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Enhancing the HER rate over Pt-TiO,
nanoparticles under controlled periodic
illumination: role of light modulationf
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In hydrogen production through water splitting, two reactions are involved: the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), both with efficiency issues. In previous works, our
group demonstrated the possibility of enhancing H, production by conducting HCOOH photocatalytic
reforming on metal-TiO, nanoparticles under controlled periodic illumination (CPI) rather than continuous
illumination performed at the same average incident photon flux. The enhancement was observed only
over specific metals, including Pt, Pd and Rh, due to their low Tafel slopes. Hydrogen adsorption and
desorption energies are strongly dependent on the potential at the metal nanoparticles, and we
demonstrated the ability to use CPI to induce oscillations in the potential of the catalyst. In this work, by
modulating the duty cycle and the frequency of the CPI, we observed both of these playing a key role in
boosting HER. Experimental evidence suggest that the relaxation of the photopotential during the dark

rsc.li/catalysis

Introduction

Climate change has prompted the need to reconsider how we
generate energy and products.'™ Scientists have spent many
years researching different approaches to carrying out new
sustainable reactions. In this situation, catalysis plays a
crucial role.®

Of the different types of catalytic processes, those catalysed by
light have attracted particularly considerable attention.”** Despite
sunlight being the most prevalent energy source on the planet,
advancements in LED technology have enabled the development
of more efficient devices for wider application, especially in
photocatalysis, where the light absorption capabilities of the
semiconductors can limit their ability to utilize sunlight."*

The effectiveness of catalysts/photocatalysts in accelerating
multistep chemical process 1is limited when the rate
determining step reaches the same rate as those of the other
elementary reactions.'” Various alternatives have been studied
to further improve catalytic efficiency,”® and among them,
controlled periodic illumination (CPI) is gaining considerable
attention for the investigation and optimization of the charge
transfer mechanisms occurring under irradiation.'®™°
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period is the key factor for increasing the photonic efficiency of the reaction.

CPI, depicted in Fig. 1, consists of modulating the light
intensity according to a designed wave function, generally a
square wave, to alternate light time ({on) and darkness time
(torr)- The parameters that describe the square wave are duty
cycle [y = ton/(ton + torr)], frequency (f = 1/period) and
photon flux during ton (I°7).

The hypothesis that applying CPI can improve photocatalytic
efficiency was first proposed by Sczechowski et al,*' who
observed an apparent five-fold increase in the photonic
efficiency of formate oxidation under CPI compared to
continuous illumination in concentrated TiO, suspensions.
Although Stewart and Fox** confirmed this result, different
studies later indicated that CPI is not able to work better than
continuous illumination at the same average photonic flux
incident on the sample.”>**°

More recently, Ardagh et al.”" theoretically demonstrated
the possibility of boosting the rate of a catalyzed reaction
through catalyst surface resonance—via the decoupling of
chemical-physical steps which have different requirements in
terms of interaction energies—with the boosting obtained by
modulating (e.g. square wave) thermodynamic and kinetic-
related properties of the catalyst/substrate couple. This effect
can take place from 10 mHz up to 100 MHz, when the period
of the applied waveform is comparable to the characteristic
timescales of the individual micro-kinetic reaction
steps.’®?"% In a recent work, the authors experimentally
observed this effect in reforming of gas-phase methanol on Pt
nanoparticles.*>
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Fig. 1 Light intensity during experiments performed under CPI (A) and continuous illumination (B) at certain conditions. I“”' represents the
irradiance at the peak of the square wave. During the tests, y and f were changed so that the average incident irradiance (/o) remains the same in

the two different conditions.

In another recent paper, Sordello et al."® demonstrated the
possibility of improving the HER efficiency on Pt-TiO,
nanoparticles, by employing CPI instead of continuous
illumination.

Moreover, we demonstrated an effect of the type of metal
employed as a co-catalyst over TiO, bipyramidal nanoparticles.
Although metal co-catalysts generally boost HER by extracting
photogenerated electrons,® the enhancement under CPI is
only possible with specific metals.*

Starting from this work, we systematically studied the effect
of CPI parameters on the HER using Pt-TiO, nanoparticles (2%
Pt loading on P25). Moreover, we further investigated the
underlying mechanism by taking photocatalytic,
electrochemical and photoelectrochemical measurements with
Pt-P25 as well as Ag-P25 and bare P25, to test the various
hypotheses previously made.

