively, for bare and Pt-modified TiO2, while a slightly
narrower band gap of 3.05 eV is obtained for FP-Cu/TiO2, in
line with its larger rutile content and to partial Cu doping.57,58

3.2. Photocatalytic Activity. 3.2.1. Anaerobic Condi-
tions. In the photo-steam reforming reaction (CH3OH + H2O
→ CO2 + 3H2) under anaerobic conditions, methanol is
oxidized up to carbon dioxide through a consecutive reaction
paths, implying the formation of carbon monoxide, form-
aldehyde, and formic acid as main intermediates, with the
simultaneous production of hydrogen.5,23 The production of
hydrogen and by-products increased within the first 20 min of
irradiation and then stabilized (Figure 2).

FP-Pt/TiO2 is by far the best performing photocatalyst in
this reaction, with a hydrogen production rate rHd2

of ca. 19
mmol h−1 gcat−1. Platinum is a very effective co-catalyst of
TiO2,

3 mainly because it is able to capture photopromoted
electrons due to its higher work function with respect to that of
TiO2 (5.12−5.93 vs 4.6−4.7 eV, respectively), with a
consequent better separation of photoproduced charge
carriers. The difference in work function is the driving force
for electron transfer at the metal/semiconductor interface: the
larger the difference, the more efficient is the electron transfer.
Moreover, proton reduction to H2 proceeds more efficiently on
Pt than on the TiO2 surface.
By contrast, a significantly lower rHd2

value was obtained with
FP-Cu/TiO2, just slightly higher than that attained with FP-
TiO2 (Table 2). Indeed, the work function of Cu (4.53−5.1
eV) is very close to that of TiO2; thus, electron transfer to
copper is much less efficient than to platinum. It is worth
underlining, however, that maximum photocatalytic activity is
usually attained at Cu and Pt loadings lower than those
adopted here,6 which were chosen to have sufficiently high
signals in the in situ ME-XAS analysis.
Under these reaction conditions, methanol is only partially

oxidized up to CO2 with a selectivity (SCOd2
) that doubles up to

32% upon metal NP modification of TiO2 and a parallel
decrease of selectivity to CO (Table 2). The selectivity is
calculated with respect to rHd2

considering that 3 mol of H2 per
mole of CO2 (i.e., SCO2 = 3 × 100·rCOd2

/rHd2
), 2 mol of H2 per

mole of CO and HCO2H, and 1 mol of H2 per mole of H2CO
are produced. Formaldehyde was the main product of

Figure 1. (a) Absorption spectra and (b) Tauc plots of the Kubelka−
Munk transform of FP-TiO2 (black lines), FP-Pt/TiO2 (red lines),
and FP-Cu/TiO2 (green lines).

Figure 2. Time-on-stream concentration profiles of hydrogen (full
symbols) and carbon dioxide (void symbols) obtained with FP-TiO2
(black squares), FP-Pt/TiO2 (red triangles), and FP-Cu/TiO2 (green
circles).
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methanol oxidation with all three investigated photocatalysts,
with a selectivity above 45%, while the selectivity to formic acid
was less affected by the presence of metal NPs (Table 2). The
sum of the selectivity values to CO2, CO, H2CO, and
HCOOH attained with the three photocatalysts is close to
100%, which demonstrates that other possible products, for
example, dimethyl ether, are not directly involved in H2
production.
3.2.2. Aerobic Conditions. As shown in Table 3, bare FP-

TiO2 was the most active photocatalyst in the photocatalytic

oxidation of methanol in the presence of O2, especially in
terms of CO2 and formaldehyde production, with the latter
being the main product of methanol oxidation in this case as
well. CH4 and CO were also detected as side products. The
overall photocatalytic activity, expressed as the sum of the
production rates of all C-containing species, under aerobic
conditions was significantly higher than that under anaerobic
conditions, increasing from 4 to 38 mmol h−1 gcat−1 for bare
TiO2, from 12 to 26 mmol h−1 gcat−1 for FP-Pt/TiO2, and from
4 to 10 mmol h−1 gcat−1 for FP-Cu/TiO2. Pt NPs on TiO2 had
beneficial effects in formic acid production, while Cu NPs
caused a dramatic drop of the overall photoactivity compared
to bare TiO2.
Hence, under aerobic conditions, the here adopted relatively

high Pt and Cu NP loading on TiO2 leads to a lower
photocatalytic activity with respect to bare TiO2. Moreover,
surface TiO2 modification with Cu and Pt NPs has opposite
effects on methanol oxidation in the presence of water vapor or
of oxygen. In fact, in the presence of water, Cu and Pt NPs on
TiO2 increase the rate of CO2 production, whereas they have
detrimental effects in the presence of oxygen, with bare TiO2
exhibiting under such conditions a significantly higher CO2
production rate than both metal-modified photocatalysts.

