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Materials and technologies for the energy transition and the 

sustainable fabrication of chemical products on the industrial 

scale have attracted increasing interest in recent years. This 

includes the usage of noncritical and sustainable feedstocks, 

such as the production of sustainable fuels for aviation or heavy 

transport from biomass via quick pyrolysis and subsequent hy-

drotreatments [1, 2]. Moreover, the tolerance to different re-

actant feeds and impurities, but also the product distribution 

-

ple, sustainable materials for chemical storage of solar energy 

are highly demanded. However, sustainability includes many 

aspects in the life cycle of (photo)catalytic processes, and life 

cycle assessments are of increasing importance. In particular, 

noble metal catalysts (such as platinum-group metals) suffer 

from limited abundance and high production footprints (e.g., in 

CO2/global warming potential but also ecological and, for some, 

social or political risks), and thus have to be considered as crit-

ical materials. Such metal nanocatalysts often are prone to de-

activation via segregation, poisoning, coking or agglomeration, 

which limits their lifetime. As a result, research towards novel, 

more sustainable catalytic materials is needed, and strategies 

for the replacement of noble metals have to be established. 

As a possible alternative, we develop nanostructured hybrid 

-

mensional materials which shall act as replacements for (noble) 

metal nanoparticles on the surface of (semiconducting) oxides 

(funded by the BMBF within SINATRA-Su2nCat-CO2). As one ex-

ample, we currently investigate combinations of (semi-metallic) 

-

el photocatalysts. Due to their stability, their optical properties 

(e.g. plasmonic properties, visible light absorption) and lastly 

due to the robustness against CO poisoning, transition metal 

nitrides and carbides represent other candidates under investi-

gation. In addition to inorganic-inorganic material combinations, 

on oxides surfaces. Similar to graphene, these materials absorb 

visible light, are relatively robust and can be understood as a 

highly tailorable platform, for example by chemical functionali-

zation or the controlled introduction of defects. Scanning probe 

microscopy is an essential tool to understand these materials.
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Experimental modelling: Insights from a multimethodic 

approach

The initial design and subsequent material optimization follows 

a rational design strategy: We aim to establish an atomic level 

structure-property understanding of the materials and process-

scalable materials and conditions, to eventually enable a sys-

systems have to be established, usually employing single-crys-

 

However, even on the model systems, the catalytically relevant 

processes often span orders of magnitude in temporal and spa-

tial dimensions. To identify the active phase and gain a com-

prehensive picture of the relevant processes, it is essential to 

combine different surface sensitive methods to balance their 

individual advantages and disadvantages (Fig. 2). For exam-

ple, several spectroscopy tools such as X-ray spectroscopies 

(XPS and XAS, EXAFS) or vibrational spectroscopies (FTIRRAS, 

 Raman, HREELS, …) are highly chemically sensitive and allow 

to (semi-)quantitatively distinguish different elements and their 

oxidation states or chemical environment [4, 5]. On the molec-
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ular level, even smaller adsorbate-substrate or intermolecular 

interactions can be detected, but these methods lack relevant 

spatial/structural resolution (typically few hundred microns at 

best) and provide only an averaged view of the sampled surface 

[6]. Similar applies for the evaluation of reactivity and product 

distribution, most often based on mass spectrometry [7]. Dif-

fraction-based techniques (LEED, SXRD) can partially comple-

ment with structural information for ordered and crystalline 

materials, yet they still produce mainly area-averaged results. 

Thus, combination with atomic-level microscopy is a promising 

approach. The latter methods gain structural information even 

on unordered materials down to the atomic level, and conse-

quently also allow to study formation, location and behavior of 

individual defects, that are chemically relevant, but otherwise 

would be hidden in the averaged spectra or patterns [8, 9]. Un-

fortunately, the interpretation of scanning probe microscopy 

can be quite complex and is often not intuitive. For instance, 

scanning tunneling microscopy (STM) images may be challeng-

-

phy and electronic structure (or more precisely, the local den-

[10]. Thus, combining STM with high resolution elemental and 

vibrational spectroscopy is a powerful strategy, leveraging the 

strength of both techniques. Additionally, computational simu-

lations can aid for example in STM contrast interpretation and 

Traditionally, most of such studies were performed for single 

crystal surfaces under ultrahigh vacuum (UHV) conditions, in 

virtue of both, the need for long inelastic mean free path for 

electrons (XPS, HREELS, LEED) and the need to prepare and 

conserve clean surfaces [10, 11]. These so-called experimental 

model studies can gain very deep insights into elementary reac-

tion steps, key intermediates or the role of promotors. However, 

the results need to be transferred from UHV (~10-10 mbar) to 

technical conditions (~105 mbar; often referred to as the pres-

and real-world applications frequently emerge. 