Results

As already mentioned, the purpose of this work is to evaluate
the influence of y and f on the HER under CPI. To verify the
kinetic regime in a given range of irradiances, we first
measured HER rates rygg under continuous illumination at
different incident light intensities on the top of a Pt-TiO,
(P25) slurry (I 10 W m™2, 20 W m™>, 40 W m ™2, 80 W m 2,
100 W m™* and 160 W m?). As shown in Fig. S4 of ESL;} a
linear relationship between reaction rate and I, was observed,
thus proving an absence of a variation in the kinetic regime
when varying the incident light intensity in the spanned
range.

To evaluate the role of parameters, we conducted several
photocatalytic HER measurements over Pt-TiO, nanoparticles
under different illumination conditions. TiO, was chosen
because it is one of the most investigated semiconductor
photocatalysts for photo-mediated hydrogen production.®”***
Furthermore, P25, a benchmark in photocatalysis, has been
extensively characterized in several reported works.**>"

Formic acid was employed as a hole scavenger (eqn (2))
due to its rapid oxidizing reaction over, TiO, even in
anaerobic conditions, and hence the lack of any limitations

7206 | Catal. Sci Technol., 2024, 14, 7205-7211

on the proton reduction.’®*® Moreover, it acts as a pH

controller (eqn (1)), and the reaction (eqn (2)) does not
generate intermediate species that can interfere with the
HER.?354

Formic acid dissociation: HCOOH — HCOO +H" (1)

HCOOH + 2H,0 + 2h" — 2H,0" + CO, (2)
2H;0" + 2¢” — H, + 2H,0 (3)
HCOOH — H, + CO, (4)

We compared rggr in CPI and continuous illumination,
varying the duty cycle from 0.1 to 0.8 (I, from 10 W m™> to 80
W m™2), and the frequency from 1 to 1000 Hz (see Fig. 2 and
Table S1 in ESIt). The rates were calculated from the slope of
the linear trend in H, photoproduction (see Fig. S4 to S7T).
The increment was evaluated as the ratio of the rates (CPI vs.
continuous illumination). Four sets of experiments were
conducted, with the same average photon flux incident on
the sample but different I, values (10, 20, 40, 80 W m’z), as
described in Table S1 in ESL} Having observed no variation
of the kinetic regime when varying the photon flow (Fig. S47),
a comparison of the different sets was thus possible. The
synthesis of the catalyst is fully described in the Experimental
section (ESI).f

As shown in Fig. 2, we observed a higher rggr for almost
all CPI experiments than for the continuous illumination, as
obtained in a previous works."®?° This result was particularly
pronounced above 1 Hz and for intermediate values of the
duty cycle (y = 0.2, y = 0.4) (Fig. 2B), with a maximum rygg
observed at 10 Hz, followed in order by 100 Hz, 1000 Hz and
1 Hz. However, this trend did not hold for the other duty
cycles, with small increases in reaction rate at y = 0.1, and
ones close to the experimental error at y = 0.8.

To further investigate the effect of parameters, we
performed a photoelectrochemical characterization of the Pt-
P25 NP catalyst using open-circuit chronopotentiometry
(Fig. 3) and chronoamperometry (Fig. S11 and S137).

This journal is © The Royal Society of Chemistry 2024
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the photocatalytic efficiency of Pt-P25 as a function of the duty cycle and the logarithm of the period (in ms). In the y axis is also reported the
corresponding frequency.
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highlighted the oscillations in potential registered at 1 Hz.
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From a general point of view, under CPI, the open-circuit
potential recorded was lower (more negative) than under
continuous illumination, yielding a negative Apcp. More
specifically, at duty cycles of 0.1, 0.2 and 0.4, Apcp values
were larger than at 0.8, for which no significant OCP
variation was recorded. Frequency did not significantly affect
Aocp: above 1 Hz, we measured similar voltage drops, whose
amplitudes were found to depend on j.