3.3. Pt L3-Edge ME-XAS Experiments. The XANES
spectrum at the Pt L3-edge recorded with as-prepared FP-Pt/
TiO2 exhibits an intense white line (Figure 3), indicating that
Pt is prevalently in the oxidized form (Table 4). However, after
both modulation experiments, either in the presence of vapor
or in the presence of oxygen, the intensity of the white line
significantly decreases, indicating that Pt undergoes reduction
under UV−vis irradiation.

In particular, in the photo-steam reforming reaction
(anaerobic conditions), Pt undergoes almost complete
reduction, as already observed in previous studies,5 with the
white line intensity of the averaged time-resolved spectra
clearly resembling that of reference metallic Pt (red compared
to black lines in Figure 3). By contrast, in the presence of O2
(aerobic conditions), the linear combination fitting of the last
averaged spectrum measured under CH3OH/He using the
XANES spectra of a Pt foil and PtO2 as standards reveals the
presence of ca. 12% residual Pt(IV), which slightly increases to
15% under UV−vis irradiation in the presence of O2 (Table 4).
Considering the high surface dispersion of Pt (i.e., a relatively
high surface to bulk Pt atomic ratio), this variation of Pt(IV)
content is consistent with surface Pt atom oxidation in contact
with oxygen under UV−vis irradiation, followed by reduction
during the subsequent switch to methanol vapor.
Earlier work from Teoh et al. has already highlighted the

occurrence of redox dynamics involving Pt(0), Pt(II), and

Table 2. Production Rates of and Selectivity to Hydrogen, Carbon Dioxide, Carbon Monoxide, Formaldehyde, and Formic
Acid in the Anaerobic Oxidation of Methanol over the Investigated Flame-made Photocatalysts

production rates (mmol h−1 gcat−1) % selectivity

sample rHd2
rCOd2

rCO rHd2CO rHCOd2H SCOd2
SCO SHd2CO SHCOd2H

FP-TiO2 4.94 0.26 0.21 2.87 0.43 15.8 8.5 58.1 17.4
FP-Pt/TiO2 19.25 2.06 0.06 8.62 1.72 32.1 0.6 44.8 17.9
FP-Cu/TiO2 5.02 0.54 0.06 2.79 0.35 32.3 2.4 55.6 13.9

Table 3. Rates of Carbon Dioxide, Carbon Monoxide,
Formaldehyde, Formic Acid, and Methane Production in
the Aerobic Oxidation of Methanol with the Investigated
Flame-made Photocatalysts

production rates (mmol·h−1·gcat−1)

sample rCO2 rCO rH2CO rHCOOH rCH4
FP-TiO2 6.01 0.49 27.95 3.08 0.27
FP-Pt/TiO2 3.35 n.d. 17.61 4.85 0.31
FP-Cu/TiO2 0.82 0.08 8.01 0.80 0.37

Figure 3. XANES spectra at the Pt L3-edge recorded with FP-Pt/
TiO2: last averaged spectrum recorded under 3.6% CH3OH/He in
the dark (dashed lines) and under 3.8% H2O/He (or 5% O2/He) and
irradiation (continuous lines) during the modulation experiments in
the presence of oxygen (blue lines) and of water vapor (red lines)
under irradiation. The XANES spectra of as-prepared FP-Pt/TiO2
(green line), of reference PtO2 (orange line), and of a Pt foil (black
line) are reported for comparison.

