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Abstract

Abstract: The vibrational dynamics of Pt-H on a nano-structured platinum surface has been

examined by ultrafast infrared spectroscopy. Three bands are observed at 1800 cm−1, 2000 cm−1

and 2090 cm−1, which are assigned to Pt-CO in a bridged and linear configuration, as well as

Pt-H, respectively. Lifetime analysis revealed a time constant of (0.8± 0.1) ps for the Pt-H mode,

considerably shorter than that of Pt-CO due to its stronger coupling to the metal substrate.

2D attenuated total reflection (ATR) infrared spectroscopy provided additional evidence for

the assignment based on the anharmonic shift, which is large in the case of Pt-H (90 cm−1) in

agreement with the DFT calculations. The absorption cross-section of Pt-H is smaller than that

of the very strong Pt-CO vibration by only a modest factor ∼ 1.5− 3. Since Pt-H is transiently

involved in catalytic water splitting on Pt, the present spectroscopic characterization paves the

way for in-operando kinetic studies of such reactions.
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Despite more than 40 years of research, photo/electrocatalytic water splitting still remains

elusive from practical large scale application.1,2 The overall energy conversion efficiency of

the water splitting process is low or the catalysts are unstable,3–5 even though significantly

improved performances were manifested for both hydrogen evolution reaction (HER) and

oxygen evolution reaction.6,7 One of the research directions is to employ noble metals as

cocatalysts on a large scale of materials such as metal oxides, sulfides, (oxy)nitrides to

create active sites and improve the charge separation/recombination properties of catalytic

systems.8 Platinum with its unique position near the top of the volcano plot implies almost

ideal affinity to hydrogen and therefore represents a model and benchmarking system for

the HER. Besides being the elementary intermediate of the HER, adsorbed hydrogen is also

involved as a reaction intermediate in several catalytic hydrogenation reactions of organic

compounds on Pt group metals.9 In this regard, understanding of the Pt-H bond dynamics

can have far-reaching consequences for the heterogeneous catalysis in general.

Its structural sensitivity renders infrared (IR) spectroscopy a powerful method to inves-

tigate heterogeneous catalytic interfaces. The very first IR study investigating the Pt-

H species in the gas phase showed two absorption bands at 2110 cm−1 and 2060 cm−1,

which were assigned to weakly (atomically chemisorbed) and strongly bound (interstitially

chemisorbed) hydrogen, respectively.10 Although there is some level of agreement on the

assignment of the high energy band to a Pt-H vibration, the low energy band is a subject

of controversy. It has been argued in Ref.11 that the IR transition of interstitially bound

hydrogen would be too weak and too broad to be detected by IR spectroscopy due to the

absence of a discrete covalent bond to a single Pt atom. Instead, the low energy band

has been assigned to linearly bound carbon monoxide formed from carbonate complexes

that were present in the alumina support in that particular case. On the other hand, a

more recent study, similar to the present work in terms of the sample preparation, reported

three IR bands between 1980− 2080 cm−1, all of which were assigned to Pt-H modes,12 in

contradiction to the works mentioned above. Pt-H has also been studied in water by elec-

trochemically adsorbed hydrogen on various Pt surfaces, identifying overpotential deposited

H atoms absorbing around 2080− 2095 cm−1,13–15 while weak bands at 2000 and 1800 cm−1

were again assigned to linear and bridged CO, respectively.14 These obviously conflicting

interpretations call for a careful assignment of the IR spectrum. In particular the possibility

of adsorbed CO is a challenge in these types of experiments, since organic contamination
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can be transformed into CO in the presence of Pt and H2.
14,16–18 Trace amounts of CO may

dominate the IR response in the Pt-H spectral region, since the binding affinity of CO to Pt

is much larger than that of H and since the CO stretch vibrational frequency is very close

to that of Pt-H but at the same time its absorption cross section is (presumably) larger.

The above mentioned studies10–17,19–22 employed IR absorption spectroscopy, i.e., linear IR

spectroscopy. Nonlinear IR spectroscopy, such as ultrafast IR-pump-IR-probe spectroscopy

or 2D IR spectroscopy, may provide significantly enhanced information about structure and

dynamics of chemical bonds. With regard to catalytic interfaces, ultrafast 2D attenuated to-

tal reflection (ATR) IR spectroscopy has recently been introduced.23 As it is the case for IR

absorption spectroscopy, the ATR geometry has superior surface sensitivity over other mea-

surement configurations.24 Its combination with 2D IR spectroscopy25 has been shown to be

capable of addressing fundamental questions of adsorbate-adsorbate26, adsorbate-substrate27

and adsorbate-solvent28 interactions.