These results were fully consistent with the obtained rygg
(Fig. 2) and with photocurrent measurements on Pt-P25 (Fig.
S117), where we observed an increment of the photogenerated
current (j) values at all duty cycles except 0.8, alongside low
OCP values as previously discussed.

Concerning the dependence of photocurrent on frequency,
at 1 Hz, we measured no difference in respect to continuous
illumination. However, at 10 Hz, 100 Hz and 1000 Hz, higher
values of j were observed under CPI, indicative of higher
charge carrier density under these conditions (Fig. S117).
These results were also in accordance with rygr data.
However, it must be underscored that the results obtained
from electrochemical analysis were only partially comparable
to those obtained for the HER, due to the different systems
employed (film vs. suspension) and the application of bias in
the chronoamperometry measurements.

According to our hypothesis, CPI can induce an oscillation
of catalyst-substrate interaction properties, hence alternately
favoring different reaction steps that require mutually
exclusive conditions. We suppose that during the light pulse,
the surface potential became more negative, as effectively
observed, so proton reduction to form Pt-H species was
favored instead of H, desorption. In contrast, during the
period of darkness, the potential became more positive, thus
benefiting desorption of H, from the surface of the catalyst.

Due to the supposed relationship between surface-
hydrogen (S-H) interaction and HER efficiency under CPI, we
tested different interaction conditions by investigating Ag as
a co-catalyst and bare TiO, (P25). Inspection of the volcano
plot (Fig. 4B) showed Ag in the blue zone, where S-H
interactions are weak and far from the optimum; thus, no
significant improvement was expected under CPI, specifically

>

Photoproduction (A % vs continuous)

100Hz
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as the reaction being limited by the formation of S-H bonds,
which can only occur during light time.

Additionally, due to the low hydrogen production and high
sensitivity to oxygen, the reaction rates employing Ag-TiO, and
bare TiO, were recorded only at y = 0.4 and 100 Hz, because in
these conditions, for Pt-TiO,, we observed a significant increase
in rgg during CPI compared to continuous illumination.

As previously observed by Sordello et al.*° with Ag-TiO,
and bare TiO,, ryer Was not affected by periodic illumination
(Fig. 4A). However, under CPI, decreases in potential (Fig. S9
and S107) and increases in photocurrent (Fig. S12 and S137)
were observed, similar to those registered in the presence of
Pt-TiO,.

As we believe that S-H interaction strength is influenced
by oscillations in surface potential, we employed linear sweep
voltammetry (LSV) on the three different catalysts to study
the effect of the voltage decrease on the current density
generated (Fig. 5).

A comparison of Tafel plots (Fig. 5B) showed a slope for
Pt-P25 much less steep than those for Ag-P25 and bare P25,
as already observed,®® this indicates that any given increase
in the potential applied would result in a larger increase in
the generated current for Pt-P25 than for the other catalysts.
In other words, the low voltage variations generated using
CPI can affect rggg more efficiently in the presence of Pt than
in the presence of Ag or no co-catalyst. In the case of Pt-
TiO,, a 5 mV shift in overpotential would result in a 13.6%
increase in current, ie. rggr. Considering Pt NPs deposited
on TiO, as nanoelectrodes working at the potential imposed
by the semiconductor, and as the Pt Tafel slope for the HER
is reported to be only 30 mV per decade in literature,*® the
same potential shift would result in a 36% increase in
current. Although we measured similar OCP variations for
Ag-TiO, and bare TiO,, these two catalysts presented Tafel
slopes so steep that a decrease of 5 mV in the potential
applied would produce a small 5.6% increase in the current.