Table 4. Results of the Linear Combination Analysis of the
XANES Spectra at the Pt L3-Edge Recorded with FP-Pt/
TiO2 as Prepared and during the CH3OH vs O2 + Light
Modulation Experiment

XANES spectrum Pt(IV) (%) Pt(0) (%)

as prepared 54 46
under 3.6% CH3OH/He in the dark 12 88
under 5% O2/He + light 15 85

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c03025
ACS Catal. 2022, 12, 12879−12889

12883

https://pubs.acs.org/doi/10.1021/acscatal.2c03025?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03025?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03025?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03025?fig=fig3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Pt(IV) over flame-made Pt/TiO2 during methanol photo-
catalytic mineralization as determined by ex situ XPS
analysis.59

During a modulation experiment, the system reversibly
oscillates between two boundary states, reaching a steady-state
condition. Thus, the last averaged time-resolved XANES
spectrum recorded in the presence of methanol and the last
spectrum recorded in the presence of O2 (or in H2O) under
UV−vis irradiation provide information on the oxidation state
and local structure of Pt NPs in these two boundary states. In
particular, comparing the last XANES spectrum recorded
under CH3OH/He in the dark (dashed red and blue lines in
Figure 3) with the last XANES spectrum recorded under
irradiation in contact with water vapor (continuous red line) or
oxygen (continuous blue line), a reversible variation of the
XANES spectrum shape is observed. This spectrum variation
can be highlighted applying the PSD algorithm, which
transforms the averaged time-resolved XANES spectra into a
set of phase-resolved XANES spectra (Figure 4a and b), with a
typical envelope-like shape due to the sinusoidal signal
intensity variation as a function of the demodulation angle
(φPSD).37 Phase-resolved spectra are essentially difference
spectra with a significantly improved signal to noise ratio,34

and their interpretation is similar to that of the spectra
obtained by the Δμ-XANES technique.32
The phase-resolved spectra obtained during the CH3OH vs

H2O + light experiment (Figure 4a) exhibit a pronounced

variation at 5 eV and 10 eV above the Pt L3-edge energy. The
shape of these spectra is very similar to that of the Δμ-XANES
spectra reported by Teliska et al. and attributed to H
adsorption on Pt by DFT calculations.60 In particular, the
positive variation at 5 eV is characteristic of H adsorbed on the
atop (1-fold coordination), while that at 10 eV is due to H
adsorbed on the fcc (3-fold coordination) sites of Pt.
Figure 4c shows the periodic and reversible time-resolved

variation of the X-ray absorption (μ) at 11,569 eV (μ at 11,569
eV) (i.e., at 5 eV above the Pt L3-edge) in comparison with
that of the mass spectrometer signals of H2 (m/Z = 2) and
CO2 (m/Z = 44), which are the two main products of the
CH3OH + H2O → CO2 + 3H2 reaction under anaerobic
conditions. The periodic production of H2 and CO2 occurred
under the UV−vis irradiation semi-period in the presence of
water over FP-Pt/TiO2 pre-saturated with methanol vapor.
The product evolution was accompanied by similar periodic
decreases of X-ray absorption at 11,569 eV. A decrease of μ at
11,569 eV indicates a decreased H coverage over the Pt surface
occurring under UV−vis irradiation due to H2 formation and
desorption. Hence, present ME-XAS results provide exper-
imental evidence that Pt, acting as a collector of photo-
promoted electrons, is the active site for hydrogen evolution.
On the other hand, the phase-resolved spectra obtained

during the CH3OH vs O2 + light experiment (Figure 4b), that
is, under aerobic conditions, exhibit a completely different
shape and opposite variation with respect to those recorded

Figure 4. ME-XANES results at the Pt L3-edge obtained with FP-Pt/TiO2. (a,b) Phase-resolved spectra in the 0° < φPSD < 180° range; (c,d) time-
on-stream variation of the mass spectrometer m/Z signals of H2 (red line), CO2 (blue lines), and H2O (green line) and of XAS absorption (μ, black
line) at (c) 11,569 and (d) 11,565.6 eV in (a,c) CH3OH vs H2O + light and (b,d) CH3OH vs O2 + light modulation experiments.
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under anaerobic conditions (Figure 4a). The obtained phase-
resolved spectra are very similar to the Δμ-XANES predicted
by Teliska et al. by DFT calculation for O adsorption on a 2-
fold bridged Pt site.61 Furthermore, Figure 4d shows that the μ
signal at 11,565.6 eV (i.e., at 1.6 eV above the Pt L3-edge)
periodically increases (i.e., with increasing Pt surface O
coverage) under UV−vis irradiation in the presence of O2,
together with the production of H2O and CO2, in line with the
CH3OH + 3/2O2 → CO2 + 2H2O reaction. Hence, in situ
ME-XAS results confirm that also in this case, Pt is an active
reaction site for oxygen absorption and water formation under
aerobic conditions.
Based on these results, the mechanism of photocatalytic

methanol oxidation on Pt/TiO2 under both aerobic and
anaerobic conditions is schematically reported in Figure 5. In