Here, we report on the ultrafast characterization of the Pt-H bond on the solid/gas

interface with the help of ultrafast IR pump-probe spectroscopy in ATR geometry as well as

2D ATR IR spectroscopy, with three main objectives in mind: providing additional criteria

for assignment of the Pt-H vibration, distinguishing it from the Pt-CO vibration beyond any

doubt and to gain deeper understanding of Pt-H as an elusive intermediate of the HER. In

this way, our work paves the way to follow the photo/electrocatalytic hydrogen formation

and dynamics in-situ.

To set the stage, we compare in Fig. 1a conventional IR absorption spectra of a sample

where H2 and D2 gases were flown separately over freshly coated Pt surfaces. Upon intro-

ducing H2 to the ATR cell, three distinct bands at 2090 cm−1, 2000 cm−1 and 1800 cm−1

appear. In contrast, D2 gives rise to only the 2000 cm−1 and 1800 cm−1 bands, indicating

that the 2090 cm−1 band stems from Pt-H. From a reduced mass argument, the expected

isotope shift ratio of 1/
√
2 between Pt-H and Pt-D modes anticipates the Pt-D band around

1490 cm−1. However, for both the H2 and the D2 experiments, the 1400− 1500 cm−1 spec-

tral region was congested by several other bands, which did not allow for a clear assignment

of the Pt-D band in the data of Fig. 1a (the corresponding spectral region is not shown

in Fig. 1a). Most probably, these bands stem from contaminants (carboxylates, carbonates

etc.) reduced by H2 or D2. It is possible to eliminate these contributions when the reference

spectrum is taken while the surface is saturated with H2 flow for 30min, and then directly
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FIG. 1. (a) IR absorption spectra induced by the flow of H2 (red) and D2 (blue) gases. (b) Isotope

exchange induced by the flow of D2, when the reference spectrum was taken under H2 flow.

exchanged to D2. The obtained isotope exchange difference spectrum shows the disappear-

ance of the 2090 cm−1 Pt-H band together with a concomitant appearance of the Pt-D band

at 1490 cm−1 (Fig. 1b), i.e., the exact position expected from the larger reduced mass of the

Pt-D vibration.

The two other bands in Fig. 1a, appearing at 2000 cm−1 and 1800 cm−1 with both H2 and

D2, are assigned to CO bound in a linear and bridged configuration to Pt, respectively, in

accordance with earlier interpretations.11,14 The 2000 cm−1 band is different from the case

when CO gas is adsorbed alone (see Supporting Information, Fig. S1). It is known that

hydrogen causes a red-shift of the Pt-CO band when co-adsorbed on Pt, an effect that has

been explained by several mechanisms including π-backbonding in metal carbonyls19, dipole

coupling20,21 and surface restructuring.22 However, the appearance of such low-frequency

Pt-CO band at 2000 cm−1 has not been reported before to the best of our knowledge. In

order to differentiate the two CO species, the linearly bound CO vibration appearing in the

H2/D2 experiments will be referred to as “Pt-CO*” throughout the paper. It should be

noted that the intensity of the Pt-CO* band varies in different experiments, pointing to the

fact that the concentration of CO on the surface vary from sample to sample and also as
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a function of time. For example, the Pt-CO* band diminished in intensity in the isotope

exchange experiment of Fig. 1b.

The CO contamination can be either present in the source gas (which in the case of H2

is typically produced by steam reforming) or can be formed by a reaction between H2 or

organic surface contaminants.14,16,17 Since we employed highest purity gases, gas purifiers

for both H2 and D2, stainless steel cell and tubings, we tentatively attribute the appearance

of the Pt-CO* band to the latter. In addition, Fig. 1a also shows a negative going band

at 2040 cm−1 for both the H2 and the D2 experiments. Several hours after the H2 flow

is stopped, all the positive features disappear and only the negative 2040 cm−1 remains

(see Supporting Information, Fig. S2). This points to the fact that small amount of CO

contamination was already present on the Pt surface before starting the experiments, with

the 2040 cm−1 band being in the background spectrum. It might very well be that this CO

contamination is converted into Pt-CO* upon adsorption of H2, i.e, an additional source of

CO.