Despite the OCP deviations at equilibrium being nearly the
same for the three catalysts (for identical illumination
conditions), when shifting from CPI to continuous illumination
and reverse, the potential on Pt-TiO, would move almost

B Optimal

log (j, / Acm™)

-1 S —:
1,5 20 25 30 35 40

E(M-H)/ eV

0 —
05 1,0

Fig. 4 ryer relative to continuous illumination on Pt-P25, Ag-P25 and P25 (A). Schematic representation of the volcano plot (B) showing exchange
current density as a function of the metal-H interaction strength; adapted from ref. 55.
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instantaneously, while in the other two cases the movement
would be slower. Moreover, at 1 Hz, we were able to track
fluctuations in potential due to the alternating of light and
darkness. For these oscillations, the range spanned in the
presence of Pt-TiO, was found to be much larger (30-70 mV),
suggesting that the response of the potential, due to variations
in light intensity reaching the photocatalyst, is much more
rapid on Pt-P25 than on Ag-P25 and P25.

Discussion

Our observations can be reasonably explained by the
mechanism of surface catalytic resonance, theorized by
Ardagh et al.*' The oscillating potential of the surface of the
catalyst enables the system to surpass the optimum efficiency
achievable under static conditions. We suppose that the
absence of a rate increase at duty cycles close to 1 and the
limited increases at duty cycles close to 0, are related to
variations in the amplitude of the voltage. In the first case,
we suppose that the negative potential deviation occurring
during the illumination pulse cannot be completely restored
during the period of darkness, therefore resulting a slow
desorption of hydrogen (Fig. 6, center). In contrast, for a

Optimal duty cycle

High duty cycle
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small duty cycle (e.g. equal to 0.1), proton reduction is
hindered because the low negative potential variation
produced during the light pulse cannot compensate for the
positive deviation occurring during the period of darkness.
As a consequence, for a significant amount of time, the
charge carrier density is low and close to that in dark
conditions, as depicted in Fig. 6 (right).

By investigating different co-catalysts, we have also
confirmed that in the case of P25 the S-H interaction is a key
factor in establishing the impact of CPI on rggr. When the
S-H interaction is weak, OCP variations under CPI cannot
significantly influence hydrogen production, as confirmed by
the steep Tafel slopes measured for Ag-P25 and bare P25.
Further experimental evidence is provided by the voltage
oscillations recorded during chronopotentiometry at 1 Hz.
The amplitude of these oscillations is larger for Pt-P25 than
for Ag-P25 and bare P25, for which the amplitudes are in fact
negligible, as shown in Fig. 3, S8 and S9,i matching the rggr
results. We attribute these findings to the reactivity of the
photocatalyst and hence its ability to alter its potential in
response to variations in light intensity. Moreover, Pt
undergoes a Tafel path, while Ag a Heyrovsky one. The Tafel
step does not involve an electron transfer; therefore, it can

Low duty cycle
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Fig. 6 Schematic representation of the different potentials at the nanoparticle surface as function of time during irradiation for the different duty
cycles. The right axis is reversed so that the potential (shown in black) becomes more negative when increasing the signal strength.

This journal is © The Royal Society of Chemistry 2024
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work also during a period of darkness. Conversely, the
Heyrovsky step (with an Eley-Rideal mechanism) provides a
second electron transfer, preventing the HER in the absence
of light. The mechanism here proposed is fully consistent
with the experimental evidences, and further details on the
possible mechanism beyond this behavior were already
assessed in a recent paper.*’

Conclusions

This work demonstrates the dependence of HER rate under CPI
on frequency and duty cycle when using a Pt-TiO, catalyst, with
this dependence also reflected in the current density increase
and the OCP decrease. CPI is able to increase the photonic
efficiency of formic acid photoreforming on suspended Pt-TiO,
nanoparticles compared with continuous illumination. The
efficiency increase seems to be related to the ratio of the
duration of illumination to that of darkness, which may affect
the relaxation of the potential after the light pulse, as illustrated
in Fig. 6. Moreover, the Tafel slope of the catalyst system
influences the response to oscillations in potential. It seems
that only those systems that follow a Volmer-Tafel mechanism
are able to profitably exploit the relaxation during the period of
darkness.

CPI has been proven to be a useful tool not only for
increasing photonic efficiency but also for studying the
thermodynamics and the kinetics of surface photoinduced
processes involving a catalyst/co-catalyst couple, thereby
providing a deeper comprehension of photogenerated charge
transfer and hydrogen evolution mechanisms.
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