both cases, methanol reacts on the TiO2 surface with both
photoproduced VB holes and H2O or O2 yielding H+ and CO2.
Protons can diffuse over the titania surface and reach Pt NP
sites. Proton transport on the oxide surface primarily proceeds
through hopping between water molecules in the chemisorbed
and physisorbed water layers according to the Grotthuss
mechanism.62 Under anaerobic conditions, protons undergo
reduction to molecular hydrogen by photopromoted electrons
transferred to Pt NPs from the TiO2 conduction band (CB).
On the other hand, under aerobic conditions, a two-step

multi-electron reduction of oxygen on the Pt surface occurs as
deduced by our ME-XAS results (Figure 4b)

* + + [ ]Pt 1/2O 2e Pt O2
2 (1)

[ ] + * ++Pt O 2H Pt H O2
2 (2)

where Pt* is the surface active site and [Pt−O]2− represents
the oxidized Pt surface negatively charged. Hydroxyl radicals
and superoxide radical anions are the typical reactive species
involved in photocatalytic oxidation processes in the liquid
phase. However, in the gas phase, any ionic intermediate
species has to necessarily exist adsorbed on the catalyst surface
where all reactions occur. Equation 1 represents the reaction
involving oxygen as the electron acceptor species. Reaction 2 is
likely the rate-determining step. Figure 4d corroborates this
conclusion. In fact, under UV−vis irradiation, the XAS
absorption at 11,565.6 eV readily increases, indicating a fast
increase of O coverage with a simultaneous pick of CO2
production (methanol is an efficient hole scavenger) and a

slower H2O evolution. Hence, under aerobic conditions, the
beneficial effect of Pt NPs able to capture photopromoted
electrons is counterbalanced by the slow water evolution step
(3), leading to a lower overall photocatalytic performance of
Pt/TiO2 with respect to bare TiO2 (Table 2).

3.3.1. Cu K-Edge ME-XAS Analysis. Cu K-edge XANES
spectra are characterized by the presence of a pre-edge peak
due to the electron transition from the core 1s to the
unoccupied 4p orbital of copper. The pre-edge position and
intensity depend on the oxidation state of copper and on its
coordination symmetry including the nature of the ligand.
For simplicity, Figure 6 shows only the 20th (i.e., the last

spectrum measured under CH3OH/He flow in the dark,

dashed lines) and 40th [i.e., the last spectrum measured under
H2O (or O2)/He flow, continuous lines] averaged time-
resolved XANES spectra of each modulation experiment,
together with those of reference CuO, Cu2O, and Cu foil.
The pre-edge of the reference materials shifts toward higher

energy with increasing Cu oxidation state, from 8982 eV of
Cu(0) and Cu(I) to 8985 eV of Cu(II), together with an
increase of the white line intensity. The XANES spectrum of
as-prepared FP-Cu/TiO2 exhibits no pre-edge, which is typical
of amorphous CuO NPs on titania,12,63 and an intense white
line indicating that Cu is fully oxidized to Cu(II), as also
confirmed by the linear combination analysis results reported
in Table 5.
In their study on the photocatalytic oxidation of 2-propanol

on Cu(II)-grafted TiO2, Irie et al. suggested
12,64 that electrons

in the VB of TiO2 can be photopromoted to reduce Cu(II) to
Cu(I) through IFCT. However, from a thermodynamic point
of view, the Cu(II)/Cu(I) switch can occur in presence of
methanol (as reducer) and oxygen (as oxidizer) in the dark as
well. Indeed, the standard reduction potential of Cu(II)/Cu(I)
(0.16 V) is more positive than that of CO2/CH3OH (0.03 V).
Thus, in order to discern the effect of light on the Cu(II)/
Cu(I) redox dynamics, we performed an additional modulation

Figure 5. Mechanism of photocatalytic methanol oxidation under
aerobic (CH3OH + O2) and anaerobic (CH3OH + H2O) conditions
over Pt/TiO2, as suggested by ME-XAS results.