Even though the H/D exchange experiment of Fig. 1b strongly supports an assignment

of the two bands at 2090 cm−1 and 1490 cm−1 to Pt-H and Pt-D, respectively, the previous

confusion in literature10–17,19–22 leaves enough room for speculations. Therefore, we now

turn to nonlinear spectroscopy to provide additional evidence for our assignment. Fig. 2a

shows the evolution of IR-pump-IR-probe spectra as a function of the pump-probe delay

time under continuous flow of H2 gas. Two negative going ground state bleach (GSB)

and stimulated emission (SE) signals related to the 0-1 transition of the corresponding

vibrator are clearly observed. According to the assignment of Fig. 1a, the fast decaying

band centered at 2080 cm−1 belongs to Pt-H, while the band around 2000 cm−1 stems from

Pt-CO*. The pump-probe signal was averaged within the shaded area in Fig. 2a and fitted

to single exponential decay with a lifetime of (0.8± 0.1) ps in Fig. 2b. This is considerably

shorter than the lifetime of Pt-CO, which is 2− 3 ps in the liquid29–31 and gas phase32–34.

As a side-remark we note that the GSB/SE signal from Pt-CO* stays almost constant up

to 2 ps (the maximum time range of the experiment in Fig. 2), hence its vibrational lifetime

is even longer than what is commonly observed for Pt-CO without co-adsorbed hydrogen.

This effect will be investigated further in future work.

Around 1960 cm−1, a positive signal is observed in the pump-probe response (Fig. 2a),

which originates from the red-shifted excited state absorption (ESA, 1-2 transition of the
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FIG. 2. Pump-probe signals as a function of delay time. (a) The broad and fast decaying GSB

and SE signal from Pt-H at 2080 cm−1 is accompanied by the more slowly decaying GSB/SE signal

centered at 2000 cm−1 from Pt-CO*. (b) Single exponential fit to the GSB/SE signal averaged

over the shaded area between 2065-2095 cm−1 in panel (a).

corresponding vibrator). The band appears to have a quickly decaying component together

with one that is essentially constant on the 2 ps time range. We therefore conclude that the

ESA signals of both Pt-CO* and Pt-H overlap, but a clear assignment is not possible based

on pump-probe spectroscopy.

2D ATR IR spectroscopy, in contrast, can disentangle these overlapping contributions

and furthermore, can reveal inter- and intra-band correlations as a result of frequency res-

olution along the pump axis.25 Fig. 3 depicts the 2D spectrum at 0.3 ps delay, where the

negative GSB/SE (blue) of the Pt-H located on the diagonal illustrates a large inhomoge-

neous broadening assigned to the structural heterogeneity of the Pt surface. The positive

signal appearing at the same pump frequency but red-shifted along the probe axis shows

that the ESA (red) maximum of the Pt-H is at 1990 cm−1, which coincides with the Pt-CO*

band and it is therefore covered in the pump-probe experiment (Fig. 2a). The anharmonic
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FIG. 3. Normalized 2D ATR IR spectrum of the Pt-H band at a pump-probe delay time of

t = 0.3 ps. The inhomogeneously broadened GSB/SE signal of Pt-H (blue) is accompanied by the

ESA signal (red) that is anharmonically red-shifted along the probe-frequency axis by ∼ 90 cm−1.

The corresponding bands from Pt-CO* reveal a much smaller anharmonic shift of ∼ 20 cm−1.

shift of ∼ 90 cm−1 between the GSB/SE and ESA maxima of the Pt-H vibration is in perfect

agreement with results from density functional theory (DFT) calculations for H bound to a

slab of Pt (∼ 92 cm−1, see Figs. S3, S4 and Supporting Information for details). In contrast,

Pt-CO* exhibits a significantly lower anharmonic shift of ∼ 20 cm−1 experimentally30,35,

while the DFT calculations predict ∼ 26 cm−1 (see Supporting Information).