-

ple surfaces in situ, i.e., in reactive gas atmospheres at catalyt-

ically relevant temperatures. While vacuum conditions are not 

-

tion STM under typical thermal catalytic conditions (few bars, 

>450 K) can be challenging, as outlined by the following ex-

setups are commonly integrated into UHV chambers that serve 

for sample preparation. Thus, a leak tight sealing is necessary, 

and the sealed cell then must be mechanically decoupled from 

the surroundings for vibrational isolation. Gasses have to be 

introduced through capillaries to prevent mechanical interfer-

ence by solid tubing, and in general vibrations introduced by the 

avoided. Chemical reactions with any part of the instrumenta-

tion and foremost the metallic scanning tip, such as oxidation 

for W tips, or hydrogenation reactions triggered by Pt tips, can 

become serious complications and even lead to tip-induced 

sample changes. Finally, due to the ultimate surface sensitiv-

ity of STM, which usually is of great advantage, even traces of 

contaminants in the gas feed (ppm level and lower) may cause 

strong surface contamination and render atomic-resolution im-

aging impossible. Thus, high efforts must be taken to realize ul-

tra-pure gas supplies. All of this realistically limits the accessible 

experimental pressure range. On the other hand, thermal drift 

becomes an increasing problem when the sample is heated in 

-

in conventional STM under UHV conditions, low sample temper-

atures are a relevant experimental tool to decelerate surface 

dynamics and allow direct imaging of, for example, adsorbate 

diffusion [12–15] or limit overgrowth phenomena such as SMSI 

(strong metal support interaction). For in-situ experiments, this 

is often impractical if not impossible, as either surface contam-

ination worsens or the desired reaction is not realized because 

the necessary activation energy is not reached to light off the 

catalytic turnover. Consequently, elevated temperatures often 

lead to fast dynamics at the surfaces resulting in blurry images.  

Even though this exemplary list of challenges appears huge on 

-

cial technical realizations that allow in-situ STM experiments in 

reactive gas atmospheres [16–18]. Especially activation and 

deactivation processes, that often include surface restructur-

ing and segregation or agglomeration processes, have been 

-

cation of the structure of the active phase and adsorption sites. 

For example, such studies have contributed to the understand-

ing of CO and CO2 conversion on copper surfaces [19, 20], the 

oxidation of noble metal surfaces [21, 22], the hydrodesulphur-

ization (HDS) of organic molecules on MoS2 catalysts [23, 24] 

and the encapsulation of noble metal particles on reduceable 

oxides [25].

Fig. 2
-
-

-
-
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It is evident, that operando STM has made it into application 

for thermal catalysis in a number of laboratories worldwide. But 

what could be potential future directions for operando STM in 

reactive gas atmospheres, especially from the viewpoint of cat-

alyst design? While pushing the boundaries of temporal and 

spatial resolution is a constant activity, widening the experi-

mentally accessible thermal and pressure window surely would 

one of the white spots in in-situ STM is the imaging of photocata-

lysts in gas atmospheres under working conditions. While there 

are several pre-post illumination reports from UHV conditions 

[11], none of the commercially available AP-STM instruments 

allows illumination of the sample surface in the reactive at-

mosphere. Especially the mild reaction conditions (often room 

temperature) render such experiments attractive, along with 

the fact that light is a widely contaminant-free reactant (except 

for photo induced degassing of parts of the instrumentation). 

However, photoinduced charge on semiconductors could be a 

map of the photogenerated potential would be an important de-

scriptor for the local photocatalytic performance, although STM 

is not fast enough to catch individual exciton lifetimes without 

special efforts. Similarly, it could be possible to map plasmonic 

excitations [26, 27]. Ongoing conversion and product formation 

(and the connected dynamics) may additionally blur the im-

ages, which has been a problem in thermal catalysis as well. 

Finally, coupling of spectroscopic tools with scanning probe 

tip-enhanced Raman spectroscopy has been realized [27–29]. 

Enabling such a powerful combination for reactive gas atmos-

pheres (under thermal or photochemical conditions) would 

have a large impact and boost the understanding especially for 

the conversion of organic molecules on model catalysts.

Overall, scanning tunneling microscopy remains a fascinating 

technique, that is often nonintuitive and requires substantial 

efforts in experiment and data evaluation. But when combined 

with complementing methods it yields highly impactful infor-

mation with access to the desired comprehensive atomic-level 

picture of the activation, deactivation and active state of cat-

novel, tailor-made materials from the derived design princi-

ples. Scanning tunneling microscopy is especially appropriate 

to study two- and low-dimensional materials and defects there-

in, which eventually could replace critical materials far beyond 

sustainable catalysis, for example in corrosion protections, 

electronic devices and other technologies, and thus operando 

STM should become, if not remain part, of the standard cata-

logue of operando methods not only in catalysis research.
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 The art of SPM

Artist: Dr. Marco Moors & Dr. Kirill Monakhov – 

Switchable Molecularly Functionalized Surfaces 

Group  (Leibniz Institute of Surface Engineering (IOM))

SPM technique: Scanning tunneling microscopy 

(STM) (UB = 1.0 V; IT = 10 pA)

Investigated System: Several groups of single 

(nBu4N)2[V6O13((OCH2)3CCH2OH)2] polyoxometalates 

(MeCN, c = 10–4 mol L–1) immobilized on the Au(111) 

-

cant intermolecular interaction of two POMS resem-

bling the conjugation route of genetic information 

exchange between cells of bacteria.

Title: “

polyoxometalates”