Figure 6. XANES spectra at the Cu K-edge of FP-Cu/TiO2: last
averaged spectra recorded under 3.6% CH3OH/He in the dark
(dashed lines) and under 3.8% H2O/He or 5% O2/He (continuous
lines) during CH3OH vs O2 (orange lines), CH3OH vs O2 + light
(blue lines), and CH3OH vs H2O + light (red lines) modulation
experiments. The XANES spectra recorded with as-prepared FP-Cu/
TiO2 (green line) and with reference CuO, Cu2O, and Cu foil are
reported for comparison.
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experiment of CH3OH vs O2 only in the dark (Figure 6 and
Table 5). The results of the linear combination analysis
reported in Table 5 confirm that 58% of Cu(II) is reduced to
Cu(I) when it is exposed to pure methanol vapor and it is
partially oxidized back to Cu(II) by oxygen in the dark.
Moreover, we observed the appearance of the pre-edge feature
at 8985 eV of Cu(II) (orange vs green line in Figure 6),
indicating a surface rearrangement and crystallization of the
CuO NPs consequent to the periodic switch of the gas phase
composition. However, this material has no catalytic activity in
methanol oxidation in the dark at room temperature. Thus,

this redox dynamics cannot be considered as an active catalytic
cycle.
The same modulation experiment, but under periodic UV−

vis irradiation during the oxygen semi-period (CH3OH vs O2 +
light), demonstrates that light has a strong reducing effect on
copper. Indeed, the linear combination analysis (see Table 5)
indicates that ca. 60% of copper is reduced to Cu(0) under
these conditions, whereas no Cu(0) formation was observed
when the experiment was performed in the dark only. The
copper reduction promoted by UV−vis light can be attributed
to the IFCT of electrons photopromoted directly from the
TiO2 VB. The high Cu(0) percentage may suggest the
formation of metal core−oxide shell NPs, although the
presence of isolated CuOx NPs cannot be excluded. A
Cu(II)/Cu(I) redox dynamics is observed in this case as
well (see Table 5), where Cu(II) periodically increases from 13
to 20% under O2 + light. However, the lower Cu(II) content
increase attained in contact with O2 under UV−vis irradiation
(7% increase) with respect to dark conditions (12% increase)
can result from the partial reducing effect of IFCT in contrast
with the oxidizing effect of O2. The Cu(II)/Cu(I) redox
dynamics under aerobic conditions and UV−vis irradiation is
further confirmed by the phase-resolved XANES spectra shown
in Figure 7b. In particular, two opposite variations are observed
in the 0−15 and 15−30 eV regions above the Cu K-edge,
corresponding to a shift of the edge toward higher energy

Table 5. Results of the Linear Combination Analysis of
XANES Spectra at the Cu K-Edge Recorded with FP-Cu/
TiO2 as Prepared and Averaged Time-Resolved Spectra
Recorded during Various Modulation Experiments

modulation
experiment

XANES
spectrum

Cu(II)
(%)

Cu(I)
(%)

Cu(0)
(%)

as-prepared sample in air 100
CH3OH vs O2 (dark) under CH3OH 42 58

under O2 54 46
CH3OH vs O2 + light under CH3OH 13 29 58

under O2 + light 20 21 59
CH3OH vs
H2O + light

under CH3OH 6 24 70

under
H2O + light

6 23 71

Figure 7. ME-XANES results at the Cu K-edge obtained over the FP-2Cu/TiO2 sample. (a,b) Phase-resolved spectra in the 0° < φPSD < 180° range
and (c,d) time-on-stream variation of the mass spectrometer m/Z signals of H2 (red line), CO2 (blue lines), and H2O (green line) and of XAS
absorption (μ, black lines) at 8988 eV for the (a,c) CH3OH vs H2O + UV−vis and (b,d) CH3OH vs O2 + UV−vis modulation experiments.
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accompanied by an increase of the white line intensity,
respectively. Both these spectrum variations are in full
agreement with a periodic reduction of Cu(II) to Cu(I).
Figure 7d shows the time variation of μ at 8988 eV due to the
periodic Cu(II) reduction to Cu(I) together with the variation
of the mass spectrometer m/Z signals corresponding to CO2
and H2O. Under UV−vis irradiation in an oxygen atmosphere,
the XAS absorption μ at 8988 eV periodically decreases,
indicating an oxidation of Cu(I) to Cu(II) accompanied by
CO2 and H2O evolution due to the reaction of methanol
adsorbed on TiO2 with O2 and VB holes. Although the ME-
XAS experiment reveals Cu(II)/Cu(I) switching, the above-
presented results of photocatalytic tests showed that FP-Cu/
TiO2 is significantly less performing than bare FP-TiO2.
Hence, the possible catalytic path involving the Cu(II)/Cu(I)
switching seems to be less efficient than the direct photo-
catalytic oxidation of methanol on the bare FP-TiO2 surface.
Indeed, IFCT is a very effective mechanism for promoting
photocatalytic reactions over atomically dispersed copper as
that obtained by grafting.12,64 In the case of Cu NPs, IFCT
may occur at the Cu−TiO2 interface only. The rather high
copper loading on TiO2 employed in the present work leads to
the formation of relatively large Cu NPs that hinder IFCT and
cover part of the active TiO2 surface, hampering photon
absorption and methanol reaction with VB holes. The
combination of these two drawbacks may explain the lower
activity of FP-Cu/TiO2 with respect to bare FP-TiO2 (Table
3).
Finally, very interesting results arise from ME-XAS experi-