Bearing in mind possible future studies of Pt-H intermediates in a transient water-

splitting experiment, it is crucially important to estimate the absorption cross section of

the Pt-H transition. The absorption cross section of a transition is characterized by its ef-

fective transition dipole moment µ2, which may include both chemical enhancement effects

(i.e., change of chemical structure upon binding to the metal) as well as plasmonic enhance-

ment effects due to the nano-structured metal surface.36 While we do not know the surface

area and surface coverage of our sample, which would be needed to determine the transition

dipole moment in absolute terms, we can resort to a trick that at least allows us to estimate

the effective transition dipole moment relative to that of Pt-CO. The trick builds on the

fact that the absorbance SA scales as µ2, while the pump-probe signal SPP scales as µ4.25
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FIG. 4. In-situ IR absorption spectra (black, left scale) and pump-probe signals at t=0.3 ps (red,

right scale) of Pt-H and Pt-CO* (solid lines) and Pt-CO (dashed lines, the latter being scaled

down by a factor 0.3). The right scale for the pump-probe signal is scaled in a way that the IR

absorption spectrum of Pt-H is of equal height as its pump-probe signal. The blue arrows indicate

the SPP /SA ratios (Eq. 1) of the Pt-CO and the Pt-CO* bands with respect to Pt-H.

When calculating the ratio:36–38

SPP

CO
/SA

CO

SPP

PtH
/SA

PtH

=
nCOµ

4
CO

/nCOµ
2
CO

nPtHµ4
PtH

/nPtHµ2
PtH

=
µ2
CO

µ2
PtH

(1)

the unknown numbers of molecules nCO and nPtH in the probed area cancel out, since they

scale linearly for both SA and SPP .

Fig. 4 illustrates the µ2 ratios extracted from experiment (note that the sample prepara-

tion in Fig. 4 has been different from that in Fig. 2, see Materials and Methods for details,

and in addition contains a higher contamination with Pt-CO*). For a direct comparison

of Pt-CO* versus Pt-H, both pump-probe and absorbance spectra had to be measured on

exactly the same sample and in the same pump-probe setup. Normalizing the absorbance

scale (left scale) to the pump-probe scale (right scale) for the Pt-H bands allows one to read

off the ratio given in Eq. 1 for the Pt-CO* band directly. In an independent experiment

we also investigated only CO adsorbed to Pt in order to also compare the Pt-CO vibration

(Fig. 4, dashed lines, which have been scaled down to match the Pt-CO* pump-probe sig-

nal). Considering that CO on metals is a very strong IR absorber,39 the extracted values

of 3 ± 1 (Pt-CO*/Pt-H) and 1.5 ± 0.5 (Pt-CO/Pt-H) for the µ2 ratios points out to the

fact that the transition dipole of Pt-H is sizeable. The corresponding value from the DFT
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calculation is ∼2.5 (see Supporting Information for details), in perfect agreement with the

experimental result.

In conclusion, we presented a complete characterization of the Pt-H vibrational mode

by means of ultrafast nonlinear IR spectroscopy. All measurables deduced from these ex-

periments, which go beyond what could be retrieved from conventional linear absorption

spectroscopy, i.e., the vibrational lifetime, anharmonicity and transition dipole, clearly dis-

tinguish the Pt-H from the Pt-CO* species. The shorter lifetime of the Pt-H is readily

explained by the fact that H is directly coupled to the metallic surface, while the Pt-C

bond acts as a spacer for the Pt-CO/CO* modes. The importance of electronic friction for

vibrational relaxation of hot hydrogen atoms on metal surfaces has recently been studied

with the help of ab initio MD simulations,40 revealing a 0.2 ps cooling time after adsorption

of H2 on Pd(100). Our observation of a somewhat slower time constant (0.8 ps) will serve as

a benchmark for the theoretical modelling of electronic friction. The larger anharmonicity

of the Pt-H vibration reflects its lower reduced mass, as a result of which it explores a larger

region of the potential energy surface. Finally, the sizeable absorption cross section of the

Pt-H vibration is a promising result in terms of the detection limit of transiently generated

Pt-H in photoelectrocatalysis. The low Pt-H signal despite its large cross section implies

that a rather low surface coverage of Pt-H can indeed be detected. Since the Pt-H bond is as-

sumed to play important role in photo/electro catalysis of water and catalytic hydrogenation

of organic molecules as a real intermediate, we believe that our results pave the way to-

wards transient measurements to provide in-operando kinetic information for such processes.

Materials and Methods

Stainless steel tubing and a home-built stainless steel sample cell were used in all experiments

to prevent any contamination of the gas from the flow system. The tightness of the cell was

ensured by a FEP/MVQ O-ring (Kubo Tech AG) pressed in between the stainless steel cell

and the ATR surface of the CaF2 prism. Tubes and cell were purged with Ar (6.0 PanGas

AG) prior to H2/D2 adsorption in order to eliminate any CO2 contamination as much as

possible. H2 (6.0 PanGas AG) and D2 (3.0 PanGas AG) were used together with ambient

temperature gas purifiers (MC1-904F, SAES Pure Gas), reducing the gas impurity to less

than 1 ppb.

Right angle ATR CaF2 prisms were coated with an ultra thin Pt layer (99.98%, Baltic
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Präparation) with average thickness of 0.1 nm using a Ar+-ion sputter coater (Safematic

CCU-010 HV) under the following conditions: working distance of 7 cm, current 20 mA,

pressure of 8 · 10−5 mbar and Ar pressure of 5 · 10−2 mbar, resulting in the sputtering rate

of < 0.02 nm/s. With an average Pt thickness of 0.1 nm, the CaF2 is not homogeneously

covered, rather, the Pt forms aggregated patches with lateral extensions between 2 and 10

nm separated by gaps of similar size (see Fig. 1c of Ref.27). Such ultra thin metal layers are

advantageous for the ultrafast experiments due to their low metal absorption that result in

negligible line-shape distortions and reduced scattering.30,41 Freshly coated prism were used

for each experiment in order to ensure the reproducibility of the results. We found that the

Pt-H absorption signal was significantly lower when H2/D2 was re-adsorbed on an already

used prism, for reasons that are currently not clear.

If not noted otherwise, IR absorption spectra were acquired with a commercial Fourier

transform (FT)IR spectrometer (Bruker VERTEX 80V) with 4 cm−1 spectral resolution. All

spectra were corrected for a constant background by zeroing the absorption in a spectral re-

gion around 1900 cm−1, accounting for the fact that adsorbed hydrogen changes the electron

density in the metal leading to significant background shifts.

The ultrafast 2D ATR IR setup was described in detail elsewhere.28,42 Briefly, 100 fs

short mid-IR pulses centered at 2080 cm−1 were generated in an OPA pumped with a 5 kHz

amplified Ti-Sapphire laser system (Spectra Physics, Spitfire).43 The output from the OPA

was split into pump, probe and reference beams with a BaF2 wedge. The pump beam

entered a Mach-Zehnder interferometer to create collinear pump pulse pairs for the 2D ATR

IR experiments (for the pump-probe experiments, one arm in the interferometer was blocked)

with a typical energy of ∼50-120 nJ. All beams were then focused with an off-axis concave

mirrors to a CaF2 prism from the backside with a relative angle of ∼ 15− 20◦ between

pump and probe. Probe and reference beams were spectrally dispersed and imaged with

a spectrograph (Jobin-Yvon Triax, 150 lines/mm grating) onto a 2x32 pixel MCT array

detector (Infrared Associates) for balanced detection with a resolution of ∼ 6 cm−1. To

suppress scattering from the nanoparticulate metal layer in the ultrafast measurements, a 4-

step quasi phase-cycling scheme was employed with the help of a piezo actuator modulating

the probe delay time (1 cycle per 4 pump-probe scans or per ∼ 80 interferograms).44 The

2D ATR IR spectrum was calculated from ∼ 700 interferograms, each scanned for 3.5 ps

along the coherence time (delay between the two pump pulses) and apodized with a cosine
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function to reduce noise.

For both FTIR and ultrafast experiments, the angle of incidence with respect to the

normal of the reflecting plane of the prism was set relatively close (∼ 5◦) to the critical

angle of the CaF2/air interface (∼ 46◦) in order to obtain the maximum signal, yet still far

enough to avoid lineshape distortions. We used s-polarisation at the prism surface in the

ultrafast experiments, since that reveals better defined polarisation conditions and a higher

signal enhancement.36

Regarding the experiments for determining the transition strength of the Pt-H relative

to that of Pt-CO, in-situ IR absorption spectra were measured in the ultrafast setup using

probe and reference beams. Reference spectra were taken on fresh prisms before introducing

any gases to the cell. Several spectra (2000 shots) were averaged. Due to the low signal-to-

noise ratio of this configuration, 0.2 nm thick Pt layers were used in this case.

Supporting Information: Additional IR absorption spectra (Figs. S1 and S2) as well

as details on the DFT calculations and anharmonic frequency calculations are given in

Supporting Information.
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