ments under anaerobic conditions (CH3OH vs H2O + light).
When steady-state conditions are reached, 70% of copper is
reduced to Cu(0) and only 6% residual Cu(II) was revealed by
the linear combination fit of the XANES spectra (Table 5).
This suggests the formation of metallic Cu core NPs covered
by CuOx shell. Based on ICP results, we found that ca. 20% of
the Cu could be incorporated within the as-prepared sample.
This percentage is anyway lower than the overall amount of
oxidized Cu (Cu(II) + Cu(I)) reported in Table 5 of 30%.
Thus, even assuming a contribution arising from doped Cu to
the XAS spectrum, there would be still residual oxidized Cu
that could account for the proposed outer CuOx shell.
Moreover, both demodulated spectra (Figure 7a) and the
results of the linear combination analysis (Table 5) evidence
that there is no variation of the copper oxidation state or
chemical environment during the periodic switch from
methanol to water under chopped irradiation. This demon-
strates that Cu NPs, unlike Pt NPs, are not the active sites of
hydrogen evolution during the methanol photo-steam
reforming reaction, at least with the here employed relatively
high metal loading. This is not unexpected in consideration of
the relatively low work function of copper compared to TiO2.
Moreover, the CuOx shell covering the metal Cu core may act
as an insulating layer for electron transfer at the Cu surface for
hydrogen production. A possible reaction mechanism based on
these results is depicted in Figure 8.
In particular, in presence of O2, that is, a more oxidizer

species than water, Cu(I) is oxidized to Cu(II) and then back
to Cu(I) by IFCT together with water formation according to
the following reactions

+Cu O 1/2O 2CuO2 2 (3)

+ + ++2CuO 2H 2e (IFCT) Cu O H O2 2 (4)

This mechanism cannot occur under anaerobic conditions
due to the absence of a species capable of oxidizing Cu(I) back
to Cu(II). Thus, under anaerobic conditions, Cu NPs are not
taking part in the photocatalytic mechanism.

4. CONCLUSIONS
ME-XAS demonstrated to be an effective tool to reveal redox
dynamics and surface species adsorbed on the active sites of
the catalyst under working conditions. Although XAS is
intrinsically a bulk technique due to the long penetration depth
of hard X-rays, ME-XAS coupled with PSD proved to be able
to bring surface sensitivity to XAS. The surface modification of
TiO2 with Pt or Cu NPs, at least at relatively high loading,
proved to have opposite effects on the gas-phase photocatalytic
oxidation of methanol when performed in the absence or
presence of oxygen. Pt confirms to be an effective co-catalyst
under anaerobic conditions with a significant increase of both
CO2 and H2 production rates compared to bare TiO2, whereas
Cu NPs on TiO2 have only limited effects on the photo-
catalytic performance. This behavior results from the different
ability of Pt and Cu NPs to capture the electrons photo-
promoted in the TiO2 CB, with the consequent decrease of
charge carrier recombination. In contrast, both Pt and Cu NPs
have detrimental effects in the photocatalytic oxidation of
methanol under aerobic conditions. ME-XAS demonstrates that
both metals on TiO2 undergo reduction under UV−vis
irradiation, under both aerobic and anaerobic conditions.
Furthermore, ME-XAS experiments at the Pt L3-edge provide
evidence of the dynamic adsorption of H or O on Pt, which
confirms Pt as the active site for H2 or H2O evolution under
anaerobic or aerobic conditions, respectively. In contrast, no
surface redox dynamics was detected by the ME-XAS
experiments at the Cu K-edge under anaerobic conditions,
demonstrating that Cu is not active as H2 evolution site, while
in the presence of oxygen, a Cu(II)/Cu(I) redox switching was
detected, which can assist the water evolution reaction.
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